


Cover 
Left: Photograph of a hadronic interaction initiated by a high energy cosmic ray sulfur 
nucleus (red track) colliding with a target nucleus in photographic emulsion. The so-called 
leading fragment emerging from the vertex in a strong forward direction, deviating little 
from the direction of the incident momentum vector, is a fluorine nucleLis (green track). It 
carries a large fraction of the initial primary energy. Relatively low energy alpha particles 
(long blue tracks) and larger nuclear fragments (dense short blue tracks), often referred to 
as evaporation products, mostly from the target nucleus, suggest that the collision partner 
of the primary was probably a bromine or silver nucleus. The thin irregularly dotted straight 
yellow tracks that are concentrated in a forward cone are relativistic (minimum ionizing) 
charged pions, forming a so-called pion jet. (Original photograph taken by C.Powell 1950; 
see "The Study of Elementary Particles by the Photographic Method", C. Powell, P. Fowler 
and D. Perkins, Pergamon Press, 1959. Coloring by David Parker.(Science Photo Library', 
London, ref. No A 134/O05PFP). 
Right: Spectacular view of the large spiral galaxy NGC 1232; a possible source of cosmic 
rays? The picture was taken on September 21, 1998 with the Very Large Telescope (VLT) of 
the European Southern Observatory (ESO) (ESO PR Photo 37d/98; 23 September 1998). NGC 
1232 is located 20~ of the celestial equator in the constellation Eridanus, at a distance 
of about 100 million light-years. (Courtesy of ESO). 
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Preface 

In 1912 Victor Franz Hess made the revolutionary discovery that ionizing 
radiation is incident upon the Earth from outer space. He showed with 
ground based and balloon-borne detectors that the intensity of the radiation 
did not change significantly between day and night. Consequently the Sun 
could not be regarded as the source of this radiation and the question of 
its origin remained unanswered. Today, almost one hundred years later the 
question of the origin of the cosmic radiation still remains a mystery. 

Hess' discovery has given an enormous impetus to large areas of science, 
in particular to physics, and has played a major role in the formation of our 
current understanding of universal evolution. For example, the development 
of new fields of research such as elementary particle physics, modern astro- 
physics and cosmology are direct consequences of this discovery, and other 
fields such as astronomy, geophysics and even biology are heavily affected. 

Over the years the field of cosmic ray research has evolved in various 
directions: 

Firstly, there is the field of particle physics that was initiated by the 
discovery of many so-called elementary particles in the cosmic radiation. In 
the fifties of the last century and the years that followed particle physics has 
almost completely been taken over by accelerator physics. The well defined 
particle beams of the big machines simplified enormously the analysis and 
interpretation of the results of countless accelerator experiments. 

However, with a certain frustration that lingers on mostly among younger 
members of the accelerator physics community, that are faced with fewer 
and fewer but ever larger and costlier collaborations, where the individual 
gets lost in the bulk of participants, and because of the challenging recent 
discoveries made in cosmic ray physics and related fields, there is a strong 
trend from the accelerator physics community to reenter the field of cosmic 
ray physics, now reincarnated under the name of astroparticle physics. 

Secondly, an important branch of cosmic ray physics that has rapidly 
evolved in conjunction with space exploration concerns the low energy por- 
tion of the cosmic ray spectrum. It includes heliospheric and magnetospheric 
physics as well as portions of geophysics. Here the interest is focused on the 
study of the combined influences of the Earth's and the Sun's magnetic fields 
on the cosmic radiation, on solar contributions to the very low energy radia- 
tion and on the so-called anomalous component. It is also this energy regime 
that is used to explore the time variation of the cosmic radiation and clima- 
tological aspects. 
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With the exception of solar neutrino experiments that must be carried 
out deep underground because of background problems, a large portion of the 
heliospheric research activities are carried out with satellite-borne equipment. 
However, balloon and ground based investigations, too, play an important 
role. 

Thirdly, the branch of research that is concerned with the origin, accel- 
eration and propagation of the cosmic radiation represents a great challenge 
for astrophysics, astronomy and cosmology. There several new and presently 
very popular fields of research that have rapidly evolved, such as high en- 
ergy gamma ray and neutrino astronomy will continue to affect our current 
picture of the evolution of the Universe significantly. 

In addition, high energy neutrino astronomy may soon initiate as a likely 
spin-off neutrino tomography of the Earth and thus open up a unique new 
branch of geophysical research of the interior of the Earth. 

Finally, of considerable interest are the biological and medical aspects 
of the cosmic radiation because of its ionizing character and the inevitable 
irradiation to which we are exposed. 

This book is a reference manual for researchers and students of cosmic 
ray physics and associated fields and phenomena. It is not intended to be a 
tutorial. However, in my opinion the book contains an adequate amount of 
background material that its content should be useful to a broad community 
of scientists and professionals. 

About 20 years ago I wrote a similar book together with the late Claus A1- 
lkofer from the University of Kiel that was the first comprehensive data sum- 
mary of cosmic rays in the atmosphere, at sea level and underground. The 
field of cosmic ray physics has enormously evolved in the past two decades. 
Particularly great efforts and achievements were made in the domains of 
muon and neutrino physics (underground physics) and in the exploration of 
the primary spectrum and composition. 

It was the success of the first book and the numerous requests and en- 
couragements that I have received in the course of the past years to create 
a new book with an extended scope that have motivated me to take up this 
big and difficult task. After numerous discussions with colleagues I decided 
to maintain basically the structure of the old book, but to extend the scope 
of topics significantly, and to add an extensive subject index. 

Cosmic ray research is a vast field that is heavily interlaced with other 
branches of science such that it is difficult to draw clear-cut boundaries. 
Obviously this book cannot do justice to the entire field. Many important 
topics such as for example heliospheric phenomena or the primary radiation 
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are treated very superficially, others such as origin, propagation, arrival direc- 
tion and anisotropy, extensive air showers and dark matter not at all. These 
topics together with many others are broad and highly specialized fields of 
their own and beyond the scope of this book. 

The present book contains chiefly a data collection in compact form that 
covers the cosmic radiation in the vicinity of the Earth, in the Earth's at- 
mosphere, at sea level and underground. Included are predominantly ex- 
perimental but also theoretical data. In addition the book contains related 
data, definitions and important relations. The aim of this book is to offer 
the reader in a single volume a readily available comprehensive set of data 
that will save him the need of frequent time consuming literature searches. 

Of course, a book like this can never be complete. Numerous papers had 
to be omitted to keep the volume within reasonable bounds. However, I 
believe it contains a large and representative sample of relevant cosmic ray 
and associated data. The extensive bibliography permits rapid access to the 
original publications from which the data have been extracted and to the 
more specific literature of related fields. 

Bern, March 4, 2001 Peter K.F. Grieder 
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C o m m e n t s  for R e a d e r  

Organ iza t ion  of Data:  The organization of the material presented in 
this book is evident from the titles of the chapters and sections. Chapters 
2, 3 and 4 contain the bulk of the material on cosmic ray data on Earth 
that is presented here. The division of these data into the three Chapters 
"Cosmic Rays in the Atmosphere" (Chapter 2), "Cosmic Rays at Sea Level" 
(Chapter 3) and "Cosmic Rays Underground, Underwater and Under Ice" 
(Chapter 4) has been chosen somewhat arbitrarily but appeared to be an 
acceptable grouping of the vast amount of information that is available. It 
was also a reasonable choice from the point of view of the different conditions 
under which experiments are being performed, the different techniques that 
are being used and interests that are being pursued as well as the standards 
of comparison that are employed, particularly among sea level experiments. 

The boundary for placing an experiment, measurement or data set into 
Chapter 2 or 3 was chosen at approximately 300 m a.s.1.. Up to this level a 
large number of experimental sites are located and the comparison of data 
from different experiments in the narrow altitude window between sea level 
and 300 m does not pose a problem. However, the boundary for placing 
information either into Chapter 2 or 3 is slightly floating, depending on the 
particular experiment or data set under consideration. At altitudes above 
about 300 m the experimental sites are much more spread apart and the 
operating conditions vary significantly up to the highest ground based lo- 
cations and, of course, for balloon-borne experiments. In-situ data taken 
with balloon-borne instruments within the atmosphere are summarized in 
Chapter 2, treated data that relate to the primary component, i.e., after 
subtraction of the atmospherically produced secondary component, are pre- 
sented in Chapter 5. The content of Chapter 4 is evident. 

Observa t ion  Levels: It will be noticed that sometimes different at- 
mospheric depths are specified for the same site in different publications or 
data sets. Most authors do not offer an explanation. Moreover, occasion- 
ally altitude and atmospheric overburden may seem to be in minor disparity. 
In some cases this may be due to seasonal changes in barometric pressure. 
However, in some cases when data are being evaluated some authors take 
intentionally a somewhat larger overburden than corresponds to the vertical 
depth to account for the finite zenith-angular bin width and average zenith 
angle (0 > 0 ~ within the "vertical" angular bin. Whenever given we have 
listed the published site data that had been used in the particular case. 

References:  The frequently used abbreviation PICRC stands for Pro- 
ceedings of the International Cosmic Ray Conference and is used there where 
the proceedings are not part of a regular scientific journal or series. 
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Chapter 1 

Cosmic Ray Properties, 
Relations and Definitions 

1.1 Introduct ion  

i . i . I  G e n e r a l  C o m m e n t s  

This chapter contains a very rudimentary description of the relevant pro- 
cesses that govern the gross features of cosmic ray phenomena in the vicinity 
of the Earth, in the atmosphere and underground, and summarizes the math- 
ematical relations that describe them. It also contains definitions of various 
concepts and frequently used quantities, and data of the atmosphere. It is 
not intended to be a tutorial for newcomers to the field. 

Cosmic ray physics covers a wide range of disciplines ranging from particle 
physics to astrophysics and astronomy. Those who want to enter the field 
should consult appropriate text books that deal with the particular topics 
of interest (For an introduction see e.g. SandstrSm, 1965; Allkofer, 1975; 
for more specific topics such as extensive air showers see Galbraith, 1958; 
Khristiansen, 1980; Sokolsky, 1989; for high energy interactions, etc., see 
Gaisser, 1990). 

The purpose of this chapter is twofold. For the researcher who is familiar 
with the field and is using the data in the subsequent chapters for his work, 
relations, definitions and cosmic ray related data that may not be readily 
available are placed at his finger tips. On the other hand, for those workers 
that are not particularly interested in cosmic ray research but need the data 
that are presented in the following chapters for their work, such as biologists, 
health physicists and others, it serves as an overview and brief introduction 
to cosmic ray physics. 



CHAPTER 1. COSMIC RAY PROPERTIES, RELATIONS, etc. 

1 .1 .2  H e l i o s p h e r i c  E f f e c t s  and Solar Modulat ion 

The primary cosmic radiation which consists predominantly of protons, alpha 
particles and heavier nuclei is influenced by the galactic, the interplanetary, 
the magnetospheric and the geomagnetic magnetic fields while approaching 
the Earth. The interplanetary magnetic field (IMF) amounts to about 5 
nanotesla [nT] (or 50 #G) at the Earth's orbit. The magnetospheric field is 
the sum of the current fields within the space bound by the magnetopause and 
is subject to significant variability, while the geomagnetic field is generated 
by sources inside the Earth and undergoes secular changes. The combined 
fields are typically 30 to 60 #T (0.3 - 0.6 G) at the Earth's surface, depending 
on the location. Time dependent variations are on the order of one percent. 
The electrically charged secondary cosmic ray component produced in the 
atmosphere is also subject to geomagnetic effects. Further details concerning 
these subjects are discussed in Section 1.8. 

The cosmic ray flux is modulated by solar activity. It manifests an 11 year 
cycle and for certain effects also a 22 year cycle, and other solar influences. 
It should be remembered that the solar minimum and maximum cycle is 11 
years and that the solar magnetic dipole flips polarity every solar maximum, 
thus imposing a 22 year cycle as well. Both cycles cause various effects on the 
galactic cosmic radiation in the heliosphere. The modulation effects decrease 
with increasing energy and become insignificant for particles with rigidities in 
excess of ~10 GV. Solar modulation effects and terminology are summarized 
in Chapter 6. 

1.2 Propagation of the Hadronic Component  
in the Atmosphere 

1.2.1 Strong Interactions 

Upon entering the atmosphere the primary cosmic radiation is subject to 
interactions with the electrons and nuclei of atoms and molecules that con- 
stitute the air. As a result the composition of the radiation changes as it 
propagates through the atmosphere. All particles suffer energy losses through 
hadronic and/or electromagnetic processes. 

Incident hadrons are subject to strong interactions when colliding with 
atmospheric nuclei, such as nitrogen and oxygen. Above an energy of a 
few GeV, local penetrating particle showers are produced, resulting from the 
creation of mesons and other secondary particles in the collisions. Energetic 
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primaries and in case of heavy primaries their spallation fragments continue 
to propagate in the atmosphere and interact successively, producing more 
particles along their trajectories, and likewise for the newly created energetic 
secondaries. The most abundant particles emerging from energetic hadronic 
collisions are pions, but kaons, hyperons, charmed particles and nucleon- 
antinucleon pairs are also produced. 

Energetic primary protons undergo on average 12 interactions along a 
vertical trajectory through the atmosphere down to sea level, corresponding 
to an interaction mean free path (i.m.f.p.), Ai [g/am2], of about 80 g/am 2. 
Thus, a hadron cascade is frequently created which is the parent process 
of an extensive air shower (EAS) (Auger et al., 1936, 1938; Auger, 1938; 
Kohlhbrster et al., 1938; JAnossy and Lovell, 1938; Khristiansen, 1980). In 
energetic collisions atmospheric target nuclei get highly excited and evaporate 
light nuclei, mainly alpha particles and nucleons of energy _<15 MeV in their 
rest frame. 

The majority of the heavy nuclei of the primary radiation are fragmented 
in the first interaction that occurs at a higher altitude than for protons 
because of the much larger interaction cross section, ai [cm2], and corre- 
spondingly shorter interaction mean free path, Ai. The following expression 
describes the relation between cross section and interaction mean free path. 

Ai _ NA A ai [g/cm2], (1.1) 

where NA is A vogadro's number (6.02.1023), A the mass number of the target 
nucleus and ai the cross section for the particular interaction. For a pro- 
jectile nucleus with mass number A - 25, the interaction mean free path is 
approximately 23 g/cm 2 in air, corresponding to about 50 interactions for a 
vertical trajectory through the atmosphere. Consequently there is practically 
no chance for a heavy nucleus to penetrate down to sea level. 

The proton-  nucleus (or more general the nucleon- nucleus) interaction 
cross section, ap,A, scales with respect to the proton - proton (or nucleon - 
nucleon) cross section, ap,p, approximately as 

ap,A(E) = ap,p(E) A ~ . (1.2) 

For nucleon projectiles c~ = 2/3 and ap,p(E) varies slowly over a range of 
many decades in energy from ,,~ 40 mb at 10 GeV to ~ 80 mb at 10 T GeV. The 
energy dependence of the total and elastic proton-proton (pp), antiproton- 
proton (T~P) and pion-proton (r+p, r -p )  cross sections as a function of energy 
is illustrated in Fig. 1.1 (Hern~ndez et al., 1990; see also Caso et al., 1998. 
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Figure 1.1: Total and elastic cross sections for proton-proton (pp), 
antiproton-proton (~p), and pion-proton (Tr+p) collisions as a function of 
beam momentum in the laboratory frame of reference (Hern~ndez et al., 
1990; see also Caso et al., 1998). 

For details of ~p cross sections see Abe et al., 1994). The high energy data 
were obtained with pp coUiders. 

For pion projectiles c~ -- 0.75 and a~,p is approximately 26 mb. Figure 
1.2 shows the projectile mass dependence of the interaction mean free path, 
Ai (A), in air. 

A compilation of data from measurements of the energy dependence of 
the inelastic cross section for proton-air interactions is illustrated in Fig. 
1.3 (Mielke et al., 1994). The data are from a wide variety of experiments, 
including very indirect cross section determinations from air shower studies 
at the higher energies. The solid curve, C, plotted in this figures represents 
a fit of the form 

o'i.ez = r + alog(E) + log2(E) [mb], (1.3) 

where the parameters have the values a = -8 .7  4-0.5 [nab], b = 1.14 i 0.05 
[mb], c = 290 • 5 [mb], and E is in [GeV]. 
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Figure 1.2" Interaction mean free path, Ai, for high energy nuclear interac- 
tions in air versus projectile mass. 

1.2.2 Energy Transport 

Hadrons suffer energy losses due to strong interactions in collisions with 
nucleons and nuclei when propagating in a medium. These are characterized 
by the total hadronic cross section, Crto t - aet -+- Crinet, where Vret and ainet 
are the elastic and inelastic parts of the total cross section, respectively, and 

the inelasticity, k. 

A hadron having an initial energy E0, undergoing n interactions with a 
mean inelasticity, < k >, will retain on average an energy, E, of 

E = E0 (1 -  < k >)~ .  (1.4) 

Nucleon (p, n) and antinucleon (~, ~) initiated collisions are characterized 
by a high degree of elasticity, rl, defined as 77 = (1 - k), i.e., the incident nu- 
cleon or antinucleon retains on average a relatively large fraction (,,~ 50%) of 
its initial energy when emerging from a collision, usually much more than any 
of the secondary particles. This manifests itself in the so-called leading par- 
ticle effect. At kinetic energies below ,,~100 GeV annihilat ion of antinucleons 
must also be considered. 

Under the assumption that < k > -  0.5 and n -- 12, values that  are typi- 
cal for a vertically incident high energy proton traversing the full atmosphere 
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Figure 1.3: Compilation of inelastic cross sections for proton-air interactions 
as a function of energy (Mielke et al., 1994; Stanev, 2000). The symbols 
refer to the following references: o, C Mielke et al. (1994); [3, Yodh et al. 
(1983); /k, Gaisser et al. (1987); v, Honda et al. (1993); E, Baltrusaitis et 
al. (1984); +, Aglietta et al. (1999); • Kalmykov et al. (1997). 

down to sea level, the proton suffers an energy reduction by a factor of 

E 
Eoo = (0"5)12 ----- 2.5.10 -4 . (1.5) 

For pions and kaons the leading particle effect is also observed but it is 
less pronounced. Meson initiated interactions are in general more inelastic 
than nucleon or antinucleon initiated interactions. 

1.3 Secondary Particles 

1 . 3 . 1  P r o d u c t i o n  o f  S e c o n d a r y  P a r t i c l e s  

High energy strong interactions as well as electromagnetic processes, such as 
pair production, lead to the production of secondary particles. Charged pions 
as well as the less abundant kaons, other mesons, hyperons and nucleon- 
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Table 1.1: Parameters for Energy-Multiplicity Relation 
in Center of Mass Energy Range 3 GeV- 546 GeV. 

(Alner et al., 1987) 

Equation 

1.6 
1.7 

0.98 =t= 0.05 
- 4 . 2 •  

0.38 • 0.03 
4.694-0.18 

0.124 • 0.003 
0.155 • 0.003 

antinucleon pairs emerging from strong interactions of energetic primaries 
with atmospheric target nuclei continue to propagate and contribute to the 
flux of hadrons in the atmosphere. Of all the secondaries pions (r  +, It-, r0) 
are the most abundant. 

If sufficiently energetic secondary hadrons will themselves initiate new ha- 
dronic interactions, produce secondaries and build up a hadron cascade that 
forms the backbone of extensive air showers. However, unstable particles 
such as pions, kaons and other particles are also subject to decay. 

The competition between interaction and decay is discussed in detail in 
Subsection 1.3.4. It depends on the mean life and energy of the particles 
and on the density of the medium in which they propagate. For a given 
particle propagating in the atmosphere the respective probabilities for the 
two processes become a function of energy, altitude and zenith angle. 

Due to a very short mean life (T _~ 10 -16 s) neutral pions decay almost in- 
stantly into two photons, contributing subsequently to electromagnetic chan- 
nels. 

The energy dependence of the average number of charged secondaries, 
i.e., the charged particle multiplicity, < n + >, emerging from a high energy 
nucleon-nucleon collision, can be described with either of the following two 
relations (Alner et al., 1987). 

< n + > - -  a + b ln(s) + c(ln(s)) 2 , (1.6) 

o r  

< n + > =  a + b s c ,  (1.7) 

where s is the center of mass energy squared. For all inelastic processes Alner 
et al. (1987) specify for the constants a, b and c the values listed in Table 
1.1. 
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Figure 1.4: Mean charged multiplicity of inelastic pp or T~P interactions as a 
function of center of mass energy, V~. The solid curve, A, is a fit to eq. 1.6, 
the dashed curve, B, to eq. 1.7 (after Alner et al., 1987). 

The first term in eqs.l.6 and 1.7 represents the diffraction, fragmentation 
or isobar part, depending on the terminology used. The second and third 
terms, if applicable, account for the bulk of particles at high collision energies 
that result mostly from central processes. Figure 1.4 shows the center of mass 
energy dependence of the secondary particle multiplicity in proton-proton 
and proton-antiproton collisions obtained from experiments performed at 
CERN with the proton synchrotron (PS), the intersecting storage ring (ISR) 
and the proton-antiproton (~p) collider (UA5 experiment, Alner et al., 1987). 
Relevant for particle production is the energy which is available in the center 
of mass. At high energies pp and TYp interactions behave alike (see Fig. 1.1). 
The solid and dashed curves, A and B, are fits using eqs. 1.6 and 1.7, 
respectively, with the parameters listed in Table 1.1. 

An earlier study of the energy-multiplicity relation that includes mostly 
data from cosmic ray emulsion stack and emulsion chamber experiments at 
energies up to 107 GeV in the laboratory frame was made by Grieder (1972 
and 1977). This author found the same basic energy dependence as given 
in eq.l.7 but with a larger value for the exponent c. Part of the reason 
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for the higher value of c resulting from this work is probably due to the 
fact that the analysis included mostly nucleon-nucleus collisions which yield 
higher multiplicities than nucleon-nucleon collisions at comparative energies. 
Nucleus-nucleus collisions yield even higher multiplicities but they can easily 
be distinguished from nucleon-nucleus collisions when inspecting the track 
density of the incident particle in the emulsion. 

1.3.2 Energy Spectra of Secondary Particles 

The momentum or energy spectra of secondary particles produced in cosmic 
ray primary initiated interactions, or in subsequent interactions of secon- 
daries of the first and higher generations of interactions with other target 
nuclei, can be calculated from our knowledge of high energy hadron - hadron 
collisions. 

Several more or less sophisticated models are available to compute the 
spectra of the different kinds of secondaries, such as the CKP-model (Coc- 
coni, 1958 and 1971; Cocconi et al., 1961), the scaling model (Feynman, 
1969a and 1969b), the dual patton model (Capella et al., 1994; Battistoni et 
al., 1995; Ranft, 1995), the quark-gluon-string model (Kaidalov et al., 1986; 
Kalmykov and Ostapchenko, 1993), and others (see Gaisser, 1990). These 
models are frequently used in conjunction with Monte Carlo calculations to 
compute the total particle flux at a given depth in the atmosphere and to 
simulate extensive air shower phenomena. 

At kinetic energies above a few GeV the differential energy spectrum of 
primary protons, j p ( E ) ,  can be written as 

j p ( E )  = Ap E -vp . (1.8) 

This expression which represents a power law is valid over a wide range of 
primary energies and applies essentially to all cosmic ray particles (for details 
see Chapter 5, Section 5.2). The secondary particle spectra have a form which 
is similar to that of the primary spectrum. For secondary pions it has the 
form 

j ,~(E) - A~ E - ~  (1.9) 

with an exponent, %, very similar to that of the primary spectrum, i.e., 

For the less abundant kaons the same basic relation is valid, too. 

(I.i0) 
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1 . 3 . 3  D e c a y  o f  S e c o n d a r i e s  

Ve r t i c a l  P r o p a g a t i o n  in t h e  A t m o s p h e r e  

Charged pions have a mean life at rest of 2.6.10 -s s and an interaction mean 
free path of ~120 g/cm 2 in air. They decay via the processes 

7r+ ---~ #+ + v~, 

and 

into muons and neutrinos. At high energies their mean life, 7"(E), is signifi- 
cantly extended by time dilation. 

7"( E) = 7"o,x ~ = To,x 7 [S], (1.11) 
mo,x 

where To,x and mo,x are the mean life and mass of particle x under consid- 
eration at rest, E is the total energy, c the velocity of light, 7 the Lorentz 
factor, 

1 
= X/1 - fl~ ' (1.12) 

and/~ = v/c, v [cm/s] being the velocity of the particle. 

Pions that  decay give rise to the muon and neutrino components which 
easily penetrate the atmosphere. Although the mean life of muons at rest 
is short, approximately 2.2- 10 -6 s, the majority survives down to sea level 
because of time dilation. However, some muons decay, producing electrons 
and neutrinos. 

#+ ~ e + + u~ + ~ ,  

# -  --4 e-  + P~ + v, 

The situation is similar for kaons but their decay schemes are more com- 
plex, having many channels. 

Neutral pions decay into gamma rays (r  ~ --4 2"),) with a mean life of 
8 . 4 . 1 0  -~T s at rest. The latter can produce electron-positron pairs which 
subsequently undergo bremsstrahlung, which again can produce electron- 
positron pairs, and so on, as long as the photon energy exceeds 1.02 MeV. 
Eventually, these repetitive processes build up an electromagnetic cascade or 
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shower in the atmosphere. Hence, a very energetic primary can create mil- 
lions of secondaries that begin to spread out laterally more and more from the 
central axis of the cascade, along their path through the atmosphere because 
of transverse momenta acquired by the secondary particles at creation and 
due to scattering process. Such a cascade of particles is called an extensive 
air shower. 

Because most of the secondary particles resulting from hadronic inter- 
actions are unstable and can decay on their way through the atmosphere, 
the decay probabilities must be known and properly accounted for, when 
calculating particle fluxes and energy spectra. 

The mean life of an unstable particle of energy E is given by eq. 1.11. 
The distance I traveled during the time interval T is 

l -- VT "~ 9/flCTo [cm], (1.13) 

where fl, 7 and To are as defined before. The decay rate per unit path length, 
l, can then be written as 

1 1 
_ = r , , c m _ : ,  . (1.14) 
l ,yflcro t J 

In a medium of matter  density p [g/cm3], the mean free path for spontaneous 
decay , Ad [g/cm2], is given by 

1 1 = [g-' cm 2] (1.15) 
Ad 9/ fl CTo p 

and the number of particles, dN,  of a population, N1, which decay within an 
element of thickness, d X  [g/cm2], is given by 

d N  - NI d X .  ( 1 . 1 6 )  
Aa 

Hence, the number of particles remaining after having traversed the thickness 
X g/cm 2 is 

N2 -- N1 exp (- f - -~--a)  

and the number of decays, N ~, is 

N'  - N 1 - N 2  = N l { 1 - e x p ( -  

The decay probability W = N~/N1 is given by 

(1.17) 

(1.18) 
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W--l-exp(-f mo dX) " m_oX 
p To p p To p 

(1.19) 

Inclined Trajectories and Decay Enhancement 

The above relation implies that if, in comparison to vertical incidence, an un- 
stable particle is incident at a zenith angle 0 > 0 ~ the probability for decay 
along its prolonged path to a particular atmospheric depth X is enhanced 
by the factor sec(0). Hence, 

W ~_ m o X  sec(0) , (1.20) 
pTop 

where 

m0 rest mass of unstable particle [GeV/c 2] 
X thickness traversed [g/cm 2] 
TO mean life of unstable particle at rest Is] 

p density [g/cm 3] 
0 zenith angle 
p momentum [GeV/c] 

From this formula it is evident that for a given column of air traversed 
the decay probability of a particle depends on its mean life, its momentum 
(or energy), the density (or altitude) and zenith angle of propagation in the 
atmosphere. The decay probabilities for vertically downward propagating 
pions and kaons in the atmosphere at a depth of 100 g/cm 2 as a function of 
kinetic energy are illustrated in Fig. 1.5. 

As mentioned before, on their way through the atmosphere, part of the 
charged pions and kaons decay into muons. The latter lose energy by ioniza- 
tion, bremsstrahlung and pair production, and decay eventually into electrons 
and neutrinos. 

Decay of Muons  

The decay probability for muons, W,, is derived in a manner similar to that 
for mesons. The corresponding survival probability is 

S# = (i-- W~) . (1.21) 

It is shown in Fig. 1.6 for muons originating from an atmospheric depth of 
100 g/cm 2 to reach sea level. 

At a specific level in the atmosphere, the differential energy spectrum of 
muons is given by 
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Figure 1.5: Decay probabilities of vertically downward propagating charged 
pions and kaons in the atmosphere versus kinetic energy at a depth of 100 
g/am 2. 

j . (E )  = A~ W~ (E + AE) -~. (1 - IV,) , 

where 9', -~ % and 

(1.22) 

A,r normalization constant for absolute intensity 
AE energy loss by ionization 
W~ pion decay probability 
W, muon decay probability 
9"r exponent of pion differential spectrum 
9', exponent of muon differential spectrum 

At very low energies, all mesons decay into muons, which subsequently 
decay while losing energy at a rate that increases as their energy decreases 
(see Fig. 1.10, Section 1.4). This leads to a maximum in the muon differential 
energy spectrum shown in Fig. 1.7. 

1.3.4 D e c a y  versus Interact ion  of Secondaries  

At higher energies, mesons not only decay but also interact strongly with 
the nuclei that constitute the air. Thus, in the case of pions some decay 
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Figure 1.6: Survival probability of muons originating from an atmospheric 
depth of 100 g/cm 2 to reach sea level, versus muon momentum. 

into muons while others interact and, hence, are losing energy. As pointed 
out before, the competition between the two processes depends essentially on 
the mean life and energy of the mesons, and on the density of the medium 
in which they propagate. At constant density the competition changes in 
favor of interaction with increasing energy since time dilation reduces the 
probability for decay. This trend is amplified with increasing density. These 
effects give rise to a steepening of the muon spectrum relative to the pion 
spectrum above a certain energy. The differential energy spectrum of the 
muons in this region can be expressed by the following formula which applies 
to pions and kaons, as indicated 

(~ j , ( E )  = j~ ,K(E)  B + E " (1.23) 

B is a constant which accounts for the steepening of the spectrum, 

where 

B = (m~'gc2) ( RT ) (m.)  [GeV], (1.24) 
CTO,~,K < M > g m~,g  

m~ rest mass of muon 
m~,h- rest mass of pion or kaon 
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Figure 1.7' Muon differential momentum spectrum compared with the parent 
pion differential spectrum. 

TO,Ir,K m e a n  life of pion or kaon at rest 
R T /  < M > g = hs atmospheric scale height 

< M > mean molecular mass of atmosphere. 

For pions B has the value B~ = 90 GeV, for kaons Bk -- 517 GeV. Since 
both, pions and kaons are present, the energy spectrum has the form 

oLB= 
j , ( E )  -- j r ( E )  E + B~ 

(1 - a)Bk) (1 .25)  
+ E + B ~  ' 

where c~ is the fraction of high energy pions and for the spectral index we can 

write 3'~ - 3'k -- 7. 

For B > > E,  i.e., in the energy range 10 to 100 GeV, the above formula 

leads to 

j , ( E )  c ( j ~ ( E )  (1.26) 

For higher energies, B < <  E, the muon spectrum can be approximated 

by the expression 
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j~,(E) c< j,r(E) ( E )  (1.27) 

which describes the previously mentioned steepening of the energy spectrum, 
as shown in Fig. 1.7. 

The competition between decay and interaction of pions, kaons and char- 
med particles can be computed with the  help of Figs. 1.8 and 1.9. Figure 
1.8 shows the mean decay lengths of these particles in vacuum, Lx,w~, as 
a function of the Lorentz factor 7, and the mean interaction lengths in air, 
Lx,air, as a function of air density, p. In Fig. 1.9 we show the critical altitude, 
h~, as a function of the kinetic energy for charged pions and kaons, and for 
K ~ The critical altitude is defined as the altitude at which the probabilities 
for decay and interaction of a particular particle at a given energy are equal. 

1.4 Electromagnetic Processes and 
Energy Losses 

All charged particles are subject to a variety of electromagnetic interactions 
with the medium in which they propagate that lead to energy losses. The 
significance of the different processes depends on the energy of the projectile 
and its mass, and on the nature of the target. In the following the different 
processes are outlined briefly. 

1.4.1 Ion iza t ion  and E x c i t a t i o n  

According to the Bethe-Bloch formula (Bethe, 1933; Bethe and Heitler, 1934; 
Rossi, 1941 and 1952; Barnett et al., 1996; see also Chapter 4, Section 4.2), 
the energy loss, dE/dx, due to ionization and atomic excitation of a singly 
charged relativistic particle traversing the atmosphere in vertical direction 
(~1030 g/cm 2) is 2.2 GeV. For such particles the rate of energy loss by 
ionization varies logarithmically with energy. 

For a moderately relativistic particle with charge ze in matter with atomic 
number Z and atomic weight A the Bethe-Bloch formula can be written as 
(Fano, 1963) 

( d E )  2 c2 z2 Z 1 [ (2m~c272r  ~] 
-~x - 41rNA r e me ~ ~ In I - ~  . (1.28) 
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Figure 1.8: Mean decay length in vacuum, Lx,,~,  as a function of Lorentz 
factor, "y, of charged pions, kaons and some charmed particles, and mean 
interaction length in air, Li,air, as a function of air density, p, of pions and 
kaons for an i.m.f.p, of 120 g/cm 2 and 140 g/cm 2, respectively (Grieder, 

1986). 

Here m~ is the rest mass of the electron, r~ the classical radius of the elec- 
tron, NA Avogadro's number and 47rNAr~m~c 2 -- 0.3071 MeVcm 2 g-1. ~, is 
the Lorentz factor and ~ - v/c. I is the ionization constant and is approx- 
imately given by 16Z ~ eV for Z > 1, and dx is the thickness or column 
density expressed in mass per unit area [g/cm-2]. 5 represents the density 
effect which approaches 2 ln'7 plus a constant for very energetic particles 
(Crispin and Fowler, 1970; Sternheimer et al., 1984). (For details see the 

Appendix.) 

1.4.2 Bremsstrahlung and Pair Production 

At higher energies charged particles are subject to additional energy losses by 
bremsstrahlung (bs), pair production (pp), and nuclear interactions (ni) via 
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Figure 1.9' Critical altitude, h~, of pions and kaons in the atmosphere as a 
function of kinetic energy. In the region above the curves decay is favored, 
below interaction is more likely. For details see text (Grieder, 1986). 

photo-nuclear processes. The radiative energy losses rise nearly proportional 
with energy (Rossi, 1952). The corresponding expression for the energy loss, 
dE [eV], per unit thickness, dx [g/am2], including ionization is 

dE 
dx = aio~(E) + b(E) E [eVg-1 am2], (1.29) 

where aio, (E) represents the previously mentioned ionization losses and 

b(E) = bbs(E) + bpp(E) + bni(E) (1.30) 

accounts for the other processes. Note that all terms are energy dependent. 

The energy at which the energy loss by ionization and bremsstrahlung are 
equal is frequently called the critical energy, E~ (Rossi and Greisen, 1941; 
Rossi, 1952). Above the critical energy radiation processes begin to domi- 
nate. For electrons E~ can be approximated by (Berger and Seltzer, 1964) 

8OO 
Ec = Z + 1.2 [MeV] , (1.31) 

where Z is the atomic charge of the medium in which the electrons propagate. 
Ec amounts to about 84.2 MeV in air at standard temperature and pressure 
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Figure 1.10' Example of the energy loss of charged particles by electromag- 
netic interactions. Shown is the energy loss of muons versus total energy in 
standard rock. (See text for explanation, Appendix for other materials.) 

(STP). For muons E~ ~_ 3.6 TeV under the same conditions (Fig.l.10) (for 
details see Allkofer, 1975; Gaisser, 1990; Barnett et al., 1996). 

Radiative processes are of great importance when treating high energy 
muon propagation in dense media such as is the case underground, underwa- 
ter, or under ice. These topics are discussed in detail in Section 4.2. They 
can be neglected for heavy particles such as protons or nuclei in most cases. 

Another quantity normally used when dealing with the passage of high 
energy electrons and photons through matter is the radiation length, Xo, 
expressed in [g/am 2] or [am] (Rossi and Greisen, 1941; Rossi, 1952). It is 
the characteristic unit to express thickness of matter in electromagnetic pro- 
cesses. A radiation unit is the mean distance over which a high-energy elec- 
tron loses all but 1/e of its initial energy by bremsstrahlung. Moreover, it is 
also the characteristic scale length for describing high-energy electromagnetic 
cascades (Kamata and Nishimura, 1958; Nishimura, 1967). 

Tsai (1974) has calculated and tabulated the radiation length (see also 
Barnett et al., 1996). An approximated form of his formula to calculate the 
radiation length X0 is given below, 
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716.4 [g/cm2]A 
X0 - [g/cm 2] , (1.32) 

Z(Z + 1)ln(287/vfz) 

where Z is the atomic number and A the atomic weight of the medium. 
Radiation length and critical energy for different materials are listed in Table 
A.3 in the Appendix. 

A simple approximation to compute the radiation length in air is given 
by Cocconi (1961). 

1 T 
X,,r = 292~27--- ~ [m] or 36.66g/cm 2 , (1.33) 

where P is the pressure in atmospheres [atm] and T the absolute temperature 
of the air in Kelvin [K]. 

1.5 Vertical Development in the Atmosphere 

As a consequence of the different processes discussed above, the particle flux 
in the atmosphere increases with increasing atmospheric depth, X, reaching 
a maximum in the first 100 g/cm 2, then decreases continuously due to energy 
loss, absorption and decay processes. This maximum was first discovered by 
Pfotzer at a height of about 20 km and is called Pfotzer maximum (Pfotzer, 
1936a and 1936b). Figure 1.11 shows the results of Pfotzer's experiment. 
Curve A is from his original publication showing counting rate versus atmo- 
spheric pressure and curve B shows the relative intensity versus altitude. 

We distinguish between three major cosmic ray components in the at- 
mosphere: The hadronic component which for energetic events constitutes 
the core of a cascade or shower, the photon-electron component which grows 
chiefly in the electromagnetic cascade process initiated predominantly by 
neutral pion decay, and the muon component arising mainly from the decay 
of charged pions, but also from kaons and charmed particles. The devel- 
opment of the three components is shown schematically in Fig. 1.12. Very 
energetic events of this kind are called Extensive Air Showers (EAS) (see 
Galbraith, 1958; Khristiansen, 1980; Gaisser, 1990). Because of their dif- 
ferent nature, the three components have different altitude dependencies. 
This is shown in Fig. 1.13. In addition there is a neutrino component that 
escapes detection above ground because of the small neutrino cross section 
and background problems. 
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Figure 1.11: Average pressure dependence of the cosmic ray counting rate, 
after correction for accidental coincidences (curve A) and altitude dependence 
of the total cosmic ray flux (curve B) in arbitrary units, showing the Pfotzer 
maximum (Pfotzer, 1936a and 1936b). 

1.6 Def init ion of C o m m o n  Observables  

In the following we have adopted the notation used by Rossi (1948), which 
has been widely accepted in the literature. 

1 .6 .1  D i r e c t i o n a l  I n t e n s i t y  

The directional intensity, Ii(O, r of particles of a given kind, i, is defined as 
the number of particles, dNi, incident upon an element of area, dA, per unit 
time, dr, within an element of solid angle, df~ (Fig. 1.14). Thus, 

dNi [ c m - 2 s - l s r  -1 ] . (1.34) 
I~(#, r = dA dt dfl 

Apart of its dependence on the zenith angle 8 and azimuthal angle r this 
quantity also depends on the energy, E, and at low energy on the time, t. 
The time dependence is discussed in Section 1.8 and Chapter 6. Frequently, 
directional intensity is simply called intensity. Either the total intensity 

integrated over all energies, Ii(0,r > E,t) ,  or the differential intensity, 
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Figure 1.12: Cascade shower: Schematic representation of particle produc- 
tion in the atmosphere. Shown is a moderately energetic hadronic interaction 
of a primary cosmic ray proton with the nucleus of an atmospheric con- 
stituent at high altitude that leads to a small hadron cascade. In subsequent 
collisions of low energy secondaries with atmospheric target nuclei, nuclear 
excitation and evaporation of target nuclei may occur. Unstable particles 
are subject to decay or interaction, as indicated, and electrons and photons 
undergo bremsstrahlung and pair production, respectively. For completeness 
neutrinos resulting from the various decays are also shown. Note that the 
lateral spread is grossly exaggerated. 

Ii(O, r E, t), can be determined. For 0 - 0 ~ the vertical intensity Iy, i = Ii(O ~ 
is obtained. 
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Figure 1.13: Altitude variation of the main cosmic ray components. 

1.6.2 Flux 

The flux, Jl,i, represents the number of particles of a given kind, i, traversing 
in a downward sense a horizontal element of area, dA, per unit time, dr. 
Dropping the subscript i, J~ is related to I by the equation 

/ ,  

J~ = ]n I (O ' r  cos(8) dC/ [cm-2s-~] , (1.35) 

where n signifies integration over the upper hemisphere (8 _< Ir/2). If not 
specified otherwise the flux J1 is usually meant to be the integral flux J1 (>_ E). 

1.6.3 Omnidirect ional  or Integrated Intensity 

The omnidirectional or integrated intensity, J2, is obtained by integrating the 
directional intensity I over all angles, 

J 
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and r are the zenith and azimuthal angles, respectively, and dfl is a element 
of solid angle. 

Since d~ -- sin(0) dO de 

J2 = I(0, r sin(O) dO de 
--0 --0 

or~ 

J2 - 2r I(9) sin(0) dO [cm-2s -1] (1.37) 
=0 

if no azimuthal dependence is present. By definition, the omnidirectional 
intensity J2 is always greater than, or equal to the particle flux J~. 

J2 >_ J~. (1.38) 

In order to compute the omnidirectional intensity, the angular dependence 
of the intensity I(9, r must be known. Measurements have shown that there 
is little azimuthal dependence for any of the components, except for small 
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changes due to the east-west effect, discussed in Section 1.8, which affects only 
the low energy component (see Chapter 2, Section 2.6, Chapter 3 ,Section 
3.6 and Chapter 6, Section 6.1). However, the zenith angle dependence is 
significant. 

1.6.4 Zenith Angle D e p e n d e n c e  

If I~(O - 0 ~ is the vertical intensity of the i-th component, I~(0~ the zenith 
angle dependence can be expressed as 

I,(0) - o) coe,(0).  (1.39) 

The exponent for the i-th component, ni, depends on the atmospheric 
depth, X [g/am2], and the energy, E, i.e., ni = ni(X, E) (see also Sections 
2.6 and 3.6). 

1 . 6 . 5  A t t e n u a t i o n  L e n g t h  

The attenuation of the hadronic component in the atmosphere is charac- 
terized by the attenuation length , A [g/cm2]. Due to secondary particle 
production the attenuation length is larger than the interaction mean free 
path, Ai, thus, A > Ai. For the total cosmic ray flux in the atmosphere 
A _~ 120 g/cm ~. The attenuation length is different for different kinds of 
particles. For the nucleon component in the lower atmosphere at mid lat- 
itude determined with neutron monitors one obtains about 140 g/cm 2, for 
neutrons only about 150 g/cm 2 (Carmichael and Bercowitch, 1969). 

1 . 6 . 6  A l t i t u d e  D e p e n d e n c e  

The altitude dependence of the hadron flux can be written as follows: 

I(O~ X2) = I(O~ X~) exp ( - X~ - X~ , (1.40) 

where X2 >__ Xx. For a given vertical depth X [g/cm 2] in the atmosphere, the 
amount of matter traversed by a particle incident along an inclined trajec- 
tory subtending a zenith angle 0 _< 60 ~ where the Earth's curvature can be 
neglected, is 

X. = X sec(O) [gcm-2]. (1.41) 

Xs is called the slant depth and X is frequently referred to as the vertical 
column density or overburden. 
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Assuming that the cosmic radiation impinges isotropically on top of the 
atmosphere, that the particle trajectories are not influenced by the Earth's 
magnetic field and that the intensity depends only on the amount of matter 
traversed, then 

I(O,X) -- I(0 ~ X ) e x p { - X  ( 1 - s e c ( 0 ) ) } / \  
' A \ / 

(1.42) 

Hence, I(O,X) depends on X sec(0) only, 

I(O,X) = Iy(Xsec(O)) ,  (1.43) 

and the omnidirectional intensity, J=, is given by 

j (x) - fo I(O,X) sin(0)dO 

or explicitly 

~ Tr 

J2(X) = 21r I v ( X  sec(0)) sin(0) d0. (1.44) 

Differentiation of this expression leads to the 
(Gross, 1933; J~nossy, 1936; Kraybill, 1950 and 1954)" 

Gross transformation 

27rlv(X) = J2(X) - X dJ2(X) dX " (1.45) 

By means of this formula, the vertical intensity can be obtained from 
the omnidirectional intensity, or, vice versa. Note that for large zenith an- 
gles, i.e., for 0 _ 60 ~ to _> 75 ~ depending on the required accuracy, the 
Earth's curvature must be considered. For details concerning this topic see 
Subsection 1.7.2. 

For both practical and historical reasons, cosmic radiation has originally 
been divided into two components, the hard or penetrating component and 
the soft component. This classification is based on the ability of particles to 
penetrate 15 cm of lead, which corresponds to a thickness of 167 g/cm 2. The 
soft component, which cannot penetrate this thickness, is composed mainly 
of electrons and low energy muons, whereas the hard penetrating component 
consists of energetic hadrons and muons. Which one is dominating depends 
on the altitude. At sea level the hard component consists mostly of muons. 
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1.6.7 Differential Energy Spectrum 

The differential energy spectrum, j (E) ,  is defined as the number of particles, 
dN(E), per unit area, dA, per unit time, dr, per unit solid angle, d~2, per 
energy interval, dE, 

dN(E) [am -2 s -1 sr -1GeV-1] . (1.46) 
j (E) = dA d~ dE dt 

It is usually expressed in units of [cm-2s-lsr-lGeV -1] as indicated. How- 
ever, the particle spectrum can as well be represented by a momentum spec- 
trum, j(p), per unit momentum, or, in rigidity, P, per unit rigidity, with P 
defined as 

p = p C  
[GV], (1.47) 

Ze 
where (p c) is the kinetic energy [GeV] of a relativistic particle, p being the 
momentum [GeV/c], and (Z e) is the electric charge of the particle. The 
corresponding unit of rigidity is [GV]. The reason for using this unit is that 
different particles with the same rigidity follow identical paths in a given 
magnetic field. 

1.6.8 Integral Energy Spectrum 

The integral energy spectrum, J(> E), is defined for all particles having an 
energy greater than E, per unit area, dA, per unit solid angle, dO, and per 
unit time, dt, as follows: 

dN(>_E) [cm_2 s_~ sr_~] " (1.48) 
J(> E) - dA dO dt 

It is usually expressed in units of [cm-2s-lsr-1]. The integral spectrum, 
J (>  E), is obtained by integration of the differential spectrum, j(E):  

E J (> E) -- j (E) dE 

Alternatively j (E) can be derived from J (>  E) by differentiation: 

(1.49) 

d J(>_ E) (1.50) 
j ( E ) - -  dE " 

Most energy spectra can in part be represented by a power law with a 
constant exponent. For the integral spectrum we can write 

J (>  E) - C E  -~ (1.51) 
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and for the differential spectrum 

j (E) - C7E-('/+1) = A E -(~+t) , (1.52) 

where C is a constant. 

The exponent of the differential power law spectrum of the primary radi- 
ation, (7 + 1), is nearly constant from about 100 GeV to the beginning of the 
so-called knee (or bump) of the spectrum, which lies between 106 GeV and 
l0 T GeV, and has a value of _~ 2.7. Between the knee and the so-called ankle 
of the spectrum which lies between 109 GeV and 10 t~ GeV it has a value of 
(7 + 1) "-~ 3.0 with slightly falling tendency, reaching about 3.15 at 1018 eV. 
Beyond the ankle the spectrum seems to flatten again with (7+ 1) -,, 2.7. De- 
tails concerning the primary spectrum and composition are given in Chapter 
5. 

1.7 The Atmosphere 

1 . 7 . 1  C h a r a c t e r i s t i c  D a t a  a n d  R e l a t i o n s  

To provide a better understanding of the secondary processes which take 
place in the atmosphere, some of its basic features are outlined. The Earth's 
atmosphere is a large volume of gas with a density of almost 10 ~9 particles 
per c m  3 at sea level. With increasing altitude the density of air decreases 
and with it the number of molecules and nuclei per unit volume, too. Since 
the real atmosphere is a complex system we frequently use an approximate 
representation, a simplified model, called the standard isothermal exponential 
atmosphere, where accuracy permits it. 

The atmosphere consists mainly of nitrogen and oxygen, although small 
amounts of other constituents are present. In the homosphere which is the 
region where thermal diffusion prevails the atmospheric composition remains 
fairly constant. This region extends from sea level to altitudes between 85 
km and 115 km, depending on thermal conditions. Beyond this boundary 
molecular diffusion is dominating. Table 1.2 gives the number of molecules, 
ni, per cm 3 of each constituent, i, at standard temperature and pressure 
(STP), i.e., at 273.16 K and 760 mm Hg, and the relative percentage, qi, of 
the constituents. 

Specific regions within the atmosphere are defined according to their tem- 
perature variations. These include the troposphere where the processes which 
constitute the weather take place, the stratosphere which generally is without 
clouds, where ozone is concentrated, the mesosphere which lies between 50 
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Table 1.2: Composition of the Atmosphere (STP). 

molecule 

air 
N2 
02 
Ar 

CO2 
He 
Ne 
Kr 
Xe 

ni [cm -3] 

2.687.10 l~ 
2.098.1019 
5.629.10 is 
2.510.10 lz 
8.87.1015 
1.41.10 ~4 
4.89.1014 
3.06.1013 
2.34.1012 

qi = n,/n~i~ [%] 
, .  

100 
78.1 
20.9 
0.9 

0.03 
5.0- 10 -4 
1.8 �9 10 -3 
1.0.10 -4 
9.0.10 - 6  

29 

and 80 km, where the temperature decreases with increasing altitude, and 
the thermosphere where the temperature increases with altitude up to about 
130 kin. The temperature profile of the atmosphere versus altitude is shown 
in Fig. 1.15. The layers between the different regions are called pauses, i.e., 
tropopause, stratopause, mesopause and thermopause. 

The variation of density with altitude in the atmosphere is a function of 
the barometric parameters. The variation of each component can be repre- 
sented by the barometric law, 

ni(X) = ni(Xo) (T(hO)T(h) ) exp - , (1.53) 
0 

where 

ni(X) number of molecules of i-th component at X [molecules/cm 3] 
ni(Xo) number of molecules of i-th component at X0 [molecules/cm 3] 
hs,i - RT/Mig(h) scale height of i-th component [cm] 
R universal gas constant (8.313- 10 z [ergmo1-1 K-l]) 
M/atomic or molecular mass of the i-th component [g/moll 
h altitude (height) at X [cm] h0 altitude (height) at X0 [cm] 
X atmospheric depth at h [g/cm 2] T(h) temperature at h [K] 
Xo atmospheric depth at h0 [g/cm 2] T(ho) temperature at ho [K] 

(usually sea level) g(h) gravitational acceleration [cms -2] 

In a static isothermal atmosphere, for which complete mixing equilibrium 
of all constituents is assumed, eq. 1.53 reduces to 
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Figure 1.15: Schematic representation of the atmosphere showing its tem- 
perature profile. 

Table 1.3: Scale Heights at Different Depths in the Atmosphere. 

X [g/era 2] 
. ,  

h8 [10%m] 

10 100 300 500 900 

6.94 6.37 6.70 7.37 8.21 

/ h \  
n ( h )  - -  

where h~ [cm] is the mean scale height of the mixture (see Table 1.3). 

For the real atmosphere, the same relation applies, but the scale height 
varies slightly with altitude. Table 1.3 gives some values of h~ for different 
atmospheric depths. A similar relation applies to the variation of pressure 
with altitude. 

Fig. 1.16 shows the relation between density and altitude in an isothermal 
atmosphere, in the region which is important for cosmic ray propagation 
and transformation processes. In an inclined direction, i.e., for non-zero 
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zenith angles, the change of density per unit path length is less than in the 
vertical direction. Furthermore, for an incident particle the total thickness 
of atmosphere that must be traversed to reach a certain altitude increases 
with increasing zenith angle, as outlined above (cf eq. 1.41). 

At large zenith angles the curvature of the Earth must be considered, 
requiring the Chapman function (Chapman, 1931) to compute the column 
density of a given path in the atmosphere. This topic is discussed in detail 
in Subsection 1.7.2. In horizontal direction, i.e., for 0 - 90 ~ the column 
density or atmospheric thickness is approximately 40 times larger than for 
9 - 0  ~ 

The relation between altitude and depth in the real atmosphere is illus- 
trated in Fig. 1.17. The basic data of the COSPAR International Reference 
Atmosphere are given in Table A.1 in the Appendix (Barnett and Chandra, 
1990). 

1.7.2 Zenith Angle Dependence of the Atmospheric 
Thickness or Column Density 

In a standard isothermal exponential atmosphere that is characterized by 
a constant scale height h~ = (kT/M9) [cm], where k is Boltzman's con- 
stant, T [K] the temperature in Kelvin, M [g/mol] the molecular weight and 
g [cm-ls -2] the gravitational acceleration, the vertical column density X 
[g/cm 2] of air overlaying a point P at altitude h [cm] is given by the common 
barometer formula 

X(h) = X(h = O)e -(h/h') [g/cm 2] . 

Flat Earth Approximation 

For an inclined trajectory subtending a zenith angle 0 <_ 60 ~ the column 
density X(h, 0) measured from infinity to a given point P at altitude h in 
the atmosphere can be calculated neglecting the Earth's curvature, as shown 
in Fig. 1.18. In this case the column density increases with respect to the 
vertical column density proportional to the secant of the zenith angle, 0. 
Thus, 

X(h,O < 60 ~ ) -- X ( h , O -  0 ~ sec(0) [g/cm2]. (1.56) 

For less accurate calculations, this expression may even be used to zenith 
angles 0 <_ 75 ~ 
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Figure 1.16" Relation between vertical depth and altitude in an isothermal 
atmosphere. The dashed line is an exponential fit to the overall data. 

Curved Earth Atmosphere 

For larger zenith angles the curvature of the Earth cannot be ignored as is 
evident from Fig. 1.19. The correct derivation of the formula to compute the 
true column density for inclined trajectories leads to the Chapman function 
(Chapman, 1931). The Chapman function gives the ratio of the total amount 
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Figure 1.17: Relation between vertical depth or column density and altitude 
in the real atmosphere, after Cole and Kantor (1978). 

of matter along an oblique trajectory subtending a zenith angle ~ versus the 
amount of total matter in the vertical (~ - 0) for a given point P in the 
atmosphere. This function has the following form' 

f0 
C h ( x  O) - x sin(~) e x p ( x -  x s in(0) / s in(C))  de 

' sin2 (r ' 
( ~ . 5 7 )  



34 CHAPTER 1. COSMIC RAY PROPERTIES, RELATIONS, etc. 

Atmosphere 

. m ~ m ~ m m m n ~ D m ~ m ~ m  

Particle 

Xi 

Figure 1.18: Atmospheric thickness or column density, X~, encountered by a 
cosmic ray incident at a zenith angle 0 to reach point P under the assumption 
that the Earth is flat. h~ represents the atmospheric scale height. (This 
approximation can be used for zenith angles 0 _ 60 ~ to <_ 75 ~ depending 
on accuracy required.) 

where 

R E + h  
x = h8 " (1.58) 

RE is the radius of the Earth, h the altitude of point P in the atmosphere, 
and h~ is the appropriate scale height of the atmosphere. 

Various authors have derived approximations to this expression (Fitz- 
maurice, 1964; Swider and Gardner, 1967). Swider and Gardner propose for 
zenith angles 0 < (r /2)  the equation 

Ch x,O < -~ = -~- 1 - e r r  x 1~2cos exp xcos 2 ~ . 

(1.59) 

For 0 - ~r/2, i.e., for horizontal direction, 

Ch(x, ~ ) -  (71-x/2) 1/2 , (1.60) 

which is about equal to 40. 
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e~ 

Figure 1.19: Atmospheric column density X1 in curved atmosphere encoun- 
tered by a cosmic ray incident under zenith angle ~1 <_ 7r/2 to reach point 
P~ at altitude h. Also shown is the situation for point P2 at t? > ~r/2 and 
column density )(2, a situation that may arise when h is large. 

For zenith angles in excess of lr/2, a situation that may arise in satellite 
experiments (cf Fig. 1.19), the same authors propose the approximation 

71" (_~s in(~) )~ /2(  [ ( x )  7rx 1 + erf - cot(O) sin(O) 
2 

x l+8xsin(O) 

112]) 
(1.61) 

The zenith angle dependence of the atmospheric thickness or column den- 
sity at sea level is illustrated in Fig. 1.20. 

For further details concerning atmospheric column densities and atten- 
uation for zenith angles ~ > r /2,  such as may be relevant at great alti- 
tude in conjunction with satellites, the reader is referred to the articles by 
Swinder (1964) and Brasseur and Solomon (1986). The accuracy of certain 
approximations for the Chapman function is discussed by Swider and Gard- 
ner (1967). 
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Figure 1.20: Relation between zenith angle and atmospheric thickness or 
column density at sea level for the "curved" Earth. 

1.8 Geomagnetic and Heliospheric Effects 

1 . 8 . 1  E a s t - W e s t ,  L a t i t u d e  a n d  L o n g i t u d e  E f f e c t s  

Cosmic ray fluxes and spectra from eastern and western directions are dif- 
ferent up to energies of about 100 GeV, because of the geomagnetic field 
and the positive charge excess of the primary radiation. This effect, which 
is called the east-west effect or east-west asymmetry, is strongest at the top 
of the atmosphere. It is illustrated in Fig. 1.21. Due to the zenith angle 
dependence of the cosmic ray intensity deep inside the atmosphere that goes 
roughly as cos2(0) and is known as the cos2(0)-law, this asymmetry is less 
pronounced at sea level. Because of the dipole shape of the geomagnetic field 
there exists also an azimuthal effect. 

Furthermore, due to the geomagnetic cutoff imposed by the geomagnetic 
field, the energy spectrum manifests a latitude dependence for energies up to 
about 15 GeV at vertical incidence. This is called the latitude effect. It is 
shown in Fig. 1.22. 

There exists also a longitude effect which is due to the fact that the 
geomagnetic dipole axis is asymmetrically located with respect to the Earth's 
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Figure 1.21" Threshold rigidity as a function of zenith angle in the east-west 
plane at an equatorial point at the top of the atmosphere, illustrating the 
east-west effect. 
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Figure 1.22: Relative variation of the cosmic ray intensity at an altitude of 
9000 m as a function of geomagnetic latitude along the geographic meridian 
80 ~ (Neher, 1952). This is known as the latitude effect. 

rotation axis. In addition there are local magnetic anomalies. The most 
dominant one is the South Atlantic anomaly, off the coast of Brazil. The 
longitude effect is illustrated in Fig. 1.23. 
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Figure 1.23: Variation of the cosmic ray intensity in percent as a function 
of geographic longitude recorded with a neutron monitor in an aircraft at 
constant pressure altitude (~ 18,000 feet or 5486 m) around the equator 
(Katz et al., 1958). This is known as the longitude effect. 

1 . 8 . 2  T i m e  V a r i a t i o n  a n d  M o d u l a t i o n  

The solar activity influences the cosmic ray flux on Earth and the shape of the 
energy spectrum up to about 100 GeV/nucleon in various ways. The galactic 
or primary radiation and consequently the secondary radiation produced in 
the atmosphere, too, are subject to a periodic variation that follows the 11 
year solar cycle. 

Stochastic and relatively sudden changes, where the cosmic ray intensity 
may drop occasionally as much as 15 % to 30 % within tens of minutes to 
hours, followed by a gradual recovery to the previous average intensity within 
many hours or even days, are the so-called Forbush decreases (Forbush, 1937, 
1938 and 1958). They are caused by magnetic shocks of solar origin. The 
above mentioned phenomena are referred to as solar modulation effects. 

Occasional transient high energy phenomena on the Sun caused by solar 
flares ejecting relativistic particles are responsible for the so-called ground 
level enhancement (GLE). Such events provoke an increase of the intensity 
of the cosmic radiation anywhere between a few 10% to a few 100% with 
respect to the normal level due to the arrival of a superimposed low energy 
particle component. 

Intensity variations are also due to changes of the geomagnetic cutoff, 
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discussed below. In addition, some of the intensity variations observed at 
sea level are seasonal and due to atmospheric effects caused by temperature 
and pressure changes. 

Modulation effects are not discussed in detail in this volume. For these 
topics the reader is referred to the specialized literature. For an introduction 
see e.g. Parker (1963), SandstrSm (1965), Dorman (1974), Longair (1992). 
More specific information can be found in proceedings of topical conferences, 
see e.g. Kunow (1992), Moraal (1993). However, some selected heliospheric 
phenomena are summarized in Chapter 6. 

1.8.3 Geomagnetic  Cutoff 

Charged particles approaching the Earth from outer space follow curved tra- 
jectories because of the geomagnetic field in which they propagate. As they 
enter the atmosphere they may also be subject to interactions with atmo- 
spheric constituents. Disregarding the existence of the atmosphere, the ques- 
tion whether a particle can reach the Earth's surface or not depends solely on 
the magnitude and direction of the local magnetic field, and on the rigidity 
and direction of propagation of the particle. 

A practical measure to compare and interpret particle measurements 
made at different locations on Earth, in particular at different geomagnetic 
latitudes, is the effective vertical cutoff rigidity, Pc, frequently referred to as 
the vertical cutoff rigidity, or simply the cutoff rigidity. It must be empha- 
sized that in general geomagnetic and geographic coordinates are not the 
same and Pc depends on location and time. 

Moreover, the exact vertical cutoff rigidity of a particular geographic lo- 
cation varies somewhat with time because of the variability of the magne- 
tospheric and geomagnetic fields. These variations may be as much as 20 
percent at mid-latitude (Fliickiger, 1982). Figure 1.24 shows the StSrmer 
cutoff rigidity (StSrmer, 1930) as a function of geomagnetic latitude for ver- 
tically incident positive particles and for positive particles incident under a 
zenith angle of 45 ~ from the east and west, respectively (see Subsection 1.8.5 
for the definition of the StSrmer cutoff rigidity). 

A frequently used method to compute the vertical cutoff rigidity of a 
particle is to consider an identical particle of opposite charge and opposite 
velocity being released in radial outward direction at the reference altitude of 
20 km above sea level. The effective cutoff rigidity is defined as the rigidity 
required for the particle to overcome trapping in the geomagnetic field and 
being able to escape to infinity, taking into account the penumbral bands. All 
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Figure 1.24: St5rmer cutoff rigidity as a function of geomagnetic latitude, )~, 
for vertically incident positive particles (8 - 0~ and for positive particles 
incident under a zenith angle of 45 ~ from the east (8 = 45~ and west 
(8 = 45~ respectively (Rossi and Olbert, 1970). 

kinds of interactions and energy loss mechanisms in the residual atmosphere 
as well as scattering are disregarded in this picture. The complexity of actual 
trajectories is shown in the specific example of Fig. 1.25. 

1.8.4 Cosmic Ray Cutoff Terminology 
Brief History 

The study of cosmic ray access to locations within the geomagnetic field has 
greatly evolved over the past fifty years. Results obtained from theoretical 
investigations concerning this question have been instrumental in aiding the 
interpretation of a wide range of experimentally observed phenomena. These 
studies have ranged from examinations of the aurora, through attempts to 
account for the observed directional asymmetries detected in the primary and 
secondary cosmic ray fluxes, particularly at lower energies, to the determi- 
nation of the relationship between primary and secondary cosmic rays and 
other topics. 

The early work, initiated by StSrmer (1930) and numerous other inves- 
tigators in the years to follow, was mainly concerned with the distinction 
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Figure 1.25" The trajectory within the geomagnetic field of a 5.65 GV cosmic 
ray particle en route to Williamtown, Australia (32.75 ~ S, 151.80 ~ E), where 
it will arrive with a zenith angle of 60 ~ and azimuth of 150 ~ east of geographic 
north (after Cooke et al., 1991). 

between allowed directions of arrival of a particle from interplanetary space 
at a given location in the geomagnetic field, and directions that are inacces- 
sible (for a review see Cooke et al., 1991). This work was based on analytic 
methods using a dipole approximation to describe the geomagnetic field, fre- 
quently ignoring the existence of a solid Earth, causing shadow effects. In 
such a picture bound periodic orbits play a significant role in delimiting the 
different access regions. With the beginning of the era of digital computers 
the field evolved rapidly. New aspects were developed and the terminology, 
too, was subject to changes. 

Out of this work resulted the concept of asymptotic cones of acceptance 
for the worldwide network of cosmic ray stations and the construction of 

the worldwide grid of vertical cutoff rigidities of cosmic rays (McCracken et 
al., 1962, 1965 and 1968; Shea et al., 1968). As the work progressed the 
transition from the simple dipole representation of the geomagnetic field to 
the real-field, including the presence of the impenetrable Earth was made 
that led eventually to a new picture. 

Whereas the early theoretical investigators viewed access conditions in 
what may be called the direction picture, describing the directions from which 
particles of a specific rigidity could or could not arrive, the modern computer 
calculations have usually a rigidity picture in which accessibility is considered 
as a function of particle rigidity in a single arrival direction. Thus, today we 
distinguish between the old geometrical terms, appropriate to the direction 
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picture, and the new rigidity picture. 

As a result, confusion sometimes arises when comparing early and modern 
literature. Cooke et al. (1991) in their review have helped to clarify the 
situation, particularly for newcomers to the field. In the following we are 
summarizing the various definitions and the essential points of their article, 
using partly their own wording. 

Summary of Tra j ec to ry  Charac te r i s t i c s  

In brief, it can be said that when trajectories calculated in a time-invariant 
but otherwise realistic model of the geomagnetic field are examined, many 
clearly defined cutoff structures can be found, including modified forms of 
the characteristic structures identified by the earlier workers as pertaining to 
the regions possessing the different types of access in a simple, axially sym- 
metric, field. Although all the analytically identified structures can usefully 
be identified in computer-based studies, there has been good reason to in- 
troduce additional terminology in order to define useful quantities naturally 
associated with the standard sampling method of determining the real-field 
cutoff values in the presence of the Earth, in the rigidity domain. 

These more recent definitions are presented in the following subsection, 
together with the definitions for the classical terms, suitably qualified to 
allow their application in real-field situations. The differences between the 
two groups are outlined. 

1 . 8 . 5  D e f i n i t i o n s  o f  G e o m a g n e t i c  T e r m s  

The following definitions are subdivided by viewpoint, as indicated in Table 
1.4. The subsequent list describes terms used in cutoff calculations. It is not 
exhaustive but seeks to portray the most useful quantities in each situation. 
Figure 1.26 helps to illuminate the various concepts and definitions. 

Directional Definitions 

The definitions listed under this subheading are appropriate for use with 
the directional picture. Each definition is for charged particles of a single 
specified rigidity value arriving at a particular point in the geomagnetic field 
(for details see Cooke et al., 1991). Figure 1.26 illustrates the various terms. 

Allowed cone: The solid angle containing the directions of arrival of all 
trajectories which do not intersect the Earth and which cannot possess sec- 
tions asymptotic to bound periodic orbits (because the rigidity is too high 
to permit such sections to exist in the directions of arrival concerned). 
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Table 1.4: Summary of terms used in cutoff calculations. 
Terms describing phenomena which are equivalent in the two pictures are 

listed on the same line. 
(Adopted from Cooke et al., 1991). 

Direction Picture 

Allowed cone 
Main cone 

Shadow cone 
Penumbra 
Penumbral band 

StSrmer cone 
Forbidden cone 

Rigidity Picture 

Cutoff rigidity 

Main cutoff rigidity 
First discontinuity rigidity 
Shadow cutoff rigidity 
Penumbra 
Penumbral band 
Primary band 
StSrmer cutoff rigidity 

Upper cutoff rigidity 
Lower cutoff rigidity 
Horizon-limited rigidity 
Effective cutoff rigidity 
Estimated cutoff rigidity 

Main cone: The boundary of the allowed cone. The main cone is com- 
posed of trajectories which are asymptotic to the simplest bound periodic 
orbits and trajectories which graze the surface of the Earth. (For this pur- 
pose the surface of the Earth is generally taken to be at the top of the effective 
atmosphere.) 

Forbidden cone: The solid angle region within which all directions of ar- 
rival correspond to trajectories which, in the absence of the solid Earth, would 
be permanently bound in the geomagnetic field. Access in these directions 
from outside the field is, therefore, impossible. 

Stb'rmer cone: The boundary of the forbidden cone. In an axially sym- 
metric field the surface forms a right circular cone. 

Shadow cone: The solid angle containing all directions of particle arrival 
which are excluded due to short-range Earth intersections of the approaching 
trajectories, while the particle loops around the local field lines. 

Penumbra: The solid angle region contained between the main cone and 
the StSrmer cone. In general the penumbra contains a complex structure of 
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Figure 1.26: Spatial relationship between the allowed cone, main cone, 
penumbra, StSrmer cone, and forbidden cone for positively charged cosmic 
ray nuclei with an arbitrary rigidity value at an arbitrary location in the 
magnetic dipole field (adapted from Cooke et al., 1991). 

allowed and forbidden bands of arrival directions. 
Penumbral band: A contiguous set of directions of arrival, within the 

penumbra, the members of which are either all allowed or all forbidden. 
Often, within any given forbidden band structure, it is possible to determine 
that a number of individual bands, each attributable to the Earth intersection 
of the associated trajectories in a different low point, are overlapping to 
produce the entire forbidden band structure observed. 

Rigidity Picture Definitions 

The following definitions are applicable to the rigidity picture. Each defini- 
tion refers to particles arriving at a particular site within the geomagnetic 
field from a specified direction (for details see Cooke et al., 1991). 

Cutoff rigidity: The location of a transition, in rigidity space, from al- 
lowed to forbidden trajectories as rigidity is decreased. Unless otherwise 
defined, the value normally quoted in representing the results of computer 
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calculations is, for practical reasons, the rigidity of the allowed member of 
the appropriate juxtaposed allowed/forbidden pair of trajectories computed 
as part of a spaced series of traces. 

Main cutoff rigidity, Pro" The rigidity value at which the direction con- 
cerned is a generator of the main cone as defined in the direction picture. 
The associated trajectory is either one which is asymptotic to the simplest 
bound periodic orbit, or (owing to the presence of the solid Earth) is one 
which is tangential to the Earth's surface. 

First-discontinuity rigidity, PI" The rigidity associated with the first dis- 
continuity in asymptotic longitude as the trajectory calculations are per- 
formed for successively lower rigidities, starting with some value within the 
allowed cone. The value of P1 is approximately equal to the main cutoff as 
defined above. 

Shadow cutoff rigidity, P~h: The rigidity value at which the edge of the 
shadow cone lies in the direction concerned. 

Penumbra: The rigidity range lying between the main and the StSrmer 
cutoff rigidities. 

Penumbral band: A continuous set of rigidity values, within the penum- 
bra, all members of which have the same general access characteristics, ei- 
ther all allowed or all forbidden. Often, within any given forbidden band 
structure, it is possible to determine that a number of individual bands, 
each attributable to the Earth intersection of the associated trajectories in 
a different low point, are overlapping to produce the entire forbidden band 
structure observed. 

Primary band: The stable forbidden penumbral band which is associated 
with the Earth intersection of a low point in the loop which lies at the 
last equatorial crossing before the trajectory (or its virtual extension in the 
assumed absence of the Earth) takes on the characteristic guiding center 
motion down the local magnetic field line. 

StS"rmer cutoff rigidity, P~: The rigidity value for which the StSrmer 
cone lies in the given direction. In a dipole field (and perhaps also in the real 
geomagnetic field) direct access for particles of all rigidity values lower than 
the StSrmer cutoff rigidity is forbidden from outside the field. In a dipole 
approximation to the geomagnetic field, one form of the StSrmer equation 
gives the StSrmer cutoff rigidity, in GV, as 

M c~ (1.62) 
P~ - r2[l + (1 -cos3(A) cos(e) sin(~))~/2] 2 
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where M is the dipole moment which has a normalized value of 59.6 when r 
is expressed in units of Earth radii, r being the distance from the dipole, A is 
the geomagnetic latitude, e the azimuthal angle measured clockwise from the 
geomagnetic east direction (for positive particles), and r is the angle from 
the local magnetic zenith direction. 

Upper cutoff rigidity, P~: The rigidity value of the highest detected al- 
lowed/forbidden transition among a set of computed trajectories. The upper 
cutoff rigidity can correspond to the main cutoff if and only if no trajectories 
asymptotic to bound periodic orbits lie at rigidities higher than this value. 
This can be identified from the nature of the trajectory associated with the 
main cutoff. 

Lower cutoff rigidity, Pl: The lowest detected cutoff value (i.e. the rigidity 
value of the lowest allowed-forbidden transition observed in a set of computed 
trajectories). If no penumbra exists, P~ equals P~. 

Horizon-limited rigidity, Ph" The rigidity value of the most rigid particle 
for which an allowed trajectory is found in a set of computer calculations 
performed for a below horizon direction at a location above the surface of 
the Earth. 

Effective cutoff rigidity, Pc: The total effect of the penumbral structure 
in a given direction may be represented usefully, for many purposes, by the 
effective cutoff rigidity, a single numeric value which specifies the equivalent 
total accessible cosmic radiation above and within the penumbra in a spe- 
cific direction. Effective cutoffs may be either linear averages of the allowed 
rigidity intervals in the penumbra or functions weighted for the cosmic ray 
spectrum and/or detector response (Shea and Smart, 1970; Dorman et al., 
1972). For a linear weighting this would have the form 

P~ 
Pc - Pu - ~ APi(allowed) (1.63) 

P, 

where the trajectory calculations were performed at rigidity intervals APi. 

Estimated cutoff rigidity, P~t: A value obtained by using an empirically 
normalized equation to approximate the cosmic ray cutoff variation in the 
location of a particular point within a magnetic field in order to estimate a 
cutoff value pertaining to the point. This value can be found by use of a vari- 
ety of interpolation techniques, one of which is the application of the StSrmer 
equation given above (eq. 1.63). Because the StSrmer equation characterizes 
the spatial variation of the cutoff rigidity, with appropriate normalization 
it may be used to obtain useful estimates of the various cosmic ray cutoff 
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rigidities, over intervals of latitude, longitude, zenith and azimuth, for exam- 
ple. In practice, estimates of the value of any cutoff can be obtained from 
adjacent calculated values to a reasonable degree of accuracy by employing 
this method. 
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Chapter 2 

Cosmic Rays in the 
Atmosphere 

2.1 In troduct ion  

This chapter includes data and results of cosmic ray experiments carried out 
at altitudes higher than sea level. Included are measurements performed on 
the ground at mountain levels covering altitudes between a few hundred me- 
ters and 6500 m above sea level (Qomolangma, foot of Mt. Everest, Tibet) 
as well as results of aircraft and balloon-borne experiments that cover essen- 
tially the entire atmosphere to its very fringes of just 2 or 3 g/cm 2 of residual 
atmosphere. 

The high altitude data are also the backbone for the determination of 
the primary cosmic ray spectrum and mass composition over a wide range 
of energies that are complemented in the low energy domain by satellite 
measurements, and air shower data at high and ultra high energies. Spectra 
and composition of the primary radiation are presented in Chapter 5. 

One should bear in mind that in view of the rapidly falling intensity of 
the cosmic radiation with increasing energy and because of the limited size 
and duration of aircraft and balloon-borne experiments the statistics of the 
data, particularly at higher energies and for the less abundant components 
of the radiation, are subject to poor statistics. Nevertheless, up to date a 
large number of experiments had been carried out and a remarkable stock of 
cosmic ray data from all levels in the atmosphere has become available over 
the years that is summarized in this chapter. 
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2 .2  C h a r g e d  H a d r o n s  

2.2.1 Introduction 

Hadron fluxes and energy spectra have been measured in the atmosphere at 
mountain altitudes up to 6500 m, with instruments on board of aircraft up 
to about 10 km and with balloon-borne equipment almost to the top of the 
atmosphere. 

In principle energy spectra of hadrons can be measured with magnetic 
spectrometers, mass spectrometers, calorimeters or with range spectrometers. 
In order to separate protons from pions, two parameters must be known, 
e.g., momentum and energy or mass and velocity. This can be achieved 
in various ways by combining instruments such as a magnetic spectrometer 
with a calorimeter, or a mass spectrometer with a time-of-flight measurement. 
Early results have been obtained with the nuclear emulsion technique. The 
highest energies have been recorded with so-called emulsion chambers. These 
consist of layers of X-ray films, converter material, and nuclear emulsion. 
Integral flux measurements can easily be made with counter telescopes. 

Singly charged hadrons identified by strong interactions can in principle 
be primary or secondary protons, charged pions, kaons or hyperons, deu- 
terium, or tritium. Frequently only protons and pions are considered at 
greater atmospheric depth. A separation of protons and pions can be made 
by measuring the charged to neutral ratio. The ratio of secondary protons 
to neutrons must be equal to or greater than unity for reasons discussed 
below. 

Low energy measurements are subject to solar modulation and depend on 
geomagnetic latitude. Some authors have not taken these effects into account 
for the interpretation of their data. 

Various books and reviews have appeared in the past that describe the 
gross features of the cosmic radiation in the atmosphere and summarize the 
principal results (Rossi, 1964; Schopper et al., 1967; Allkofer, 1967 and 1975; 
Daniel and Stephens, 1974; Sokolsky, 1989). 

2.2.2 Flux Measurements and Intensities 

In principle the total flux of hadrons or of any single component can be 
obtained by integrating the energy or momentum spectrum. There are few 
recent data on general flux measurements in the atmosphere because the 
present interest is focused either on the exploration of the composition of the 
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Table 2.1" Vertical Intensity of Protons at Different Altitudes. 
(Schopper et al. 1967) 
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Energy 
[MeV] 

80 - 430 
430- 1220 

> 80 
> 1220 

50- 370 

> I0000 

Momentum 
[GeV/c] 

0.37- 1.04 

0.59- 0.77 
0.77- 0.93 

Intensity 
[cm-2s-lsr -1] 

(8.06 +0.12). 10 -4 
(6.06 :!=0.13)- 10 -4 
(1.69 :i:0.02). 10 -3 

2.81 -10 -4 

9.6.10 -4 
1.1 -10 -5 

(1.215 4-0.03). 10 -3 
. . . . .  

(9.6 4-1.2). 10 -5 
(7.9 4-1.2)-10 -5 

Altitude 
[m] 

3200 

3400 
2800 
3250 

2700 

Reference 

Kocharian (1955) 

Whittemore (1952) 
Hazen (1949) 
Meshkowskii (1958) 

Rosen (1954) 

primary radiation, mostly with balloon or space bound instruments, or on the 
study of ultrahigh energy interactions of primary or secondary cosmic rays 
with well defined targets. Most of the early data were obtained with simple 
counter telescopes that were faced with the problem of particle identification. 

Table 2.1 shows flux data of measurements compiled by Schopper et al. 
(1967). Additional data which give the percentage of protons to the total 
penetrating component, i.e., essentially protons, pions and neutrons com- 
bined, are shown in Table 2.2. The absolute intensity of single hadrons of 
energies >_1 TeV at 3250 m is (1.25 • 0.04). 10 -5 cm-2s-lsr -1 (Szaryan et 
al., 1973). The altitude dependence of the proton flux for E >_ 1 GeV was 
compi l ed  by Schopper  et al. (1967) and  is shown in Fig.  2.1. 

At an altitude of 2500 m (760 g/cm 2) the single hadron intensity in the 
high energy region has been measured by Berdzenishvili et al. (1981). Their 
results are given in Table 2.3. 

At 3230 m the integral intensity of hadrons can be described by the 
expression 

J (>  E) - 3 .10 - 7 . E  -2"~ [cm-2s-lsr-1], (2.1) 

with E in GeV (Jones et al., 1970). 

Recent measurements of the hadron intensities at various altitudes had 
been carried out by Lu et al. (1997), using emulsion chambers. These au- 
thors made measurements at Qomolangma (the foot of Mt. Everest, 6500 
m), at Mt. Kanbala (5450 m), Pamir (4370 m), Yangbajing (4300 m), Mt. 
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Table 2.2: Ratio of Protons to All Penetrating Hadrons (p, n, ~r). 
(Schopper et al., 1967). 

Energy 
[MeV] 

>400 
m 

> 300 

Momentum 
[GeV/c] 

0 . 5 < p < 5 0  
0.5 < p < 2 0  
0.2 < p < 20 

0.4 <_ p _  14 
0.34 <_ p <_ 2.5 
9 .3_p_<  17 

> O.3 
0.7 < p <  2.0 

> 0.31 
0.5 < p < 5 0  

1_<p<5 
. . . . .  

Proton 
content % 

1 6 •  
19.7 • 3 
20.8 =k 3 

7.9 
12 

14_+1 
4.8 

19-4- 2 
20 +2 

12 
11 :t= 1 
2 4 + 3  
50 +10 

Altitude 
[m] 

2960 
2960 
2960 
3100 
3200 
3250 
3250 
3400 
3400 
3500 
3650 
5200 
9O00 

Reference 

Allkofer (1964) 
Allkofer (1964) 
Allkofer (1964) 
Gregory (1951) 
Kocharian (1956a,b) 
Vaisenberg (1957) 
Alikhanian (1957) 
Whittemore (1952) 
Miller (1954) 
Lovati (1954) 
Becker (1955) 
Allkofer (1967) 
Baradzei ( 1959) 

Table 2.3: Hadron Intensities at 2500 m a.s.1.. (Berdzenishvili et al., 1981) 

Energy Range 

I(E > 300 GeV) 
I(E >_ 1 TeV) 
I(E > 3 TeV) 
I(E > 5 TeV) 

Intensity [cm-2s-lsr -1] 

(3.06 + 0.28)- 10 -8 
(3.33 -4- 0.83). 10 -9 
(3.89 -4- 0.14). 10 -1~ 

(8.3 • 5 .5) .  10 -~1 

Fuji (3200 m) and Yunnan Station (3200 m). They found that the vertical 
intensity, Ih, at an atmospheric depth of 606 g/cm 2 and for energies >5 TeV 
is 

lh(Eh >_ 5TeV) = (2.69 4- 0.25). 10 -1~ [cm -2 s -1 sr -1] (2.2) 

The altitude dependence of the hadron intensity is plotted in Fig. 2.2. 
We have also included some earlier data from the work of Shibuya (1987). In 
his paper a extensive list of earlier emulsion chamber measurements is given. 
From Fig. 2.2 one obtains for the attenuation of the hadronic component in 
the atmosphere the expression 
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Ih(Eh >_ 5TeV) c< exp(-X/Aabs) (2.3) 

where X is the atmospheric depth [g/cm 2] and A~b~ -- 107.5-+-3.4 g/cm 2. 

It also follows from this work that the integral spectrum of hadrons of 
energy >5 TeV can be represented by a simple power law of the form E -~, 
with ~/ - 1.85 �9 0.2. 

Recently proton and helium intensities as a function of atmospheric depth 
had been measured with balloon-borne superconducting magnetic spectrom- 
eters. Circella et al. (1999) using the MASS instrument from Fort Sumner, 
NM (USA) at a vertical geomagnetic cutoff rigidity of 4.5 GV obtained the 
depth - intensity distribution for protons and helium nuclei in the kinetic 
energy bands 4.1 _< E < 14.1 GeV and 1.7 < E < 9.1 GeV, respectively, in 
the upper atmosphere between about 5 and 380 g/cm 2 for protons and 5 and 
120 g/cm 2 for helium. Their results are shown in Fig. 2.3. 

More detailed data for protons are presented by Francke et al. (1999) 
from measurements with the CAPRICE94 instrument, flown from Lynn Lake 
(Canada) at a geomagnetic cutoff of about 0.5 GV. These authors recorded 
depth - intensity distributions of protons for eight energy windows that are 
illustrated in Fig. 2.4. 

2 . 2 . 3  E n e r g y  S p e c t r a  

Ear ly  M e a s u r e m e n t s  

Energy or momentum spectra have been measured at mountain altitudes 
from 2000 m up to nearly 5000 m. Many experiments were aimed at studying 
high energy hadronic interactions and energy spectra of the incident hadrons 
were by-products. Results of early measurements can be misleading because 
sometimes the total hadronic component had been interpreted as protons. 

For momenta ~ 2 GeV/c the proton spectrum has been measured by 
Kocharian (1955, 1956a, 1956b) at an altitude of 3200 m. The results are 
shown in Fig. 2.5. The apparatus consisted of a magnetic spectrometer, 
combined with a calorimeter. With an improved instrument measurements 
had been extended to 100 GeV. The results are shown in Fig. 2.6 (Kocharian, 
1959). A compilation of proton energy spectra at a depth of 650 g/cm 2 
has been made by Fliickiger (1976a and 1976b). The experimental results 
have been compared with theoretical data from Monte Carlo calculations 
for different interaction mean free paths, ranging from 65 to 75 g/cm 2 for 
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nucleons, and from 75 to 120 g/cm 2 for pions. The data are presented in 

Fig. 2.7. 

Other Monte Carlo calculations had been carried out to determine the 
energy spectra of protons at atmospheric depths ranging from 40 _ X _ 650 
g/cm 2 and for the energy range 0.05 <_ E <_ 100 GeV (Fliickiger, 1977 and 
1978). 

Higher energy regions of the spectrum of charged hadrons had been in- 
vestigated by Nam et al. (1970). The apparatus consisted of an ionization 
calorimeter with lead absorbers, located at an altitude of 3340 m. It cov- 
ered an energy range from 350 to 50000 GeV. The results are shown in 
Fig. 2.8. Also shown in the same figure are the measurements of G rigorov 
and Shestoperov (1967), Babayan et al. (1962) and Hayakawa et al. (1964). 

In the range 1 <_ E < 100 MeV energy spectra of protons have been 
measured at altitudes between 16 and 18 km at different geomagnetic cutoffs 
(Bogomolov et al., 1979). Fig. 2.9 shows the experimental spectra together 
with calculations of Aitbaev et al. (1981). 

The energy spectrum of unaccompanied hadrons has been investigated 
by Siohan et al. (1978) in the energy range 100 < E < 10000 GeV at an 
atmospheric depth of 730 g/cm 2 (h = 2900 m), using a calorimeter. Unac- 
companied hadrons include primary protons that have traversed the atmo- 
sphere without undergoing strong interactions as well as secondary hadrons 
(protons, neutrons, pions, etc.) whose accompaniment has died out before 
reaching the observation level. It is unlikely that unaccompanied secondary 
hadrons are surviving fragments of primary nuclei because the energy of the 
latter is generally too large and cascade products are usually associated. 

After several generations of collisions, one expects the intensity of sec- 
ondary neutrons, In, to approach the intensity of secondary protons, Ip, 
because of charge exchange. However, the average number of interactions 
suffered by secondary hadrons that are unaccompanied at mountain alti- 
tudes is likely to be small and equilibrium will not be reached. One expects 
therefore that I~ <_ Ip (see also section 1.3). A set of data points of the 
differential and integral energy spectra measured by Siohan et al. (1978) is 
given in Table 2.4. Plots of the differential and integral spectra are given in 
Figs. 2.10 and 2.11, respectively. 

The zenith angle distribution of charged hadrons was studied by Siohan 
et al. (1978) for 0.9 < cos(9) < 0.1 and E >_ 22 GeV. The results can be 
fitted with the expression 
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Table 2.4: Intensity of Single Charged Hadrons at an Alt i tude 
of 2900 m a.s.1. (730 g/cm2). (Siohan et al., 1978) 
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Energy 

[GeV] 
107-  128 

128-  149 

149-  181 

181 - 225 

2 2 5 -  269 

269 - 314 

3 1 4 -  381 

381 - 473 

4 7 3 -  542 

542 - 659 

6 5 9 -  897 

871 - 1020 

1020-  1170 

1170-  1396 

1396 - 1623 

1623-  1851 

1851 - 2233 

2233-  2616 

2616-  3000 

3001 - 3500 

3500-  4000 

4000-  5000 

5000 - 6000 

6OO0- 8O0O 

8000 - 10000 

10000 - 15000 

> 15000 

Events 
in 

Bin 

219 

160 

135 

121 

261 

179 

140 

99 

105 

99 

95 

235 

147 

141 

87 

44 

47 

28 

17 

16 

8 

9 

7 

6 
1 

2 

0 

Differential 
Intensity 

[ cm-2s - l s r - lGeV -1] 

7.81 =t= 0 .53 .10  -9 

5.62 4- 0 .44 .10  -0 

3.12 4- 0 .27 .10  -0 

2.07 • 0 .19 .10  -9 

1.07 4- 0 .07 .10  -9 

7.26 d= 0 .54 .10  - l~ 

3.74 4- 0 .32 .10  - l~ 

1.96 i 0 .20 .10  -m 
1.41 ~ 0 .14 .10  -1~ 

7.90 4- 0.80.10-11 

3.70 i 0 .40 .10  -11 

1.80 4- 0 .12 .10  -11 

1.12 4- 0 .09 .10  -12 

7.15 4- 0 .60 .10  -12 

4.39 • 0 .47 .10  -12 

2.21 • 0 .32 .10  -12 

1.41 • 0 .20 .10  -12 

8.37 �9 1 .60 .10  -la 

5.06 4- 1 .20 .10  -la 
2.64 4- 0.66 �9 1 0  - 1 3  

1.32 4- 0 .46 .10  -13 

7.40 4- 2 .50 .10  -~4 
5.80 4- 2 .20.10-14 

2.50 4- 1 .00 .10  -14 

4.10 4- 4.10- 10 -1~ 
3.30 4- 2 .30.10-15 

Integral 
Intensity 

[cm-2s- l s r -  1 ] 

6.31 i 0 .24 .10  -7 

1.58 4- 0 .06 .10  -T 

3.52 �9 0.18 �9 10 -a 

1.90 -4- 0.15 �9 10 -9 

8.5 d= 1 .0 .10  -1~ 

4.0 4- 0.6 �9 1 0  - 1 ~  

2.1 4 - 0 . 4 . 1 0  -1~ 

7.4 4- 2.5- 10 -11 

2.5 4- 1 .4 .10  -11 

1.6 4- 1 .2 .10  -11 

f (O) = A cosn(O) , (2.4) 

where n - 7.3 4-0.5 and A is a constant.  

Low energy protons have been recorded with an ins t rument  consisting of 

a magnet ic  spectrometer  combined with a t ime of flight system by Barber 
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Table 2.5" Proton Intensities at an Atmospheric Depth of 747 g/cm 2 
(2750 m a.s.1.). (Barber et al., 1980) 

Velocity Interval 

0 .20<  ~ <0 .35  
0.35 < Z < 0.50 
0.5o < Z < o.6o 
o.6o < Z _< 0.65 
0.65 < ~ < 0.70 
0.70 < ~ <_ 0.75 
0.75 < ~ < 0.80 
o.8o < /~ _< 0.85 
0 .85<  fl _<0.90 
0 .90<  ~ <0 .95  

Momentum 
Interval 
[GeV/c] 

0.20- 0.35 
0.35 - 0.53 
0.54- 0.70 
0.70 - 0.80 
0.80 - 0.92 
0.92- 1.06 
1.06- 1.26 
1.26 - 1.51 
1.51- 1.94 
1.94- 2.86 

. . . .  

Pave 

[GeV/c] 
g~ 

0.31 113 
O.44 518 
0.60 646 
0.73 399 
0.84 547 
0.96 564 
1.12 541 
1.32 585 
1.63 537 
2.05 320 

. . . . . . .  

(cm 
. . . .  

Differential 
Intensity 

s sr (GeV/c))- ' ]  

1.49 i 1.12.10 -3* 

9.37 • 2.25 �9 10 -4 .  

1.14 4- 0.18 �9 10 - 3 *  

1.14 i 0.09 �9 10 -3 

1.21 + 0.09.10 -3 

9.45 4- O. 66 �9 10 -4 

6.58 4- 0 .47.10 -4 

4.87 4- 0.36 �9 10 -4 

2.68 :i: 0.23 �9 10 -4 

1.22 4- 0.21 �9 10 -4 
. .  

= v / c ,  Pave average momentum; Np number of observed particles. 
* corrected for magnetic-field decay effects. 

(1980). Fig. 2.12 shows the differential proton spectrum at 747 g/cm 2 (2750 
m) in the momentum range 0.3 <__ p < 2 GeV/c. The differential intensities 
are listed in Table 2.5. 

In the energy range 0.7 _< E _< 3 TeV the integral spectrum has been 
determined at a level of 3250 m by Szaryan et al (1973). According to these 
authors it can be represented by 

J(>_ E) - (1.25 =t= 0.09). 10 -T. (100/E) 3"~176176 [cm-2s-lsr-1] , (2.5) 

with E in GeV. 

The energy spectrum of vertical hadrons has been measured by the Pamir 
Collaboration (1979a) in the energy range 5 <_ E < 25 TeV, at an altitude 
of 4370 m (596 g/cm2), using an emulsion chamber. Fig. 2.13 shows their 
results. The integral intensity can be approximated by 

J(>_ E) = (4.2 + 1.0). 10 -9.  E -2"~176 [cm-2s-tsr-l] , (2.6) 

with E in TeV. 
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The differential angular distribution of hadrons is shown in Fig. 2.14 for 
the regions 0 < 25 ~ and 0 _> 25 ~ separately (Pamir Collaboration 1979a). 
The distribution can be represented by 

where 

I (O ,E)  = Acos(n+~)(O), (2.7) 

n = 5.7+0.6 for 6 < E < 10 TeV 
n = 6 . 3 + 0 . 8 f o r E > 1 0 T e V  

The energy spectrum integrated over the solid angle for 0 < 25 ~ and 
energies up to about 100 TeV at an altitude of 4370 m is shown in Fig. 2.15 
(Pamir Collaboration 1979b). The hadron energy, Eh, is determined from 
the energy deposited by the associated electromagnetic cascades, EET, in the 
emulsion chamber. The relation between the two energy deposits is given by 
the empirical expression 

( 4 -  (2.8) 

The differential momentum spectrum of charged hadrons in the momen- 
tum range 0.5 < p <__ 10 GeV has been measured with a magnetic spectrom- 
eter at an altitude of 5200 m by Allkofer and Kraft (1965). It is shown in 
Fig. 2.16. Since there was no particle discrimination, the muonic compo- 
nent was separated on the assumption that the charge ratio is constant, i.e., 
K~, -- N~,+/N~- - 1.25. The positively charged hadrons (p + ~r +) have 
been obtained from the relation 

z.§ = - g . I _ ,  (2.9) 

where I,+ represents the intensity of positive muons and I+ and I_ the 
intensity of positively and negatively charged particles, respectively. 

In the momentum range 0.3 < p < 6 GeV/c Baradzei et al. (1959) have 
measured the charged component (p, 7r, #) at an altitude of 9000 m with a 
cloud chamber spectrometer in combination with a range telescope having 
a 9 cm thick lead absorber, using also the charge ratio relation. Since the 
cutoff momentum for the muons was 7.8.108 eV/c, corresponding to 9 cm 
of lead, particles below this momentum could only be protons and positive 
pions. Figs. 2.17 and 2.18 show the observed momentum spectra of all nega- 
tively (Tr-, #-)  and positively charged particles (p, ~r +, #+), respectively. The 
dashed curve represents positively charged hadrons (p, 7r +) only. 

An emulsion chamber experiment has been carried out in an aircraft at 
a mean atmospheric depth of 260 g/cm ~ (Takahashi, 1978). The results give 
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the integral energy spectrum in the range 1 < E <_ 40 TeV. The latter is 
shown in Fig. 2.19. 

A compilation of experimental hadron energy spectra obtained by various 
groups has been made by Ellsworth et al. (1970). Individual measurements 
at a particular altitude differ from each other by as much as a factor of 10. 
Table 2.6 summarizes the data. Integral fluxes are given for atmospheric 
depths of 455 g/cm 2 (Ellsworth et al., 1970), 550 g/cm 2 (Kamata et al., 
1967), 606 g/cm 2 (Jones et al., 1967), 686 g/cm 2 (Dobrotin, 1965), 698 g/am 2 
(Jones et al., 1972), and 730 g/cm 2 (Akashi et al., 1965a, 1965b, 1965c, and 
1968). 

R e c e n t  M e a s u r e m e n t s  

A recent ground level measurement of the low energy proton spectrum at 
low altitude (600 m a.s.l., 945 g/cm 2) had been carried out by Golden et 
al. (1995) at Prince Albert, Saskatchewan, Canada (Pc ~ 1 GV),  with the 
Matter Antimatter Superconducting magnetic Spectrometer (MASS). The 
data are presented in Table 2.7 and Fig. 2.20 together with earlier sea level 
measurements of other authors that had been corrected for absorption to 945 
g/cm 2 and a power law fit. 

The EAS-TOP collaboration has constructed an unaccompanied hadron 
spectrum from the data of their hadron calorimeter on top of Gran Sasso, 
at an altitude of 2200 m a.s.1. (820 g/cm 2) (Castellina, 2000; Aglietta et al., 
2001). This spectrum is shown in Fig. 2.21 and the most recent data from 
this experiment are listed in Table 2.8. The near sea level spectrum (110 m 
a.s.1.) of Mielke et al. (1994) is also shown in Fig. 2.21 for comparison. 

2 . 2 . 4  R a t i o  o f  N e u t r a l  t o  C h a r g e d  H a d r o n s  

In some calorimeter experiments provisions were made to determine the ratio 
of neutral hadrons , Nn,(neutrons) to charged hadrons, Arc, (protons and 
pions). The ratios are given for different energy ranges and altitudes. Le 
Coultre (1971) gives for the ratio Nn/N~ a value of 0.73 • 0.03 for E _ 12 
GeV and 0.64• 0.04 for E ~_ 15 GeV, at an atmospheric depth of 967 g/cm 2. 
At a depth of 800 g/cm 2 and for an energy range 20 _~ E _~ 40 GeV, Lal et 
al. (1971) obtained for Nn/N~ - 0.66 i 0.07. The data of Siohan et al. 
(1978) obtained at 2900 m are given in Table 2.9. 

Fig. 2.22 shows the integral energy dependence of the ratio Nn/Nc for an 
energy range from 100 to about 3000 GeV from the work of Siohan et al. 
(1978) and McFall et al. (1979) at 73O gcm -2. At an altitude of 3250 m and 
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Tab le  2.6" S u m m a r y  of H a d r o n  In tens i ty  M e a s u r e m e n t s .  
(El l swor th  et  al. 1970) 

Energy 
[CeV] 
150 
300 
400 
500 
900 
2000 

60004- 5000 
90004- 4000 

2000 
3000 
4000 
5000 
7000 
10000 

> 100 
100- 300 

300- 1000 
1000- 3000 

300 
400 
600 
800 
1000 

500 
1000 
2000 
3000 
5000 
8000 
11000 
10000 
30000 

2500 
4000 
6000 
12000 
25000 

Vert. Intensity 
[ r  

8.3.10 -6 
4.2.10 -6 
2.5.10 -6 

(1.4 4- 0.3). 10 -6 
(4.2 4- 0.I). 10 -7 
(5.5 4- 0.8). 10 -8 

(1.4 • 0.6)- 10 -~ 
(8 + 4). 10 -1~ 
(9 + 1). 10 - ' ~  

(4.3 :t= 0.8). 10 -1~ 
( 3 + 1 ) . 1 0  -1~ 

(1.8 4- 0.5). 10 -m 
(8 4- 3). 10 -11 
(54-2) .10 -11 

1.05.10 -6 
0.9.10 -6 
1.2.10 -7 
1.3.10 -s 

(1.2 4- 0.2). 10 -7 
(6 • 1). lo -8 
(3-4- 1). 10 -s 
(2 + I). Io -~ 
(8 4- 5). 10 -9 

(7.2 4- 0.7). 10 .9 
(1.3 4- 0.1). 10 -9 
(1.4 • 0.2). 10 - '0 
(2.5 =t= 0.1). 10 -11 
(8.3 i 1.4)- 10 - l~ 
(4.4 • 1.7). 10 - l~ 
(1.4 4- 0.5). 10 - l~  
(5.6 4- 2.2). 10 -11 
(1.9 =t= 0.8). 10 -11 

(8 4- 4)- 10 T M  

(5 =i= 4). 10 - '1 
(3 :l: I) �9 I0 -11 
(6 4- 1)- 10 - '2  

(1.5 4- 0.5)- 10 - '2 

Atmospheric 
Depth 

455 

550 

606 

686 

698 

730 

Reference 

Ellsworth et al. 
(1970) 

Akashi et al. 
(1965a, b, c, 1968) 

Kamata et al. 
(1968) 

Jones (1967) 

Dobrotin (1965) 

Grigorov et al. 
(1965a, 1968) 

Akashi (1968) 

a m e a n  energy  of 100 GeV,  Gre isen  and  Walker  (1953) have d e t e r m i n e d  the  

inverse ra t io ,  N~/Nn, by m e a n s  of a m a g n e t i c  s p e c t r o m e t e r  and  o b t a i n e d  a 
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Table 2.7: Differential Intensi ty of Protons at  945 g cm -2. 
(Prince Albert ,  Canada,  Pc ~ 1 GV, Golden et al., 1995) 

Deflection 

Interval 
[c/GV] 

0.05 - 0.14 
0.14- 0.20 
0.20 - 0.24 
0.24 - 0.27 

Median Median 

Momentum Energy Number of 
[GeV/c] [GeV] Events 

11.64 10.74 17 
5.96 5.10 20 
4.56 3.72 16 
3.93 3.10 18 

. . . . .  

Momentum Energy 

Intensity Error 
cm-2s-lsr-1 (GeV/c) -1 

6.73.10 -7 

4.76.10 -6 

9.81.10 -6 

1.95.10 -5 

6.75-10 -7 24% 
4.82.10 -6 22% 
1.00.10 -5 25% 
2.01.10 -5 24% 

Table 2.8: Single Hadron Differential Intensities at 820 g cm -2 

Measured by E A S - T O P  (Agliet ta et al., 2001; Castellina, 2000). 

Energy Range 
[GeV] 

32 - 56 
5 6 -  100 

100-  178 
178-  316 
316-  562 

562 - 1000 

< E >  
[GeV] 

1000-  1778 
1778-  3162 
3162-  5623 
5623-  10000 

10000-  17783 

17783-  31623 

41 
73 
129 
229 
408 

726 
1290 
2295 

4081 
7257 

12904 

22945 
. . . . .  

Intensity 
[am 2 s -1 s r - 1 G e V  -1] 

1 .2 .10  -7 
2 . 7 . 1 0  -s  
6 . 0 . 1 0  -9 
1 .4 .10  -9 

2 .9 -10  -1~ 
4 . 7 . 1 0  -11 
9 . 2 . 1 0  -12 
1 .7-10  -12 
2 . 6 . 1 0  -13 
8 . 4 . 1 0  -14 

1 .4 .10  -14 

9 . 0 . 1 0  - i s  
. . ,  

(Tint 
[cm 2 s -1 s r - 1 G e V  -1] 

. . . .  

1 . 2 . 1 0  -9 
2 . 4 . 1 0  -1~ 
6 . 3 . 1 0  -11 
2.1 �9 10 11 
6 .6 .10  12 

1 .8 .10  12 

5.6- 10 13 
1 .6 .10  13 

4 . 6 . 1 0  ~4 
1 .8 .10  14 

4 . 9 . 1 0  15 

5 .2 .10  ~s 

value of 1.68 4-0.16. Jones et al. (1972) have summarized the da ta  of experi- 

ments  carried out at alt i tudes around 3000 m together  with da ta  from other  

al t i tudes,  normalized to 3000 m. The  da ta  are i l lustrated in Fig. 2.23. A 

compilat ion of the al t i tude dependence of the ratio Nn/N~ has been made  by 

Aguirre (1972). It is shown in Fig. 2.24 together  with theoretical calculations 
of Garraffo et al. (1973) and Bha t t acha ryya  et al. (1979). 
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Table 2.9' Ratio of Neutral to Charged Hadrons at an Altitude of 2900 m. 
(Siohan et al., 1978) 

E [GeV] 110 - 220 

0.40 �9 0.04 

220 - 450 

0.34 -4- 0.03 

> 450 

0.35 =t= 0.03 

2.2.5 P ions  and Pion  to Pro ton  Rat io  

Differential intensities of negatively charged secondary pions in the atmo- 
sphere were recorded with the MASS instrument at 5 g/cm 2 above Prince 
Albert, Canada, and at 5.8 g/cm 2 above Fort Sumner, NM (Grimani et al., 
1995; Brunetti et al., 1996 and Codino et al., 1997). The data are shown in 
Fig. 2.25 together with the theoretical spectrum of Stephens (1981). 

The ratios of charged pions, N ~ ,  to nucleons, Np,~, and to protons, 
Np, have also been determined at different altitudes and for different energy 
ranges. At an atmospheric depth of 976 g/cm 2 the ratio N,~/Np,n was found 
to be 0.18 -4- 0.03 for energies >_ 15 GeV (Le Coultre et al., 1971). At 2000 m 
Vardumyan et al. (1979) obtained a value of .1.~_0.25~+~176 for the ratio N,~+/Np, 
in the momentum range 70 _ p _< 350 GeV/c. In this work an exponent, 7, 
of 1.6 ~ 0.2 was found for the slope of the integral energy spectrum of the 
hadron component in the same momentum range. 

At a mean energy of 100 GeV and an altitude of 3250 m the following 
ratios were obtained: N~/Np,,~ - 0.22 • 0.08 and N~+/Np - 0.38 i 0.13 
(Avakian and Pleshko, 1968; Farrow, 1957). At a similar level (3220 m), 
in the momentum range 10 <_ p < 20 GeV/c, Xu Chun-Xian et al. (1978) 
have used a magnetic spectrometer in conjunction with a multi-plate cloud 
chamber and determined the following ratios: N~r+/Np,~+ - 0.53 + 0.05 and 
N~-/gp - 0.9. 

At 2000 m Bostandzhyan et al. (1979) found for the ratio N~=/Np at 
energies up to 600 GeV the value 1 ~n+0.~5 In the energy range 450 < E < 

�9 v v  - 0 . 2 0 "  ~ 

2000 GeV, at an altitude of 2900 m, Siohan et al. (1978) obtained the ratios 
N~+/Np,n = 0.85i0.05 and Np/Np,~+ - 0.54i0.03 for the unaccompanied 
hadron flux. 

Theoretical curves for N~r+/Np as a function of energy are shown in 
Fig. 2.26 for atmospheric depths of 500, 700 and 1000 g/cm 2, and for as- 
sumed pion interaction mean free paths of 100 g/cm 2, (Garraffo et al., 1973). 
The experimental data of Brooke et al. (1964) are included in this figure for 
comparison. Another set of data showing the energy dependence of the ratio 
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N~• over the range 1 < E < 500 GeV is presented in Fig. 2.27 (Jones et 
al., 1972, extended by the author). With the exception of the data of Brooke 
et al. (1964), that were obtained near sea level, the data are from mountain 
level experiments recorded at altitudes around 3000 m. 

2 . 2 . 6  T h e o r e t i c a l  A s p e c t s  a n d  C a l c u l a t i o n s  

Starting with the primary energy spectrum at the top of the atmosphere, 
many authors have attempted to calculate the energy spectra of hadrons 
at different depths in the atmosphere. The different calculations do not all 
agree with each other mostly because different interaction models had been 
used. In addition, part of the disagreement appears to be due to deviating 
assumptions concerning the model of the atmosphere and the interaction 
mean free paths of nucleons and pions that affect the results significantly. 
Moreover large variations of the low energy secondary components are due 
to solar modulation because the latter affects the primary spectrum (see 
Chapter 6, Section 6.3). Thus, the particular phase of the 11 year solar cycle 
must be considered and the proper modulation parameter must be used (see 
Chapter 7, Section 7.2). 

A very detailed calculation of the secondary proton spectra in the atmo- 
sphere at shallow depths for solar minimum and maximum has recently been 
carried out by Papini et al. (1996). Their results are given in Table 2.10. 

Other calculations of older date have been carried out by the following 
authors: 

Aitbaev et al. (1981), Bhattacharyya (1979), Bhattacharyya et al. (1975, 
1979), Boyadzhyan and Pirogov (1978), Brooke et al. (1964), Dardo et al. 
(1979), De Oliveira-Castro (1979), Erlykin and Kuzina (1979), Fliickiger 
(1976a, 1976b, 1977 and 1978), Ghosh et al. (1980), Ghosh and Bhatta- 
charyya (1979), Jabs (1972), Liland and Pilkhun (1973), Liland (1975, 1978), 
Mandritskaya et al. (1979), Masarik and Beer (1999), Mitoyan (1979), Roy- 
choudhury et al. (1979), Sarkar et al. (1977), Vardumyan et al. (1979), Xu 
Chun-Xian et al. (1978), and Yekutieli (1972). 
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T a b l e  2.10: P r e d i c t e d  S e c o n d a r y  P r o t o n  I n t e n s i t i e s  a t  3, 5 a n d  10 g / c m  2 

of  R e s i d u a l  A t m o s p h e r e  for So l a r  M i n i m u m  a n d  M a x i m u m .  

( P a p i n i  e t  al. ,  1996) 

Kinetic 

Energy 

[GeV] 

Secondary Proton Intensity [ cm-2s - l s r - lGeV-1]  

Solar Minimum Solar Maximum 

3 g cm -2 5 g cm -2 10 g cm -2 3 g cm -2 5 g cm -2 10 g cm -2 
, , ,  

0.02 2.58.10 -1 
0.03 2.24.10 -1 
0.04 2.03.10 -1 
0.05 1.88.10 -1 
0.07 1.61.10 -1 
0.10 1.23.10 -1 
0.15 7.40.10 -2 
0.20 4.49.10 -2 
0.30 1.87.10 -2 
0.40 1.03.10 -2 
0.50 7.22.10 -3 
0.70 4 .65.10 -3 
1.0 2.85.10 -3 
1.5 1.50-10 -3 
2.0 8 .76.10 -4 
3.0 3 .77.10 -4 
4.0 1.98.10 -4 
5.0 1.17.10 -4 
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Figure 2.2: Variation of the hadron intensity with atmospheric depth mea- 
sured at Qomolangma (6500 m, foot of Mt. Everest), Mt. Kanbala (5450 
m), Pamir (4370 m), Yangbajing (4300 m), Mt. Fuji (3750 m) and the Yun- 
nan Station (3200 m) by Lu et al. (1997) (vertical bars). Also shown are 
earlier data measured by Shibuya (1987) (o) and an old data point from Mt. 
Norikura. The straight line represents the fit with eq. 2.2 that gives the 
relation for the attenuation of the hadron component in the atmosphere. 
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Figure 2.4" Atmospheric growth curves of protons for different momentum 
intervals as listed below, recorded with the CAPRICE94 instrument launched 
from Lynn Lake, Manitoba (Canada), August 8/9, 1994 (Francke et al., 
1999). (Divide reading on ordinate by appropriate scale factor.) 

�9 0.53 _<p_< 0.75 GeV/c 
i 0.97 _<p _< 1.23 GeV/c 
i 1.55 _<p_< 2.0 GeV/c 
I~ 3.2 _< p_< 8.0 GeV/c 

o 0.75 _< p_< 0.97 GeV/c 
r] 1.23 < p _  1.55 GeV/c 

2.0 < p < 3.2 GeV/c 
D 8.0 <p  < 40 GeV/c 
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Figure 2.7: Differential momentum spectrum of protons at an atmospheric 
depth of 650 g/cm 2 (Fliickiger, 1976a). 

�9 Miller et al. (1954) A Rosen (1954) 
El Meshkowskii, Sokolov (1958) o Kocharian (1955) 

Flfickiger (1976), Monte Carlo, AN -- AN(E); A, = 75 g/cm 2 
Fliickiger (1976), Monte Carlo, AN -- 75 g/cm2; A~ -- 120 g/cm 2 
Fliickiger (1976), Monte Carlo, AN = 65 g/cm2; A, = 120 g/cm 2 
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Figure 2.8: Integral energy spectrum of charged hadrons obtained by different 
experiments at an altitude of approximately 3000 m (N am et al., 1970). 

o N am et al. (1970), calorimeter data, 3340 m 
�9 N am et al. (1970), burst data, 3340 m 
+ Grigorov and Shestoperov (1967), burst data, 3250 m 
o Babayan et al. (1962, 1965), bursts incl. structure 3250 m 
/~ Hayakawa et al. (1964), photo-emulsion data, 2770 m 
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Figure 2.9: Differential energy spectra of protons at altitudes between 16 km 
and 18 km for different geomagnetic cutoff rigidities, Pc, and energies < 100 
MeV (Aitbaev et al., 1981; Bogomolov et al., 1979). (Multiply reading on 
ordinate with appropriate scale factor to get true intensity.) 

o 15.7 < h < 16 .6km 
/k 15.7 < h < 16 .6km 
�9 17.7 < h < 18 .0km 

Pc -- 0.4 - 0.5 GV 
Pc = 0.3 - 4.0 GV 
Pc = 6.9 - 7.4 GV 

Calculations by Aitbaev et al. (1981). 

A Pc = 0 . 5 G V  X = 1 0 0 g / c m  2 
B Pc = 3 . 0 G V  X = 1 0 0 g / c m  2 
C Pc = 5 . 0 G V  X = 1 0 0 g / c m  2 
D Pc = 7 . 0 G V  X = 8 0 g / c m  2 
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Figure 2.10" Differential energy spectrum of charged hadrons at an atmo- 
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ucts). The symbols [3 show the spectrum obtained using charged and neutral 
hadrons combined but is normalized to charged hadrons. 
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Figure 2.16: Differential momentum spectrum of charged hadrons at an al- 
titude of 5200 m (Allkofer and Kraft, 1965). 
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Figure 2.17: Differential momentum spectrum of negatively charged pene- 
trating particles (~-, #-)  at an altitude of 9000 m (310 g/cm 2) (naradzei 
et al., 1959). The two sets of data points represent two different sets of 
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Figure 2.19" Integral energy spectrum of charged high energy hadrons at 
an atmospheric depth of 260 g/cm 2. The energies are given in terms of the 
energy of the associated gamma ray families (Takahashi, 1978 and 1979). 
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Figure 2.20: Differential proton momentum spectrum at 945 g/cm 2 and 
Pc ~ 1 GV (Golden et al., 1995). The data points from the work of Brooke 
and Wolfendale (1964) and Diggory et al. (1974) recorded at sea level are 
corrected to the level of 945 g/cm 2. The solid line is a power law fit to the 
data of Golden et al. (1995) and can be described by the expression given in 
the figure. 

�9 Golden et al. (1995) 
I Brooke and Wolfendale (1964) 

A Diggory et al. (1974) 
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Figure 2.21: The all hadron differential energy spectrum recorded with the 
hadron calorimeter of the EAS-TOP experiment on top of Gran Sasso at 
820 g/cm 2 (2200 m a.s.1.), �9 (Aglietta et al., 2001). The best power law fit 
to the data between 30 GeV and 30 TeV is given by the expression I (E )  = 
(2.25•176176 [cm-2s-lsr- lGeV -1] (solid line). Also 
shown for comparison is the hadron spectrum measured with the calorimeter 
at Karlsruhe at 110 m a.s.l., E] (Mielke et al., 1994). 
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Figure 2.22: Energy dependence of the ratio of neutral to charged hadrons 
at an atmospheric depth of 730 g cm -2. 

�9 Siohan et al. (1978) 
I-7 McFall et al. (1979) 
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Figure 2.23: Energy dependence of the ratio of neutral to charged hadrons, 
normalized to an altitude of 3000 m (Echo Lake, Colorado) (Jones et al., 
1972). 
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Figure 2.25" Measured and calculated negative differential pion intensities 
as a function of momentum near the top of the atmosphere (Codino et al., 
1997). 

/x Brunetti et al. (1996) at 5 gcm -2 
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Figure 2.27: Energy dependence of the pion to proton ratio. The data apply 
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were obtained at sea level. The curve is a fit to the data of Brooke et al.. 
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2.3 N e u t r o n s  

2 . 3 . 1  Introduct ion  

Atmospheric neutrons are secondary particles resulting from interactions of 
primaries with nuclei of air constituents. It is useful to distinguish low energy 
neutrons with energies less than about 10 MeV from high energy neutrons. 
Low energy neutrons are mostly evaporation products of excited nuclei and 
manifest an isotropic angular distribution. High energy neutrons can be 
produced as knock-on neutrons in peripheral collisions but also in charge 
exchange reactions of leading particles at very high energies. The angular 
distribution of high energy neutrons is anisotropic. 

Neutrons produced in evaporation processes at high altitudes can be scat- 
tered out of the atmosphere (albedo neutrons). But also high energy neu- 
trons can leak out from the atmosphere if the incident primaries subtend 
large zenith angles. Consequently, there are upward or outward as well as 
downward or inward directed neutrons in the atmosphere. 

Because neutrons are produced by charged particles they inherit and also 
exhibit the latitude effect. Furthermore the flux of the low energy neutron 
component is modulated by the solar cycle. In addition, strong solar flares 
may cause significant neutron fluxes in the atmosphere. 

A comprehensive summary on neutron flux data in the atmosphere is 
given by Korff et al. (1979). 

2.3.2 Al t i tude  D e p e n d e n c e  of F lux  and I n t e n s i t i e s  

In the energy range 8 __< E <_ 200 MeV flux measurements have been made 
at a latitude of 7.8 ~ N near the equator at an altitude corresponding to a 
pressure of 4 - 6 mbar, using nuclear emulsion (Bhatt, 1976). Tables 2.11 
and 2.12 show the results for different energy intervals. 

The upward and downward directed fluxes have been measured with a 
scintillation counter system in the energy range 50 <_ E < 350 MeV near 
the equator, at a vertical cutoff rigidity of 15 GV (Eyles, 1972). The down- 
ward flux is presented in Fig. 2.28. An albedo flux of (2.4 =t= 1.0). 10 -5 
cm-2s-~MeV -1 was found at an energy around 140 MeV and a depth corre- 
sponding to an atmospheric pressure of 3 mbar. In the lower energy range, 
1 _< E < 10 MeV, the neutron flux has been determined at a latitude of 
10 ~ N, corresponding to a rigidity of 13.9 GV (Albernhe et al., 1971). The 
results are shown in Fig. 2.29. Zych and Frye (1970) obtained the ratio of the 
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Table 2.11" Differential Upward and Downward Neutron Intensities 
at Latitude A = 7.8 ~ N and Atmospheric Pressure 5 mbar. 

(nhatt ,  1976) 

Energy 
Interval 

[MeV] 
. . 

8 -  38 
38-  70 
70-  160 
8 -  160 

. .  

Differential Neutron Intensity 
[10-4 cm-2s- lsr  -1 ] 

Up Down Total 

41 35 76 =i= 10 
23 29 52 4- 12 
27 39 66 =t= 24 
91 103 194 ~ 29 

101 

Table 2.12: Differential Upward / Downward Neutron Intensity Ratios 
and Total Neutron Intensities at Latitude ~ = 7.8 ~ N and 

Atmospheric Pressure 5 mbar (Bhatt, 1976). 

Neutron 
Energy 
Interval 
[MeV] 

8 -  24 
24-  48 
48-  160 

8 - 160 

Up/Down 
Ratio* 

1.12 =t= 0.10 
1.27 =i= 0.25 
0.70 �9 0.15 
1.07 • 0.08 

Total 
Differential 

Neutron Intensity 
[10-4 cm-2s-lsr-1 ] 

, ,  

5 2 + 7  
34 i 10 

108 �9 26 
194 4- 29 

. .  

* 4, 6 and 10 mbar data combined. 

horizontal intensity to the albedo neutron flux on a balloon flight in Texas 
at latitude 42 ~ N. The result is shown in Fig. 2.30. 

The altitude dependence has been measured for different zenith angles 
with a liquid scintillator in the energy range 10 < E _< 100 MeV during bal- 
loon flights from Palestine, Texas (Preszler et al., 1974). Tables 2.13 and 2.14 
show the upward and downward directed fluxes for zenith angles of 30 ~ 50 ~ 
and 70 ~ . Figs. 2.30, 2.31, 2.32, and 2.33 show the angular distribution for 
different energy intervals. 

The zenith angle distribution has also been measured with a spark cham- 
ber system at a depth of 770 g/cm 2 in the energy range 80 __ E _< 300 MeV 



102 CHAPTER 2. COSMIC RAYS IN THE ATMOSPHERE 

Table 2.13: Altitude Dependence of Upward-Moving Differential 
Neutron Intensity (Preszler et al., 1974). 

,..._., 
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x ~  
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0 

v 
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(Heidbreder et al., 1971). The angular distribution can be described by the 
relation I(O) - I(O - 0~ �9 cosn(O) with n - 3.5 =t= 1.2. The vertical 
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Table 2.14: Altitude Dependence of Downward-Moving Differential 
Neutron Intensity (Preszler et al., 1974). 

V 

V 

v 

b . -  

II ~ -t-I -t-I -t-I -t-t -I-t -+1 -t-I -t-t -t-! -t-I -H 

~ "t-i -t't -t-t -I-i -H ~ ~ -H "t'1 ~ -H -t-I 

% 
II 

, __ . ,  

intensity is given as I(0 ~ = 6.25.10 -3.  E -1"5 + 41% cm-2s-lsr-lMeV -1. 
At the depth of 4.6 g/cm ~ the zenith angle distribution has been determined 
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for different energy intervals in the range 10 _< E <_ 100 MeV (Preszler et al., 
1976). Fig. 2.34 shows the results for 41 ~ N. In Fig. 2.35 the results for the 
energy interval 80 <_ E < 100 MeV are compared with earlier measurements. 

Another experiment in the energy range 10 < E <_ 500 MeV has been 
carried out near the geomagnetic equator, using a CsI(T1) crystal (Daniel et 
al., 1970). Figs. 2.36 and 2.37 show the altitude dependence of the neutron 
flux at low and high altitudes, respectively. A flux of (2.0 i 0.5). 10 -2 
cm-2s -~ was derived for the top of the atmosphere. Fig. 2.38 shows the 
altitude dependence for low energy neutrons in the interval 1 < E _ 10 MeV 
(Mendell and Korff, 1963) compared with calculations (Wilson, 1972). In 
this paper the asymmetry of the flux, i.e., the value ~ - (upward f l u x  - 
downward  f lux) / (~otal  f l ux )  was calculated as a function of atmospheric 
depth for different energies (Fig. 2.39). The integral neutron flux at the 
Pfotzer maximum (100 g/cm 2) was found to be 0.36-4-0.10 cm-2s -1 for the 
energy range 3.5 < E < 10.0 MeV (St. Onge, 1977). 

The angular distribution has been measured at a depth of 4 g/cm 2 at 
Palestine, Texas, in the energy range 10 _ E < 60 MeV (Lockwood et al., 
1979). The results are compared with those of Preszler et al. (1976) in 
Fig. 2.40. 

It can be concluded that both the downward and the upward directed 
fluxes reach their maxima at about 100 g/cm 2. In the deep atmosphere 
the angular distributions show that the more energetic neutrons of 50 to 
100 MeV' are peaked near 180 ~ (vertically downward). Above 40 g/cm 2 the 
situation reverses. The fluxes are greater in the upward than in the downward 
direction, and the maximum intensity occurs near 90 ~ (horizontal direction). 
Neutrons below 30 MeV have their characteristic peaks at all altitudes near 
0 ~ and 180 ~ with a minimum at 90 ~ 

Armstrong et al. (1973) calculated the atmospheric depth dependence 
of neutrons in the energy window 1 < E < 10 MeV at latitude 42 ~ N, and 
compared the results with other calculations and experimental data. This is 
illustrated in Figs. 2.41 and 2.42. Their high altitude data shown in Fig. 2.41 
include also calculations by Lingenfelter (1963) and Newkirk (1963), and 
measurements by Holt et al. (1966) and Haymes (1964). Fig. 2.42 shows 
their calculations for low altitudes together with measurements of Boella et 
al. (1963) and Holt et al. (1966). 
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2 . 3 . 3  E n e r g y  Spectra 

Low energy measurements have been carried out in the range 2 _~ E ~_ 10 
MeV (Lockwood et a1.,1979). Fig. 2.43 shows the omnidirectional neutron 
intensity compared with other results. 

The omnidirectional neutron intensity at different altitudes is shown in 
Fig. 2.44 (Preszler et al., 1974). The albedo flux was measured at an altitude 
corresponding to a pressure of 5 mbar at a latitude of 41 ~ N (Preszler et 
al., 1976). Fig. 2.45 shows the neutron spectrum for the energy interval 
10 < E < 200 MeV. 

The albedo spectrum has also been measured at a pressure of 5 mbar near 
the equator, at latitude 7.8 ~ N (Bhatt, 1976). The results are compared with 
those of Kanbach et al. (1974), Reppin et al. (1973), Eyles et al. (1972), 
Clafiin and White (1974), White et al. (1973), together with the theoretical 
curves of Lingenfelter (1963) and are shown in Fig. 2.46. 

The neutron spectrum near the Pfotzer maximum has been obtained with 
an organic liquid scintillation detector in the energy range 5 <__ E _< 20 MeV 
(St. Onge, 1977). Fig. 2.47 shows the differential energy spectrum compared 
with other results up to energies of 100 MeV. 

The neutron energy spectrum has been determined by Hewitt et al. 
(1978) during a series of flights at an altitude of 12.5 km and geomagnetic 
latitudes of 38 ~ N, 45 ~ N and 48 ~ N. Fig. 2.48 shows the spectra together 
with results of Hess et al. (1959) and calculations by Armstrong et al. (1973) 
and Merker (1972). 

Recently neutron energy spectra were measured by Manfredotti et al. 
(1997) at mountain altitude (3500 m or 650 g/cm 2, Matterhorn Laboratory, 
Italy, 45 ~ 56' N, 7 ~ 42' S) and in an aircraft on its flight from Milano to 
Los Angeles and back (average altitude ~10,000 m or N270 g/cm2). These 
authors have used four different kinds of passive detectors and unfolded their 
response using various codes. The results are shown in Fig. 2.49 and, in a 
different representation, in Fig. 2.50 together with the theoretical spectrum 
of Schraube et al. (1996) obtained for the level of the Zugspitze (Germany, 
altitude 2963 m) and results of Merker (1973) for an atmospheric depth of 
700 g/cm 2. 

2 . 3 . 4  T h e o r e t i c a l  C o n t r i b u t i o n s  

Theoretical neutron energy spectra have been obtained with Monte Carlo 
calculations for the energy range 10 -9 <_ E <_ 10 5 MeV at various depths 
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in the atmosphere, for solar minimum and a latitude of 42 ~ N (Armstrong 
et al., 1973). Figs. 2.51 and 2.52 show the neutron energy spectra from the 
top of the atmosphere down to sea level. Fliickiger (1977) used a Monte 
Carlo calculation to compute the differential energy spectrum of neutrons at 
a depth of 650 g/cm ~. His spectrum has been compared with measurements 
and other calculations. A compilation of energy spectra of neutrons near 
the top of the atmosphere is shown in Fig. 2.53 (Armstrong et al., 1973). 
Additional calculations have been carried out by Hoffman et al. (1978), 
Ershkovich (1974) and Schraube et al. (1996). 
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2.3. NEUTRONS 
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Figure 2.28" Neutron intensity versus atmospheric depth in mbar, in down- 
ward vertical direction, for energies 50 < E < 350 MeV at a cutoff rigidity of 
15 GV (Eyles, 1972). The balloon was launched from Makerere University, 
Kampala, Uganda. 
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Figure 2.29" Altitude dependence of the neutron flux for two energy ranges 
measured at Guyana at a latitude of 10 ~ N (Albernhe et al., 1971). The 
curves are fits to the data. 

A 0 . 7 M e V - 4 . 5 M e V  [o 1 . 0 M e V - 1 0 M e V  



2.3. NEUTRONS 111 

O 
'13 
..Q 
,,a: 
m 

c.- 
O 
N 

O 
"I- 

2 . 0 -  

1 . 5 -  
,,,,, 

1 . 0 -  

10  0 

i i i i i i i i  i i i i i i i i i  i 

Neutrons 

II 
I I I IIlllI 

101 10 2 

Atmospheric Depth [ g cm 2 ] 

m 

i 

m 

m 

Figure 2.30" Ratio of horizontal to albedo flux versus atmospheric depth for 
neutrons of energy 12 < E _ 100 MeV, measured at Texas (Zych and Frye, 
1970). 
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Figure 2.31: Differential neutron intensities corrected at various atmospheric 
depths as a function of zenith angle for the energy range 50 < E _ 100 MeV, 
measured over Palestine, TX, A = 41 ~ N (Preszler et al., 1974). 
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Figure 2.32: Differential neutron intensities corrected at various atmospheric 
depths as a function of zenith angle for the energy range 30 < E _< 50 MeV, 
measured over Palestine, TX, )~ = 41 ~ N (Preszler et al., 1974). 
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Figure 2.33: Differential neutron intensities corrected at various atmospheric 
depths as a function of zenith angle for the energy range 10 _< E _ 30 MeV, 
measured over Palestine, TX, A = 41 ~ N (Preszler et al., 1974). 
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Figure 2.34: Zenith angle distribution of differential neutron intensity at 4.6 
g /cm 2 and lati tude 41 ~ N for various energy intervals (Preszler et al., 1976). 
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�9 Preszler et al. (1976) 80 _ E ~ 100 MeV, X = 4.6 g/cm 2 
o Kanbach et al. (1974) 90 <_ E <_ 110 MeV, X = 4.7-  8.6 g/cm 2 

"7_ Merker (1975) talc. 79 ___ E _< 100 MeV, X - 0 -  10 g/cm 2 
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Figure 2.36" Altitude dependence of the neutron flux in the energy range 
10 _ E ~ 500 MeV near the geomagnetic equator (Daniel et al., 1970). 
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Figure 2.41: Calculated depth dependence of neutron flux in the energy 
range 1 < E _ 10 MeV near the top of the atmosphere compared with 
measurements (Armstrong et al., 1973). 
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Figure 2.46: Differential albedo neutron spectrum at a pressure of 5 mbar 
and latitude 7.8 ~ N (Bhatt, 1976). 
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Figure 2.47: Differential neutron energy spectrum at Pfotzer maximum 
(~100 g/am 2) and latitude 42 ~ N (St. Onge, 1977). 
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Figure 2.49: Neutron energy spectra obtained at altitudes of 3500 m and 
11650 m using passive detectors and corresponding unfolding codes (Manfre- 
dotti et al., 1997). 
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Figure 2.51: Omnidirectional differential energy spectra of neutrons at vari- 
ous depths in the atmosphere as indicated, for solar minimum and latitude 
42 ~ N (Armstrong et al., 1973). (Multiply reading with appropriate scale 
factor to get true flux.) 
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Figure 2.52: Omnidirectional differential energy spectra of neutrons at vari- 
ous depths in the atmosphere as indicated, for solar minimum and latitude 
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Figure 2.53: Differential energy spectrum of neutrons near the top of the 
atmosphere (Armstrong et al., 1973). 
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2.4 G a m m a  Rays 

2.4.1 In troduct ion  

Atmospheric gamma rays arise from a variety of processes and secondary 
particles that are produced by the primary radiation in interaction processes 
with atmospheric nuclei. The altitude dependence of the energy spectra of 
the gamma rays contains information on the secondary energy balance and 
the relative role of electromagnetic and neutron-induced processes, responsi- 
ble for the production, absorption, and diffusion of these photons. 

Several nuclear and electromagnetic processes are responsible for the 
gamma and X-ray fluxes in the atmosphere. The chief contributors are: 

�9 neutral pion decay 

�9 various decays of other unstable particles 

�9 bremsstrahlung of electrons and positrons 

�9 positron and electron annihilation 

�9 inelastic scattering processes 

�9 de-excitation of highly excited nuclei 

(after spallation or neutron capture) 

Fig. 2.54 illustrates the processes schematically, together with the typi- 
cal energies. Each 7r ~ contributes two quanta to the gamma ray spectrum, 
totaling at least 140 MeV. Electrons resulting from 7r -4 # -~ e - decays 
and knock-on electrons have a probability of about 0.3 - 0.4 for producing 
photons via bremsstrahlung. The 0.51 MeV gamma lines are a measure for 
the electron - positron annihilation rate. Nuclear collisions produce neutrons 
with energies around 10 MeV that may be scattered or captured by 14N and 
~60 nuclei, leading to excited states which emit characteristic gamma lines. 
Gamma rays of energy less than about 2 MeV degrade slowly by multiple 
Compton scattering, losing only a small fraction of energy per collision, thus 
building up a continuum to lower energies until they are removed catastroph- 
ically by photoelectric absorption around 30 keV. 

In the energy range up to approximately 10 MeV most of the experi- 
mental work has been carried out with scintillation telescopes. At higher 
energies combinations of scintillation and Cherenkov detectors have been 
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used frequently. But also spark chamber arrangements, emulsion stacks and 
combinations of both have been used. At even higher energies, beyond 1 
TeV, data have been obtained with emulsion chambers. The latter consist of 
stacks of nuclear emulsion, interlaced with lead plates and sheets of X-ray 
film. 

2.4.2 Energy Spectra Below 1 TeV 

Daniel and Stephens (1974) reviewed the experimental data at a vertical 
geomagnetic threshold rigidity of 4 GV to 5 GV, corresponding to a latitude 
of 40 ~ N, in the energy range 0.02 _< E _< 200 GeV. These authors express 
the differential intensity per gram per square centimeter of air. Hence, data 
from a number of experiments made at 10 g/cm 2 could be pooled together. 
Fig. 2.55 shows the differential energy spectrum. It includes data from the 
work of Frye et al. (1966), Kniffen (1969), Hearn (1968), Valdez et al. (1970), 
Kinzer et al. (1970), Dahlbacka et al. (1972), Anand et al. (1973) together 
with calculations by Beuermann (1971),and Daniel and Stephens (1974). The 
data are averaged over geomagnetic latitudes less than about 40 ~ N. They do 
not show any discernible variation over the solar cycle. In the energy range 
100 < E < 2000 MeV the integral spectrum can be represented by a simple 
power law: 

J(>_E) = A E  -~ .  (2.10) 

Expressing energy E in [MeV] and area in [cm 21 the constant has the 
value A - 1.3.10 -z and 3, = 1.8. Thus, over the range specified above the 
spectrum can be described by the following expression" 

J(>_ E) = 1.3-10 - T . E  -1"8 [cm-2s-lsr-~MeV-1], (2.11) 

On February 27, 1973 Sehhnfelder and Liehti recorded the gamma ray 
spectrum in the energy range 1.5 _< E _< 10 MeV at latitude 40 ~ N over 
Palestine, Texas, at different altitudes (Schhnfelder and Lichti, 1975). The 
results are shown in Fig. 2.56 for atmospheric depths of 2 and 10 g/cm 2, 
together with theoretical data by Beuermann (1971), Daniel and Stephens 
(1974), and Ling (1975). Figs. 2.57 and 2.58 show the spectra for depths of 
50 and 100 g/era 2, and 200 and 600 g/era 2, respectively. 

In the energy range 1 ___ E _ 100 MeV the vertical gamma ray flux has 
also been measured at a geomagnetic cutoff of 2.6 GV and an atmospheric 
depth of 2.4 g/cm 2, as shown in Fig. 2.59 (Scheel and Roehrs, 1972). The 
results are compared with those of Peterson et al. (1967), Frye et al. (1966), 
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Table 2.15' Differential Intensity of Downward Directed Gamma Rays 
at Cutoff Rigidity Pc - 4.5 GV and Depth X - 4.2 g cm -2. 

(Ryan et al., 1977) 

Energy 

[MeV] 
. .  

2 - 3  

3 - 5  
5 -  7.5 

7.5-  10 
10-  15 
15-  25 

Intensity [x 10-4cm-2s-lsr -1MeV -1 (g/cm 2) :-1] 

at Zenith Angle, 0 

0 = 5  ~ 

6.7 4- 5.3 
1.8 4- 0.8 

0 - -  15 ~ 

6.4 ~ 0.9 
3.8 :h 0.4 
2 . 7 + 0 . 4  
1 .0+  0.2 

0.50 i 0.08 

0 =  25 ~ 

6.9 + 1.3 

6.3 + 0.5 
3.6 4- 0.4 
1.9 4- 0.4 
1.2 + 0.2 

0.68 + 0.12 

0 = 3 5  ~ 

144-1 

6.5 4- 0.5 
4.8 • 0.6 
2.04-0.4 
1.6-+- 0.3 
1 .7+0 .2  

0 = 45 ~ 

9.5 4- 1.0 
8.0 =h 1.0 
3.5 4- 0.6 
2.9 =t= 0.5 

Table 2.16: Differential Intensity of Upward Directed Gamma Rays 
at Cutoff Rigidity Pc = 4.5 GV and Depth X - 4.2 g cm -2. 

(Ryan et al., 1977) 

Energy 

[MeV] 

3 - 5  
5 -  7.5 

7.5-  10 
10-  15 
15-  25 

Intensity [x 10-acm-2s-lsr-1MeV -1 (g/cm2) -1] 
at Zenith Angle, 0 

0 = 175 ~ 

1.4 4- 0.9 
6.4 4- 3.4 
1 . 5 •  

0 = 165 ~ 

11-+-4 
8.6 -+- 1.5 
6.1 4- 2.0 
4.5 4-2.0 

0.78 • 0.23 

0 =  155 ~ 

18-+-3 
1 0 + 2  

6 .7+2 .0  
4.0 4- 1.4 
1.74-0.4 

0 = 145 ~ 

2 2 + 3  
1 6 + 3  

8.6-+-3.0 
4.5 + 1.9 
2.1-+-0.5 

0 =  135 ~ 

3 1 + 7  
13-+-5 

5.44- 2.2 
2.8 =k 0.8 

Duthie et al. (1962), Fichtel et al. (1969) and with calculations of Beuermann 
(1971). 

The energy spectra and fluxes of upward and downward propagating 

gamma rays have been measured on May 13, 1975 at an atmospheric depth 
around 3 g/cm 2 over Palestine, Texas, at a geomagnetic cutoff of 4.5 GV 
(Ryan et M., 1977). Tables 2.15 and 2.16 show the fluxes at 4.2 g/cm 2 for 
downward and upward propagating gamma rays, respectively. Analogous 
data  are presented in Figs. 2.60 and 2.61, including theoretical results of 
Beuermann (1971), Ling (1975) and Daniel and Stephens (1974). 
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The flux of low energy gamma rays has been measured in the energy 
range 0.25 < E _ 4.2 MeV at 8 ~ N geomagnetic latitude and an atmospheric 
depth of 6 g/cm ~ by Damle et al. (1971). The results are shown in Fig. 2.62 
together with other experimental and theoretical data. Other low energy 
measurements have been carried out by Peterson et al. (1973) at depths of 
3 .6 ,95  and 350 g/cm 2. These results are given in Fig. 2.63. Fig. 2.64 shows 
a comparison of earlier data from the 3.5 g/cm ~ level with those of Peterson 
et al. (1973). Spectral measurements to energies as high as 10 MeV were 
made at 4 g/cm 2 and 12.5 GV geomagnetic cutoff on December 20, 1974 and 
October 7, 1979 by Buivan et al. (1979). Fig. 2.65 shows the results together 
with data from other groups (Kinzer et al., 1974; Staib et al., 1974). 

The gamma ray spectrum of the atmosphere as observed from outer space 
was determined in the energy range 40 < E < 1000 keV from a satellite 
(Imhof et al., 1976). Fig. 2.66 shows these spectra above the earth's polar 
caps and near the geomagnetic equator. 

Above the equator, at 14.3 g/cm 2, the differential energy spectrum was 
determined with a small emulsion chamber (Anand et al., 1973). It is evident 
from Fig. 2.67 that over the energy range 90 _ E <_ 1000 GeV the differential 
spectrum can be described by the following expression" 

j(E) = 1.1-10 - 2 - E  -2"6 [cm-2s-lsr-lGeV-1]. (2.12) 

Nishimura et al. (1980) determined the energy spectrum of gamma rays 
over a somewhat larger energy range at a pressure of 4 mbar with an emulsion 
experiment. The results together with a predicted spectrum for that level 
are also plotted in Fig. 2.67. 

Near the top of the atmosphere at 3.5 g/cm 2 and 6 g/cm 2, Klumpar et al. 
(1973) measured the gamma ray spectrum in the energy range 1 <_ E _ 100 
MeV at cutoff rigidities of 0.3 GV (Fort Churchill, Canada) and 4.6 GV 
(Palestine, TX). The results are presented in Table 2.17. 

Measurements at cutoffs of 4.5 GV and 11.5 GV have been carried out in 
the energy range 10 < E < 200 MeV near the top of the atmosphere with 
a hybrid detector system consisting of nuclear emulsion and spark cham- 
bers (Kinzer et al., 1974). Figs. 2.68 and 2.69 show the vertical gamma ray 
spectra compared with other results for cutoff rigidities of 4.5 and 11.5 GV, 
respectively. 

Energy spectra at different depths have been recorded at energies between 
30 and 200 MeV at latitude 40 ~ N in upward, downward and nearly horizontal 
directions (Thompson, 1974). Figs. 2.70, 2.71, and 2.72 show the spectra at 
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Table 2.17: Differential Gamma Ray Energy Spectrum Near Top 
of Atmosphere (Klumpar et al., 1973). 

Energy 

[MeV] 
. . . .  

1 - 4  
4 - 1 0  

Differential Flux [cm-2s -1MeV -1] 

Depth - 6.0 g/cm "2 
Cutoff Rigidity = 0.3 GV 

(Ft. Churchill, CND) 

1.05. E -(2"2+~ 

0.40. E -(1"5~-~ 

for E in [MeV] 

Depth = 3.5 g/cm -2 
Cutoff Rigidity - 4.6 GV 

(Palestine, TX) 

0.82. E - (2"2• 

0.36. E -(1'6+0"3) 

for E in [MeV] 
. . . .  

Table 2.18: Vertical Differential Atmospheric Gamma Ray Intensities 
at 3.5 g cm -2 (SchSnfelder et al., 1980). 

Energy 
[MeV] 

1.1- 2.0 
2 - 3  
3 - 5  
5-  10 

10- 20 

Intensity 
[cm-2s-lsr-lMeV -1] 

, , ,  

(3.2 4- 0.9). 10 -3 
(1.5 + 0.5). 10 
(8.1 i 1.6). lo-" 

(2.75 4- 0.7). 10 -4 
(8.4 i 2.8). lo 

different depths for mean zenith angles of 16 ~ , 107 ~ , and 168 ~ , respectively. 

A double Compton scattering telescope had been used by Ryan et al., 
(1979) to determine the vertical energy spectra of the gamma rays at atmo- 
spheric depths of 160, 330, 520, 820, and 1000 g/cm 2. With the exception 
of the sea level measurements that were made at Riverside (CA) (Pc = 5.4 
GV), all other observations were made from a balloon, launched from Pales- 
tine (TX) (A = 40 ~ Pc = 4.5 GV). The results are shown in Fig. 2.73 
together with theoretical data. 

Differential intensity measurements of the vertical gamma ray intensity 
at 3.5 gcm -2 were also obtained by SchSnfelder et al. (1980). The results 
are given in Table 2.18. 

Brunetti et al. (1999) carried out a recent series of measurements using a 
NaI(T1) mono-crystal and determined the low energy gamma ray spectrum 
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at four widely different locations and altitudes, ranging from 5050 m (Kumbu 
Valley, Nepal) to 45 m a.s.1.. The data are plotted in Fig. 2.74. 

2 . 4 . 3  E n e r g y  S p e c t r a  i n  t h e  T e V - R a n g e  

While low energy gamma ray measurements are usually carried out with 
counters and individual track detectors, emulsion chambers and calorimeters 
are the principal tools for investigating high energy gamma rays. These 
detector systems consist of multi-layered sandwiches of converter plates, high- 
speed X-ray films and/or nuclear emulsion. Depending on the material and 
thickness of the converter plates and the chamber configuration, hadronic or 
electromagnetic processes can be studied. 

In an emulsion chamber laid out for electromagnetic work, high energy 
electrons or gamma rays generate electromagnetic cascades in the converter 
material, usually lead, as they pass through the chamber, that are recorded 
in the photosensitive layers. In nuclear emulsion they produce visible tracks, 
in X-ray films easily detectable dark spots. The spot size is a measure for 
the size of the cascade, i.e., for the number of electrons at the particular 
location within the cascade. Because the gamma ray flux dominates over the 
electron flux at higher altitudes in the atmosphere, the electron component 
is frequently disregarded and the measured spectra are presented as gamma 
ray spectra. 

Apanasenko et al. (1968) have measured the gamma ray spectrum at 200 
g/cm 2 in the range 100 < E <_ 104 GeV. It is illustrated in Fig. 2.75. The 
spectrum includes all photons within a zenith angle 0 <_ 41 ~ Its slope is 
essentially constant over the energy range investigated and it can again be 
represented by a simple power law, J(>_ E) (x E -~, with 7 = 1.7 to 1.9. 
In Fig. 2.76 we show the gamma ray spectrum over the range 1 _ E _ 40 
TeV at a level of 260 g/cm 2 (Takahashi, 1978; Takahashi et al., 1979). 

Lu et al. (1981) determined the intensity of gamma rays of energy >2 
TeV at an altitude of 6500 m (455 g/cm 2) and obtained a value of (1.470 • 
0.223). 10 -9 cm-2s-~sr -~. Wang et al. (1981) found for the vertical intensity 
at 5450 m a.s.1. (520 g/cm 2) and the same energy threshold a value of (8.09-t- 
0.26). 10 -l~ cm-2s-lsr -1. The entire gamma ray spectrum was investigated 
to energies as high as 50 TeV and a value of "y = 1.96-+-0.07 could be 
established for the integral spectrum. 

The results of Yuda et al. (1973) for the vertical integral spectrum at 
3776 m a.s.1. (630 g/cm2), covering the energy range 1.5 < E _ 8 TeV are 
illustrated in Fig. 2.77. From this work a value of 2.2 -+- 0.3 results for "), over 
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the corresponding portion of the spectrum. 

Results from the work of Akashi et al. (1979 and 1981) carried out at 
the same altitude but over an energy range extended to nearly 100 TeV are 
presented in Fig. 2.78. The vertical integral spectrum resulting from this 
work can be described by the expression 

- 1  Q~-t-o. 2 

j ( ~ E )  _ (4. 8 :t: 0. 5) .10_11. ( E )  .... o.1 [cm-2s-lsr-1], (2.13) 

with energy E specified in TeV. 

Bundles or so-called families of parallel high energy gamma rays (and/or 
hadrons) have also been observed in emulsion chambers. The energy flow of 
a gamma ray family, ~E~, is determined by summing up the energy of all 
family members down to a minimum energy of 2 TeV. Fig. 2.79 shows the 
energy flow spectrum of gamma ray families (Akashi et al., 1981). Over the 
range 30 _< E _ 1200 TeV the integral spectrum can again be represented 
by a simple power law with exponent, 7 - 1.40 4- 0.05. 

High energy vertical gamma ray flux measurements including gamma ray 
families were made at 595 g/cm 2 by the Pamir Collaboration (1981), covering 
the range 6.3 _ E _ 125 TeV. The results are shown in Fig. 2.80. This 
spectrum can be approximated by the expression 

J(>_E)= (7.614-0.76).10 -11. (~~.E3) 
-2.084-0.06 

[cm-2s-lsr-1], (2.14) 

with energy, E, specified in TeV. 

A survey of energy spectra of gamma rays at different altitudes has been 
given by Kanevskaya et al. (1977) and Erlykin et al. (1981). Fig. 2.81 sum- 
marizes the data and presents approximate spectra for atmospheric depths 
of 231,257, 281, 314, 729, 798, 870, and 970 g/cm 2. It is evident from this 
figure that to some extent the data show a lack of systematic behavior. 

From the more recent work of Capdevielle et al. (1987) we show in Fig. 
2.82 the energy spectrum determined from an emulsion experiment having a 
total exposure of 400 hours at an atmospheric depth of approximately 100 
g/cm 2 that was carried out on board of the supersonic jet liner Concorde. 
Also shown in the same figure is the spectrum obtained in a similar experi- 
ment by Ichimura (1987) who flew emulsion on a regular JAL jet liner at a 
depth of about 250 g/cm 2. 
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Table 2.19: Integral Gamma Ray Intensities at Mountain Altitudes 
for E.y > 1 TeV. (Lu et al., 1981) 

Location 

Mt. Everest (foot) 
Mt. Kanbala 
Mt. Chacaltaya 
Mt. Fuji 
Yunnan Station 
Mt. Norikura 

Altitude 

[m] 

6500 
5450 
5200 
3776 
3200 
2700 

Energy 
Range 
[WeV] 

2 - 1 0  
2- 50 

0.2- 50 
1 - 100 
1- 10 

0.6- 2 

Spectral 
Index 

7 

2.2 + 0.3 
2.0 + 0.2 

2.07 + 0.16 
2.1 + 0.1 

2.08 • 0.2 
1.92 + 0.15 

Intensity 

1.47.10 -9 
7.32.10 -10 
6.3-10 10 
2.9-10 10 
2.75.10 -10 
1.0.10 -10 

The spectral index, % is the exponent of the power law fit to the integral energy spectrum, 

J(_>E) or E -~. 

2.4.4 Alt i tude Dependence  of Flux and Intensities 

Data are also available on the altitude dependence of the gamma ray intensity 
in different energy regions and for different zenith angles. Fig. 2.83 to 2.85 
show the altitude dependence of the intensity of gamma rays having energies 
_ 30 MeV at zenith angles of 16 ~ 107 ~ and 168 ~ respectively, over the entire 
atmosphere (Thompson 1974). 

Similarly, Fig. 2.86 shows the altitude dependence of the downward di- 
rected gamma ray intensity for the energy intervals 2 - 3 MeV, 5 - 7.5 MeV 
and 10 - 15 MeV, and Fig. 2.87 for the upward directed flux, in the upper 
regions of the atmosphere (Ryan et al., 1977). Another set of data of the 
downward directed intensity in the energy window 0.4 _ E <_ 1.0 MeV in 
the same atmospheric region obtained by Lockwood et al. (1981) is shown 
in Fig. 2.88. Analogous data that cover the entire atmosphere and a photon 
energy range up to 25 MeV are presented in Figs. 2.89 and 2.90 (Ryan et al., 
1979). 

For higher energy gamma rays a survey of intensity measurements at 
mountain altitudes is given in Table 2.19 (Lu et al., 1981). Intensity data 
for gamma rays having an energy >_ 3.2 TeV are given in Fig. 2.91 (Pamir 
Collaboration, 1981). 

In Fig. 2.92 we have made a compilation of the altitude dependence of 
the intensity of gamma rays with energy >_5 TeV that includes data from 
all major ground based high altitude stations as well as two sets of data 
from measurements made on board of aircraft. One of these measurements 



2.4. G A M M A  R A Y S  139 

was made on board of the supersonic jet liner Concorde at an atmospheric 
depth of only 100 g/cm 2, the other on a normal JAL jet liner at about 
250 g/cm 2 (Capdevielle et al., 1987). Included, too, is a series of recent 
measurements made by Lu et al. (1997) at altitudes as high as 6500 m a.s.1. 
(see also Shibuya, 1987). The companion figure for hadrons from the same 
experiments is shown in Fig. 2.2, Section 2.2. 

The altitude dependence of the low energy gamma ray component can 
also be seen from the recent spectral studies at widely different altitudes of 
Brunetti et al. (1999), mentioned previously and shown in Fig. 2.74. 

2 . 4 . 5  Z e n i t h  A n g l e  D e p e n d e n c e  

Four measurements had been carried out at zenith angles of 16 ~ , 45 ~ , 112 ~ 
and 164 ~ at the very shallow depth of only 3 g/cm 2 (Daniel and Stephens, 
1974). The results, illustrated in Fig. 2.93, show clearly that the spectrum 
of the upward directed photons is significantly steeper at lower energies than 
corresponding spectral regions at small zenith angles. It also appears that 
the relative intensity towards the horizon increases and that the spectrum 
becomes harder. 

The angular distribution of photons at 4.2 g/cm 2 belonging to different 
energy groups is shown in Fig. 2.94. The data include the zenith angle cuts 
from 0 ~ to 50 ~ for upward and from 130 ~ to 180 ~ for downward directed 
gamma rays (Ryan et al., 1977). Similar data obtained by the same authors 
at a depth of 2.5 g/cm 2 are presented in Fig. 2.95, together with predictions 
by Ling (1975) and Graser and SchSnfelder (1977). 

Another set of spectra covering the range 2 < E <__ 25 MeV at different 
altitudes is presented in Figs. 2.96 and 2.97 for zenith angle intervals from 
10 ~ to 30 ~ and from 140 ~ to 170 ~ respectively (Ryan et al., 1979). Fig. 2.98 
shows the same results in form of an angular distribution. 

The zenith angle distribution at an altitude of 5450 m (520 g/cm 2) is 
shown in Fig. 2.99. It can be represented by the expression 

I(0) oc I(0 ~ cosn(O) (2.15) 

with n = 7.3 4-0.4 (Wang et al., 1981). 

The angular distribution of gamma rays of energies up to 100 TeV ob- 
served at 3776 m a.s.1, is shown in Fig. 2.100 (Akashi et a1.,1979 and 1981). 
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Table 2.20: Compilation of 0.51 MeV Atmospheric Gamma Ray Data. 
(Daniel and Stephens, 1974) 

Cutoff 
Rigidity 

ICy/ 
1.3 
4.4 
4.7 
4.8 
5.0 

10.0 
16.9 
16.9 
16.9 
16.9 

Measured 

[Year] 
1961 
1966 
1967 
1968 
1966 
1970 
1968 

1968/1969 
1969 
1971 

Float 
Altitude 
[g/~m ~] 

6.0 
3.4 
3.6 
4.0 
3.6 
7.0 

22.0 
10.0 

Flux at Float 
in 

[photons/(cm2s)] 

0.16 
0.20 
0.18 
0.10 
0.13 
0.14 
0.09 

6.0 0.08 
4.7 0.031 

0.62 + 0.06* 
+ 0.02 
+ 0.02 
+ 0.02 
+ O.005 
+ 0.03 
+ 0.01 
+ 0.01 
+ 0.01 
+ 0.005 

References 

Peterson (1963), (* revised) 
Chupp et al. (1970) 
Chupp et al. (1970) 
Chupp et al. (1970) 
Peterson et al. (1972) 
Nakagawa et al. (1971) 
Kasturirangan et al. (1972) 
Prakashrao et al. (1971) 
Kasturirangan et al. (1972) 
Daniel et al. (1972) 

2.4 .6  M o n o c h r o m a t i c  G a m m a  Lines  

The intensity of gamma rays resulting from electron - positron annihila- 
tion has been measured near the top of the atmosphere at different cutoff 
rigidities. Table 2.20 summarizes the data on the characteristic 0.511 MeV 
atmospheric gamma line (Daniel and Stephens, 1974). At 3.6 g/cm 2 and 
latitude 40 ~ N a flux of 0.10 + 0.005 photons/cm2s was obtained (Peterson 
et al., 1973). 

The altitude dependence of the 0.511 MeV gamma ray line has been 
determined with omnidirectional detectors and is shown in Figs. 2.101, 2.102 
and 2.103 (Ling et al., 1977; Buivan et al., 1979 and Albernhe et al., 1979, 
respectively). Measurements with a high resolution detector were carried out 
by Ayre et al. (1981) at a latitude of 41 ~ N. The dependence on geomagnetic 
latitude is shown in Fig. 2.104 (Albernhe et al., 1979). Similar measurements 
were carried out by Mahoney et al. (1981) on board the HEAO3 satellite. 

Gamma lines resulting from neutron capture by atmospheric nuclei, in- 
elastic scattering and induced radioactivity have been studied theoretically 
and experimentally. The most probable reactions occur with nuclei of X4N 
and 160. The principal lines are due to de-excitation of I~N and 160 after 
neutron capture, inelastic scattering, or by de-excitation of ~B and ~3C fol- 
lowing (n, c 0 reactions. Table 2.21 summarizes the reactions and lists the 
predicted and measured fluxes (Peterson et al., 1973). Similar but satellite 
based measurements were made by Letaw et al. (1989) and Willett and 
Mahoney (1992). 
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Table 2.21' Atmospheric Gamma Ray Line Fluxes at 3.5 g/cm ~ 
Resulting from Nuclear Reactions (Peterson et al., 1973). 
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2 . 4 . 7  T h e o r e t i c a l  C o n t r i b u t i o n s  

Numerous calculations have been carried out to explain the gamma ray spec- 
trum, its angular distribution and altitude dependence. These topics are 
summarized in the following papers: Jabs and Wibberenz (1970), Beuermann 
(1971), Danjo (1972), Daniel and Stephens (1974), Galper and Prokhorova 
(1974), Matteson et al. (1974), Moyano and SchSnfelder (1974), Thompson 
(1974), Graser and Sch5nfelder (1977), Bhattacharyya (1979), Ivanenko et 
al. (1979), Levina et al. (1979), Ryan et al. (1979), Erlykin et al. (1981), 
Fomin et al. (1981), and Shibata (1981). 

R e f e r e n c e s  

Albernhe, F., G. Vedrenne, and I.M. Martin: J. Geophys. Res., 84, p. 6658 
(1979). 

Akashi, M., H. Nanjo, Z. Watanabe, I. Ohta, A. Misaki, K. Mizutani, K. 
Kasahara, E. Konishi, S. Torii, T. Yuda, I. Mito, T. Shirai, N. Tateyama, T. 
Taira, M. Shibata, H. Sugimoto, K. Taira and Y. Takahashi: PICRC, 7, p. 
424 and 430 (1977). 

Akashi, M., M. Amenomori, E. Konishi, H. Nanjo, Z. Watanabe, A. Misaki, 
K. Mizutani, K. Kasahara, T. Kobayashi, E. Mikumo, K. Sato, S. Torii, T. 
Yuda, I. Mito, T. Shirai, N. Tateyama, T. Taira, M. Shibata, H. Sugimoto, 
K. Taira and N. Hotta: PICRC, 7, p. 68 (1979). 

Akashi, M., M. Amenomori, E. Konishi, H. Nanjo, Z. Watanabe, M. Ichiju, 
K. Mizutani, K. Kasahara, T. Kobayashi, E. Mikumo, K. Sato, S. Torii, T. 
Yuda, I.Mito, T. Shirai, N. Tateyama, T. Taira, M. Shibata, H. Sugimoto, 
K. Taira and N. Hotta: PICRC 5, p. 247 (1981). 

Anand, K.C., R.R. Daniel, and S.A. Stephens: Pramana, 1, p.2 (1973). 

Apanasenko, A.V., L.T. Baradzei, E.A. Kanevskaya, V.V. Rykov, Yu. A. 
Smorodin, and M.V. Solovyev: Can. J. Phys., 46, p. $700 (1968). 

Ayre, C.A., P.N. Bhat, A. Owens, W.H. Summers, and M.G. Thompson: 
PICCR, 1, p. 103 (1981). 

Baradzei, L.T., V.I. Rubtsow, and Yu.A. Smorodin and M.V. Soloiyev: Nuk- 
leonika, 9, p. 277 (1964). 

Baradzei,L.T., E.A. Kanevskaya, Yu.A. Smorodin, and M.V. Soloviev: Acta 
Phys. Acad. Sci. Hung., 29, Suppl. 4, p. 33 (1970a). 

Baradzei, L.T., E.A. Kanevskaya, Yu.A. Smorodin, and M.V. Soloviev: Acta 
Phys. Acad. Sci. Hung., 29, Suppl. 3, p. 81 (1970b). 
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Baradzei, L.T., E.A. Kanevskaya, Yu.A. Smorodin, and M.V. Soloviev: PI- 
CRC, 6, p. 2397 (1971). 

Baradzei, L.T., V.K. Budilov, E.A. Kanevskaya, Yu.A. Smorodin, and E.V. 
Shalagina: PICRC, 3, p. 2269 (1973). 

Baradzei, L.T., E.A. Kanevskaya, Yu.A. Smorodin: PICRC, 7, p. 453 (1977). 

Beedle, R.E. and W.R. Webber: Can. J. Phys., 46, p. S1014 (1968). 

Beuermann, K.P.: J. Geophys. Res., 76, p. 4291 (1971). 

Bhattacharyya, D.P.: PICRC, 7, p. 130 (1979). 

Bleeker, J.A.M. and A.J.M. Deerenberg: Astrophys. J., 159, p. 215 (1970). 
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Gamma Ray Astronomy Symposium, Rome, p. 321 (1969). 
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(1979). 

Capdevielle, J.N., T. Ogata, M. Ichimura, T. Fujinaga, Y. Niihori, and T. 
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Figure 2.54: Schematic diagram of the main processes that are responsible 
for gamma ray production in the atmosphere. Shown is the typical electro- 
magnetic cascade process as it takes place in the atmosphere. It is initiated 
predominantly by the decay products of secondary particles resulting from 
hadronic interactions caused by energetic primary hadrons in collisions with 
nuclei of the atmospheric constituents. The neutrinos that are being pro- 
duced in various decays but which do not contribute to the growth of the 
cascade process are also indicated for completeness. Primary gamma rays 
and electrons make only minor contributions to the gamma ray flux in the 
atmosphere. The typical energy scale indicated on ttle right hand side of 
the figure shows the energy domain where the processes illustrated on the 
left are dominant in contributing to the gamma flux. The lateral spread 
of the cascade as shown in this figure is grossly exaggerated for reasons of 
illustration. 
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al., 1980). Line M is a predicted spectrum for this level. 
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Figure 2.68: Compilation of gamma ray spectra near the top of the atmo- 
sphere at cutoff rigidity __4.5 GV (Kinzer et al., 1974). 
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Figure 2.71: Integral energy spectra of gamma rays with an average zenith 
angle of 107 ~ for three ranges of atmospheric depths recorded during ascent. 
The curves connecting the points are for visual reference only (Thompson , 
1974). 
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angle of 168 ~ for three ranges of atmospheric depths recorded during ascent. 
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Figure 2.79: Energy flow spectrum of gamma ray families determined at Mt. 
Fuji at an atmospheric depth of 650 g/cm ~ (altitude 3776 m a.s.1.) in the 
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shown are for two different type chambers: o , thick type, and �9 thick and 
thin combined. The straight line shows a simple power law spectrum with 
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Figure 2.83: Total intensity of gamma rays with E >_ 30 MeV as a function 
of atmospheric depth for an average zenith angle of 16 ~ . The solid line 
shows the calculated value, and the dashed lines the calculation uncertainty 
(Thompson, 1974). 
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170 ~ The data were recorded at Palestine, TX (Pc = 4.5 GV) during ascent 
(Ryan et al., 1979). 



184 C H A P T E R  2. COSMIC R A Y S  IN THE A T M O S P H E R E  

1 0  -8  

V 

V 
~,r 10 -9 

0-1o 

r'- 

10 -11 

= i i i I I i i i l i 1 I I - -  
= 

g "  o �9 

- �9 zx 

i g 

i I 

I , , , I , , , I , , ,  , I 

200 400 600 800 
Atmospheric Depth [ g c m  2 ] 

Figure 2.91: Compilation of altitude dependence of integral gamma ray in- 
tensities for energies > 3.2 TeV (Pamir Collaboration, 1981). 

x Baradzei et al. (1970), Airplane, 197 g/cm 2 
A Baradzei et al. (1977), Airplane, 225 g/cm 2 
o Takahashi et al. (1977), Airplane, 260 g/cm 2 
o Cherdyntseva et al. (1976), Lenin Peak, 400 g/am 2 (7050 m) 
i Japanese- Brasilian 

Collaboration (1971), Mt. Chacaltaya, 540 g/cm 2 (5200 m) 
�9 Pamir Collab. (1981), Pamir Mts., 595 g/cm 2 
+ Akashi et al. (1979), Mt Fuji, 650 g/cm 2 
/k Baradzei et al. (1977), Mountain, 700 g/cm 2 
I-1 Akashi et al. (1981), Mt. Norikura, 725 g/cm 2 
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Figure 2.97: Differential energy spectra of upward directed gamma rays at 
various atmospheric depths within a zenith angle interval from 140 ~ to 170 ~ 
(Ryan et al., 1979). 
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Figure 2.101: Altitude dependence of the 0.511 MeV e+e--annihilation line 
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2.5 Electrons (Negatrons and Positrons) 

2.5.1 Introduct ion 

The electron component in the atmosphere includes both primaries, incident 
from outer space, and secondaries that are created within the atmosphere. 
(Note that in general we use the term electrons to include both, negatrons 
and positrons combined.) The main sources of secondary electrons of either 
charge sign are short-lived particles, resulting from interactions of primary 
and secondary cosmic rays with nuclei that constitute the air. Gamma rays 
from neutral pion decay undergoing pair creation supply the bulk of electrons 
and positrons, followed by decaying muons and, in rare cases, charged pions. 
Another significant contribution comes from knock-on electrons (negatrons), 
ejected by primary and secondary cosmic rays from atomic shells and, fi- 
nally, decay products of radioactive nuclei. The latter are by-products of the 
interactions in the atmosphere. 

Experiments designed to investigate electron fluxes at energies below 
about 100 MeV are usually based on instruments that determine either the 
energy of the particles directly, or their energy loss, dE/dx. From 100 MeV 
to a few GeV gas Cherenkov counters and suitable combinations with dE/dx- 
counters are used for particle identification. At the highest energies ionization 
calorimeters and emulsion chambers have been used. 

A comprehensive summary of electron data, including theoretical aspects, 
has been given by Daniel and Stephens (1974). 

2.5.2 Al t i tude  D e p e n d e n c e  of Flux and I n t e n s i t i e s  

The development curves describing the electron intensity in the atmosphere 
as a function of atmospheric depth are different for different energy intervals. 
This is illustrated in Fig. 2.105 which shows the results of measurements by 
Rockstroh and Webber (1969), Beedle (1970), Beuermann et al. (1970) and 
Schmidt (1972), as presented by Daniel and Stephens (1974). 

Fig. 2.106 shows the altitude dependence of the electron intensity in the 
energy range 35.6 <_ E <_ 54.0 MeV (Fulks and Meyer, 1974). Analogous 
curves for the energy intervals 54 _ E < 85 MeV, 340 < E < 52 MeV, 
910 _ E < 1570 MeV and 2650 < E < 4300 MeV, taken from the work of 
Fulks and Meyer (1974), are presented in Figs. 2.107 to 2.110, respectively. 
The different symbols identify different ascents of the instrument. In this set 
of figures theoretical curves of the primary (Fulks and Meyer, 1974) and sec- 
ondary electron components (Daniel and Stephens, 1974) are also included. 
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The experimental work was carried out in 1972. 

199 

2.5.3 Energy Spectra 

The majority of spectral measurements have been made at high geomagnetic 
latitudes. There, temporal intensity variations are observed at low energies. 
One of the causes for these variations is due to the 11 year solar cycle, 
another is the consequence of the large diurnal variations of the bulk of 
cosmic ray particles having energies less than 200 MeV. The latter is related 
to the stretching of the geomagnetic field lines on the night side of the earth, 
leading to drastic changes in the cutoff rigidity. 

Over Fort Churchill, Canada, the cutoff rigidity varies from 210 MV at 
daytime to about 10 MV at night. Fig. 2.111 summarizes nighttime en- 
ergy spectra of vertical electrons carried out at an atmospheric depth of 2.5 
g/cm 2 over Fort Churchill during the period from 1965 to 1972. (Daniel 
and Stephens, 1974). These spectra are compared with several theoretical 
estimates. Since there exist no reentrant electrons above 100 MeV, the inten- 
sities must be due to electrons of primary origin and to secondaries produced 
in the overlaying atmosphere.The effect of solar modulation manifests itself 
in the energy range 20 < E < 1000 MeV. A further complication arises 
from the albedo component, however, it affects the low energy region only. 
Fig. 2.112 shows data by Scheel and Roehrs (1972) which also include reen- 
trant (downward directed) albedo electrons. 

In 1972 Fulks and Meyer investigated the energy spectra of electrons at 
depths of 291 and 637 g/cm 2 over a wide range of energies during nighttime 
at high geomagnetic latitude, corresponding to a cutoff rigidity of 10 MV. 
Their results are shown in Fig. 2.113 (Fulks and Meyer, 1974). A compilation 
of data from different atmospheric depths is given in Fig. 2.114 (Daniel and 
Stephens, 1974). 

Additional measurements have been made in 1973 at a geomagnetic lati- 
tude of 46 ~ N (Galper et al., 1975). It could be shown that the exponent of 
the differential energy spectrum, ~/, changes non-monotonically with atmo- 
spheric depth, as illustrated in Fig. 2.115. 

Secondary fluxes of electrons and positrons resulting from the decay of 
mesons produced in nuclear interactions have been calculated by Orth and 
Buffington (1976) for an atmospheric depth of 5 g/cm 2. Fig. 2.116 shows the 
results obtained by Monte Carlo and analytic calculations. 

A relatively recent ground level measurement at very low altitude (Prince 
Albert, Saskatchewan, Canada, 600 m a.s.l., 945 g/cm 2, Pc ~ 1 GV) had 
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Table 2.22' Differential Intensity of Electrons at 945 g cm -2. 
(Golden et al., 1995). 

Deflection Median Observed Number of 
Interval Energy Electrons 

[c/GV] [GeV] Negative Positive 
, , .  

0.5- 1.0 1.393 20 20 
1.0- 1.5 0.927 25 29 
1.5- 2.0 0.658 30 28 
2.0- 2.4 0.521 48 32 
2.4- 3.0 0.426 57 47 
3.0- 3.6 0.347 52 38 
3.6- 4.8 0.274 79 63 
4.8- 6.0 0.212 48 38 
6.0- 7.2 0.175 39 27 
7.2- 9.6 0.150 37 21 

Intensity 
[m-2 s - I  s r - I  (GV/c) -1 

Negative Positive 

0.0505+ 22% 
0.251+ 19% 
0.573+ 19% 
1.108+ 18% 
1.783+ 15% 
2.487+ 17% 
4.132+ 13% 
5.767+ 17% 
9.016+ 20% 
10.98+ 27~163 

e+/(e+ + e-) 

(Percent Error) 

0.0494+ 22% 
0.201+ 20% 
0.535+ 18% 
1.445+ 14% 
1.920+ 13% 
2.984+ 14% 
4.588+ 12% 
6.559+ 15% 
11.15+ 17% 
15.04+ 20% 

0.504=]= 16% 
0.552• 15% 
0.518+ 13% 
0.430+ 9% 
0.484+ 9% 
0.456+ 9% 
0.476+ 8% 
0.471+4 - 12% 
0.454+ 14% 
0.439+ 18% 

been carried out by Golden et al. (1995), using the Matter Antimatter Super- 
conducting magnet Spectrometer (MASS) (see also Basini et al., 1993). The 
data which contain positron and negatron intensities separately are listed in 
Table 2.22. The energy spectrum of positrons and negatrons combined is il- 
lustrated in Fig. 2.117 together with old data of Beuermann and Wibberenz 
(1968). Also shown in the same figure is a theoretical spectrum of Daniel 
and Stephens (1974). 

Other recent electron spectra were obtained by Codino et al. (1999) with 
the MASS91 instrument at 5.8 g cm -2 and by Boezio et al. (2000) with 
the CAPRICE94 instrument at 3.9 g cm -2. Their results are illustrated in 
Figs. 2.118 and 2.119, respectively. The data of Boezio et al. (2000) are 
also given in Table 2.23 where both the actually measured intensities and 
theoretical atmospheric secondary intensities of negatrons and positrons are 
listed separately. 

2 . 5 . 4  A l b e d o  C o m p o n e n t  

Secondary particles produced in interactions in the atmosphere that are 
propagating in the upward direction are referred to as splash albedos (SA). 
That fraction of these particles that leave the top of the atmosphere and get 
trapped in bound orbits in the geomagnetic field are guided to the conjugate 
location on the Earth, i.e., to the same geomagnetic latitude on the opposite 
hemisphere. They can enter the atmosphere with energies that are below the 
corresponding geomagnetic cutoff and appear to be of extraterrestrial ori- 
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Table  2.23: Nega t ron  and Posi t ron Intensit ies as a Funct ion  of Energy  

at 3.9 g / c m  2 ( C A P R I C E 9 4 )  (Boezio et al., 2000). 

Energy 

[GeV] 

0.48 

0.61 

0.74 

0.87 

1.00 

1.13 

1.26 

1.49 

1.81 

2.14 

2.47 

2.79 

3.12 

3.60 

4.26 

4.91 

5.86 

7.71 

10.89 

15.4 

21.2 

30.9 

Intensities [m -2 S- 1 s r -  1 GeV-  i] 

Above Payload*) 

2 3 •  

2 2 •  

1 8 •  

1 7 •  

1 5 •  

1 1 •  

1 1 •  

9.2 •  

7.9:1:0.5 

6.7 • 0.5 

e + 

1 7 + 2  

1 0 •  

6.7 •  

5 . 9 •  

4.2 • 0.6 

3.4 •  

1.9 % 0.4 

2.0 + 0.2 

(9.9 �9 1.6)- 10 -~ 

(9.8 • 1.6)-10 - i  
5.3 + 0 . 4  

3.8 • 0.3 

2 . 4 •  

2.3 • 0.2 

1.3 •  

(9.8 • 1.2)-10 - I  
(5.3 • 0.6)- 10 - I  
(2.2 -4- 0.2)- 10 -1 

(7.5 4- i.I)- i0 -2 

(2 2 +~176 �9 - 0 . 5 ) "  i0-2 
1 I+0"4 ( " ' - 0 . 3 ) "  1 0 - 2  

(2 1 +1"4 �9 - o . 9 ) "  1 0  -3 

(5 ~+1.5~ 10-1 
""-1.2)  " 

(3 n+i'i ~ i0 -i 
�9 '-'-0.91 " 

( +1 1 2.7_0:8 ) �9 10 -1 
+0.7 - I  (2.7_o.6)- i0 

(1..~+0.6~ 10 -1 v_0.4) �9 

+4.3 (6.4_2.9) �9 10 -2 
+2.5 (3.6_1.8) �9 10 -2 

(3 ~+1.4~ 10-2 
�9 "--1.1 ] " 

+6.2 (5 .4_4.1)"  10 -3  

Atmospheric Secondaries 

e 

8.1 

4.4 

2.6 

1.6 

1.0 

7.0-10 -1 

5.0-10 -1 

3.1-10 -1 

1.7-10 -1 

1.1.10 -1 

7 . 1 0  -2 

5 - 1 0  - 2  

3-10  -2 

2 - 1 0  -2  

1 - 1 0  - 2  

8 -  10 -3  

5-10  -a 
2 . 1 0  -3 

8 -  10 -4  

3- 10 -4 

1 �9 10 -4 

4- 10 -5 

I e +  

12.3 

6.6 

3.79 

2.32 

1.50 

1.03 

7.4-10 -1 

4 .4-10 -1 

2.38-10 -1 

1.41.10 -1 

9 . 0 . 1 0  - 2  

6.1-10 -2 

4.3 �9 10 -2 

2.7-10 -2 

1 .6 .10 -2 

1.04-10 -2 

5 .9 .10  -3 

2.5 �9 10 -3 

8.7-10 -4 

*) The quoted errors are a combination of statistical and systematic errors. 

gin. These  part icles  are referred to as reentrant albedos (RA). On the  o ther  
hand ,  par t ic les  having energies larger t han  the  corresponding cutoff r igidi ty 

will not  be t r apped  in the geomagnet ic  field. Since the  source of reen t ran t  

a lbedo is the  splash albedo below the geomagnet ic  threshold  rigidity, fluxes 

due to Splash and reen t ran t  albedos over a given locat ion are likely to be of 

comparab le  magn i tude .  

A compi la t ion  of albedo intensi ty  d a t a  recorded at  different locat ions  near  
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Table 2.24: Albedo Intensities at Altitudes Between 14 and 35 km 

Energy Range 

35 < E < 420 MeV 
- - . . .  

60 < E < 540 MeV 

Intensity 

910 4- 120 m-2s-lsr -1 
340 • 40 m-2s- lsr- 1 

Table 2.25" Albedo Intensity at Top of Atmosphere 

Energy Range 

35 < E < 420 MeV 
60 < E < 540 MeV 

Intensity 

1050 • 150 m-2s-lsr -1 
390 4- 60 m-2s - lsr- t 

the top of the atmosphere is given in Fig. 2.120 (Daniel and Stephens, 1974). 
The albedo flux does not show any variation down to atmospheric depths 
of 50 g/cm 2. The observed discrepancies might be due to the fact that 
it is difficult to separate albedo electrons from the primary and secondary 
electron components. According to Verma (1967) the differential spectrum 
in the energy range 10 <_ E < 1100 MeV over Fort Churchill can be described 
by the expression 

j (E)  = (5.4:i: 0.5). 10 2. E -2"29 [m-2s-lsr-l(MeV)-l] . 

The vertical intensity of double albedo electrons has been measured in 
the altitude range 14 < h < 35 km (135 - 6 g/cm 2) for two energy ranges at 
the geomagnetic latitudes of 46 ~ N and 49 ~ N (Grachev et al., 1976). The 
data are presented in Table 2.24. 

From these data the intensities at the top of the atmosphere had been 
derived. They are given in Table 2.25. 

2.5.5 Pos i trons  

Most of the instruments used in early experiments were not able to separate 
electrons from positrons. Thus electron flux and intensity data usually repre- 
sent the sum of both, electrons and positrons. However, in some experiments 
the sign of the charge could be identified. A compilation of early electron as 
well as positron data for atmospheric depths of 2 to 4, 24 and 240 g/cm 2 is 
presented in Fig. 2.121 (Daniel and Stephens, 1974). 
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Hartman and Pellerin (1976) determined the altitude dependence of nega- 
trons and positrons separately, using a magnetic spectrometer equipped with 
spark chambers. The respective data for the energy intervals 40 <_ E <_ 70 
MeV and 320 < E _ 500 MeV together with theoretical curves showing the 
primary and secondary components are presented in Figs. 2.122 to 2.125. 

The two modern experiments mentioned previously, MASS91 and CAP- 
RICE94, and many similar detectors are spectrometer type instruments that 
can determine the spectra of particles of either charge sign. The positron 
spectra determined by MASS91 at 5.8 g cm -2 and that of CAPRICE94 mea- 
sured at 3.9 g cm -2 are shown in Figs. 2.118 and 2.119, respectively, and the 
latter is also given in Table 2.23. 

2.5.6 Charge Ratio and Related Data 

The ratio of negatrons to positrons, Ne-/Ne+, has been determined as a 
function of atmospheric depth during a magnetically quiet period (Voronov 
et al., 1975). The results are given in Fig. 2.126 together with theoretical 
curves by Beuermann (1971) and Daniel and Stephens (1974). 

From the low altitude measurements of Golden et al. (1995) at 600 m 
a.s.l., mentioned earlier, the positron to electron ratio, e+/(e + + e-), shown 
in Fig. 2.127 was obtained and is compared with a prediction of Daniel 
and Stephens (1974). The same measurements yielded also the ratios of 
(e + + e - ) /#  and p/#, illustrated in Fig. 2.128. 

The total electron spectrum, (e + + e-), and the positron spectrum only 
have been calculated by Orth and Buffington (1976) for an atmospheric depth 
of 5 g/cm 2. The results are shown in Fig. 2.129 together with previous 
calculations by other authors. 
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Figure 2.105' Depth- intensity relation of electrons (negatrons and positrons 
combined) of different energies in the atmosphere over Fort Churchill, 
Canada, during the period of minimum solar activity (Daniel and Stephens, 
1974). 
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Figure 2.111: Observed and calculated differential energy spectra of verti- 
cal electrons, expressed per g/cm 2 at a depth around 2.5 g/cm 2 over Fort 
Churchill during the period of minimum solar activity (Daniel and Stephens 
1974). 

Experimental: 
o Beuermann et al. (1970) 
/k Rockstroh and Webber (1969) 
1 Schmidt (1972) 
2 Hovestadt et al. (1971) 

Theoretical: 
3 Beuermann (1971) 
4 Daniel and Stephens (1974) 
5 Verma (1967b) 
6 Perola and Scarsi (1966) 
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Figure 2.112" Differential spectra of low energy secondary electrons and reen- 
trant albedos below geomagnetic cutoff at the fringes of the atmosphere. The 
directional distribution is within the accuracy of the measurement isotropic 
(Scheel and RShrs, 1972). 

1 Krieger (1968) 4.7 g/cm 2 
2 Beuermann (1968) 2.3 g/cm 2 
V Israel (1967) 5 g/cm 2 
o Beedle (1966) 
x Brunstein (1962) 5.5 g/cm 2 
o Verma (1965) 4 g/cm 2 

3 Rockstroh and Webber (1969) 
A Scheel and RShrs (1972) 
[] Schmocker and Earl (1962) 
[] Schmocker and Earl (1962) 
�9 Hovestadt and Meyer (1968) 
A Beuermann calculations (1971) 
B Beuermann calculations (1971) 

2.5 glcm 2 
2.4 g/cm 2 
4.5 g /cm 2 
6 g/cm 2 
2.3 g/cm 2 
4 glcm 2 
2 g/cm 2 



214 CHAPTER 2. COSMIC RAYS  IN THE ATMOSPHERE 

�9 II I I 

"T > 
(D 

(.9 %- 

%- 

o4 
I 

E 
to 

I _  �9 

. . i . ,  

t- 
(D 
t "  

i 

c"- 
(D 
(D 

, , i  

s 

. ,, 

10 i ,'i i"iii, F i , ,,,,,,i ' "i'"l = 

10 0 ' ~  

10 1 

-2 10 

10 -3 

1 0  -4 

J 
2' 

-5 
10 

101 10 2 10 3 10 4 

Electron Energy [ MeV ] 
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A 2.6 g/era 2 
B 12 g/era 2 
C 25 g/era 2 
D 50 g/cm 2 
E 100 g/era 2 
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Figure 2.116" Theoretical differential energy spectra of electrons in the range 
1 _ E _ 100 GeV, originating from different parents and resulting from 
Monte Carlo and analytic calculations, as listed below (Orth and Buffington, 
1976). 

o Monte Carlo (e + + e-)  from lr + 
�9 Monte Carlo (e + + e-)  from lr ~ 
1 Analytic calculations (e + + e-)  from 7r + 
2 Analytic calculations (e + + e-)  from lr ~ 
3 Analytic calculations (e + + e-)  from Kaons 
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Figure 2.117: Differential energy spectrum of electrons (positrons and nega- 
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Stephens (1974). 

�9 Golden et al. (1995) 
A Beuermann and Wibberenz (1968) 
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Figure 2.118: Energy spectra of negatrons and positrons in the atmosphere 
at a depth of 5.8 g6m -2 measured with the MASS91 instrument (Codino 
et al., 1997). The solid line, C, is a prediction of the secondary electron 
intensity according to Stephens (1981) and the shaded area, A, represents 
the domain where primary positrons can be expected (Golden et al., 1994). 
The predominantly primary and secondary components are indicated. 

o Measured e- at 5.8 g cm -2 
C Calculated secondaries 

�9 Measured e + at 5.8 g cm 
A Expected primary e + 

- 2  
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Figure 2.119: Energy spectra of negatrons and positrons in the atmosphere 
at a depth of 3.9 gdm -2 measured with the CAPRICE94 instrument (Boezio 
et al., 2000). Shown are the intensities measured above the payload and the 
calculated intensities of secondary atmospheric negatrons and positrons. The 
figure is a plot of the data listed in Table 2.23. 

�9 Measured e + at 3.9 g cm -2 
A Measured e- at 3.9 gcm -2 
+ Calculated atmospheric secondary e + 
x Calculated atmospheric secondary e-  
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Figure 2.120: Differential energy spectra of splash albedo, SA, and reentrant 
albedo electrons, RA, at different latitudes near the top of the atmosphere. 
The solid curve is an envelope for all data (Daniel and Stephens, 1974). 

Fort Churchill: 
�9 Israel (1969) SA in 1967 
!-! Rockstroh and Webber (1969) RA in 1966 
V Rockstroh and Webber (1969) RA in 1968 
o Hovestadt and Meyer (1970) RA in 1968 

Palestine, Texas: 
m Verma (1967a) RA in 1965 
A Verma (1967a) SA in 1965 

Hyderabad: 
�9 Stephens (1970b) RA in 1970 
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(curves) differential energy spectra of secondary positrons and negatrons 
at various atmospheric depths over Fort Churchill, Canada (Daniel and 
Stephens, 1974). 
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E < 70 MeV at a cutoff rigidity of 210 MV, recorded in 1974. The curves 
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intensities (Hartman and Pellerin, 1976). 
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Figure 2.124: Altitude dependence of negatrons for the energy interval 
320 <_ E < 500 MeV at a cutoff rigidity of 210 MV, recorded in 1974. 
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1976). 
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Figure 2.126: Ratio of negatrons to positrons for energies 100 _< E _< 1500 
MeV during magnetically quiet periods as a function of atmospheric depths 
(Voronov et al., 1975). 
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2 .6  M u o n s  

2.6.1 Introduction 

Muons are chiefly the decay products of charged pions and to a much lesser 
extent of charged kaons. At very high energies, in the TeV range, a small 
contribution arises from the decay of charmed particles, such as D-mesons 
and other, massive particles. Over a long period only few measurements have 
been made with a first generation of instruments to determine the flux and the 
momentum or energy spectra of muons in the atmosphere. Most of the early 
experiments had been carried out with counter telescopes using absorbers 
and with magnetic spectrometers located at various altitudes on the ground 
and in aircraft. Because of the crudity of some of the instruments there is 
uncertainty in some cases whether interfering components, such as protons 
and electrons, have contaminated the measurements or could be eliminated 
completely. 

More recently muon measurements were carried out in horizontal direc- 
tion with the more refined large ground based magnetic spectrometer at Mt. 
Aragats, Armenia (3250 m a.s.1.) (Asatiani et al. 1983). In addition, the 
vertical muon intensity was explored over a wide range of atmospheric depths 
with a series of new complex balloon-borne instruments employing supercon- 
ducting magnets. (Bellotti et al., 1996 and 1999; Carlson et al., 1999; Coutu 
et al., 1999; Franke et al., 1999; Golden et al., 1995; Krizmanic et al. 1999; 
and Schneider et al. 1995). These rather small instruments have a minimum 
of matter in the spectrometer and permit to make very precise measure- 
ments even at very low energies but their maximum detectable momentum is 
at present limited to about 100 GeV/c. The low energy capabilities are par- 
ticularly important for the accurate determination of the low energy muon 
spectrum and charge ratio which are relevant in connection with the atmo- 
spheric neutrino anomaly. Some of these experiments were stimulated partly 
because of questions related to neutrino oscillations (see e.g. Perkins 1993 
and 1994). 

2.6.2 Altitude Dependence of Integral Intensity 

Ground Based  M e a s u r e m e n t s  

The altitude dependence of the integral vertical muon intensity in the lower 
regions of the atmosphere between 650 and 950 g cm -2 has been investigated 
by Blokh et al. (1977) with a scintillation telescope, shielded by 10 cm of 
lead. The result of this work is plotted in Fig. 2.130. In Fig. 2.131 we show 
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the well known Rossi depth-intensity curve of the integral muon component 
in the atmosphere for energies >_ 0.3 GeV (Rossi, 1948). Also indicated in 
this figure is a similar curve from the work of Murakami et al. (1979) for 
muons of energy >_ 0.316 GeV. 

Shen and Chiang (1979) used a magnetic spectrometer in conjunction 
with a counter hodoscope to determine the intensity at 3220 m. These au- 
thors found the following value for the vertical muon intensity, I,, for energies 
> 2 GeV: 

Iv(>_ 2 GeV) = (4.9-4- 0.2). 10 -3 [cm-2s-lsr-1] . (2.17) 
For the angular interval from 78.4 ~ to 90 ~ corresponding to a mean zenith 

angle of 86.2 ~ i.e., in almost horizontal direction, the intensity at 3220 m 
was found to be 

Ih(>_ 2 GeV) - (9.68 :i: 0.32). 10 -s [cm-2s-~sr-~] . (2.18) 

At the same altitude, according to Jing-Gui-Ru et al. (1978), the vertical 
integral momentum spectrum for muons with momenta p >_ 4 GeV/c can be 
represented by the expression 

I , (>  p) = C (p+  4) -1"s6+~176 [cm-2s-lsr-1] , (2.19) 

where C is a constant. 

Bal loon-Borne  Measurements  

Circella et al. (1993) flew an instrument called the Matter - Antimat- 
ter Space Spectrometer (MASS) on September 5, 1989 from Prince Albert, 
Saskatchewan (Canada) (Pc ~ 1 GV)and  recorded the altitude dependence 
of the negative muon intensity during ascent, covering the momentum range 
from 0.3 - 100 GeV/c (MASS89). The data are presented in Fig. 2.132. Kriz- 
manic et al. (1995) flew an instrument called the Isotope Matter Antimatter 
eXperiment (IMAX) July 16-17, 1992 from Lynn Lake, Manitoba (Canada) 
at latitude 56 ~ N and geomagnetic cutoff ~100 MeV over an altitude range 
from 360 m to 36 km, covering the momentum interval from 0.42 GeV/c to 
0.47 GeV/c. Muon intensities recorded in this experiment are also shown in 
Fig. 2.132. 

In another series of experiments Bellotti et al. (1999) using MASS91 
from Fort Sumner, NM (U.S.A.), Krizmanic et al. (1999) using the IMAX92 
instrument from Lynn Lake, and Francke et al. (1999) using an instru- 
ment called the Cosmic AntiParticle Ring Imaging Cherenkov Experiment 
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(CAPRICE) (CAPRICE94) also from Lynn Lake, recorded so-called growth 
curves of the muon component in the atmosphere during balloon ascents. 
The measurements were carried out at each level for a number of momentum 
intervals. Their results are shown in Figs. 2.133 to 2.136 for positive and 
negative muons separately. Because of background problems mostly due to 
protons the positive muon momentum window is rather narrow. 

2 . 6 . 3  M o m e n t u m  a n d  E n e r g y  S p e c t r a  

In this subsection we discuss first early data from measurements in the atmo- 
sphere that were carried out with ground based instruments at well defined 
altitudes, arranged sequentially in ascending order with respect to altitude. 
Subsequently we present results of modern ground based measurements car- 
ried out with superconducting magnetic spectrometers. These are followed by 
data from air-borne spectrometer experiments (aircraft and balloon-borne) 
of recent date. 

Ground Based Measurements  

At an altitude of 2960 m (Zugspitze, Germany), Allkofer and Triimper (1964) 
determined the differential momentum spectrum of muons in the range 0.2 < 
p _< 50 GeV/c with a magnetic spectrometer. Their data are shown in 
Fig. 2.137 for both positive and negative muons combined in vertical direc- 
tion. Similarly, Kocharian et al. (1956) determined the vertical differential 
momentum spectrum at the Alagez Laboratory, on Mt. Aragats (Armenia) 
at 3250 m up to 10 GeV/c. The results are included in Fig. 2.137 together 
with the integral spectrum obtained by the same authors, with the same spec- 
trometer, that was operated to higher momenta (Kocharian at al., 1959). 

Allkofer and Triimper (1964) did also determine the muon momentum 
spectra at a zenith angle of 37.5 ~ in eastern and western directions at 2960 m. 
The spectra have not been corrected for electron and proton contaminations. 
The results are shown in Fig. 2.138. 

Later spectral measurements in the near horizontal direction at a some- 
what higher altitude (3250 m), covering the zenith angle range 80 ~ _ ~ <__ 90 ~ 
with mean angle ~ _~ 84 ~ were obtained with the large ground-based mag- 
netic spectrometer on Mt Aragats in Armenia (Asatiani et al., 1975). The 
differential spectrum which covers the range 10 < p _ 2000 GeV/c at a 
mean zenith angle of 84 ~ is shown in Fig. 2.139. These date are normalized 
at 50 GeV/c using the calculation of Ashton et al (1966). 
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Table 2.26: Differential Energy Spectrum of Positive and Negative Muons 
Combined at Mt. Aragats (3250 m), at Zenith Angle < ~ > - 84 ~ 

(Asatiani et al. 1983). 

Kinetic Energy 
[GeV] 

32.3 
40.1 
49.8 
63.8 
88.7 

126.3 
218.7 
417.1 
679.9 

1016.1 

Differential Intensity 
[cm-2 s - l s r -1GeV-1  ] 

1.30 + 0.03.10 -6 
1.56 =t= 0.03.10 -6 
1.13 =t: 0.03.10 -6 
6.89 -t- 0.13- 10 -T 
3.53 4- 0.08.10 -T 
1.51 -t- 0.04.10 -T 
4.03 =i= 0.11 �9 10 -s 
7.79 �9 0.46.10 -9 
2.08 + 0.19.10 -9 

6.42 �9 0.94.10 -m 

After significantly improving the spectrometer a new series of measure- 
ments was carried out. The resulting differential intensities for positive and 
negative muons combined are given in Table 2.26 and the spectrum is plotted 
in Fig. 2.139 (Asatiani et al., 1983). The instrument's axis was oriented N 
70 ~ W and its azimuthal aperture was ~o - +10 ~ In addition, this work 
yielded differential muon spectra at narrow zenith angle intervals near the 
horizontal direction that are plotted in Fig. 2.140. 

The highest ground based muon spectra were recorded by Allkofer and 
Kraft (1965) at Mt. Chacaltaya (Bolivia) at 5260 m a.s.1.. The measurements 
were made in vertical direction and covered the momentum range 0.2 < p _ 
50 GeV/c. The results are shown in Fig. 2.141. 

Basini et al. (1991) recorded the spectrum of positive and negative muons 
with the MASS instrument mentioned in Subsection 2.6.2 (Circelle et al., 
1993) on August 30, 1989 at ground level (600 m a.s.1.) at Prince Albert, 
Saskatchewan (Canada), between 0.25 GeV/c and 100 GeV/c. The prelim- 
inary differential spectrum is displayed in Fig. 2.142 together with the final 
differential and integral spectra by De Pascale et al (1993). The differential 
and integral spectra of De Pascale et al. (1993) are also given in tabulated 
form in Tables 2.27 and 2.28. For comparison the differential and integral 
spectra of Allkofer et al. (1971a and 1971b) at sea level and the integral spec- 
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Table 2.27: Differential Muon Intensity at 600 m a.s.1. (920 g cm -2) 

(De Pascale et al., 1993). 

Rigidity Interval [GV] 

Minimum 

0.247 
0.321 
0.393 
0.463 
0.564 
0.633 
0.722 
0.841 
1.008 
1.198 
1.478 
1.931 
2.5O8 
3.579 
5.008 
8.341 
12.51 
16.68 
25.01 
33.34 
50.01 

Maximum Median 

0.321 0.283 
0.393 0.356 2.064.10 -3 4- 7.9% 
0.463 0.428 1.759.10 -3 4- 7.4% 
0.564 0.513 1.788.10 -3 • 5.9% 
0.633 0.598 1.660.10 -3 4-6.5% 
0.722 0.677 1.673.10 -3 4- 5.8% 
0.841 0.780 1.649.10 -3 4- 5.1% 
1.008 0.922 1.365.10 -3 4- 4.7% 
1.198 I.I01 1.316.10 -3 4-4.5% 
1.478 1.334 1.094. I0 -3 4- 4.1% 
1.931 1.694 8.756.10 -4 4-3.7% 
2.508 2.205 6.789.10 -4 4- 3.6% 
3.579 3.004 4.244- 10 -4 4- 3.3% 
5.008 4.238 2.634.10 -4 4-3.5% 
8.341 6.456 1.274.10 -4 4-3.3% 
12.51 10.19 5.025.10 -5 4- 4.3% 
16.68 14.42 2.124.10 -5 4- 6.2% 
25.01 20.36 8.653.10 -6 4- 6.7% 
33.34 28.80 3.788.10 -6 4- 9.9% 
50.01 40.64 1.389.10 -6 4- 11.5% 
100.01 70.16 2.423.10 -7 4- 15.8% 

Diff. Int. [cm-2s-lsr-l(GV)-l] 

Positive Muons Negative Muons 

1.595.10 -3 4- 11.0% 2.390.10 -3 + 10.0% 
2.013.10 -3 4- 8.8% 
2.279.10 -s 4- 7.1% 
2.128.10 -3 4- 5.8% 
2.023.10 -3 4- 6.3% 
1.961.10 -a 4-5.6% 
1.939.10 -3 4- 4.8% 
1.814.10 -a 4- 4.1% 
1.609.10 -3 4-4.0% 
1.328.10 -3 4- 3.6% 
1.093.10 -3 4-3.2% 
7.705.10 -4 4- 3.3% 
5.404.10 -4 • 2.9% 
3.145- 10 -4 4- 3.1% 
1.506.10 -4 4- 3.1% 
5.983.10 -5 4-3.9% 
2.523.10 -5 4-5.7% 
1.246.10 -5 4-5.7% 
4.709.10 -6 4-8.8% 
1.430.10 -6 4- 11.3% 
5.176.10 -7 4-10.7% 

t r u m  of K a r m a k a r  et al. (1973) at  122 m a.s.1, had been added to Fig. 2.142 

as well as the theoret ical  differential spec t rum of Stephens (1979a). 

Very recently Nozaki (2000) carried out precision measurements  of the 

muon componen t  with the BESS97-99 ins t rument  (Balloon-borne Experiment 
with a Superconducting solenoid Spectrometer) at ground level at  Lynn Lake 

(Canada) ,  located at 360 m a.s.1. (_~ 960 g cm -2, Pc -~ 0.5 GV) and at 

Tsukuba ,  J apan  (sea level, Pc -~ 11.5 GV) to s tudy  the local differences and 

geomagnet ic  effects. The  Lynn Lake spec t rum is i l lus t ra ted in Fig. 2.143 

and bo th  spec t ra  together  in Fig. 3.71 of Chap te r  3, Section 3.6. 
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Tab le  2.28: In t eg ra l  M u o n  In t ens i t y  a t  600 m a.s.1. (920 g cm -2) 

(De Pasca le  et  al., 1993). 

Rigidity 

[GV] 

> 0.247 
> 0.321 
> 0.393 
> 0.463 
> 0.564 
> 0.633 
> 0.722 
> 0.841 
> 1.008 
> 1.198 
> 1.478 
> 1.931 
> 2.508 
> 3.579 
> 5.OO8 
> 8.341 
> 12.51 
> 16.68 
> 25.01 
> 33.34 
> 50.01 

> 100.01 
. , .  

Integral Intensity [cm-2s - 1 s t -  1] 
, , .  

Negative Muons 

4.307.10 -3 4- 2.5% 
4.189.10 -3 =i= 2.5% 
4.040.10 -3 • 2.5% 
3.917.10 -3 4- 2.4% 
3.737.10 -3 =t= 2.4% 
3.622.10 -3 • 2.4% 
3.472.10 -3 4- 2.4% 
3.276.10 -3 • 2.4% 
3.048.10 -3 • 2.3% 
2.798.10 -3 :t= 2.3% 
2.491- 10 -3 • 2.3% 
2.095.10 -3 4- 2.3% 
1.703- 10 -3 • 2.4% 
1.249.10 -3 • 2.5% 
8.724.10 -4 • 2.7% 
4.478.10 -4 • 3.3% 
2.384.10 -4 4- 4.1% 
1.499.10 -4 4- 4.9~163 
7.779.10 -5 • 6.5% 
4.623.10 -5 • 8.3% 
2.308.10 -5 4- 12.0% 
1.096.10 -5 • 17.0% 
, . .  

Positive Muons 

5.253.10 -3 4- 2.5% 
5.075.10 -3 • 2.5% 
4.930-10 -3 • 2.5% 
4.771- 10 -3 4- 2.4% 
4.556.10 -3 4- 2.4% 
4.416- 10 -3 • 2.4% 
4.241.10 -3 4- 2.3% 
4.010-10 -3 =t: 2.3% 
3.707.10 -3 • 2.3% 
3.401.10 -3 • 2.3% 
3.029.10 -3 • 2.3% 
2.534.10 -3 4- 2.3% 
2.090.10 -3 -4-2.3% 
1.511.10 -3 -4-2, 4% 
1.062.10 -3 + 2.6% 
5.596.10 -4 • 3.1% 
3.103.10 -4 • 3.7% 
2.052.10 -4 4- 4.3% 
1.014.10 -4 • 5.7% 
6.214.10 -5 • 7.2% 
3.831.10 -5 4- 9.0% 
1.243.10 -5 • 16.0% 

All Muons 

9.560.10 -3 4- 2.5% 
9.264.10 -3 :l: 2.5~163 
8.970-10 -3 • 2.4% 
8.689.10 -3 • 2.4% 
8.293.10 -3 4- 2.4% 
8.037.10 -3 4- 2.3% 
7.713.10 -3 4- 2.3% 
7.286.10 -3 4- 2.3% 
6.756- 10 -3 • 2.3% 
6.199.10 -3 4- 2.2% 
5.520.10 -3 • 2.2% 
4.630.10 -3 4- 2.2% 
3.793.10 -3 �9 2.2% 
2.760.10 -3 • 2.3% 
1.934.10 -3 4- 2.4% 
1.008.10 -4 :l: 2.6% 
5.487.10 -4 4- 3.1% 
3.551- 10 -4 4- 3.5~163 
1.792.10 -4 4- 4.5% 
1.084.10 -4 • 5.6% 
6.139-10 -5 4- 8.0% 
2.339.10 -5 -4- 15.0% 

A i r c r a f t  a n d  B a l l o o n - B o r n e  M e a s u r e m e n t s  

At  t he  level of 9000 m Ba radze i  et  al. (1959) d e t e r m i n e d  the  ver t i ca l  com-  

p o n e n t  of  t he  s p e c t r u m  of nega t ive ly  cha rged  par t i c les  u n d e r  a lead a b s o r b e r  

of th ickness  9 cm  in the  r ange  0.3 <_ p <_ 6 G e V / c .  Fig.  2.144 shows th is  

s p e c t r u m .  T h e  par t ic les  are  m o s t l y  nega t i ve  muons .  

B o g o m o l o v  et al. (1979) m a d e  dif ferent ia l  m u o n  in t ens i ty  m e a s u r e m e n t s  

at  very  low energies  be tween  0.1 G e V  and  2 G e V  in the  a l t i t u d e  in te rva l s  

15.5 to  16 k m  (cutoff  r ig id i ty  0 . 4 -  0.5 GV)  a n d  1 6 -  18 km (cutoff  r ig id i ty  

6.9 - 7.4 GV) .  T h e  d a t a  have  very  p o o r  s t a t i s t i c s  a n d  are  no t  shown  he re  

(see N a r a s i m h a m  1987). 

On  S e p t e m b e r  5, 1989 the  M A S S 8 9  i n s t r u m e n t  was flown f rom P r i n c e  
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Albert (Canada) to an altitude of 36 km to determine the negative muon 
momentum spectrum at different atmospheric depths during ascent. Results 
from a preliminary analysis by Circella et al. (1993) are given in Fig. 2.145 
and final results for a somewhat different level selection in Fig. 2.146 (Bellotti 
et al., 1996). 

On September 23, 1991 Basini et al. (1995) launched an improved ver- 
sion of the balloon borne instrument MASS (MASS91) from Ft. Sumner, 
NM (U.S.A.) (geomagnetic cutoff ~ 4.5 GV). They explored the negative 
muon momentum spectrum between 0.33 GeV/c and 40 GeV/c at different 
atmospheric depths. The results are illustrated in Fig. 2.147 (Bellotti et al., 
1999). 

More recent measurements were carried out with the HEAT instrument 
launched August 23, 1995 from Lynn Lake at a vertical geomagnetic cutoff 
rigidity well below 1 GV (HEAT95) (Coutu et al., 1999). The results of this 
experiment are plotted in Fig. 2.148. 

Accurate measurements of muon spectra at the ceiling altitudes of bal- 
loon-borne experiments at levels between 5.8 and 3.9 g cm -2 were made with 
MASS89 (Grimani et al., 1993; Brunetti et al., 1996), MASS91 (Codino et 
al., 1997; Bellotti et al., 1999), and CAPRICE94 (Francke et al., 1999). The 
two latter experiments offer spectra of positive and negative muons. The 
spectra are shown in Fig. 2.149. In addition, the spectrum obtained with 
MASS89 at 5 g cm -2 is also given in Table 2.29. 

2.6.4 Charge Ratio 

M o m e n t u m  Dependence  of Charge  R~tio 

Due to the fact that the primary cosmic radiation is essentially positively 
charged, the secondary component in the atmosphere has a positive charge 
excess, too. The secondary muon charge ratio, K ,  - N~,+/N~,-, can be 
determined with relatively simple apparatuses. In many cases older data 
deviate significantly from each other. This is mostly because the instruments 
could not always clearly distinguish protons or electrons from muons in each 
c a s e .  

At an altitude of 2960 m (Zugspitze, Germany), Allkofer and Triimper 
(1964) have measured the charge ratio of muons in the momentum range 
0.1 _ p < 20 GeV/c. At a somewhat higher altitude, at 3250 m (Alagez 
Laboratory, Mt. Aragats, Armenia), Alikhanian and Vaisenberg (1957) and 
Vaisenberg (1957) determined the charge ratio with their spectrometer in the 
momentum range 0.1 _ p _< 2.5 GeV/c. These measurements were extended 
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Table 2.29" Differential Energy Spectrum of Negative Muons at 5 g cm -2. 
(MASSS9) (Brunetti et al., 1996) 

Kinetic Energy 
[GeV] 

. ,  

0.316 - 0.631 
0.631- 1.00 
1.00- 1.26 

Differential Intensity 
[am-2 s-1 sr- lGeV -1 ] 

1.26- 1.58 
1.58- 2.00 
2.00- 3.00 
3.00 - 4.00 
4.00- 6.00 
6.00- 9.00 
9.0O- 15.0 

(1.492 -+- 0.130). 10 -3 
(9.21 -4- 0.82). 10 -4 
(5.72 5= 0.72)- 10 -4 
(4.16 • 0.54). Io 
(2.46 • 0.36). lO -4 
(1.47 4- 0.14). 10 -4 

(5.8 ::1= 0.9)-10 -5 
(2.9 -t- 0.4). 10 -s 
(1.3 -t- 0.2). 10 -5 
(3.1 -t- 1.0). 10 -6 

. . .  

by Kocharian et al. (1959) to about 15 GeV/c. The three sets of data are 
presented in Fig. 2.150. A similar experiment was carried out by Allkofer 
and Kraft (1965) at 5260 m a.s.1. (Mt. Chacaltaya in Bolivia). The proton 
component was not completely eliminated in this experiment, thus the hump 
in the charge ratio could be due to proton contamination. This set of data 
is also included in Fig. 2.150. 

In later efforts muon charge ratio measurements were carried out by Asa- 
tiani et al. (1975 and 1983) with the magnetic spectrometer on Mt Aragats 
(3250 m) between about 10 GeV/c and 4 TeV/c over the zenith angle range 
80 ~ _ 0 _ 90 ~ The data are shown in Fig. 2.151. We have also added the 
data of Ashley et al. (1975a, 1975b) from the Utah underground detector, 
located at an altitude of approximately 1500 m a.s.l., "-~1400 hg cm -2 under- 
ground, that cover the momentum range from about 1 TeV/c to 8 TeV/c and 
zenith angles between 40 ~ and 90 ~ to this figure. The mean zenith angle of 
the latter data increases with muon energy as indicated in the figure caption. 

Basini et al. (1991) made similar measurements in the vertical direc- 
tion with the superconducting magnetic spectrometer MASS89, mentioned 
above, on August 30, 1989 on the ground at 600 m a.s.1. (920 g cm -2) at 
Prince Albert (Canada) over the momentum interval from 0.25 GeV/c to 100 
GeV/c. The preliminary data of these authors together with the final results 
of this experiment (De Pascale et al., 1993) are also given in Fig. 2.151. Also 
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included in this figure is the theoretical charge ratio obtained by Stephens 
(1979b) for the muon momentum range from 1 GeV/c to 100 GeV/c. In 
addition the data of De Pascale et al. (1993) are listed in Table 2.30. 

Table 2.30: Muon Charge Ratio at 600 m a.s.1. (920 g cm -2) 
(De Pascale et al., 1993). 

Rigidity Interval, [GV] 

Minimum 

0.247 
0.393 
0.564 
0.722 
1.008 
1.478 
2.5O8 
5.008 
12.51 
33.34 

Maximum 

0.393 
0.564 
0.722 
1.008 
1.478 
2.508 
5.008 
12.51 
33.34 
100.01 

Median 

0.320 
0.479 
0.643 
0.865 
1.228 
1.948 
3.568 
8.008 
19.89 
55.87 

Charge Ratio 

1.207 • 0.130 
1.233 =t= 0.088 
1.192 • 0.081 
1.258 =t= 0.068 
1.218 i 0.057 
1.192 i 0.049 
1.237 • 0.046 
1.185 ~ 0.047 
1.292 -~ 0.075 
1.409 + 0.173 

. . . . . . . .  

Another set of data from modern ground based measurements of the mo- 
mentum dependence of the muon charge ratio acquired at altitudes between 
360 m and 1270 m a.s.1, is illustrated in Fig. 2.152. We have added the data 
points from an older near sea level experiment for comparison. 

Results from similar measurements near the top of the atmosphere be- 
tween 5.8 and 3.9 g cm -2 are summarized in Fig. 2.153. 

Altitude Dependence of Charge Ratio 

In Table 2.31 we have summarized muon charge ratios obtained from early 
experiments carried out at different altitudes on the ground and on board of 
aircraft. 

Basini et al. (1995) have also determined the muon charge ratio for three 
momentum windows between 0.33 GeV/c and 1.5 GeV/c at different atmo- 
spheric depths with the MASS2 (MASS91) instrument during the previously 
mentioned launch from Ft. Sumner (Figs. 2.154 to 2.157). 

Similarly, Schneider et al. (1995) used an instrument called the High 
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Table 2.31" Altitude Dependence of Charge Ratio 
(Allkofer, 1967). 

Height 
[m a.s.l.] 

_ 

88 
200 
700 

2000 
2000 
3500 
3500 
5100 
7100 
9000 

I0000 

Momentum 
[GeV/c] 

0.48 
0.34 
0.34 
0.50 
1.40 
0.18 
0.48 
0.48 
0.48 
0.50 
0.34 

Charge Ratio 
#+/#  

1.08 ~ 0.007 
1.24 =i= 0.15 
0.99 + 0.14 
1.20 
1.48 
0.89 i 0.10 
1.13 =t= 0.002 
1.14 + 0.002 
1.13 =i= 0.02 
1.70 =i= 0.4 
1.54 + 0.24 

Reference 

Quercia (1950) 
Conversi (1950) 
Conversi (1950) 
Bassi (1949) 
Bassi (1949) 
Correll (1947) 
Quercia (1950) 
Quercia (1950) 
Quercia (1950) 
Baradzei (1959) 
Conversi (1950) 

Energy Antimatter Telescope (HEAT) (HEAT94). It was flown on May 3, 
1994 from Ft. Sumner, NM (U.S.A.), and reached 5 g cm -2 in 2.5 hours. 
The muon charge ratio was measured in the momentum interval 0.3 to 0.9 
GeV/c over an atmospheric depth range from 7 to 850 g/cm 2. The data are 
given in Fig. 2.158. Early data of Conversi (1950) and Quercia (1950) are 
also indicated in the same figure. From a subsequent experiment (HEAT95) 
Tarl~ et al. (1997) reported the values listed in Table 2.32 for the altitude 
dependence of the muon charge ratio for the same momentum window. 

Krizmanic et al. (1995) recorded the charge ratio during the flight of 
their IMAX92 instrument from Lynn Lake (Canada) over an altitude range 
from 360 m to 36 km. Preliminary data for a momentum interval between 
0.42 GeV/c and 0.47 GeV/c are included in Fig. 2.158 and the final results 
are summarized in Fig. 2.159. 

Other recent data on the altitude dependence of the charge ratio of muons 
are summarized in Fig. 2.160 where the results from measurements with 
HEAT95 (Coutu et al., 1997 and 1998), MASS91 (Codino et al., 1997; Bellotti 
et al., 1999) and CAPRICE94 (Francke et al., 1999) are given. 
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Table 2.32' Muon Charge Ratio as a Function of Atmospheric Depth 
for Rigidity Interval 0.3 < IRI < 0.9 GV Measured with HEAT95 at 

Lynn Lake, Canada (360 m, 960 g/cm 2, Pc _~ 0.5 GV), Aug. 23, 1995. 
(Tarl~ et al., 1997). 

Depth Range 
gcm -2] 

Mean Depth 
[gcm 

3-4 
4-7 
7-13 
13-32 
32-67 

67-140 
140-250 
250-350 
350-840 
840-960 

3.45 
5.24 
9.62 
23.2 
48.9 
105 
189 
299 
500 
957 

Total N,+ N~- 

4203 144 98 
1509 42 37 
1199 63 45 
1453 245 174 
1307 363 274 
1571 939 748 
1285 1310 1145 
1163 471 422 
1163 620 579 
5335 838 775 

, 

Charge 
Ratio 

1.47 4- 0.19 
1.14 + 0.26 
1.40 + 0.27 
1.41 =k 0.14 
1.32 + 0.11 
.255 + 0.062 
.144 + o.046 
.116 • 0.075 
.071 + 0.062 
.081 • 0.054 

2 . 6 . 5  T h e o r e t i c a l  C o n t r i b u t i o n s  

Calculations of the muon component in the atmosphere have been carried 
out by the following authors: 

Agrawal et al., (1996), Bhattacharyya (1972), Bugaev et al. (1998), 
Gaisser (1990), Garraffo et al. (1973), Jabs (1969), Liland (1975), Lipari 
(1993), Maeda (1973), Stephens (1979a and 1979b), Torsti and Terho (1973), 
Yekutieli (1972) (see also Chapter 3, Subsection 3.6.8 and Chapter 4). 
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Figure 2.133: Atmospheric growth curves of positive and negative muons for 
different momentum intervals as listed below, recorded with the MASS91 
instrument launched from Fort Sumner, NM (U.S.A.) (Bellotti et al., 1999). 
(Divide reading on ordinate by appropriate scale factor to get true intensity.) 

T #- 

i #- 

A #- 

o # 

4.0 < p <_ 40 GeV/c 
1.5 < p < 2.5 GeV/c 
0.9 < p < 1.5 GeV/c 
0.3 _< p < 0.9 GeV/c 

V #- 

0 #+ 
�9 #+ 

2.5 < p < 4.0 GeV/c 
0.9 < p < 1.5 GeV/c 
0.3 < p < 0.9 GeV/c 
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Figure 2.134: Atmospheric growth curves of positive and negative muons for 
different momentum intervals as listed below, recorded with the IMAX92 
instrument launched from Lynn Lake, Manitoba (Canada), July 16-17, 1992 
(Krizmanic et al., 1999). (Divide reading on ordinate by appropriate scale 
factor.) 

. #- 0.22___p<_ 0.32 GeV/c 
m #- 0.37 <_p_ 0.42 GeV/c 
A #- 0.42 < p < 0.47 GeV/c 

o #+ 
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Figure 2.135: Atmospheric growth curves of positive muons for different mo- 
mentum intervals as listed below, recorded with the CAPRICE94 instrument 
launched from Lynn Lake, Manitoba (Canada), August 8/9, 1994 (Francke 
et al., 1999). (Divide reading on ordinate by appropriate scale factor to get 
true intensity.) 

�9 0.30 <_ p <_ 0.53 GeV/c 
m 0.75 <_ p <_ 0.97 GeV/c 
& 1.23 <_ p _  1.55 GeV/c 

o 0.53 _ p  <__ 0.75 GeV/c 
D 0.97 < p ~ 1.23 GeV/c 
A 1.55 < p < 2.0 GeV/c 
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Figure 2.136: Atmospheric growth curves of negative muons for different mo- 
mentum intervals as listed below, recorded with the CAPRICE94 instrument 
launched from Lynn Lake, Manitoba (Canada), August 8/9, 1994 (Francke 
et al., 1999). (Divide reading on ordinate by appropriate scale factor.) 

�9 0.30 _< p___ 0.53 GeV/c 
NN 0.75 < p _ 0.97 GeV/c 
i 1.23 _< p <_ 1.55 GeV/c 
v 2.0 _< p_< 3.2 GeV/c 
+ 8.0 <_ p _ 40 GeV/c 

o 0.53 _< p _< 0.75 GeV/c 
K1 0.97 < p < 1.23 GeV/c 
A 1.55 <_ p < 2.0 GeV/c 
v 3.2 <_ p___ 8.0 GeV/c 
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Figure 2.138: Differential momentum spectra of positive and negative muons 
combined at a zenith angle of 37.5 ~ in eastern and western directions, at an 
altitude of 2960 m (Zugspitze, Germany) (Allkofer and Triimper, 1964). The 
data are not corrected for proton and electron contamination. 
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Figure 2.146: Negative muon momentum spectra at various depths in the 
atmosphere measured with the MASS89 instrument, launched from Prince 
Albert, Saskatchewan (Canada). The depth intervals are listed below (Bel- 
lotti et al., 1996). (Divide reading on ordinate by appropriate scale factor to 
get true intensity.) 

A 5 gcm -2 
o 115- 160 gcm -2 

A 2 5 - 7 0 g c m  -2 
V 1 6 0 - 2 5 0 g c m  -2 

�9 7 0 - 1 1 5 g c m  -2 
V 960 gcm -2 
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Figure 2.148: Differential rigidity spectra of negative muons at various depths 
in the atmosphere measured with the HEAT95 instrument, launched from 
Lynn Lake, Manitoba (Canada) (Pc ~_ 1 GV). The depth intervals are listed 
below (Coutu et al., 1999). (Divide reading on ordinate by appropriate scale 
factor to get true intensity.) 

�9 4 -  7 gcm -2 
o 3 2 - 6 7 g c m  -2 
A 250- 350 gcm -2 

A 7 -  13 gcm -2 
I 6 7 - 1 4 0 g c m  -2 
El 350- 840 gcm -2 

T 1 3 - 3 2 g c m  -2 
- 2  V 1 4 0 - 2 5 0 g c m  

x 840- 960 gcm -2 
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Figure 2.149: Momentum spectra of positive and negative muons determined 
by different experiments in the upper atmosphere as listed below. The solid 
and dot-dashed curves are predictions for negative and positive muons, re- 
spectively, after Stephens (1981), the dashed and the dotted curves are anal- 
ogous curves from a calculation of Gaisser et al. (1995). 

�9 #-  3.9 g cm -~, CAPRICE94 (Francke et al., 1999) 
i # -  5.0 g cm -2, MASS89 (Brunetti et al., 1996) 
• #-  5.8 gem -2, MASS91 (Codino et al., 1997) 
o #+ 5.8 g cm -2, MASS91 (Codino et al., 1997) 
+ #+ 3.9 g cm -2, CAPRICE94 (Francke et al., 1999) 
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Figure 2.150: Muon charge ratio measured at an altitude of 2960 m 
(Zugspitze, Germany) in the momentum range 0.2 __< p <__ 20 GeV/c (.) 
(Allkofer and Triimper, 1964), at altitude 3250 m (Mt. Aragats, Armenia) 
in the momentum range 0.1 <__ p _< 2.5 GeV/c (A) (Vaisenberg, 1957), at the 
same altitude and same place in the momentum range 0.2 _< p <__ 20 GeV/c 
([-1) (Kocharian et al., 1959), and at altitude 5260 m (Mr. Chacaltaya, Bo- 
livia) in the momentum range 0.2 __ p g 20 GeV/c (o) (Allkofer and Kraft, 
1965). The data of Vaisenberg (1957) apply to two different measurement 
conditions: A, charge ratio obtained without the use of any absorbers, show- 
ing a strong positive excess, presumably due to protons, and, V, charge ratio 
under 9 cm of lead. 

�9 Allkofer and Triimper (1964), 2960 m 
A Vaisenberg (1957), unshielded, 3250 m 
V Vaisenberg (1957), under 8.6 g cm -2 Pb, 3250 m 
[-I Kocharian et al. (1959), 3250 m 
o Allkofer and Kraft (1965), 5260 m 
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Figure 2.151" Charge ratio of muons as a function of energy in the lower 
atmosphere. The data by Asatiani et al. (1983) (altitude 3250 m a.s.1.) are 
for near horizontal muons. Included are also the data of Ashley et al. (1975a, 
1975b) for high energy inclined muons recorded at the Utah underground 
laboratory (altitude ,,,1500 m a.s.l., depth "-1400 hgcm-~). The mean zenith 
angle of these data increases with energy and is 51 ~ 60 ~ 69 ~ 74 ~ 77 ~ and 
78 ~ respectively, for the six values indicated. (For details see text.) 

o Basini et al. (1991) vertical, 600 m a.s.1. 
x De Pascale et al. (1993) vertical, 600 m 
E] Ashley et al. (1975a, b), inclined, 1500 m 
t> Asatiani et al. (1983) horizontal, 3250 m 

Stephens (1979b), theoretical, sea level 
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Figure 2.152" Muon charge ratios as a function of momentum measured at the 
ground at different locations and altitudes, as listed below. For comparison 
we have added the data of two near sea level experiments. 

�9 Kremer et al. (1999), Lynn Lake, 360 m (CAPRICE94) 
o gremer et al. (1999), Ft. Sumner, 1270 m (CAPRICE97) 
E] Tarl~ et al. (1997), Lynn Lake, 360 m (HEAT95) 
A Schneider et al. (1995), Ft. Sumner, 1270 m (HEAT94) 
m Golden et al. (1995), Prince Albert, 600 m (MASSS9) 
V De Pascale et al. (1993), Prince Albert, 600 m (MASS89) 
• Rastin (1984a), Nottingham, 50 m (magn. spectrometer) 
o Vulpescu et al. (1998), Karlsruhe, 110 m (WILLI97) 
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Figure 2.153: Muon charge ratios as a function of momentum measured 
at high altitudes in the atmosphere at different locations, as listed below. 
Curves G and S are predicted charge ratios according to Gaisser et al. (1995) 
and Stephens (1981), respectively. 

�9 Codino et al. (1997) 
[3 Franckeetal.  (1999) 
/k Carlson et al. (1999) 

Ft. Sumner, 5.8 g cm -2 
Lynn Lake, 3.9 g cm -2 
Ft. Sumner, 5.5 gcm -2 

(MASS91) 
(CAPRICE94) 
(CAPRICE98) 
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Figure 2.154" Muon charge ratio as a function of atmospheric depth  for 
0.33 _ p _ 0.65 GeV/c  (Basini et al. 1995). 
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Figure 2.155: Muon charge ratio as a function of atmospheric depth for 
0.65 < p <_ 1.0 GeV/c  (Basini et al. 1995). 
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Figure 2.156" Muon charge ratio as a function of atmospheric depth for 
1.0 _ p _ 1.5 GeV/c (Basini et al. 1995). 
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Figure 2.157: Muon charge ratio as a function of atmospheric depth. Shown 
are the data of the previous three figures combined (Figs. 2.154 - 2.156 
(Basini et al. 1995). 
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Figure 2.158: Muon charge ratio as a function of atmospheric depth for 
different momentum windows or cutoff energies. 

II 0.3 GeV/c < p~ _ 0.9 GeV/c, Schneider et al. (1995), HEAT94 
�9 0.42 GeV/c _< p~ _< 0.47 GeV/c, Krizmanic et al. (1995), IMAX92 
o > 0.4 GeV, Conversi (1950) A 0.46 GeV, Quercia et al. (1950) 
F-I MC-Simulation, Schneider et al. (1995) 
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Figure 2.159: Muon charge ratio as a function of atmospheric depth for differ- 
ent momentum intervals as listed below, determined with IMAX92 launched 
from Lynn Lake (Canada) (Krizmanic et al., 1999). Two of the da ta  point 
sets (o and o) are drawn slightly displaced with respect to ([], dashed error 
bars) to prevent overlapping. C is a prediction after Barr et al. (1989). 

o 0.22- 0.32 GeV/c ] V! 0.37- 0.42 GeV/c ] o 0.42- 0.47 GeV/c 
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Figure 2.160: Muon charge ratio as a function of atmospheric depth. Shown 
are the data from different experiments and for different momentum intervals, 
as listed below. Two of the CAPRICE98 data point sets (~> and <~) are drawn 
slightly displaced with respect to those with the dashed error bars to prevent 
overlapping. 

<~ 0.31 _ p _< 1.0 GeV/c 
c> 2.0 _ p < 4.5 GeV/c 
A 4.5 _ p < 15 GeV/c 
• 0.3 _< p _< 0.9 GeV/c 
o 0.9 _< p _< 1.5 GeV/c 
[3 0.3 _ p _ 0.9 GeV/c 
* 0.315 _ p < 0.348 GeV/c 

CAPRICE98 (Ambriola et al., 2000) 
CAPRICE98 (Ambriola et al., 2000) 
CAPRICE98 (Ambriola et al., 2000) 
MASS91 (Bellotti et al., 1999) 
MASS91 (Bellotti et al., 1999) 
HEAT95 (Coutu et al., 1997, 1998) 
(Conversi, 1950) 
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2 . 7  N u c l e i  

2.7.1 Introduction 

Apart from protons and alpha particles, the mass spectrum of primary cosmic 
ray nuclei is usually divided into five mass groups. These comprise the light 
or L-group (Li, Be, B), the medium or M-group (C, N, O, F), the heavy or H- 
group (Ne to K), the very heavy or YH-group (Ca to Ac), frequently referred 
to as the iron group, and the super heavy or SH-group (90 _< Z _ 112). 

The flux of heavy primary nuclei is rapidly attenuated with increasing 
atmospheric depth because of fragmentation. Thus new nuclei of smaller 
mass and charge are produced. But even these have little chance to penetrate 
deep into the atmosphere. The rapid fragmentation is due to the fact that 
the interaction mean free path of nuclei in air decreases from 75 g/cm 2 for 
protons to 14 g/cm 2 for iron nuclei. It is even shorter for the very rare nuclei 
beyond the iron group. Thus, the flux of primary or secondary nuclei that 
survive on their way through the atmosphere down to sea level is vanishing 
small. 

2.7.2 Alt itude Dependence of Flux and Intensities 

Only very few experiments have been carried out to determine the flux of 
nuclei in the atmosphere. Nuclear emulsion and plastic sheets such as Lexan 
have been used as detector material to determine the flux of so-called enders, 
i.e., of nuclei that come to a stop in the detector. During the period from 
1965 to 1966 measurements have been carried out to determine the flux of 
nuclei with charge Z _> 6 at atmospheric depths up to about 80 g/cm 2 (Fukui 
et al., 1969). It was found that the flux of enders, incident under a particular 
zenith angle, 0, is a function of the path length measured from the top of 
the atmosphere. Fig. 2.161 shows the flux of enders versus the product of 
the vertical atmospheric depth, X, and the secant of the zenith angle, i.e., 
X .  sect?, for nuclei of charge 6 _ Z _ 9. Fig. 2.162 shows the same graph 
for nuclei with charge Z >_ 10. 

The vertical fluxes of nuclei belonging to different charge groups have 
been determined over the atmospheric depth range 40 <_ X <_ 120 g/cm 2 
with plastic stacks containing cellulose-nitrate as detector material (Allkofer 
et al., 1973; Allkofer and Heinrich, 1974a and 1974b). The charge spectra 
for three intervals of the investigated atmospheric depth range measured 
at a geomagnetic cutoff of 2.5 GV ("-625 MeV/nucleon) are presented in 
Figs. 2.163a to 2.163c, respectively. 
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Table 2.33: Time Integrated Flux of Cosmic Ray Nuclei at High Altitude. 
The measurements were carried out on board of the supersonic aircraft 

Concorde between London and New York (average cruising altitude 15 km, 
accumulated flight time 834 h above 9 km) (Zhou et al., 1999). 

Nucleus 

He 
Li 
Be 
B 
C 
N 
O 

Energy 
Interval 

[MeV/Nucleon] 

7 < E < 2 2  
8 < E < 6 0  

10 < E < 150 
1 1 < E < 1 5 5  
13 < E < 250 
14 < E < 400 
15 < E < 800 

Time Integrated 
Differential Flux 

Jam -2 (MeV/Nucleon) -1] 

(3.43 • 0.49) . 10 -3 
(1.24 -+- 0.50). 10 -4 
(3.06 • 1.53). 10 -5 
(2.98 :k 1.49). 10 -~ 
(4.07 • 1.36). 10 -~ 
(1.39 -l-- 0.62). 10 -5 
(5.46 :i: 2.73). 10 -6 

The altitude dependence of the vertical differential intensity was inves- 
tigated experimentally and theoretically using fragmentation parameters for 
nuclear emulsion and air targets (Allkofer and Heinrich, 1974). Fig. 2.164 
shows the experimental data for different charge groups as a function of atmo- 
spheric depth. Fig. 2.165 compares the results of the M-group and H-group 
with those of Fukui et al. (1969). Figs. 2.166 and 2.167 show the altitude de- 
pendence of nuclei of energies _ 360 MeV/nucleus and _ 1200 MeV/nucleus, 
respectively. 

With a plastic detector of 15 m 2 area, exposed at a depth of 603 g/cm 2, 
tracks of particles with Z / ~  > 10 (~ - v/c) could be recorded (Price and 
Kinoshita, 1981). For particles with Z > 4 and fl _ 0.3 a flux of about 100 
m-2yr -1 could be observed. 

In a recent measurement Zhou et al. (1999) have determined the time 
integrated flux of nuclei from helium to oxygen on board the supersonic 
jetliner Concorde, accumulated during 150 flights, totaling 835 hours above 
an altitude of 9 km. The actual cruising altitude varied from about 13.5 km 
to 17 km (_ 130 - 100 gcm -2. The results are presented in Table 2.33. 
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Table 2.34: Fragmentation Probabilities of Cosmic Ray Nuclei in Collisions 
with Light Nuclei of Nuclear Emulsion and in Air. 

(Allkofer and Heinrich, 1974) 

"-" c S o o c S d c S o c S d d d c 5  d d d  

0 
~ 3  

r.73 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ 

. . . . .  

~ 0 0 ~ 0 0 ~ 0 ~ 0 0 0  0 0 0 

0 0 0 0 0 
d c5 c~ c~ c5 

c~ c5 c 5 o o  

r  

0 O 0  0 0 0 
�9 . . . , . 

0 0 0  0 0 0 

d c5c~ c5c5 c::; 

o,1 

0 ' ,~ 0 0 ,"~ 0 ~'-"~ ,,"~ ,,~ 0 0 0 0 0 0 

c 5 c 5 o c : : : ; c 5 c 5 c 5 ~ c 5 c 5 c 5 c 5  c5 o o 

c 5 o r  c5 r c5 c5 c5 r c5 c5 
~ .  ,..~ e,~ t - -  oO ~ b-.  t O  o o  Oq t'-- 

c=; c5 c; c=; r c:; r c:; c; r c; 

L 

{D 

o = .~ ~ ~ :~ 

(1) Saito (1971), (2) Judek & Heerden (1966), (3) Waddington (1960), (4) Pfischel (1958), 
(5) Allkofer and Heinrich (1974). 

a) Fragmentation probabilities determined from lists of fragmentations, b) In the weighted 

mean values for the M- and L-group the results of Lohrmann and Teucher (1959), Cester 
et al. (1958), Koshiba et al. (1958) and Aizu et al. (1960) are included. 
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Table 2.35: Deuteron Intensities at 747 g/cm 2 
(Barber et al. 1980). 

Momentum 
Interval 

[GeV/c] 

0.70- 1.08 
1.08- 1.41 
1.41- 1.60 
1.60- 1.84 
1.84- 2.50 

Average 
Momentum 

[GeV/c] 

0.89 
1.24 
1.50 
1.72 
2.17 

Number 

Observed 

10 
8 
3 
7 
1 

Intensity 

[cm-2s-~sr-! (GeV/c)-'] 

1.93 :t= 0.73.10 -5 
1.57 + 0.64.10 -5 
0.98 =i: 0.60.10 -5 
1.79 -4- 0.75- 10 -5 
< 3.52.10 -6 * 

* 90% confidence upper limit assuming Poisson statistics. 

2.7.3 Fragmentation Probabilities of Nuclei 

The fragmentation of nuclei of the cosmic radiation while undergoing colli- 
sions with target nuclei of photographic emulsion or air in the atmosphere 
had been studied by many authors (Aizu et al., 1960; Allkofer and Heinrich, 
1974; Cester et al., 1958; Freier and Waddington, 1975; Judek and van Heer- 
den, 1966; Koshiba et al., 1958; Lohrmann and Teucher, 1959; Powell et al., 
1959; Piischel, 1958; Saito, 1971; Waddington, 1960). Table 2.34 is a survey 
of results from different experiments showing the fragmentation probabilities 
for collisions between cosmic ray nuclei and light nuclei of nuclear emulsion. 
Also given are the derived fragmentation probabilities for air (Allkofer and 
Heinrich, 1974). 

More recently extensive studies of nuclear fragmentation have been car- 
ried out with accelerator experiments using heavy ion beams (Ogilvie et al., 
1991; Wolter et al., 1999; and others). Reviews of this subject can be found 
in Hiifner (1985) and Moretto and Wozniak (1991). 

2.7.4 Momentum Spectra 

The vertical momentum spectrum of low energy deuterons has been measured 
in a counter experiment at an atmospheric depth of 747 g/cm 2 (2750 m) 
(Barber et al., 1980). The results are shown in Fig. 2.168, together with 
a calculated spectrum. The data are also given in tabulated form in Table 
2.35. 
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Table 2.36: Predicted and Measured Intensities of Light Nuclei 
at Depth 747 g/cm 2 and Velocity Interval 0.35 < 13 < 0.70, fl = v/c  

(Barber et al. 1980). 

Nucleus 

3H 
3He 
4He 

Momentum 
Interval 

[GeV/c] 
, , ,  

1.05- 2.76 
1.05- 2.76 
1.39- 3.65 

Number 

Observed 

Intensity 
[am-2 s - ' sr- ~ (GeV/c) -~ ] 

Observed 

< 2 
< 2 
< 13 

< 1.9.10 -6 
< 1.9.10 -6 

(2.2 • 1.1). 10-  

Predicted 

4.98.10 -s 
1.42.10 -8 
1.94.10 -8 

The limits for the abundances of 3H (tritium) and the two helium isotopes, 
3He and 4He, all at 747 g/cm 2, are given in Table 2.36. 

2 . 7 . 5  T h e o r e t i c a l  A s p e c t s  

Starting with the primary isotopic composition Price et al. (1980) have 
calculated the integral flux of heavy cosmic ray nuclei for various depths in 
the atmosphere. 

If N i ( X )  represents the number of particles of type i that traverse X 
g/cm 2 of atmosphere, then the differential equation governing the behavior 
of Ni(X) is given by 

(No) 
dX ' = -ai,i  --~T Ni+~_~ai , j  ~ U j ,  (2.20) 

J 

where ai,i is the cross section for type i projectiles, ai,j the total production 
cross section for type j secondaries, No is Avogadro's number, and AT is 
the average mass number of the target nucleus, usually 14.4 for air. The 
validity of this one-dimensional equation depends on the assumptions that 
the interactions are velocity-preserving and that there is no net scattering. 

The intensity was numerically integrated over all zenith angles and finite 
energies, from infinity (0 g/cm 2) to depth X. The contributions of various 
isotopes of the same element have been added. Fig. 2.169 shows the fluxes 
of nuclei with charges ranging from 5 to 28 at depths 0, 300, 540, 600, 650, 
and 1034 g/cm 2. 

Additional calculations have been carried out to obtain the differential 



280 CHAPTER 2. COSMIC RAYS IN THE ATMOSPHERE 

energy spectra of the four charge groups at various depths and angles in the 
atmosphere (Kolomeets et al., 1979). Figs. 2.170a to 2.170c show vertical dif- 
ferential energy spectra for a-particles, the L-group (Li, Be, B), M-group (C, 
N, O, F) and the H-group (Ne to K) at 40, 80 and 160 g/cm 2, respectively. 
Figs. 2.171a to 2.171d show three differential energy spectra each, corre- 
sponding to the zenith angles of 0 ~ 60 ~ and 80 ~ for the four charge groups 
at 30 g/cm 2, respectively. Analogous spectra are given in Figs. 2.172a to 
2.172d for a depth of 60 g/cm 2. 

Extensive calculations on fragmentation and cascading of cosmic ray nu- 
clei have been carried out by Freier and Waddington (1975). The depth- 
intensity relation of the different components resulting from various primary 
nuclei have been obtained. Charge ratio for different groups of nuclei in the 
upper atmosphere have been calculated by Alessio and Dardo (1979). 
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Figure 2.161" Differential intensity of stopping nuclei detected in nuclear 
emulsion for charges 6 <_ Z <_ 9 (Fukui et al., 1969). 
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Figure 2.162: Differential intensity of stopping nuclei detected in nuclear 
emulsion for charges Z >_ 10 (Pukui et al., 1969). 
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Figure 2.163: Charge spectra of heavy nuclei measured at three different 
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c) 40 - 50 g/am 2. The geomagnetic cutoff was 2.5 GV ("-625 MeV/nucleon) 
(Allkofer and Heinrich, 1974a). 
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abilities. 
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Figure 2.165: Comparison of the differential vertical flux of nuclei of the M- 
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(Allkofer and Heinrich, 1974a). The solid and dashed lines are calculated 
intensities using different weighted mean values for the fragmentation prob- 
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Figure 2.167: Integral vertical intensity of nuclei of different charge groups 
and E >_ 1200 MeV/nucleus, as a function of atmospheric depth (Allkofer 
and Heinrich, 1974a). The charge groups included are: M-group 6 _ Z < 9, 
H3-group 10 ___ Z < 14, Hl-group 20 <__ Z _< 28. The solid and dashed 
lines are calculated intensities using different weighted mean values for the 
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Figure 2.168" Deuteron vertical differential momentum spectrum at an atmo- 
spheric depth of 747 g/cm 2 (2750 m). The solid line is a theoretical spectrum 
(Barber et al., 1980). 



290 CHAPTER 2. COSMIC RAYS IN THE ATMOSPHERE 

~ i I I I 
_ _ 

-10 

~ - 

~ -20 
" O0 cm  

--~ -30 

_40~ 1034 g/tree ~ 

I - I I I I I - 
5 10 15 20 25 30 

Nuclear Charge, Z 
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Figure 2.171: Calculated energy spectra of alpha particles and L-, M- and 
H-group particles at a depth of 30 g/cm 2 in the atmosphere, for different 
zenith angles, presented in graphs (a to (d, respectively (Kolomeets et al., 
1979). 
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Figure 2.172: Calculated energy spectra of alpha particles and L-, M- and 
H-group particles at a depth of 60 g/cm 2 in the atmosphere, for different 
zenith angles, presented in graphs (a to (d, respectively (Kolomeets et al., 
1979). 
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2.8 Antinucleons, Antinuclei 

2 . 8 .1  I n t r o d u c t i o n  

Since the discovery of the antiproton (~) at the Bevatron accelerator by 
Chamberlain et al. (1955), the existence of antinucleons in the cosmic radia- 
tion had been expected on theoretical grounds. Evidence for the existence of 
antiprotons in the primary cosmic radiation was delivered by Golden and col- 
laborators in a balloon-borne experiment June 21-22, 1979, launched from 
Palestine, Texas (Golden et al., 1978, 1979a and 1979b). The instrument 
consisted of a superconducting magnet spectrometer combined with a gas 
Cherenkov detector, scintillators and high resolution multiwire proportional 
counters. The measurements were made under an average residual atmo- 
sphere of 5.4 g/cm 2. The geomagnetic cutoff during the flight varied from 
4.55 GV/c to 5.55 GV/c and the data acquisition period lasted 2.84-104 s 
(_~7.89 hrs). 

Figure 2.173 shows a plot of the number of observed particles as a function 
of magnetic deflection. This plot is typical for magnetic spectrometer mea- 
surements. Events to the right of zero deflection are positively charged and 
those on the left negative. Note that the scales of the ordinates on the left 
and right hand sides of the plot are different. On the extreme left of the plot 
one would expect negatively charged pions and muons of atmospheric origin 
which have a Lorentz factor below the imposed threshold of 23.6 (Golden 
et al., 1979b). The enhanced signal in the deflection region between -0.18 
and -0.08 GV/c is attributed to antiprotons. To extract the primary flux 
of antiprotons above the geomagnetic threshold from the total of recorded p 
events, the number of atmospherically produced ~ must be subtracted. 

Subsequent to the pioneering work of Golden and collaborators many 
more experiments were carried out to confirm the results of Golden, to im- 
prove the statistics and, above all, to determine the spectrum of the primary 
antiprotons. These topics are discussed in Chapter 5, Section 5.6 and mod- 
ulation related effects in Chapter 6, Section 6.3. 

2 . 8 . 2  E x p e r i m e n t a l  D a t a  

With the exception of balloon-borne experiments at the fringes of the atmo- 
sphere mentioned above that search for antiparticles in the primary cosmic 
radiation, almost no data exist on antiparticles of cosmic origin within the 
atmosphere. The reason for this lack of information is due to the fact that 
the detection of antinucleons (N) in the atmosphere is extremely difficult, 
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particularly detection of antineutrons (~). 

But also the detection of antiprotons is impeded by a high level of back- 
ground of negatively charged particles such as e-, lr-, k- and others, and a 
number of severe criteria must be applied to filter out the small fraction of 
antiprotons (e.g. Golden et al., 1978). 

The overwhelming majority of all the antiprotons in the atmosphere are 
produced locally in high energy interactions of primary and secondary cos- 
mic ray hadrons, mostly nucleons, with nucleons of nuclei of air constituents, 
chiefly nitrogen and oxygen. Extracting the small fraction of primary an- 
tiprotons from a sample of antiproton data in the atmosphere is an extremely 
difficult task and can only be done reliably for a data sample acquired near 
the fringes of the atmosphere where secondary production is small. 

For reasons of baryon number conservation antinucleons are always pro- 
duced in pairs, i.e., 

p + p  ~ p + p + p + p + a n y t h i n g  
p + p  ~ p + p + n + ~ + a n y t h i n g  
p + n ----> p + n + p + p + anything 

r• + p __> r:L + p + p + p + anything 
etc.. 

So far, only one direct measurement has been made at greater depth in 
the atmosphere, at an altitude of 2750 m (747 g/cm2), using a spectrometer 
with a superconducting magnet in conjunction with a time-of-flight array 
(Barber et al. 1980). Two possible antiproton candidates were found. With 
a 90% confidence level the upper limit of the vertical differential intensity of 
antiprotons, I~(p), at a depth of 747 g/cm 2 in the momentum range 0.19 _ 
p < 0.92 GeV/c is 

I~(0.19 _~ p~ ~ 0.92GeV/c) - 1.1.10 -5 [cm-2s-lsr-t(GeV/c)-l].  (2.21) 

2 . 8 . 3  T h e o r e t i c a l  S t u d i e s  a n d  E x p e c t e d  I n t e n s i t i e s  

Starting with the primary cosmic ray spectrum and the production cross 
section for antinucleons in air, Barber et al. (1980) computed the differen- 
tial momentum spectrum of antiprotons for momenta <_ 10 GeV/c that is 
produced by the primary cosmic radiation at a depth of 747 g/cm 2 in the 
atmosphere. The result is shown in Fig. 2.174. 
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Similarly, with the aid of a more sophisticated Monte Carlo simulation 
Ding et al. (1979) calculated the flux of antiprotons and the ratios of an- 
tiprotons to negative pions, ~/Tr-, and of antiprotons to protons, ~/p,  for an 
altitude of 3200 m. The calculations have been made under three different 
assumptions for the average secondary particle multiplicity, < n >, and two 
different multiplicity distributions. These included: a) < n > cx E ~ and 
a poissonian distribution, E being the energy in the laboratory frame of ref- 
erence; b) < n > oc ln(s) and the KNO-d i s t r i bu t i on  (Koba et al., 1972), 
s being the center of mass energy squared; and c) < n > c( E ~ and the 
KNO-d i s t r i bu t i on ,  respectively. The results do not differ appreciably. For 
the third case the following results have been obtained: 

I~(~_ 10 G e V )  - 2.87.10 -7 [cm-2s-lsr -1] (2.22) 

N~/N~-  - 0 . 0 5 0  for E >_10 GeV (2.23) 

N~/Np = 0.081 for E >_10 GeV. (2.24) 

Other attempts to estimate the secondary antiproton spectrum in the 
atmosphere were made by Stephens (1981a and 1981b), Bowen and Moats 
(1986) and Pfeifer et al. (1993 and 1996), using the proton-  proton colli- 
sion characteristics. The results thus obtained were then scaled to account 
for the primary cosmic ray mass composition and the different atmospheric 
nuclear target masses. Further simplifying assumptions were made for the 
propagation of antinucleons in the atmosphere and it was also assumed that 
the target nucleon is at rest. 

Recently, Stephens (1997) has carried out a far more detailed calculation 
of the intensity of the secondary antiproton component in the atmosphere. 
This was urgently needed in view of the fact that background uncertainties 
due to locally produced antiprotons are essentially the limiting factor de- 
termining the accuracy of any primary antiproton flux measurement with 
balloon-borne instruments at the fringes of the atmosphere. 

In his calculation Stephens included among other refinements the Fermi 
motion of the target nucleons in nuclei of air constituents in the kinematics 
of the interactions for the production of antinucleons. This addition plays 
an important role in reducing the production threshold for ~ because of the 
increased center of mass energy that is available and enhances the production 
of low energy antiprotons. 
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The results of Stephens (1997) for the differential intensities of secondary 
antiprotons at shallow depths near the top of the atmosphere, at 3, 5 and 10 
g/cm 2, for solar minimum and maximum are given in Tables 2.37 and 2.38. 
The same data are illustrated in Fig. 2.175 together with values at a residual 
atmosphere of 20 g/cm 2 and earlier results of Stephens (1981b) and Bowen 
and Moats (1986). 

Secondary antiproton intensities for different depths across the atmo- 
sphere from 100 g/cm 2 down to sea level were also calculated by Stephens 
and are shown in Fig. 2.176. Stephens' spectrum at 700 g/cm 2 differs very 
significantly from the comparative spectrum of Barber et al. (1980) at low 
energies for reasons discussed above. 
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Table  2.37: Secondary An t ip ro ton  Intensi t ies  in the  A t m o s p h e r e  

at Solar Min imum.  (Stephens  1997) 

Kinet ic  

Energy  

[GeV] 

0.05 

0.07 

0.10 

0.15 

0.20 

0.25 

0.30 

0.40 

0.50 

0.70 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

5.0 

7.0 

10 

15 

20 

25 

30 

40 

5O 

7O 

100 

20O 

In tens i ty  [cm -2 S -1 sr -1 GeV -1] 

Residual  A tmosphe re  

3 g / c m  2 

1 . 2 3 1 . 1 0  -a 

1 . 3 6 3 . 1 0  -a 

1 . 5 7 9 . 1 0  -a 

2 . 1 1 0 . 1 0  -a 

2 . 9 0 7 . 1 0  -a 

3 . 9 8 2 . 1 0  -a 

5 . 3 0 0 . 1 0  -8 

8 . 5 4 6 . 1 0  -a 

1 .228 .10  -z 

2 . 0 2 3 . 1 0  -z 

3 . 0 9 1 . 1 0  -z 

4 . 1 9 1 . 1 0  -z 

4.502- 10 -7 

4 . 3 4 2 . 1 0 -  z 

3 . 9 6 2 . 1 0  -7 

3 . 0 7 9 . 1 0  -7 

2 . 3 2 8 . 1 0  -7 

1 .367-10  -7 

7 . 0 2 2 . 1 0  -s  

3 . 0 1 4 . 1 0  -a 

1 .585 .10  -a 

9 . 3 7 2 . 1 0  -9 

6 .045-10  -9 

2 . 9 7 2 . 1 0  -9 

1 . 6 9 1  �9 1 0  -9 

7 . 1 1 0 . 1 0  - l~  

2 . 7 8 9 . 1 0  - l~  

4 . 3 7 7 . 1 0  -11 

5 g / c m  2 

2 . 9 9 3 . 1 0  -8 

3 .347-10  -8 

3 . 3 8 2 . 1 0  -8 

4 . 7 7 8 . 1 0  -8 

6 . 1 0 8 . 1 0  -8 

7 . 8 7 2 . 1 0  -8 

1 .002 .10  -7 

1 .528 .10  -7 

2 . 1 3 1 . 1 0  -z 

3 . 4 0 7 . 1 0  -z 

5 . 1 1 2 . 1 0  -z 

6 . 8 7 6 . 1 0  -z 

7 .365-10  -z 

7 . 0 9 5 . 1 0  -z 

6 . 4 7 1 . 1 0  -z 

5 . 0 2 8 . 1 0  -7 

3 . 8 0 1 . 1 0  -z 

2 . 2 3 3 . 1 0  -z 

1 .148 .10  -z 

4 . 9 2 8 . 1 0  -8 

2 . 5 8 5 . 1 0  - 8  

1 .533 .10  -8 

9.891 �9 10 -9 

4 . 8 6 4 . 1 0  -9 

2 . 7 6 8 . 1 0  -9 

1 .164-10  -9 

4 . 5 6 6 . 1 0  -~~ 

7 . 1 6 8 . 1 0  -11 

10 g / c m  2 

9.461 �9 10 -8 

1 . 0 8 6 . 1 0  -z 

1 . 2 4 8 . 1 0  -z 

1 . 4 9 4 . 1 0  -T 

1 .777 .10  -z 

2 . 1 1 8 . 1 0  -z 

2 . 5 3 0 . 1 0  -z 

3 . 5 1 8 . 1 0  -7 

4 . 6 2 8 . 1 0  -z 

6 . 9 4 8 . 1 0  -z 

1 . 0 0 1 . 1 0  -6 

1 . 3 2 2 . 1 0  -6 

1 . 4 0 6 . 1 0  -6 

1.351 �9 10 -6 

1 . 2 3 0 . 1 0  -6 

9 . 5 5 3 . 1 0  -z 

7 . 2 2 2 . 1 0  -z 

4 . 2 4 7 . 1 0  -~ 

2 . 1 8 5 . 1 0  -7 

9 . 3 9 6 . 1 0  -8 

4 . 9 3 2 . 1 0  -8 

2 . 9 2 7 . 1 0  -8 

1 . 8 8 9 . 1 0  -s  

9 . 2 9 4 . 1 0  -9 

5 .291 -10  -9 

2.226- 10 -9 

8 . 7 3 7 . 1 0  - l~  

1 . 3 7 2 . 1 0 -  to 
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Table  2.38: Secondary  Ant ip ro ton  Intensi t ies  in the  A t m o s p h e r e  

at  Solar Max imum.  (Stephens 1997) 

Kinet ic  

Energy  

[CeV] 
0.05 

0.07 

0.10 

0.15 

0.20 

0.25 

0.30 

0.40 

0.50 

0.70 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

5.0 

7.0 

10 

15 

20 

25 

30 

40 

50 

70 

100 

2OO 

Intensi ty  [cm -2 s -1 sr -1 GeV -1] 

Residual  A tmosphere  

3 g / c m  2 

1 .140 .10  -8 

1 .261 .10  -s  

1 . 460 .10  -8 

1 .946 .10  - s  

2 . 6 7 6 . 1 0  -s  

3 . 6 5 7 . 1 0  -8 

4 . 8 5 9 . 1 0  -8 

7 . 8 1 7 . 1 0  -8 

1 .122 .10  -z 

1 .846 .10  -7 

2 . 8 2 0 . 1 0  -z 

3 . 8 3 2 . 1 0  -z 

4 . 1 3 2 . 1 0  -7 

4 . 0 0 3 . 1 0  -~ 

3 .669 -10  -7 

2 . 8 8 1 . 1 0  -~ 

2 . 1 9 4 . 1 0  -z 

1 .306 .10  -~ 

6 . 7 8 5 . 1 0  -s  

2 . 9 4 2 . 1 0  -8 

1 .551 .10  -8 

9 . 2 2 6 . 1 0  -9 

5 . 9 6 4 . 1 0  -9 

2 . 9 3 9 . 1 0  -9 

1 .675 .10  -9 

7 . 0 5 6 . 1 0  -~~ 
2.771 �9 10- lo 

4 .356 .10-11  

5 g / c m  2 

2.771 �9 10 -8 

3 . 0 9 9 . 1 0  -8 

3 . 5 3 6 . 1 0  -8 

4 . 4 1 3 . 1 0  -8 

5 . 6 2 9 . 1 0  -8 

7 . 2 4 0 . 1 0  -8 

9 . 1 9 9 . 1 0  - s  

1 .400 .10  -T 

1 .949 .10  -z 

3 . 1 1 0 . 1 0  -T 

4 . 6 6 6 . 1 0  -7 

6 . 2 9 0 . 1 0  -T 

6.762 �9 10 -7 

6.543 �9 10 -7 

5 . 9 9 4 . 1 0  -T 

4 . 7 0 4 . 1 0  -T 

3 . 5 8 3 . 1 0  -z 

2 .133 -10  -z 

1 .109 .10  -z 

4 . 8 1 0 . 1 0  -8 

2.537- 10 -s  

1 . 5 0 9 . 1 0  -8 

9 . 7 5 8 . 1 0  -9 

4 . 8 1 1 . 1 0  -9 

2 .742 -10  -9 

1 .155-10  -9 

4 . 5 3 7 . 1 0  -~~ 
7 . 1 3 4 . 1 0  -11 

10 g / e r a  2 

8 . 7 6 5 . 1 0  -8 

1 . 0 0 6 . 1 0  -z 

1 .155 .10  -7 

1 . 3 8 1 . 1 0  -T 

1 .636 .10  -7 

1 .953-10  -~ 

2 . 3 2 9 . 1 0  -z 

3 . 2 2 9 . 1 0  -z 

4 . 2 4 1 . 1 0  -T 

6 . 3 5 4 . 1 0  -z 

9 . 1 5 3 . 1 0  -z 

1 .210 .10  -6 

1 . 2 9 2 . 1 0  -6 

1 .246 .10  -6 

1 .140 .10  -6 

8 . 9 4 2 . 1 0  -z 

6 . 8 1 2 . 1 0  -7 

4 . 0 5 8 . 1 0  -T 

2 . 1 1 2 . 1 0  -~ 

9 . 1 7 2 . 1 0  -8 

4 . 8 4 1 . 1 0  - s  

2 . 8 8 2 . 1 0  -s  

1 . 8 6 4 . 1 0  -s  

9 . 1 9 3 . 1 0  -9 

5 . 2 4 1 . 1 0  -9 

2 .209 -10  -9 

8 . 6 8 1 . 1 0  - l~  

1 . 3 6 6 . 1 0 -  lo 
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Figure 2.173' Number of observed particles as a function of magnetic de- 
flection. The proton spill-over marked on the negative deflection side is the 
extension of the scaled up version of the proton deflection spectrum shown 
on the positive side (Stephens and Golden, 1987). 
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Figure 2.175: Theoretical differential energy spectra of secondary antiprotons 
at very shallow depths in the atmosphere produced by cosmic rays for the 
solar minimum period (curves A to D) and for solar maximum (curve F) 
(Stephens, 1997). Also shown are the results of calculations by Bowen and 
Moats (1986), curve E, and Stephens (1981), curve G. 

A 3 g/cm 2 
C 10 g/cm 2 
E 5 g/cm 2 
G 3 g/cm 2 

B 5 g / c m  2 

D 20 g/cm 2 
F 3 g/cm 2 
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Figure 2.176: Theoretical differential energy spectra of secondary antiprotons 
at different depths in the atmosphere produced by cosmic rays (Stephens, 

1997). 

A 100 g/cm 2 
C 500 g/cm 2 
E 900 g/cm 2 

B 300 g/cm 2 
D 700 g/cm 2 
F 1030 g/cm 2 
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Chapter 3 

Cosmic Rays at Sea Level 

3.1 Introduct ion  

The interaction processes of the primary cosmic radiation in the atmosphere 
lead to different secondary particle components which have been described in 
Chapterl. Due to the specific interaction mechanisms to which the various 
particle types are subjected, the attenuation of their fluxes along their way 
through the atmosphere is different. Another important aspect is the mean 
life of unstable particles. Although they are mostly relativistic and experience 
a prolonged lifetime due to time dilation, the probability of surviving from 
the point of production to sea level depends on the particle type, its charge 
state, energy, zenith angle of propagation and mean life at rest. 

Energetic protons and neutrons lose energy mostly by strong interactions, 
heavy nuclei are fragmented in collisions with nuclei of air molecules, and 
electrons and photons undergo electromagnetic energy loss processes. In 
addition all charged particles are subject to ionization losses. Particles with 
mean lives shorter than 10 -12 s have almost no chance at all to survive down 
to sea level unless they are locally produced. Muons with a mean life of 
2.2.10 -6 s at rest survive to great atmospheric depths, provided they are 
adequately energetic. There they represent the bulk of charged particles. 

Another important component are neutrinos of all kinds. However, be- 
cause of their small cross section and weak interaction behavior, and because 
of major background problems, no cosmic ray neutrino experiments have 
been carried out in the atmosphere or at sea level. Since the neutrino flux is 
not significantly different underground as compared to sea level, the neutrino 
component is studied exclusively deep underground, underwater or under ice 
to insure sufficient shielding and adequate background reduction. Because 
of the different nature of the problems involved we discuss atmospheric neu- 
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trinos in Chapter 4, Section 4.5, astrophysical neutrinos, i.e., neutrinos from 
supernovae or of cosmic origin, in Chapter 5, Section 5.5, and solar neutrinos 
in Chapter 6, Section 6.6. 

In the following we are presenting the data of cosmic ray particles at 
sea level. These include charged hadrons, neutrons, gamma rays, electrons, 
muons, nuclei and antinucleons. The material is presented in this sequence. 
Even though the flux of nuclei at sea level is almost nonexistent compared to 
higher altitudes, as discussed in Chapter 2, a separate section is devoted to 
this subject to summarize the scant information, mostly of theoretical nature, 
that is available. Some comments and references on antinucleons are also 
given. The topic of cosmogenic nuclei, i.e., of isotopes that are produced by 
the cosmic radiation in the atmosphere and in the Earth's crust, is discussed 
in connection with questions that are related to the constancy of the cosmic 
radiation in Chapter 6, Section 6.3 and mostly in Chapter 7, Section 7.2 . 
A comprehensive review of the different particle components at ground level 
has been given in the book, Cosmic Rays at Ground Level, edited by A. W. 
Wolfendale (1973) (see also Allkofer, 1975). 

R e f e r e n c e s  

Allkofer, O.C.: Introduction to Cosmic Radiation, Thiemig Verlag, Miinchen 
(1975). 

Wolfendale, A.W., ed.: Cosmic Rays at Ground Level, The Institute of 
Physics, London (1973). 
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3.2 Charged Hadrons 

3.2.1 Flux Measurements  and Intensities 

Since the rate of ionization losses of a singly charged particle in any given 
medium is a function of the velocity of the particle only, the low energy 
spectrum of protons can be obtained by observing the rates of particles that 
are stopped in absorbers of suitable thickness. This method has been used in 
many experiments. In general proton momenta have been measured either 
with magnetic spectrometers or by comparing their rates of ionization losses 
and their ranges. Table 3.1 and Fig. 3.1 summarize the early proton intensity 
measurements at low momenta (Brooke, 1973). 

3.2.2 M o m e n t u m  and Energy Spectra 

At low energies the proton spectrum has been investigated with magnetic 
spectrometers in conjunction with neutron monitors. Positively charged nu- 
clear active particles have been identified as protons and positive pions, neg- 
atively charged as negative pions. There is also a small calculable contri- 
bution of positive and negative kaons and some few misidentified muons in 
both charge channels. A survey has been given by Brooke (1973). 

In the momentum range 0.3 < p < 80 GeV/c data have been obtained 
by Meshkovskii and Sokolov (1958), Brooke and Wolfendale (1964) and by 
Diggory et al. (1974). Fig. 3.2 shows the results together with Monte Carlo 
data by Barber et al. (1980). The differential intensities of single protons 
obtained in early measurements by Brooke and Wolfendale (1964) are given 
in Table 3.2 and the more recent results of Diggory et al. (1974) in Table 3.3. 

It should be noted that the data of Brooke and Wolfendale (1964) shown 
in Table 3.1 have been normalized to the absolute muon intensity given by 
Ashton et al. (1972) whereas the data in Table 3.2 are normalized to the 
integral intensity of 1 GeV/c muons obtained by Rossi (1948). On the other 
hand, the data of Diggory et al. (1974) are normalized to the intensity given 
by Allkofer et al. (1970a, 1971a and 1971b). The latter is about 26% larger 
than the Rossi intensity. Thus, to compare the data of Diggory et al. with 
those of Brooke and Wolfendale shown in Table 3.2 the latter should be raised 
by 26%. 

The proton momentum spectrum in the range 1 <_ p < 100 GeV/c is 
shown in Fig. 3.3 (Brooke, 1973). Above 5 GeV/c the differential spectrum 
can be represented by a power law, i.e., j (E )  (x E -'Y. The exponent, ~, of 
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Table 3.1" Low Momentum Vertical Proton Intensities. 
(Brooke 1973) 

Observer 

Rochester and Bound(1940)* 
Merkle et al. (1950) 
Goldwasser and Merkle (1951) 
Mylroi and Wilson (1951)* 

York (1952b) 

Ballam and Lichtenstein (1954) 

Rosen (1954) 

Momentum 
Interval 

[MeV/c] 

340 - 400 
480 - 880 
7 8 0 -  1100 

5 3 0 -  710 
7 1 0 -  930 
9 3 0 -  1350 

1500 
2000 

5 5 0 -  750 
750 - 880 
7 5 7 -  842 
842 
983 

1105 

Intensity 
xlO s 

[(cm2 ssr MeV 

154-6  
2 3 4 - 3  
2 0 + 5  

21.8 + 5.7 
11.6 • 2.1 
7.1 =t= 1.2 
5.6 + 1.0 
2.7 + 0.6 
2 8 + 3  

10.7 + 0 8 
13.5 4- 4.3 
12.4 4- 2.6 
13.3 • 3.2 
10.0 + 3.4 

- 983 

- 1105 

- 1 2 1 7  

5 9 0 -  770 
7 7 0 -  930 

9.1 + 1.9 
12.1 4- 2 3 

Filthuth (1955) 180 
210 
236 
275 
332 
432 

- 210 
- 236 
- 260 
- 312 
- 358 
- 446 

456 - 469 
615 
730 
887 

2.2 4- 0.3 
3.7 +0.4 

-1.1 
3.3 +o.4 

-0.8 
6.5 + 0.5 
8 . 0 + 1  
8 .34-1  
114-1  
1 0 + 1  

8.4 =t= 1 
4 . 8 •  

)11 

* Re-normalized using the absolute muon intensity given by Ashton et al. (1972). 

this spectrum is 2.9. 

In the high energy region spectra have been obtained by Ashton and 
Saleh (1975a and 1975b), Babecki et al. (1961) and Siohan et al. (1977). 
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Table 3.1" Low Momentum Vertical Proton Intensities (continued). 
(Brooke 1973) 

Observer 

Ogilvie (1955) 

McDiarmid (1959) 

i Brooke and Wolfendale (1964)* 

Hook and Turver (1972) 
(unpublished) 

Momentum 
Interval 

[MeV/c] 

5 9 0 -  700 
7 0 0 -  1100 
8 5 0 -  1240 
9 5 0 -  1300 

1050 - 1400 
7 1 6 -  739 
739 - 828 

740 
1030 
1530 
2120 
1000 
2000 

Intensity 
• 

[/cm ss   eV/ 
14q-4  

7 . 8 •  
6.5 q- 0.5 
6.0 i 0.7 
5 . 5 •  
2 4 + 3  
135=1 

20.3 • 3.7 
10.5 i 0.94 
3.65 -4- 0.38 
2.37 • 0.21 
6.0 =t= 0.24 
2.4 • 0.22 

* Re-normalized using the absolute muon intensity given by Ashton et al. (1972). 

The latter used an ionization calorimeter located at an atmospheric depth 
of 960 g/cm ~. With this apparatus three categories of energy spectra have 

been obtained: 

a) Single unaccompanied hadrons. 

b) Associated single hadrons, i.e., single hadrons which are accompanied 
by one or more parallel tracks in the calorimeter which do not produce a 
cascade. These can be shower electrons or very low energy hadrons. 

c) Associated multiple hadrons, i.e., events with two or more interacting 

hadrons. 

Fig. 3.4 shows the integral energy spectrum in the range 500 < E <_ 104 
GeV for singly charged hadrons, all charged hadrons and gives an upper 
limit for all hadrons (including neutrons). A least squares fit to a power law 
spectrum yields the following expression for the differential spectrum in the 

energy range 250 < E < 1200 GeV. 
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Table 3.2: Differential Intensities of Protons at Sea Level 
and Proton to Muon Ratio from four Experiments Combined. 

(Brooke and Wolfendale, 1964) 

Momentum 
[GeV/c] 

0.75 
1.03 
1.53 
2.12 
2.94 
4.60 
6.16 

10.3 
18.0 
27.5 
79.0 

Intensity* 
[am-2 s-1 sr-1 (MeV/c) -1] 

(1.50 • 0.28). 10 -z 
(s.4o + 0.75). lO-~ 
(2.85 i 0.30)-10 -8 
(2.26 • 0.20). 10 -8 
(7.64 • 0.88) �9 10 -9 
(3.40 -4- 0.36). 10 -9 
(1.40 • 0.46). 10 -9 
(4.6 :k 1.2). i0 I0 

(1.17 + 0.47). i0 -'~ 
(2.95 -+- 0.94). 10 TM 

(2.3 + 1.4). 10 -1~ 

p/~+ 
[%] 

, , ,  

5.44 i 1.01 
3.45 =k 0.31 
1.51 =t= 0.16 
1.64 =k 0.15 

0.848 =i= 0.098 
0.772 • 0.082 

0.53 i 0.17 
0.48 =k 0.12 
0.44 • 0.18 
0.32•  
0.50 �9 0.31 

* Normalized using the absolute muon intensity given by Rossi (1948). 

Table 3.3" Differential Intensities of Low Energy Protons at Sea Level. 
(Diggory et al. 1974) 

Proton Momentum 
[GeV/c] 

3 

5 
7 

10 

20 

Intensity 
Jam-2 s -1 sr-1 (GeV/c) -1] 

+0.10 (7.45_o.18) �9 10 -5 

(2. +o5 0-5 37 o:3). 1 

(1 +02 .22_o:a). 10 -5 

(5.31 i 0.1s).  10 -~ 
(1.66 + o09 ) .  10 -~ 
(3.76 • 0.30). 10 -T 
(9.o7+o.T8 ~'-1.31)" i0-8 

J(E)-(3"O=}=0"5)'lO-11 (E [GeV] )  - a ' ~ 1 7 6  [cm-2s-lsr- lGeV-1].  (3.1) 
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The corresponding integral energy spectrum can be fitted by 
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-2.054-0.4 
E[GeV]) [cm_2s_lsr_l ] J (> E) = (4.4 =i= 0.7)- 10 -9 300 (3.2) 

A least squares fit to the differential spectrum of all hadrons in the energy 
range 300 < E < 1700 GeV leads to 

j ( E ) -  (1.0=k0.15).10_lO (E[GeV])300 
-2.64-0.3 

[cm-2s-lsr-lGeV-1]. (3.3) 

An integral spectrum point was obtained for energies >__ 2000 GeV: 

I(> 2000 GeV) - (1.4=i= 0.7). 10 -1~ [cm-2s-lsr-1] . (3.4) 

Fig. 3.5 shows a comparison of the results obtained by Siohan et al. 
(1977), nabecki et al. (1961) and Ashton and Saleh (1975a and 1975b). 

Recent Spectral Measurements 

A relatively new measurement of the unaccompanied hadron spectrum was 
made by the Kascade team with their unique calorimeter essentially at sea 
level (110 m) (Mielke et al., 1994; Klages et al., 1997 and Schatz et al., 1998). 
The results of this work are given in Table 3.4 and plotted in Fig. 3.6. This 
figure includes a compilation of hadron spectral measurements from other 
experiments made by the same authors. 

3 . 2 . 3  Z e n i t h  A n g l e  D e p e n d e n c e  

There exist no experimental proton energy spectra for different zenith an- 
gles. Theoretical data for mean solar activity and rigidities of 4.4 GV and 
15 GV are presented in Tables 3.5 and 3.6, respectively (Fliickiger, 1977). 
Fig. 3.7 shows the calculated angular dependence together with curves given 
by Bel'skii and Romanov(1966) and by Lohrmann (1955) as shown by Flii- 
ckiger (1977). 

3 . 2 . 4  C h a r g e d  P i o n s  

Energy spectra of charged pions have been obtained by Brooke and Wolfen- 
dale (1964), Diggory et al. (1974), Ashton and Saleh (1975a, 1975b), Cowan 
and Mathews (1971), Baruch et al. (1973), and by Dmitriev (1960). Table 3.7 
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Table 3.4: Single Hadron Intensities Measured at 110 m a.s.1. 
The errors are statistical only. A systematic uncertainty of 20% below 

1 TeV and of 30% in the TeV region has to be added (Mielke et al., 1994). 

Mean Energy 
[GeV] 
4.1 
7.2 
1.3 
23 
41 
72 
129 
229 
407 
724 
1290 
2290 
4070 
7240 
12900 

Energy Range 
[a v] 

3.2 - 5.6 
5.6- 10 
1.0- 18 
1.8- 32 
32 - 56 
56 - 100 
100- 178 

Hadron 
Number 

178- 316 
316 - 562 
561 - 1000 

1000 - 1780 
1780- 3160 
3160 - 5620 
5620 - 10000 

10000- 17800 
. . .  

Hadron Flux 
[m2s-lsr-lGeV-1 ] 

902 
5170 
7335 
8365 
9420 
7840 
4595 
1980 
853 
361 
122 
48 
13 

(6.1 4- 0.20) �9 10 -2 
(1.7 4- 0.03). 10 -2 
(4.8 4- 0.06). 10 -a 
(9.8 + 0.10) �9 10 -4 
(2.0 i 0.02). lO -4 
(3.9 i 0.05). 10 -5 
(7.7 4- 0.11) �9 10 -6 
(1.4 4- 0.03). 10 -6 
(3.2 ::t: 0.11) �9 10 -7 
(7.4 i o.4o) �9 lO -8 

(1.4 • o .13)  �9 lO -8 

(2.9 -4- 0.42). 10 -9 
(4.2 =i: 1.20). 10 -1~ 
(3.3 -+- 2.30). 10 -11 

(9.4. 9)" 10 -11 

gives the differential intensities of single negative pions in the momentum 
range 1 <_ E <_ 20 GeV/c (Diggory et al., 1974). Fig. 3.8 shows the spectra 
of unaccompanied negative pions obtained by Diggory et al. (1974) and 
Brooke and Wolfendale (1964). The difference between the data could be 
due to the fact that older results have been normalized to the muon flux 
given by Rossi (1948), whereas the newer results have been normalized to 
the value given by Allkofer et al. (19703, 1971a and 1971b). A summary of 
pion data is given in Fig. 3.9 (Brooke, 1973). 

Fig. 3.10 shows the differential energy spectrum of charged pions (lr++1r -)  
in the energy range 40 _< E _< 7000 GeV, obtained by Ashton and Saleh 
(1975a). At low energies (_< 100 GeV) the data of these authors are consistent 
with the results of Brooke and Wolfendale (1964), but differ from those of 
Diggory et al. (1974) by about a factor of two. The shape of the spectrum 
can be represented by the expression 
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T a b l e  3.5: C a l c u l a t e d  Di f f e r en t i a l  P r o t o n  S p e c t r u m  a t  Sea  Leve l  

a n d  C u t o f f  R i g i d i t y  4.4 G V  for Di f fe ren t  Z e n i t h  A n g l e s  

a t  M e a n  S o l a r  A c t i v i t y  (F l i i ck ige r  1977).  
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Kine t i c  Ene rgy  

[MeV] 

5O - 100 

100 - 200 

200 - 400 

400 - 60O 

600 - 800 

8 0 0 -  1000 

1000 - 1250 

1250 - 1500 

1500 - 1750 

1750 - 2000 

2OOO - 3OO0 

3000 - 5000 

5000 - 7500 

750O - 10000 

10000 - 15000 

15000 - 2OO0O 

2O0OO - 3O00O 

3O0O0 - 40000 

4O00O - 5OOO0 

5OOO0 - 75OOO 

75000 - 100000 

0 ~ __ 15 ~ 

5 . 1 - 1 0  -7 

1 . 9 . 1 0  -7 

4 . 3 . 1 0  -7  

2 . 1 - 1 0  -7 

1 . 2 . 1 0  -7 

9.0. i0 -8 

6.6. I0 -8 

4.7-10 -8 

4 . 5 . 1 0  -8 

6.0-i0 -8 

2.9-10 -8 

1 . 0 . 1 0  -8 

2 . 1 . 1 0  -9 

2 . 3 - l O  - I ~  

1 . 5 . 1 0  -1~ 

1 . 6 . 1 0  - l ~  

0.0 
2 . 9 - 1 0  -11 

0.0 

0.0 

0.0 

P r o t o n  In tens i ty  [cm -2 s -  1 s r -  1 M e V -  1] 

in Zen i th  Angle In te rva l  

15 ~ _ _  30 ~ 
. . . .  

3 . 9 - 1 0  -7 

3 . 3 - 1 0  -7 

1 . 3 - 1 0  -7 

5 . 9 - 1 0  -8 

4.1 �9 10 -8 

3 . 2 - 1 0  -8 

5 . 9 - 1 0  -8 

1.7- 10 -8 

4 . 1 - 1 0  -8 

2 . 6 - 1 0  -8 

1 .3 -10  -8 

1 . 9 - 1 0  -9 

0.0 
1 .1 -10  -9 

0.0 

30 ~ __ 45 ~ 

1 . 6 - 1 0  -7  

1 . 9 - 1 0  -7  

8 . 3 - 1 0  -8  

3.1 �9 10 -8 

3 . 6 - 1 0  -8 

2 . 2 - 1 0  -8 

6 . 9 . 1 0  -9 

1 . 4 - 1 0  -8 

1 . 1 - 1 0  -8 

5 . 1 . 1 0  -9 

2 . 3 . 1 0  -9 

8 . 1 . 1 0  - l ~  

0.0 

45 ~ __ 60 ~ 
. . . .  

4 . 4 . 1 0  -7  

1 . 8 - 1 0  -7  

5 . 4 . 1 0  -8 

0.0 
1 . 9 - 1 0  -8 

5 . 3 - 1 0  -9  

0.0 

0.0 

0.0 

3 . 3 . 1 0  -9 

1.7-10 -9 

0.0 

60 ~ - 90 ~ 

6 . 6 - 1 0  -8 

3 . 1 - 1 0  -7  

5 . 8 - 1 0  -9 

7.6" 10 -9 

0.0 

j ( E )  c~ E -z55+~176 (3.5) 

3.2.5 Charge and Particle Ratios 

Fig .  3.11 shows  t h e  e n e r g y  d e p e n d e n c e  o f  t h e  r a t i o  o f  p o s i t i v e  a n d  n e g a t i v e  

p i o n s  to  p r o t o n s  a t  sea  level ,  as g iven  by  D i g g o r y  e t  al. (1974) ,  w i t h  add i -  

t i o n a l  d a t a  f r o m  B r o o k e  e t  al. (1964)  a n d  S u b r a h m a n i a n  (1962) .  T h e  l a t t e r  

h a v e  b e e n  o b t a i n e d  a t  an  a t m o s p h e r i c  d e p t h  of  800 g / c m  ~. T h e  r e s u l t s  of  

a r e c e n t  m e a s u r e m e n t  of  t h e  p ion  to  n u c l e o n  r a t i o  was  m a d e  by K r o n m a y e r  

e t  al. (1995)  a n d  is s h o w n  in Fig .  3.12 t o g e t h e r  w i t h  v a r i o u s  t h e o r e t i c a l  
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Table  3.6: C a l c u l a t e d  Different ia l  P r o t o n  S p e c t r u m  at  Sea  Level 

and  Cu to f f  R ig id i ty  15 G V  for Different  Zen i th  Angles  

at  Mean  Solar  Ac t i v i t y  (Fl i ickiger  1977). 

Kinetic Energy 

[MeV] 

50 - 100 

100 - 200 

200 - 400 

400 - 600 

600 - 800 

800 - 1000 

1000 - 1250 

1250 - 1500 

1500 - 1750 

1750 - 2000 
2000 - 3000 

3000 - 5000 

5OO0 - 75OO 

750O - 10000 

10000 - 15000 

1 5 0 0 0 -  20000 

2OOO0 - 3O00O 

30000 - 40000 

40000 - 50000 

50000 - 75000 

75000 - 100000 

0 ~ __ 15 ~ 

Pro ton  Intensi ty [cm -2 s -1 sr - 1 M e V  -1] 

2.7 10 -7 

1.3 10 -7 

1.4 10 -7 

1.3 10 -7 

7.3 10 -8 

7.6 10 -8 

5.6 10 -8 

4.6 i0 -8 

4.5 10 -8 

3.3 10 -8 
2.5 10 -8 

8.2- 10 -9 

2 .1 -10  -9 

2 .3 -10  -1~ 
1 .5-10  -10 

1.6-10 -1~ 

0.0 
2 .9 -10  -11 

0.0 

0.0 

0.0 

in Zenith Angle Interval 

15 ~ __ 30 ~ 30 ~ __ 45 ~ 

1 .0-10 -7 

8 . 1 . 1 0  -8 

5 .3 .10  -8 

2 . 6 . 1 0  -8 

1 .5-10 -8 

1 .6 .10  -8 

6 .9 -10  -9 

1 .1-10 -8 

1.0.10 -8 
4 .7 -10  -9 
2 . 2 . 1 0  - 9  

8 .1-10  - t ~  

45 ~ __ 60 ~ 

1 .3-10 -7 

6 . 7 . 1 0  -8 

2 . 4 . 1 0  -8 

0.0 
4 . 5 . 1 0  -9 

5 . 3 . 1 0  -9 

0.0 

0.0 

0.0 
3 .3 .10  -9 
1 .7-10 -9 

2 .4 -10  -7 

1 .1 .10  -7 

5 .9 -10  -8 

4 . 0 . 1 0  -8 

3 .0 -10  -8 

3 .1 -10  -8 

4 .9 -10  -8 

1 .5 .10  -8 

9 . 6 . 1 0  -9 

2 . 4 . 1 0  -8 
9 . 2 . 1 0  -9 

1 . 9 -  10 -9 

0.0 

1 . 1 . 1 0  -9 

60 ~ __ 90 ~ 

4 .5 -10  -8 

7 .9 -10  -8 

5 .8 -10  -9 

7 . 0 . 1 0  -9 

p red ic t ions .  T h e  d a t a  of K r o n m a y e r  et  al. (1995) are also given in t a b u l a t e d  
fo rm in Tab le  3.8 

A c o m p i l a t i o n  of  d a t a  of the  ene rgy  d e p e n d e n c e  of  the  r a t io  of  p r o t o n s  

to  m u o n s  f rom m a n y  e x p e r i m e n t s  is p r e sen t ed  in Fig.  3.13. 

S imi lar ly ,  d a t a  of the  r a t io  of  cha rged  pions  to  pos i t ive  and  n e g a t i v e  

m u o n s  o b t a i n e d  by Brooke  et  al. (1964) are  given in Fig. 3.14. 

T h e  ene rgy  d e p e n d e n c e  of  the  so-cal led n e u t r a l - t o - c h a r g e d  r a t i o  which  

is essen t ia l ly  t he  r a t io  of n e u t r o n s  to  cha rged  h a d r o n s  has  been  m e a s u r e d  

by K r o n m a y e r  et al. (1995) nea r  sea level (Kar l s ruhe ,  110 m a.s.1.) a n d  is 
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Table 3.7' Low Energy Differential Single Negative Pion Intensities 
at Sea Level (Diggory et al. 1974). 

Pion Momentum 
[GeV/c] 

1 

2 
3 
5 
7 

10 
20 

Intensity 
[cm-2 S -1 sr-~ ( a e V / c )  -1] 

(5.68 + 0.25). 10 -6 
(2.08 ~ 0.08). 10 -6 
(8.60 • 0.39). 10 -7 
(6.48 + 0.46). 10 -7 
(4.02 :i: 0.37). 10 -7 
(1.67 :t: 0.21) �9 10 -T 
(8.53 :k 1.30). 10 -8 
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Table 3.8" Ratio of Charged Pions to Nucleons at Sea Level. 
(Kronmayer et al., 1995) 

Energy Range 
[GeV] 
10- 18 
18 - 32 
32- 56 
56-  100 

100 - 180 
180 - 320 
320- 560 
560- 1000 
1000- 1800 

< E >  
[GeV] 

13 
23 
41 
72 
130 
230 
405 
725 
1300 

Ratio 
Pions / Nucleons 

, , ,  

0.38 i 0.12 
0.44 =k 0.11 
0.49 =k 0.13 
0.67 =k 0.15 
0.56 • 0.10 
0.63 =t= 0.11 
0.88 =k 0.23 
1.58 • 0.88 
0.43 =t= 0.51 

given in Fig. 3.15. Results from other experiments, including the work of 
McFall et al. (1979) from mountain altitude (730 gcm -2) are also presented 
for comparison. The numeric data of the work of Kronmayer et al. are given 
in Table 3.9. 

3 . 2 . 6  T h e o r e t i c a l  C o n t r i b u t i o n s  

Theoretical energy spectra and fluxes of charged hadrons in the atmosphere 
have been computed by Torsti (1975), O'Brien (1971 and 1975), Hook and 
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Table 3.9' Neutral to Charged Ratio of Unaccompanied Hadrons 
at Sea Level (Kronmayer et al., 1995). 

Energy Range Ratio 
[ G e V ]  Neutral/Charged 

, ,  

10- 18 
18- 32 
32- 56 
56- 100 
100- 180 
180- 320 
320- 560 
560- 1000 
1000- 1800 

< E >  
[GeV] 

13 
23 
41 
72 
130 
230 
4O5 
725 
1300 

(0.56 • 0.07) 
(0.53 + 0.06) 
(0.50 + 0.06) 
(0.42+o.o5) 
(0.47 • o.04) 
(0.44 + 0.04) 
(0.36 + 0.06) 
(0.24• 
(0.53 + 0.29) 
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Figure 3.1: Measurements of the vertical proton intensity for momenta less 
than 2.5 GeV/c. The curve is based on the original data shown in the 
graph and listed below, except for the data of Filthuth (1955), the values 
of which had been increased by 70%, the percentage they are lower than 
other comparative data (Brooke, 1973). 
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Figure 3.7: Zenith angular distribution of protons at sea level (1033 g/cm 2) 
(F1/ickiger, 1977). 
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3 . 3  N e u t r o n s  

3.3.1 Flux Measurements and Intensities 

Only a few experiments have been carried out to determine the intensity and 
the energy spectra of neutrons at sea level. They have been reviewed by 
Ashton (1973). 

The vertical differential neutron intensity in the energy range 80 < E < 
300 MeV was found to be 1.54.10 -3. E -~'s • 33% cm-2s-lsr- lMeV -1 (Heid- 
breder et al., 1971). The omnidirectional intensity has been measured by 
Hajnal et al. (1971) and was found to be 8.2.10 -3 cm-2s -1. 

3.3.2 Energy Spectra 

In the low energy region energy spectra have been measured by Ashton et 
al. (1971), Heidbreder et al. (1971), and Hess et al. (1959). The results 
obtained by Ashton et al. (1971) together with proton data from the work 
of Brooke and Wolfendale (1964), and a calculated spectrum by Hughes and 
Marsden (1966) are shown in Fig. 3.16 (Ashton, 1973). 

High energy data have been obtained by Milroy and Wilson (1951), and 
Ashton et al. (1970), and recently by Kronmayer et al. (1995). Fig. 3.17 
shows the differential energy spectrum of neutrons in the energy range 10 < 
E < 1000 GeV together with the proton spectrum of Brooke and Wolfendale 
(1964), for comparison (Ashton, 1973). From this figure it can be seen that 
the high energy intensities of protons and neutrons are essentially the same. 
The intensities measured by Kronmayer et al. (1995) are also given in tabu- 
lated form in Table 3.10 (the term neutral used in this table means essentially 
neutrons). 

A compilation of differential neutron intensity data in the energy range 
1 _< E _< 106 MeV has been made by Heidbreder et al. (1971). Fig. 3.18 
shows the results for the geomagnetic latitude of 50 ~ N. Another compilation 
over the same energy range was made by Fliickiger (1976) together with a 
Monte Carlo calculation. A calculated spectrum is presented in Fig. 3.19 and 
compared with measurements in the energy range 102 < E < l0 s MeV (Arm- 
strong et al., 1973). Another calculation has been made by Bhattacharyya 
et al. (1979). 
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Table 3.10: Neutral Hadron Intensity at Sea Level 
(Kronmayer et al., 1995) 

Energy Range 
[CeV] 
10- 18 
18 - 32 
32 - 56 

56 - 100 
100- 180 
180- 320 
320 - 560 

56O- 1000 
1000 - 1800 

< E >  
[C v] 

13 
23 
41 
72 
130 
230 
405 
725 
1300 

Neutral Intensity 
[cm-2s-lsr-XGeV -1] 

. . . .  

(1.4 • 0.3). 10 -7 
(2.4 • 0.5). 10 
(5.1 • 1.1). 10 -9 
(1.0 :k 0.2). 10 -9 
(2.4 -4- 0.5). 10 - '~  
(5.0 :k 1.1). 10 -'1 
(8.1 :k 1.9). 10 -12 
(i.I 4- 0.4)- 10 -12 
(3.4 + 1.4). i0 -'3 

3.3.3 Zenith Angle Dependence 

Measurements of the zenith angle distribution show that it can be approxi- 
mated by the expression 

I(O) = I(0 ~ cosn(0) (3.6) 

with n = 3.5 4- 1.2, up to zenith angles of 60 ~ (Heidbreder et al., 1971). 
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3.4 G a m m a  Rays 

3 . 4 . 1  E x p e r i m e n t a l  A s p e c t s  a n d  D a t a  

No flux data and energy spectra exist for gamma rays only at sea level. 
All measurements include both, electrons and gamma rays combined. Thus, 
most of the data for gamma rays given in this chapter include electrons as 
well. 

The ratio of photons to electrons of energies _> 100 MeV was found to 
be unity. According to Palmatier (1952) the corresponding photon intensity 
I is 

I (E > 100 MeV) = 10 -3 [cm-2s-lsr-1]. (3.7) 

In one experiment electrons and gamma rays have been separated at an 
atmospheric depth of 760 g/cm 2 (Beuermann and Wibberenz, 1968). The dif- 
ferential energy spectrum obtained by this measurement is shown in Fig. 3.20 
together with a calculation of the photon spectrum at the same depth (Daniel 
and Stephens, 1974). The exponent, 7, of the differential energy spectrum, 
which can be represented by the expression j (E) (x E -'y, is 2.0. The calcu- 
lated differential energy spectrum at sea level is shown in Fig. 3.21 (Daniel 
and Stephens, 1974). For comparison, the spectra of electrons and positrons 
are also indicated. 
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3 . 5  E l e c t r o n s  ( N e g a t r o n s  a n d  P o s i t r o n s )  

3 . 5 . 1  F l u x  M e a s u r e m e n t s  a n d  I n t e n s i t i e s  

As pointed out before, the secondary cosmic radiation is divided into a hard 
and a soft component. By definition the hard component is able to penetrate 
15 cm of lead, which corresponds to 167 g/cm 2. The soft component which 
consists mostly of electrons (negatrons and positrons) and photons is almost 
completely absorbed in such a massive shield. Its flux at sea level amounts 
to about 35% - 40% of that of the muons. 

The vertical intensity Iv and the flux J~ are generally known. Assuming 
for the angular dependence 

I(0) = Iv cos~(0) (3.s) 

the following relation between the flux and the vertical intensity can be de- 
rived. 

Iv) (3.9) 
J1 = 27r n +  2 

Measurements of the soft component have been carried out by Greisen 
(1942). The following data are given for the vertical intensity Iv and the flux 
J1 at sea level" 

Iv = 31 .10  -~ [cm-~s-'sr -1] (3.10) 

J1 -- 5.2.10 -3 [cm-2s-1]. (3.11) 

A somewhat higher vertical intensity was measured by Chou (1953), 
namely 

Iv -- 3.3.10 -3 [cm-2s-lsr-1]. (3.12) 

The intensity for energies >_ 80 MeV amounts to (30 + 6)% of the total flux 
of the soft component. Pugacheva and Yamburenko (1973) have given the 
following value for the vertical intensity: 

I,(>_ 80MeV) -- 1.0.10 -a [cm-2s-lsr-1] . (3.1a) 

An integral value for the vertical intensity for E >_ 500 MeV has been 
given by Wibberenz (1962). 
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Based on vertical intensity measurements at an altitude of 3000 m, Beuer- 
mann and Wibberenz (1968) derived the vertical intensity and the flux of 
electrons and positrons for E >_ 100 MeV at sea level. They obtained 

I~(>_ IOOMeV) - (8.8 i 0 . 8 ) -  10 -4 [cm-2s-~sr -~] (3.14) 

Jl(>_ 100MeV) = (1.0 :t: 0.1). 10 -a 

Adding the flux of photons, a value of 

[cm-2s -1] . (3.15) 

J~(>_ 100MeV) = (2.7-t- 0.3). 10 -3 [cm-2s -1] (3.16) 

can be given for the total soft component (Beuermann and Wibberenz, 

1968). 

3.5.2 Energy Spectra 

Sea level energy spectra have been measured by Allkofer and Knoblich (1970), 
needle (1970), Beuermann and Wibberenz (1968), and Wibberenz (1962). 

The differential momentum spectrum for the range 0.1 _ p < 0.8 GeV/c 
is shown in Fig. 3.22 (Allkofer and Knoblich, 1970). Fig. 3.23 shows the 
energy spectrum for the range 80 < E < 3700 MeV (Pugacheva et al., 
1973) together with low energy values from Palmatier (1952). The integral 
spectrum for E > 80 MeV can be represented by 

J ( k  E) = 2.2.10 -5 E -1"4~ [cm-2s-lsr -1] . (3.17) 

with E in [GeV]. 

A combined differential energy spectrum consisting of measured and cal- 
culated data is shown in Fig. 3.24 (Daniel and Stephens, 1974). Since the 
spectrum at sea level is independent of the geomagnetic latitude, values of 
different latitudes could be summarized in this figure. Between 100 and 1000 
MeV a power law spectrum can be fitted with an exponent of-2.0. Beyond 
about 1 GeV a value of-2.8 is required. 

3 . 5 . 3  C h a r g e  R a t i o  

The charge ratio of positrons to negatrons has been determined up to 6 GeV 
with a magnetic spectrograph, combined with a calorimeter (Allkofer and 
Knoblich, 1970). The results are shown in Table 3.11. The charge ratio shows 
values less than one, as expected, because of processes like the Compton 
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Table 3.11: Intensities and Charge Ratio of Electrons at Sea Level. 
(Allkofer and Knoblich 1974) 

347 

Momentum 
Interval 
[GeV/c] 

0.05- 0.5 
0.5 - 1.0 

Mean 
Momentum 

[GeV/c] 

0.20 
0.64 

Intensity 

[cm-~ S -1 St-1 (GeV/c) -1] 

(2.20 + 0 . 2 6 )  �9 10 - 3  

(2.75 + 0.69) �9 10 -4 

Charge Ratio 

0.52 �9 0.13 
0.60 �9 0.31 

effect and knock-on production, that generate negatrons only. Theoretical 
energy spectra for negatrons and positrons are shown in Fig. 3.25 (Daniel 
and Stephens, 1974). 

3.5.4 Zenith Angle Dependence 

The zenith angle dependence of the observed intensities can be fitted with 
a cos2(0) distribution for ~ < 60 ~ in the energy range 1.3 < E <_ 35 MeV 
(Beedle, 1970). For electrons of energy 2 <_ E <_ 20 GeV a value of n - 2 .0 i  
0.5 was obtained for the exponent (Kameda, 1960). The angular dependence 
observed by Beuermann and Wibberenz (1968) is shown in Fig. 3.26. The 
exponent which results from this work is n > 3.6 for E >_ 100 MeV. 
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3.6  M u o n s  

3.6.1 Introduct ion  

With the exception of photons and neutrinos, muons are the most abundant 
component of the secondary cosmic radiation at sea level. Consequently 
much more information is available on muons than on any other compo- 
nent. In addition muon data reveal information on high energy processes in 
the atmosphere and on the primary radiation, in particular on its spectrum 
and composition. Comprehensive reviews on this subject have been pre- 
sented in rapporteur papers at international cosmic ray conferences and in 
review articles (Allkofer, 1967 and 1979a; Thompson, 1973; Kitamura, 1981; 
Narasimham, 1987; and Ryazhskaya, 1995). A recent summary of theoretical 
aspects of atmospheric muons, including contributions from charm decay and 
comparisons with experimental data is given by Bugaev et al. (1998). 

3.6.2 Abso lu te  Flux M e a s u r e m e n t s  and Intensi t ies  

The vertical muon intensity at sea level is an important physical quantity. 
At low momenta (p, _< 5 GeV/c) it depends on the geomagnetic latitude, 
A, of the location where the measurement is made and on the solar activity. 
Geomagnetic effects are discussed in Chapter 1, Section 1.8 and Chapter 6, 
Section 6.2, and details of the latitude effect in Subsection 3.6.6 below. Muon 
measurements up to 1973 had been summarized by Allkofer and Jokisch 
(1973). 

The so-called hard component which penetrates 15 cm of lead (167 g/cm 2) 
consists mostly of muons (p~ > 0.3 GeV/c), less than 1% are protons or 
other particles. The following values have been given for the vertical integral 
intensity, I~ (>_ p), the flux, J~ (>_ p), and the omnidirectional intensity, J2 (>_ 
p), of the hard component at a latitude of 50 ~ and an altitude of 259 m a.s.1. 
(1007 gcm -2) (Ithaca, N.Y.) (Greisen 1942). The data apply to muons of 
momentum >_0.35 GeV/c, accounting for slightly inclined trajectories in the 
absorber because of the finite opening angle of the muon telescope. 

Iv(>_ O.35aeV/c) = 0.82-10 .2 [cm-2s-lsr -t] (3.18) 

Jl(> 0.35aeV/c) = 1.27.10 -2 [cm-2s -1] (3.19) 

22(>_ 0.35aeV/c) = 1 . 6 8 . 1 0  - 2  [ c m - 2 s - ' ]  . (3.20) 
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Based on measurements by Greisen, Rossi (1948) derived the vertical 
differential intensity, Iv(p), for a muon momentum of 1 GeV/c, obtaining a 
value of 

I~(1GeV/c) = 2.45.10 -6 [cm-2s-lsr-l(MeV/c)-l] �9 (3.21) 

Newer measurements using more modern detectors and precise correction 
factors have led to higher values (Allkofer et al. 1970a, 1970b, 1970c, 1970d, 
and 1971d erratum to 1970a). According to these measurements the absolute 
vertical differential muon intensity at 1 GeV/c is 

o r  

I~ (1 GeV/c) = 3.09- 10 -6 =k= 5% [cm-2s-lsr- 1 (MeV/c)-l] , (3.22) 

I ,(1GeV/c) = 3.09.10 -3 [cm-2s-lsr-l(GeV/c)-l] , (3.23) 

which is 26% higher than the Rossi intensity. The vertical integral intensity, 
the flux and the omnidirectional intensity have been derived from this inten- 
sity and have been found to be 16% higher than the Greisen data (Greisen 
1942; Allkofer et al. 1975a). They have the following values for a lower 
momentum cutoff at 0.35 GeV/c: 

Iv(> 0.35GeV/c) -- (0.94 zi: 0.05). 10 -2 [cm-2s-Xsr -1] (3.24) 

Jx(> 0.35GeV/c) = (1.44 4- 0.09). 10 -2 [cm-2s-~] , (3.25) 

J2(> 0.35GeV/c) = (1.90 4- 0.12). 10 -2 [cm-2s-1]. (3.26) 

In 1970 worldwide re-measurement of the muon intensities had been ini- 
tiated to clarify the situation. New differential and integral measurements 
were carried out, predominantly at sea level and at low momenta. The new 
values are between 10% and 30% higher. Table 3.12 gives a summary of the 
results obtained by various authors (see also Allkofer and Jokisch, 1973). A 
compilation of differential data is shown in Fig. 3.27 and of integral data 
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Table 3.12" Vertical Absolute Integral Intensities of Muons 
at or near Sea Level (ordered by latitude). 

Authors 

Allkofer et al. (1968) 

Chandrasekharan et al. 

(1950) 

Sinha and Basu (1959) 

De et al. (1972) 

Karmakar et al. (1973) 

Gokhale (1953) 

Gokhale and 

Balasubrahmanyam 

Fukui et al. (1957) 

Kitamura and 

Minorikawa (1953) 

Baschiera et al. (1979) 

Wentz et al. (1995) 

Rossi (1948) 

Pomerantz (1949) 

Allkofer et al. (1970a, e, 

Geomagn. Alti- Momen- 
, 

Lat. pc 1) tude tum 
[~ [GV] [m] [GeV/c] 

9 14.1 s.1. 

9 - 555 

12 16.5 30 

12 16.5 30 

16 15.0 122 

19 

19 124 

24 12.6 s. 1. 

25 12.6 - 

42 4.5 238 

44.5 3.4 116 

>50 ~1.8 s.1. 

52 2.O 89 
i ! 

53 2.4 s. 1. 

Intensity 
xlO 3 

>0.32 7.25i0.1 

>0.27 7.6 

>0.27 7.3=t=0.2 

>0.954 i 6.86+0.03 

>0.353 

>1.0 

> 0 . 3 2  

>0.27 

>0.34 

>0.54 

>0.34 

> 0.457 
R 

> 0.918 

8.99+0.05 

6.85-+-0.04 

7.3+0.1 

7.55=i=0.1 

7.35-4-0.20 

6.87=t=0.25 

7.2=i=0.1 

8.75 i 0.33 

7.27 i 0.26 

>0.6 8.54 =}= 0.34 

>0.32 8.3 

>0.31 8.2~0.1 

>0.985 

>1.239 
> 0.4 2) 

and 1971d erratum 

Allkofer et al. (1971b, c), 

Allkofer & Clausen (1970) >_1.0 
l I I , i  

Kraushaar (1949) 53 1.6 259 
I I I I 

Greisen (1942) 54 1.5 259 i >__0.33 

s. 1. _>0.33 

7.49=i=0.30 

6.76=t=0.27 

9.18 

7.22 

>0.28 8.87-+-0.05 

8.2=}=0.1 
8.3+0.12) 

1) Cutoff rigidities, Pc, are listed as given in references. They may vary with time 
and model employed. 
2) Results after corrections made by Rossi (1948). 
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Table 3.12: Vertical Absolute Integral Intensities of Muons 
at or near Sea Level (ordered by latitude) (continued). 

Geomagn. Alti- Momen- 

Authors Lat. Pc  i) ' tude turn 

[~ [GV] [m] [GeV/c] 

Ankofer ( 965) 2.2 s. 1. >0.320 

>0.320 
, , .  

Allkofer (1965) 

Crookes & Rastin (1972 i' 
Crookes and Rastin 

(1971b, 1973) 

53 2.5 40 >0.35 

> 7.3 

Barbouti and Rastin 53 .... 2~5 

(1983) 

Hayman et al. (1962) 

Ashton et al. (1972) 

. .  

Ayre et al. (1971a, b, 

40 

57.5 1 .8  s.1. 

57.5 2.1 s. 1. 

57.5 2.1 s . I .  

> 8.5 

> 0.438 

> 0.815 
m 

> 1.728 

> 2.681 

> 3.639 

Intensity 

xlO a 
[cm-2 s-1 sr-1] 

8.54-0.2 

8.4• 

9.13+0.12 

1.40 4- 0.02 

1.19 4- 0.06 

8.868 • 1.3% 
7.661 =t= 1.1% 

5.563 • 1.1% 

4.152 i 1.2% 

3.20 4- 1.1% 

>0.320 >7.64-0.06 

>0.88 

>1.0 
m 

> a.48 

and 1973a) > 7.12 

8.22~0.4 
7.58• 2) 

2.86 i 0.04 

1.31 =t= 0.02 

1) Cutoff rigidities, Pc, are listed as given in references. They may vary with time 
and model employed. 
~) Obtained by combining with the measurements of Allkofer et al. (1970a) and 
Allkofer and Clausen (1970) around 1 Gev/c. 

in Figs. 3.28 and 3.29. The discrepancies between the very early and the 
more recent measurements are evident. Newer measurements of the vertical 
intensity at low momenta carried out by different authors are in agreement 
with each other, as shown in Fig. 3.30 (Flint et al. 1973). 

High resolution low energy vertical measurements by Karmakar et al. 
(1973), Ng et al. (1974b), and others have led to the results listed in Ta- 
ble 3.13. A more recent summary of muon measurements has been given by 
Shen et al. (1981) and Kitamura (1981). 

A very recent integral measurement made by Wentz et al. (1995) in 
Karlsruhe, Germany, at 110 m a.s.1, yielded a value of (8.54 4-0.34).  10 -3 
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Table 3.13: Low Momentum Vertical Differential Muon Intensities 
at Sea Level. 

Cutoff 
Authors Pc 

[Gv] 
Rossi (1948) ~1.8 

Ng et al. (1974b) 2.1 

Allkofer et al. (1970d) 
Allkofer et al. (1970a, e, 

and 1971d erratum) 
Allkofer and Clausen (1970) 
Allkofer and Jockisch (1973) 

Baschiera et al. (1979) 

2.4 

4.5 

Bateman et al. (i971) 4.9 

Basu and Sinha (1956/57) 16.5 

De et al. (1972b) 16.5 

* new standard 

Momentum 

[GeV/c] 

Intensity • 10 3 

[cm-2s-lsr-1 
(GeV/c) -1] 

1.0 2.45 

0.85 + 0.03 

1.16 -4- 0.04 

1.32 

1.0 
1.112 
1.24 

1.0 

0.314 

0.805 

4.09 -4- 0.21 

3.29 i 0.19 

2.57 + 0.21 
3.21 -4- 5% 
2.90 -4- 0.2 

2.73 • 0.23 
3.09 4- 8% * 

3.25+0.17 

3.60 • 0.18 
3.O 1 .0 •  

0.30 2.89 -4- 0.1 

1.131 2.32 -4- 0.2 
, . .  

cm-2s-lsr-1 at a threshold energy of 0.5 GeV (p _~ 0.6 GeV/c). 

The zenith angle dependence of the muon intensity is discussed in Sub- 
section 3.6.4 where absolute intensities for a wide range of zenith angles are 
summarized. 

3 . 6 . 3  M o m e n t u m  a n d  E n e r g y  S p e c t r a  

The momentum spectrum of muons has been measured many times. Most 
experiments were carried out with magnetic spectrometers. The upper limit 
of the momentum range of early measurements was just a few GeV/c, today it 
is in excess of 20 TeV/c for large spectrometers. In the highest energy region 
spectral data had been obtained with emulsion chambers, muon pair meters 
and burst detectors (Mitsui et al. 1979, 1983a and 1983b). Because of the 
low event rate at high energies large installations are required. Many spectra 
were measured at large zenith angles, close to the horizontal direction. 
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Vert ical  Spec t ra  

Momentum spectra of vertical muons have been measured in Kiel with a 
variety of spark chamber spectrometers in different energy regions (Allkofer 
et al. 1970a, 1970c, and 1971d erratum to 1970a; Knoblich 1968). The 
results were merged to form a single momentum spectrum, covering the range 
0.2 < p _ 1000 GeV/c (Allkofer et al. 1971b and 1971c). The differential and 
integral spectra from this work are shown in Fig. 3.31. The values are also 
given in Table 3.14 (Allkofer et al. 1971b). 
of the power law representations, Ju(P) 
respectively, can be taken from Table 3.15. 
results is shown in Figs. 3.32 and 3.33. 

In somewhat later work Karmakar et al. 

The corresponding exponents 
E -~ and Ju(>_ p) oc. E -'y, 
A comparison with previous 

(1973) made high precision 
absolute measurements of low momentum muons in North Bengal at geo- 
graphic coordinates N 27 ~ 3' N and ,.~ 88 ~ 30' E, just slightly above sea level, 
at altitude 122 m and mean atmospheric pressure of 995.5 mb. The local 
geomagnetic cutoff energy was 15 GeV. The results are given in Table 3.16. 

De et al. (1974) obtained the following expression that gives a good fit to 
the experimental differential spectrum over the momentum range 0.2 < p _ 
20 GeV/c at low latitude (12~ and sea level. 

Ju(P) - 2.47.10-3p -~176176 In(p) [cm-2s-lsr_l(GeV/c)_l], (3.27) 

where p is in GeV/c and the constant refers to the differential muon intensity 
at 1 GeV/c obtained by these authors in their experiment. 

For high latitudes most of the absolute spectra can be well represented 
(within 8%) by the relation 

ju(p) = 3.09.10-3p -~176 [cm-2s-lsr-~(GeV/c)_l]. (3.28) 

The spectrum is normalized at the standard momentum of 1 GeV/c to 
the value stated in eq. 3.23. 

Menon and Ramana Murthy (1967) assembled a so-called composite ver- 
tical integral energy spectrum of muons from a variety of early measurements 
made with different experimental installations and types of apparatuses, cov- 
ering the energy range 20 < E < 7000 GeV. The spectrum is presented in 
tabulated form in Table 3.17 and as a plot in Fig. 3.34. 

Detailed spectral measurements were carried out by Rastin and co-wor- 
kers at Nottingham, England (Rastin 1984a). These data are summarized 
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Table 3.14: Vertical Absolute Differential Muon Intensities at Sea Level 
at Kiel in the Momentum Range 0.2 < p < 1000 GeV/c. 

(Allkofer et al. 1971b) 

Momentum 
Range 

[GeV/c] 

0.2 - 0.5 
0.5- 0.8 
0.8 - 2.0 
2.0 - 4.0 
4,0- 6.0 

0.98- 1.24 

O.2 - O.4 
0.4- 0.6 
0.6- 1.0 
1.0- 1.5 
1.5- 2.5 
2.5 - 4.0 
4,0- 6.O 
6.O- 10 

10- 13 
13- 17 
17- 25 
25 - 40 
40-  70 
70- 128 

128- 250 
250- 450 
450- 1000 

Mean 
Momentum 

[GeV/c] 

0.34 
0.64 
1.32 
2.86 
4.91 

1.11 

0.29 
0,50 
0.79 
1.24 
1.95 
3.17 
4.91 
7.76 

11.4 
14.8 
20.5 
31.4 
52.3 
93.0 
175.0 
329.0 
642.0 

Differential 
Intensity 

[cm-2s- 1 sr - '  (GeV / c)- 11 

(3.92 -t-0.62). 10 - 3  

(3.59 +0.49). 10 -3 
(2.57 -t-0.29)-10 - 3  

(1.11 -t-0.13). 10 -3 
(4.13 i0 .59) .  10 .4 

(2.90 i0 .20) .  I 0  -3  

(3,57 -t-0.35). 10 .3 

(3.70 =t=0.35). 10 -a 
(3.41 • 10 -a 
(2.73 4-0.23). lO -3 
(1.73 4-0.15)-10 - 3  

(7,92 +0.65). 10 .4 
(4.24 4-0.37). 10 -4 
(1.84 -t-0.17). 10 .4 

(1.13 +0.01). 10 -4 
(6.04 ~0.08)- 10 .5 
(2.51 +o.o3). lo 
(8.01 +0.13).  10 -6 
(1.89 +0, 05). 10 -6 
(3.38 +o.14). lO 
(5.19 io .37) ,  lO .8 
(7.84 -t-1.12). 10 .9 
(6.40 -t-1.92). 10- lo 

in differential and integral form in Table 3.18 and presented in Fig. 3.35. In 
addition some high energy data points obtained with MARS, the Magnetic 
Automated Research Spectrograph at Durham, England (Thompson et al. 
1977), and one set of horizontal data (0 = 89 ~ from the work of Komori et 
al. (1977) using the MUTRON detector in Tokyo are also included. 
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Table 3.15: Differential and Integral Momentum Spectra of Vertical Muons 
at Kiel. 5 and -), are the respective spectral exponents of power law fits 

(AUkofer et al. 1971b). 

Momentum 

[GeV/c] 

0.2 

0.4 

0.8 
1.0 
1.5 
2.0 
3.0 
5.0 
7.0 
10 
15 
20 

30 

5O 
7O 
100 
150 
2OO 
3OO 
5OO 
7OO 
1000 

Differential Integral 

Intensity Intensity 
c~-28-18r-1 [ ] [ ] 

3.73.10 -3 0.06 9 .94 .10  -3 0.05 

3 .72 .10  -3 0.16 9 .18 .10  -3 0.13 

3 .10.10 -3 0.38 7.81 �9 10 -3 0.28 
2 .79.10 -3 0.49 7 .22 .10  -3 0.35 
2.14-10 -3 0.73 6 .00 .10  -3 0.50 
1 ,67 .10  -3 0.93 5 .05 .10  -3 0.63 
1.06.10 -3 1,24 3 .72 .10  -3 0.82 
4 .97 .10  -4 1.63 2 .26 .10  -3 1.08 
2 .73.10 -4 1.87 1 .52.10 -3 1.24 
1.33-10 -4 2.10 9 .42 .10  -4 1.40 
540 .10  -5 2.32 5 .13 .10  -4 1.57 
2 .70.10 -5 2.46 3 .21 .10  -4 1.68 
9 .59.10 -6 2.63 1 .57.10 -4 1.82 

2 .36.10 -6 2.83 593 .10  -5 1.99 
8.92-10 -T 2.95 2 .98 .10  -5 2.09 
3.04- 10 -7 3.07 1 .38.10 -5 2.20 
8.51 �9 10 -8 3.20 5 .55 .10  -6 2.30 
3, 35 .10  -s 3.28 2 .84 .10  - 6  2.36 
8 .70.10 -9 3.37 1 .07.10 -6 2.43 
1.52.10 -9 3.46 3.03-10 -T 2.50 

4 .71 .10  -m 3.50 1 .30.10 -T 2.54 
1.34.10 -1~ 3.54 5 .23 .10  -8 2.56 

At very high energies the spectrum was obtained from underground range 
measurements,  from muon burst measurements, and from X-ray film emul- 

sion chambers. Fig. 3.36 shows the muon momentum spectrum thus obtained 
from 10 to 105 GeV/c (Carstensen 1978, Allkofer et al. 1978b, 1978c, Allkofer 
1979b). Note that  the intensities are multiplied by the energy squared. 

Another compilation of vertical differential sea level muon spectral data  
made by the author which includes very recent work as well is presented in 
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Table 3.16: Vertical Absolute Integral Muon Intensities at 122 m a.s.1. 
and Geomagnetic Latitude 16~ (Cutoff Energy E~ = 15 GeV) 

(Karmakar et al., 1973). 

Cutoff 
Momentum 

[GeV/c] 

0.353• 
0.725• 
0.977• 
1.158• 
1.440• 
1.730• 
2.050• 
2.431• 
2.681• 

Absolute Intensity xlO 3 

before msc(* 

8.45• 
7.41• 
6.64• 
6.03• 
5.42+0.04 
4.70• 
4.04• 
3.49• 
3.04• 

after mscC* 

8.99+0.05 
7.81• 
6.95=t=0.04 
6.32=t=0.04 
5.65i0.04 
4.90• 
4.20+0.03 
3.65+0.02 
3.20• 

(* msc: multiple scattering correction. 

Table 3.17: Composite Vertical Sea Level Muon Integral Energy Spectrum(* 
(Menon and Ramana Murthy, 1967) 

Muon Energy 
_[GeV] 

20 
40 
70 
i00 

200 
400 
700 
1000 
2000 

4000 

7000 

Intensity 
[cm-2s ~sr -t] 

2.5.10 -4 
7.8.10 -5 
2.7.10 -5 
1.3.10 -5 
2.9.10 -6 
5.5.10 -7 
1.25.10 -7 
5.1.10 -s 
8.0.10 - 9  

1.1.10 .9 
2.0.10 -1~ 

Error 
[standard deviation] 

5% 
6% 
8% 
10% 
12% 
16% 
20% 
22% 
25% 
35% 
6O% 

(* Assembled from magnetic spectrometer, depth-intensity, burst and "),-ray mea- 
surements. 
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Table 3.18: Best-fit Vertical Muon Differential and Integral  Spectra  

at Sea Level (Rastin 1984a). 

Muon 

M o m e n t u m  

[GeV/c] 

0.35 

0.40 

0.50 

0.60 

O.7O 

0.80 

0.90 

1.0 

1.5 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 
10 

15 
2O 
25 

3O 

40 

50 

60 

7O 

80 

90 
100 

150 

200 

25O 

3OO 

Differential 

Intensity 
[am -2 s - l s r -1  ( G e V / c ) - I ]  

2.85.10 -3 

2.90 �9 10 -3 

2.94. I0 -3 

2.92.10 -3 

2.87. I0 -3 

2.80.10 -3 

2.71.10 -3 

2.62.10 -3 

2.12.10 -3 

1.69.10 -3 

i . I0 .10  -3 

7.40.10 -4 

5.17.10 -4 

3.75.10 -4 

2 .80 .10  - 4  

2 .16 .10  - 4  

1 .69 .10  - 4  

1.35-10 - 4  

5 .28 .10  -5 
2.58 �9 10 -5 
1.45 �9 10 -5 

8 .69 .10  -6 

3 .90 .10  -6 

2 .11-10  -6 

1 .26 .10  -6 

8 .03 .10  -T 

5 .42 .10  -~ 
3 .81 .10  -7 

2 .77-10  -T 
7 .85 .10  -8 
3 .12 .10  -8 

1 .50 .10  -8 

8 .20 .10  - 9  

Integral  

Intensity 
[am-2 S - 1  sr-~] 

9 .13 .10  -3 

8 .98 .10  -3 

8 .69 .10  -3 

8 .40 .10  -3 

8 .11 .10  -3 

7 .83 .10  -3 

7 .55 .10  -3 

7 .29 .10  -3 

6 .10-10  -3 
5 .16 .10  -3 

3 .80 .10  -3 

2 .90 .10  -3 

2 .27 .10  -3 

1 .83 .10  -3 

1 .51 .10  -3 

1 .25 .10  -3 

1 .06 .10  -3 

9 .05 .10  - 4  

4 . 7 9 . 1 0  - 4  

2 .93 .10  -4 
1 .96 .10  -4 

1 .40 .10  -4 

8 .23 .10  - 5  

5 .35 .10  -5 

3 .72 .10  -5 

2 . 7 2 . 1 0  -5 

2 .06 .10  -5 

1 .60 .10  -5 
1 .28 .10  -5 

5 .18 .10  - 6  

2 .67 .10  -6 
1 .58 .10  - 6  

1 .02 .10  -6 
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Table 3.18: Best-fit Vertical Muon Differential and Integral Spectra 
at Sea Level (Rastin 1984a, continued). 

Muon 
Momentum 

[GeV/c] 

400 
500 
600 
700 
800 
900 
i000 
1500 
2000 
2500 
3000 

Differential Integral 
Intensity Intensity 

[cm -2 s- ' sr- l (GeV/c)  -1] Jam -2 s-1 sr-1] 

3.11.10 -9 5.08.10 -7 
1.45-10 -9 2.93.10 -7 

1.87.10 -7 
1.27.10 -7 
9.07.10 -8 
6.74.10 -8 
5.16.10 -8 
1.84.10 -8 
8.81 �9 10 -9 
4.97.10 -9 
3.11.10 -9 

7.75.10 -~~ 
4.55.10- to 

2.86.10 -~~ 
1.89-10 -t~ 
1.31.10 -~~ 
3.14.10 -11 
1.13.10 -11 
5.11.10 -12 
2.67.10 -12 

Fig. 3.37. The intensities are multiplied by the third power of the momentum 
to obtain a compressed representation. Very new measurements in the low 
energy range were carried out by Wada et al. (1995) with the magnetic 
spectrometer at Okayama (Japan) in both, vertical and horizontal directions 
(Saito et al. 1991; Tsuji et al. 1995). Their vertical data are also included 
in Fig. 3.37. 

The uncompressed vertical integral muon spectrum at sea level is dis- 
played in Fig. 3.38. Shown are the directly measured and fully corrected 
vertical integral intensities obtained with the Kiel-DESY spectrometer in 
Hamburg, Germany (Allkofer et al. 1971b; Jokisch et al. 1979), the vertical 
spectrum which had been computed from the horizontal MUTRON (Tokyo) 
spectrum (Matsuno et al. 1984) and, to extend the energy range, the vertical 
sea level spectrum derived from the Fr~jus underground experiment located 
at the French-Italian border (Rhode 1993). The theoretical spectrum com- 
puted by Gaisser (1990) (see eq. 3.34) is also shown for comparison. 

Very recently a precision momentum spectrum was measured by the BESS 
Balloon-borne Experiment with a Superconducting solenoid Spectrometer Col- 
laboration (Nozaki, 2000) at Tsukuba, Japan (Pc ~_ 11.5 GV, sea level, BESS 
95) which is presented in Fig. 3.39. A similar measurement was made by 
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the same collaboration at Lynn Lake, Canada (Pc _~ 0.5 GV, 360 m a.s.l., 
BESS 97-99), to study the geomagnetic effects. Both spectra are shown in 
Fig. 3.71, Subsection 3.6.6 where these effects are discussed. 

Inclined and Horizontal Spectra 

The highest energy muons that have been recorded with magnetic spectrom- 
eters have been detected in near horizontal direction, which is more favor- 
able. The reason is simply that very high energy pions emerging from the 
first generation of interactions of primaries that enter the earth's atmosphere 
tangentially travel longer in a low density medium than when propagating 
vertically. Consequently, for a given pion energy the likelihood for decay, 
which is in competition with interaction, is larger in horizontal direction, 
thus enhancing the muon flux. These arguments do not apply to directly 
produced muons from charmed particles. 

The momentum spectrum in the range 10 _< p _< 1000 GeV/c has been 
determined very precisely in the angular range from 75 ~ ___ 0 <__ 87.5 ~ with 
large acceptance instruments (Allkofer et al. 1977a and 1977b). Fig. 3.40 
shows the spectra for zenith angles of 75 ~ 79 ~ 81 ~ 84 ~ and 87.5 ~ The 
figure also includes a set of data from the MUTRON detector in Tokyo 
(Kitamura et al., 1975). In addition some data of Asatiani et al. (1975) 
recorded at an altitude of 3250 m a.s.1, have been added for comparison. The 
curves were calculated with a Maeda-type model (Maeda 1973). Different 
sets of data are compiled in Fig. 3.41 for the angular range 0 ~ _< 0 ___ 79 ~ 
(Carstensen 1978, Allkofer 1979b). 

Beyond 3 TeV there exist also emulsion chamber data from sea level 
measurements obtained at very shallow depth underground (40 m.w.e, at 
Moscow) for zenith angles of 72 ~ and 45 ~ that are given in Fig. 3.42 (Ivanova 
et al. 1979; Ivanenko et al. 1985). Some other data points have been added 
to extend the spectra to lower momenta. 

The highest resolutions have been achieved with the magnetic spectro- 
meters MUTRON, located in Tokyo, Japan (Higashi et al. 1978; Kawashima 
et al. 1981; Mitsui et al. 1980 and 1983c; Muraki et al. 1979 and 1983), and 
DEIS, located in Tel Aviv, Israel (Allkofer et al. 1977a, 1977b 1979b 1981; 
Jokisch et al. 1979). These instruments explored the momentum spectrum 
to 25 TeV/c. Fig. 3.43 shows spectra obtained with these instruments for 
different zenith angles over the range from 78 ~ to 90 ~ (Allkofer et al. 1981). A 
compilation of different differential and integral spectra for this energy region 
is given in Figs. 3.44 and 3.45, respectively, together with the calculated 
spectra of Murakami et al. (1979) and Allkofer (1979a). 
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The final absolute spectrum obtained with MUTRON at a zenith angle of 
89 ~ is presented in Fig. 3.46 together with the spectrum from DEIS (Matsuno 
et al. 1984). The spectra are multiplied by the momentum to the third power. 
The MUTRON data for 89 ~ are also given in differential and integral form 
in Tables 3.19 and 3.20, respectively. Essentially the same data are shown 
in regular representation in Fig. 3.47 with the exception that the MUTRON 
spectrum covers the zenith angle range from 87 ~ - 90 ~ (Kitamura 1981). 

Recently, Gettert et al. (1993) carried out an experiment at Karlsruhe 
and determined the horizontal muon energy spectrum between 250 GeV/c 
and 15 TeV/c, and Tsuji et al. (1995) measured the low energy portion of the 
muon spectrum at zenith angles between 70 ~ and 78 ~ The data of Gettert 
et al. (1993) are incorporated in Fig. 3.47. 

3.6.4 Zenith and Azimuthal Angular Dependence 

Low Energy Effects 

The earth's magnetic field gives rise to an azimuthal dependence and an 
east-west asymmetry of the muon intensity, because the primary cosmic ray 
particles are predominantly positively charged. It is mostly the low energy 
component that is affected to the extent that the path lengths are different 
for charged particles coming from the east or west. As a result the absorption 
and decay probabilities of unstable particles are influenced and the low energy 
charge ratio is modified, as mentioned before. 

Zenith Angular Muon Enhancement 

At higher energies the muon spectrum is modified by another effect. The 
parent particles of muons, chiefly pions and kaons, can either decay or interact 
strongly. Which one of the processes will dominate depends on the particle's 
energy and the density of the atmosphere along its trajectory. The latter is 
a function of altitude and zenith angle. 

In particular, pions and kaons resulting from collisions of primaries that 
are incident upon the atmosphere at a zenith angle 0 > 0 ~ propagate along 
the same general direction as the primaries. However, they require longer 
trajectories and more time to traverse a given column of X = X8 [g cm -2] of 
air than vertically propagating particles. This is because the rate of change 
of density along an inclined trajectory is smaller per unit path length than 
along a vertical trajectory. Consequently, the competition between interac- 
tion and decay of pions and kaons of a given energy changes in favor of decay 
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Table 3.19: Differential Momentum Spectrum of Muons at Zenith 

Angle ~ = 89 ~ (MUTRON, fully corrected, Matsuno et al. 1984) 

Momentum 

Range 

[GeV/c] 

100-  126 

126-  158 

158-  200 

200-  251 

251-  316 

316-  398 

398-  501 

501-  631 

631-  794 

794-  1000 

1000- 1259 

1259- 1585 

1585- 1995 

1995- 2512 

2512-  3162 

3162-  3981 

3981- 5012 

5012-  6310 

6310-  7943 

7943-  10000 

10000- 12589 

12589- 15849 

15849- 19953 

19953- 25119 

Mean 

[GeV/c] 

112 

141 

177 

Muon 

Number 

70142 

60560 

50136 

Differential 

Intensity 

c m  2 s s r ( G e V / c )  

5.69.10 -s 

3 .99.10 -8 

2.41 �9 10 -8 

Statistical 

Error 

d=2.15. I0 -i~ 

-1-1.62. I0 -I~ 

4-1.08. i0 -I~ 

223 

281 

354 

444 

559 

40643 

31519 

23608 

16946 

11765 

1.60. i0 -8 

9 .88.10 - 9  

5.90. I0 -9 

3 .37 .10 -9 

1.88.10 - 9  

-t-7.94.10 -11 

4-5.57.10 - l l  

d=3.84.10 - l l  

d=2.59- 10 -11 

4-1.73.10 -11 

704 

886 

1115 

1403 

1766 

2222 

2797 

3520 

4431 

5576 

7018 

8832 

11116 

13990 

17606 

22162 

7893 

5628 

3114 

1858 

1104 

646 

35O 

221 

135 

81 

47 

31 

13 

8 

7 

4 

1.02 �9 10 -9 

5 .29.10 -1~ 

2 .71.10 -l~ 

1.31.10 -1~ 

6 .23.10 -11 

2 .97.10 -11 

1.29.10 -11 

6 .62.10 -12 

3.25 �9 10-12 

1.59.10 -12 

7.33-10 -13 

3 .76.10 -la 

1 .18.10 -t3 

5.18-10 -14 

3.50.10 - 1 4  

1.10.10 - 1 4  

4-1.15.10 TM 

-t-7.05-10 -12 

4-4.86.10 -12 

4-3.04.10 -12 

4-1.88.10 -12  

•  -12 

-+-6.90.10 - 1 3  

- [ - 4 . 4 5 . 1 0  -13 

-I-2.80-10 -13 

-+-1.77.10 -13 

•  -13 

:E6.75.10 -14 

13.27.10 -14 

-+-1.83.10 -14 

I i . 3 2 -  10 -14 

-4-5.50. I0 -Is 

with increasing zenith angle, thus causing muon enhancement with increas- 
ing zenith angle and energy. The quantities X and X8 stand for vertical 
and inclined columns of air (or matter) ,  respectively, often referred to as the 
column density, measured in [g cm-2]. X~ is also called the slant depth. 
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Table 3.20: Integral Momen tum Spect rum of Muons at Zenith 

Angle 0 = 89 ~ (MUTRON,  fully corrected, Matsuno et al. 1984) 

Momen tum 

[WeV/c] 
0.10 

0.13 

0.16 

0.20 

0.25 

0.32 

0.40 

0.50 

0.63 

0.79 

1.00 

1.26 

1.59 

2.00 

2.51 

3.16 

3.98 

5.01 

6.31 

7.94 

10.00 

12.59 

15.85 

19.95 

25.12 

Muon 

Number  

326499 

256357 

195797 

145661 

105018 

73499 

49891 

32945 

21180 

13287 

7659 

4545 

2687 

1583 

937 

587 

366 

231 

150 

103 

72 

59 

51 

44 

4O 

Integral 

Intensity 

6 .90 .10  -6 

5 .42 .10  -6 

4 .15 .10  -6 

3 .08 .10  -6 

2 .22 .10  -6 

1.55 �9 10 -6 

1 .05-10 -6 

6 .95 .10  -7 

4 .46 .10  -7 

2 .79 .10  -~ 

1 .70 .10  -7 

1.00. i0 -T 

5 .87 .10  -s 

3 .40 .10  -s 

1 .96 .10  - s  

1 .18 .10  - s  

7 .00 .10  -9 

4 .04 .10  -9 

2 .31 .10  -9 

1 .32 .10  -9 

6 .97 .10  -m 

3 .88 .10  -1~ 

2 .14 .10  -m 

1 .17 .10  -m 

6 .44 .10  -11 

Stat is t ical  

Error 

+ 1 . 2 1 . 1 0  -s 

•  -s  

-+-9.55.10 -s 

•  -9 

+ 6 . 8 5 . 1 0  -9 

+ 5 . 7 2 . 1 0  -9 

•  -9 

+ 3 . 8 3 . 1 0  -9 

+ 3 . 0 6 . 1 0  -9 

=t=2.42.10 -9 

-+-1.94.10 -9 

+ 1 . 4 8 . 1 0  -9 

=i=1.14- 10 -9 

=t=8.62.10- lo 

•  -1~ 

-+-4.97.10- lo 

-+-3.80.10- lO 

+ 2 . 8 2 . 1 0 -  lO 

+2.08 �9 10- lO 

+ 1 . 5 1 . 1 0  -1~ 

+ 8 . 4 3 . 1 0  T M  

+ 6 . 9 7 . 1 0  T M  

•  T M  

+ 3 . 3 1 . 1 0  T M  

=t=2.26.10 -11 

Many authors  have investigated the muon enhancement  phenomenon the- 

oretically and experimentally.  Its energy dependence is well i l lus t ra ted in 

Fig. 3.48 which shows the muon intensity resulting from pion and kaon de- 
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cays separately as a function of zenith angle for different muon threshold 
energies from a calculation of Maeda (1970 and 1973) using a diffusion equa- 
tion (see also Subsection 3.6.8, Fig. 3.80). The difference between the two 
contributing channels, pions and kaons, is chiefly due to the respective mass 
and mean lifetime differences. Identical production spectra of the form shown 
below were used for pions and kaons, 

E-2.7 F(E,~,~:) = A,~,K ~,tc , (z.29) 

where A.,K is normalized for vertical intensity at sea level. 

The interaction and propagation model that was used by Maeda (1973) 
was rather rudimentary. Identical nuclear absorption mean free paths of 120 
g cm -2 were used for nucleons, pions and kaons propagating in the atmo- 
sphere. In some cases energy dependent absorption paths were used, too. 
However, in spite of these simplifications and other model shortcomings the 
well known characteristic features of the zenith angle dependence of the muon 
intensity and spectrum in the atmosphere and at ground level are well demon- 
strated by the results of this calculation. 

The enhancement effect manifests itself even better when plotting the 
ratio of vertical to inclined differential intensities versus zenith angle, 0, or 
versus cos(0), for different energies, as shown in Fig. 3.49 (Maeda, 1973). 
In another representation illustrated in Fig. 3.50 due to Bergamasco et al. 
(1983) the said ratio plotted as a function of sec(0) shows a linear relation 
down to zenith angles of about 70 ~ . At larger angles the curvature of the 
earth leads to the breakdown of this linear relationship. 

P r o m p t ,  Isot ropic  M u o n  Component 

There exists a small, zenith angle independent, so-called prompt or direct 
muon component that originates from the decay of charmed particles. Be- 
cause of the very short mean lifetime of charmed particles they decay almost 
instantly near their point of production and cause no muon enhancement ef- 
fect. Prompt muons reflect the isotropic character of the primary radiation. 
Their contribution is small in comparison to the bulk of all muons but they 
begin to manifest themselves at high energies (E _> 1 TeV) and large zenith 
angles where there are few muons. The topic of prompt or direct muons is 
discussed in greater detail in Section 4.3 since underground installations are 
most suitable for their detection. 
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Table 3.21" Low Momentum Absolute Muon Intensities at Large Zenith 
Angles near Sea Level (North- South Azimuth). 
(Karmakar et al., 1973, extended by the author) 

Reference 

Jakeman (1956) 
(101 m a.s.1.) 

Wilson (1959) 

(101 m a.s.1.) 

Crookes and 

Rastin (1972) 

(40 m a.s.1.) 

Karmakar et al. (1973) 

(122 m a.s.1.) 

Geomagn. 
Latitude 

[~ 

56.8 

56.8 

53 

16 

Momen- Absolute 
tum Intensity x 105 

[GeV/c] [cm -2 S - 1  sr- '] 

>,,~0.4 

>,,.,1.0 

>0.35 

>0.30 

Zenith 
Angle 

0~ 

88.4 

88.8 
89.2 

89.6 

9O 

87 

87.5 

88 

88.5 

89 

45 

60 

8O 

75 

80 

85 

89 

4.20+0.30 

3.00+0.38 
2.55-4-0.26 

2.94+0.25 

2.40+0.27 

6.75+0.46 

4.75=i=0.31 

4.11• 

2.89+0.19 

3.34+0.19 

436+6 

210+3 

27.9+0.4 

54.344-0.85 

22.84+0.49 

7.05+0.30 

1.28-+-0.10 

Experimental Zenith Angle Distributions 

Extensive measurements of the zenith angle dependence of the absolute in- 
tensity of muons of momentum >0.35 GeV/c at sea level over a wide range 
of zenith angles have been made by Crookes and Rastin (1972). The data 
were taken with the axial direction of the spectrometer in the magnetic N-S 
azimuth. Their results are shown in Fig. 3.51 together with those of Jake- 
man (1956), Wilson (1959), Hicks et al. (1971) and Karmakar et al. (1973). 
Also shown in the same figure are the integral intensities of muons between 1 
GeV/c and 100 GeV/c over a zenith angle interval from 65 ~ to 85 ~ obtained 
by Allen and Apostolakis (1961). Additional details are given in Table 3.21. 

Some of these data are also shown in Fig. 3.52, plotted as a function of 
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Table 3.22: Zenith Angle DePendence of Integral Muon Intensity 
at Sea Level for Momenta >_1 GeV/c (Gettert et al. 1993). 

Angular 
Interval 

0 
< 0 >  

71 ~  83.5 ~ 75.4 ~ 
76 o_85 .5  ~ 79.3 ~ 
79 ~ _ 90 ~ 83.6 ~ 
85 ~ _ 90 ~ 86.8 ~ 

Intensity 

-2s-~sr-~] 

3.60-10 -4 
2.25.10 -4 
1.20.10 . 4  

0.45-10 -4 

sec(O), together with similar but recent measurements carried out by Gettert 
et al. (1993) in Karlsruhe (Germany) (,,~110 m a.s.1.), covering a zenith 
angle range from 71 ~ to 90 ~ . The latter data, obtained with the spectrometer 
oriented in the east-west direction, are given in Table 3.22. 

Tsuji et al. (1995) used the Okayama spectrometer, located at a ge- 
ographic latitude of 34.7 ~ to measure the zenith angle dependence of the 
integral intensity while scanning over a zenith angle range from -31 ~ pointing 
east to 78 ~ pointing west during daily rotations of the telescope in azimuthal 
direction from east to west, as indicated in Fig. 3.53. 

The momentum spectra in the range 0.2 < p _ 50 GeV/c have been 
determined at zenith angles of 30 ~ and 60 ~ in eastern and western directions 
at Melbourne, Australia (Moroney and Parry 1954). The spectra are shown 

in Figs. 3.54 to 3.57 for 30~ 30~ 60~ and 60~ respectively. Since 
the normalization has been made with respect to the Rossi value, the in- 
tensities have to be increased by 26% to agree with modern data. Similar 
measurements were made by Judge and Nash (1965). Figs. 3.58 and 3.59 
show the momentum spectra recorded at Kiel (Gernamy) at a zenith angle 
of 45 ~ pointing east and west, respectively (Allkofer and Andresen 1967). 
Measurements of the angular dependence at low geomagnetic latitude have 
been made by Bhattacharyya (1974a and 1974b). 

Integral intensity measurements in the zenith angle range from 75 ~ to 90 ~ 
were made by Flint et al. (1972) for momenta > 0.28 + 0.01 GeV/c. The 
results are given in Table 3.23. 

The enhancement of the differential muon intensity at high energies has 
been measured at College Station, Texas, near sea level, and is shown in 
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Table 3.23: Zenith Angle Dependence of Integral Muon Intensity 
at Sea Level for Momenta > 0.28 4- 0.01 GeV/c (Flint et al. 1972). 

Zenith 
Angle 

75 ~ 

77 ~ 

79 ~ 

81 ~ 

82 ~ 

83 ~ 

85 ~ 

Intensity 
[cm-2s- lsr "-1 ] 

. . . . .  

(5.26 • 0.16) �9 10 -4  

(4.11 + o14). Io -" 
(2.92 4- 0.10). 10 -4 
(2.02 -4- 0.06) �9 10 -4 
(1.61 -4- 0.05) �9 10 -4 
(1.33 + 005). 10 -4 
(8.37 4- 0.28) �9 10 -~ 

88.7 ~ Ca 

86.5 ~ (b,c 

87.4 ~ Ca,c 

88 ~ (b,~ 

(2.80 4- 0.12) �9 10 -5 
(5.86 + 0.21) �9 10 -~ 
(4.28 + 0.17) �9 10 -5 
(3.58 • o.21), lO 

(a Telescope axis horizontal; (b Telescope axis at 88~ (c Wide angle telescope. 

Table 3.24 (Abdel-Monem 1977). 

The experimental zenith angle dependence of the muon intensity at 0 < 
75 ~ can be described by the expression (see Budini and Moli~re 1953, and 
Greisen 1942) 

I(O) = I(o ~ cos-(O), (3.30) 

where n is a function of momentum, n = n(p). Its average value at 1 GeV 
is n - 1.85 + 0.10. The momentum dependence of n resulting from several 
experiments is shown in Fig. 3.60. A compilation of values of n from different 
measurements at low threshold momenta is given in Table 3.25. 

Extensive calculations of the zenith angle dependence of the muon mo- 
mentum spectrum had been made by Maeda (1973). A comprehensive theo- 
retical study of the enhancement of the muon intensity at large zenith angles 
and high energies as well as the opposite effect for low energy muons has been 
carried out by Stephens (1979a). His results are summarized in Fig. 3.61 and 
compared to experimental data of Allkofer et al. (1979c). 
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Table 3.24" Measured Muon Enhancement at Zenith Angles of 65 ~ and 80 ~ 
as a Function of Momentum at College Station (TX) near Sea Level. 

(Abdel-Monem et al. 1977) 

Muon 
Momentum 

[GeV/c] 
, , ,  

1.6 
4 
7 

10 
15 
25 
40 
70 

110 

Enhancement 

1(65~ ~ ) 

0.240• 0.004 
0.325• 0.006 
0.4244- 0.015 
0.502d= 0.012 
0.6324- 0.O25 
0.971• 0.094 
1.330• 0.116 
1.661• 0.422 
1.996d= 0.334 

Enhancement 

1(80~ ~ ) 

0.0544- 0.002 
0.082d= 0.003 
0.122:t: 0.007 
0.172d= 0.008 
0.252d= 0.016 
0.450i 0.057 
0.638+ O.083 
0.812d= 0.258 
1.054d= O.256 

Table 3.25" Exponent n of Zenith Angle Distribution cosn(t?) 
of Low Energy Muons at Sea Level. 

Momentum 
[GeV/c] 

0.3 
> ~0.33 

>0.4 
>1.0 
>1.5 
>2.0 
>2.4 
>3.0 

>0.33 
> ~10 

>0.7 
>0.35 

Geomagn. 
Latitude 

47~ 

12~ 

50~ 

53~ 
53~ 

3.3 
2.1 

1.91=t=0.10 
1.85d=0.11 
1.814-0.12 
1.75d=0.11 
1.81-+-0.08 
1.834-0.09 

2.1 
1.64-0.1 

1.964-0.22 
2.164-0.01 

Reference 

Moroney and Parry 
( 954) 

Bhattacharyya 
(1974b) 

Greisen (1940) 
Sheldon and Duller (1962) 

Judge and Nash (1965) 
Crookes and Rastin (1972) 
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3 . 6 . 5  C h a r g e  R a t i o  

General Remarks 

The primary cosmic radiation consists almost entirely of positively charged 
particles. This charge excess is modified by interactions in the atmosphere 
that produce new generations of particles that tend to reduce the positive 
charge excess, s, defined as 

g . §  - 
= (3 .31)  

g . §  + ' 

because of charge symmetry in the particle production mechanisms. N,+ and 
N,-  are the number of positive and negative muons, respectively, traversing 
a detector in a specified momentum and time interval. 

The muon charge ratio, K~, is defined as 

N.+ 
= g . - '  (3.32) 

At low momenta (_<5 GeV/c) the charge ratio depends weakly on the 
geomagnetic latitude and on azimuthal direction. These topics are discussed 
in Subsection 3.6.6 of this chapter. 

Magnetic spectrometers are mostly used to determine the charge ratio. 
However, some researchers have used the delayed coincidence method that 
exploits the different behavior of negative and positive muons when they 
come to rest in an absorber (Vulpescu et al., 1998). Vulpescu et al. (1998) 
have summarized the bulk of low energy data that exist on the muon charge 
ratio. We present their table at the back of this section (Table 3.30). The 
method of charge determination is also indicated and the geomagnetic cutoff 
rigidities, Pc, of the locations where the measurements were made, too. The 
data are from measurements made at or near sea level except for those of De 
Pascale et al. (1993) and Schneider et al. (1995) that were made at 600 m 
and 1270 m a.s.l., respectively, as indicated in the table. 

Because of systematic errors in the momentum determination, the charge 
ratios obtained by different groups deviate from each other. Since statistics 
are very poor at high energies, the energy dependence is sometimes difficult 
to recognize. In the vertical the charge ratio changes slightly with energy. 

Energy Dependence of Charge Ratio 

Figs. 3.62 and 3.63 show a compilation of charge ratio data for vertical and 
horizontal directions, respectively, of measurements carried out before 1973 
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(Thompson 1973), covering the momentum range from 1 GeV/c to 1 TeV/c. 
The large uncertainties are evident from the wide scatter of the data, partic- 
ularly for the horizontal measurements and in general at high energies where 
statistics are poor. 

Further compilations of charge ratio data made by the author, covering 
different energy windows at sea level are presented in Figs. 3.64, 3.65 and 
3.66. In Fig. 3.65 we have added the high energy data from the Utah un- 
derground experiment located at about 1500 m a.s.1. (~_1400 hgcm-2; Davis 
et al., 1971; Lowe et al., 1975) to enlarge the momentum range. Theoreti- 
cal predictions by Stephens 1979a and 1979b together with the experimental 
results of Stephens and Golden (1987) are included in Figs. 3.64 and 3.66. 

Charge ratio data obtained at the highest energies with horizontal in- 
struments (MUTRON, DEIS) are summarized in Fig. 3.67 and discussed in 
various articles (see e.g. Kitamura 1981). Included in this figure are the 
final data from the large spectrometers MUTRON, DEIS and Kiel- DESY. 
The MUTRON data are also tabulated in Table 3.26. Also included are the 
underground data of the Utah experiment, mentioned before (Ashley et al. 
1973, 1975a and 1975b), and some data points from the so-called world survey 
(Allkofer et al. 1978a and 1978b). In the momentum range 100 _< p _ 104 
GeV/c it is uncertain whether the charge ratio tends to increase slightly or 
remains constant. The integral charge ratio is 1.23 i 0.01 at E > 100 GeV 
and 1.30-+-0.05 at E >_ 1.2 TeV (Allkofer et al. 1981). 

Zenith and Azimuthal Angle Dependence of Charge Ratio 

The charge ratio exhibits a zenith angle dependence partly because the atmo- 
spheric depth increases with increasing zenith angle, and likewise the primary 
energy which is responsible for the processes that generate muons of a def- 
inite momentum at sea level (Thompson 1973; Ng and Wolfendale 1974). 
At large zenith angles, near the horizontal, and particularly at low energies, 
where geomagnetic effects manifest themselves strongly, the charge ratio is 
significantly affected, even the integrated values. 

A detailed experimental and theoretical analysis of the zenith angle de- 
pendence of the muon charge ratio at large zenith angles had been carried 
out by Allkofer et al. (1979c) using the DEIS spectrometer at Tel-Aviv. The 
results are presented in Fig. 3.68. 

The azimuthal dependence of the charge ratio in the low momentum 
region due to different path lengths of the particles under the influence of 
the geomagnetic field when approaching from the east or west can be seen in 
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Table 3.26: Muon Charge Ratio Versus Momentum at Zenith Angle ~ - 89 ~ 
(MUTRON, fully corrected, Matsuno et al. 1984) 

Momentum 
[GeV/c] 

, ,  

71- 100 
100- 141 
141- 200 
200- 282 
282- 398 
398- 631 
631- 1000 

1000- 1995 
1995- 3981 
3981- 10000 

10000- 25119 

Charge 
Ratio 

1.243 • 0.011 
1.258 • 0.010 
1.239 -4- 0.010 
1.252 =t= 0.012 
1.264 • 0.014 
1.260 • 0.016 
1.306 i 0.024 
1.276 • 0.034 
1.394 i 0.083 

1.17 =t= 0.14 
1.32 + 0.49 

Fig. 3.69 for a zenith angle of 45 ~ (Allkofer and Andresen 1967). 

3.6.6 Geomagnetic Latitude Dependence 

Because of the geomagnetic field, there is a cutoff rigidity, Pc, for each point 
and direction on earth (see Chapter 1). Consequently variations of the muon 
flux and muon momentum spectrum with geomagnetic latitude are expected 
in the low energy region for momenta up to about 5 GeV/c. Note that 
geomagnetic and geographic latitudes are not identical. In addition there 
is an atmospheric latitude effect caused by the latitude dependence of the 
column density of the atmosphere. 

The geomagnetic latitude effect is defined as the ratio, L, of the muon 
intensity at latitude A1, I(AI,p), divided by the muon intensity at latitude 
A2, I(A2, p), thus, 

L = ( , ~ l , p ) / I ( ) i 2 , p )  (3.33) 

One of the first theoretical treatments of the latitude effect was made by 
Olbert (1954). This analysis was based on the work of Kraushaar (1949) 
and the air-borne measurements of Conversi (1950) (see Chapter 2, Section 
2.6). The latitude effect is also evident from Tables 3.12 and 3.13 where 
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the geomagnetic latitude and the cutoff rigidities are given for the different 
low energy intensity measurements, and Fig. 3.70 illustrates the differential 
intensities and spectra for different latitudes (Allkofer et al. 1968). 

Recent precision measurements of the muon momentum spectra at Lynn 
Lake, Canada (Pc _~ 0.5 GV, 360 m a.s.l., BESS 97-99) and at Tsukuba, 
Japan (Pc ___ 11.5 GV, sea level, BESS 95) have been carried out by Nozaki 
(2000) with the BESS instrument. The spectra are illustrated in Fig. 3.71. 
The Tsukuba spectrum is the same as the one which is shown separately in 
Fig. 3.39, Subsection 3.6.3. The gradually diminishing systematic differences 
with increasing momentum that are mostly due to the different geomagnetic 
cutoffs are evident. 

The relative contributions of the geomagnetic and atmospheric latitude 
effects to the total latitude effect are resolved in Fig. 3.72 for different muon 
energies (Allkofer et al. 1972). The relative influence of the geomagnetic 
cutoff on the muon intensities recorded at different locations on the globe is 
shown in Fig. 3.73. 

The differential and integral momentum spectra at the equator and at 
Kiel, Germany, corresponding to cutoff rigidities of 14 GV and 2.3 GV, re- 
spectively, are shown in Figs. 3.74 and 3.75, respectively (Allkofer et al., 
19755). 

A compilation of differential and integral muon spectral data at the lati- 
tude of 12 ~ N is given in Fig. 3.76. The data are from the work of De et al. 
(1974) and other workers. In addition, spectra for different muon directions 
at latitude 12 ~ N are shown in Fig. 3.77 (Bhattacharyya, 1976). 

The latitude effect on the charge ratio for vertically incident muons had 
also been studied. Allkofer and Dau (1972) carried out charge ratio measure- 
ments at Kiel, Germany (Pc = 2.3 GV), and in equatorial regions (Pc = 14 
GV) with the same spectrometer to avoid systematic errors. The results of 
these measurements can be compared in Fig. 3.78. From these data we con- 
clude that there is almost no dependence of the charge ratio on geomagnetic 
latitude for vertically incident muons. However, for near horizontal muons 
the effect is very strong at low momenta and trails off to become insignificant 
above about 100 GeV/c (cf. Figs. 3.68 and 3.69, Subsection 3.6.4). 

3 . 6 . 7  B a c k s c a t t e r e d  M u o n s  a t  G r o u n d  L e v e l  

The flux of upward directed muons at ground level resulting from backscat- 
tering in the ground represents an important background for underground 
neutrino experiments, particularly if located at shallow depths. Such muons 
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can be misinterpreted as the result of underground reactions initiated by 
neutrinos traversing the earth. Abbrescia et al. (1993) have investigated this 
problem and measured the upward directed flux of muons of energy >4 GeV 
at ground level. The results are shown in Fig. 3.79 and compared with a 
theoretical prediction by Elbert et al. (1991). 

3.6.8 Theoret ica l  Contr ibut ions  

Some theoretical contributions to specific topics presented in this sections are 
discussed above in connection with the experimental data and are included 
in the appropriate figures. General aspects of muon physics are discussed in 
Chapter 4, Section 4.2. In the following we give the results of some fairly 
recent calculations of muon spectra, zenith angle dependencies and muon 
charge ratios that are of some relevance for the atmospheric neutrino data 
summarized in Chapter 4, Section 4.5. 

Theoretical Muon Energy Spectra 

Theoretical papers dealing with different aspects of the unaccompanied muon 
component of the cosmic radiation in the atmosphere are listed at the end of 
this subsection. However, to give an example of the characteristic features 
of the muon energy spectrum and its dependence on zenith angle, including 
the zenith angular enhancement we show in Fig. 3.80 theoretical energy 
spectra for vertical, strongly inclined and horizontally incident muons at sea 
level obtained by Maeda (1970 and 1973) in calculations using a diffusion 
equation. The enhancement effect is discussed in Subsection 3.6.4, where 
additional details concerning Maeda's calculations are mentioned. 

As mentioned before, it must be kept in mind that at low momenta (<5 
GeV/c) the energy spectrum depends weakly on the geomagnetic latitude 
and also on azimuthal direction. These topics are discussed in Subsections 
3.6.6 and 3.6.4, respectively. They are relevant when computing atmospheric 
neutrino fluxes for neutrino oscillation studies. 

An analytic expression giving a good fit to the muon energy spectrum 
observed in the atmosphere was obtained by Gaisser (1990) (eq. p. 71) and 
is given below. 

1 0.054 
dj,(E, ,  cos(0)) ~ 0.14 A E~ 7 1 -~- 1.1E~ Cos(0) ~- 1.1E/~ cos(0) 

dE. 1 + 
115GeV 850GeV 

[cm-2s-lsr-lGeV -1] (3.34) 
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Here E,  and Jr are the muon energy and intensity, {9 is the zenith angle 
and -y the spectral index. 

Of the many theoretical muon spectra we show in Fig. 3.81 the one 
we have constructed from tabulated data of an analytic calculation of Li- 
pari (1993) (Table 3.27). The energy dependence of the ratio of positive to 
negative muons resulting from the same calculation is listed in Table 3.28. 

Furthermore, we have added the tabulated spectrum from a calculation of 
Agrawal et al. (1996) (Table 3.29). We have included the data of Lipari and 
Agrawal et al. because they are the result of the first step of the calculations 
which had been used by the respective authors to compute the atmospheric 
electron and muon neutrino and antineutrino spectra and ratios, presented 
in Chapter 4, Section 4.5. It is important to note that in either case the 
muon spectra are based on a variety of assumptions and approximations and 
disregard geomagnetic effects. 

Additional calculations and theoretical studies that deal with muon fluxes 
and intensities, energy and momentum spectra, charge ratios, and their de- 
pendence on azimuth, latitude and zenith angle can be found in the following 
papers (see also Chapter 2, Section 2.6): 

Abdel-Monem et al. (1976), Badhwar et al. (1977), Bedewi and Goned 
(1971), Bhattacharyya (1979), Bugaev et al. (1993, 1994 and 1998), Butke- 
vich et al. (1989), Chakrabarti et al. (1979), Das and De (1979 and 1980), 
Gaisser (1974), Honda et al. (1995), Komori (1977), Liland (1975 and 1980), 
Maeda (1970 and 1973), Minorikawa (1977), Mitsui et al. (1986), Naumov 
et al. (1992), O'Brien (1971a), Ramana Murthy (1972), Stephens (1981), 
Thompson et al. (1977a), Torsti (1976), and Volkova et al. (1980) (see also 
Chapter 2, Subsection 2.6.5 and Chapter 4). 
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Table 3.27: Muon Intensity, #+ + # - ,  at sea level. 
(Lipari, 1993) 

I 
> 

I 

7 
8 

I u 

o%%% 
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Table 3.28: Muon Charge.Ratio, #+ / #- ,  at Sea Level. 
(Lipari, 1993) 

Muon 

Energy 
GeV 

, , .  

1.0 
3.16 
i0.0 
31.6 
i00 
316 
I000 
3160 

1.00-104 
3.16.104 
1.00.105 

I 

1.28 
1.29 
1.30 
1.31 
1.34 
1.39 
1.45 
1.50 
1.53 
1.53 
1.54 

Ratio ~+ / #-]  

0.6 

1.28 
1.29 
1.30 
1.31 
1.32 
1.36 
1.42 
1.49 
1.52 
1.53 
1.54 

I 0.4 

1.29 
1.29 
1.30 
1.30 
1.32 
1.35 
1.40 
1.47 
1.51 
1.53 
1.54 

. . .  

cos0 
0..3 0.2 

1.29 1.29 
1.29 1.29 
1.30 1.30 
1.30 1.30 
1.31 1.31 
1.34 1.33 
1.39 1.37 
1.45 1.43 
1.51 1.49 
1.53 1.52 
1.54 1.53 

0.1 

1.29 
1.29 
1.29 
1.30 
1.31 
1.32 
1.35 
1.41 
1.47 
1.51 
1.53 

0.05 

1.29 
1.30 
1.30 
1.30 
1.30 
1.32 
1.34 
1.39 
1.46 
1.51 
1.53 

I 0.00 

1.30 
1.30 
1.30 
1.30 
1.31 
1.32 
1.34 
1.39 
1.46 
1.51 
1.53 

Table 3.29" Atmospheric Muon Intensities as a Function of Zenith Angle. 
The Values are dN~,/d(ln E~,), in Units of [cm -2 s -1 sr-~]. 

(Agrawal et al., 1996) 

M u o n  M u o n  i n t e n s i t y  [ c m - 2  s - '  s r - ' ]  

E n e r g y  

[GeV] 

1 

2 

3 

5 

10 

2O 

3O 

5O 

100 

2OO 

3OO 

5OO 

1000 

2000 

3000 

5000 

1.0 

4 . 0 3 . 1 0  - 3  

4.11 �9 10 - 3  

3 . 5 9 . 1 0  - 3  

2 . 6 1 . 1 0  - 3  

1 . 3 3 . 1 0  - 3  

5 . 2 9 . 1 0  - 4  

2 . 8 0 . 1 0  - 4  

0.75 

1.63 �9 10 - 3  

1 . 9 8 . 1 0  - 3  

2 . 0 3 . 1 0  - 3  

1 . 6 8 . 1 0  - 3  

1 . 0 2 . 1 0  - 3  

4 . 6 3 . 1 0  - 4  

2 . 6 0 . 1 0  - 4  

1 . 1 5 . 1 0  - 4  

2 . 9 4 . 1 0  - 5  

6 . 4 5 . 1 0  - 6  

2 . 5 4 . 1 0  - 6  

7 . 3 3 . 1 0  - 7  

1 .30 .  10 - 7  

2 . 2 4 .  10 - 8  

7 . 6 6 . 1 0  - 9  

1 . 9 6 . 1 0  - 9  

1.15.10 -4 

3.22 �9 10 -5 

7.51 �9 10 -6 

3.04.10 -6 

9.17 �9 10 -7 

1.66 �9 10 -7 

2.92 �9 10 -8 

9.82.10 -9 

2 . 8 9 . 1 0  - 9  

cos(O) 
1 0 . 5 0  1 0 . 2 5  

3 . 7 8 . 1 0  - 4  3 . 1 5 . 1 0  - 5  

6 . 5 9 . 1 0  - 4  6.41 �9 10 - 5  

7 . 4 7 . 1 0  - 4  9 . 4 6 . 1 0  - 5  

7 . 8 7 . 1 0  - 4  

6 . 1 9 . 1 0  - 4  

3 . 5 1 . 1 0  - 4  

2 . 1 8 . 1 0  - 4  

1 . 0 7 . 1 0  - 4  

3 . 3 9 . 1 0  - 5  

8 . 9 0 . 1 0  - 6  

3 . 7 3 . 1 0  - 6  

1 . 1 9 . 1 0  - 6  

2 . 2 9 . 1 0  - 7  

4 . 0 9 . 1 0  - s  

1 . 4 0 . 1 0  - 8  

3 . 8 4 . 1 0  - 9  

1.43.10 -4 

1.76.10 -4 

1.55.10 -4 

1.20.10 -4 

7.46.10 -5 

3.09.10 -5 

9.97.10 -6 

4.73.10 -6 

1.70. I0 -6 

3.69.10 -7 

7.02 �9 10 -8 

2.63.10 -8 

7.32.10 -9 

I 0,.15 
2 . 4 9 . 1 0  - 6  

1 , 2 7 . 1 0  - 5  

2 . 3 8 . 1 0  - 5  

3 . 4 4 . 1 0  - 5  

6 . 2 7 . 1 0  - 5  

7 . 0 2 . 1 0  - 5  

6 . 3 7 . 1 0  - 5  

4 . 9 7 . 1 0  - 5  

2 . 5 0 . 1 0  - 5  

9 . 4 8 . 1 0  - 6  

4 . 7 5 . 1 0  - 6  

1 . 7 7 . 1 0  - 6  

3 . 9 9 . 1 0  - 7  

7 . 8 5 . 1 0  - 8  

2 . 9 1 . 1 0  - 8  

7 . 8 7 . 1 0  - 9  

0.05 

7 . 1 6 . 1 0  - 7  

1 . 2 0 . 1 0  - 6  

1 . 6 8 . 1 0  -B 

2 . 9 2 . 1 0  - 6  

5 . 4 7 .  I0  - e  

9 . 9 7 . 1 0  - 8  

1 . 2 4 . 1 0  - 5  

1 . 3 8 . 1 0  - 5  

1.11 �9 10 - 5  

6 . 2 7 . 1 0  - 6  

3 . 7 6 . 1 0  - 6  

1 . 6 9 . 1 0  - 6  

4 . 5 8 . 1 0  - 7  

1.01 �9 10 - 7  

3 . 8 7 . 1 0  - 8  

1 . 1 0 . 1 0  - 8  
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Table  3.30' C o m p i l a t i o n  of Low Energy  Muon  C h a r g e  Rat ios .  

M e t h o d s '  A - delayed coincidence,  B - m a g n e t i c  s p e c t r o m e t e r  

(Vulpescu et al., 1998) 

Mean 
Momentum 

[GeV/c] 

0.35 
0.4 
1.15 
1.90 
2.75 
4.90 
6.76 
11.48 
0.6 
1.6 
1.7 
2.6 
3.4 
4.3 
9.0 

0.85 
1.71 
3.72 
10 
6.7 
11 
18 

6.7 
10.4 
17.5 

4.32 

Charge 
Ratio 
~+/~- 

1.24 4- 0.15 
1.24 4- 0.05 

1.1724-0.019 
1.241 4- 0.018 
1.251 4- 0.018 
1.263 4- 0.019 
1.240 4- 0.023 
1.229 4- 0.036 

1.144-0.07 
1.20 4- 0.07 
1.164-0.10 
1.39 :i= 0.12 
1.28 4- 0.08 
1.36 4- 0.12 
1.38 4- 0.12 
0.88 =k 0.13 
1.03 =}= 0.11 
1.27 i 0.14 
1.27 =k 0.15 
1.39 4- 0.08 
1.35 • 0.08 
1.29 4- 0.08 

1.229 4- 0.049 
1.223 4- 0.038 
1.233 4- 0.037 

1.33 4- 0.10 

Method 

A 
A 

Geomagn. 
Cutoff 
[Gv] 
1.9 
6.4 

2.9 

3.0 

12.2 

2.9 

2.1 

2.6 

Reference 

Conversi (1950) 

Owen & Wilson (1951) 

Moroney & Parry (1954) 

Fukui (1955) 

Holmes et al. (1961) 

Hayman & 
Wolfendale (1962) 

Coates & Nash (1962) 
4.3 
7.4 
10.6 
15.3 

0.325 
0.515 
0.71 

0.995 
1.4 

1.217 4- 0.033 
1.284 4- 0.094 
1.249 4- 0.076 
1.312 4- 0.068 
0.98 4- 0.13 
1.25 + 0.13 
1.46 4- 0.20 
1.50 + 0.13 
1.20 4- 0.12 

2.6 

12.0 

14.1 

Rastin et al. (1965) 

Kawaguchi et al. (1965) 

Allkofer et al. (1968) 
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Table 3.30' Compilation of Low Energy Muon Charge Ratios (continued). 
Methods" A - delayed coincidence, B - magnetic spectrometer 

(Vulpescu et al., 1998) 

Mean 
Momentum 

[GeV/c] 

2.42 
5.4 
1 

19 
4.0 
6.1 
9.2 
12.4 
17.1 
0.5 
1.34 
2.67 
4.57 
8.31 
3.8 
6 

9.2 
12.7 
17.2 
0.46 
0.90 
1.60 
2.40 
3.80 
11.40 
0.46 
0.90 
1.60 
2.40 
3.80 
11.40 

3 
5.3 
8.4 
12.1 
18.8 

Charge 
Ratio 

1.64 • 0.12 
1.32•  

30.95 • 0.14 
1.07 :h 0.18 
1.22 • 0.04 
1.27 +_ 0.04 
1.26 :h 0.06 
1.25 • 0.08 
1.27 d= 0.09 

1.337 + 0.098 
1.469 =h 0.087 
1.606 +_ 0.130 
1.364 • 0.131 
1.275 • 0.140 
1.249 +- 0.024 
1.229 • 0.020 
1.256 • 0.027 
1.312 • 0.039 
1.263 :h 0.038 

1.17+-0.11 
1.43 -4- 0.10 
1.51 =h 0.10 
1.71 =t= 0.14 
1.36 -4- 0.10 
1.06 • 0.07 
1.37 • 0.14 
1.41•  
1.51 =h 0.12 
1.66 • 0.16 
1.53+-0.14 
1.22•  
1.20 :t= 0.06 
1.24 • 0.07 
1.26 -4- 0.11 
1.24 • 0.12 
1.24+_0.15 

Method 
Geomagn. 

Cutoff 
[Gv] 

14.1 

2.6 

2.3 

2.6 

14.1 

2.3 

4.8 

Reference 

Allkofer et al. (1968) 
(continued) 

Baber et al. (1968) 

Allkofer & Clausen (1970) 

Appleton et al. (1971) 

Allkofer & Dau (1972) 

Abdel-Monem et al. (1973) 



384 CHAPTER 3. COSMIC RAYS AT SEA LEVEL 

Table  3.30" C o m p i l a t i o n  of Low E n e r g y  M u o n  C h a r g e  Ra t io s  (cont inued) .  

Me thods :  A - delayed coincidence,  B - m a g n e t i c  s p e c t r o m e t e r  

(Vulpescu et al., 1998) 

Mean 
Momentum 

[GeV/c] 

9.7 
11.9 
12.4 
13.6 
13.9 
16.1 
19.6 

14.4 
17.4 
0.23 
0.31 
0.52 
0.74 
4.48 
4.96 
5.37 
5.67 
5.91 
6.18 
6.49 
6.84 
7.24 
7.70 
8.25 
8.91 
9.70 
10.69 
11.94 
13.58 
15.81 
19.05 
0.8 
0.9 
1.0 
2.0 

Charge 
Ratio 
~+/~- 

1.277 4- 0.008 
1.252 4- 0.017 
1.295 4- 0.007 
1.284 :k 0.014 
1.286 • 0.003 
1.281 4- 0.016 
1.288 • 0.015 

1.32 • 0.05 
1.25 • 0.05 
1.02 :t: 0.17 
1.24 :t= 0.23 
0.99 4- 0.17 
1.46 4- 0.24 

1.361 :t: 0.034 
1.336 • 0.026 
1.322 :t= 0.025 
1.336 =t= 0.031 
1.320 • 0.028 
1.308 • 0.026 
1.302 • 0.024 
1.310 • 0.023 
1.231 • 0.020 
1.271 • 0.020 
1.257 • 0.019 
1.257 • 0.018 
1.249 • 0.017 
1.239 • 0.016 
1.247 • 0.016 
1.251 • 0.016 
1.285 • 0.016 
1.263 • 0.016 
0.97 • 0.06 

Method 
Geomagn. 

Cutoff 
[Gv] 

2.1 

5.8 

15.6 

2.6 

Reference 

Thompson et al. (1973) 

Burnett et al. (1973b) 

Singhal (1983) 

Rastin (1984b) 

0.95 4- 0.05 
1.04 + 0.04 
1.12 4- 0.03 

4.9 Stephens & Golden (1987) 
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Tab l e  3.30" C o m p i l a t i o n  of  Low E n e r g y  M u o n  C h a r g e  R a t i o s  (con t inued) .  

M e t h o d s :  A - de layed  coincidence ,  B - m a g n e t i c  s p e c t r o m e t e r  

(Vulpescu  et al., 1998) 

Mean 
Momentum 

[GeV/c] 

3.0 
8.0 
10 

11.2 
13.0 
15.3 
18.1 

0.320 
0.479 
0.643 
0.865 
1.228 
1.948 
3.568 
8.008 
19.89 

5.1 
5.1 

0.49 
0.82 
1.24 

0.44 
0.59 

0.59 
0.86 

Charge 
Ratio 

1.18 + 0.03 
1.27 + 0.03 
1.44 + 0.07 
1.26 + 0.07 
1.17 + 0.06 
1.23 + 0.05 
1.14 + 0.04 

1.207 + 0.130 
1.233 + 0.088 
1.192 + 0.081 
1.258 + 0.068 
1.218 + 0.057 
1.192 + 0.049 
1.237 + 0.046 
1.185 + 0.047 
1.292 + 0.075 

1.32 + 0.04 
1.28 + 0.02 
1.08 + 0.24 
1.22 + 0.26 
1.13 + 0.18 

1.12 + 0.27 
1.17 + 0.04 

1.081 + 0.054 
1.30 + 0.05 

Method 
Geomagn. 

Cutoff 
[GV] 

4.9 

0.7 

2.9 
2.9 

4.3 

0.4 
4.3 

0.4 
5.6 

Reference 

Stephens & Golden (1987) 
(continued) 

De Pascale et al. (1993) 
(600 m a.s.1.) 

Grandegger (1993) 
Jannakos (1995) 

Basini (1995) 

Krizmanic et al. (1995) 
Schneider et al. (1995) 

(1270 m a.s.1.) 
Tarl6 et al. (1997) 

Vulpescu et al. (1998) 
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Figure 3.39: Precision measurement of the muon momentum spectrum car- 
ried out with the BESS instrument at Tsukuba (Japan), sea level, Pc ~- 11.5 
GV (BESS 95) (Nozaki, 2000). The same spectrum is shown in Fig. 3.71 to- 
gether with the spectrum taken at Lynn Lake (Canada), 360 m a.s.l., Pc ~_ 0.5 
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Figure 3.40: Differential momentum spectra of muons at sea level for dif- 
ferent zenith angles near horizontal direction (Allkofer et al. 1977b). The 
ordinate is multiplied by the momentum to the third power to compress the 
spectra. In addition, the spectra had been divided by the scale factors, as 
indicated, to shift successive curves downward for better presentation. Thus, 
the reading at the ordinate for a given point on a curve must be multiplied 
by the appropriate scale factor to get the true intensity. Note that the data 
by Asatiani et al. (1975) were obtained at altitude 3250 m; they were added 
for completeness. 
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better presentation. Thus, the reading at the ordinate for a given point on 
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intensity. (Carstensen 1978, Allkofer et al. 1978b, c, Allkofer 1979b). 
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DEIS 78 ~ - 90 ~ Allkofer et al. (1979b, 1981) 
Kiel 'DESY, Allkofer et al. (1977b) 
MUTRON, Muraki et al. (1979) 
model calculation, Maeda (1970, 1973) 
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model calc. 89 ~ Murakami et al. (1979) 
fit, Allkofer et al. (1979a) 
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Allkofer et al. (1979b) 
MUTRON 87 ~ - 90 ~ magnetic spectrometer, 
Honda et al. (1979) 
Moscow 72 ~ X-ray film, Ivanova et al. (1979) 
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threshold energies at sea level obtained from a calculation using a diffusion 
equation (Maeda, 1970 and 1973). The same production spectra are used in 
either case. The zenith angular muon enhancement with increasing energy is 
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Figure 3.52" Variation of the absolute integral muon intensity versus secant 
zenith angle, ~, for different conditions near sea level. For additional data see 
Table 3.21. �9 Crookes and Rastin (1972) for muons penetrating 10.3 cm of Pb 
(total absorber thickness including roof was 184.7 g cm-2), corresponding to a 
muon momentum > 0.35 GeV/c. [El Allen and Apostolakis (1961), x Gettert 
et al. (1993), both sets of data apply to muons with momenta >1 GeV/c. o 
Jakeman (1956) used 19 cm of Pb requiring muon momenta > ~  0.4 GeV/c, 
and /k Wilson (1959) 42 cm of Pb corresponding to muon momenta ( > ~  
1 GeV/c). o Karmakar et al. (1973) had minimum muon energies between 
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Figure 3.53: Zenith angle dependence of the integral muon intensity above 1 
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muons at sea level (Melbourne, Australia), for a zenith angle of 60 ~ pointing 
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Figure 3.59: Differential momentum spectra of positive, negative and all 
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(geographic latitude 54 ~ N) (Allkofer and Andresen 1967). 
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Figure 3.62: Compilation of early muon charge ratios as a function of momen- 
tum for vertical direction at sea level. The different contributors are listed 
below but not separately identified in the figure (Thompson 1973, extended 
by the author). (Note that some of the data were not actually recorded at 
sea level but apply to sea level as well.) 
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Figure 3.63: Compilation of early muon charge ratios as a function of momen- 
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Figure 3.65" Compilation of muon charge ratio data versus momentum for 
vertical direction. With the exception of the data by Ashley et al. (1975), 
that are from the Utah underground experiment located at an altitude of 
about 1500 m, the data apply to sea level. The latter represent essentially 
the situation at sea level and were added to extend the scope to higher 
momenta. 
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Figure 3.69: Charge ratio of low energy muons in the east - west geomagnetic 
plane at a zenith angle of 45 ~ pointing east and west, respectively, at sea level 

(Allkofer and Andresen 1967). 
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Figure 3.70: Differential momentum spectra of muons at sea level for various 
latitudes and cutoff energies, E~ (Allkofer et al. 1968, 1972). 
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Figure 3.71' Precision measurements of the muon momentum spectra carried 
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Figure 3.74: Differential momentum spectra of muons at sea level, recorded 
at the equator (Pc - 14 GV) and at Kiel (Pc - 2.3 GV) (Allkofer et al. 
1975b). 
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Figure 3.75: Integral momentum spectra of muons at sea level, recorded at 
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Figure 3.76: Vertical differential and integral momentum spectra of muons 
recorded in Calcutta at sea level and latitude A - 12 ~ N (De et al., 1972b 
and 1974). 
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Figure 3.77: Integral momentum spectra of muons at sea level and latitude 
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Figure 3.79: Ground level measurement of upward directed atmospheric 
muons of energy >4 GeV resulting from backscattering in the ground com- 
pared with a prediction. The horizontal telescope had an area of 2 m 2 and a 
horizontal depth of 11.07 m. (Abbrescia et al. (1993). 

�9 Abbrescia et al. (1993), exp. I Fl Elbert et al. (1991), theory 
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3.7 Nucle i  

3.7.1 General  C o m m e n t s  

Because of the rapid exponential absorption of energetic nuclei in the earth's 
atmosphere, the flux of primary nuclei that survive down to sea level without 
being subjected to a single collision is vanishingly small, even for light nuclei, 
such as helium. But also secondary nuclei, produced by fragmentation of 
heavy primaries in collisions with atmospheric nuclei, have little chance for 
survival down to sea level. Consequently very large detectors would be needed 
to carry out flux measurements of nuclei at great atmospheric depth. So 
far no experiment aimed at this task has been carried out at low altitude. 
However, starting out with the known primary composition on top of the 
atmosphere, Price et al. (1980) have calculated the flux of nuclei with charges 
5 _ Z < 28 at sea level. Fig. 3.82 shows the results, integrated over all zenith 
angles, for the entire primary energy range. 

There exist some data on the deuteron intensity at sea level (Ashton et 
al., 1970). The results are shown in Fig. 3.83 together with a calculated 
spectrum (Barber et al., 1980). 
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3.8 

3.8 .1  

Antinucleons, Antinuclei 

G e n e r a l  C o m m e n t s  

Apart from delayed hadron measurements in extensive air showers from which 
the existence of energetic antinucleons can be inferred in conjunction with 
air shower simulations (Chatterjee et al., 1965; Murthy et al., 1968; Grieder, 
1970a, 1970b, 1970c and 1977), there are no data on directly identified un- 
accompanied antinucleons at sea level. 
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Chapter 4 

Cosmic Rays Underground, 
Underwater and Under Ice 

4.1 I n t r o d u c t i o n  

Cosmic ray particles which penetrate the atmosphere and enter the Earth's 
crust or its oceans lose energy by the same processes while propagating in 
these media as in the air. However, the situation changes dramatically for 
unstable particles due to the much higher density of these media as compared 
to air. At a given kinetic energy the likelihood for an unstable particle 
such as a pion or kaon to interact rather than decay is much higher when 
propagating in a dense medium such as earth, rock, ice or water than in the 
atmosphere. On the other hand, electrons are quickly absorbed as a result 
of cascade processes and stable hadrons are removed by nuclear interactions 
and, if charged, by ionization. Therefore, muons and neutrinos are the sole 
survivors of the cosmic radiation at great depth underground or underwater. 

However, apart from the decay products of radioactive isotopes in the 
materials of the detector or its vicinity there is a minute flux of secondary 
particles such as pions, muons, electrons, gamma rays and neutrons, resulting 
mostly from muon but also neutrino induced interactions in the detector 
itself, or its surroundings. As expected, the angular distribution of this 
component does not manifest the sharp downward peak of the surviving 
atmospherically produced muon component. 

Muon intensities have been measured at different levels under rock and in 
the sea down to depths of about 106 g/cm ~, and in ice to shallower depths. 
Underwater measurements have the great advantage that the overburden is 
exactly known, leaving no ambiguities about density and composition varia- 
tions along a particle trajectory as in the case of an underground site. The 

459 
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study of underground/underwater muons is important for several reasons. 

By measuring the intensity of muons at different depths, information is 
obtained on the electromagnetic processes, including photo-nuclear processes, 
that reduce their flux. Based on intensity measurements at lower energies and 
electromagnetic cross sections extrapolated to high energies, muon Spectral 
measurements can be extended to the TeV energy region with the help of 
deep underground flux data. Moreover, high energy muon data can be used 
to investigate the primary spectrum and multi-muon data permit to explore 
the primary mass composition. 

Another aspect of muon measurements deep underground is to establish 
data for background estimations in heavily shielded underground areas that 
house neutrino experiments. There the muon flux as well as the flux of muon 
induced secondaries, particularly muons and electrons, must be known very 
accurately because the products of muon (electron) neutrino interactions 
themselves are muons (electrons). Similar arguments apply to site choice 
and planning of low-level counting laboratories deep underground. 

Last but not least, the relation between depth and muon intensity is of 
considerable geophysical interest. 

Underground and to a somewhat lesser extend underwater neutrino phy- 
sics, too, have become fields of major activity that have strongly evolved 
during the last two decades. After the first attempts to detect solar as 
well as cosmic ray neutrinos deep underground in the early sixties in South 
Africa and India, several new generations of ever larger and more sophisti- 
cated neutrino experiments have come into operation or axe currently under 
construction or in the planning phase. 

Great efforts are under way to solve the solar neutrino puzzle with highly 
dedicated experiments using mostly specific neutrino reactions that have dif- 
ferent predominantly low threshold energies. But also astrophysical aspects 
have received much attention and attempts are now in progress to look for 
neutrino point sources. Finally, the question of neutrino oscillations is also 
being tackled by cosmic ray physicists using solar as well as atmospheric 
neutrinos and, in united efforts with the accelerator community, neutrinos 
from accelerator beam dumps. 
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4.2 Theoretical Aspects  of Muon Physics 

4.2.1 Introductory Comments 

In this subsection we discuss very briefly some of the theoretical aspects that 
are relevant for the evaluation and interpretation of the experimental results 
summarized in Sections 4.3 and 4.4. Emphasis is given to the energy loss 
mechanisms that are the basis for computing the range-energy relation, for 
linking the sea level muon spectrum with the muon intensities and spectra at 
different depths underground, underwater or under ice, and vice versa, and 
for computing the high energy portion of the sea level muon energy spectrum 
from the depth-intensity relation. The latter is a method to explore that 
spectrum to the highest energies and to link it with the primary spectrum 
and composition. 

4.2.2 Energy Loss and Survival Probability of Muons 
in Dense Matter 

Muons propagating in matter are subject to the following energy loss mech- 
anisms: ionization and atomic excitation (Rossi, 1952; Sternheimer, 1956; 
Sternheimer and Peierls, 1971), direct electron pair production (Kelner and 
Kotov, 1968; Kokulin and Petrukhin, 1971; Wright, 1973), bremsstrahlung 
(Bethe and Heitler, 1934; Petrukhin and Shestakov, 1968; Kelner and Ko- 
tov, 1968), and photo-nuclear interactions (Kobayakawa, 1967 and 1985; 
Bezrukov and Bugaev, 1981). The references listed are those of the basic 
papers where the models and computational approaches to treat the par- 
ticular process are discussed. Reviews concerning these topics are found in 
Kotov and Logunov (1970), Bergamasco and Picchi (1971), Vavilov et al. 
(1974), Wright (1974), Grupen (1976), Lohmann et al. (1985), and Bugaev 
et al. (1993 and 1994). Direct muon pair production and other higher order 
processes are usually disregarded unless specific aims are pursued. 

The total energy loss relation for muons can be written as 

dE 
dx -- a(E) -t- b(E) E . (4.1) 

The term a(E) in eq. 4.1 stands for energy losses due to ionization and 
atomic excitation. It has a weak logarithmic energy dependence and is there- 
fore frequently regarded as constant for deep underground applications. 

For a moderately relativistic particle with charge ze in matter with atomic 
number Z and atomic weight A the term a(E) is given by the Bethe-Bloch 
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formula (Fano, 1963; see also Chapter 1, Subsection 1.4.1), which can be 
written as 

2 c 2 z 2 z i [  ,42, - ~ - 4 r N a r e m e  ~--~- In I - 2  " 

Here me is the electron rest mass, re the classical radius of the electron and 
41rNAr~m~c 2 = 0.3071 MeV cm 2 g-~. 7 = 1/(1 - fl2)0.5 is the Lorentz factor 
and fl = v/c, v being the velocity of the particle and c the velocity of light. I 
is the ionization constant and is approximately given by 16Z ~ eV for Z > 1, 
and dx is the mass per unit area or the column density, usually expressed 
in g/cm -2. 6 represents the density effect which approaches 2 ln7 plus a 
constant for very energetic particles (Crispin and Fowler, 1970; Sternheimer 
et al., 1984; for further details see the Appendix). 

The term b(E) is a composite term, b(E) = bb~(E) + bpp(E) + b~i(E), and 
represents the sum of the losses resulting from bremsstrahlung, pair produc- 
tion and photo-nuclear interactions, respectively. Each of these mechanisms 
is energy dependent and the mathematical expressions are relatively complex. 

Figure 4.1 shows the energy dependence of the three processes that con- 
tribute to b, and of the sum in Mont Blanc rock (Bergamasco et al., 1983). 
Results of a similar calculation by Inazawa and Kobayakawa (1985) for stan- 
dard rock, sea water and fresh water are presented in Fig. 4.2. A very new 
calculation of the energy loss of muons in standard rock, was carried out by 
Rhode (1993). The results are given in Fig. 4.3 where the contributions of 
the different mechanisms, including ionization, as well as the sum are shown 
as a function of muon energy. 

Since the energy loss of muons in matter is not continuous muons do not 
have a unique range. Fluctuations in range arise from catastrophic processes, 
in particular from bremsstrahlung. They must be taken into account when 
calculating the muon intensity underground from the energy spectrum of the 
muons at the surface of the Earth. 

For range calculations of high energy muons in thick absorbers the sur- 
vival probability is a relevant quantity. It is usually determined by means of 
Monte Carlo calculations that include all four processes mentioned above and 
account for fluctuations. Catastrophic interactions become very important 
at high energies. They dominate the energy loss at energies greater than 
about 600 GeV. 

Some time ago Tannenbaum (1991) pointed out that discrepancies ex- 
ist between the bremsstrahlung screening function used by Petrukhin and 
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Figure 4.1: Energy dependence of the coefficient b of the energy loss equa- 
tion 4.1 and of the separate contributions from direct pair production (b~p), 
bremsstrahlung (bb,.) and photo-nuclear interactions (b,~i) in standard rock, 
after Bergamasco et al. (1983). Shown, too, is the result of Lipari and Stanev 
(1993) (dashed curve) for bremsstrahlung using Rozental screening which lies 
about 10% above the result of Bergamasco et al. who used the Petrukhin 
and Shetakov screening functions. 

Shestakov (1968), and those of Rozenthal (1968) and Tsai (1974) (see also 
Sternheimer et al., 1984). Moreover, deviations between theory and experi- 
ment are confirmed (Sakumoto et al., 1992). 

Lipari and Stanev (1993) modified the screening function and carried out 
Monte Carlo simulations of muon propagation to great depth underground 
and underwater. They noticed that their modification to the screening func- 
tion causes noticeable changes in the energy loss due to bremsstrahlung and 
affects the muon survival probability. The results of some of their work are 
illustrated in Figs. 4.1 and 4.4. In Fig. 4.1 we have added their curve show- 
ing the energy dependence of the parameter bb,. for bremsstrahlung using a 
Rozental-like screening function, for comparison. The latter lies roughly 10% 
above the corresponding curve of Bergamasco et al. (1983), calculated with 
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Figure 4.2: Energy dependence of the b-term (all contributions) in fresh 
water, sea water and standard rock according to Inazawa and Kobayakawa 
(1985). 

the Petrukhin and Shestakov screening function. 

The differences resulting for the survival probability using either Petru- 
khin and Shestakov or Rozental screening is evident from Fig. 4.4. Lipari 
and Stanev (1993) state that at 10 TeV the relative energy losses due to 
bremsstrahlung (Rozenthal function), pair production and nuclear interac- 
tions are 0.36, 0.51 and 0.12, respectively. 

More recently several authors have revisited the problem of muon en- 
ergy losses and propose more accurate relations, different computational ap- 
proaches, and present new data on the energy loss and survival probability 
of muons in various media (Bugaev et al., 1985a, 1985b, 1994, 1998 and 
references listed therein; Naumov et al., 1992). 

A summary of formulas for the cross sections of processes contributing 
to the energy loss of muons in matter and a comprehensive collection of 
computed energy loss data of muons in a variety of pure and compound 
materials, covering the energy range from 1 GeV to 10 TeV, is given in 
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Figure 4.3: Energy loss, dE/dx, of muons in standard rock. Shown is the 
near constant loss which is due to ionization (curve 1), the energy dependent 
contributions from bremsstrahlung (curve 2), pair production (curve 3) and 
nuclear interactions (curve 4), as well as the sum of all four mechanisms 
(curve 5), after Rhode (1993). 

tabulated form in a paper by Lohmann et al. (1985). Portions of the tables 
concerning materials relevant to cosmic ray research are reproduced in Tables 
A.5 and A.6, in the Appendix. 

Practical Energy Loss Expressions 

The mathematical expressions for the energy losses resulting from the dif- 
ferent processes listed above are relatively complex and can be found in the 
references given above. However, for muons propagating in specific media 
they can be written in convenient form, lumping constants together, such 
that they can be used readily for computations. In the following we list the 
complete set of equations for standard rock with p-2.650, Z /A-0 .50  and 
Z2/A-5.50 (Menon and Ramana Murthy, 1967; Kotov and Logunov, 1970; 
Grupen, 1976). 

i) Energy loss by ionization and excitation. For energies >> 1011 eV the 
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differential energy loss due to ionization is equal to 

and 

dE) ' (4.3) = a + d l n E ~ =  
ion 71Z # C 2 

E 2 
E' = (4.4) ,=  (~_~ ' 

E +  2m, ] 

where E and m,  are the energy and rest mass of the muon, m~ the mass of 
the electron, and E:,~= is the maximum transferable energy. 

For standard rock (Z/A = 0.5; Z2/A = 5.5; Z = 11; A - 22; p = 2.65 
g cm -3) the ionization loss is given by 

dE) - 1.84 + 0.076 In E~na= [MeV g-1 cm 2] (4.5) 
ion m l ~ c2 " 
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For water the expression changes to 

dE) = 2.15 + 0.0853 In Emax [MeV g- '  cm 2] (4.6) 
ion  m ~ c2  " 

ii) Energy loss by bremsstrahlung. 

dE) = 1.77.10-6E [MeV g-1 cm2]. (4.7) 

iii) Energy loss by direct electron pair production. 

dE) = 2.40.10-6E [MeV g-1 cm2]. (4.8) 

iv) Energy loss by photo-nuclear processes. 

dE) -" 0.48.10 -6 E [MeV g - '  cm2]. (4.9) 
k 

- -  - ~ X  br 

The accuracy of eq. 4.9 is rather uncertain and the values quoted by 
different authors are not identical. The more generalized equations for any 
Z and A can be found in the reviews listed at the beginning of this section. 

Summing the terms for the different energy loss modes given above, eqs. 
4.3 and 4.7 to 4.9, one obtains for the total energy loss of muons in standard 
rock and energy given in units of MeV 

t 
I d E I  ~ X~176 Ema----- i~X [MeV gml cm 2 ] (4~ 10) 

- -  - ~ X  total  m t t c 2  " 

For different rock the energy proportional term must be modified to ac- 
count for the different value of Z2/A. Depending on rock composition and 
theoretical approach chosen, parameter b can have values that lie in the range 
between 3.6.10 -6 and 5.5.10 -6 g-1 cm2. 

Theoretical data of the energy loss of muons underwater from a calcula- 
tion of Davitaev et al. (1970) are presented in tabulated form in Section 4.4, 

Table 4.26. 

4 . 2 . 3  A v e r a g e  R a n g e - E n e r g y  R e l a t i o n  o f  M u o n s  

From the theoretical foundations of the energy loss of muons summarized 
above, the survival probability for an atmospheric muon of given energy at 
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Figure 4.5: Intensity probability distribution of atmospheric muons that con- 
tribute to the muon flux at a particular level underground, as indicated, 
versus muon energy (Bergamasco et al., 1983). 

the Earth's surface to reach a particular level underground can be calculated. 
Folding the atmospheric muon spectrum with the survival probability for a 
given depth underground, one obtains the intensity probability distribution 
of the muons that contribute to the muon intensity underground as a function 
of energy. The result of such a calculation by Bergamasco et al. (1983) is 
illustrated in Fig. 4.5 for three depths. 

The mean range, R~(E), expressed in g/cm 2, can be obtained by integra- 
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tion of eq. 4.1 (Kotov and Logunov, 1970; Miyake, 1973). Letting a(E) - a 
being constant we can write 

R,(E)  = - fo E dE l l n ( a + b E  ) dE = = -  . (4.11) 
a + b ( E ) E  b a 

Solving for E we get the range-energy relation 

where we now insert for a the weakly energy dependent expression 

(4.12) 

a = 1.84+ 0.076 In ( 
E2 ) 

em,c2(E +eA) [MeV g- '  cm2]. (4.13) 

The constants are A = 11.3 GeV, e = 2.718, and a frequently used 
value for b is 3 .6.10 -6 g-~ cm 2. Average range-energy relations for three 
different values of b are illustrated in Fig. 4.6 (Menon and Ramana Murthy, 
1967). 

For relatively low energy muons (E < < 100 GeV), where b E < < a, this 
relation simplifies to 

E 
= - - .  (4.14) 

a 

Theoretical data of the range of muons underwater obtained from a cal- 
culation by Rogers and Tristam (1984) covering a momentum range from 1 
to 100 GeV/c are given in Table 4.27 of Section 4.4. 

4 . 2 . 4  R a n g e  F l u c t u a t i o n s  o f  M u o n s  U n d e r g r o u n d  

a n d  in  W a t e r  

Whenever the range of a muon is comparable to the radiation length of muons 
in the medium (5680 hg cm -2 in standard rock), the concept of continuous en- 
ergy loss is no longer valid. Fluctuations begin to play an important role and 
must be accounted for when interpreting data from range-energy or depth- 
intensity measurements. Modern Monte Carlo calculations take care of the 
problem of fluctuations when simulating the propagation of muons to great 
depth underground. However, before that time some authors have developed 
theoretical methods to handle fluctuations (Mando and Sona, 1953; Hayman 
et al., 1962 and 1963; Zatsepin and Mikhalchi, 1962 and 1965; Nishimura, 
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Figure 4.6: Average range-energy relation of muons based on the assumption 
of continuous energy loss. Curves 1, 2 and 3 are for values of b - 3.0.10 -6, 
b - 3.6.10 -n and b = 4.2.10 -6, respectively (after Menon and Ramana 
Murthy, 1967). 

1964; and Kiraly et al., 1972). These methods are based on the introduction 
of a correction factor, Re, which is defined as 

= I ( X ) / b ( X ) .  (4.15) 

I(X) is the calculated intensity at a specified level X underground for 
an assumed muon energy spectrum of given spectral index 9' at the Earth's 
surface, neglecting fluctuations, and If(X) is the intensity including fluctu- 
ations. The intensities are obtained by solving the diffusion equations (see 
Bergamasco et al., 1983; Maeda, 1970 and 1973). 

More recently Minorikawa and Mitsui (1985) have used the same approach 
developed by Zatsepin and Mikhalchi (1965) (see also Gurentsov et al., 1976) 
to compute the correction factor Re and applied it to various experiments. 
Re depends on the spectral index 7 of the muons at the surface and on the 
range. Table 4.1 lists a compilation of correction factors from different au- 
thors for three different spectral indices, valid for the depth ranges indicated 
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Figure 4.7: Range-energy relation of muons in fresh water, sea water and 
standard rock (Inazawa and Kobayakawa, 1985). 

(Menon and Ramana Murthy, 1967). These correction factors are used to 
calculate the high energy portion of the muon energy spectrum at the surface 
of the Earth from intensity data underground. The intensities observed at 
different depths have to be multiplied by the Re values of Table 4.1 to correct 
for fluctuations in the energy loss of muons. For a more detailed account of 
the different approaches the reader is referred to the article by Menon and 
Ramana Murthy (1967). 

In Fig. 4.7 we show corrected range-energy spectra in standard rock, 
fresh water and sea water from a calculation by Inazawa and Kobayakawa 
(1985), and in Fig. 4.8 the correction factor Re as a function of muon range 
for three different spectral indices of the muon spectrum at the surface. 
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Table 4.1' Intensity Correction Factors, Rc, Accounting for Fluctuations 
for Different Spectral Slopes, 7 and Depths. 

(Menon and Ramana Murthy, 1967) 

Depth (Rock) 
[hgcm -2] 

Reference*) 

2000 1) 
2) 
3) 
4) 

5) case 1 

Correction factor, Rc for 
9 , = 2 . 5  

0.97 
0.93 
0.93 
1.19 
0.93 

7 = 3 . 0  

0.88 
0.88 
1.19 
0.88 

I - ) ,=3 .5  

0.81 
0.82 
1.17 
0.83 

4000 

6000 

8000 

10000 

5) case 2 

2) 
3) 
4) 

5) case 1 
5) case 2 

6) 
2) 
3) 
4) 

5) case 1 
5) case 2 

6) 
2) 
3) 
6) 
2) 

0.83 

0.81 
0.80 
0.92 
0.87 
0.62 
0.95 

0.66 
0.67 
0.66 
0.79 
0.43 
0.86 

0.54 
0.55 
0.69 

0.40 

0.73 

0.69 
0.69 
0.83 
0.78 
0.46 
0.84 

0.51 
0.51 
0.53 
0.66 
0.27 
0.68 

0.36 
0.37 
0.51 

0.27 

0.63 

0.60 
0.60 
0.76 
0.69 
0.33 
0.73 

0.41 
0.41 
0.44 
0.55 
0.16 
0.55 

0.24 
0.27 
0.38 

0.14 

*) 1) Mando and Sona (1953); 2) Zatsepin and Mikhalichi (1965); 3) Nishimura (1964); 
4) Bollinger (1951); 5) Hayman et al. (1962, 1963); 6) Miyake et al. (1964). For full 
references see end of section. 

4.2.5 Average Depth-Intensity Relation of Muons 

By expressing the high energy portion of the integral energy spectrum of 
muons at sea level as 

g(>_ E) = A E -~ , (4.16) 
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nents "7 of the integral energy spectrum of muons at sea level (Inazawa and 
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where A is a constant and 7 the spectral exponent, and using the range- 
energy relation, eq. 4.12, the vertical intensity I ( X )  at depth X can be 
written as 

a - '1' 
= 

Here a and b are the energy loss parameters defined earlier. 

For e b x > >  1, and using 

1 (Aa)_,  ~ (4.18) B =  ~ 

the following depth-intensity relation is obtained" 

I ( X )  = B e -bx" t .  (4.19) 



474 CHAPTER 4. COSMIC R A Y S  UNDERGROUND, etc. 

If the intensity is measured in an inclined direction under a zenith angle 
> 0 ~ and a flat surface topography at a vertical depth X, the depth- 

intensity relation must be modified by the factor sec(O) because of the muon 
enhancement in the atmosphere, outlined in Section 3.6. Moreover, another 
factor of sec(O) must be introduced in the exponent because of the slant 
depth, X,, which is larger than X for an inclined trajectory underground. 
Thus 

I (X ,  ~) = B sec(~) e -bx~ see(0) . (4.20) 

For small depths in the vertical direction, a series expansion of the previ- 
ous equation (eq. 4.19) yic,lds 

I ( X )  = A' (a X )  -~ , (4.21) 

where A ~ is a constant. This equation shows that the shape of the muon 
spectrum is reproduced. For large depths one gets 

I(x) (4.22) 

Thus the intensity decreases exponentially with depth. The principal en- 
ergy loss process at small depths (and low energies) is ionization, represented 
by the factor a, whereas at large depths (and high energies) the electromag- 
netic processes, accounted for by b, are more important. Energy losses due 
to ionization exhibit only small fluctuations because the loss is due to many 
single processes. In contrast, as pointed out above, the bremsstrahlung mech- 
anism which is dominating at high energies, is a single process in which a 
large fraction of the energy can get lost. Consequently large fluctuations are 
produced in the depth-intensity relation at larger depths. 

The consequence resulting from the difference between the screening func- 
tions of Petrukhin and Shestakov (1968) and Rozental (1968) for the theo- 
retical depth-intensity relation, as pointed out before, are shown in Fig. 4.9 
(Lipari and Stanev, 1993). 

Experimental data of muons underground and underwater are presented 
in Sections 4.3 and 4.4. 

4.2.6 Indirect Determination of the Energy Spectrum 
Underground and Average Energy 

The vertical muon intensity at depth X, I (X ,  0~ is related to the muon 
differential energy spectrum at the surface, 
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j(E, 0 ~ = BE  -(7+1) , (4.23) 

by the relation 

/; I(X, 0 ~ - P(E, X) j(E, 0 ~ dE, (4.24) 
th  

where -y is the spectral index of the integral muon energy spectrum at the 
surface, P(E, X) the survival probability that a muon of energy E reaches 
depth X, and Eta is the energy threshold corresponding to P(Etn, X) -- 
0. The energy spectrum is then calculated with the help of a minimizing 
procedure. 

If we are neglecting fluctuations that are embedded in the survival prob- 
ability, P (E ,  X), we can easily derive the vertical energy spectrum at depth 
X using eqs. 4.1 and 4.19, which yields 
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a )-(~+1) 
j ( E , X )  = Be -bX~ . E + ~ ( 1 -  e -bx) (4.25) 

In this equation the first exponent describes the attenuation of the high 
energy muon flux, whereas the expression in parenthesis determines the shape 
of the local energy spectrum underground. 

The average energy of the muons at depth X is given by the relation 

a ) (1- 
Eave = b ( 7 -  1) 

Some important facts that result from the mathematical treatment above 
should be remembered (Castagnoli et al., 1995): 

1. The energy spectrum underground is flat at energies E << E~,~. 

2. The slope of the spectrum at the surface is reproduced for E > > E~,~. 

3. At shallow depths where bX << 1 the average muon energy is nearly 
proportional to X. 

4. At great depths where bX > 1 (X > 2.103 hgcm -2) the spectral 
slope varies slowly with depth. 

5. The average energy approaches the asymptotic limit a / [ b ( 7 -  1)]. 

Rhode (1993) computed the muon energy spectra for different levels un- 
derground using the energy loss dependencies shown earlier in Fig. 4.3. The 
results of his calculations are illustrated in Fig. 4.10. 
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4.3 Muons Underground 

4.3 .1  G e n e r a l  C o m m e n t s  

Underground measurements of cosmic ray muon intensities have been carried 
out under a variety of different conditions, such as different locations, depths, 
environmental conditions, using different detector types and geometries, and, 
most important, under different rock compositions. The statistics of the early 
experiments is generally rather poor because of very low counting rates due 
to small detector dimensions. Early data are therefore mutually not very 
consistent, also because of instrumental deficiencies (Stockel, 1967). 

Since the late seventies and early eighties a number of ever larger detec- 
tors, such as NUSEX (NUcleon Stability EXperiment), LSD (Large Scintil- 
lation Detector), Baksan, Fr~jus, IMB (Irvine- Michigan- Brookhaven), 
Kamiokande, LVD (Large Volume Detector), MACRO (Monopole Astro- 
physics Cosmic Ray Observatory), Soudan I and II, and others, came into 
operation and improved the muon data statistics significantly. Some of these 
detectors were originally designed for proton decay or neutrino experiments, 
and the search for monopoles and certain forms of dark matter. However, 
they all have excellent muon capabilities. 

Apart from Superkamiokande that was commissioned in 1996, a new gen- 
eration of freely expandable giant detectors are currently in the planning 
phase or under construction. They are chiefly designed as neutrino tele- 
scopes and employ the water masses of deep lakes, the deep ocean or the ice 
masses of the Earth's polar regions as Cherenkov medium for the detection of 
neutrino reaction products. As a bi-product of their principal goal, which is 
neutrino astronomy, they will improve the high energy muon data by orders 
of magnitude in the future. 

Nevertheless, valuable data could be obtained from the early experiments. 
From these Miyake and others developed a number of empirical formulas that 
describe the depth - intensity relation, the zenith angle dependence and the 
energy spectrum Of muons underground and underwater rather well on aver- 
age (Miyake, 1963 and 1973). Theoretical aspects concerning these problems 
are summarized in Section 4.2. Results from underwater experiments are 
discussed and presented in Section 4.4. An excellent modern review covering 
theoretical as well as experimental topics of muon physics underground and 
underwater had been given by Bugaev et al. (1993 and 1994). 
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4.3.2 Rock Composit ion,  Standard Rock and 
Conversion Formula 

The energy spectrum of muons incident upon the Earth at sea level at en- 
ergies on the order of a few tens of GeV is more or less a global constant. 
Depending on the nature of the medium which acts as an absorber the inci- 
dent spectrum will lead to different range spectra. At low energies the energy 
losses of muons are dominated by atomic collision processes and ionization 
which depend mainly on the average value of Z/A of the target, Z being the 
electric charge and A the atomic mass. Since the average Z/A for most of 
the rocks is within a few percent of 0.50, the effective thickness or depth, 
X, of different rocks can all be considered equivalent up to thicknesses of 

1.5.105 g cm -2. Depth under water, however, requires a correction of the 
order of 10% since Z/A of water is 0.555. 

At great depth (X ___ 1.5.105 g cm-2), the situation is different. At the 
high energies that are relevant at these depths, the energy losses of muons 
are dominated by pair production and bremsstrahlung. These depend on 
the average Z2/A of the medium in which the muons propagate. Since the 
values for the average Z2/A of rocks from different sites deviate considerably, 
it is necessary to consider this ratio when comparing data  from different 
experiments. 

To simplify matters, intensities are usually converted to intensities un- 
der standard rock (Mandb and Ronchi, 1952; Menon and Ramana Murthy, 
1967). Depth is expressed in [gcm -2] of overburden. Frequently depth is 
also expressed in meters water equivalent, [m w.e.]. To simplify matters even 
more, it is customary to express depth as well as slant depth underground in 
hectograms per square centimeter, [hg cm -2] (1 hg cm -2 = 100 g cm -2, and 1 
hg cm -2 of water corresponds to a column of 1 m of water). 

Standard Rock, Definition 

Standard rock (SR) is defined as rock consisting of atoms of an average 
atomic charge Z = 11 and an average atomic mass A - 22, with Z/A -- 0.5, 
Z2/A - 5.5 and density p - 2.650 gcm -3 (Bollinger, 1951; Barrett et al., 
1952; Hayman and Wolfendale 1963; Menon and Ramana Murty 1967). Note 
that  some early workers have used values of Z - 10, A = 20, p = 2.9 g cm -a 
(George, 1952), and Z = 12, A = 24, p = 2.6 g cm -a (Mandb and Ronchi, 
1952), to normalize underground data from different sites. 

The average values of Z/A and Z2/A of a medium are defined as 
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Z/A = ~ fiZi/Ai (4.27) and Z2/A = ~ f,Z~/A, (4.28) 
i i 

respectively, where Zi, Ai, and fi are the atomic number, atomic weight and 
fractional weight, respectively, of the i-th element present in the medium, 

fi = Ai/ ~ Ai . (4.29) 
i 

Rock Conversion Formula and Underground / Underwater 
Intensity Relation 

Most muon measurements underground are carried out under different envi- 
ronmental conditions. In particular, the rock composition of the overburden 
varies from experiment to experiment and must be carefully accounted for 
when comparing data from different sites. Table 4.2 lists the relevant rock 
parameters of some experimental sites. 

Many authors have studied the problem of muon propagation in different 
media and for different energy regions and have derived formulas to convert 
data from one kind of rock to another. The widely accepted and extensively 
used conversion formula given below converts depth in rock characterized by 
Z and A, XZ,A, to depth in standard rock, Xsa, with Z = 11 and A = 22 
(Menon and Ramana Murthy, 1967). 

( bSR(e(bz'AXZ'A) 1))  (4.30) 1 In 1 +  XsR -- bsa 

Here bsa and bz,A are the energy proportional terms in the energy loss 
equation for muons appropriate for standard rock with Z = 11, A -- 22, and 
arbitrary rock with Z and A. The a-term which accounts for the ionization 
losses is disregarded since it is practically the same for all rocks. 

Equation 4.30 is a reasonable approximation because the b-terms are only 
weakly energy dependent. Computing muon ranges by numerical integration 
of the energy loss formula using the energy dependent functions a(E) and 
b(E) yields more accurate values (for details see Section 4.2 where some 
theoretical background and references are given). Results obtained from 
calculations by Kotov and Logunov (1970), and Wright (1973) are given in 
Fig. 4.11, which shows the conversion factor, F(X, Z,A), given as 

F(X, Z, A) = Xsn _- X(E, 11, 22) , (4.31) 
Xz,A X(E,Z,A) 
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Table  4.2: Rock Pa rame te r s  of Underground  Sites / Wate r  Pa ramete r s .  

(for Depths  of Sites see Appendix ,  Table  C.5) 

Site 
Baksan 
CWI* 
Fr~jus 
Gotthard 
Gran Sasso 
Homestake 
IMB* 

Ithaca 
KGF* 
KGF* 
LSGM* 

Mont Blanc 
Mont Blanc 

Nagoya 
Shimizu 
Soudan II 
Utah 

Standard Rock 

H20 
Sea Water 
(Pacific Hawaii) 

salinity 3.45 % 

< p >  <Z> <A> Z/A Z2/A Ref. 

2.744-0.01 11.9 24.04 0.495 5.89 1) 
2.71 11.08 22.21 0.499 5.53 2) 

2.74 10.12 20.34 0.498 5.035 3) 
2.645:h0.015 . . . .  4) 

2.71 11.41 22.88 0.499 5.69 5) 
2 . 8 4  1 0 . 0  - - - 6 )  

2.39 11.8 23.6 0.5 5.90 7) 

2.65 12.6 25.2 0.50 6.3 8) 
3.02 12.62 25.24 0.495 6.31 9) 
3.02 13.13 26.53 0.495 6.50 10) 

2.73 11.4 22.8 0.50 5.7 11) 

2.60 10.34 20.94 0.494 5.12 12) 
2.68 10.36 20.94 0.494 5.11 13) 
2.67 11.475 23.18 0.495 5.68 14) 

! 

2.8 = - - - - 15) 
2.74 12.56 25.15 0.499 6.273 16) 

2.55:h0.04 11 22 0.50 5.50 17) 

2.650 ] 11.0 22.0 0.50 5.50 18) 
1.00 6.66 12.01 0.555 3.7 19) 
1.027 7.433 14.787 0.553 3.26 20) 

21) 

* CWI Case-Witwatersrand-Irvine, South Africa; IMB Irvine-Michigan-Brookhaven, USA; 
KGF Kolar Gold Fields, India; LSGM Lake Shore Gold Mine Ontario, CND. 
1) Alexeyev, et al. (19795 and 1979b), Andreyev, et al. (1987); 2) Reines et al. (1965), 
Reines (1967), Meyer et al. (1970); 3) Rhode (1993); 4) Czapek et al. (1990); 5) Ambrosio, 
et al. (1993, 1995), Kudryavtsev et al. (1995); 6) Cherry (2000); 7) Svoboda (1985); 8) 
Bollinger (1951); 9) Menon (1967), Miyake et al. (1964); 10) Menon et al. (1968); 11) 
Barton (1961); 12) Castagnoli et al. (1965); 13) Baschiera et al. (1979); 14) Mizutani 
and Ohta (1975), Mizutani et al. (1979) (Okutadami Tunnel); 15) Miyazaki (1949); 16) 
DeMuth (1999), Goodman (2000); 17) Cassiday et al. (1971), Bergeson et al. (1973); 18) 
Menon and Ramana Murthy (1967); 19) Rogers and Tristam (1984); 20) Hasted et al. 
(1948); 21) Turekian, K.K., (1969). 

For full references see end of section. 

where E s tands  for the energy tha t  enters via the b-terms of eq. 4.30. 

Thus  dep th  in a med ium consist ing of m a t t e r  with Z and A mus t  be 



4.3. M U O N S U N D E R G R O U N D  485 

multiplied by this factor to convert it to depth in standard rock. The devi- 
ation between curves a and b of Fig. 4.11 at shallow depths is believed to 
arise because of the use of the approximate Sternheimer formula by Kotov 
and Logunov (1970) in place of the complete formula quoted by Barton and 
Stockel (1969). The significantly lower values of curve c are probably due to 
poor parameter choice. 

4.3.3 Depth-Intensity Relations and Data 

The intensity of muons as a function of depth underground can be calculated 
from our knowledge of the sea level muon spectrum and the physics of muon 
propagation and interactions in rock or other media, provided that we know 
the relevant physical parameters of these media. The basic equations to carry 
out such calculations are summarized in Section 4.2. Additional details for 
further study of the subject can be found in the references listed there. 

Empirical Depth-Intensity Relations 

At a vertical depth, X, underground the vertical intensity of muons can be 
calculated with the widely used empirical formula of Miyake (1963). 

( K ) (~x) (4.32) I ( X ' 0 ~  (X+a) '~  X + H  e- . 

This is the original formula. It has the three important features built in, 
namely: (i) the low energy muon spectrum from a few GeV to a few tens 
of GeV, reflecting the pion and kaon production spectrum which is relevant 
at shallow depths, where the first term dominates; (ii) the changing slope 
of the muon spectrum around 100 GeV, reflecting the rising importance of 
nuclear interactions for the muon parents in the competition between decay 
and interaction, where the first two terms dominate; (iii) the domain where 
the energy losses are proportional to the muon energy and the exponential 
term dominates. 

Frequently a slightly simplified version of this equation, also known as 
Miyake's formula, but without parameter a and with appropriately adjusted 
constants, is used by many authors (Menon and Ramana Murthy, 1967). 
Thus, 

X ~ 
I ( X ,  0 ~ = B (X  + H) e-(Ox) " (4.33) 

At small depths this relation reduces essentially to a power law, and at 
very great depths (X > 4000 m w.e.) to an exponential law. 
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Referring to eq. 4.32 the parameters a, H, K, c~ and/3 are constants to be 
adjusted to fit the experimental data. At the Kolar Gold Fields installations 
the following values were frequently used in early days: a= 11, H - 4 0 0 ,  
K---174, ~ - 1 . 5 3 ,  and/3 -- 8.0.10 -4. X is measured from the top of the 
atmosphere in units of [hgcm -2] or in meters of water equivalent [m w.e.], 
and the intensity is given in units of [cm-~s-lsr-1]. With the above values 
inserted eq. 4.32 takes the form 

I(X,  0 ~ = X 174+ 400 (X + 10) -1"53 e -8"~176 [cm-2s-lsr -1] . (4.34) 

This formula is valid for depth X >_ 100 hgcm -2 of standard rock. A 
more refined expression that covers the depth range from 10 to 104 hgcm -2 
was obtained by Barbouti and Rastin (1983) which reads 

K ) e -(~x) [cm-~s-'sr-1]. (4.35) I(X,  0 ~ = (X a + a)(X + H) 

The values of the different parameters are as follows: a - 7 5 ,  H = 200 
hgcm -2, K = 270.7 hgcm -2, c~= 1.68, and/3 = 5.5.10 -4 hg -1 cm 2, with X 
in hgcm -2 of standard rock and the intensity I(O~ in [cm-2s-~sr-~]. 

At very large depths (X >__ 4.103 hgcm-2), the vertical depth-intensity 
relation can be approximated with the expression (Menon et al., 1967; Meyer 
et al., 1970; Miyake, 1973) 

I(X,O ~ = Ae -x/^ [cm-2s-lsr-1], (4.36) 

where A is a constant. However, different experiments yield different values 
for A and A, and A may depend on X in some eases, as shown in Table 4.3. 
More recent fits to experimental data are given by eqs. 4.37 and 4.38 below 
and the relations for inclined muon trajectories with zenith angles 0 ~ < 0 _< 
90 ~ in Subsection 4.3.4. 

Exploratory and Early Experimental Data 

A compilation of absolute vertical intensities obtained with different experi- 
ments underground during the period from 1951 to 1970 was made by Crookes 
and Rastin (1973) and is given in Table 4.4. Also indicated in the table is 
the technique that was used. With the exception of the data by Sreekantan 
and Naranan (1952) the data are from direct vertical measurements and do 
not include converted data from inclined measurements. Note that depth is 
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Table 4.3: Values of A and A of eq. 4.36 for Different Depths X. 

X 
[hgcm -2] 

4000 

4000 
to 

9O0O 

3900 
to 

10000 

3000 
4000 
6000 
10000 

A 

0.98.1056 

1 hA+0.21.10-6 
"'-'-~-0.13 

(7.63 =t= 0.48) �9 10 -z 

A 
[hgcm -2] 

810• 

+35 804_39 

810.44 =t= 0.84 

625* 
700* 
825* 
900* 

References 

Menon et al. (1967) 

Meyer et al. (1970) 

Battistoni et al. (1985) 

Miyake (1973) 

* These values are also used in the expression for the zenith angle distribution given by 
Miyake (1973) (see eq. 4.43, Subsection 4.3.4). 

measured from the top of the atmosphere. For the depth range from 10 to 
103 hgcm -2 the flux values are also illustrated in Fig. 4.12. 

On the other hand, Table 4.5 contains a list of vertical muon intensities 
obtained with different experiments from inclined measurements. The re- 
sulting data were converted to vertical intensities by considering the slant 
depth in the rock, as discussed in Subsection 4.3.4 below, and the sec(O) en- 
hancement of energetic muons in the atmosphere, described in Sections 2.6 
and 3.6 (Menon and Ramana Murthy, 1967). For completeness the directly 
measured vertical intensities obtained at the respective levels are also listed 
in the table. 

An early world survey by Menon and Ramana Murthy (1967) including 
data from experiments carried out between 1938 and 1964 is given in Fig. 4.13 
and a quick reference of vertical intensities at a few standard depths in Table 
4.6. 

At shallow to moderate depths under rock measurements had been made 
by Krishnaswamy et al. (1968), Stockel (1969), Bergamasco and Picchi 
(1971), Crookes and Rastin (1972), and Wright (1973, 1974). The results 
are shown in Fig. 4.14 together with some data from great depths by Miyake 
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Table 4.4: Absolute Vertical Muon Intensities (Crookes and Rastin, 1973). 

Authors 
Apparatus 

Randall and Hazen (1951) 
Geiger counters in two-fold 
coincidence. 

Bollinger (1951) 
Hodoscoped Geiger counters 
operated in conjunction with a 
two-fold Geiger coincidence. 

Sreekantan and Naranan (1952) 
Hodoscoped Geiger counters plus 
two-fold Geiger coincidence.* 

Barrett et al. (1952) 
Hodoscoped Geiger counters plus 
four-fold Geiger coincidence. 

Avan and Avan (1955) 
Photographic emulsion. 

Depth Below Top 
of Atmosphere 

[hgcm -2] 

860 

1510 
1850 

110 
391 
485 
694 
895 

1584 

310 
590 

1290 

Absolute Vertical 
Intensity 

[cm-2s- lsr -1 ] 

(2.17 • 10 -6 

(3.90 • 10 -7 
(1.91 • -7 

(2.87 • -4 
(1.76 • 10 -5 
(1.24 -I-0.13). 10 -5 
(5.55 • -5 
(2.37 • -6 

(3.25 • -7 

(3.80 • -5 
(7.3 • -6 
(8.0 • 10 -T 

* Calculated from I(0) = 1(0)/cosn(0) with n - 3 at 110 hgcm -2 and n - 4 at all other 
depths. 

et al. (1964), Menon et al. (1968) and Meyer et al. (1970). The depth is 
measured from the top of the atmosphere. For comparison, underwater mea- 
surements carried out by Higashi et al. (1966) and Davitaev et al. (1970) 
that  are discussed in greater detail in Section 4.4 are presented in Fig. 4.15 
with the depth converted to and expressed in hg cm -2 of standard rock. The 
depth is again given from the top of the atmosphere. 

Bergamasco et al. (1971) have been carrying out measurements at a 
particular site in the Mont Blanc tunnel that  allowed to cover a depths range 
from 50 m w.e to 4330 m w.e.. At this site the rock parameters are fairly 
well known. (see Table 4.2). The results of this work are shown in Table 4.7. 
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Table 4.4: Absolute Vertical Muon Intensities (Crookes and Rastin, 1973). 
(continued) 

Authors 
Apparatus 

Miyake et al. (1964) 
Coincidence from two layers 
of plastic scintillators. 

Castagnoli et al. (1965) 
Two narrow-angle telescopes 
each involving a coincidence 
between plastic scintillators. 

Achar et al. (1965a, b) 
Plastic scintillation detector 
plus neon flash tubes. 

Krishnaswamy et al. (1968) 
Plastic scintillation detector 
plus crossed neon flash tubes. 

Stockel (1969) 
Telescope employing two trays 
of Geiger counters and a 
plastic scintillation counter. 

Sheldon et al. (1970) 
A hodoscoped arrangement of 
three trays of crossed Geiger 
counters operating in six-fold 
coincidence. 

Depth Below Top 
of Atmosphere 

[hgcm -2] 

833 
1888 

149 
299 

1319 

826 
1881 

764 
1510 

71.6 
734 

1068 

890 

Absolute Vertical 
Intensity 

[cm-2s-lsr -1] 

(2.51 +0.15)- 10 -6 
(1.77 +0.07) �9 1 O- 7 

(1.70 +0.04) . 10 -4 

(4.60 4-0.01)-10 -5 
(5.60 4-0.07). 10 -7 

(2.39 +0.15)- 10 -6 

(2.00 :LO.12). 10 -7 

(2.7 +0.1). 10 -6 

(3.4 :kO.1)- 10 -7 

(5.00 4-0.17). 10 -4 
(3.12 +0.15). 10 -6 
(1.03 +0.04)-10 - 6  

(1.65 4-0.09) �9 10 -6 

A vertical depth-intensity distribution for moderate to large depths mea- 
sured at the Utah laboratory is shown in Fig. 4.16 (Cassiday et al. 1971; 
Cannon and Stenerson, 1971). 

In the CWI (Case-Witwatersrand-Irvine) laboratory, located under 8890 
hg cm -2 of standard rock, the vertical muon intensity had been determined 
over a very large depth range from measurements carried out at different 
inclinations with respect to the vertical, i.e., at different slant depths (Crouch 
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Table 4.5" Summary of Early Muon Intensity Measurements Underground. 
(Menon and Ramana  Murthy, 1967) 

Authors 
Location 

Miyazaki (1949)") 
Shimizu Tunnel 

Bollinger (1951) b) 
I thaca Salt Mine 

Intensities 
computed from 

inclined 
measurements 

at 1510 m 

Intensities 
computed from 

inclined 
measurements 

at 1850 m 

Depth from 
Top of 

Atmosphere 
[hgcm -2] 

actual rock 

1410 

3010 

1510 
1850 

1577 
1965 
2155 
2445 
2170 
3150 
3785 
4650 
6800 

1915 
2030 
2160 
2470 
2805 
2905 
3330 
4000 
5130 
8560 

Vertical 
Intensity 

[cm-2 s-~ sr - t  ] 

5.0. I0 -7 

(1.7 4- 0.25) �9 10 -8 

3.90. i0 -7 

1.91. I0 -7 

3.30. I0 -T 

(1.2 + 0.1). 10 -T 
(7.7 + 0.8)" 10 -8 
(4.8 + 0.6). 10 -8 
(2.8 4- 0.4). 10 -8  

(1.5 -+" 0.3)- 10 -8 
(7.2 + 1.8). 10 -9 
(2.9 4- I.I). 10 -9 
(2.8 4- 1.9). 10 -1~ 

1.59.10 -T 
1.19.10 -T 
9 .8 .10  -8 
6 .3 .10  -8 
4 .1 .10  -8 
2 .7 .10  -8 

(I.I -I- 0.2). 10 .8 
(6.5 + 1.1). 10 -9 
(1.2 • 0.3)- 10 -9 
(1 +1.4 0-10 .6_0.7). 1 

Depth from 
Top of 

Atmosphere 
[hgcm -2] 

s tandard rock 

1510 
1850 

1577 
1965 
2155 
2445 
2170 
3150 
3785 
4650 
6800 

1915 
2030 
2160 
2470 
2805 
2905 
3330 
4000 
5130 
8560 

a) The counting rates given by Miyazaki have been normalized at 1400 hgcm -2 of rock 
with the smooth curve in Fig. 4.13. The rock composition is unknown. 
b) The vertical cosmic ray intensities have been obtained after applying the necessary 
corrections, as discussed in the text, from the angular distribution experiments carried 
out at depths of 1510 hg cm -2 and 1850 hg cm -2 of rock from the top of the atmosphere. 
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Table 4.5: Summary of Early Muon Intensity Measurements Underground. 
(Menon and Ramana Murthy, 1967) (continued) 

Authors 
Location 

Barton (1961) 
Lake Shore 

Gold Mine (CND) 

Miyake et al. 
(1964) 

Kolar Gold 
Fields 

Castagnoli et 
al. (1965) 

Mont Blanc 
Tunnel 

Depth from 
Top of 

Atmosphere 
[hgcm -2] 

actual rock 

1670 
3290 
5060 

. , ,  

816 
1812 
3410 
4280 
6380 
8400 

Vertical 
Intensity 

Jam-2 s-1 sr -1 ] 

(2.27 =t= 0.24) . 10 -7 
(8.1 + 2.4). 10 .9 

< 2.0.10 - 9  

(2.51 �9 0.15). 10 -6 
(1.77 4- 0.07). 10 -~ 
(1.42 4- 0.14). 10 .8 
(a .24 + o .as )  �9 l o  
(1.92 4- 0.47). 10 -m 

< 10 -11 

149 
299 
1334 

4109 • 110 

(1.70 4- 0.04) �9 10 -4 
(4.60 -t- 0.01). 10 -5 
(5.60 + 0.07). 10 -7 
(1.00 + 0.23). 10 -8  

Depth from 
Top of 

Atmosphere 
[hgcm -2] 

standard rock 

1690 
3350 
5160 

833 
1888 
3690 
4570 
6930 
9210 

149 
299 
1319 
4009 

et al., 1978). (We note that slightly different vertical depths are specified for 
the CWI experiment in different publications.) At very large depths the muon 
flux is due to neutrino induced reactions. This is illustrated in Fig. 4.17. 

More recent vertical muon intensity measurements at shallow rock depths 
in the range from 20 to 223 hg cm -2 have been carried out by Liu-Zhong-he et 
al. (1979). These data are shown in Fig. 4.18. Similarly, Barbouti and Rastin 
(1983) made absolute intensity measurement at Nottingham (40 m a.s.1.), 
also at shallow depth, under homogeneous absorbers such as lead and iron 
of different but well defined thicknesses and converted the data to equivalent 
standard rock overburdens. The results are given in Table 4.8. They are also 
included in the compilation of underground muon intensities of Fig. 4.19 
that covers the period from 1952 to 1983. This figure is complementary to 
Fig. 4.13. 

Starting with the primary energy spectrum the vertical muon depth- 
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Table 4.6: Composite Vertical Muon Intensity Versus Depth 
Based on Early Experimental Data. 
(Menon and Ramana Murthy, 1967) 

Depth below Top 
of Atmosphere 

[hgcm -2] 
(Standard Rock) 

I00 
200 

400 
700 
1000 
2000 
4000 
7000 
9000 

Vertical 
Intensity 

cm-2 S - 1  sr -1] 

2.70.10 -4 
7.40.10 -s 
1.56.10 -5 
4.00.10 -6 
1.46.10 - 6  

1.53.10 -T 
8.60.10 -9 

1.80.10 -x~ 
< 10 -11 

Table 4.7: Vertical Muon Intensities in the Mont Blanc Tunnel. 
Depth is Measured in m w.e. from Top of Atmosphere. 

(Bergamasco et al., 1971) 

Depth 
[m w.e] 

50 
106 
158 
238 

4270 

Vertical Intensity 
[cm-2s-~sr -~] 

(2.36 4- 0.02). 10 -4 
(2.36 + 0.02). 10 -4 
(1.2o + o.ol) ,  lo 
(5.00 4- 0.05). 10 -s 
(4.79 --!- 0.23).  10 -9 

intensity curve had been calculated and compared with measurements by 
O'Brien (1972). The result is shown in Fig. 4.20. 

A world survey of vertical underground muon intensities made by Crouch 
(1985 and 1987) is presented in Figs. 4.21 and 4.22, and in Table 4.9. All 
data are converted to standard rock and measurements made at large angles 
are corrected for the Earth's curvature. Fig. 4.21 covers a very large depth 
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Table 4.8: Absolute Vertical Muon Intensities under Different Absorbers 
Measured at 40 m a.s.1. (Barbouti and Rastin, 1983). 

Depth Below Top 
of Atmosphere in 

Standard Rock 
[hgcm -2] 

11.62' 
12.12 
14.32 
19.28 
24.24 
29.06 
47.72** 
52.42** 

Absorber 
Thickness 

Pb-equivalent 
[hgcm -2] 

1.85_+0.01 
2.594-0.01 
5.54 =t= 0.01 

12.23 4- 0.01 
18.73 =]= 0.01 
25.04 + 0.01 
33.0 • 0.1 
37.7 4- 0.1 

Absolute 
Vertical 

Intensity 
[cm-2s-lsr -1] 

, ,  

(9.13+0.12). 10 -3 
( s . s7+o .12) .  lO -3 
(7.66+0.09). 10 -3 
(5.56+0.06)-10 -3 
(4.15+0.05). 10 .3 
(3.20+0.04). 10 -a 
(1.40+0.02). 10 -3 
(1.19+0.06). 10 -3 

* Crookes and Rastin (1972); ** Crookes and Rastin (1973). 

range to almost 2 .  10 ~ hgcm -2 in double-logarithmic representation and 
includes a large depth region where neutrino induced muons only are present. 
The figure also includes some data points from underwater measurements by 
Fyodorov et al. (1985). The smooth curve which gives a good fit to the data 
is described by the following expression. 

I(X, 0 ~ = e (A'+A~x) + e (A3+A4X) + A5 [cm-2s-'sr -I] , (4.37) 

where A1 - -11.24 4- 0.18, A2 - -0.00264 + 0.00014, A3 - -13.98 =t= 0.14, 
A4 - -0.001227 4-0.000021, A5 = (2.18 + 0.21). 10 -13, and X is in hgcm -2. 

Fig. 4.22 shows partly the same data in semi-logarithmic representation 
over a smaller depth range down to the beginning of the region where neutrino 
induced muons are dominating. Also shown in the same figure are results 
from calculations by Bugaev et al. (1993 and 1994) that are based on different 
muon production processes, mentioned in the caption. 

Figure 4.23 is a compilation of data from many experiments at the Kolar 
Gold Fields, including some more recent work. The data are again compared 
with results from some of the model calculations of Bugaev et al. (1993 and 
1994). 
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Table 4.9: World Survey of Vertical Muon Depth- In tens i ty  D a t a  

in S t anda rd  Rock (Crouch, 1987). 

Depth 
[hgcm -2] 

1068 
1500 
1535 
1574 
1840 
1853 
1853 
2235 
2622 
3493 
3534 
3562 
4255 
4312 
45O8 
6808 
7486 
8742 

9141 
9358 
9660 
10060 
10580 
11250 
12100 
13210 
14660 
16610 
19320 
23300 
29620 

41050 
67440 
182700 

Intensity 
[cm-2s-lsr-1])  

1.03-10 -6 
3.90-10 -7 

3.40-10 -T 
3.31.10 -7 

1.91-10 -T 
2 .00-I0  -z 
1.77.10 -z 

9.70-10 -8 

3.10.10 -8 

5.90-10 -9 
1.15-10 -8 
1.42-10 -8 
4.10-10 -9 
4.63.10 -9 
3.24-10 -9 
1.92-10 -1~ 
1.10-10 -1~ 
1.87- 10 -11 

1.13- 10 T M  

1.36-10 -11 
4.59-10 -12 
3.77-10 -12 
2.56-10 -12 
9.07-10 -13 
6.84-10 -13 
3.48.10 -13 
2.57.10 -13 
2.34-10 -13 
1.67-10 -13 
2.81-10 -13 
2.15.10 -13 

1.87-10 -13 
1.88-10 -13 

2.61.10 -13 

Error 

5.07.10 -8 
1.46.10 -8 
1.51.10 -8 
1.17-10 -8 
7.71-10 -9 
1.36.10 -8 
9.52-10 -9 
6.11-10 -9 
5.70-10 -9 
2.30-10 -9 
8.01-10 -1~ 
1.53-10 -9 
2.00-10 -9 
6.23-10 - l~  
4.04-10 -1~ 
4.97-10 T M  

2.15-10 -11 
3.05-10 - 1 2  

6.30-10 -12 
3.60-10 - 1 2  

1.30-10 - 1 2  

8.90-10 - 1 3  

5.90-10 -13 
2.90. 10 -13 
2.00. 10 -13 
1.20. 10 -13 
8.90-10 -14 
7.70-10 -14 
6.00-10 -14 
7.20-10 -14 
5.90-10 -14 

5.20. 10 -14 
4.90-10 -14 
5.40-10 -14 

Reference 

Stockel (1969) 
Bollinger (1951) 

Krishnaswamy et al. (1970a) 
Barrett  et al. (1952) 

Bollinger ( 1951) 
Achar et al. (1965a, b) 

Miyake et al. (1964) 
Stockel (1969) 

Fyodorov et al. (1985) 
Fyodorov et al. (1985) 

Krishnaswamy et al. (19708) 
Miyake et al. (1964) 

Fyodorov et al. (1985) 
Achar et al. (1965a, b) 

Miyake et al. (1964) 
Miyake et al. (1964) 

Krishnaswamy et al. (19718) 
Meyer et al. (1970) 

Crouch et al. (1978) 
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Data from Modern Mostly Large Experiments 

In the late seventies and early eighties a number of new, mostly large deep 
underground experiments came into operation. Some of these were initially 
designed and optimized for a particular task, such as proton decay stud- 
ies, supernova watch, monopole and dark matter searches, cosmic ray muon 
physics, and neutrino investigations of various kinds. Others were intended 
to be more multipurpose instruments that could tackle a variety of prob- 
lems simultaneously. Consequently different techniques were employed for 
different detectors but all have muon detection capability. 

Since some of these detectors have very large dimensions they can explore 
the spectral and other features of the cosmic ray muon component to much 
higher energies and with far better statistics than their predecessors. In the 
following we summarize the data from the different experiments. 

In Fig. 4.24 we show vertical muon depth-intensity data that were com- 
puted from measurements made with the Baksan underground installation in 
Russia at different zenith angles, as indicated, and different azimuthal angles 
(Andreyev et al., 1987 and 1990). Similarly, the results from the NUSEX 
(NUcleon Stability EXperiment) (Aglietta et al., 1990a), Gotthard (Czapek 
et al., 1990) and Fr~jus (Berger et al., 1989a, 1989b and 1990) experiments 
are shown in Fig. 4.25. We have added to both figures the results from the 
prediction by Bugaev et al. (1994), mentioned previously, for comparison. 
A more detailed display of the Fr~jus results can be found in Fig. 4.36 of 
Subsection 4.3.5, where measurements on through-going and stopping muons 
in the Fr~jus detector are discussed, and likewise in Fig. 4.87 of Section 4.5 
where similar data on neutrino induced muons are presented. 

Recent data from measurements made with the LVD at Gran Sasso are 
illustrated in Fig. 4.26 (Aglietta et al., 1995a; Giusti et al., 1995; Sartorelli 
et al., 1995 and Aglietta et al., 1997). Shown are the slant depth intensities 
as well as the vertical intensities. The difference of the respective intensities 
is a measure of the fraction of directly produced muons. 

Precision measurements of the muon intensities underground were made 
with the MACRO detector, covering the slant depth range from 3200 hg cm -2 
to 6950 hgcm -2. The results were converted in the usual manner to verti- 
cal intensities and are listed in Table 4.10. A very recent compilation of 
depth-intensity data of many of the large new experiments, including Bak- 
san, Fr~jus, LVD, MACRO, NUSEX, Soudan I and II, and the old Cornell 
data, is shown in Figs. 4.27 and 4.28 (Ambrosio et al., 1995 and 1996). 

The vertical depth intensity data of these experiments can be described 
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Table 4.10: Vertical Muon Intensities Measured with the MACRO Detector. 
(Ambrosio et al., 1995) 

Depth 
[hg cm -2] SR 

3200 
3250 
3300 
3350 
3400 
3450 
3500 
3550 
3600 
3650 
3700 
3750 
3800 
3850 
3900 
3950 
4000 
4050 
4100 
4150 
4200 
4250 
4300 
4350 
4400 
4450 
4500 

I(h) 4- AI(h) 
[cm-2 s-1 sr -1 ] 

(2.00 • 0.01) �9 10 -8 
(1.85 4- 0.01) �9 10 -s  
(1.73 + 0.01) �9 10 -s 
(1.59 i 0.01) �9 10 -8  

(1.48 4- 0.01) �9 10 -s 
(1.39 + 0.01) �9 10 -8  

(1.30 + 0.01) �9 10 -8 
(1.215 + 0.008)- 10 .8 
(1.144 + 0.008). 10 -8  

(1.058 -!-- 0.007). 10 -s 
(1.000 -!- 0.007). 10 -s 

'9.44 4- 0.07). 10 -9 
'8.85 -+- 0.06)" 10 -9 
',8.23 4- 0.06) �9 10 -9 
(7.73 + 0.07) �9 10 -9 
(7.20 + 0.07). 10 -9 
(6.75 -+- 0.06). 10 -9 
(6.37 -+- 0.06). 10 -9 
(5.88 4- 0.06). 10 -9 
(5.49 4- 0.06) �9 10 -9 
(5.15 + 0.05)- 10 -9 
(4.82 :i: 0.06) �9 10 -9 
(4.51 4- 0.05). 10 -9 
(4.21 :k 0.07). 10 -9 
(3.94 4- 0.07) �9 10 -9 
(3.69 • 0.09). 10 -9 
(3.46 4- 0.03) �9 10 -9 

Depth 
[hg cm -2] SR 

4550 
4600 
4650 
4700 
4762 
4850 
4950 
5050 
5150 
5250 
5350 
5450 
5550 
5650 
5750 
5850 
5950 
6O50 
6150 
6250 
6350 
6450 
6550 
6650 
6750 
6850 
6950 

I(h) 4- AI(h )  
[cm-2 s-1 sr - '  ] 

(3.29 4- 0.07) �9 10 -9 
(3.05 4- 0.07)- i0 -9 

(2.92 • 0.04). lo -9 
(2.72 4- 0.06).  10 -9 
(2.61 :k 0.04).  10 -9 
(2.32 :k: 0.06).  10 -9 
(2.02 --I- 0.06).  10 -9 
(1.86 + 0.03).  10 -9 
(1.60 ::1: 0.04).  10 -9 
(1.40 :k 0.02)- 10 -9 
(1.28 + 0.04).  10 -9 
(1.05 4- 0.03) .  10 -9 
(9.6 4- 0.2).  10 -~~ 
(8.7 4- 0.2)" 10 -10 
(7.5 4- 0.1).  10 -10 

(6.8 4- 0.2).  10 -1~ 

(5.8 4- 0.5).  10 - t~  
(5.2 -+- 0.3).  10 -10 

(4.6 4- 0.2)- 10 -1~ 
(4.3 4- 0.1).  10 -1~ 
(3.6 4- 0.7) .  10 -1~ 
(3.2 4- 0.4).  10 -1~ 
(2.7 4- 0.3).  10 -~~ 
(2.7 • 0.5).  10 -1~ 
(2.2 --t- 0.3) .  10 -1~ 
(2.2 • 0.3).  10 -1~ 
(2.0 --t- 0 .3) .  10 -1~ 

with an expression of the form 

()~ Xo e_(X/X o I (X,O ~ = A X ) + K , (4.38) 

where the parameters A, Xo and a have different values for different exper- 
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Table 4.11" Parameters for Vertical Depth-Intensity Relation 
of eq. 4.38 in Standard Rock. 

Experiment 
Reference 

Fr~jus 
Rhode 4- (1996) 

LVD 
Aglietta + (1995a) 

MACRO 
Ahlen + (1994) 

A.  10 6 
[cm-2 S-1 sr-1 ] 

(2.18 + 0.05) 

(1.77 4- 0.02) 

(1.97 4- 0.02) 

2.0 

2.0 

1.15 4- 0.01 

Xo 
[hgcm -2] 

1127 4- 4 

1211 4- 3 

983 4- 2 

K .  1013 
[cm-~ ~-~ ~r-~] 

(2.98 4- 1.15) 

iments and depth ranges. For depths less than ~5 km w.e. the constant 
K which accounts for the neutrino induced muon component can be ne- 
glected. At great depths, values of K ranging from K = (2.17 4-0.21). 10 -13 
cm -2s -~ sr -~ (Crouch, 1987) to K = (2.98 4- 1.15) �9 10 -~3 cm -2s -~ sr -~ 
(Giusti et al., 1995) were found. Table 4.11 lists the parameters of eq. 4.38 
for some experiments. 

4.3.4  Zeni th  A n g l e  D e p e n d e n c e  and Re la t ions  

In this subsection we discuss mostly muons from normal processes, such as 
the decay of pions and kaons in the atmosphere. These muons constitute the 
bulk of all the muons in the atmosphere as well as underground to depths 
of about 8 km w.e.. Beyond this depth neutrino induced muons become sig- 
nificant and below about 13 km w.e. they are the dominating component. 
Effects due to prompt muons resulting from the decay of charmed particles 
will be mostly ignored here, they are discussed separately in Subsection 4.3.6. 
Note that  atmospheric muons underground show no azimuthal dependence, 
like energetic muons at the surface. Only low energy muons in the atmo- 
sphere down to sea level manifest an azimuthal dependence because of the 
geomagnetic field. 

In an underground laboratory at a vertical depth of X g cm -2 with a 
flat surface topography, and assuming a flat Earth and atmosphere, the path 
length Xs of an inclined trajectory with zenith angle 0 is given by the relation 

X s -  X sec ( f l ) [gcm-2]  . (4.39) 
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X~ is referred to as the slant depth. 

The angular distribution of energetic atmospheric muons of normal origin 
is proportional to sec(~) at the Earth's surface. This linear relationship is 
an approximation which is valid only for energetic muons subtending zenith 
angles _< 60 ~ (for details see Subsection 3.6.4). F rom eq. 4.36 it is evident 
that the muons will be attenuated by a factor e x p ( - X  sec(~)/A) upon pen- 
etrating to depth X under zenith angle t?. Because of the assumption of a 
flat Earth this expression as well as eq. 4.39 are subject to the same zenith 
angular restriction as mentioned above. For larger zenith angles the Earth's 
curvature must be considered in analogy to the curved atmosphere, discussed 
in Chapter 1, Subsection 1.7.2. 

If the vertical muon flux at depth X is compared with the flux at an 
angle 0 for the same path length inside the rock, (X~ = X), i.e., at a more 
shallow vertical depth, then an enhanced intensity is expected at ~ > 0 ~ This 
is because the atmospheric muon intensity itself manifests an enhancement 
at 0 > 0 ~ with respect to 0 = 0 ~ This topic is discussed in Chapter 3, 
Subsection 3.6.4. 

According to Miyake (1973) (see also Bollinger, 1951; Budini and Moli~re, 
1953) the following expression is valid to describe the zenith angle distribu- 
tion of muons at shallow depths underground. 

I(X,  ~) = I(X,  0 ~ cos~(O), (4.40) 

where 

n = 1 .53+8 .0 .  lO-4X We. (4.41) 

X is in hgcm -2, and e is a small correction that arises from muon decay 
and ionization losses at shallow depths only. Note that the exponent n is a 
function of depth X and depends on the low energy cutoff of the detector. 
With increasing depth the zenith angle distribution of the muon intensity gets 
steeper and consequently n increases, too. At great depth the distribution is 
sharply peaked to the vertical. According to Stockel (1969) eq.4.40 is valid to 
a zenith angle of ~ " 60 ~ down to depths of "~ 2000 hg cm -2 and according 
to Menon et al. (1967) it is inadequate below 4000 hg cm -2 for ~ _ 40 ~ 

At intermediate depths or at large angles at shallow depths the angular 
distribution can be expressed as 

I ( x ,  o) = I ( x ,  o ~ co ' (4.42) 
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At very large depths the angular distribution can be approximated by the 
expression 

I (X,  O) -- I (X,  0 ~ see(O) e-X( ''r176 ^ ) (4.43) 

where A has different values for different depths as given by Miyake (1973) 
(see Table 4.3). 

For the whole depth range the angular distribution can be described by 
the following empirical formula (Miyake, 1973). 

= 
174 

X cos(O) + 400 
(X + 10 sec(0))_1.53 ( X T 7 5  ) 

X + 50 + 25 sec(0) 

.e-8.0.10-4(XTlO see(O)) [cm-2s-lsr-1] , (4.44) 

where X is the slant depth in hg cm -2. This expression is valid for KGF- 
rock but it covers all data within an error of 10 percent. The different terms 
of this relation represent the pion decay into muons, the production energy 
spectrum, muon decay, and the depth-energy relation. 

If the angular variation is expressed as I(X,O) = I (X,  0 ~ cosn(0) (see 
eq. 4.40), where I (X,  0 ~ is the vertical intensity at depth X, the variation 
of n as a function of depth X can be obtained. 

At shallow depth (31.6 hgcm -2 below sea level, or 43 .0 i l  hgcm -2 below 
the top of the atmosphere, including 134• gcm -2 of absorber in the tele- 
scope) the variation of the absolute muon intensity as a function of zenith 
angle was measured by Crookes and Rastin (1973). The results are given in 
Table 4.12. 

Early studies of the depth dependence of the zenith angle distribution of 
the muon intensity underground, in particular of the exponent n of eq. 4.40 
as a function of depth X, were made by Miyake et al. (1964). The data 
are summarized in Table 4.13. Table 4.14 contains a similar set of data 
acquired by Castagnoli et al. (1965) in the Mont Blanc tunnel. Results 
from measurements made by Stockel (1969) at four different depths (sites 
at Holborn and at Tilmanstone Colliery, Kent), are illustrated in Fig. 4.29. 
The intensities are in arbitrary units but the steepening of the slope of the 
distribution with increasingdepth is well demonstrated. 

Bergeson et al. (1967, 1968 and 1971) and Keuffel et al. (1970) made 
similar measurements with the Utah detector to larger depths and compared 
the data with a previous world survey (Fig. 4.30). In this figure the intensities 
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Table 4.12: Angular Distribution of Muons at Shallow Depths. 
(Crookes and Rastin 1973) 

Axial Zenith 
Angle 
[d~g.] 

0 
30 
45 
60 

Depth Below 
Sea Level 
[hg cm -2] 

Absolute Muon 
Intensity 

cm-2s- lsr-a]  

31.6-4-1.0 
42.4i0.2 
52.7• 
72.7+0.4 

1.40 • 0.02.10 -3 
8.7 • 0.3 �9 10 -4 

6.2 =t= 0.25.10 -4 
3.0 • 0.1 �9 10 -4 

Muon Energy 
at Sea Level 

[G~v] 
7.5 
9.7 

11.7 
15.5 

Table 4.13" Depth Dependence of Exponent n of Zenith Angle Distribution 
of the Muon Intensity, eq. 4.40. 

Kolar Gold Fields Experiment, India (Miyake et al., 1964). 

Depth from 
Surface ~) 

[m] 

270 =i= 0.3 
600 + 0.3 

1130 =t: 0.3 
1415 • 0.3 
2110 • 0.3 
2760 + 0.3 

Depth from Top 
of Atmosphere 
(actual rock) b) 

[hgcm -~] 

816 2.3 
1812 3.1 
3410 4.5 
4280 5.2 
6380 6.6 
8400 

Absolute Vertical 
Intensity 

am s -  1 s r -  1 ] 

(2.51 • 0.15) �9 10 -6 
(1.77 + 0.07) .  10 -~ 
(1.a2 + 0.1a) �9 10 -~ 
(3.2a + 0.35).  10 -~ 
(1.92 • 0.47). 10 -1~ 

< 10 T M  (from atmos, muons) 
< 1.5.10 -12 (from neutrinos) 

a) Known to the nearest 30 cm. 

b) The errors in the depth estimates owing to modulations in the surface topography are 

about • 1.7%. In addition there may be an error of zero to 2% depending on the percentage 

(0 to 10% by volume) of rocks other than horn-blende schist. 

are plotted as a function of sec(0) for fixed slant depths, X~. The data were 
obtained by varying the zenith angle and selecting the appropriate azimuth 
to keep X~ constant. These authors found that the zenith angle distribution 
is flatter than expected on the basis of muon production via pion and kaon 
decays and concluded that a significant isotropic component, resulting from 
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Table 4.14: Depth Dependence of Exponent n of Zenith Angle Distribution 
of the Muon Intensity, eq. 4.40. 

Mont Blanc Tunnel Experiment, I taly- France (Castagnoli et al., 1965). 

Depth from Top 
of Atmosphere 
(actual rock) 

[hgcm -2] 

140 2.0 
290 2.2 

1325 3.0 
4100 5 - 6 

Absolute Vertical 
Intensity 

c m  s -  1 S t -  1 ] 

(1.70 -+- 0.04) �9 10 -4 
(4.60 + 0.01) �9 10 
(5.60 • 0 .07) .  10 
(1.00 + 0.23) �9 10 

. . . . . .  

direct processes (charmed particle decays), is needed to explain the results 
(Keuffel effect). Re-analysis of the data and new measurements at Utah 
as well as elsewhere, discussed in Subsection 4.3.6, made it clear that the 
isotropic component is very small at low and moderate energies. 

Krishnaswamy et al., (1970a, 1970b, 1971b, 1971c and 1971d) carried out 
similar investigations at different depths down to 3375 hgcm -2 with their 
detectors at the Kolar Gold Fields. The apparatus had an angular resolution 
of A~ = +1.5 ~ and the data were evaluated in 5 ~ angular bins. The 
results are shown in Fig. 4.31 as plain zenith angle distributions together 
with theoretical distributions, assuming a constant kaon to pion production 
ratio of K / r  - 0.2. The same authors have also studied the angular 
distribution of muon pairs underground which show the same characteristic 
features (Krishnaswamy et al., 1970b). 

The rock density given by Krishnaswamy et al. (1970a) is slightly different 
at different depths (3.03, 3.05, and 3.02 gcm -3 at 754, 1500 and 3375 hgcm -2, 
respectively), resulting in somewhat different values of Z/A  (0.495) and Z2/A 
(6.4) than given in Table 4.2. 

A more recent study using the proton decay detector at the Kolar Gold 
Fields, located at a depth of 6045 hg cm -2, was conducted by Adarkar et al. 
(1990a and 1990b). The apparatus had an angular resolution of AO = ~0.8 ~ 
and the data were evaluated in 5 ~ angular bins. The results are shown in Fig. 
4.32 together with theoretical curves for atmospheric and neutrino induced 
muons. The former curve was obtained assuming a pion production spectrum 
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in the atmosphere of the form 

F(E~) dE~ = AE~ dE~ , (4.45) 

with a production ratio of kaons to pions of K / r  - 0.15, and a ratio of 
prompt muons from charmed particle decays io pions of f~ = #p/~ = 
0.1%. Using the survival probabilities, the range-energy relation and the 
detector acceptance (area-solid-angle product), the sea level muon spectrum 
was converted to the angular distribution underground, including the sec(0) 
effect for the muons from pion and kaon decays. The flux was then normalized 
to the experimental data underground and the exponent 7 fitted to the data. 
The best fit was obtained with a spectral index of % = 2.7. 

The simulation calculations show that the variation of the K / ~  ratio has 
little effect on the zenith angle distribution at these large energies because 
of the comparatively small mass difference between pions and kaons. To 
investigate the contribution of prompt muons, the ratio of pions and kaons 
to prompt muons, fp, was varied, and the expected and observed intensity 
distributions compared for shape. The effect of the fraction of prompt muons 
manifests itself in the ratio of muons stopping in a given target to the muons 
traversing it, and in deviations from the theoretical depth-intensity and an- 
gular distributions. Further details concerning these topics are discussed in 
Subsections 4.3.5 and 4.3.6. 

A very new series of high statistics measurements of the zenith angle 
distribution was made by the MACRO team at four different slant depth 
intervals (Ambrosio et al., 1995). From these data the authors determined 
the vertical muon intensities, as shown in Fig. 4.33. 

A compilation of data on the depth dependence of the exponent n of 
the zenith angle distribution cosn(0) of muons underground is illustrated in 
Fig. 4.34. As mentioned before the exponent n depends also on the lower mo- 
mentum cutoff imposed by the measuring instrument (Stockel, 1969; Crookes 
and Rastin, 1973). 

4.3.5 Stopping Muons 

The motivation to study stopping muons underground arises from a variety 
of problems. Comparison of the depth and therefore the energy dependence 
of the spectrum of through-going and stopping muons underground yields in- 
formation on the origin of the low energy component, i.e., whether they are of 
atmospheric or neutrino induced origin. From the portion of stopping muons 
that result from decaying mesons in the atmosphere one can obtain the muon 
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Table 4.15: Intensity of Stopping Muons Underground. 

Depth, X 
[hgcm -2] 

, , ,  

24 

Surface 
96 

417 
985 

Intensity 
[cm-2s-lsr -1100 g- lcm2] 

(6.6 :t: 1.1). 10 -5 

(2.62 • 0.15). 10 -4 
(7.67 -1-. 0.4). 10 .6 
(7.90 4- 0.5). 10 -s 
(6.90 4- 0.7). 10 -9 

. . . . . .  

References 

Higashi et al. (1973) 
,, 

Bhat and 
Ramana Murthy (1973a, b) 

energy spectrum at the detector location underground. This spectrum is de- 
pendent only on the spectral index 7 and the energy loss mechanisms in the 
rock. Direct measurement of the low energy portion of the muon spectrum 
in a detector offers therefore the possibility to determine the spectral index 7 
together with the energy loss parameters a and b independently of the depth 
dependence of the through-going muon flux. 

In addition, the spectral index of the neutrino flux can be determined 
from the ratio of the absolute fluxes of stopping to through-going neutrino 
induced muons. From the above mentioned wealth of information the por- 
tion of stopping negative muons can be estimated. This data is relevant for 
background estimates for critical low level spallation experiments that are 
sensitive to muon capture induced reactions. 

Last but not least prompt muon production via charmed particles and 
other direct processes can be investigated with stopping muons, and likewise 
speculations that possible deviations from the expected behavior of muons 
underground might reveal hitherto unknown high energy leptonic processes 
or components. These topics are discussed in Subsection 4.3.6. 

Measurements on stopping muons have been made by many authors. The 
intensity of stopping muons as measured at the Kolar Gold Fields at different 
depths, X, is given in Table 4.15 (Bhat and Ramana Murthy, 1973a and 
1973b). 

Ratio of Stopping to Through-going Muons 

When dealing with stopping muons one usually specifies the ratio, r, defined 
as the number of muons stopping in an absorber of thickness 100 g cm -2 
to the number of through-going muons. This ratio is a function of depth. 
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Table 4.16: Ratio of Stopping to Through-going Muons Underground. 

Depth, X 
[hgcm -2] 

24 
24 

6O 
85O 
1150 

, , ,  

985 
. . . .  

Ratio, r 
[per 100 gem -2] 

(3.0 • 0.5). 10 -2 
(2.8 • 0.5). 10 -5.  

(3.5 4- 0.3). 10 -2 
(4.5 4- 0.9)- 10 -3 
(4.2 4- 0.7). 10 -3 

, , ,  

(4.6 + 0.5) .  10 -3 
, ,  

References 

Higashi et al. (1973) 
Higashi et al. (1973) 

Alexeyev et al. (1973a, b) 

Bhat and Ramana Murthy (1973a, b) 

* Ratio of stopping accompanied muon flux to through-going muon flux. 

Fig. 4.35 shows a compilation of results of many measurements made before 
1976, together with theoretical predictions (Grupen et al., 1972 and 1976). 
In Table 4.16 we summarize the results of some early measurements which 
also include one value for the ratio of stopping accompanied muons to all 
through-going muons from the work of Higashi et al. (1973). 

Recent investigations of stopping muons were carried out with the Fr~jus 
detector (Rhode, 1993 and 1994). The results are displayed in Fig. 4.36, 
showing the depth dependence of stopping as well as through-going muons. 
Also shown are fits to the data and theoretical distributions of neutrino 
induced through-going and stopping muons. An extension of this plot to 
depths of 50 km w.e. is presented in Section 4.5 (Fig. 4.87) that deals with 
neutrino data. 

The zenith angle distribution of stopping muons, #~t, has been deter- 
mined a t a vertical depth of 417 hg cm -2 in the Kolar Gold Fields by Bhat 
and Ramana Murthy (1978). They found that the experimentally obtained 
distribution could be represented by the relation 

L,,  (e) - L. ,  (0 ~ (4.46) 

where n - 2.23 + 0.33, evaluated for all events within the investigated zenith 
angle range of 0 ~ < 0 < 70 ~ 

In earlier work Bhat and Ramana Murthy (1973) and others have rec- 
ognized that stopping muons underground consist of two populations of dif- 
ferent origin. One results from slowed-down atmospheric muons, the other 
from the decay of low energy pions that are locally produced by high energy 
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muons in inelastic scattering processes on nuclei of rock constituents. The 
two populations have different angular distributions. 

Bhat and Ramana Murthy (1978) conclude from their work that 12.9 4- 
0.6% of all stopping muons at this depth are locally produced and have an 
intensity distribution that has a zenith angle dependence of the form 

I~,,o~(O ) c~ cos(0). (4.47) 

The approximate ratio, r, of stopping to through-going muons per g cm -2 
at depth X can be calculated on the basis of the energy loss equation for 
muons and spectral considerations. According to Alexeyev et al. (1973a and 
1973b) it is 

) r = + bnno(< E~, >)z [g-,am2] . (4.48) 

Here < E~ > is the mean muon energy in GeV at depth X and a is the 
mean ionization energy loss in rock, a = 2.106 eV g-lcm2. Because of the 
flat shape of the muon energy spectrum underground, which can be written 
~S 

the value of 

dj~ 1 (4.49) 
dE "~ (A + E,)~ ' 

J~' (4.50) g ~ = 

(dJ, /dE)ma~ 

is close to < E~, >, where (dj , /dE)maz is the maximum of the differential 
muon energy spectrum. In practice E~ - 0.7 < E ,  >. The exponent 
z _~ 0.7 and the quantity no are related to the hadronic cascades initiated by 
photo-nuclear interactions of muons. It is estimated to be about 0.4 (Bugaev, 
1968), and b, - 5.7.10 -T g-lcm2 is the muon energy loss coefficient for this 
process (Bezrukov et al., 1972). 

Inserting some of the numeric factors, eq. 4.48 can be rewritten for prac- 
tical applications as 

0.3 ) 
r _~ + 5.7.10 -Sno(< E ,  >)o.r [100g-lcm2] . (4.51) 

< Ett > 
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4 . 3 . 6  P r o m p t  o r  D i r e c t  M u o n s  

Experimental Aspects 

Muons resulting from charmed particle decays and other so-called prompt or 
direct processes, often referred to as X-processes, do not manifest the zenith 
angle dependence which is characteristic for muons from so-called normal 
processes, i.e., from pion and kaon decays (see Subsection 3.6.4). This is 
because the mean lifetime of charmed particles is too short so that they have 
a vanishing chance to interact in the low density environment of the upper 
atmosphere. They decay directly, producing prompt muons. The angular 
distribution of these muons in the atmosphere is therefore isotropic like that 
of the primaries and the zenith angle dependence at depth X underground 
is expected to have the form 

It, p (X, 0) = At, p e-(X ,~;(o)) . (4.52) 

The spectral index of prompt muons is identical to that of the primary 
spectrum and their fraction is expected to increases with increasing energy. 
The relatively slow fall-off with energy of the flux increases their importance 
at high energies and large depths. 

Neglecting neutrino induced muons, the total muon intensity underground 
can be written as 

0) = I (x ,  0 o) v ( x ,  0) (4.53) 

where 0 is the zenith angle, G(X, 0) ,.~ sec(0) usually referred to as the 
enhancement, X is the depth or column of rock traversed, and Ip(X) is the 
intensity of the prompt (isotropic) muon component at X. 

Measurements made by Bergeson et al. (1973) at two slant depths for a 
range of zenith angles, shown in Fig. 4.37, illustrate the relation stated above 
(see also Subsection 4.3.4). The plotted muon intensity I(X, 0) versus sec(0) 
reveals that the data points fall on a straight line, as expected, that intersects 
the intensity axis close to zero at sec(0) = 0. The value at sea(0) = 0 is 
essentially the intensity of prompt muons, Ip(X). The experiment shows that 
the ratio Ip(X)/I(X, 0 ~ is very small and, if present, manifests itself only at 
large depth which implies high energy. 

Similar work carried out by Krishnaswamy et al. (1971c and 1971d) 
reveals no evidence in support of the existence of a prompt muon component, 
and in many other experiments it remains undetectable. Likewise, Cassiday 
et al. (1973) at a depth of 1500 hgcm -2 and Bakatanov et al. (1979) at 850 
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hg cm -2 show that their experimental data can be explained by conventional 
processes. 

On the other hand, Bergamasco et al. (1983) find from their work at 
the Mont Blanc laboratory, using a spark chamber arrangement, an isotropic 
component on the level of 5% (Fig. 4.38). Similarly, Afanasieva et al. (1987), 
using an emulsion chamber located 5 to 6 meters underground, indicate that 
the fraction of prompt muons increases with energy from about 0.08% at 
a muon energy of 1 TeV to 0.18% at 100 TeV. Moreover, in a very recent 
analysis of data from the LVD detector, Aglietta et al. (1997) conclude from 
zenith angle distributions at different depths shown in Fig. 4.39 that the 
upper limit on the ratio of the flux of prompt to normal muons is fp _< 2.10 -3 
(90% C.L.). 

As mentioned in Subsections 4.3.4 and 4.3.5, the portion of muons orig- 
inating from prompt processes to that resulting from pion and kaon decays 
manifests itself in the ratio, r, of stopping to through-going muons in a given 
absorber. This ratio reflects the spectral difference between the two muon 
groups. The investigation is based on comparison of the experimental data 
with results from simulation calculations, whereby the ratio fp of prompt 
muons, #p, to normal muons, #~,K, i.e., fp = #p/#~,K = Nr is varied. 
Here Nr stands for the number of charmed particles and possibly other direct 
processes, and N,r,g for the number of pions and kaons. 

The result of such an analysis is shown in Fig. 4.40 (Krishnaswami et 
al., 1983; Adarkar et al., 1990a and 1990b). Variation of the K/Tr ratio has 
little effect at these large energies because of the comparatively small mass 
difference between pions and kaons (see also Fig, 3.50, Section 3.6). 

Differences between theoretical and experimental depth-intensity distri- 
butions had been discussed by Andreyev et al. (1990). These authors con- 
clude from their work with the large liquid scintillator at Baksan that muons 
from prompt processes constitute about 0.15-4-0.5% of the muon flux in the 
zenith angle interval 50 ~ to 70 ~ corresponding to a depth range from 1000 
hg cm -2 to 11000 hg cm -2. 

Theoretical Aspects of Prompt Muons 

Theoretical studies concerning prompt muon production were carried out by 
many authors since the mid sixties. Most calculations are based on semi- 
empirical models of charm production and the results vary strongly from 
author to author. Contributions to this field were made by Aglietta et al. 
(1995b), Battistoni et al. (1996), nugaev et al. (1988, 1989a, 1989b, 1994 
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and 1998), Castagnoli et al. (1984), Castellina et al. (1985), Elbert et al. 
(1983), Inazawa and Kobayakawa (1983 and 1985), Inazawa et al. (1986a 
and 1986b), Kobayakawa (1967), Komori and Mitsui (1982), Thunman et al. 
(1996), Volkova et al. (1987), Zas et al. (1993), and others. 

In Fig. 4.41 we show the results of a calculation by Volkova et al. (1987) 
of the spectra of prompt muons originating from different processes. The 
main contributions come from semi-leptonic decays of D-mesons (D +, D- ,  
D ~ D ~ and charmed baryons, A~. Also shown is the theoretical spectrum 
of muons from pion and kaon decays, and the results of the Mont Blanc 
experiment (Bergarnasco et al., 1983). The theoretical spectra are subject 
to relatively large uncertainties, as indicated. The intensities shown in Fig. 
4.41 seem to be rather high. 

Inazawa and Kobayakawa (1985) carried out some calculations to estimate 
the effect of prompt muon production on the depth-intensity curve, assuming 
a maximum likely prompt muon spectrum of the form 

Jp(> E) .: 2.11.10 -9. E -1"44 [cm-2s-isr -1] (4.54) 

with E in TeV. The results of this calculation are shown in Fig. 4.42. Also 
indicated in the same figure are the depth-intensity distributions of conven- 
tional vertical muons and of inclined muons observed at a vertical depth of 
4800 hg cm -2 and different slant depths. 

Theoretical estimates of the energy where the flux of prompt muons at 
sea level may reach 50% of the total muon flux range anywhere from 30 TeV 
to 1000 TeV and more (Bugaev et al., 1994 and 1998). 

4.3.7 Energy Loss Data of Muons 

The theoretical foundations for carrying out energy loss calculations of muons 
propagating in dense media to great depths underground are discussed in 
Section 4.2. Lohmann et al. (1985) produced tables of energy losses of 
muons from 1 GeV to 10 TeV in various elements and compounds commonly 
used in high energy physics. Some of their data comprising materials that are 
frequently used in cosmic ray research, including standard rock and water, 
are reproduced in Tables A.5 and A.6 in the Appendix. 

Mitsui (1992) studied the energy loss of muons in iron and water ex- 
perimentally and theoretically, using data from measurements on horizontal 
muons analyzed with the MUTRON detector at sea level. The results are 
summarized in Fig. 4.43. Shown are the energy losses as a function of muon 
energy from 100 GeV to 1000 TeV resulting from two different calculations. 
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Table 4.17: Energy Loss Parameters a and b. 
(Rhode, 1993) 

*) b Rock ab~ 

Type [(m w.e.)-'] 
. . . .  

Fr~jus P&S 4.24.10 -4 
Fr~jus R 4.38.10 -4 

Standard P&S 4.50.10 -4 
Standard R 4.66.10 -4 

a [GeV (m w.e.) -1] 
. . .  

calc. exp. 
. . . . . . . . .  , . .  

0.217 0.215~0.004 
0.217 0.215+0.004 
0.217 0.215~0.004 
0.217 0.215+0.004 

a/b [GeV] 

calc. exp. 

513 
495 
482 
466 

507+8 
490• 
477• 
460+8 

*) P&S: Petrukhin and Shestakov (1968); R: Rozental (1968). 

One is based on quantum electrodynamics, the other uses an empirical for- 
mula. Also indicated are the experimental data obtained with the MUTRON 
detector. 

The energy loss parameters a and b of eq. 4.1, Section 4.2, have been 
determined by many authors. In Table 4.17 we list the results obtained 
by Rhode (1993) in an evaluation for Fr~jus and standard rocks, using the 
Petrukhin and Shestakov (1968) as well as the Rozental (1968) formulas for 
the bremsstrahlung cross section, ab~ (for details see Section 4.2). For a, 
which is essentially independent of rock type, calculated and experimentally 
determined values are listed. 

4 . 3 . 8  R a n g e - E n e r g y  D a t a  o f  M u o n s  U n d e r g r o u n d  

Theore t i ca l  R a n g e - E n e r g y  D a t a  

Results from an early calculation by Menon and Ramana Murthy (1967) 
of the average range-energy relation of muons are included in Section 4.2, 
Fig. 4.6, where the theoretical foundations for range-energy calculations are 
given. Similarly, range fluctuations that are important at great depth where 
high energy muons are relevant are also discussed there. Correction factors 
accounting for fluctuation-induced muon enhancement underground are given 
by Kiraly et al. (1972). Included in this paper is a survey of previous work 
dealing with this topic. 

A very new calculation of the average range of muons as a function of 
energy in dense media, considering the problem of range fluctuations, was 
performed by Makarov et al. (1995). Their results for standard rock, Baksan 



510 CHAPTER 4. COSMIC RAYS UNDERGROUND, etc. 

Table 4.18: Muon Range, R(E, Eth), in Various Rocks and in Water. 
(Threshold Energy Eth = 1 GeV, Makarov et al., 1995) 

E 

[GeV] SR 

102 4.08.104 
2.102 7.48.104 
4.102 1.30.105 
6.102 1.74.105 
8.102 2.09-105 

103 2.40.105 
2.103 3.45.105 
4.103 4.61.105 
6.103 5.31.105 
8.103 5.82.105 

104 6.21.10 ~ 
2.104 7.41.105 
4-104 8.61.105 
6.104 9.31.105 
8.104 9.80.105 

105 1.02.106 
2.105 1.14.106 
4.105 1.25-106 
6.105 1.32.106 
8.10 ~ 1.37.106 

106 1.41.106 
2.106 1.52.106 
4.106 1.63.106 
6.106 1.70.106 
8.106 1.75.106 

10 T 1.78.106 

R(E) [g cm -2] 

Baksan 

4.11.104 
7.51.10 ~ 
1.30.105 
1.73.105 
2.08.105 
2.37.105 
3.39.105 
4.50.105 
5.17.10 5 

5.65.105 
6.02.105 
7.17.105 
8.32.105 
8.99.105 
9.46.105 
9.82.105 
1.09.106 
1.21.106 
1.27.106 
1.32.106 
1.35.106 
1.46.106 
1.57.106 
1.63.106 
1.68.106 
1.71.106 

KGF 

4.12.104 
7.49.104 
1.29.105 
1.71.105 
2.05.105 
2.33.105 
3.31.105 
4.37.105 

Water 

5.01.105 
5.47.105 
5.82.10 ~ 
6.91.105 
8.00.105 
8.63.105 
9.08.105 
9.43.105 
1.05-106 
1.16.106 
1.22.106 
1.26.106 
1.30.106 
1.40.106 
1.50.106 
1.56.106 
1.60.106 
1.64.106 

3.63.104 
6.80.104 
1.22.105 
1.68-105 
2.07.105 
2.41.105 
3.65.105 
5.10.105 
5.99.105 
6.64.105 
7.15.105 
8.73.105 
1.03.106 
1.12.106 
1.19.106 
1.24.106 
1.39-106 
1.54.106 
1.63.106 
1.69.106 
1.74.106 
1.89.106 
2.04-106 
2.12-106 
2.18.106 
2.23.106 

and KGF rocks, and water are given in Table 4.18 

Experimental Range-Energy Data  

Direct information on the range-energy relationship for muons can be ob- 
tained from the muon integral energy spectrum, measured at sea level, and 
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the depth-intensity curve, since a given muon intensity underground will cor- 
respond to a certain threshold energy at sea level and also a certain absorber 
thickness in terms of standard rock. Crookes and Rastin (1973) have used 
their best-fit sea level integral muon energy spectrum with the depth-intensity 
curve to produce the range-energy curve of Fig. 4.44. 

Over the range of muon energies covered by these results (0.4- 100 GeV) 
the dominant mode of energy loss is ionization. Shown, too, is a theoretical 
curve using the energy loss expression given by Sternheimer (1956) plus the 
terms to allow for bremsstrahlung, pair production and nuclear interactions. 
The probable cause for the deviation of the theoretical curve from the exper- 
imental points at low energies could be that the empirical relationship does 
not accurately represent the shape of the depth-intensity variation for depths 
less than 14 hg cm -2 of standard rock. 

4 . 3 . 9  M o m e n t u m  a n d  E n e r g y  S p e c t r a  o f  M u o n s  

U n d e r g r o u n d  a n d  D e r i v e d  S e a  L e v e l  S p e c t r u m  

Theoretical Spec t r a  

The computational approach to determine the energy spectrum of muons 
underground is discussed in Section 4.2. There theoretical results are sum- 
marized in Fig. 4.10 for different depths in rock. 

Directly Measured Spectra Underground 

Early attempts to determine the energy spectrum of underground muons 
were made by George and Shrikantia (1956) using emulsion at a depth of 
57 m w.e.. Likewise, Nash and Pointon (1956) made measurements at 40 m 
w.e., using the scattering technique in a multi-plate cloud chamber, covering 
a momentum range of approximately 0.2 - 0.8 GeV/c. 

First measurements of the underground muon momentum spectrum using 
magnetic spectrographs were made in Moscow at a depth of 40 m w.e. by 
Daion and Potapov (1959a and 1959b), in England at a depth of 38 m w.e. by 
Ashton et al. (1960), and in a tunnel in Australia under 70 hgcm -2 of rock 
by Murdoch et al. (1960). The results of the work of Daion and Potapos and 
of Murdoch et al. are shown in Fig. 4.45. Also shown are theoretical curves 
based on calculations by these authors, using muon spectra above ground, 
at sea level, with differential spectral exponents of ")' -- 2.5, 2.85 and 3.0, as 
indicated in the figure. 

In later work at Moscow, Vernov et al. (1965) used burst measurements 
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to determine the energy of muons at 40 m w.e.. More recently, Mizutani 
and Ohta (1975, 1977 and 1979) determined the muon energy spectrum at a 
depth of 850 hg cm -2 to energies of several TeV, using an emulsion chamber. 
Their results are shown in Fig. 4.46. 

Average Energy of Muons Underground 

In view of the problems that arise in the direct determination of the energy 
spectrum of muons deep underground, where the experimental conditions 
are extremely difficult and statistics poor, the concept of average energy, 
defined in Section 4.2, is very useful. This method is based on multiple 
electromagnetic interactions of muons in an adequately thick detector in 
which electron-positron pairs are produced and analyzed in a so-called pair 
meter. This technique has also been used at sea level to explore the spectrum 
of ultrahigh energy horizontal muons. It can also be used to study high energy 
muon interactions. 

This method had been employed in connection with the NUSEX detector 
in the Mont Blanc Laboratory by Castagnoli et al. (1997) (see also Castagnoli 
et al., 1995). They determined the average energy of muons as a function 
of depth underground experimentally and theoretically. The data are shown 
in Fig. 4.47 together with theoretical expectations by other authors and a 
very recent experimental determination by the MACRO group (Ambrosio et 
al., 1999a). We have also added older experimental data of Alexeyev et al. 
(1973a). A previous attempt to determine the muon spectrum underground 
using a transition radiation detector was made by Calicchio et al. (1987). 

Sea Level Spectra Derived from Underground M e a s u r e m e n t s  

As a by-product of underground measurements that is of equal or even greater 
interest than the local energy spectrum at a given depth in rock or water is 
the sea level energy spectrum of the muons at the Earth's surface derived 
from depth-intensity measurements. The latter offer at present the only 
practical method to extend spectral studies of muons to ultrahigh energies 
that represent one of several approaches to explore spectrum and composition 
of the primary radiation. For this reason several authors present the results 
of their underground measurements directly in the form of surface spectra at 
sea level. Some of these data are discussed in Section 3.6. 

Khalchukov et al. (1985) (see also Enikeev et al., 1981) have used the 100 
ton scintillator tank located in Artyomovsk at 570 m w.e.. They determined 
the muon spectrum using the energy deposit of muon initiated electromag- 
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netic cascades only. Hadronic cascades were eliminated in the analysis on 
the grounds of different neutron numbers. From their measurements un- 
derground the authors constructed the muon spectrum at sea level above 
ground (Fig. 4.48). Likewise, Zatsepin et al. (1994) (see also Il'ina et al., 
1995) have used an X-ray emulsion chamber to determine the near horizontal 
muon spectrum using basically the same method as Khalchukov et al. (1985) 
(Fig. 4.49). 

The vertical muon differential energy spectrum at the surface (sea level) 
derived from measurements made with the MACRO detector underground, 
having excellent statistics, is shown in Fig. 4.50 together with earlier data 
from small experiments at sea level. Essentially the same data are shown 
in Fig. 4.51 in differential form with the intensities multiplied by E~ to 
emphasize the energy dependence of the intensity (Ambrosio et al., 1995; 
Bussino et al., 1995). The fitted and theoretical curves were obtained with 
a slightly refined version of the analytic expression of Gaisser (1990) (eq. p. 
71) for the muon spectrum at sea level. 

1 0.054 ) 
dJ , (E , ,  cos(0)) = 0.14 A E ;  ~ i + 1.1E~ cos(0*) -~- 1.1E~ cos(0*) -~- fP 

dE~ . 1 + 
115GeV 850GeV 

[cm-2s-lsr-lGeV -1] (4.55) 

Here cos(0) had been substituted by cos(0*), 0* being the local zenith 
angle at the point of production of the muon in the atmosphere, and the 
spectral index 7 was set to 2.7. The additional term, fp, not present in 
the original Gaisser formula and ignored by Ambrosio et al. (1995) had 
been introduced by Aglietta et al. (1997) to account for the prompt muon 
component. 

In another analysis Aglietta et al. (1997) have used the depth-vertical 
intensity data obtained with the LVD detector to get a fit for the sea level 
muon spectrum using eq. 4.55 and obtained for the parameters A, 7 and fp 
the following values: A - 1.8 4- 1.0, 7 = 2.77 • 0.05 and fp < 2 . 1 0  -a 
(95% C.L.). 

In the past several authors have derived expressions similar to eq. 4.55 to 
describe the muon spectrum in the atmosphere at sea level (see eg. Miyake, 
1973). 
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4 . 3 . 1 0  M u l t i - M u o n  E v e n t s  a n d  D e c o h e r e n c e  

Sources of Multi-Muon Events 

Multi-muon events can originate from three different processes: 
Photoproduction.  High energy muons can interact with matter  sur- 

rounding the detector system or in the detector itself. In this case the pro- 
duced particles have tracks that are diverging from the vertex in the rock or 
apparatus and are frequently of much lower energy. 

Extensive Air Showers. In energetic hadron-hadron collisions, several 
hadrons with decay channels into muons can be produced. In spite of the 
fact that the decay probability of the unstable, newly created fast particles is 
small,the large number that participate in the nuclear cascade in the shower 
core can still produce many muons in the TeV range. These muons are 
strongly collimated near the shower axis and produce almost parallel tracks. 

Massive Particles. Multi-muon events can also arise from the decay of 
massive particles with decay channels that lead to two or more muons. These 
events have the vertex somewhere in the atmosphere, the muon number is 
less abundant and the separation of muons can be appreciably larger than in 
the previously mentioned cases. 

Measurement of Multi-Muon Events 

High energy multi=muon events have been observed at different levels un- 
derground and with very different detector systems and geometries. They 
are characterized by their frequency distribution or multiplicity and track 
separation, referred to as decoherence. The latter is expressed in units of 

Multiplicity as well as decoherence distributions measured with a finite 
size detector are biased by detector dimensions and geometry. Clusters of n 
simultaneous muons that extend over an area larger than that of the detector 
are misinterpreted as having a smaller multiplicity. Likewise, muon pairs 
with separations that exceed the detector dimension cannot be recognized 
as such, nor can muon pairs or clusters having separations less than the 
detector resolution be recognized as such. Thus different detectors obtain 
quite different results unless the data are properly corrected for detector 
geometry and efficiency. 

Multiplicity Distributions 

Multi-muon events have been recorded with the Utah detector at different 
depths and zenith angles, under rock (p = 2.55 g cm -3, Z2/A = 5.65). The 
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data are summarized in Table 4.19 (Lowe et al., 1975). Additional Utah data 
are given in Table 4.20 and Figs. 4.52 and 4.53 show the results for zenith 
angles of 47.5 ~ and 62.5 ~ respectively (Elbert et al., 1975). At a depth of 
3375 hgcm -2, multi-muon events have been recorded at zenith angles >_ 20 ~ 
and energies _ 2 TeV in the Kolar Gold Fields (Krishnaswamy et al., 1979). 
The results are presented in Fig. 4.54, in arbitrary units. 

A summary for different depth is given in Fig. 4.55 (Totsuka and Koshiba, 
1974). Fig. 4.56 shows the muon multiplicity distribution at a mean slant 
depth of 1380 hgcm -2 (Suda et al., 1974). 

In the Baksan detector, which has an effective area of 250 m 2, the ratio, n, 
of muon pairs and multiple muon events combined, J(>_ 2#), to single muons, 
J ( l# ) ,  has been measured in the depth range 850 < X _ 104 hgcm -2 for 
0 ~ <. 9 < 90 ~ and was found to be (Chudakov et al., 1979) 

J ( >  2#) -2 (4.56) n = - = 3 . 1 0  
J ( l# )  

In later work at Baksan, Budko et al. (1987) found that the multiplicity 
distributions for different muon threshold energies (E,,th ---- 0.25, 0.83, 1.2, 
and 1.7 TeV) have the same slope. 

A compilation of more recent data from Baksan (Chudakov et al., 1991), 
Fr~jus (Berger et al., 1989b) and NUSEX (Aglietta et al., 1990b) are shown 
in Fig. 4.57. Separate sets of data from the Fr~jus and MACRO detectors 
are given in Fig. 4.58 (Berger et al., 1989a and 1989b) and Fig. 4.59 (Ahlen 
et al., 1994; Ambrosio et al., 1996; Bernardini et al., 1994; Palamara et al., 
1996), respectively. For muon multiplicities m >_ 2 the Fr~jus data are well 
fitted by the empirical expression 

/21 
_ K (m >_ 2) with y = (4.57) 

Cm --  m~, 1 + a m 

with K = (5.6 4-0.5).  10 -9 cm-2s -~, p~ = 4.63 i 0.11, and a = (0.66 :i= 
0.16) �9 10 -2, with a correlation coefficient for u~ and a of 0.918. 

The multi-muon fluxes recorded with the Fr~jus detector are presented 
in Table 4.21. Fluxes specified in a later paper (Berger et al., 1989b) are 
insignificantly different from those given here. The characteristic distance, 
rm, of the lateral distribution given in the table is based on the assumption 
that the distribution can be represented by the expression 
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Table 4.19: Multi-Muon Events Recorded with the Utah Detector. 
(Lowe et al., 1975) 
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Table 4.20" Multiple Muons in the Utah Detector. 
(Detector size: for n < 10, 80 m2; for n >_ 10, 100 m2). 

(Elbert et al., 1975) 

Zenith Depth 
Angle 
[deg.] [hgcm -2] 

47.5 2.4.103 

3.2- 103 

62.5 3.2-103 

4.0.10 3 

4.8- 1 0  3 

72.5 4.0.103 

30.0 

Muon 
Multiplicity 

n 

1 
2 
3 
4 
5 
1 
2 
3 
4 

Measured 
Rate 

0.786 4- 0.040) - 1 0  - 1  

(o.158 + 0.010).  10 -2 
(0.182 ~: 0.014).  10 -3 
(0.592 4- 0.094). lO -4 
(0.251 =k 0.070)-10 -4 
(0.214 =t= 0.015). 10 -~ 
(0.398 4- 0.034). 10 -3 
(0.439 4- 0.077)- 10 -4 
(0.159 4- 0.041)- 10 -4 

0.313 4- 0.022) �9 10 -4 
0.425 4- 0.033) - 10 -3 
0.424 4- 0.048) �9 10 -4 
:0.162 4- 0.048)- 10 -4 
(0.912 4- 0.080) �9 10 -2 
(0.138 4- 0.012)- 10 -3 
(0.170 4- 0.018)- 10 -4 
(0.331 4- 0.070)- 10 -2 
(0.552 ~: o.o8o) �9 lo -4 

(0.146 4- 0.011) �9 10 -1 
(1.34 4- 0.24) 10 -4 

4.8 �9 1 0  3 

5.6.10 3 

6.4-103 
7.2- 103 
8.0-103 

1.6-103 

2.0- 103 

(0.465 • 0.044 
(0.5t8 + 0.059 
(0.190 4- 0.022' 
(0.202 + 0.038 
(0.773 4- 0.118' 
(0.328 4- 0.046' 
(0.1134-0.018' 

.10 -2 

.10-4 

.10 -2 

.10-4 

.10-3  

.10-3  

.10-3  

10- 14 
15- 19 
20-  29 
10- 14 
15- 19 

(0.456 4- 0.036) - 10 -4 
(o.147 + o.o19).  1o -4 
(0.600 4- 0.130)- 10 -5 
(0.177 4- 0.020). 10 -4 
(0.500 + o.11o),  lo -5 
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Table 4.21" Multi-Muon Flux Recorded with the FrSjus Detector. 
(Frdjus Collaboration, 1987) 

Muon 
Multiplicity 

m 

Event 
Flux 

(2.16 -4- 0.05) �9 10 -l~ 
(4.67 + 0.30). 10 -1~ 
(9.51 :i= 1.09). 10 -~2 
(3.28 • 1.24). 10 -~2 

Characteristic 
Distance 

1.75 + 0.04 
1.70 =i: 0.09 
1.39 • 0.04 

1.39 • 0.04 for n > 4 

where r is the distance between the muon and the unknown event axis, and 
the characteristic distance, rm, is assumed to depend on multiplicity and 
incident direction. 

The large detectors mentioned above, including LVD (Aglietta et al., 
1994) give a far more realistic picture of the true flux of multi-muons than 
the previous generation of much smaller instruments. The latter missed a 
significant fraction of high multiplicity events and large corrections had to 
be implemented to estimate the true flux. 

Decoherence Distributions and Angular Spread 

The lateral separation of muons in di-muon events and of pairs in multi- 
muon events has been measured in several experiments. One method is 
to determine the decoherence curve. This curve shows the rate of pairs of 
coincident muons in two small detectors as a function of detector separation, 
divided by the product of the areas of the detectors. In large detectors 
where two or more muon tracks are recorded simultaneously, the decoherence 
distribution can be determined directly, whereby the limitations imposed by 
the detector mentioned above must be observed. 

Early results of decoherence studies from different groups are summarized 
in Fig. 4.60 (Totsuka and Koshiba, 1974) and phenomenological considera- 
tions are discussed by Davis et al. (1971). In Figs. 4.61 and 4.62 muon pair 
decoherence curves are shown for different zenith angles and depths (Berge- 
son et al., 1975; Lowe et al., 1976). Fig. 4.63 shows the di-muon separation 
distributions at a depth of 1840 hg cm -2 for the angular range 0 ~ _ 0 < 60 ~ 
observed at the Kolar Gold Fields (Krishnaswamy et al., 1979). Similar data 
recorded at different depths (754, 1500, 3375 and 6045 hg cm -2) at the same 
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site are discussed by Krishnaswamy et al. (1977). 

The decoherence curve obtained with the Homestake detector, a 300 ton 
water Cherenkov counter system located at a depth of 4200 m w.e., is shown 
in Fig. 4.64 (Cherry et al., 1981 and 1982). Also shown in this figure are 
earlier data from the Utah detector and two theoretical distributions (El- 
bert and Stanev, 1983). Likewise, Chudakov et al. (1990) made extensive 
measurements at Baksan. One set of data shows the decoherence curves for 
different zenith angle intervals and more or less constant slant depth (Fig. 
4.65). The other set is restricted to the zenith angle window between 50 ~ 
and 60 ~ and different slant depths corresponding to muon threshold energies 
between 0.28 TeV and 3.16 TeV (Fig. 4.66). 

Very recent decoherence measurements on muons underground were car- 
ried out with the large MACRO detector, measuring 77 m • 12 m • 9 m 
(Ahlen et al., 1994; Battistoni et al., 1995; Ambrosio et al., 1996, 1997 and 
1999b; Sioli, 2000). The distribution depends rather strongly on the event 
selection criteria and the corrections applied to the raw data. The most re- 
cent data (Sioli, 2000) are shown in Fig. 4.67. The results of the work of 
Ahlen et al. (1994), obtained with the lower part of the detector having an 
acceptance of 3100 m 2 sr are shown in Fig. 4.68 together with a data sample 
obtained by Battistoni et al. (1995) which shows the muon pair separation 
for events with a multiplicity m >__ 8. 

Furthermore, Battistoni et al. (1995) have also measured the decorre- 
lation distribution with the MACRO detector. This distribution shows the 
relative angle subtended by a muon pair as a function of pair separation (Fig. 
4.69). 

Theoret ica l  Contr ibut ions  to Mul t i -Muon  Events  

Theoretical studies of multi-muon events had been carried out by many au- 
thors, frequently in connection with air shower studies, using Monte Carlo 
simulations (Ambrosio et al., 1997; Battistoni et al., 1995; Bilokon et al., 
1990; Boziev et al., 1990; Budko et al., 1987; Chudakov, 1979; Cline, 1982; 
Davis et al., 1971; Elbert, 1979 and 1982; Elbert et al., 1981; Forti et al., 
1990; Gaisser and Stanev, 1982 and 1985; Goned et al., 1975; Grieder, 1977, 
1985 and 1986). 
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Figure 4.11" Conversion factor F(X, Z, A) for water and rock to standard 
rock as a function of depth (after Wright, 1973). Curves a, d, e and f are the 
result of calculations by Kotov and Logunov (1970), b is from a computation 
of Wright (1973), and c represents formula 4.30 including the ionization loss 
term. Curves a, b and c are for water, curves d, e and f are in rock with Z 
- 13, 12 and 11, respectively. For details see text. 
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Figure 4.12' Depth-intensity data for vertical muons at shallow to moderate 
depths under rock (Crookes and Rastin, 1973). (Depth is measured from the 
top of the atmosphere). 
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Figure 4.18: Depth-intensity relation for vertical muons at shallow depths 
under rock (20- 223 hgcm -2) from measurements of more recent date. The 
experiment was carried out in the Geleshan tunnel at Chongqing, China (Liu 
Zhong-he et al., 1979). 
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Figure 4.20: Theoretical vertical muon attenuation curve compared with 
measurements at different depths in standard rock (O'Brien, 1972). 
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nollinger (1950), Krishnaswamy et al. (1970a), Barrett et al. (1952), Achar 
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et al., (1970), Fyodorov et al. (1985). The curve is a fit with two exponentials. 
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Figure 4.23: Compilation of muon vertical depth-intensity distributions ob- 
tained from different experiments over an extended period at the Kolar Gold 
Fields (KGF) (Adarkar et al., 1990a). + vertical depth 754 hg cm-2; o verti- 
cal depth 1500 hg cm-2; o vertical depth 3375 hg cm-2; r-! horizontal telescope 
at 3375 hgcm-2; z~ proton decay detector at 6045 hgcm-2; �9 proton decay 
detector at 7000 hg cm -2. The dashed and solid curves are calculated vertical 
intensities in standard rock and the same as those in Fig. 4.22 with the same 
numbers. 
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Figure 4.24: Muon vertical depth-intensity data obtained from inclined mea- 
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and 1990). The dashed and solid curves are calculated vertical intensities in 
standard rock and the same as those in Fig. 4.22 with the same numbers. 
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Figure 4.26: Muon intensity as a function of slant depth (e) obtained with 
the LVD detector, and vertical muon intensity as a function of depth (o) 
computed from the slant depth data (Giusti et al., 1995; Sartorelli et al., 
1995). The curve is a fit using eq. 4.38. 
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Figure 4.27: Compilation of vertical muon intensities versus depth in stan- 
dard rock for different experiments (Ambrosio et al., 1995, 1996; Bussino et 
al., 1995). The thin solid curve is a fit of the MACRO data to eq. 4.38. The 
dashed curve is a fit to the Fr6jus data (Berger et al., 1989a and 1989b) and 
the dot-dash curve is a fit to the NUSEX data (Aglietta et al., 1990a). The 
Crouch compilation, Fig. 4.22 (Crouch, 1987), for depths >_4500 hgcm -2 
(not shown in this figure) follows a line that lies between the MACRO and 
Fr6jus fits, and the corresponding LVD distribution of Fig. 4.26 lies between 
the Fr6jus and Crouch data. 
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Figure 4.28' Compilation of vertical muon intensities versus depth in stan- 
dard rock for different experiments (Ambrosio et al., 1995 and 1996). The 
data are from the same experiments as those in Fig. 4.27 but cover a wider 
range. 
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Figure 4.29: Angular distributions of muons at various vertical depths un- 
derground, as indicated (Stockel, 1969). The vertical intensities and the 
slopes, n, of the angular distributions determined at the different depths are 

as follows: 

Symbol 

<> 

o 

Depth [hg cm -2] 

71.6 
734 
1068 
2235 

Intensity [cm-2s-lsr -1] 

5.00 4- 0.17.10 -4 
3.12 4- 0.15- 10 -6 
1.03 4- 0.04- 10 -6 
9.7 4- 0.5- 10 -8 

Slope n 

1.85 =t= 0.10 
2.1 4- 0.1 
2.44-0.1 
3.6 4-0.2 
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Figure 4.30: Zenith angle distributions at several constant slant depths cuts. 
Shown is the muon intensity versus sec(0), 0 being the zenith angle, for 
constant slant depths of X~ - 3.200 hgcm -2 (.), 4800 hgcm -2 (o), 6400 
hgcm -2 (A), and 7200 hgcm -2 (V-l) (Bergeson et al., 1971). The solid curves 
are fits to the Utah data, the dashed curves represent the world survey. (The 
data in the original publication are shown in linear representation in separate 
figures). 
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Figure 4.31" Zenith angle distribution of atmospheric muons at vertical 
depths X = 754 hgcm -2 (o), 1500 hgcm -2 (.) and 3375 hgcm -2 (A) under- 
ground in the Kolar Gold Fields (Krishnaswamy et al., 1970a). The curves 
are theoretically expected distributions computed from known vertical muon 
intensities. 
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Figure 4.33: Vertical muon intensity versus sec(0) for four ranges of slant 
depths determined with the MACRO detector: A)3150 _ Xs _ 3750, B) 
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Figure 4.35" Summary of theoretical and experimental data of the ratio of 
stopping to through-going muons underground in an absorber of thickness 
100 gcm -2. Depth is given in units of meters water equivalent (m w.e.). 
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Figure 4.36: Vertical depth-intensity relation of through-going and stopping 
muons, respectively, recorded with the Fr~jus detector (Rhode 1993, 1996). 
Curves 1 and 3 are fits to the experimental data, curves 2, 4 and 5 are theo- 
retical distributions. Curves 2 and 4 are for neutrino induced through-going 
and stopping muons, respectively, and curve 5 is for stopping atmospheric 
muons. Intensities recorded at zenith angles ~) > 0 ~ were multiplied by 
cos(0*) for conversion to vertical intensity (8* is the local zenith angle mea- 
sured at the point of creation of the particle in the atmosphere and not as 
seen at the detector). 



4.3. MUONSUNDERGROUND 559 

| 
t___ 

~ 6 

ffl 

! 

E 
0 

! 

O 

~ 4 

ffl 
r  

l -  

t -  
o 2 

i ' " , l i  I I  i l i l ' i i i ,  l l l l l  I , , i l  

" Xs= 4800 hg cm "2 / - 
(Intensity x 10 ) 

- / J Xs= 3200 hg cm 2 

vertical 
O = 60 ~ 70 ~ 75 ~ 

0 1 2 3 4 5 
sec (e) 
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Figure 4.41: Differential spectra of vertical muons at sea level multiplied by 
E~ a, E~ being the muon energy. Shown is a theoretical spectrum of muons 
from pion and kaon decays only (Volkova et al., 1979) and the spectrum 
from the Mont Blanc experiment (Castagnoli et al., 1984) together with 
predictions for the contribution of prompt muons from the decay of charmed 
particles, as indicated. Curves A and B indicate the likely upper and lower 
boundaries of the total intensity of prompt muons, #p, and reflect the degree 

of uncertainty of the predictions (after Volkova et al., 1987). #D,D stands 
for muons from D-mesons generated in D D  pairs, p~D D'̂ ~ for muons from 
D--mesons generated in D, A~ pairs, and #^o for muons from A~-hyperons. 
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Figure 4.45: First muon momentum spectra measured with magnetic spec- 
trographs underground. Shown are three sets of data  from measurements at 
Moscow at a depth of 40 m w.e. by Daion and Potapov (1959a and 1959b), 
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hg cm -2 of rock, o , / k  and I7. The curve that  connects their points is from a 
calculation using a surface spectrum at sea level with a differential exponent 
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Figure 4.48: Vertical muon spectrum at sea level derived from data measured 
at 570 m w.e. underground with the 100 ton scintillator tank at Artyomovsk 
(Khalchukov et al., 1985). 
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Figure 4.60: Decoherence distributions obtained by different experiments at 
different vertical depths (Totsuka and Koshiba, 1974). 

o 1600 hg cm -2 vertical depth; ~ -  0 ~ 
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Figure 4.61: Decoherence distribution for muon pairs at zenith angle 6) = 
47.5 ~ and slant depths of Xs = 2400 hgcm -2 (o, curve 1), and X~ = 3200 
hg cm -2 (e, curve 2) recorded with the Utah detector. The symbol with the 
downward pointing arrow attached shows the location of the upper bound of 
a hypothetical single count in the last bin of curve 2 where no actual counts 
were recorded. (Bergeson et al., 1975; Lowe et al., 1976). 
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Figure 4.62: Decoherence distribution for muon pairs at zenith angle 8 - 
62.5 ~ and slant depths of X~ = 3200 hgcm -2 ([3, o, curve 1), X8 = 4000 
hgcm -2 ( . ,  curve 2), and X~ - 4800 hgcm -2 (o, curve 3) obtained with the 
Utah detector. The symbols with the downward pointing arrows attached 
show the location of the upper bound of a hypothetical single count in the 
last bin where no actual counts were recorded. (Bergeson et al., 1975; Lowe 
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Figure 4.64" Comparison of decoherence rates from the Homestake detector 
for zenith angles 0 ~ <_ 9 _ 20 ~ located at a depth of 4200 m w.e. with earlier 
data from the Utah detector (Cherry et al., 1981 and 1982) and calculations 
by Elbert and Stanev (1983). 
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Figure  4.65: Decoherence curves measured at Baksan for a range of zenith 
angles at  nearly the same slant depth,  X, ,  and threshold energies, Eth. The 
pa ramete r  ro is defined in the text  (Chudakov et al., 1990). 

Curve Eth [TeV] ro [m] 

1 0.235 8.2 0 ~  20 ~ 

2 0.244 8.1 20 ~ - 40 ~ 

3 0.270 7.8 40 ~ - 60 ~ 

4 0.309 9.0 60 ~  70 ~ 
. . . . .  

X8 [hg/ ,cm -2] 
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970 

1040 

1160 
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Figure 4.66: Decoherence curves measured at Baksan for a zenith angle in- 
terval between 50 ~ and 60 ~ and different muon threshold energies, Eth. The 
parameter ro is defined in the text (Chudakov et al., 1990). 

Curve Zth r 0 

FeV] [m] 

1 0.28 7.0 
3 1.34 1.7 
5 3.16 0.9 

X8 
[hgcm -2] 

. . . .  

1070 
3190 
4970 

Curve Eth ro X8 
[TeV] [m] [hgcm -2] 

. . . . . . . . . . . . .  

2 0.85 2.3 2510 
4 1.96 1.3 3970 
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Figure 4.67: Muon pair separation distribution in arbitrary units, measured 
with the MACRO detector at Grail Sasso. The data include all pairs (e) 
(Sioli et al., 2000). 
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with n~ ___ 8 (T) (Battistoni et al., 1995). The two data sets are from 
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4.4 M u o n s  U n d e r  Water  and Ice 

4 . 4 . 1  G e n e r a l  C o m m e n t s  

Measurements of muon intensities in a large and highly homogeneous dense 
medium, such as a large and deep body of water like the ocean, are of funda- 
mental importance to study muon propagation and energy loss, and to verify 
the validity of the theory. Theoretical predictions of the depth-intensity rela- 
tion of muons have attained a degree of accuracy and reliability that exper- 
imental data obtained in deep mines or tunnels underground can no longer 
be used for fine tuning of theoretical formulas because of the uncertainties in 
rock composition and density along the muon trajectories. 

In addition, with the rising interest in high energy neutrino astronomy 
and the planning of highly shielded, giant neutrino telescopes in the form of 
very large optical detector matrices aimed at detecting the Cherenkov signa- 
tures of high energy muons and also electrons created in neutrino reactions 
at great depth in lakes, oceans and the polar ice caps, extensive efforts were 
initiated in the early eighties to explore mostly the muon component in these 
media (see f.i., Markov, 1960; Markov and Zheleznykh, 1961; Roberts, 1979a, 
1979b and 1992; Wilkins, 1979; Learned, 1980; Stenger, 1981; Halzen and 
Learned, 1988; Barwick, 1991; Belolaptikov et al., 1991; Resvanis, 1992a, 
1993 and 1996). 

This work was accompanied by exhaustive studies of the optical and re- 
lated properties and parameters of these media at prospective future array 
sites, including optical background studies. These topics are discussed sepa- 
rately in Chapter 7, Section 7.5. An excellent review of muon physics under- 
ground and underwater of more general nature had been given by Bugaev et 
al. (1993 and 1994). 

4 .4 .2  I n t e n s i t y  v e r s u s  D e p t h  in  W a t e r  

Pioneering work in this field was carried out by Higashi et al. (1966) in 
Sugura Bay, Shizuokaken (Japan), who made measurements down to depths 
of 1380 m. Their results are shown in Table 4.22 and Fig. 4.70. Davitaev 
et al. (1970) made measurements of the muon intensities in the Black Sea, 
the Mediterranean and the Atlantic to depths of 420 m, 2000 m and 3190 
m, respectively. Their combined data are listed in Table 4.23 and plotted in 
Fig. 4.71. 

Percy and Rogers (1977), Rogers et al. (1981) and Rogers and Tristam 
(1983 and 1984) made measurements at very shallow depths in fresh wa- 
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Table 4.22: Absolute Vertical Intensity of Muons Versus Depth in Sea Water 
(Higashi et al., 1966.) 

Depth Intensity 
[m] 

50 5.58.10 -4 
90 2.05.10 -4 

150 (6.s0 + 0.17). 10 
220 (3.47 -+- 0.15)- 10 -5 
380 (7.94 -4- 0.27). 10 -6 
715 (2.30 -+- 0.20). 10 -6 
960 (7.50 • 0.66). 10 -T 
1380 (3.50 • 1.40). 10 -7 

Table 4.23: Vertical Muon Intensity as a Function of Depth in Sea Water 
(Davitaev et al., 1970) 

Depth 
[m] 

250 
300 
500 
600 
750 

1090 
1970 
3190 

Intensity 
[cm-2s-lsr -1] 

2.32.10 -5 
1.67-10 -5 
5.20.10 -6 
3.30-10 -6 
1.92.10 -6 
6.42.10 -7 
1.58.10 .7  

3.04.10 -8 

ter. Their exploratory work was carried out in the Hanningfield Reservoir in 
Essex (GB) to depths of 12.5 m, followed by experiments in Lake Geneva, 
Switzerland, to depths of 175 m using a scintillation counter telescope. The 
results are given in Table 4.24 and also presented in Fig. 4.71. For a com- 
parison with similar measurements under rock the reader is referred to Fig. 
4.15, Subsection 4.3.3. 

More recently measurements were made by Fyodorov et al. (1985, 1986) 
in the Caribbean and the Pacific to depths in excess of 5000 m, by the 
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Table 4.24: Absolute Vertical Intensity of Muons versus 
in Fresh Water (Rogers and Tristam, 1984) 

Depth 
[hgcm -2] 

10.3 
18.0 
20.9 
38.4 
45.6 
59.0 
71.7 
100 
111 
143 

175=k4 

Intensity 
[cm-2s-~sr-~ ] 

(3.70 • 0.32). lO -3' 
(2.24+0.15) 
(1.83 -4- 0.18) 
(9.61-4- 0.85) 
(7.59+0.72) 
(4.99 + 0.41) 
(3.90 + 0.33) 
(2.o2 + 0.1s) 
(1.80 q- 0.16) 
(i.I0 + 0.i0 
(7.39 • 0.ss) 

�9 1 0 - 3  

�9 1 0 - 3  

�9 1 0 - 4  

�9 1 0 - 4  

. 1 0 - 4  

�9 1 0 - 4  

�9 1 0 - 4  

. 1 0 - 4  

�9 10  - 4  

�9 1 0 - 5  

Depth 

DUMAND Collaboration (Babson et al., 1990) in the Pacific near Kailua 
Kona, Hawaii, and by the NESTOR Collaboration (Anassontzis et al., 1993) 
near Pylos, Greece, in the Mediterranean, the two latter to depths of 4200 m. 
The data of Babson et al. (1990) are illustrated in Fig 4.72. For comparison 
we have added to this figure data points from the earlier work by Vavilov 
et al. (1970) and Fyodorov et al. (1985) together with data from Higashi 
et al. (1966). Intensities predicted by the Miyake formula (Miyake, 1963) 
and results from inclined measurements, converted to vertical intensities, are 
also shown. Vertical intensities obtained by the NESTOR group in three 
different experiments that were carried out more than one year apart each 
are shown in Fig. 4.73 together with the Miyake prediction and data from 
other experiments. Some of these data are tabulated in Table 4.25. 

The only moderately deep (~1170 m) and fairly large fresh water array 
currently in operation is the Lake Baikal installation (Belolaptikov et al., 
1991 and 1997). The results of this work are illustrated in Fig. 4.73 and 
in the world survey on underwater muon intensities of Bugaev et al. (1993 
and 1994), presented in Fig. 4.74. Also shown is a theoretical prediction by 
Bugaev et al. (1993). 
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Table 4.25: Muon Vertical Intensities in the Deep Sea 

Reference 

Vavilov et al. (1970) 

Fyodorov et al. (1985) 

Babson et al. (1990) 

Location Depth 
[m] 

Black Sea 1090 

Mediterr. 1970 

Atlantic 3190 

Carrib. 2925 

Atlantic 4025 

5020 
, 

Pacific 2090 
2633 
3160 
3707 
4157 

Intensity 
[cm-2s-lsr -1] 

(6.0 :t: 0.31)- 10 -T 

(1.45 -4- 0.13). 10 -7 

(2.55 ::L 0.23) . 10 -8 

(3.1 + 0.5). 10 -8 
. . . . .  

(5 Q+2.0~. 10-9  "~'-2.5] 
(4 1 +''6~ �9 10 -9 �9 -2.0/ 

(9.84 =t= 6.5) �9 10 -8 
(8.04 -4- 3.3). 10 -s 

(2.04 -4- 0.83). 10 -s 
(1.31 :t: 0.40). 10 -s 
(4.57 + 1.32)-10 -9 

4.4.3 Zenith Angle  D e p e n d e n c e  at Great  D e p t h  
in Water  

The zenith angle distribution of muons under water was measured in Lake 
Baikal, at the DUMAND site in the Pacific and at the NESTOR site in the 
Mediterranean (Anassontzis et al., 1995) . Figure 4.75 shows event rates 
versus cos(0) on a linear scale obtained from the Baikal and DUMAND ex- 
periments. The Lake Baikal data are from a vertical depth of 1170 m, located 
at a surface distance to shore of about 3.6 km (Belolaptikov et al., 1993a and 
1994). Lake bottom depth at the site is about 1370 m. The DUMAND data 
which are of poorer statistics, were obtained at a vertical depth of 4000 m, 
approximately 30 km off-shore, west of Keahole Point, Hawaii (Babson et al., 
1990). The depth of the sea floor at this site is 4800 m. 

In Fig. 4.76 we show the zenith angle distribution of the muon intensity 
at three depths (3338 m, 3697 m, 4108 m) recorded at the NESTOR site 
at slightly different locations and different dates. Indicated, too, are curves 
that are fits of the form as given in the caption. 

Newer measurements made with the Baikal underwater array NT-36 at 
the same depth (1170 m), giving absolute intensities versus cos(0) on a log- 
arithmic scale with good statistics, are presented in Fig. 4.77 (Belolaptikov 
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et al., 1995a and 1995b). We have also constructed the linear representation 
of these data and show it in the same figure. 

4 . 4 . 4  I n t e n s i t y  v e r s u s  D e p t h  i n  I c e  

First attempts to detect muons in polar ice were made by the AMANDA 
collaboration at shallow depth (217 m) in Greenland ice (Lowder et al., 1991). 
Encouraged by the results the work was continued at much greater depth 
in the Antarctic ice cap at the South Pole. However, initial studies there 
indicated that light scattering on tiny air bubbles at depths around 800 m to 
1000 m made it impossible to reconstruct muon trajectories (Askebjer et al., 
1995). New measurements at greater depth (1.5 to 2.0 km), now in progress, 
are more promising for reasons discussed in Chapter 7, Section 7.5, and have 
yielded first results that are displayed in Fig. 4.73 (Andres et al., 2000). 

4.4.5 Theore t i ca l  C o n t r i b u t i o n s  

Davitaev et al. (1970) calculated on the basis of the usual processes con- 
sidered for the depth-energy relation, i.e., ionization and excitation, pair 
production, bremsstrahlung and nuclear interactions, the average energy loss 
versus depth in water (for details see Sections 4.2 and 4.3). The results are 
shown in Table 4.26. The values at shallow depth have big errors because of 
large steps in the integration. Subsequently, theoretical studies of the prop- 
agation and intensities of muons in fresh water, sea water and ice were made 
by Vavilov et al., 1974. 

Rogers and Tristam (1984) calculated the range of relatively low mo- 
mentum muons (1 to 100 GeV/c) in water, considering the usual energy 
loss processes and taking for the mean ionization potential of water 80 
eV, Z/A = 0.555, Z2/A = 3.7, and for the photonuclear cross section 
apa = 125 #b. The results of this work are shown in Table 4.27. Convo- 
luting these data with the results of their measurements underwater these 
authors obtained the integral sea level intensities at standard momenta which 
are also included in the table. 
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Table 4.26" Theoretical Energy Loss of Muons versus Depth in Water 
(Davitaev et al., 1970) 

Depth 
[hgcm -2] 

100 
200 
500 

1000 
1500 
2000 
2500 
3000 

Energy Loss 
[GeV] 

26.32 
53.96 

143.2 
312.8 
511.5 
744.1 

1016 
1336 

Depth 
[hgcm -2] 

3500 
4000 
5000 
6000 
7000 
8000 
9000 

10000 

Energy Loss 
[CeV] 
1710 
2149 
3270 
4818 
6961 
9931 

14059 
19806 

Table 4.27: Muon Ranges in Water and Integral Sea Level Intensities 
(Rogers and Tristam, 1984) 

Momentum 
[GeV/c] 

1 

1.5 
2 
3 
5 
7 
10 
15 
20 
30 
50 
70 
100 

Range 
[m of water] 

3.94 
6.29 
8.56 
13.0 
21.6 
29.9 
42.2 
62.1 
81.7 
120.0 
194.0 
266.0 
370.0 

Intensity 
[cm-2s-lsr -1] 

(6.29 4- 0.40). 10 -3 
(5.04 -4- 0.33). I 0  -3 
(4.17 • 0.28) �9 10 -3 
(3.04 -4- 0.21) �9 10 -3 
(1.87 -F 0.13) �9 10 -3 
(1.29 4- 0.09) �9 10 -3 
(8.28 =k 0.61) �9 10 -4 
(4.71 -4-0.36). 10 -4 
(3.03 :t: 0.23). 10 -4 
(1.53 + 0.12). 10 -4 
(5.80 + 0.48) �9 10 -~ 
(2.84 -t-- 0.24) �9 10 -5 
(1.25 4- 0.11). 10 -5 
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Figure 4.70: Observed muon intensities as a function of depth in sea water. 
Shown are data from vertical and inclined measurements. In the latter case 
depth corresponds to the slant depth. The solid line represents the Durham 
sea level muon spectrum converted to the underwater conditions (Higashi et 
al., 1966). NP is the normalizing point. 
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Figure 4.71" Compilation of early vertical and oblique muon intensities versus 
depth in fresh and sea water from different experiments. For the oblique 
data depth refers to the slant depth. The solid curve is from a calculation 
by Bugaev et al. (1993, 1994). 
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intensities versus depth below 1000 m. The errors indicated are both sys- 
tematic and statistical. The solid curve (M) is the distribution predicted by 
the Miyake formula (Miyake, 1963), the dashed curve (K) shows result of 
inclined data from other experiments converted to vertical intensity using a 
correction of Kobayakawa (after Babson et al., 1990). 
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Figure 4.73: Summary of vertical muon intensity measurements versus depth 
obtained with different installations. The three sets of NESTOR data ap- 
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ranean (Anassontzis et al., 1993) and were recorded at different dates (A 
Oct. 1989, o July 1991, x Nov. 1992). The solid curve labeled P is from the 
parametrization of Thron et al. (1992), the short dashed curve represents 
a section obtained with the Miyake formula, adapted to sea water (Miyake, 
1963). The remaining data are as listed below. 
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Figure 4.74: Compilation of vertical muon intensities versus depth in water 
from different experiments. Note that the data by Belolaptikov et al. (1995a 
and 1995b) were obtained from inclined measurements that were converted 
to vertical intensities. The solid curve is from a calculation by Bugaev et al. 
( 1993, 1994). 
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Figure 4.75: Zenith angle distributions of reconstructed muon tracks at great 
depth in water. Shown are the results from measurements made with the 
Lake Baikal array NT-36 (., dashed curve), located at a nominal depth 
of 1170 m (Belolaptikov et al.,1993a), and the DUMAND Short Prototype 
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The dashed (Baikal) and solid (DUMAND) curves are from Monte Carlo 

simulations. 
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Figure 4.77: Zenith angle distribution of muons in Lake Baikal. Shown is the 
logarithmic (left) and linear (right) representation of the absolute intensity 
versus cos(~) measured at a depth of 1170 m. The solid line is a calcu- 
lated distribution for stochastic energy losses (Belolaptikov et al., 1995a and 
~995b). 
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4.5 Neutrinos, General and Atmospheric 

4.5.1 Introduct ion 

The presently accepted view is that there exist three flavors of neutrinos, 
namely the electron neutrino, v~, the muon neutrino, v~, and the tau neu- 
trino, vr, and the corresponding antineutrinos, Pe, ~tL and vr, respectively. 

Besides the particle physics aspects we can also classify neutrinos accord- 
ing to their origin as terrestrial or extraterrestrial neutrinos. The former can 
be the result of cosmic ray interactions in the atmosphere producing so-called 
atmospheric neutrinos, or they can be of radioactive origin from ~-decay of 
unstable isotopes. When discussing extraterrestrial neutrinos we usually dis- 
tinguish between neutrinos of solar and those of astrophysical origin. 

Terrestrial Neutrinos of Radioactive Origin 

Terrestrial neutrinos from/%decay originate from radioactive isotopes in the 
Earth, mostly from the Thorium-, Neptunium-, Uranium- and Actinium se- 
ries of naturally radioactive heavy elements and their daughter products, and 
are electron antineutrinos. It is estimated that this flux amounts to about 
7.106 cm-2s -~, assuming an effective thickness of the Earth's crust of 15 km 
(Young, 1973). Of this flux only about 105 cm-2s -1 have energies above the 
threshold for detection by the reaction 

~e(> 1.8MeV) + p ~ n + e + (4.59) 

In addition cosmic ray induced radioactivity in the atmosphere and the 
top layer of the Earth's crust contribute through beta decay to the terrestrial 
neutrino and antineutrino flux. 

But also the fission processes that take place in nuclear reactors and their 
by-products make locally significant contributions to the antineutrino flux. 
Neutrinos from ~-decay are electron neutrinos and antineutrinos and are of 
comparatively low energy, mostly in the keV to MeV range. 

Cosmic Ray Induced Atmospheric Neutrinos 

Neutrinos from interactions of primary and secondary cosmic rays in the 
atmosphere can be of any kind. It is the specific interaction process that 
determines the flavor. Atmospheric neutrinos cover a wide range of energies 
similar to that of the cosmic radiation. 
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Secondary cosmic ray hadrons that enter the Earth's crust are predom- 
inantly of low energy. They dissipate most of their remaining energy in 
hadronic collisions and, if they carry electric charged, through ionization 
losses over relatively short path lengths because of the high density of the 
medium in which they propagate. The latter applies to muons as well. There- 
fore unstable particles such as pions, kaons and muons decay nearly at rest, 
producing only low energy muon and electron neutrinos and antineutrinos. 

Solar Neutrinos 

Solar neutrinos are the product of the nuclear fusion processes that take place 
in the Sun and are electron neutrinos of low energy (< 20MeV). Various pro- 
cesses contribute to the flux of solar neutrinos, some contribute line spectra, 
others continuum spectra. Because of the significance of the Sun and the 
mechanisms that take place within it, we have devoted a special section in 
Chapter 6 (Section 6.6) to the topic of solar neutrinos. 

Astrophysical  Neutrinos 

Neutrinos of astrophysical origin span the full range of the spectrum, from 
the lowest energy relic big bang neutrinos to the highest energy cosmic ray 
induced neutrinos resulting from interactions of the cosmic radiation with 
the interstellar and intergalactic medium, and the photon field. All flavors 
of neutrinos and their antiparticles can occur in this category, depending on 
the source process from which they emerge. 

Theoretical considerations have been extended to include even higher en- 
ergy neutrinos that could be produced in the decay of supermassive GUT- 
(Grand Unified Theory) scale particles resulting from the decay of cosmic 
strings and topological defects. A separate section is devoted to astrophysi- 
cal neutrinos, including the recorded neutrino data from the supernova SN- 
1987A in Chapter 5, Section 5.5. 

4.5.2 Experimental Aspects and Detection Methods 

General Comments  

Because of the small cross sections of neutrinos (~10 -3s cm 2 at 1 GeV, see 
below for details) very large detectors (or high accelerator beam intensities) 
are needed to obtain a reasonable rate of neutrino reactions, and background 
is a major issue. Different experimental methods and techniques are em- 
ployed for the detection of neutrinos, depending on the flavor and the energy 
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regime under investigation. 

For the detection of the very low energy solar neutrinos (v~) radioche- 
mical methods as well as large-scale liquid scintillation detectors are being 
used; for the more energetic solar neutrinos the water Cherenkov technique is 
employed. The advantage of the two latter methods over the radiochemical 
method is that the data are accessible in real time and supply also directional 
information, which is not available from the radiochemical method. 

For the detection of atmospheric neutrinos large water Cherenkov as well 
as scintillation detectors, a variety of purely electronic tracking calorimeters 
and hybrid detectors have been used successfully. The different experimental 
techniques are briefly discussed in the appropriate sections mentioned above. 

Until very recently all solar and cosmic ray neutrino experiments have 
been carried out deep underground, in order to achieve adequate shielding 
of the detectors from the unwanted components of the cosmic radiation, 
to reduce background. However, the extremely low intensity predicted for 
ultrahigh energy astrophysical neutrinos require much larger detectors than 
those used for low energy solar and even moderately energetic atmospheric 
neutrino studies to achieve a reasonable event rate. 

Moreover, large detectors permit a much better reconstruction of very en- 
ergetic events that have long trajectories and background rejection is greatly 
improved. Detector volumes on the order of 1 km 3 are needed for this task, 
to pursue neutrino astronomy successfully. At the same time the relatively 
high counting rate of a huge detector would enable us to carry out neutrino 
tomography of the Earth and thus open up entirely new possibilities for ge- 
ology and planetology (Bosetti et al., 1989; Crawford et al., 1995; Jain et al., 
1999). " 

The construction of suitable cavities deep underground can no longer be 
considered for practical as well as economic reasons. The ideal solution to 
this problem is to use giant optical Cherenkov detector matrices at great 
depth (several kilometers) in the ocean or the polar ice caps, to detect and 
analyze the neutrino induced reactions. " " 

These media (water and ice) serve at the same time as targets for the neu- 
trino reactions that take'place within the detector volume or its surroundings 
and as Cherenkov radiators to observe and reconstruct the charged particle 
trajectories of the events, to identify the neutrino signatures (see Section 
4.4)' In addition, the overburden acts as shield. 

Up to date no energy spectra of astrophysical (cosmic) neutrinos have 
been measured. The only non-solar extraterrestrial neutrino signature so far 
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identified was the neutrino burst from the supernova SN-1987A (see Chapter 
5, Section 5.5 for details and references). However, the flux of the low energy 
solar and atmospheric components have been well explored, the ratio R of the 
two common neutrino flavors (v~+~) / (v~+~)  of the atmospheric component 
has been measured, and very rudimentary data of the solar and the low energy 
portion of the atmospheric neutrino spectra have been determined. 

Remaining Problems and Puzzles 

Several puzzles such as the discrepancies between the predicted and measured 
neutrino flux from the Sun, known as the solar neutrino problem (SNP) 
(Bahcall, 1999; Smirnov, 1999) and the disparity between the predicted and 
measured ratio of electron to muon neutrinos of the atmospheric neutrino 
flux, commonly known as the atmospheric neutrino anomaly or the ratio-of- 
ratio problem, suggest that neutrinos may in fact be subject to oscillations 
(Beier et al., 1992; Perkins, 1993). It is beyond the scope of this book 
to elaborate on these problems. However, we will briefly summarize the 
results from atmospheric neutrino measurements that are indicative for the 
existence of neutrino oscillations and the difficulties that are involved in 
the interpretation of the data, including the problem of the up/down flux 
symmetry, in this section. 

4.5.3 Atmospheric Neutrino Production, Properties 

Production Channels 

So-called atmospheric neutrinos are the decay products of unstable particles, 
such as pions, kaons, muons and charmed particles that are produced in col- 
lisions of primary and secondary cosmic rays with atmospheric target nuclei 
such as N, O, Ar, etc.. In these collisions neutrinos of all flavors and their 
antiparticles are produced. However, tau neutrino (antineutrino) production 
via the decays of heavy charmed mesons such as the charmed D- and F- 
mesons must be considered only at laboratory energies on the order of ~1 
TeV/nucleon and more. The dominating production process of atmospheric 
neutrinos and antineutrinos in the sub-GeV to multi-GeV energy range is 
the ~ --4 # ~ e decay chain, i.e., 

Ir + --+ #+ + v, (4.60) 

#+ --4 e + + v~ + ~, (4.61) 

and 
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Table 4.28: Neutrino Reactions in Heavy and Common Water 
(Bemporad, 1996) 

a) cc 

b) CC 

c) NC 

Reaction 

u~ + d --+ p + p +  e -  

~ + d - - 4  n +  n + e  + 

u~ + d --+ p + n + u~ 

d) CC ~ + p --+ n + e + 

e) ES u x + e - - + u ~ + e  

Q-Value MeV 

-1.44 

-4.03 

-2.2 

-1.8 

ux stands for ue,Ye,uu,Vu, ur, and Yr. 

lr- --4 #-  + Pu (4.62) 

# -  --+ e- + P~ + v, (4.63) 

Charged kaons (K +) contribution to the same decay channel but are much 
less abundant at low energies. At much higher energies the decay of 

K~ -+ 1r + + e + +(P~ (4.64) 

with a branching fraction of 38.7% is the chief contributor to the atmospheric 
u~ and ve flux. 

N e u t r i n o  Cross Sect ions  

Neutrinos can undergo charged current (CC), neutral current (NC) or elastic 
scattering (ES) reactions. The different reaction types that can occur in 
water and heavy water are summarized in Table 4.28, where vx stands for any 
kind of neutrino or antineutrino. Disregarding the large Cherenkov detector 
matrices in water or ice, water and heavy water are the combined target 
and detector materials of Super-Kamiokande (Koshiba, 1992), the largest 
underground neutrino experiment in operation today, and of the Sudbury 
Neutrino Observatory, SNO, now beginning operation (McDonald, 1996 and 
1999), respectively. 
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Table 4.29: Cross Sections for Neutrino Elastic Scattering. 
(Bemporad, 1996) 

Reaction 

v ~ + e -  

-ff e + e 

vt, + e 

Cross Section 

a = 0.92.10 -43 [ E. IOMeV ] am2 

a = 0.39.10 -43 [ ~ IOMeV ] am2 

Ev a --0.16" 10 -43 [IOMeV] cm2 

a = 0.13.10 -43 [ F~ IoMev ] cm2 
. .  

At very low energies the neutrino cross section, a , ,  rises logarithmically. 
In the MeV region it is on the order of 10 TM cm 2 and rises linearly with en- 
ergy. The cross sections for elastic scattering of neutrinos of the two common 
flavors and their antiparticles are given in Table 4.29. 

For inelastic processes above about 1 GeV where the cross section is on 
the order of 10 -38 cm 2 it rises linearly. In this energy range we can write 

a .  _~ 10 -38. E .  [cm 2 GeV- '  nucleon -1] , (4.65) 

with E in GeV. Above the W and Z intermediate boson thresholds the cross 
1 of section saturates. For antineutrinos the cross section is approximately 

that  of the neutrinos. Theoretical and experimental cross sections for charged 
current reactions of muon neutrinos and antineutrinos are illustrated in Figs. 
4.78 and 4.79 (Hikasa et al., 1992; Frati et al., 1993). 

N e u t r i n o  F lavor  R a t i o  

For neutrino energies <1 GeV a naive calculation of the relative number 
of each neutrino type based on the decay channels listed above and in the 
absence of neutrino oscillations leads to the predictions that  the ratio 

N.. + 
N.. + 

w, 2 (4.66) 

and 
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1 (4.67) 
g , .  

where N~ (N(v~) and N~ (Nv~) are the number of v, ( ~ )  and ve (Pe), 
respectively. Because of the excess of protons over neutrons in the primary 
cosmic radiation there is an excess of v~ over ~ in the atmospheric neutrino 
flux (Gaisser et al., 1987). Thus, 

Nv~ #+ 
- -  < 1 (4.68) 

N ~  #-  

The lepton-antilepton asymmetries increase with increasing energy and 
are non-trivial functions of the energy and the zenith angle. They also depend 
weakly on the atmospheric depth of observation (Lipari, 1993). 

At higher energies muon neutrinos are expected to be the dominating 
kind because muons are less likely to decay and thus contribute less and less 
to the neutrino flux in the atmosphere with increasing energy, causing the v~ 
(v~) fraction to diminish (see Chapter 1, Subsections 1.3.3) and 1.3.4. 

Consequently, the ratio of eq. 4.66 decreases with increasing energy be- 
cause muons are more and more likely to reach the ground before decaying. 
Comparison of the decay length to the energy-loss length of muons in the 
Earth leads to the conclusion that virtually all muons that reach the ground 
stop before decay (or capture) occurs. Therefore muons that reach the ground 
do not contribute to neutrinos with energy > 100 MeV, which makes their 
detection even for electron neutrinos via electron scattering difficult. 

Up/Down Symmetry of Neutrino Flux and Geomagnetic Effects 

Because of the very small but energy dependent cross sections of neutrino 
reactions given in eq. 4.65 and illustrated in Figs. 4.78 and 4.79 it is evi- 
dent that neutrinos of energy <100 TeV remain essentially unaffected when 
traversing the Earth. Thus, the upward and downward fluxes should be sym- 
metrical in the absence of neutrino oscillations, provided that the cosmic ray 
beam is fully isotropic. 

Unfortunately the east-west effect, asymmetries and anomalies of the ge- 
omagnetic and magnetospheric fields and the highly complex and time de- 
pendent geomagnetic cutoff conditions disturb the isotropy of the cosmic 
radiation and therefore the up-down symmetry of the cosmic ray induced at- 
mospheric neutrino flux (for details see Chapter 1, Section 1.8 and Chapter 
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6, Section 6.2). Careful consideration must therefore be given to these effects 
when carrying out neutrino flux calculations (Agrawal et al., 1996; Barr et 
al., 1989; Battistoni et al., 2000; Bugaev and Naumov, 1989; Cheung and 
Young, 1990; Gaisser and Stanev, 1995; Gaisser, 1999; Honda et al., 1990, 
1995 and 1999; Lipari et al., 1998). 

Muon Polarization and Neutrino Spectra 

Muons produced in the cosmic radiation are polarized, #+ have on average 
negative helicity and #-  positive helicity. For accurate calculations the muon 
polarization must be taken into account because the neutrino spectra pro- 
duced in muon decay depend on the polarization (Dermer, 1986; Barr et al., 
1988; Barr et al., 1989; Volkova, 1989; Lee and Koh, 1990; Lipari, 1993; 
Gaisser et al., 1995). 

Neutrino Oscillations 

If neutrinos have mass, it is possible that the weak interaction eigenstates 
(v~, v~, v~) are distinct from their mass eigenstates (ml, m2, m3), and there 
could be vacuum oscillations of the type v, ~ v~ in analogy to the K ~ K ~ sys- 
tem (Pontecorvo, 1946 and 1967; Maki et al., 1962; Bilenky and Pontecorvo, 
1978). Thus, if neutrino oscillations exist then the ratio (v~ + ~)/(v~ + ~ )  
of eq. 4.66 could be affected. 

For a two-neutrino oscillation hypothesis, i.e., v, +4 v~ or v, +4 v~, the 
probability for a neutrino produced in a flavor state a to be observed in a 
flavor state b after traveling a distance L in vacuum is given by 

P~_,b = sin2(20) sin~ ( l'27Am2[eV2] " L[km] ) (4.69) 

where E~ is the neutrino energy, 0 is the mixing angle between the flavor 
eigenstates and the mass eigenstates, and Am 2 -- I m ~ -  m 2] is the mass 
squared difference. (In the recent experiment of Apollonio et al. (1998) 
no evidence was found for neutrino oscillations in the disappearance mode 
v--e +4 ~ for the parameter region given approximately by Am 2 > 0.9.10 -3 
eV 2 for maximum mixing and sin2(20) > 0.18.) 

For detectors near the surface of the Earth, the neutrino flight distance, 
and therefore the oscillation probability, is a function of the zenith angle of 
the neutrino trajectory. Vertically downward-going neutrinos travel about 15 
km while vertically upward-going neutrinos travel roughly 13,000 km before 
reaching the detector. 
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The bulk of the downward-going muons in an underground detector are 
originally high energy atmospheric muons resulting from cosmic ray interac- 
tions in the atmosphere that have survived and retained sufficient energy to 
enter or even penetrate the detector; they are not neutrino induced muons. 
Only a tiny fraction of the downward-going muons are the result of neutrino 
interactions. If the latter take place in the detector overburden they are 
undistinguishable from atmospheric muons. However, if the neutrino reac- 
tion occurs inside the detector the event can be recognized as being due to 
a neutrino reaction. On the other hand, upward going muons that are ob- 
served in underground detectors are due exclusively to neutrino reactions in 
the rock below the detector or within it. 

Typical events have neutrino energies of about 10 GeV if they are fully 
contained in a large detector such as Superkamiokande (50.000 m 3 of water) 
and about 100 GeV for through-going muons (Kajita, 2000). The wide en- 
ergy spectrum from a few hundred MeV to about 100 GeV that is available 
for such experiments and the range of flight distances just mentioned make 
measurements of atmospheric neutrinos sensitive to neutrino oscillations with 
a Am 2 down to about 10 -4 eV 2. 

It was pointed out by Wolfenstein (1978 and 1979) that whereas muon 
neutrinos interact only via neutral currents with the electrons in a medium, 
electron neutrinos interact both by charged and neutral currents. This fact 
leads to incoherence over a characteristic distance L0 (Wolfenstein length, 
9.0.106 m in the Earth on average) between the two types of waves. There- 
fore oscillations are damped and destroyed and limit the sensitivity of under- 
ground experiments (Ramana Murthy, 1983; Mikheyev and Smirnov, 1986). 

4 . 5 . 4  T h e o r e t i c a l  N e u t r i n o  S p e c t r a  a n d  D a t a  

General  C o m m e n t s  on Computat ional  Methods  

In principle the energy spectra of atmospheric neutrinos and their antiparti- 
cles can be calculated from the primary cosmic ray spectrum on top of the 
atmosphere with the help of a Monte Carlo simulation or analytically. Apart 
from uncertainties concerning the particle physics aspects the accuracy of this 
method hinges on our knowledge of the primary spectrum and the varying 
and complex heliospheric, magnetospheric and geomagnetic cutoff conditions. 
The latter affect the low energy region of the primary spectrum which con- 
sists predominantly of protons and alpha particles, and may cause significant 
spectral shape and intensity differences between different locations on Earth. 
This is illustrated in Fig. 5.23 of Chapter 5, Section 5.2. 
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Another approach to obtain the atmospheric neutrino spectra is to deter- 
mine first the parent pion and kaon spectra from experimentally determined 
muon spectra at ground level (sea level and mountain altitudes) as well as 
from balloon measurements across the atmosphere. The procedure then is 
to compute the neutrino fluxes from the decays of these particles. 

This method, too, harbors many uncertainties, also with respect to kaons, 
and the evolution of the muon spectrum as a function of atmospheric depth 
is not very well known, particularly at higher altitudes. Due to different 
production cross sections and threshold energies of the processes involved, 
the muons are most likely to come from pions, but muon neutrinos result 
from the decay of kaons and other particles as well, but with much smaller 
probabilities and at higher energies. 

It is somewhat uncertain to predict the vt,/~ ~, ratio because of the uncer- 
tainty in the K / K  ratio, particularly at higher energies. The v~ flux from 
kaons is about a factor of 30 lower than the v, flux because it results from a 
3-body decay mode of the kaon. In addition energetic electron neutrinos are 
also produced in muon decays together with muon neutrinos. These prob- 
lems had been discussed by several authors (Gaisser et al., 1987; Lipari, 1993; 
Perkins, 1993; Honda, 1999). 

Neutrino Spectra from Early Calculations 

The energy spectra of cosmic ray induced atmospheric neutrinos had been 
calculated by numerous authors through the years and likewise the detector 
responses. Many of the early calculations of neutrino intensities and spectra 
were based on a limited set of assumptions and are therefore inaccurate (Zat- 
sepin and Kuzim, 1962; Osborne et al., 1965; Cowsik et al., 1966; Tam and 
Young, 1970; Vo|kova and Zatsepin, 1972; Choi and Young, 1975; Margolis 
et al., 1978; A|lkofer et M., 1979a, 1979b; and Dedenko et M., 1979) . An 
early summary of muon neutrinos at ground level is given by Osborne (1973) 
and on electron neutrinos by Young (1973). 

In Fig. 4.80 we show the theoretical low energy atmospheric electron 
neutrino and antineutrino spectra obtained by Young (1973) for two differ- 
ent geomagnetic latitudes at sea level. The latitude effect is evident. High 
energy vertical and horizontal differential electron and muon neutrino and 
antineutrino spectra at sea level had been calculated by Allkofer et al. (1979a 
and 1979b). These spectra, shown in Figs. 4.81 and 4.82, were derived from 
atmospheric muon spectra under the assumptions that the exponent, ~, of 
the differential muon spectrum is -2.8 and that the K/Tr-ratio is 0.15 and 0.3, 
respectively. High energy integral spectra for vertical and horizontal muon 
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neutrinos are shown in Fig. 4.83 together with a rather speculative spectrum 
of neutrinos from direct production processes (Allkofer et al., 1979a) (for 
details see caption). 

Neutrino Spectra from Recent Calculations 

Recent atmospheric neutrino flux calculations are mostly based on full Monte 
Carlo simulations. Some are taking into account solar modulation, geomag- 
netic and other effects mentioned above with great care, including improved 
interaction models. Few calculations are three-dimensional, many are still 
one-dimensional. Generally speaking, the accuracy of the calculations has 
been stepped up significantly. Calculations of more recent date are those of 
Agrawal et al., 1996; Baxr et al., 1989; Battistoni et al., 2000; Bugaev and 
Naumov, 1989; Cheung and Young, 1990; Gaisser and Stanev, 1995; Honda 
et al., 1990 and 1995; Lipari, 1993; Lipari et al., 1998. 

An analytical calculation of the atmospheric neutrino flux of more recent 
data was carried out by Bhattacharyya and Pal (1990), however, without 
including geomagnetic effects. Much of the more recent theoretical work on 
atmospheric neutrinos focuses on the question whether neutrino oscillations 
do exist or not. In the following we present a small selection of data from 
the numerous new and very detailed calculations that have become available 
during the last few years. 

In Tables 4.30 and 4.31 we give the muon and electron neutrino and an- 
tineutrino differential intensities, respectively, for energies from 0.2 to 108 
GeV and a range of zenith angles from 0 ~ (vertical downward) to 90 ~ (hori- 
zontal) for solar minimum from the work of Mitsui et al. (1986). Table 4.32 
shows the downward differential and integral fluxes of electron and muon 
neutrinos and antineutrinos from the same work. We have plotted the inte- 
gral flux spectra of (v~ + ~ )  and (v~ + ~ )  of Table 4.32 in Fig. 4.84. The 
differential and Integral fluxes of downward-going prompt muon neutrinos 
from the decay of charmed particles from the work of Mitsui et al. (1986) is 
listed in Table 4.33 and their differential intensity in vertical and horizontal 
directions in Table 4.34. 

Similarly, Cheung and Young (1990) who's early work is summarized in 
Fig. 4.80 have extensively studied the upward/downward asymmetries of 
the low energy neutrino fluxes (v~, p-~, v~, ~ )  at different sites caused by the 
latitude dependence of the geomagnetic cutoff for primary protons in the 
energy range between 0.1 and 1 GeV, including the effects of solar activity. 

Tables 4.35 and 4.36 show an analogous set of data from an analytic 
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calculation of Lipari (1993). From these tables we have plotted in Fig. 4.85 
the spectra of the differential intensities of (v~ § ~u) and (re § ~ )  in vertical 
and horizontal directions. In addition, Tables 4.37 and 4.38 list the (v,/pu) 
and (v~/u~) ratios which result from the work of Lipari (1993). A more recent 
set of data of the intensity of atmospheric muon and electron neutrinos and 
antineutrinos combined of energy >_1 GeV from a calculation of Agrawal et 
al. (1996) is shown in Tables 4.39 to 4.42. 

The atmospheric muon spectra, their zenith angle dependence and the 
muon charge ratio that result from the basic calculations of Lipari (1993) 
and Agrawal et al. (1996) from which the neutrino data discussed here were 
derived are presented in Chapter 3, Section 3.6. Both of these calculations 
are based on a number of assumptions and approximations and disregard 
geomagnetic effects. However, Agrawal et al. include in their work a table 
of geomagnetic correction factors for the zenith angle dependence of upward 
going (v~ + ~ )  for several experimental locations (Table 4.43). 

A compilation of neutrino spectra of two flavors from different sources is 
shown in Fig. 4.86 (Koshiba, 1992). 

Up/Down Asymmetry and Ratio-of-Ratios 

More specific theoretical results that are related to neutrino oscillations, such 
as the zenith angle and azimuthal distributions and the ratio-of-ratio prob- 
lem, are displayed jointly with the corresponding experimental data in the 
next subsection. 

4.5.5 Experimental Results, Early Work 

Historical Summary 

The pioneering cosmic ray neutrino experiments that used electronic and 
not radiochemical techniques were the comparatively large installation set 
up by Reines and collaborators in the East Rand Proprietary Mine (ERPM) 
near Johannerburg, South Africa (Reines et al., 1965; Crouch et al., 1970), 
and the more modest experiment set up by Menon, Miyake, Wolfendale and 
collaborators in a deep mine in the Kolar Gold Fields (KGF), in Karnataka, 
Southern India (Achar et al., 1965; Krishnaswamy et al., 1970). 

These experiments were followed by a new generation of more sophis- 
ticated installations, many of which were primarily designed to be used as 
proton decay detectors, but also to search for various forms of dark matter 
and for other tasks. 
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Table 4.30: Differential Atmospheric Muon Neutrino Intensities 
at Solar Minimum (Mitsui et al., 1986). 
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Table 4.31' Differential Atmospheric Electron Neutrino Intensities 
at Solar Minimum (Mitsui et al., 1986). 
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Table  4.32: Downward-going  Atmospher ic  Neut r ino  Flux  

from Kaon,  Pion and Muon Decays. 

(Mitsui  et al., 1986) 

Neu t r ino  

Energy  

[GeV] 

0.2 

0.3 

0.5 

1 

2 

3 

5 

10 

20 

50 

100 

200 

500 

10 a 

2 . 1 0 3  

5 . 1 0 3  

104 

2 . 1 0  4 

5 . 1 0  4 

105 

2 . 1 0  ~ 

5 . 1 0  ~ 

106 

2 . 1 0  6 

5 . 1 0 6  

107 

2 . 1 0 7  

5 . 1 0 7  

108 

Differential  F lux  

[cm -2 s -1 GeV-1] 
m 

tJ~ /]tL 

9.83 

5.09 

1.59 

2 . 9 1 . 1 0  -1 

4 . 5 7 . 1 0  -2 

1 . 5 1 . 1 0  -2 

3 . 3 8 . 1 0  -a 

4 . 3 9 . 1 0  -4 

5 . 4 5 . 1 0  -s  

3 . 4 0 . 1 0  -6 

3 . 9 0 . 1 0  -z 

4 . 5 8 . 1 0  -8 

2 .48 -10  -9 

2 . 5 8 . 1 0  -1~ 

2 . 6 8 . 1 0  -11 

1 . 2 4 . 1 0  - 1 2  

1 . 1 2 . 1 0  -13 

9 . 6 4 . 1 0  -15 

3 . 5 7 . 1 0  -16 

2 . 8 3 . 1 0  -1T 

2 . 2 3 . 1 0  -18 

7 . 0 1 . 1 0  -2o 

4 . 4 4 . 1 0  -21 

2 . 8 1 . 1 0  -22 

7 . 3 0 . 1 0  -24 

4 . 6 1 . 1 0  -2s 

2 . 9 1 . 1 0  -26 

7 . 5 4 . 1 0  -28 

4 . 7 5 . 1 0  -29 

//e~ //'-e 

4.28 

2.29 

6 . 6 6 . 1 0  -1 

1 . 1 7 . 1 0  -1 

1 . 7 2 . 1 0  -2 

5 . 1 3 . 1 0  -3 

1 . 0 2 . 1 0  -3 

1 . 1 5 . 1 0  -4 

1 . 1 7 . 1 0  -5 

5 . 3 3 . 1 0  -7 

4.91 �9 10 -8 

4 . 2 4 . 1 0  -9 

1 . 7 0 . 1 0  - l~  

1 . 5 5 . 1 0  - 1 1  

1 . 4 0 . 1 0  -12 

5 . 6 0 - 1 0  -14 

4 . 7 5 . 1 0  -~5 

3 . 8 9 . 1 0  -16 

1 . 3 7 . 1 0  -~z 

1 . 0 3 . 1 0  -18 

6 . 8 9 . 1 0  -2~ 

1 . 8 1 . 1 0  -21 

1 . 1 4 . 1 0  -22 

7 . 2 6 . 1 0  -24 

1 .89-10  -25 

1 . 2 0 . 1 0  -26 

7 . 5 9 . 1 0  -28 

1 .98-10  -29 

1 . 2 6 . 1 0  -30 

Integra l  F lux  

Jam-2 s -~ ] 
m 

1.79 

1.09 

5 . 1 7 . 1 0  -1 

1 . 6 9 . 1 0  -1 

4 . 9 9 . 1 0  -2 

2 . 3 3 . 1 0  -2 

8 . 6 1 . 1 0  -3 

2 . 1 8 . 1 0  -3 

5 . 3 4 . 1 0  -4 

8 . 0 2 - 1 0  -5 

1.85.  I0 -s 

4 . 1 8 . 1 0  -6 

5 . 4 7 . 1 0  -7 

1 .13-10  -7 

2 . 2 6 . 1 0  -8 

2 . 5 0 . 1 0  -9 

4 . 4 0 . 1 0  - l~  

7 . 4 1 . 1 0  -11 

6 . 7 1 . 1 0  -12 

1 . 0 6 . 1 0  -12 

1 . 6 0 . 1 0  -13 

1 . 1 8 . 1 0  -14 

1 . 4 9 . 1 0  -15 

1 .88 .10-16  

1 . 2 2 . 1 0  -17 

1 . 5 4 . 1 0  -18 

1 . 9 5 . 1 0  -~9 

1 . 2 6 . 1 0  -2o 

1 . 5 9 . 1 0  -21 

7 . 6 8 . 1 0  -1 

4 . 5 6 . 1 0  -1 

2 . 0 7 . 1 0  - 1  

6 . 3 4 . 1 0  -2 

1 . 6 7 . 1 0  -2 

7 . 1 0 . 1 0  -3 

2 . 3 4 . 1 0  -a 

4 . 9 8 . 1 0  -4 

9 . 8 4 . 1 0  -5 

1 . 0 9 . 1 0  -s  

1 . 9 4 . 1 0  -6 

3 . 3 9 . 1 0  - 7  

3 . 4 6 . 1 0  -8 

6.25 �9 10 -9 

1 . 1 1 . 1 0  -9 

1 . 0 9 . 1 0  - 1 0  

1 .81-10  -11 

2 .92 .10 -12  

2 . 4 8 . 1 0  -13 

3 . 5 5 . 1 0  -14 

4 . 6 3 . 1 0  -~5 

3 . 0 3 . 1 0  -~6 

3 . 8 4 . 1 0  -~7 

4 . 8 7 . 1 0  -18 

3 . 1 7 . 1 0  -19 

4 . 0 2 . 1 0  -20 

5 . 1 0 . 1 0  -21 

3 . 3 3 - 1 0  -22 

4 . 2 1 . 1 0  -23 
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Table 4.33: Differential and Integral Flux of Downward-going Muon 

Neutrinos from the Decay of Charmed Particles (Mitsui et al., 1986). 

Neutrino 
Energy 

[Gev] 

104 

105 
106 

10 z 

2 .107  

5- 107 
108 

2.  l0 s 
5 .  l0 s 

109 

Flux 

Differential 

[cm-2 s -1GeV -1 ] 

2 .29 .10  -15 
4 .79 .10  -18 

7.91 �9 10 -21 

7 .98 .10  - 2 4  

8 .60 .10  -25 
3 .98 .10  -26 
3 .40 .10  -26 
2.61 �9 10 -28 
6 .36 .10  -30 

2 .62 .10  -31 

Integral 
[am-2 s -~ ] 

1 .36 .10  -11 

2 .68 .10  -13 

3 .96 .10  - is  

3 .55 .10  -17 

7 .23 .10  - is  
7 .71 .10  -19 
1.24.10-19 
1 .70 .10  -2o 
8 .84 .10  -22 
7 .29 .10  -23 

Table 4.34: Differential Intensities of P rompt  Muon Neutrinos 
for Vertical Downward-going (0 = 0 ~ and Horizontal (0 = 90 ~ Direction. 

(Mitsui et al., 1986) 

Neutrino 
Energy 
[Gev] 

104 
105 
106 
10 T 

2 . 1 0  7 

5 .107  
108 

2 .108  
5 .108  

109 

Differential Intensity 
[am -2 s-1 s r - '  GeV-  1] 

0 = 0  ~ 

3 .65 .10  -16 
7 .62 .10  -19 
1 .26 .10  -21 
1 .27 .10  -24 
1 .36 .10  -25 

5 .90 .10  -27 

4 .61-10  -2s 
2 .83 .10  -29 
6 .77 .10  -31 
2 .88 .10  -32 

. . . . . . .  

0 = 9 0  ~ 

3 .65 .10  16 
7 .62 .10  -19 
1 .26 .10  -21 
1 .27 .10  -24 
1 .38 .10  -25 

6 .78 .10  -2~ 
6 .33 .10  -28 
5 .38 .10  -29 
1 .32 .10  -3o 
5 .36 .10  -32 
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Table 4.35' Muon Neutrino Intensities, ~, § p,, at Sea Level. 
(Lipari, 1993) 
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Table 4.36' Electron Neutrino Intensities, ~,~ + ~-e, at Sea Level. 
(Lipari, i993) 
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Table 4.37: Muon Neutrino/Antineutrino Ratio, (vv / ~ ) ,  at Sea Level. 
(Lipari, 1993) 

Neutrino 

Energy 
GeV 

1.0 
3.16 
10.0 
31.6 
100 
316 
1000 
3160 

1.00.104 
3.16-104 
1.00-105 

Ratio (vv/Pv) 

i 

1.18 
1.29 
1.44 
1.63 
1.90 
2.20 
2.38 
2.42 
2.43 
2.42 
2.42 

] 0.6 

1.13 
1.21 
1.35 
1.53 
1.76 
2.07 
2.32 
2.41 
2.43 
2.43 
2.42 

I 0.4 

1.10 
1.16 
1.28 
1.45 
1.67 
1.96 
2.26 
2.40 
2.42 
2.43 
2.42 

cos(O) 
] 0.3 

1.08 
1.13 
1.23 
1.40 
1.60 
1.89 
2.20 
2.38 
2.42 
2.43 
2.42 

I 0.2 

1.07 
1.10 
1.18 
1.33 
1.52 
1.79 
2.11 
2.34 
2.42 
2.43 
2.43 

0.I 

1.05 
1.07 
1.12 
1.23 
1.42 
1.66 
1.98 
2.27 
2.40 
2.42 
2.43 

0.05 

1.04 
1.06 
1.10 
1.19 
1.35 
1.59 
1.91 
2.23 
2.39 
2.42 
2.43 

0.00 

1.04 
1.06 
1.09 
1.16 
1.29 
1.52 
1.85 
2.19 
2.38 
2.42 
2.43 

Table 4.38' Electron Neutrino/Antineutrino Ratio, (re / ~e), at Sea Level. 
(Lipari, 1993) 

Neutrino 

Energy 

GeV 

1.0 
3.16 
10.0 
31.6 
100 
316 
1000 
3160 

1.00.104 
3.16.104 
1.00-105 

1 

1.32 
1.32 
1.32 
1.32 
1.35 
1.44 
1.54 
1.60 
1.62 

1.63 
1.63 

Ratio (ve/~e) 

I 0.6 

1.32 
1.32 
1.32 
1.32 
1.33 
1.40 
1.51 
1.58 
1.61 

1.62 
1.63 

Io.4 
1.32 
1.32 
1.32 
1.32 
1.33 
1.37 
1.47 
1.56 
1.61 
1.62 
1.63 

cos(O) 
I 0.3 

1.31 
1.32 
1.32 
1.32 
1.32 
1.36 
1.45 
1.54 
1.60 
1.62 
1.63 

I 0.2 

1.31 
1.31 
1.32 
1.32 
1.32 
1.34 
1.42 
1.52 
1.59 
1.61 
1.62 

I 0.i 
1.31 
1.31 
1.32 
1.32 
1.32 
1.33 
1.38 
1.48 
1.57 
1.61 
1.62 

I 0.05 

1.31 
1.31 
1.31 
1.32 
1.32 
1.33 
1.37 
1.46 
1.55 
1.60 
1.62 

I 0.00 

1.31 
1.31 
1.31 
1.32 
1.32 
1.33 
1.37 
1.45 
1.55 
1.60 
1.62 
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Table 4.39' Atmospheric u~ and ~u Intensities as a Function of Zenith Angle. 
The values are dNv/d(lnE~,), in units of [cm -~ s -~ sr -~] and apply to solar 

minimum. Geomagnetic effects are disregarded (after Agrawal et al., 1996). 
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Table 4.40: Atmospheric ~ and ~ ,  Intensities as a Function of Zenith Angle. 
The values are dN~/d(ln E,), in units of [am -~ s -~ sr -~] and apply to solar 

minimum. Geomagnetic effects are disregarded (after Agrawal et al., 1996). 

' o ' ' o b ' b b  " ' ' ' ' o ' ' ' o  5 5 
~ I ~ -  . . . . . . . . . . . . . . .  �9 �9 

�9 0 '~  L ~ -  00  ~ ~LO 0 '1  ~ ' 3  C~  O0  0 ~ "~  0 0 "~  ~ 0 ,1  

II 

I I I I I I I I I I I I I I I I I 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

T �84 

I 

' o ' ' o  ' o ' o  ' o ' o ' o ' o  o '  ' o ' o ' o  ' o ' o ' o  'o  

I I I I I I I I I I I I 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

= " " " o ' " G o~ & " G " & & ~- G ' 

1.-..-I 

i i 

I i i I I i I I I i I i I I n ~ ~ 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

�9 . . , �9 �9 . . �9 �9 

~:~ ~ 0 O0 O0 L~ 0 C:~ 0'~ 0,1 0 0 C~ ~ O0 ~ 0,1 0 

II 

I I I I I I I I I I I I I I I 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

�9 . . . . . . . . . . 

D 
O 

O O O O O O O O O 
O O O O O ,-~ 0"1 ~ ~'~ 0 0 0 0 0 0 0 0 0 0 0 0 

0,1 CO ~'3 ~_~ 0,1 CO ~'~ T-~ 0,1 r ~'3 ,...4 



4.5. NEUTRINOS, GENERAL AND ATMOSPHERIC 633 

Table 4.41: Atmospheric ~e and ~e Intensities ~ a Function of Zenith Angle. 
The values are dN~,/d(lnE~,), in units of [am -2 s -~ sr -~] and apply to solar 

minimum. Geomagnetic effects are disregarded (after Agrawal et al., 1996). 

F 

I I I I I 

~ i~~ ~.~ ~" ~" o~ G ,~" ~" ~" ~ ~ ~" ~.~ ~ ~ ~. 
�9 oo ~ ~ Lc~ ~-~ ~ ~ c'~ ~ cO c'q ~ q'~l ~ ~ ~ 

II 

I I I I I 

~ i  . . . . . . .  . 

. . . .  O4  t'..- " ~  t ' --  t".- 

~) ~ ~ i----I r'--H r--4 r--'H ~ r--4 r--4 i---H r--H r'--r r--4 r--'( ~ ~ 

�9 c~ ~ ~ L~ O0 C~ ~ O0 ~ ~ ~ ~ OC> ~ ~ '" c~ 

II 

,--.4 ,--4 ,---4 ,--4 
"-J._ .~"J~'S I I I I I 

I"'4 

~ ~ ~ ~ ~ ~ l"- t'~ O0 0"~ 0'~ Q ~ "4 0,1 

I I I I I 

I ~  . . . . . . . .  �9 �9 �9 

�9 ~ ~ ~ ~ r,.C) ~ u"v'j ~ ,~ ~ ~ r-~ ~ ~ ,~ ~ 

II 

I I I I I 

C',l ~ cxz> ~b r-~ ~-- oO -~ ~ ~ ,-~ ~ cO ~ ~ u~',l 

O 



634 CHAPTER 4. COSMIC RAYS UNDERGROUND, etc. 

Table 4.42: Atmospheric ~ and v~ Intensities as a Function of Zenith Angle. 
The values are dN~/d(ln E~), in units of [cm -~ s -~ sr -~] and apply to solar 

minimum. Geomagnetic effects are disregarded (after Agrawal et al., 1996). 
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Table 4.43: Geomagnetic Correction Coefficients for Zenith Angle 
Dependence of Upward-going v, and y, for Several Experimental Locations 

(Agrawal et al., 1996). 
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This newer generation of experiments, some of which are still in operation, 
includes the following installations: The detectors near Park City (Utah) 
(Bergeson et al., 1965; Hendricks et al., 1970), at Baksan in Southern Russia 
(Alexeyev et al., 1979), another one at the Kolar Gold Fields (Krishnaswami 
et al., 1983), the NUSEX and LSD experiments in the Mont Blanc tunnel 
(Battistoni et al., 1983; Aglietta et al., 1985), the IMB (LoSecco et al., 1985), 
Kamiokande I and II (Arisaka et al., 1985; Beier, 1986), Fr@jus (Berger et 
al., 1987 and 1989), Soudan I and II (Ayres et al., 1985; Ambats et al., 
1987), MACRO (Stone et al., 1985) and, most recently, the Superkamiokande 
(Suzuki, 1994) and SNO (McDonald, 1996) experiments, to mention only the 
large underground efforts. 

Presently the new generation of very large three-dimensional Cherenkov 
detector matrices such as the Lake Baikal installation (Balkanov et al., 1999) 
or the deep ocean detector arrays such as the pioneering but discontinued 
DUMAND (Deep Underwater Muon And Neutrino Detector) experiment 
(Grieder, 1986 and 1993), the NESTOR muon and neutrino telescope now 
under construction (Resvanis, 1996), the ANTARES project (Hubbard, 1999; 
Moscoso et al., 1999) and the operational AMANDA array located deep in 
the polar ice cap at Antarctica (Andr@s et al., 1999) are expected to detect 
and identify ultrahigh energy astrophysical neutrinos in the near future. 

Neutrino Flux and Intensities 

The pioneering experiments mentioned above and many of the early succes- 
sors have measured the intensity of neutrino induced upward or horizontal 
muons but could not reconstruct or analyze the neutrino events in detail. We 
have summarized the results of these experiments together with the intensity 
measurements recorded by the large and sophisticated modern detectors in 
Table 4.44. 

4.5.6 Experimental Results, Modern Work 

Experimental  Identification of Neutrino Flavor 

Experiments cannot directly determine whether a particular event was ini- 
tiated by a ~ (~ )  or a v~ (~) ,  but they can differentiate between muons 
and electrons resulting from a neutrino interaction. In the sub- to multi- 
GeV region muons resulting from a muon neutrino reaction make clean non- 
showering single tracks whereas electrons produce electron-photon showers. 
This implies that for example in a water tank muons produce fairly clean 
optical Cherenkov rings. On the other hand, electrons produce circular light 
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Table 4.44: Upward-going and Horizontal Muon Intensities Underground 

Experiment 

Baksan 

ERPM 

horizontal 

vertical 

Fr6jus 
IMB 

Kamiokande 

KGF 

LVD 

MACRO 

cos(0)--0 .05 

Superkamiokande 

Intensity 

[10-t3 cm-2 s-1 sr -1 ] 

1.92 + 0.44 

2.36 4- 0.12 

2.77 + 0.17 

2.08 4- 0.14 

2.72 4- 0.16 

4.10 4- 0.60 

3.70 + 0.60 

4.59 + 0.42 

2.23 + 0.20 

3.67 + 0.66 

Energy 

[GeV] 

> 2  

> 1  

> 1  

> 3  

> 1  

>0.1 

>0.1 

>0.1 

>0.1 

> 0.2 

Reference 

Boliev et al. (1981) 

Boliev et al. (1990) 

Boliev et al. (1991) 

Frati et al. (1993)* 

Boliev et al. (1995) 

Reines (1969) 

Crouch et al. (1970) 

Crouch et al. (1978) 

Crouch et al. (1978) 

Rhode et al. (1996) 

2.41 + 0.21 

2.26 + 0.11 

1.92 + 0.11 

> 2  

> 2  

> 3  

Svoboda et al. (1987) 

Becker-Szendy 

et al. (1990) 

Frati et al. (1993)* 

2.05 + 0.18 

2.04 + 0.13 

1.94 + 0.0. m+0.07 ~.v_0.06 

3.4 +0.8 

8.3 + 0.26 

> 2  

> 3  

> 1.6 

> 1  

1.2 + 0.2 > 1 

7.0 + 2.4 > 1 
t '  

1.75 + 0.07 + 0.09 > 1.6 

Oyama et al. (1987) 

Mori et al. (1991) 

Kajita (1999) 

Krishnaswami 

et al. (1970) 

Sartorelli et al. (1995) 

Ronga (2000) 

Ronga (2000) 

Kajita (1999) 

* Data rescaled by Frati et al. (1993) to E >3GeV for comparison with Kamiokande. 

patches with fuzzy edges. At higher energies v, ( ~ )  initiated reactions, too, 

get more complex and are more difficult to interpret. 

If in a detector an event resembles a muon (electron), it is assumed that a 
v~ (v~) or ~ (V~) initiated the interaction and the event is designated # - l i k e  
(e - like). The ratio of the quotient of eq. 4.66 obtained experimentally to 
the one determined theoretically is called the ratio of ratios and is defined as 
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R = _ ~ (4.70) 
(N .-Uke/Ne-,ik )th oretic.t (N ,./N ,.)theor ticat ' 

where N.-uee stands for (ul,+Fu)-like and Ne-uke for (ue+Pe)-like initiated 
events. This ratio is one of the two relevant experimental quantities for 
studying neutrino oscillations. 

Neutrino Intensity Measurements and Spectra 

The atmospheric neutrino intensities measured by the large modern detectors 
are listed together with those from the early experiments in Table 4.44. In 
Fig. 4.87 we show the depth-intensity plot of the Fr6jus experiment for 
through-going and stopping muons (Rhode, 1993). The asymptotic intensity 
is evidently due to neutrino induced muons. Only few spectral measurements 
were made. In Fig. 4.88 we show the energy spectra of electron (re + ue) and 
muon neutrinos (v~ + ~ )  that were measured with the fine-grained Fr6jus 
detector (Rhode et al., 1995 and 1996). 

For neutrino energies >1 GeV Rhode et al. (1995) have parameterized 
the differential atmospheric neutrino spectra using the expression 

1 
j~,(E) - joE~ ~ 1 + 6E~/E,r(O) 

0.213 ) (4.71) 
+ 1 + 1.44E,,/EK+(O) ' 

where E~r+(O) and EK+(O) are the zenith angle dependent critical energies 
accounting for the r+ and K e decay length, respectively. These authors find 
that a fit to their data for E~ >__ 3 GeV leads to a spectral index for the 
atmospheric muon neutrino intensity of 

and 

7 = 2.66 + 0.05(stat.) + 0.03(syst.) (4.72) 

J0 - (2.5 • 0.2(stat.) + 0.3(syst.)) �9 10 -2 [cm 2s - t  sr - t  GeV ~-t] . (4.73) 

Momentum distributions of e-like and #-like events recorded with the 
Super-Kamiokande detector are illustrated in Figs. 4.89 and 4.90, respec- 
tively (Fukuda et al., 1998). 
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Z e n i t h  Angle  Dependence  and N e u t r i n o  Osc i l la t ions  

Fig. 4.91 shows a plot of the ratio of stopping to through-going muons versus 
zenith angle, measured with the Super-Kamiokande detector and theoreti- 
cal distributions with and without oscillations. The observed ratio of the 
(stopping/through-going) muon flux, R, obtained by Kajita (2000) is 

R = 0.235 i 0.018(stat.) +~176 -0.011 syst.)' 

whereas the calculated value is 

(4.74) 

R -- 0. -27+0"049U._0.044 (4.75) 

Other sets of data to investigate neutrino oscillations based on zenith 
angle distributions are presented in Fig. 4.92 from measurements with the 
MACRO detector (Ronga, 1999 and 2000) and in Fig. 4.93 from Super- 
Kamiokande (Scholberg, 1999). Both sets use upward through-going muons. 
An additional set of data showing the full range of zenith angle measurements, 
from the downward to the upward direction, carried out on e-like and #-like 
fully and partially contained events at Super-Kamiokande is illustrated in 
Fig. 4.94 together with predicted distributions (Scholberg, 1999). 

Because of the many uncertainties involved in the determination of the 
absolute neutrino intensity and its zenith angle dependence as well as because 
of theoretical problems concerning the simulations, discussed before, it is 
impossible to get a clear-cut answer whether neutrino oscillations occur or 
not from these measurements. 

A z i m u t h a l  D i s t r i b u t i o n  and E a s t - W e s t  Effect  

The azimuthal distributions of e-like and/z-like events and the corresponding 
theoretical predictions reflect the various geomagnetic problems and ques- 
tion of local isotropy of the low energy primary cosmic radiation, discussed 
earlier. Fig. 4.95 which shows measured azimuthal distributions from Super- 
Kamiokande and predictions illuminates the problems (Scholberg, 1999; Fu- 
tagami et al., 1999). 

M e a s u r e d  N e u t r i n o  Flavor  Ra t ios  

Neutrino flavor ratio measurements yield information about neutrino oscil- 
lations that are independent of the knowledge of the absolute flux of atmo- 
spheric neutrinos. Measurements from different experiments can be com- 
pared with less inherent ambiguities. The flavor ratio is at present the most 
reliable experimental signature for neutrino oscillations. 
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The method to search for neutrino oscillations by this method is to com- 
pare the experimentally determined flavor ratio with Monte Carlo predictions 
(Hirata et al., 1992). The latter are made for a specific measurement and a 
given set of oscillation parameters Am 2 and sin2(20), described before, and 
for the same calculation without oscillation. The measure that  is used for 
comparison is the previously mentioned ratio of ratios, R, defined above. 
We have listed the results for R from different experiments and for different 
analyses carried out through the years by various authors in Table 4.45. 

Table 4.45: Summary of Ratio-of-Ratios Results, R 

Experiment 

Fr6jus contained 

Fr6jus uncontained 

Fr6jus all 

IMB-1 

IMB-3 Ring Events 

IMB-3 #-Decay Events 

Kamiokande Sub-GeV 

Kamiokande Multi-GeV 

MACRO 

MACRO < E~ > = 100 GeV 
NUSEX 

Super-Kamiokande Sub-GeV 

Super-Kamiokande Sub-GeV 

Super-Kamiokande Multi-GeV 

Super-Kamiokande <1.3 GeV 

Super-Kamiokande >1.3 GeV 

Soudan-II 

Ratio-of-Ratios R 

0.87 + 0.13 • 0.08 

1.04 =t= 0.13 

0.99 + 0.13 -4- 0.08 

0.68 =t= 0.08 

0.54 + 0.05 ::t:: 0.11 

0.64 i O.O7 
0. an+~176 • 0.05 vv_0.05 
O. -~7+0"08 "+" 0 . 0 7  

~ ' - 0 . 0 7  

0.73 + 0.09 + 0.06 =t= 0.12 

0.74 4- 0.036 • 0.046 • 0.13 

0.99 i 0.40 • 0.00 

0.63 =i= 0.03 • 0.05 

0.63 i 0.03 + 0.05 

0.65 =t= 0.05 • 0.08 
0 ~R~0.024 + 0.052 �9 uv~O.023 
0 ~g'10.044 ..[. 0 . 0 7 9  

�9 ,-,,.,,.,0.041 

0.64 =t: 0.11 4- 0.06 

Reference 

b) 
c) 
d) 

d) 

e) 
e) 
f) 
g) 
h) 

i) 

i) 

J) 

J) 
k) 
1) 

a) Meyer (1993) (see also Berger et al., 1990), b) Rhode et al. (1995), c) Haines et al. 
(1986), d) Casper et al. (1991), Becker-Szendy et al. (1992), e) Fukuda et al. (1994), f) 
Ahlen et al. (1995), g) Ronga (1999), h) Aglietta et al. (1989), i) Fukuda et al., (1998), 
j) Kajita (1999), k) Kaneyuki et al. (1999), l) Allison et al. (1997 and 1999), Peterson 
(1999). 

With  the exception of the Fr~jus and NUSEX experiments, the bulk of 
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the experimental results listed in Table 4.45 agree with each other and are 
consistently lower than expected, which leads to the conclusion that neutrino 
oscillations may be the cause for the discrepancy. 

In Fig. 4.96 we show the resulting v, --+ v~ oscillation confidence level con- 
tours of allowed regions deduced from the combined data of fully contained 
and partially contained upward going muons in Superkamiokande (Scholberg, 
1999). 
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Figure 4.78: Compilation of charged current total cross section data, cry,Total, 
for muon neutrinos and antineutrinos divided by E~ as a function of neutrino 
energy, E~. The curves are calculated cross sections from the work of Frati et 
al. (1993) using the structure functions of Eichten et al. (1984) (solid curves) 
and Owens (1991) (dashed curves). The experimental data compilation is 
after Hikasa et al., 1992). 
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Figure 4.79: Enlargement of the low energy portion of Fig. 4.78, showing 
the charged current total cross section data, a~,TotaZ, for muon neutrinos and 
antineutrinos divided by E~ as a function of neutrino energy, E,.  The curves 
are calculated cross sections from the work of Frati et al. (1993) using the 
structure functions of Eichten et al. (1984) (solid curves) and Owens (1991) 
(dashed curves). The experimental data compilation is after Hikasa et al., 
1992). 
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Figure 4.92: Zenith angle distr ibution in units of cos(0) of flux of upward 

through-going muons with energy >1 GeV for da ta  and Monte Carlo events 

for the combined MACRO data.  The solid curve shows the expectat ion for 

no oscillations and the shaded region represents the 17% uncertainty in the 
expectation.  The dashed line is the result of the prediction for an oscillated 
flux with sin2(2~) = 1 and A m  2 = 0.0025 eV 2 (after Ronga, 1999 and 2000). 
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Figure 4.94: Zenith angle distribution in units of cos(0) for e-like (.) and #- 
like (/k) multi-GeV (fully and partially contained) events. The hatched and 
cross-hatched rectangles indicate the Monte Carlo no-oscillation predictions 
with statistical errors and the solid and dashed histograms the oscillation 
prediction for the best fit parameters, sin2(20) = 1.0 and Am 2 = 3.5.10 -3 
eV 2, for e-like and #-like events, respectively (after Scholberg, 1999; see also 
Kajita, 2000). 
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Figure 4.95: Illustration of the east-west effect. Shown is the azimuthal 
distribution of low energy near horizontal e-like (upper figure) and p-like 
(lower figure) experimental data together with the Monte Carlo predictions 
of Honda et al. (1995 and 1996) (solid histogram, A) and Lipari et al. (1998) 
(dashed line, B) of the flux. The azimuthal angle r = 0 corresponds to 
particles going to the north and r = 180 ~ to particles going south. The 
expected deficit of neutrinos from the east due to the geomagnetic cutoff of 
the charged primaries is observed (after Scholberg, 1999). 
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Chapter 5 

Primary Cosmic Radiation 

An excellent historic review of the discovery of the cosmic radiation by Victor 
Hess (Hess, 1912) and of the great efforts that followed in the years until 
the beginning of world war II, including the ionization measurements in the 
atmosphere to an altitude of 16 km by Piccard during his spectacular first 
manned stratospheric balloon flight in 1931 (Piccard and Cosyns, 1932) is 
given by Eugster and Hess (1940). It must be remembered that at that 
time essentially nothing was known of the world of particle physics. The 
significant progress that was made in cosmic ray research in the period that 
followed until the late fifties was summarized by Peters (1959). 

It should also be mentioned that at a relatively early stage of cosmic 
ray research, since the early thirties, Eugster, himself a pathologist with a 
profound interests in cosmic ray physics, conducted pioneering studies over 
decades on the biological effects of the cosmic radiation. Some of this work 
he did in collaboration with Hess and is also summarized in the account 
mentioned above (see also Eugster and Hauptmann, 1934). 

5.1 I n t r o d u c t i o n  

Under the term cosmic radiation we usually mean the flux of energetic par- 
ticles that enter the Earth's atmosphere from outer space. The bulk of this 
radiation is of hadronic nature and seems to be of galactic origin but the 
ultra energetic tail of the spectrum with energies in excess of about 109 GeV 
is probably of extragalactic origin. 

The galactic component is believed to be essentially isotropic outside the 
heliosphere whereas propagation effects within it cause an anisotropy on the 
order of 1%. Recently some authors have suggested that there may be a 

669 
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local source that could contribute to irregularities in the hadron spectrum, 
and that there may be a radial gradient of cosmic rays in our Galaxy (Erlykin 
and Wolfendale, 1997 and 1999; Erlykin et al., 1997a and 1997b), but the 
idea is not widely accepted. 

The low energy portion of the cosmic ray spectrum is subject to strong 
variability due to solar modulation, following the 11 year solar cycle. The 
modulation effects decrease with increasing particle rigidity and become neg- 
ligible for particles with rigidities in excess of a few GV (or approximately 5 
GeV/nucleon). Cosmic ray modulation is highly complex and a vast field of 
its own. For this reason this subject is not treated in detail in this book, only 
some basic modulation phenomena in connection with spectral influences are 
described in this chapter and in Chapter 6, Section 6.3. 

The isotropic flux at sunspot minimum is about 4 protons cm-2s -~, at 
sunspot maximum it is about 2 protons cm-2s -1 at 1 astronomical unit [AU]. 
A one year exposure to the galactic cosmic radiation at 1 AU yields a dose 
of ~ 10 rads at sunspot minimum and ,,~4 fads at maximum (West et al., 
1977). 

The origin of the cosmic radiation is still a matter of scientific debate. 
Various objects in our Galaxy had been proposed as likely particle injectors 
and different acceleration mechanisms are known to have the ability to ac- 
celerate or possibly reaccelerate cosmic rays to energies of about 106 to 107 
GeV, some even to 109 GeV (VSlk and Biermann, 1988; Biermann 1993 and 
1997). However, it remains a mystery where and how the most energetic 
particles with energies of 10 ~~ GeV and beyond acquire their energy (Nagano 
and Watson, 2000), though various more or less exotic models and processes 
have been proposed. 

Since the arrival directions of these particles do not seem to show any 
significant anisotropy if we disregard three particular events with energies 
> 4 .10  m GeV (Teshima, 2000), a possible enhancement from the directions 
of Cygnus and the Galactic Center (Hayashida et al., 1999; Clay et al., 
2000), their sources must be very distant in order to allow for directional 
randomization by the magnetic fields in space. If so it is a puzzle how these 
particles can reach our part of the universe across large distances without 
being subject to the Greisen-Zatsepin-Kuzmin (GZK) cutoff, expected to 
occur around ( 3 -  5). 10 l~ GeV for protons (Zatsepin, 1951; Greisen, 1966; 
Zatsepin and Kuzmin, 1966; Kuzmin and Zatsepin, 1968). 

This cutoff is due to interactions of the cosmic rays with the cosmic mi- 
crowave background radiation (CMBR), predicted by Alpher et al. (1948 and 
1950), Gamow (1948) and Dicke et al. (1965), and discovered by Penzias and 



5.1. INTRODUCTION 671 

Wilson (1965), that degrade the energy of the particles via photo-pion pro- 
duction and fragment nuclei. The mean free path for photo-pion production 
is ~6 Mpc. 

To our present and experimentally confirmed knowledge the primary cos- 
mic radiation consists chiefly of hadrons, at lower energies mostly protons 
and alpha particles, but also heavier nuclei up to iron and beyond. With 
increasing energy the fraction of heavier nuclei increases and thus the av- 
erage mass of the primaries (for a review see Wolfendale, 1973; Smart and 
Shea, 1985; Swordy, 1994; Watson, 1997) . This trend seems to reverse at 
ultrahigh energies where we have indications from air shower experiments 
that the composition seems to change in favor of lighter nuclei and protons, 
possibly for reasons mentioned above. 

There is a small diffuse flux of gamma rays whose spectrum exhibits a 
general power law behavior with some structure and the spectra of a large 
number of X-ray and gamma ray point sources superimposed on it which had 
been discovered through the years (Giacconi et al., 1962). Today, the latter 
are part of the rapidly evolving field of gamma ray astronomy which spans 
over an energy range from less than 0.5 MeV into the multi-PeV and possibly 
EeV domain (for a review see Weekes, 1988; Ong, 1998; see also Section 5.4). 

Some of the point sources emit extremely energetic photons, some con- 
tinuously like the Crab nebula in our own Galaxy, others show remarkable 
flaring activity like the AGN object Markarian 501, or the distant blazars. 
Others seem to have disappeared completely from the high energy scenario 
like Cygnus X-3, located at the fringes of our Galaxy (Weekes, 1988). 

In 1963 a small flux of energetic electrons (negatrons and positrons) at 
the level of about one percent of the hadronic flux has also been identified 
(De Shong et al., 1964) (see Section 5.3). Part of this flux is probably due to 
the pion - muon - electron (or positron) decay chain resulting from energetic 
collisions of the primary hadronic component with the interstellar medium 
and to interactions with the background radiation field. 

A contribution is also expected from pair production of energetic photons 
of various origin in encounters with interstellar matter and very likely from 
objects such as the Crab which is well known for its highly polarized syn- 
chrotron radiation, revealing the presence of energetic electrons in magnetic 
fields. However, the electron component below ~_20 MeV is dominated by 
Jovian electrons (Eraker and Simpson, 1981). 

In 1979 experimental evidence of the detection of a very small flux of an- 
tiprotons in the cosmic radiation was claimed (see Section 5.6). The question 
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whether this flux is entirely of secondary nature, being the result of collisions 
of the primary radiation with interstellar matter only, or contains a primor- 
dial component, too, remained unanswered (Golden et al., 1978, 1979a and 
1979b; Bogomolov et al., 1979). So far no antinuclei have been identified. 

In addition there must be a very large flux of neutrinos and antineutrinos 
of all flavors of extraterrestrial origin (Learned and Mannheim, 2000) which 
so far has evaded identification except for the neutrino burst from the su- 
pernova SN-1987a (Aglietta et al., 1987; Alekseev et al., 1987; Bionta et al., 
1987; Hirata et al., 1987 and 1988) (see Section 5.5) and the continuous flux 
of solar neutrinos, discussed in Chapter 6, Section 6.6 (for a comprehensive 
review see Koshiba, 1992). 

It is expected that there must be numerous neutrino point sources of 
different energy regimes within our Galaxy and beyond. Their detection is 
only a matter of time. They are expected to play a key role for finding the 
sources of the cosmic radiation (Learned, 1993; Gaisser et al., 1995) (see also 
Sections 4.5 and 5.5). 

The solar contribution to the local cosmic radiation, frequently referred 
to as solar cosmic rays, energetic solar particles (ESP) or solar energetic 
particles (SEP), concerns the very low energy portion of the spectrum only 
(E < 50 MeV) and is of sporadic nature (see Chapter 6, Section 6.4). The 
sources of energetic solar particles are usually solar flare events. It is mostly 
protons and electrons that are ejected but also small quantities of heavier 
elements may be involved. Rarely solar flare particles may attain energies 
of several GeV (Mandzhavidze, 1993; Ruffolo, 1997). In the region between 
about 100 MeV and 1 GeV there is a so-called anomalous cosmic ray com- 
ponent (Panasyuk, 1993; Jokipii and Kbta, 1997) (see Chapter 6, Section 
6.5). 

At very rare occasions solar neutrons can be observed at Earth. To arrive 
as such they must be sufficiently energetic to avoid decay during transit, i.e., 
E~ > ~  100 MeV (Kocharov, 1993). To be detectable at ground level their 
energy must exceed 250 MeV. Topics concerning energetic solar particles, 
anomalous cosmic rays and solar neutrons are discussed briefly in Chapter 
6, Section 6.4. 

The differential energy spectra of all components of the cosmic radiation 
in space with kinetic energy larger than a few GeV can be described by a 
power law of the form 

j ( E )  c( E -~ , (5.1) 
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where j is the intensity, E the kinetic energy per nucleon and "y the spectral 
index. 

At energies above a few GeV the value of ~ is approximately 2.7 for the 
hadronic component and remains constant over many decades of energy, up 
to the so-called knee at __ 3.106 GeV, originally discovered by Kulikov and 
Khristiansen (1958), where the spectrum steepens and ~/reaches a value of 
"~ 3.0 with slightly falling tendency to reach about 3.15 at 109 GeV. At 
ultra high energies, beyond the so-called ankle at _~ 101~ GeV, where the 
extragalactic component is probably dominating, the spectrum appears to 
flatten with ~' ~ 2.7. 
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5.2 Hadrons, Spectra and Composition 

5.2.1 Introduct ion  

The hadronic component covers an enormous energy range. At or near the 
Earth the low energy observational limit is given by the geomagnetic cut- 
off and, if detection takes place within the atmosphere, by an additional 
atmospheric cutoff. On the opposite side of the spectrum, where the most 
energetic particles so far detected exceed 102~ eV, detector size and statistics 
impose a limit to exploration. 

The low energy component up to rigidities of a few GV is subject to solar 
modulation and exhibits a large variability that may be as much as a factor 
of two or more in intensity. The modulation effects are rigidity dependent 
and diminish with increasing particle rigidity. They become negligible at a 
rigidity of about 10 GV. 

The chemical (or mass) composition of the hadronic component ranges 
from protons to the actinide elements, and seems to manifest a non-trivial 
energy dependence. This may be linked to source composition, mass depen- 
dent acceleration and propagation. Our knowledge concerning the details 
of the composition decreases rapidly with increasing energy because of the 
rapid fall of the spectrum, resulting in poor statistics. In addition, there are 
technical problems in connection with particle identification and energy or 
momentum measurements. 

Presently direct measurements of the energy and composition of the cos- 
mic radiation are limited to the region below ~ 105 GeV per particle. The 
low energy component was explored with instruments on board of satellites, 
space stations, and balloons using a wide variety of techniques and instru- 
ments. Much effort has recently been invested into the determination of 
isotope ratios at low energies. 

Balloon-borne experiments flown near the fringes of the atmosphere using 
electronic detectors such as spectrometers, Cherenkov counters, calorimeters, 
transition radiation detectors, combinations of the latter and more advanced 
systems, or nuclear emulsion, recording and identifying individual particles 
have yielded excellent data in the region between the geomagnetic and/or 
atmospheric cutoff and about 10 ~ GeV. In this energy range energy spectra of 
particles of distinct charge, mass or mass groups had been measured recently 
by the JACEE (Cherry, 1997a, 1997b and 1999) and RUN JOB experiments 
(Apanasenko et al., 1997a, 1997b, 1999a and 1999b). However, deviations 
in slope and intensity of some of the components observed by these two 
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experiments remain, as is evident from the data shown below. 

At higher energies the composition is still very uncertain and partly sub- 
ject to speculations. This is because the determination of both, the energy 
and the nature (mass and/or charge) ~ of the primaries, are based on very in- 
direct methods using large ground-based installations that detect air showers 
initiated by these particles. 

Air showers are highly complex phenomena and represent another vast 
branch of cosmic ray and astroparticle physics research which is beyond the 
scope of this book (see Galbraith, 1958; Khristiansen, 1980; Sokolsky, 1989). 
Air showers are used to explore the primary spectrum to the highest energies, 
up to and beyond 10 ~ GeV. 

5.2.2 All-Particle Spectrum 

The all-particle energy spectrum is the spectrum of all primary cosmic ray 
hadrons combined, irrespective of charge or mass. Thus, it comprises all the 
species of the elements and isotopes of the entire chart of the nuclides. This 
spectrum spans over an enormous energy range of more than ten decades, 
from less than 1 GeV to over 10 ~ GeV. The intensity is usually expressed in 
GeV per nucleus [GeV/nucleus]. 

The all-particle spectrum is assembled from data of many different ex- 
periments. The low energy data are from satellite measurements made well 
outside the Earth's atmosphere as well as from balloon-borne measurements 
made at the fringes of the atmosphere. In either case we are dealing with 
direct detection of individual nuclear species. The low energy component 
is subject to strong variability because of solar modulation. At rigidities in 
excess of about 10 GV solar modulation becomes irrelevant. 

Balloon-borne measurements require in addition corrections for energy 
losses and nuclear interactions of the primaries with constituents of the resid- 
ual atmosphere that also lead to spallation and fragmentation of primary 
nuclei and thus to a change of composition before detection. Spallation and 
fragmentation cause losses as well as enhancement of specific nuclei. 

For direct measurements on board of satellites a wide variety of electronic 
detection systems is being used whereas superconducting magnetic spectrom- 
eters and other electronic instruments as well as nuclear emulsion, mostly in 
the form of elaborate emulsion stacks or emulsion chambers, are employed 
in balloon experiments. Depending on the kind of instrument used charge 
and energy or even mass (isotope) and momentum can be determined. At 
present direct measurements can be made to energies as high as about 100 
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TeV/nucleus. This energy limit is imposed by the physical size of the de- 
tectors and the rapidly falling spectrum, i.e., the diminishing intensity with 
increasing energy and thus the lack of events. 

At higher energies the data for the all-particle spectrum are obtained 
with ground based equipment. A limited data sample is from large emulsion 
chambers located at mountain altitudes between 3776 m to 5450 m a.s.1. (Mt. 
Fujii, Japan, 3776 m; Pamir Mountains, Tadjikistan 3860 m and 4380 m; Mt. 
Chacaltaya, Bolivia, 5260 m, and Mt. Kanbala, Tibet, 5450 m; see Table 
C.3 in the Appendix). However, the very high energy data are acquired with 
air shower arrays located anywhere from sea level to over 5000 m a.s.1.. 

These measurements cannot identify the mass of the particles that initiate 
the showers, only their energy. The latter can be determined to an accuracy 
of about 20 percent or worse. However, with the data of highly sophisticated 
arrays that record simultaneously observables of different kinds of particles 
in a shower and possess a large hadron calorimeter, or a fly's eye type in- 
stallation that can get the longitudinal shower profile, or a well equipped 
air Cherenkov array, the mass group (protons, light or heavy nuclei) of the 
primaries initiating the showers can be estimated. 

In the mid-range the primary energy spectrum can also be derived from 
the high energy muon spectrum, and an estimate of the mass groups involved 
can be obtained from multi muon measurements. 

In Fig. 5.1 we show the all-particle energy spectrum over the energy range 
from 1 MeV to over 100 EeV (1020 eV) in normal double logarithmic repre- 
sentation. This spectrum was assembled from the results of a large number 
of experiments using very different techniques. The low energy portion with 
the saddle and hump is subject to strong variability because of solar mod- 
ulation. This part of the spectrum below 10 GeV, as shown in Fig. 5.1, is 
valid for a particular date. Its shape is characteristic but the exact intensi- 
ties change continuously. With increasing energy (rigidity) of the particles 
the modulation effects decrease and become negligible above about 10 GeV, 
where the primary beam is dominated by protons and alpha particles. 

Above 10 GeV the primary spectrum seems to be almost featureless ex- 
cept for a slight change of slope around 3- 1015 eV. The two straight sections 
of the spectrum can be described with two power laws of the form 

j (E)  ~. E -'~,2 (5.2) 

with ~/1 - 2.68 and ")'2 -- 3.15, as indicated in Fig. 5.1 by the solid and 
dashed lines. The region of the spectrum where the two lines intersect is 
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known as the knee (Kulikov and Khristiansen, 1958). 

If the intensity j (E) of the differential energy spectrum is multiplied with 
the corresponding energy E to some fixed power a, i.e., j (E) .  E ~, where a is 
usually chosen to be equal to the average slope of the spectral region under 
investigation, and again plotted in double logarithmic representation, the 
spectrum lies along a horizontal line. Any change of slope of the spectrum will 
now be strongly emphasized, causing a rapid deviation from the horizontal. 

This is illustrated in the all-particle differential spectra shown in Figs. 
5.2 and 5.4. Here we have plotted the quantity j ( E ) .  E '~ with a set to 2.5 
and 2.75, respectively. References for the contributions to the data are listed 
in the figure captions. The features of the knee of the spectrum are now well 
emphasized. The two plots a) and b) of Fig. 5.3 are a magnification of the 
knee region of Fig. 5.2, showing only the data points between 105 and l0 s 
GeV, one part of the data in a) the other in b), for better comparison. 

There is a great wealth of information in the so-called knee region of the 
spectrum that is being studied with many medium size air shower experi- 
ments located at different altitudes, such as Akeno (Akeno, Japan) (Haya- 
shida et al., 1997; Nagano et al., 1984 and 1992), BASJE (Yoshii et al., 1995) 
and Chacaltaya (Bradt et al., 1965; Inoue et al., 1997) (both at Mt. Cha- 
caltaya, Bolivia), CASA-MIA (Glasmacher et al., 1999a and 1999b), CASA- 
BLANCA (Cassidy et al., 1997; Fortson et al., 1999), DICE (Boothby et 
al., 1997a and 1997b; Kieda and Swordy, 1999) (all Dugway, Utah, U.S.A.), 
EAS-TOP (Gran Sasso, Italy) (Aglietta et al., 1995; EAS-TOP Collabora- 
tion, 1997), HEGRA (Canary Islands) (Cortina et al., 1997; Wiebel-Sooth et 
al., 1997; Rbhring et al., 1999), KASCADE (Karlsruhe, Germany) (Klages 
et al., 1997; Hbrandel et al., 1999; Kampert et al., 1999), Kobe (Japan) 
(Asakimori, 1990), Moscow (Russia) (Fomin et al., 1991; Khristiansen et al., 
1995), Mt. Norikura (Japan) (Ito et al., 1997), Ooty (India) (Acharya et al., 
1981; Gupta et al., 1997), SPASE and VULCAN (South Pole) (Dickinson et 
al., 1999), Tien Shan (Kazakhstan) (Antonov et al., 1995; Nesterova et al., 
1995; Danilova et al., 1995; Nikolsky, 1997), Tunka (Russia, Siberia) (Gress 
et al., 1997), Yangbajing (Tibet, China) (Amenomori et al., 1996a and 1999), 
and others. Some of these installations are of recent date. For details see 
Appendix, Table C.1). 

In Fig. 5.5 we show a selection of mostly recent results of some of the 
arrays listed above together with the classical data from the Proton satellite 
(Akimov et al., 1970; Grigorov et al., 1970, 1971a, 1971b and 1971c) and 
recent JACEE data from balloon flights (Asakimori et al., 1993a and 1993b; 
Cherry et al., 1995, 1997a, 1997b and 1999). 
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Table 5.1' Pr imary  Spectral Indices Below (Tt) and Above (')'2) the Knee. 
Ek is the energy at which the knee is seen (Castellina, 2000). 

Experiment 

EAS-TOP 
KASCADE 
KASCADE 

CASA 
Akeno 
Tibet 
Tunka 

BLANCA 
DICE 

HEGRA 
HEGRA 

7t 

2.76 + 0.03 
2.70 • 0.05 
2.66 + 0.12 
2.66 • 0.02 
2.62 + 0.12 
2.60 • 0.04 
2.60 • 0.02 
2.72 • O.02 

~_2.7 
2.67 • 0.03 

2 79+0.02 
""~-0.03 

72 

3.19 + 0.06 
3.10+0.07 
3.03 + 0.16 
3.00 + 0.05 
3.02 + 0.05 
3.00 • 0.05 
3.00 + 0.06 
2.95 • O.02 

_~ 3.0 
3 22+0.33 

. . . .  0.41 
3 ~9+0.47 

""~-0.59 

Ek [PeV] Ref. 

2 . 7 -4 .1  a) 
4 . 0 - 5 . 0  b) 
5.0 + 0.5 c) 
smooth d) 
"~ 4.7 e) 

smooth f) 
",' 4.0 g) 

2 n +~ h) 
"" 0.2 
"~ 3.0 i) 

3 AT1.3 �9 --o.7 J) 
3 QR+4.66 k) 

.,,v 0.83 

a) Aglietta M. et al. (1999); b) Kampert et al. (1999); c) HSrandel et al. (1999); d) 
Glasmacher et al. (1999a); e) Nagano et al. (1984); f) Amenomori et al. (1996b); g) Gress 
et al. (1997); h) Fowler et al. (2000); i) Kieda and S.P.Swordy (1999); j) Rohring et al. 
(1999); k) Arqueros et al. (1999). 

There is still much debate where exactly the knee is located and whether 
the change of slope is continuous and extends over a wider energy range or 
is rather  sudden. Different experiments give different answers. In Table 5.1 
we present a list compiled by Castellina (2000) of the spectral indices below 
and above the knee from a number of experiments and the energy where the 
knee is seen. 

Wha t  exactly causes the knee is still a puzzle. However, we know that  
different constituents of the radiation, such as H, He, the CNO and Fe groups 
manifest different spectra at high energies, as will be discussed in the next 
subsection. In particular, the spectra of the different elements or mass groups 
do not show all the same spectral slope, some spectra drop-off more rapidly 
at high energy. Consequently, the superposition of the different spectra to 
form the all-particle spectrum must lead inevitably to irregularities in the 

lat ter  (see Schatz, 2001). 

Other  factors such as rigidity dependent confinement (or leakage) could 
cause the knee in the spectrum and because of the elemental mix in the 
composition, irregularities in the knee region. Source properties, too, could 
in principle cause similar effects. Without  going into any details concerning 
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acceleration and propagation of the cosmic rays, we show as an example in 
Fig. 5.6 the results of a model calculation. 

The latter is based on the assumption of particle injection into the Galaxy 
with a power law spectrum, E -~, with a constant spectral index of-2.3 for all 
components at the source, with a diffusion escape, Tes~, that is proportional to 
E -6 with ~ -- 0.4, and a rigidity of 1015 V with appropriate source abundances 
(Webber, 1983) (see also Miiller, 1989; Swordy et al., 1990 and Subsection 
5.2.3 where the elemental composition of the cosmic radiation is discussed). 

In Figs. 5.7 to 5.12 we show the upper end of the explored primary spec- 
trum. These spectra were acquired by the five giant air shower arrays, Akeno- 
AGASA (Japan), naverah Park (GB), Yakutsk (Russia), Volcano Ranch 
(U.S.A.) and SUGAR (Aus.), and the Fly's Eye (U.S.A.). All intensities in 
these figures are multiplied with E 3"~ Each of these installations has or had 
its particularity. We will only point out that the spectrum of the SUGAR 
array of the University of Sydney (Aus.) is based essentially on muon mea- 
surements at shallow depth underground (Brownlee et al., 1968), whereas 
the other spectra were derived using chiefly the photon-electron component 
with an admixture of muons. The Fly's Eye is basically an air fluorescence 
detector with an unavoidable and varying contribution of Cherenkov light 
being collected, and the Yakutsk array makes use of both, air Cherenkov and 
particle density distribution measurements on the ground. 

Some of these arrays have been taken out of service quite some time ago 
and those remaining in operation are subject to modification or extension 
from time to time. Changes may, of course, affect calibration and can in- 
fluence the resulting spectrum. Figure 5.13 shows a compilation of the six 
spectra in a single plot without modification or normalization of the data. 
Teshima (1993) in a similar summary has normalized the energies of the 
spectra from the more recent experiments (Fly's Eye, Yakutsk and Haverah 
Park) with respect to the Akeno spectrum and constructed a Grand Unified 
energy spectrum, shown in Fig. 5.14. 

The results presented in Figs. 5.7 to 5.14 show clearly a further change of 
slope of the spectrum around 1019 eV where 9' decreases from ~_3.0 to reach 
again a value of 9' -~ 2.7. This change of slope is known as the ankle of the 
primary spectrum. From these spectra it is difficult to draw a clear-cut con- 
clusion whether the Greisen-Zatsepin-Kuzmin (GZK) cutoff (Zatsepin, 1951; 
Greisen, 1966; Zatsepin and Kuzmin, 1966; Kuzmin and Zatsepin, 1968) be- 
comes effective or not. This cutoff which is briefly discussed in Section 5.1 
is expected to appear around ( 3 -  5).  1019 eV. It is due to interactions of 
the ultrahigh energy primary cosmic radiation with the cosmic microwave 
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background radiation (CMBR) (Penzias and Wilson, 1965) that lead to sig- 
nificant energy losses of the particles which initially populate the high end of 
the spectrum (Hill and Schramm, 1985; Baltrusaitis et al., 1985; Berezinsky 
and Grigorieva, 1988; Stecker, 1989; Protheroe and Johnson, 1996; Hillas 
1999). It is expected that the questions concerning the GZK cutoff will be 
answered by the huge Auger array, now under construction in Argentina 
(Cronin, 1992, 1999 and 2001; Gu~rard, 1999; Watson, 1992). 

A consequence of the GZK cutoff implies that the sources of the most 
energetic cosmic ray particles would have to lie within 50 Mpc of the observer 
to avoid the cutoff. This, however, could lead to anisotropies which so far 
have escaped detection. For ultra energetic particles from larger distances 
a pileup in the spectral region just around or below the expected cutoff 
could occur (Hill and Schramm, 1985), and nuclei would not arrive as such 
because of dissociation. In Fig. 5.7 a theoretical primary spectrum is plotted 
together with experimental Akeno and AGASA data that would be expected 
for extragalactic sources, distributed uniformly in the Universe, including the 
effect of the GZK cutoff (Takeda et al., 1998; Yoshida and Teshima, 1993). 

Several mechanisms have been proposed to circumnavigate the GZK cut- 
off problem; for distant sources by invoking rather exotic processes and par- 
ticles (e.g. Protheroe and Stanev, 1996; see also Section 5.5), by introducing 
a Galactic wind (Biermann et al., 2000), or, assuming galactic sources, by 
invoking specific source objects that accelerate chiefly iron nuclei in rather 
conventional processes and subsequent propagation through the Galaxy that 
accounts for an approximately isotropic distribution (e.g. Olinto et al., 1999). 

Up to date more than 10 events had been detected that are claimed 
to have energies > 102o eV (Yoshida and Dai, 1998). The most energetic 
event had an energy of ~+0.36 02o ~u 0.54 ) �9 1 eV (300 EeV) (Bird et al. 1993a and 
1995). From these observations it appears that the GZK-cutoff is violated. 
Recent analyses of the ultrahigh energy portion of the cosmic ray spectrum 
in the light of the GZK-cutoff were carried out by Watson (1992 and 1995), 
Hayashida et al. (1994 and 1997), Yoshida et al. (1995), and Wiebel-Sooth 
and Biermann (1998). 

In Table 5.2 we have summarized the value of the spectral index, 7, ob- 
tained by some of the large experiments over different regions of the primary 
all-particle spectrum and in Table 5.3 the intensities at 10 ~9 eV. In Table 
5.4 we have reproduced the data of Kieda and Swordy (1999) showing the 
absolute intensities over the knee region which they have obtained with the 
DICE installation. 



684 CHAPTER 5. P R I M A R Y  COSMIC R A D I A T I O N  

Table 5.2" Spectral Indices 7 of Differential Spectra Determined 
by Different Experiments Between 5 . 1 0  ~5 eV and 102o eV. 

Site 

Akeno 1) 
Akeno Array 11) 
Akeno Array 201) 
Akeno Array 201) 
AGASA Array 2) 
AGASA Array 2) 

Chacaltaya 1) 

Fly's Eye 2) 
Fly's Eye s) 
Fly's Eye 3) 
Fly's Eye Mono 3) 
Fly's Eye Stereo 3) 

Haverah Park 4) 
Haverah Park 4) 

Yakutsk 5) 
Yakutsk 5) 

Grand 
Unified 
Spectrum 6) 

Akeno 1) 
Fly's Eye 1) 
Haverah Park1) 
Yakutsk 1) 

3.02 • 0.03 
3.24 • 0.18 
3.16 • 0.08 
3.04 • 0.04 

2.67 
3.07 

3.0 

3.01 • 0.06 
3.27 • 0.02 
2.71 • 0.10 
3.07 • 0.01 
3.18 • 0.02 

3.01 • 0.02 
1A+0.05 

"~'~-0.06 

2.98 • 0.06 
3.23 • 0.08 

3.02 • 0.03 
3.20 • 0.05 

2.6 • 

2.8 •  
2.90 • 0.12 

2.7 • 0.2 
2.65 • 0.17 

Energy Range 

[~v] 
5- 1015- 6.3-1017 

6.3-1017- 6.3.1018 
6.3-1017- 6.3- 1018 
5-1015 -6.3-1019 

below knee 
above knee 

1016 - 2.1018 

2-1017-  4.1017 
4 -  1017 - 3 . 1 0 1 8  

3- 1018- 4.1019 
2 .1017-  8-1019 
2 .1017-  4-1019 

3- 1017- 4.10 t7 
4 .101T-  4.1018 

3- 1017- 2- 1018 
2- 1018- 1019 

< 1017-8+0-2 
1017.8+0.2_ 1018.9+0.2 

> 1018.9+0.2 

Above Ankle 
(~ 1019) 

1) Nagano et al. (1992); 2) Stanev et al. (1993); 3) Bird et al. (1994); 
4) Watson, 1991; Lawrence et al. (1991); 5) Efimov et al. (1991); 6) Teshima (1993) 

5.2.3 Charge Resolved Energy Spectra and 
Chemical Composition 

G e n e r a l  C o m m e n t s  a n d  O v e r v i e w  

A large number of measurements have been carried out through the years to 
obtain charge resolved energy spectra, to determine the chemical or elemen- 
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Table 5.3: All-Particle Differential Intensities j(E) at 1019 eV. 
(Watson, 1992; Wiebel-Sooth and Biermann, 1998) 

Array 

Name 

Akeno AGASA 

Fly's Eye 
Haverah Park 

Yakutsk 

Intensity j(E) 
[am-2 s-1 sr - I  eV -1] 

. . . . . .  

2.91 .10  -3T 

2 .38 .10  -a~ 
2 .22 .10  -3T 
3 .39 .10  -3T 

Table 5.4: Absolute Intensities of Primaries versus Energy 
DICE Experiment (Kieda and Swordy, 1999). 

Energy 

[CeV] 
3.55.105 

4.47.105 

5.62.105 

7.08.105 
8.91.105 
1.12.106 
1.41.106 

1.78.106 
2.24.106 
2.82.106 
3.55.106 
4.47.106 

5.62-106 
7.08. lO s 
8.91. lO s 
1.12. l0 T 
1 . 4 / - l 0  T 
1 .78.10 T 
2.24. l0 T 
2.82. l0 T 

Intensity 

[m-2s r - l s - lGeV -1] 

3 .61.10 -11 

2.08-10 -11 

1.15.10 -11 

6 .19.10 -12 
3 .22.10 -12 
1.67.10 -12 
9 .06.10 -13 

4.96-10 - 1 3  

2.63.10  -13 
1.42.10 -13 
7 .34 .10  -14 

3 .33 .10  -~4 
1.63.10 -~4 

7 .11 .10  -~5 
5 .57 .10  -15 

2 .07 .10  -15 
9.99-10 -16 

4 .30 .10  -16 
1 .13.10 -16 
1.12.10 -16 

Error 
[m-2sr- ls-1GeV-1 ] 

5 .0 .10  -13 

3 .0 .10  -13 

1 .8 .10  -13 
1 .1 .10  -13 

6 .5 .10  -14 

3 .9 .10  -~4 
2 .4 .10  -~4 
1 .5 .10  -14 

9 .6 .10  - ~  
6 .1-10 -15 

3 .8 .10  -1~ 
2 .3 .10  -1~ 
1 .4 .10  -15 

8 .2-10 -~6 
6 .4 .10  -16 
3 .5 .10  -16 
2 .1-10 -16 
1 .2 .10  -16 

5 .7 .10  -1T 
5.0. I0 -IT 
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tal and mass compositions, and even isotope ratios of the cosmic radiation 
in the vicinity of the Earth and their energy dependencies. At low ener- 
gies the chemical composition is relatively well known and we also have a 
fair knowledge of the isotopic composition. However, our information fades 
rapidly with increasing energy because of the rapidly falling spectrum which 
yields low counting rates and large statistical errors. In addition there are 
significant technical problems at high energies. 

The most exhaustive data exist on low energy protons and helium nuclei 
because these particles are the most abundant. Because of the rapid de- 
crease of the data on individual nuclei with increasing energy many authors 
handle the heavier and less abundant nuclei in groups. Frequently 5, 6 or 
even 7 elemental groups are formed, depending on the wealth of data that is 
available. Hydrogen (or protons) and helium nuclei are usually handled sepa- 
rately because there are enough data that insure adequate statistics, but the 
elements C N O, Ne-Si, and Fe-Ni are often grouped together to form three 
representative sets of nuclides for the analysis. It is therefore customary to 
refer to these groups as the H or p, the He, C N 0, Ne-Si, and Fe-groups. 
Other authors prefer to classify the nuclei beyond helium (Z > 2) into the 
light or L (3 < Z < 5), medium or M (6 < Z _ 9), heavy or H (10 _ Z _ 20), 
very heavy or VH (21 g Z < 30), and ultra heavy or UH (Z > 31) group of 
elements. 

Chemical Composition at Low and Medium Energies 

Major efforts to explore the cosmic radiation began after world war II with 
balloon-borne emulsion stacks and cloud chambers located at high altitude. 
The discovery of heavy nuclei in the primary radiation with the help of nu- 
clear emulsion by Freier et al. (1948a and 1948b) and Bradt and Peters 
(1948) was a significant landmark for the field. Numerous experiments with 
balloon-borne equipment and later on measurements made on board of satel- 
lites yielded a great wealth of data. At present satellite measurements are 
still quite limited in the energy range they can explore but they offer many 
other advantages such as no residual atmosphere above the instrument. On 
the other hand emulsion stacks and emulsion chambers lack accurate mass 
determination but can explore in principle the highest energies and are es- 
sentially only event rate limited. 

In the following we present from the great wealth of data that are available 
a very limited selection of compilations, including also some results of older 
measurements for comparison. With the help of a list of additional references 
the interested reader should find access to further, more detailed data. 
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In Figs. 5.15 and 5.16 we present the differential and integral energy spec- 
tra, respectively, of hydrogen (protons), helium and of the sum of carbon and 
oxygen nuclei from old balloon experiments (Webber and Lezniak, 1974), cov- 
ering an energy range from 10 MeV/nucleon to <1000 GeV/nucleon. In the 
low energy region of Fig. 5.15 three spectra are shown for each, hydrogen and 
helium nuclei. They manifest the effect of solar modulation, corresponding 
to different epochs of solar activity, ranging from solar minimum (low solar 
activity) for the top curves to solar maximum for the bottom curves (high 
solar activity). It is evident from this figure that solar modulation effects 
can be disregarded in most cases beyond about 5 GeV/nucleon. 

A similar set of differential spectra assembled from several experiments 
of more recent date which also includes iron nuclei is shown in Fig. 5.17 
(Cherry, 1997b). Figures 5.18 and 5.19 show high energy differential and 
integral energy spectra of protons and helium nuclei obtained with modern 
emulsion experiments (Apanasenko et al., 1997c, 1997d, 1997e, 1999a and 
1999b; Cherry, 1997a; Parnell et al., 1989; Shibata, 1997). 

Another set of data from particle-by-particle measurements carried out 
with satellite and mostly balloon-borne experiments is compiled in Figs. 5.20, 
5.21 and 5.22. The data show differential spectra of protons and helium nu- 
clei, and of the C N O, Ne MgSi and Fe-group nuclei. The spectra of Figs. 
5.20 and 5.21 are multiplied by the energy per nucleon to the power of 2.5 
(EZ~/nucleon) whereas in Fig. 5.22, which shows the all-particle spectrum 
to the highest energies observed for direct detection, the spectrum is mul- 
tiplied by the energy per nucleus to the power of 2.5 (E2'5/nucleus). This 
representation has the advantage that it emphasizes the differences between 
the data from different experiments and the changes in spectral slope. 

The differential intensities of medium and heavy nuclei and of groups of 
nuclear species compiled by Swordy et al. (1993) and Ichimura et al. (1993b 
and 1993d) are listed in Tables 5.5, 5.6 and 5.7, respectively. Note that the 
intensities given by Ichimura et al. (1993b) are multiplied by E ~'~. 

A new precision measurement of the primary proton energy spectrum at 
relatively low energies has recently been made with the BESS-98 instrument 
on a balloon flight from Lynn Lake, Manitoba (Canada) (360 m a.s.1.), in 
1998 under a residual atmosphere of about 5 g/cm 2 by Sanuki et al. (1999) 
(see also Nozaki, 2000). The instrument covered an energy range from 1 to 
120 GeV. The result is presented in Fig. 5.23 together with data from earlier 
experiments of other authors as listed in the caption. 

Similar measurements were carried out by Bellotti et al. (1999) with 
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the MASS-91 instrument on September 23, 1991 from Fort Sumner, NM 
(U.S.A.) (1270 m a.s.1.) and by Boezio et al. (1999) August 8/9, 1994 
from Lynn Lake with the CAPRICE-94 instrument. The former measured 
the proton and helium spectra from 2.5 - 100 GeV and from 0.8 - 50 GeV, 
respectively, while the latter investigated hydrogen (protons and deuterons) 
over an energy range from 0.15 - 200 GeV and helium nuclei from 0.2 - 100 
GeV. The results are given in Tables 5.8 to 5.11. 

Wiebel-Sooth and Biermann (1998) have assembled the most compre- 
hensive recent compilation of charge resolved cosmic ray energy spectra of 
individual nuclei from Z - 1 to Z - 28 and of four groups of nuclei, including 
the Ne-S (10 <_ Z < 16), C1-Ca (17 _ Z _ 20), Sc-Mn (21 < Z < 25), and 
Fe-Ni (26 <_ Z _ 28). The authors have fitted essentially all relevant data 
that are available in the literature, using the CERN MINUIT fitting program 
(CERN, 1992), to determine the spectral index, 7, and the absolute intensity 
coefficient, j0, normalized at 1 TeV for a simple power law representation of 
the form 

j (E )  = joE -'Y (5.3) 

of the measured spectra above an energy of Z .  10 GeV/nucleus, where solar 
modulation ceases to affect the spectra. The values of j0 and 7 for individual 
nuclei and elemental groups are given in Tables 5.12, 5.13 and 5.14, including 
the X 2 values. Note that E, the energy per nucleus, must be inserted in TeV. 
In Figs. 5.24 to 5.32 we have reproduced the spectra of Wiebel-Sooth and 
Biermann (1998) for H, He, C, N, O, Si, Ne-S, Fe and Fe-Ni. 

From the large number of data on individual species of nuclei, particu- 
laxly at low energy where statistics are good, the relative abundance of the 
elements (and isotopes) in the cosmic radiation can be determined. In Table 
5.15 the relative abundances of the chemical elements in the cosmic radiation 
at low energy (E >_ 5 GeV) are summarized (Hillier, 1984). Listed, too, for 
comparison are the abundances of the elements in the solar system, mostly 
from meteorite measurements. 

A comparison between the so-called solar system abundance of the chem- 
ical elements (Cameron 1973, 1981 and 1982; Grevesse et al., 1996) and the 
abundance of the elements in the cosmic radiation at low energy (<__1.5 GeV) 
is presented in Fig. 5.33 (Simpson, 1983, 1997; Wefel, 1991) and Fig. 5.34 
(Wiebel-Sooth and Biermann, 1998). 
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Chemical Composition at High Energies 

With increasing primary energy the intensity of the cosmic radiation drops 
very rapidly and direct detection of individual particles becomes essentially 
impossible because of lack of events. Beyond about 100 TeV per nucleus 
only indirect methods of primary mass determination are available, using air 
shower techniques, that harbor large inherent errors. There the nature of 
the primaries can only be inferred from air shower observables recorded at 
ground level in conjunction with simulation calculations. 

Sophisticated air shower arrays that record simultaneously different ob- 
servables and are coupled with air Cherenkov or air scintillation observations 
that reveal data on the longitudinal development of the showers as well yield 
the best data. However, the information is still inadequate to go beyond 
a coarse assignment of the likely mass group of the primary initiating the 
shower (Grieder, 1977; Khristiansen 1980; Gaisser, 1990). Frequently, one 
diStinguishes only between primary protons and iron nuclei in order to get a 
better mass signature and stronger differentiation. 

This situation is well illustrated in Figs. 5.35 to 5.39. Figure 5.35 is an 
older compilation (Webber, 1983) which covers an energy range that over- 
laps well with direct observations. It shows besides the well established all- 
particle spectrum summary spectra of helium, of carbon and oxygen com- 
bined (C§ the LH-group (light-heavy) and of iron, with the regions of 
uncertainty indicated. Shown, too, is the all-particle spectrum derived from 
muon measurements at ground level (Klemke et al., 1981). 

Furthermore, data points from direct measurements of protons are also 
given. Some of these overlap with the lower end of the air shower energy range 
and the modern collider energy region. Data from collider experiments are 
important to calibrate and adjust air shower simulation models and their 
parameters from which the primary mass and energy are computed. A rough 
indication of the average mass number, A, of the primaries as deduced from 
the data of this compilation is given at different energies between 10 and 105 
GeV/nucleus on top in Fig. 5.35. According to this work the average mass 
of the primaries increases from 1.8 to 13.0 over the energy range considered. 
This trend is also evident when plotting the fraction of the major elemental 
components of the cosmic radiation relative to the total differential intensity, 
as is shown in Fig. 5.36 (Ichimura et al., 1993b). 

Figure 5.37 (Swordy et al., 1993, extended by the author) illustrates the 
present situation concerning the composition of the primary cosmic radiation 
at high energies. Shown are again data from single particle measurements 
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and the familiar all-particle spectrum. Above about 104 GeV/nucleus the 
scatter of the data points from the individual particle experiments is very 
large and likewise the error bars. On the other hand, the air shower data 
points that make up the largest portion of the all-particle spectrum start at 
a few 104 GeV, with tiny error bars up to about 108 GeV. They overlap for 
about two decades at the low energy side with the satellite data of Grigorov 
et al. (1971a). 

Because of the large uncertainties of the mass of the primaries initiating 
air showers, the authors frequently specify the average mass rather than 
specific percentages of mass groups (light, heavy, etc.) over particular energy 
intervals. In Fig. 5.38 we present a compilation of the energy dependence 
of the average primary mass derived from air shower experiments. It is 
customary to plot < ln(A) > as a function of primary energy rather than 
A to compress the scatter of the data. Included in the figure are also some 
data from direct measurements. 

The disagreement between different experiments above 1 PeV (1015 eV) is 
very large. The major reason for the large scatter of the data is the indirect 
mass determination method that is based on multi-parameter air shower data 
in conjunction with simulation calculations. Uncertainties concerning the 
models, in particular the interaction processes, that get worse with increasing 
energy lead to the large spread in the average primary mass. This is well 
illustrated in the three analyses of the KASCADE data over the knee region 
of the spectrum shown in Fig. 5.39, using either hadrons, electrons or both 
combined (Engler et al., 1999; Kampert et al., 1999). 

If one disregards older data the general agreement is somewhat better. 
When computing the average mass using data from many indirect experi- 
ments (Fig. 5.38) one gets a value of < ln(A) >_~ 2 (< A > _~ 7.4) just 
before the knee of the spectrum at ~_ 10 ~5 eV. Above 10 ~6 eV a relatively 
dramatic change seems to occur, reaching < ln(A) >"- 3.5 (< A > _~ 33). At 
even higher energies the composition appears to get lighter again. Proton 
dominance cannot be excluded at the highest energies, also on theoretical 
grounds, due to dissociation of nuclei at ultrahigh energies when interacting 
with the cosmic microwave background radiation. 

5.2.4 Isotopic Composition 

The isotopic composition of the cosmic radiation had been investigated with 
considerable efforts mostly during the last decade. Emphasis was given to 
isotope ratios that are relevant to link local observations to likely sources 
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and source spectra as well as to determine the so-called escape length, the 
confinement time, the density of the interstellar medium and the matter 
column through which the cosmic ray particles must penetrate to reach our 
region of space. The experimental work is restricted to low energies because 
of lack of intensity, but also for purely practical reasons which limit the 
size of spectrometers on board of satellites. On the other hand low energy 
measurements are strongly influenced by solar modulation and must cope 
with all sorts of background problems (see also Chapter 6). 

In Table 5.16 we list the results of some recent isotope ratio measurements. 
For an extensive compilation of isotope ratios the reader is referred to the 
summary of Wiebel-Sooth and Biermann (1998). 

5.2.5 Conclusions from Composition Observations 

When comparing the measured cosmic ray composition around 1 GeV per 
nucleon with terrestrial and solar abundances (Fig. 5.33), one finds that the 
cosmic radiation is enhanced in the Li, Be, B and the sub-iron elements. This 
enhancement is due to spallation of the primary cosmic ray nuclei during their 
propagation through the interstellar space where the particles are subject to 
interactions with the interstellar medium and the photon field (Garcia-Munoz 
et al., 1987; Wefel, 1991; Simpson, 1983 and 1997). 

The cosmic rays as they are observed near Earth consist therefore of a 
mixture of a truly primary and a secondary component. To the former group 
belong the elements 1H, 4He, C, O, Ne, Mg, Si, and Fe; to the latter 3He, 
Li, Be, B, F, and Z = 21 - 25. The ratios of various elements and isotopes, 
e.g., the ratio B/C or (Z = 21-25)/Fe, and the energy dependence of these 
ratios play an important role in the determination of the amount of matter 
the cosmic rays have traversed on their way from the source to the observer 
and to estimate the confinement time. 

In addition, radioactive isotopes like 1~ give valuable complementary 
timing information. From the abundance of 1~ and its half life (T _~ 2.106 
y) one can compute the age of the cosmic radiation. In an early calculation 
Shapiro and Silberberg (1970) obtained a confinement time of only 3.106 
y. Later work based on 1~ of a few 100 MeV/nucleon and average inter- 
stellar densities of ~ 0.25 atoms/cm 3 yielded values of ~ 107y (Wiedenbeck 
and Greiner, 1980; Garcia-Munoz et al., 1977 and 1987; Dwyer and Meyer, 
1987). Most recently Yanasak et al. (2001) obtain for an interstellar hydro- 
gen density of 0.34:t:0.04 atoms/cm 3 a confinement time of (1.5:i:0.16). 107 y. 
Connell et al. (1997) have summarized the results of recent work, including 
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studies where other isotopes had been used, such as 26A1", 36C1" and 54Mn*. 

From the above mentioned studies one obtains for the amount of matter 
traversed by the cosmic rays in the interstellar space, i.e., in our Galaxy, 
a value of 7 - 10 g/cm 2 at energies of about 1 GeV/nucleon. Above a few 
GeV/nucleon where solar modulation and magnetospheric effects become 
small, the ratio of secondary to primary cosmic rays is observed to decrease 
with increasing energy, suggesting that the cosmic ray mean path length, Ae~, 
in the interstellar medium decreases with increasing energy approximately as 
E -~ At about 1 TeV/nucleon it is ~1 g/cm 2 (Miiller, 1989; Swordy, 1995; 
Cherry, 1997a; Davis et al., 2000). 
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Table 5.5" Differential Intensity per Total Particle Energy 
(Swordy et al., 1993) 

Element 

C 
(Z = 6) 

0 
(Z = 8) 

Ne 
(z = ~o) 

Mg 
(Z = 12) 

Si  

(Z- 14) 

Fe 
(z = 26) 

Energy 
[GeV/Nucleus] 

127 
194 
420 
871 
1230 
2480 
18000 

169 
259 
560 
1160 
1640 
3310 
24000 

223 
340 
735 
1050 
1290 
1740 
3260 

21600 

254 
389 
840 
1200 
1470 
1990 
3790 

24700 

296 
454 
980 
1400 
1720 
2320 
4400 

28800 

594 
907 
1960 
2950 
3320 
3840 
4570 
6460 
12400 
363O0 
87500 

Differential Intensity 
[cm -2  S -1 sr-1 GeV -1] 

(2.71 4- 0.052). 10 -7  
(8.42 4- 0.35). lO -8 
(1.01 4- 0.14) �9 10 - s  

(1.280 4- 0.164). I0 - ~  
(5.22 4- 0.86) �9 10-lO 
(8.66 4- 0 . 9 ) .  10 T M  

(3.63 4- 0.85). 10 -13 

(2.06 4- 0.038) . 10 -7  
(6.60 4- 0.27). lO -8  
(7.91 -4- l.i). 10 -9  

(1.180 4- 0.113). 10 -o  
(4.61 + 0.63). 10 -1~ 
(7.26 4- 0.75). 10 T M  

(3.68 4- 0.76). 10-13 

(2.39 4- 0.05) �9 10 -8  
(7.740 4- 0.326). 10 -9  
(8.69 4- 1.19). 10 -1~ 
(4.43 4- 0.60). 10 -10 
(2.06 4- 0.33) �9 10- lo  
(7.88 + 1.6) �9 10- i i 

(1.75 4- 0.18). 10 T M  

(7 1 +6.8~ 10-14 . 5_3.9j �9 
(2.71 "4- 0.055) �9 10 -8  

(8.780 4- 0.367). 10 -9  
(I.000 4- 0.119). 10 -9  
(4.47 4- 0.57). 10 -1~ 
(2.56 4- 0.33). 10 - I ~  
(1.09 4- 0.15) �9 10 -1~ 
(2.03 -4- 0.17). 10 T M  

1 7K+0"84 13 . . . .  o.58)" I 0 -  
(1.92 -4- 0.04). 10 - s  

(6.610 • 0.278) . 10 -9  
(7.94 4- 1.09). 10 -1~ 
(3.38 4- 0.55) �9 I0 - I ~  
(1.76 4- 0.33) �9 10 -1~ 

(7.6 4- 1.4). 10 T M  

(1.33 4- 0.17) �9 10 T M  

(1 9 a+4"8~ 10 -14 
" " - - 1 . 6 1  " 

(7.000 :t: 0.170) �9 10 -9  
(2.540 4- 0.109) �9 10 - ~  
(3.28 -4- 0.45).  10 -1~ 
(1.11 -4- 0.20). 10 -1~ 
(7.91-4- 1.2). 10 T M  

(5.87 4- 1.0). 10 T M  

(3.36 4- 0.54) �9 10-11 
(1.34 4- 0.19) �9 10 T M  

(2.67 4- 0.5) �9 10 -12 
1 6 +o..7~ 13 ( . 5_u .o , '  10- 

(1 65 +1"~ 14 �9 - o . g J  " 10- 

Reference 

R e f e r e n c e s :  a ,  H E A O  3 ( E n g e l m a n n  e t  al . ,  1990) ;  b ,  C R N  (Mi i l l e r  e t  al . ,  1991b ) .  
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Tab le  5.6: Abso lu te  In tens i t ies  of Heavy  E lemen t s  Mul t ip l ied  by E 2"5. 

T h e  n u m b e r s  in pa ren thes i s  are  the  n u m b e r  of events  per  bin.  

T h e  energy  is given in GeV per  nucleon [GeV/N].  

( I ch imura  et al., 1993b) 

Energy 
Range 

[GeV/N] 

3.98 - 5.01 

5.01 - 6.31 

6.31- 7.94 

7.94- 10.0 

10.0- 12.6 

12.6- 15.9 

15.9- 20.0 
20.0- 25.1 
25.1 - 31.6 
31.6- 39.8 
39.8- 50.1 
50.1 - 63.1 
63.1- 79.4 
79.4- 100 

100- 126 

126- 159 

159- 200 
200- 251 

251 - 316 
316- 398 

398 - 501 
501 - 631 
631- 794 
794- 1000 

Differential Intensity x E 2"5 
[m -2 s-* sr -1 (GeV/Nucleon) 1-5] 

Silicon (Z = 14) Sulfur (Z = 16) Calcium (Z = 20) 

0.90 4- 0.14 (40) 

1.15 + 0.16 (50) 

1.24 4- 0.17 (50) 

1.89 4- 0.22 (72) 

1.80 4- 0.24 (58) 

2.04 4- 0.27 (55) 

2.12 4- 0.30 (49) 
2.01 4- 0.33 (36) 
2.14 4- 0.39 (30) 
1.76 • 0.22 (66) 
1.42 -4- 0.22 (41) 
1.72 4- 0.27 (41) 
1.66 4- 0.27 (39) 
1.38 4- 0.28 (24) 

1.20 4- 0.30 (15) 

1.40 4- 0.39 (13) 

1.04 4. 0.39 (7) 

0.59 4- 0.26 (5) 

0.70 4. 0.40 (3) 

0.36 4- 0.36 (1) 

0.168 =h 0.400 (18) 

0.175 4- 0.041 (18) 

0.248 =h 0.051 (24) 

0.234 4- 0.052 (20) 

0.364 4. 0.070 (27) 

0.304 4. 0.072 (18) 

0.396 4- 0.091 (19) 
0.428 4- 0.106 (16) 
0.381-4- 0.076 (25) 
0.386 4- 0.074 (27) 
0.354 + 0.084 (18) 
0.437 4- 0.109 (16) 
0.452 4- 0.130 (12) 
0.423 4- 0.150 (8) 

0.396 4. 0.132 (9) 

0.296 4. 0.209 (2) 

0.352 • 0.203 (3) 

0.386 4- 0.273 (2) 

0.155 4- 0.036 (18) 

0.110 4. 0.033 (11) 

o.2o8 + 0.052 (16) 

0.212 + 0.092 (6) 
0.178 4- 0.040 (20) 
0.140 4- 0.040 (12) 
0.201 4- 0.056 (13) 
0.187 4- 0.062 (9) 
0.169 4. 0.069 (6) 
0.271 4- 0.100 (7) 
0.213 4- 0.106 (4) 

0./29 + 0.074 (3) 

0.051 i 0.051 (1) 
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Tab le  5.7: A b s o l u t e  In tens i t ies  of  Heavy  E l e m e n t s  Mul t i p l i ed  by E 2'5. 

T h e  n u m b e r s  in pa ren thes i s  are  t he  n u m b e r  of  even ts  pe r  bin.  

T h e  ene rgy  is given in G e V  per  nuc leon  [GeV/N] .  

( I ch imura  et  al., 1993b) 

Energy 
Range 

[GeV/N] 

3.98 - 5.01 
5.01 - 6.31 
6.31- 7.94 
7.94- 10.0 
10.0- 12.6 

12.6- 15.9 

15.9- 20.0 

20.0- 25.1 
25.1 - 31.6 
31.6 - 39.8 
39.8- 50.1 
50.1 - 63.1 
63.1- 79.4 
79.4- 100 

100- 126 

126- 159 
159- 200 

200- 251 

251- 316 
316- 398 

398- 501 
501 - 631 

631- 794 
794- 1000 
1000 - 1260 
1260- 1590 

Iron (Z - 26) 

1.11 4- 0.15 (56) 
1.20 + 0.16 (58) 
1.45 4- 0.18 (66) 
1.42 4- 0.19 (57) 
1.35 4- 0.20 (47) 

Differential Intensity x E 2"5 
[m-2 s -1 sr-I  (GeV/Nucleon) 1-5] 

Z - 17- 20 Z - 21 - 25 
I I 

0.302 4- 0.050 (36) 
0.308 4- 0.051 (37) 
0.437 • o.o63 (48) 
0.525 4- 0.072 (53) 
0.495 4- 0.075 (44) 

1.37 4- 0.22 (38) 

1.51 4- 0.26 (34) 

1.54 4- 0.30 (27) 
1.26 4- 0.32 (18) 
1.62 4- 0.41 (16) 
1.68 4- 0.48 (12) 
1.36 + 0.51 (7) 

1.55 4- 0.29 (29) 
1.65 4- 0.35 (22) 

1.38 4- 0.38 (13) 

1.34 • 0.45 (9) 
1.05 4- 0.47 (5) 

1.37 4- 0.48 (8) 

1.22 4- 0.61 (4) 

1.39 4- 0.98 (2) 

1.09 4- 1.09 (1) 

0.375 4- 0.065 (33) 
0.453 • 0.072 (40) 
0.407 4- 0.071 (33) 
0.510 4- 0.083 (38) 
0.381 4- 0.076 (25) 

0.527 4- 0.098 (29) 

0.542 4- 0.111 (24) 

0.598 4- 0.130 (21) 
0.745 4- 0.166 (20) 
0.641 4- 0.178 (13) 
0.425 4- 0.075 (32) 
0.396 4- 0.084 (22) 
0.420 4- 0.102 (17) 
0.441 4- 0.122 (13) 

0.357 4- 0.099 (13) 

0.214 4- 0.107 (4) 

0.247 4- 0.143 (3) 

0.221 4- 0.221 (1) 

0.488 4- 0.061 (64) 

0.299 4- 0.092 (19) 
0.385 4- 0.103 (14) 
0.4~4 • O.O55 (57) 
0.391 4- 0.062 (40) 

0.2920.062 (22) 
0.328 4- 0.077 (18) 

0.291 4- 0.065 (20) 

0.289 4- 0.118 ( 6 )  

0.202 4- 0.117 (3) 

0.222 4- 0.111 (4) 

0.218 4- 0.154 (2) 

0.163 4- 0.163 (1) 

0.191 4- 0.191 (1) 
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Table 5.8: Differential Proton Intensities at the Top of the Atmosphere. 
(Bellotti et al., 1999) (MASS-91) 

Energy 
Range 
[GeV] 

2.55- 2.95 
2.95- 3.41 
3.41 - 3.93 
3.93- 4.52 
4.52- 5.19 
5.19- 5.95 
5.95- 6.81 
6.81- 7.78 
7.78- 8.89 
8.89- 10.1 
10.1-  11.6 
11.6- 13.2 
13.2- 15.1 

Mean 
Energy 
[GeV] 
2.77 
3.21 
3.68 
4.22 
4.85 
5.56 
6.36 
7.28 
8.31 
9.49 
10.8 
12.3 
14.1 

Intensity 

[cm-2s- Zsr-lGeV-1 ] 

(2.310 5= 0.048) �9 10 -3 
(5.184 :I: 0.071). I0 -3 
(8.690 -t- 0.092). 10 -3 
(8.a46 • 0.085).  lo -~ 
(6.766 :i: 0.072). 10 -3 
(5.480 • 0.060). lO-~ 
(4:.204 ..-t-- 0.048). 10 -3 

(:3.283 i 0.040). lO -~ 
(2.490 i 0.039). lo -~ 
(1.918 4- 0.026). 10 -3 
(1.390 :k 0.021)- 10 -3 
(1.066 • 0.017)- 10 -3 
(7.6~ • o.13), lO -~ 

15.1- 17.2 
17.2 - 19.7 
19.7- 22.5 
22.5- 25.7 
25.7- 29.5 
29.5- 33.9 
33.9- 39.0 
39.0- 52.2 
52.2- 71.0 
71.0- 99.1 

16.1 
18.3 
21.0 
24.0 
27.5 
31.6 
36.3 
44.8 
60.3 
83.0 

(5.52 • 0.10). 10 -4 
(3.89 + o.o8) �9 lO-'  
(2.79 -4- 0.06)" 10 -4 
(1.95 4- 0.05). 10-'  
(1.40 4- 0.04). 10 -4 
(9.61 :k 0.29). 10 -5 
(6.52 + 0.22). lO -~ 
(3.60 -t- 0.10) �9 10 -5 
(1.67 • 0.06). 10 -5 

(7.2 -4- 0.3)" 10 -6 
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Table 5.9" Differential Helium Intensities at the Top of the Atmosphere. 
(Bellotti et al., 1999) (MASS-91) 

Energy 
Range 
[GeV] 

0.841- 1.00 
1.00- 1.19 
1.19- 1.40 
1.40- 1.64 
1.64- 1.92 
1.92- 2.24 
2 .24-  2.62 
2 .62-  3.03 
3 .03-  3.51 
3.51 - 4.06 
4 .06-  4.68 
4 .68-  5.39 
5 .39-  6.20 
6.20-  7.13 
7.13-  8.2O 
8.20-  9.42 
9 .42-  10.8 
10.8 - 12.4 
12.4- 14.3 
14.3- 16.5 
16.5 - 19.1 
19.1- 22.1 
22.1-  25.7 
25.7-  35.0 
35.O- 49.1 

Mean 
Energy 
[CeV] 
0.927 
1.11 
1.30 
1.52 
1.78 
2.08 
2.42 
2.82 
3.26 
3.77 
4.36 
5.02 
5.77 
6.64 
7.63 
8.77 
10.1 
11.6 
13.3 
15.3 
17.7 
20.5 
23.7 
29.7 
41.0 

Intensity 

[cm-2s- lsr-1GeV-1 ] 

(3.30 =k 0.34). 10 -4 
(6.53 + 0.49). 10 -4 
( 1 . 7 7 i  0.1) �9 10 -3 

(2.72 + 0.14) �9 10 -3 
(2.70 :k 0.13). 10 -3 
(2.19 :t: 0.11). 10 -a 
(1.69 • 0.09)- 10 -3 

(1.35 �9 o.o7) �9 lO-~ 
(1.01 • 0.05). 10 -3 
(7.48 4- 0.41). 10 -4 

(5.78 i 0.32). lO -~ 
(4.58 + 0.26) �9 10 -4 
(3.17 4- 0.19) �9 10 -4 
(2.38 • o.15), lo -~ 
(1.62 • o.11) �9 lo-~ 
(1.19 + 0.08) �9 10 -4 
(8.75 4- 0.65) �9 10 -~ 
(5.36 + 0.45) �9 10 -5 

(4.44 -t- 0.38) �9 10 -5 
(2.86 4- 0.27) �9 10 -5 
(1.86 4- 0.20) �9 10 -5 
(1.42 -+- 0.16) �9 10 -5 

(9.8 4- 1.1). 10 -6 
(4.8 • 0.5). lo-~ 

(2.0 + 0.27)- 10 -6 
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T a b l e  5.10: M e a s u r e d  In t ens i ty  of  P r o t o n s  and  H y d r o g e n  (p + 2D) a t  

T o p  of A t m o s p h e r e  ( C A P R I C E - 9 4 )  (Boezio  et  al., 1999). 

Kinet ic  Energy 
Range  

[GeV] 

0.15 - 0.23 

0.23 - 0.33 
0.33 - 0.47 

Mean Kinetic 
Energy 

[GeV] 

0.2! 

0.30 
0.42 

Intensity*) 
[cm- 28-1 s r -  1 (GeV/Nucleon)  - t ] 

Protons  Hydrogen 

'1.24 4- 0.02)- 10 -1 1.25 4- 0.02) .  10 -1 

1.39 4- 0.02).  10 -1 (1.42 + 0.02)- 10 -1 
'1.41 4- 0.01) �9 10 -1 (1.44 4- 0.01) �9 10 -1 

0.47 - 0.62 

0.62 - 0.78 

0 .78-  1.12 

1 .12-  1.48 

1 .48-  1.85 

1 .85-  2.23 

2 .23-  2.61 

2.61 - 3.00 

3 .00-  3.39 

3 .39-  3.84 
3.84 - 4.40 
4 .40-  5.13 

5.13 - 6.10 
6 .10-  7.46 

7 .46-  9.49 

0.55 

0.70 

0.95 

1.29 

1.66 

2.03 
2.41 

2.80 

3.19 

3.60 

1.32 4- 0.01) �9 10 -I 

1.20 4- 0.02). 10 -I 

9.87 :l: 0.i0) �9 10 -2 

(7.39 + 0.06)- 10 -2 

(5.45 4- 0.04 - 10 -2 

(4.18 + 0.04 �9 10 -2 

(3.17 4- 0.09' - 10 -2 

(2.50 • 0.07).  to  -2 
(2.oi • 0.06). to -2 
(1.61 4- 0.05). 10 -2 

4.11 

4.75 

5.59 
6.73 

8.38 

(1.26 4- 0.03).  10 -2 
(9.66 4- 0.10) - 10 -3 

(6.86 4- 0.07)- 10 -3 
(4.64 + 0.05)- 10 -3 
(2.78 4- 0.03).  10 -3 

(1.35 4- 0.01' �9 10 - t  

(1.22 + 0.01 �9 10 -1 

(1.01 + 0.01 - 10 -1 

(7.56 4- 0.05' �9 10 -2 
(5.61 + 0.04' �9 I0 -2 

(4.28 + 0.03' �9 10 -2 

(3.27 4- 0.03' �9 10 -2 

(2.58 + 0.02' �9 10 -2 

(2.09 + 0.02' - 10 -2 

(1.64 4- 0.02' �9 10 -2 

(1.28 + 0.01)- 10 -2 
(9.66 + 0.10' �9 10 -3 

(6.86 4- 0.07' �9 10 -3 
(4.64 4- 0.05' �9 10 -3 

(2.78 4- 0.03' �9 10 -3 
9 .5 -  12.8 
12.8-  19.4 
19.4-  22.2 

22 .2-  25.8 

25 .8-  30.8 

30 .8-  38.1 

38.1 - 49.7 

49 .7 -  71.3 

71 .3 -  90.8 

90 .8 -  124.8 

124.8-  199.1 

11.0 
15.6 
20.7 

23.9 

28.1 

34.1 

43.2 

58.8 
80.0 

105.4 

154.3 

(1.45 + 0.02) �9 10 -3 
(5.82 • o.o8), lo -4 
(2.82 + 0.08). 10 -4 
(1.88 + 0.06). 1o -4 
(1.13 • 0.04). lO -4 
(7.60 + 0.25)- 10 -5 

(4.06 + 0.15)- 10 -5 

(1.57 + 0.07). to 
(7.21 + 0.49)- 10 -6 

(2.80 + 0.23)- 10 -6 

( t . t 5  + o.11) �9 10 -6 

*) The quoted errors are a combination of statistical and systematic errors. 



5.2. HADRONS, SPECTRA AND COMPOSITION 699 

Table 5.11" Measured  Intensi ty  of Helium Nuclei at  Top of Atmosphere .  

(CAPRICE-94)  (Boezio et al., 1999) 

Kinetic Energy 
Range 

[GeV/Nucleon] 

0.20 - 0.26 
0.26 - 0.38 
0.38 - 0.53 

0.53 - 0.69 
0.69 - 0.85 
0.85- 1.03 
1.03- 1.21 
1.21- 1.39 
1.39- 1.60 
1.60- 1.87 
1.87- 2.22 
2.2 - 2.7 
2 .7-  3.4 
3.4 - 4.4 
4 .4-  6.0 
6 .0-  9.3 

9 .3-  10.7 
10.7- 12.5 
12.5- 15.0 
15.0- 18.6 
18.6- 24.4 
24.4- 35.2 
35.2 - 45.0 
45.0-  62.0 
62.0-  99.1 

Mean Kinetic 
Energy 

[GeV/nucleon] 

0.23 
0.32 
0.46 

0.61 
0.77 
0.94 
1.12 
1.30 
1.49 
1.73 
2.04 
2.4 
3.0 
3.8 
5.1 
7.4 
9.9 
11.5 
13.6 
16.6 
21.2 
28.9 
39.5 
52.2 
76.7 

Helium 
Intensity*) 

[cm- 2s- l s r -  1 (GeV/Nucleon)-  1] 

(1.94 • 0.08) �9 10 -2 
(2.10 • 0.04). 10 
(1.84 4- 0.03)- 10 -2 

(1.54 4- 0.03)- 10 -2 
'1.22 4- 0.02) �9 10 -2 
9.49 4- 0.20) �9 10 -3 
7.86 4- 0.18) �9 10 -3 
6.48 4- 0.16)- 10 -3 
5.23 4- 0.13)- 10 -3 
3.90 4- 0.10) �9 10 -3 
:3.20 4- 0.08)- lO -3 
(2.25 4- 0.06). 10 -3 
(1.51 4- 0.04)-10 -3 
(9.24 4- 0.26)- 10 -4 
(4.90 4- 0.15)- 10 -4 
(2.04 4- 0.07)- 10 -4 
(9.80 4- 0.74). 10 -5 
(6.97 4- 0.54)- 10 -5 
(4.33 4- 0.36)-10 -5 
(2.47 4- 0.23). 10 -5 
(1.26 4- 0.13). 10 -5 
(5.33 4- 0.62). 10 -6 
(2.67 4-0.46)-10 -6 
(1.04 4- 0.22). 10 -6 
(6.20 4- 1.20). 10 -7 

*) The quoted errors are a combination of statistical and systematic errors. 
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Table 5.12' Intensity and Spectral Index of the Elements 
from ~H to 2SNi in the Cosmic Radiation. 

(for details see text) 
(Wiebel-Sooth and Biermann, 1998) 

Element Z 

H 1 
He 2 
Li 3 
Be 4 
B 5 
C 6 
N 7 
0 8 
F 9 

Ne 10 
Na 11 
Mg 12 
A1 13 
Si 14 
P 15 
S 16 
C1 17 
Ar 18 
K 19 
Ca 20 
Sc 21 
Ti 22 
V 23 
Cr 24 
Mn 25 
Fe 26 
Co 27 
Ni 28 

Intensity jo 
[(cm2s sr TeV/Nucleus) -1] 

(11.51 -4- 0.41). 10 -6 
(7.19 �9 0.20). 10 -6 

(2.o8 + o.51),  lo -~ 
(4.74 -4- 0.48). 10 -s 
(8.05 + 0.79).  10 -8 
(1.06 • 0.01).  10 -~ 
(2.35 + 0.08).  10 -~ 
(1.57 + 0.04).  lo -~ 
(3.28 + 0.48). 10 -s 
(4.60 4- 0.10) �9 10 -7 
(7.54 q- 0.33) �9 10 -8 
(8.01 4- 0.26). 10 -7 
(1.15 :k 0.15). 10 -7 
(7.96 • 0.15) �9 10 -T 
(2.70 4- 0.20) �9 i0 -8 
(2.29 -4- 0.24) �9 10 -~' 
(2.94 :t: 0.19) �9 10 -8 
(8.36 -4- 0.38) �9 10 -8 
(5.36 -4- 0.15) �9 10 -8 
(1.47 q- 0.12). I0 -T 
(3.04 + 0.19) �9 10 -s 
(1.13 :t: 0.14). 10 -T 
(6.31 -1- 0.28) �9 10 -s 
(1.36 • 0.12) �9 10 -7 
(1.35 -+- 0.14) �9 10 -~ 
(1.78 :t: 0.18) �9 10 -6 

(7.51 • 0.37) �9 10 -9 
(9.96 + 0.43) �9 i0 -s 

2.77 • 0.02 
2.64 =t= 0.02 
2.54 -4- 0.09 
2.75 i 0.04 
2.95 + 0.05 
2.66 + 0.02 
2.72 + 0.05 
2.68 + 0.03 
2.69 • 0.08 
2.64 ~ 0.03 
2.66 + 0.04 
2.64 • 0.04 
2.66 + 0.04 
2.75 =k 0.04 
2.69 • 0.06 
2.55 • 0.09 
2.68 • 0.05 
2.64 �9 0.06 
2.65 i 0.04 
2.70 • 0.06 
2.64 • 0.06 
2.61 =t= 0.06 
2.63 • 0.05 
2.67 • 0.06 
2.46 • O.22 
2.60 + O.09 
2.72 • 0.09 
2.51 :k 0.18 

x}/df 

0.70 
2.63 
0.90 
0.37 
0.45 
1.42 
1.91 
1.70 
0.47 
3.14 
0.36 
0.10 
1.24 
0.10 
0.68 
0.44 
2.36 
0.45 
4.58 
0.60 
0.81 
5.67 
6.83 
3.41 
5.38 
1.81 
1.13 
5.47 
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Table 5.13: Intensity and Spectral Index of Elemental Groups 
from tONe to 2SNi in the Cosmic Radiation. 

(for details see text) 
(Wiebel-Sooth and Biermann, 1998) 

Element 

Ne-  S 
C1- Ca 
Sc-  Mn 
Fe-  Ni 

10- 16 
17- 20 
21 - 25 
26-  28 

Intensity J0 
[(cm2s sr TeV/Nucleus)-l] 

. . . . .  

(3.34 + 0.18) �9 10 -6 

(3.35 + 0.15). 10 -7 
(4.23 4- 0.10). 10 .7 
(1.97 + 0.10) �9 10 -6 

2.69 =t= 0.03 
2.74 =t= 0.03 
2.77 i 0.04 
2.62 + 0.03 

x=ldI 

4.02 
0.35 
2.04 
0.12 

Table 5.14: Intensity and Spectral Index of Elemental Groups 
from ~ H to 28Ni in the Cosmic Radiation. 

(for details see text) 
(Wiebel-Sooth and Biermann, 1998) 

Element 

low 
Li-  B 

B e + B  
medium 

high 
very high 
Sc-  Mn 
F e - N i  
He-  Ni 

all particles 

Z 

1 - 2  
3 - 5  
4 - 5  
6 - 8  

10- 16 
17- 26 
21 - 25 
26-  28 
2 -  28 
1-  28 

Intensity j0 
[(cm2s sr TeV/Nucleus) -1] 

(18.81 4-0.76)- 10 -6 
(3.49 + 0.40). 10 -7 
(1.36 -t- 0.11) �9 10 -~' 
(2.86 + 0.06). 10 .6 
(2.84 4- 0.19). 10 -6 
(1.34 4- 0.09). 10 .6 
(4.74 4- 0.20). 10 -7 
(1.89 --I-- 0'10). 10 -6 

(15.80 4- 1.35). 10 .6 
(27.47 + 2.43). 10 -6 

2.71 + 0.02 
2.72 + 0.06 
2.90 + 0.04 
2.67 4- 0.02 
2.66 + 0.03 
2.63 + 0.O3 
2.63 4- 0.03 
2.60 :t= 0.04 
2.64 + 0.04 
2.68 + 0.02 
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Table  5.15: Re la t ive  A b u n d a n c e s  of Low Energy  Cosmic  Rays  ( E  > 5  GeV) .  

T h e  d a t a  are no rma l i zed  to 100 a t  c a rbon  (Hillier, 1984). 

Element 

H 
He 

Li 
Be 
B 

Ne 
Na 
Mg 
Al 
Si 
P 
S 
Cl 
A 
K 
Ca 

Sc 
Ti 
V 
Cr 
Mn 
Fe 
Co 
Ni 
Cu 
Zn 

Group Cosmic 
Rays 

M 

VH 

UH 

1 26000 
2 3600 

3 1 8 •  
4 10.5 -~ 1 
5 28 =t= 1 

6 I 100 
7 2 5 •  
8 9 1 •  
9 1.7 •  

10 1 6 •  
11 2.7 • 0.4 
12 19 • 1 
13 2.8•  1 
14 1 4 •  
15 0 .6•  
16 3 •  
17 0.5 • 0.2 
18 1.5 :i: 0.3 
19 0.8 • 0.2 
20 2.2 • 0.5 

21 0 .4•  
22 1.7 • O.3 
23 0.7 • 0.3 
24 1.5 •  
25 0.9 • 0.2 
26 10.8 4- 1.4 
27 < 0.2 
28 0.4 • 0.1 
29 
30 

31-35 ,~5 .10  -3 
36-40 ,~ 5.10 -4 
41-60 ~ 5 . 1 0  -4 
61-80 ~ 2 . 1 0  -4 
> 80 ~ 10 -4 

Solar 

System 

270000 
18728 

4.2.10 -4 
6.9.10 -~ 
3.0.10 -3 

100 
31.7 
182 

2.1.10 -2 

29.2 
0.51 
8.99 
0.72 
8.47 

8.1.10 -2 
4.24 

4.83.10 -2 
0.99 

3.6-10 -2 
0.611 

3.0.10 -4 
2.35.10 -2 
2.22-10 -3 

0.108 
7.88.10 -2 

7.03 
1.87.10 -2 

0.407 
4.58.10 -3 
1.05.10 -2 

2.1.10 -3 
9.4.10 -4 
3.0.10 -4 
4.7.10 -5 
4.0.10 -5 
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T a b l e  5.16" T h e  Iso topic  C o m p o s i t i o n  of the  C o s m i c  R a d i a t i o n .  

( W i e b e l - S o o t h  and  B i e r m a n n ,  1998) 

Isotopes 

7Be/Be 

9Be/Be 

1~ 

lOB/B 

13C/12 C 

170/160 

180/160 

21Ne/2ONe 

22Ne/20Ne 

Measured Ratio 

56.3 :t: 1.3 
52.4 4- 2.9 
57.2 4- 4.9 
54.6 4- 2.9 

39.1 4- 1.3 
43.3 4- 3.7 
38.1 4- 4.1 
39.0 =}: 2.9 

4.6 • 0.6 
4.3 4- 1.5 
4 .7•  1.3 
6.4 4- 1.5 

23 ~+I'I "'-'-0.8 
30.2 4- 1.5 

6.3 4- 0.2 
5.97 4- 0.46 
6.29 =t: 0.33 

7.0 4- 0.6 

1.21 4- 0.06 
1.35 4- 0.24 
1.574-0.16 

1.47 :!= 0.07 
1.62 4- 0.23 
1.54 4- 0.14 

23.0 4- 0.9 
19.7 4- 3.7 
22.2 4-1.8 

59.0 �9 1.7 
60.7 4- 6.0 
53.3 4- 2.9 

Energy 
[MeV/nucleon] 

68- 135 
43 - 113 
43 - 113 
60- 185 

68- 135 
37-  98 
37 - 98 
60- 185 

68- 135 
35-  92 
35 - 92 

60- 185 

85-  205 
45- 119 

129 
48- 126 
48- 126 
130- 300 

152 
57- 150 
57- 150 

152 
55- 145 
55- 145 

168 
65 - 172 
65- 150 

168 
63-  167 
65-  150 
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Connell and Simpson (1997a) 
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Webber et al. (1996) 

Connell and Simpson (1997a) 
Lukasiak et al. (1994b) 
Webber et al. (1996) 

Connell and Simpson (1997a) 
Lukasiak et al. (1994b) 
Webber et al. (1997) 

Connell and Simpson (1997a) 
Lukasiak et al. (1994b) 
Webber et al. (1997) 
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Table 5.16: The Isotopic Composition of the Cosmic Radiation (continued). 
(Wiebel-Sooth and Biermann, 1998) 

Isotopes 

25Mg/24Mg 

26Mg/24Mg 

26AI/27AI 

29Si/28Si 

3osi/28Si 

33S/32 S 
34S/32 S 

36C1/C1 

54Fe/SeFe 

55Fe/56Fe 

57Fe/56Fe 

58Fe/56Fe 

Measured Ratio 
[%] 

20.5 • 0.6 
16.9 4- 2.6 
22.3 • 1.3 

23.1 4-0.7 
22.6 • 2.4 
25.7 =t= 1.3 

6.1 • 0.7 
6.4 4- 0.8 
8.3 • 2.4 

8.2 • 0.4 
7.8 4- 0.9 
10 o+2.4 ""-1.4 

6.3 • 0.3 
8.6 • 1.5 
6.9 • 0.6 
8 4 +2.0 " --1.4 

18.6 • 3.8 
26.2 4- 3.1 

6.4 • 2.0 

11.44-0.6 
9.04 • 0.86 

5 .4•  
< 6.0 

O+0.35 
""--0.38 
< 6.3 

0 ,~A+0.10 
.v-=_O.14 

0.83 • 0.48 

Energy 
[MeV/nucleon] 

190 
72- 192 
73- 169 

190 
70- 187 
73- 169 

370 
370 

77- 206 

210 
80- 187 
100- 300 

210 
77- 206 
80 - 187 
100- 300 

86- 230 
86- 230 

240 

200 - 420 
100- 300 

200 - 420 
100- 300 

200 - 420 
100- 300 

200 - 420 
100- 300 
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Figure 5.1: Differential energy spectrum of the all-particle hadronic cosmic 
radiation. The dip around 10 MeV is the result of the superposition of the 
rapidly falling solar and anomalous components with increasing energy and 
the slower falling intensity of the galactic cosmic radiation with decreasing 
energy. Above about 10 GeV where the solar modulation has a negligible 
effect the spectrum appears to be almost featureless in this representation, 
except for a slight change of slope, as indicated by the two power law fits of 
the form j (E) ~ E -~ with spectral indices ")'1 and 72 as indicated. 
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Figure 5.2: All-particle differential energy spectrum of primary cosmic rays. 
The intensity, j(E), is multiplied with E zS, E being the primary energy 
in GeV, to compress the spectrum and to emphasize spectral features and 
differences between the results of different experiments. The solid line is the 
spectrum according to the NSU model (Bugaev et al., 1993). The knee in 
the spectrum is evident. 
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Figure 5.3: Knee region only of Fig. 5.2 with the full da ta  set split between 
plots a) and b) for better  comparison. 
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Figure 5.4: All-particle cosmic ray differential energy spectrum constructed 
with data from many experiments. The differential intensity, j(E), is multi- 
plied with E 2"T5, E being the primary energy in GeV, to compress the spec- 
trum and to emphasize spectral features and differences between the results 
from different experiments. The bend in the spectral slope represents the 
knee in the spectrum. The lower energy da ta  up to about  106 GeV are from 
direct measurements  on top of the atmosphere and on board of satellites, the 
higher energy da ta  are from air shower measurements,  as listed below. The 
solid line indicates the averaged low energy port ion of the spectrum. 

[:3 Ichimura et al., (1993a) 
A Fly's Eye (Bird et al., 1994) 
v Akeno (Nagano et al., 1984) 
m AGASA (Yoshida et al. (1995) 
A Yakutsk (Dyakonov et al., 1991) 

�9 PROTON 4 (Grigorov et al., 1971a) 
x JACEE (Asakimori et al., 1993a, 1993b) 
o Tien Shah (Nesterova et al., 1995) 
<1 Yakutsk (Afanasiev et al. (1995) 
+ Haverah Park (Lawrence et al., 1991) 
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Figure 5.5: Compilation of all-particle differential spectra. The solid symbols 
are high altitude air shower and direct balloon and satellite measurements, 
the open symbols are sea level or near sea level air shower measurements 
(>_950 g/cm2), as listed below. The solid and dashed lines represent the 
spectrum with upper and lower limits derived from muons detected with 
MACRO (Palamara et al., 1995), and the dotted region shows the result of 
a summary of direct measurements after Wiebel-Sooth et al., (1995). Note 
that the intensity, j(E),  is multiplied by E 2"~5. For details see text (for recent 
summaries see Petrera, 1996; Wiebel-Sooth and Biermann, 1998). 
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JACEE Balloon .~4 g/cm 2 (Asakimori et al., 1993a, b 
and Ichimura et al., 1993a) 
Proton Satellite (Grigorov et al., 1971a) 
Yangbajing, 606 g/cm 2 (Amenomori et al., 1995) 

Akeno, 970 g/cm 2 (Nagano et al., 1984) 
Tunka, 950 g/cm 2 (Bryanski et al., 1995) 
Moscow, 1000 g/cm 2 (Fomin et al., 1991) 
Yakutsk, 1020 g/cm 2 (Efimov et al., 1991) 
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Figure 5.6: All-particle spectrum constructed by summing the spectra of 
the individual constituents. These spectra are based on the assumption of 
a constant injection spectrum of the form E -~ with 9' -- 2.3 for all charge 
components and a propagation with an energy dependent diffusion escape 
c< E -~ up to ~ 10 ~5 eV, E being the energy of the particle, with appropriate 
source abundances. For an upper limit of these spectra imposed by a particle 
rigidity of 1015 V, as assumed in this example, the all-particle spectrum shown 
here results. For comparison a spectral slope of-3.0 is also indicated (after 
Webber, 1983). Such a model can produce a smooth extended knee region 
in the spectrum. Another component with a flatter spectrum extending to 
ultrahigh energies would then be responsible for the observed spectral region 
above 1018 eV. Note that the intensity is multiplied by E 2"5, E being in GeV. 
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Figure 5.7: All-particle primary differential energy spectrum obtained with 
the Akeno (.) (Nagano et al., 1992; Chiba et al., 1993) and AGASA (A) 
(Takeda et al., 1998; AGASA, 1999) installations. The dashed curve labeled 
GZK represents the spectrum expected for extragalactic sources including 
the GZK cutoff effect (Yoshida and Teshima, 1993; see also Yoshida et al., 
1995; Yoshida, 2000). Note that the differential intensity, j(E), is multiplied 
by E 3. 
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Figure 5.8" All-particle primary differential energy spectrum obtained with 
the Haverah Park installation (Lawrence et al., 1991). Note that the differ- 
ential intensity, j(E), is multiplied by E 3. 
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Figure 5.9: All-particle primary differential energy spectrum obtained with 
the Yakutsk installation (Efimov et al., 1991; Afanasiev et al., 1995; Pravdin 
et al. 1999) for different trigger conditions (o 500 m, �9 1000 m) and zenith 
angles (o,r-l,., ~ < 50~ /k, 6 < 60~ Note that the differential intensity, 
j(E), is multiplied by E 3. 
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Figure 5.10: All-particle primary differential energy spectrum obtained with 
the Volcano Ranch installation (Cunningham et al., 1977 and 1980). Note 
that the differential intensity, j (E), is multiplied by E 3. 
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Figure 5.11' All-particle primary differential energy spectrum obtained with 
the SUGAR installation (Winn et al., 1985 and 1986). Note that the differ- 
ential intensity, j(E), is multiplied by E 3. 
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Figure 5.12' All-particle primary differential energy spectrum obtained with 
the Fly's Eye installation (Bird et al., 1994; see also Abu-Zayyad, 1999). 
Note that the differential intensity, j(E), is multiplied by E 3. 
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Figure 5.13: All-particle primary differential energy spectra derived from 
the results of the giant air shower arrays, operated during different epochs. 
Shown are the results from Akeno (Japan), the Fly's Eye (U.S.A.), Haverah 
Park (GB), SUGAR (Aus.), Volcano Ranch (US), and Yakutsk (Russia). 
Note that the differential intensity, j(E), is multiplied by E 3. (Compilation 
by the author.) 

�9 Akeno (Nagano et al., 1992) 
o Akeno, re-analyzed (Chiba et al., 1993) 
A Haverah Park (Lawrence et al., 1991) 
x Yakutsk (Efimov et al., 1991) 
E] Fly's Eye (Bird et al., 1994) 
o Volcano Ranch (Fichtel & Linsley, 1985) 
V SUGAR (Winn et al., 1985) 
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Figure 5.14: Grand-Unified all-particle cosmic ray differential energy spec- 
trum. The experimental data are a selection of the data in the previous figure 
(Fig. 5.13) but normalized with respect to Akeno according to the method 
outlined by Teshima (1993), i.e., the energy scales are shifted to follow the 
AGASA (Akeno Giant Air Shower Array) results (Yoshida et al., 1995). All 
intensities are multiplied with E 3, as before. Note that with respect to the 
previous figures the normalization moves the data points along the abscissa 
and the ordinate because of the multiplication with E 3. 

�9 Akeno (Nagano et al., 1992; Chiba et al., 1993) 
o Haverah Park (Lawrence et al., 1991) 
• Yakutsk (Efimov et al., 1991) 
i--I Fly's Eye (Bird et al., 1993a) 
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Figure 5.15: Differential energy spectra of cosmic ray hydrogen (protons) 
and helium nuclei recorded at different times. The solar modulation effect is 
evident. The da ta  points are from several older experiments as listed below. 
Also shown are two data  sets for carbon and oxygen nuclei combined. The 
curves are smoothed best fits to the da ta  (after Webber and Lezniak, 1974). 
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Figure 5.16: Integral energy spectra of cosmic ray hydrogen (protons) and 
helium nuclei. The data points are from several older experiments as listed 
below. Also shown are two data sets for carbon and oxygen nuclei combined. 
The curves are smoothed best fits to the data (after Webber and Lezniak, 
~974). 
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Figure 5.17: Examples of differential energy spectra of protons, helium, car- 
bon and iron nuclei as measured by different experiments on a direct particle- 
by-particle basis. The spectra of the individual elements follow the expected 
power law. However, it can be noticed that the spectral slope of iron is some- 
what flatter than the slopes of the other elements shown (Cherry, 1997b). 
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lines represent power law spectra with a spectral index of-2.80. Recent 
JACEE data show for He a slope of-2.68 (see Shibata, 1997, Watson, 1997). 
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Figure 5.19: Integral energy spectra of protons and helium as measured by 
the balloon-borne emulsion experiments JACEE-1 to JACEE-12. The data  
are the result of a cumulative exposure of 644 m 2 hr. The dip in the proton 
spectrum between 60 TeV and 100 TeV and in the He spectrum between 
20 TeV and 30 TeV is characteristic of the point-to-point correlation in an 
integral plot. The straight lines are maximum likelihood fits with power law 
indices % - 1.80 4-0.04 and ")'~ - 1.68 4-O, 06 for the proton and helium 

spectra, respectively (Cherry, 1997a and 1999). 
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Figure 5.20: Differential energy spectra  of protons and helium as measured by 
the balloon-borne emulsion experiments JACEE 1 to JACEE 12 (Asakimori 
et al., 1997; also Cherry et al., 1997a), RUNJOB 95 (Apanasenko et al., 
1999a and 1999b; Shibata,  1999), and a number  of other experiments,  as 
listed below. Note tha t  the differential intensity, j(E),  is multiplied by E zS. 
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v Smith et al. (1973) 
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EEl Zatsepin et al. (1993) 
~- Swordy et al. (1993) 

o Freier and Waddington (1968) 
�9 Asakimori et al. (1997, 1998) 
El Ramaty et al. (1973) 
o Badhwar et al. (1977) 
T Dwyer et al. (1993) 
+ Ichimura et al. (1993a, b) 
m Swordy et al. (1995) 
t> Shibata (1999) 
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Figure 5.21: Differential energy spectra of the C-N-O, Ne-Mg-Si and Fe 
groups measured by different experiments, as indicated below. The inten- 
sities are multiplied by E z~. In addition the intensities of the Ne-Mg-Si and 
Fe groups are plotted a factor of 10 and 100 lower, respectively, as indicated, 
for better distinction (Shibata, 1997, after Watson, 1997; Shibata, 1999). 
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Figure 5.22: Differential all-particle spectrum assembled from data obtained 
by different direct measurements as listed below. Note that the intensities 
are multiplied by E 2"5 and the energy is given per incident nucleus (Shibata, 
1997, after Watson, 1997; Shibata, 1999). 
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Figure 5.23: Absolute differential proton spectrum determined with the 
BESS-98 instrument (Sanuki et al., 1999; Nozaki, 2000) and earlier spec- 
tra obtained by other authors as specified below. The solid curve, C, is the 
assumed primary proton spectrum used by Honda et al. (1995) to compute 
the neutrino flux, discussed in Chapter 4, Section 4.5 

m Sanuki et al. (1999), BESS-98 
�9 Barbiellini et al. (1997), CAPRICE-94 
/k Papini et al. (1993) MASS-89 

o Webber et al. (1987) 
• Seo et al. (1991) LEAP 
o Menn et al. (1997) IMAX-92 
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Figure 5.24: Differential energy spectrum of primary hydrogen nuclei (pro- 
tons) compiled from the data of several experiments as listed below (after 
Wiebel-Sooth and Biermann, 1998). 

Ivanenko et al. (1987, 1990, 1993) 
Zatsepin et al. (1990, 1993) 
Asakimori et al. (1991a, b; 

1993a, b; 1997a, b), 
Burnett et al. (1990a, b), 
Parnell et al. (1989) 

+ Barbiellini et al. (1997) 
A Ryan et al. (1972) 
V Papini et al. (1993) 
o Menn et al. (1997) 
"k Ichimura et al. (1993a, b, c), 

Kawamura et al. (1989, 1990a, b) 
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Figure 5.25: Differential energy spectrum of primary helium nuclei compiled 
from the data of several experiments as listed below (after Wiebel-Sooth and 
Biermann, 1998). 

Menn et al. (1997) 
Ivanenko et al. (1987, 1990, 1993) 
Asakimori et al. (1991a, b; 
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Burnett et al. (1990a, b), 
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x Papini et al. (1993) 
+ Buckley et al. (1993, 1994) 
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Figure 5.26: Differential energy spectrum of primary carbon nuclei compiled 
from the data of several experiments as listed below (after Wiebel-Sooth and 
Biermann, 1998). 

�9 Engelmann et al. (1985, 1990) 
A Lezniak & Webber (1978) 
V Swordy et al. (1990, 1993), 

Miiller et al. (1989, 1991a, b), 
Grunsfeld et al. (1988) 
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Figure 5.27: Differential energy spectrum of primary nitrogen nuclei compiled 
from the data of several experiments as listed below (after Wiebel-Sooth and 
Biermann,  1998).  

�9 Engelmann et al. (1985, 1990) 
v Swordy et al. (1990, 1993), 

Miiller et al. (1989, 1991a, b), 
Grunsfeld et al. (1988) 
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Figure 5.28: Differential energy spectrum of primary oxygen nuclei compiled 
from the data of several experiments as listed below (after Wiebel-Sooth and 
Biermann, 1998). 

�9 Engelmann et al. (1985, 1990) 
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Grunsfeld et al. (1988) 
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Figure 5.29: Differential energy spectrum of primary silicone nuclei compiled 
from the data of several experiments as listed below (after Wiebel-Sooth and 

Biermann, 1998). 

�9 Engelmann et al. (1985, 1990) 
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Figure 5.30: Differential energy spectrum of the primary group neon to sulfur 
compiled from the data of several experiments as listed below (after Wiebel- 

Sooth and Biermann, 1998). 
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Figure 5.31: Differential energy spectrum of primary iron nuclei compiled 
from the data of several experiments as listed below (after Wiebel-Sooth and 
Biermann, 1998). 
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Figure 5.32: Differential energy spectrum of the primary iron group compiled 
from the data of several experiments as listed below (after Wiebel-Sooth and 

Biermann, 1998). 
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Figure 5.33: Relative elemental composition from hydrogen to nickel in the 
galactic cosmic radiation at > 1 GeV/nucleon kinetic energy arriving near the 
top of the Earth's atmosphere (o) compared to the solar system or "universal" 
abundances according to Cameron (1973, 1981 and 1982) (.) (see also Anders 
and Grevesse, 1989). The data are normalized to the cosmic ray carbon 
abundance, set to 100 %, obtained with the satellite IMP-8 (Wefel, 1991; 
Simpson, 1983 and 1997). 
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Figure 5.34: Relative elemental composition from iron to fermium in the 
galactic cosmic radiation at kinetic energies >_ 1.5 GeV/nucleon arriving near 
the top of the Earth's atmosphere compared to the solar system or "univer- 
sal" abundances according to Cameron (1973, 1981 and 1982) (-) (see also 
Anders and Grevesse, 1989). The data include the following experiments: 
o, Binns et al. (1985 and 1989); x, Fowler et al. (1987); +, Byrnak et 
al. (1983). They are normalized to iron at 106 (after Wiebel-Sooth and 
Biermann, 1998). 
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Figure 5.35" Summary spectra of the major components of the primary cos- 
mic radiation (p, He, C+O, LH-group (light-heavy), Fe) resulting from older 
direct measurements, including emulsion chambers, and the all-particle spec- 
trum made up of the sum of all the constituents. Contributions to the proton- 
only spectrum from individual experiments are listed below. Also shown is 
part of the all-particle spectrum obtained from muon measurements (x) at 
sea level (Klemke et al., 1981). Dotted curves above and below solid spectra 
indicate error bands. The chain line is the proton spectrum obtained from 
a summary of Iwai et al. (1979). The numbers across the figure above the 
spectra indicate the average mass number of the incident nuclei at the par- 
ticular energy (Webber, 1983). Note that the results of old experiments may 
deviate significantly from each other in intensity (up to factor of 2 or more) 
and/or spectral shape for specific elements or elemental groups because of 
poor statistics. 

V1 Grigorov et al. (1971a) 
A Iwai et al., (1979) 

�9 Ryan et al., (1972) 
o Gregory et al. (1981) 
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Figure 5.36: Energy dependence of the fraction of typical cosmic ray elemen- 
tal representatives, p, Fe, Si and the sub-iron group (17 < Z <_ 25), relative 
to the total differential intensity. Included are date from different experi- 
ments (Ichimura et al., 1993b). The trend towards an increasing presence of 
the heavier masses in the primary radiation at least up to about 105 GeV, 
where the knee region of the all-particle spectrum is approached is evident, 
particularly the steady increase of the fraction of iron nuclei. (See also the 
rapporteur paper of Shibata, 1996.) 
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Figure 5.37: All-particle spectrum assembled from data of different experiments, in- 

cluding direct measurements as well as air shower experiments, as indicated below. The 

region of the all-particle spectrum surrounded by short dashes and labeled H+He+Heavy 
is a compilation from different direct measurements and includes all particles (JACEE, 

Asakimori et al., 1991a). The lower region that is surrounded by longer dashes and labeled 
Heavy shows the spectrum of heavy particles (Z > 6), excluding hydrogen and helium. 

These data are the sum of all the measurements of Swordy et al. (1993) listed in Table 

5.5. The curve labeled LBM is the iron spectrum from a calculation using the leaky box 

model (Swordy et al., 1993). The spectra of individual elements and elemental groups 

include data from different experiments (CNR: Miiller et al., 1991b; HEAO-3: Engelmann 

et al., 1990; JACEE 1-8: Asakimori et al., 1993a,b; see also Burnett et al., 1990c). 
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Figure 5.38: Compilation of data  on the energy dependence of the average 
primary mass at very high energies. Shown is the value of ln(A) as a function 
of particle energy, A being the particle mass number. The solid curve 1 and 
short-dashed curves above and below it represent direct measurements and 
upper and lower boundaries, respectively (Ichimura et al., 1993a). Curve 
2 is the prediction of the NSU-model (Nikolsky et al., 1984a and 1984b; 
see also Bugaev et al., 1993). Curves 3, 4 and 5 are results from MACRO 
using muons, representing upper and lower boundaries and the center value 
(Palamara,  1995). Curve 6 is the interpretation of Fly's Eye da ta  (Bird et 
al., 1993b) and region 7 is the result from Adelaide (1989). 

�9 Linsley (1983) direct measurements 
o Acharya et al. (1983) 
o Shirasaki et al. (1997) BASJE 
r] Doronina et al. (1990) 
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/k Linsley and Watson (1981) 
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Figure 5.39: Very recent compilation of data on the energy dependence of 
the average primary mass in the knee region. Shown is the mean logarith- 
mic mass, <ln(A)>, as a function of particle energy, A being the particle 
mass number. The short-dashed lines identify the region within which the 
mean masses resulting from direct measurements of individual particles fall 
(D). Data points [:], o, ~ represent results from direct measurements and 
0 is from the compilation of Wiebel-Sooth (1998). The data point ~ is the 
result of a combined air shower, hadron calorimeter and emulsion chamber 
experiment at Mt. Chacaltaya (Aguirre et al., 2000). Regions F and T 
identify the results of simulation calculations based on models of heavy and 
proton dominance (Amenomori et al., 1982 and Tamada, 1994), respectively 
(after Aguirre et al. 2000). The remaining data points are from air shower 
experiments (see also the compilation of H6randel, 1998). 
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5.3 Electrons (Positrons and Negatrons) 

5 .3 .1  I n t r o d u c t i o n  

Contrary to common usage where negatively charged electrons, i.e., nega- 
trons, are commonly referred to as electrons and positively charged electrons 
as positrons, we will strictly distinguish in this section between the two kinds 
of particles to avoid confusion. We shall use the term electrons only for both 
kinds of particles, negatrons and positrons, combined. 

The importance of measuring the charge ratio of the electron component 
of the cosmic radiation to determine their source was first pointed out by 
Ginzburg (1958) and Hayakawa et al. (1958). In addition, cosmic ray elec- 
trons are also a unique probe to study conditions existing in different regions 
of space. 

Until 1960 all attempts to find electrons in the primary cosmic radiation 
had failed (Critchfield et al., 1952). The first evidence for their existence 
was delivered by Earl (1961) and Meyer and Vogt (1961) in two separate 
balloon-borne experiments during 1960. The former used a cloud chamber 
launched from Minneapolis, Minnesota (USA), that was flown at 4.5 g/cm 2 of 
residual atmosphere whereas the latter have used a scintillation counter tele- 
scope launched from Fort Churchill, Manitoba (CND), flying at comparable 
altitudes (3 to 5 g/cm 2 of overburden). 

Pioneering experimental work with a magnetic spectrometer that per- 
mitted charge separation was carried out by the Chicago group. The first 
experimental determination of the ratio of positrons to electrons was made 
by De Shong et al. (1964). Subsequently major efforts ware made by other 
researchers to extend the measurements to determine the spectra of positrons 
and negatrons and their ratio over a wider energy range using basically the 
same technique (Hartman et al., 1965; L'Heureux and Meyer, 1965 and 1968; 
Bland et al., 1966; Daniel and Stephens, 1966; Hartman, 1967; L'Heureux et 
al., 1968; Beuermann et al., 1969 and 1970; Fanselow et al., 1969; Kniffen et 
al., 1970; L'Heureux et al., 1972). 

Parallel to this work measurements to study the flux of electrons in the 
cosmic radiation without charge sign resolution were carried out with nuclear 
emulsion (emulsion chambers, EC) (Freier and Waddington, 1965; Wadding- 
ton and Freier, 1965; Daniel and Stephens, 1965a and 1965b; Anand et al, 
1968, 1970a and 1973; Matsuo et al., 1975; Aizu et al., 1977; Taira et al., 1979; 
Nishimura et al., 1970, 1980 and 1981), with spark chamber and scintillator 
combinations (Agrinier et al., 1964 and 1965), and with more sophisticated 
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electronic detector systems such as total absorption spectrometers, calorime- 
ters and transition radiation detectors (L'Heureux, 1967; Scheepmaker and 
Tanaka, 1971; Zatsepin, 1971; Ishii et al., 1973; Miiller and Meyer, 1973; 
Meegan and Earl, 1975; Hartmann et al., 1977; Prince, 1979; Tang, 1984), 
and with hybrid detector systems using a combination of emulsion and elec- 
tronic detection (Freier et al., 1977). For reviewing the early work the reader 
is referred to Daniel and Stephens (1970 and 1975). 

Miiller and Tang (1985 and 1987) have used their combination transi- 
tion radiation and shower detector telescope in conjunction with the east- 
west asymmetry at a specific geomagnetic cutoff rigidity (Hawaii) to achieve 
charge separation in order to determine the ratio of positrons to electrons, 
(e+/(e + § e-)). Earlier attempts using this technique were made by Daniel 
and Stephens (1965a, 1965b, 1967 and 1970) who pioneered this method of 
separating electrons and positrons, and by Bland et al. (1966) and Agrinier 
et al. (1969), however, without much success due to poor statistics and 
systematic uncertainties. 

More recent experiments using spectrometers with superconducting mag- 
nets were carried out by Buffington et al. (1975), Barbiellini et al. (1996) 
(CAPRICE-94), Barwick et al. (1995 and 1997) (HEAT-94 and HEAT- 
95), Basini et al. (1995) (MASS2/MASS-91), Golden et al. (1987, 1994) 
(MASS/MASS-S9) and Golden et al. (1996) (MASS/TS93). Lately a new 
calorimetric device using scintillating fibers had been developed and used by 
Torii et al. (1995 and 1997) (BETS). The names in parenthesis are acronyms 
of some of these experiments (see Appendix D.1). But also work with emul- 
sion stacks is being continued (Nishimura et al., 1997). In the following we 
summarize some of the data acquired by these and earlier experiments. 

5 .3 .2  E n e r g y  S p e c t r a  

An early compilation of the results of measurements of the spectrum of the 
electron component in the cosmic radiation on top of the atmosphere using 
different experimental techniques and covering a wide range of energies is 
shown in Fig. 5.40 (Fanselow et al., 1969). Included are the data from the 
balloon-borne experiments of Anand et al. (1968 and 1970a), Beuermann et 
al. (1969 and 1970), Bleeker et al. (1968 and 1970), Fanselow et al. (1969), 
L'Heureux and Meyer (1968), and Webber (1968). Also shown are two sets 
of low energy data from measurements carried out in 1967 and 1968 on board 
the satellites IMP-IV (McDonald and Simnett 1968) and OGO-5 (Fan et al., 
1969), respectively. The straight portion of curve C drawn in Fig. 5.40 can 
be well represented by a single power law of the form 
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dJ(E) = 1.26.10 -2E  -(2"62•176176 [cm -2s -1 sr -1GeV-1] . (5.4) 
dE 

However, at higher energies the spectrum begins to drop more rapidly 
and exhibits a spectral index of approximately-3.6 (see also Fig. 5.43). 
The curved portion of C (Fig. 5.40) which covers the energy range below 5 
GeV was derived from the observed non-thermal galactic radio emission of 
interstellar electrons between 10 MHz and 400 MHz (Anand et al., 1970a; 
see also Cummings et al., 1973). 

The extensive measurements of Fanselow et al. (1969) were made with 
a magnetic spectrometer in combination with a counter telescope and spark 
chambers (Hartman, 1967). The balloon carrying the instrument was flown 
in 1965 and for longer periods (45 hours) in June 1966 from Fort Churchill, 
Manitoba (CND) during a period of minimum solar activity. The data were 
acquired at an altitude equivalent to 3.2 g/cm 2 of residual atmosphere. The 
measurements covered the energy range from 170 MeV to 14.3 GeV. A finite 
flux of positrons was observed up to 4 GeV. 

The results of the work of Fanselow et al. are summarized in Table 5.17 
where the intensities measured in 1965 and 1966 are listed separately as well 
as the weighted average of both years. They are also illustrated in Fig. 5.41, 
showing the positron and electron spectra separately (Fanselow et al., 1969). 
Both spectra can be represented by single power laws for energies >__860 MeV 
over the explored energy range. 

In a subsequent experiment Burlington et al. (1975) have measured the 
differential and integral intensities of cosmic ray positrons and negatrons 
separately. The results are listed in Tables 5.18 and 5.19. The combined 
all-electron differential intensities of this work are included in the compi- 
lation shown in Fig. 5.42 which summarizes the data from fourteen other 
experiments, as listed in the caption of this figure. 

Another early compilation of electron spectra is shown in Fig. 5.43. In- 
cluded are data from the work of Anand et al. (1973), Ishii et al. (1973), 
Miiller and Meyer (1973), Meegan and Earl (1975), Silverberg (1976), Freier 
et al. (1977), Hartmann et al. (1977) and Nishimura et al. (1980). Some of 
these experiments employed nuclear emulsion as detectors, others counters. 
Also indicated is the spectrum of background atmospheric secondary elec- 
trons at a residual atmosphere of 4 g/cm 2 and a single power law fit to the 
emulsion data of Freier et al. (1977). The differential spectrum of Anand et 
al. (1973) that was obtained with hypersensitized nuclear emulsion is given 
in Table 5.20. 
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Table 5.17: Positron and Electron Intensities on Top of Atmosphere (ToA). 
(Fanselow et al., 1969) 
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Table 5.18: Differential Intensities of Negatrons, Positrons and Electrons 
Outside Atmosphere (Buffington et al., 1975). 

Emin Emax E 
,, [GeV] i [GeV]. [GeV] 

e 

4 7 5.1 
7 9.4 8.0 

9.4 14 11.2 
14 28 18.8 
28 inf 63 

Diff. Intensity 
[cm -2 s- x sr-1 GeV-1] 

, . ,  

(1.024-0.07.10 .4 
(2.5- 3.o).1o -5 
(8 .5 -4 -1 .1 ) -10  .6 

(1.74-0.3). 10 .6 
(1.1+0.2). 10 -7 

. 

e + 

4 7 5.1 (7-1-2). 10 -6 
7 9.4 8.0 (2+1). 10 -6 

9.4 14 11.2 (4+4). 10 -7 
14 28 18.8 (5-t-3). 10 .7 
28 O0 63 (2-I-2). i0 -s 

. . 

(e + + e - )  

4 7 5.1 (1.09-t-0.08-10 .4 
7 9.4 8.0 (2.74-0.3). 10 -5 

9.4 14 11.2 (8.6+1.3). 10 -6 
14 lS 18.8 (2.2-t-0.6). 10 .6 
28 inf 63 (1.3+0.4). 10 -7 

_ 

Figure 5.44 shows theoretical positron spectra that are based on differ- 
ent cosmic ray propagation models as listed in the caption (Stephens, 1981; 
Stephens, 1985; Stephens and Golden, 1987). Some data points from early 
measurements (Fanselow et al., 1969; Buffington et al., 1975; Hartman and 
Pellerin, 1976), and the more recent data of Golden et al. (1987) have been 
added to the figure for comparison. 

Absolute differential and integral intensities of negatrons at the top of the 
atmosphere were measured by Golden et al. (1984) and are listed in Table 
5.21. Results of positron measurements of Golden et al., (1987) are given in 
Table 5.22. These data together with data of Tang (1984), Garcia-Munoz et 
al., (1986), and the recent measurements of Evenson et al. (1991), Golden 
et al. (1994) and Barbiellini et al. (1997) which all have charge separation 
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Table 5.19' Integral Intensity of e + and (e + + e-) Above Atmosphere. 
(Buffington et al., 1975) 

Energy 1) 

[GeV] 
43 ) 

7.0 
9.4 
14.0 
28.0 

Number 2) 

e + 

284- 7 
9.5-t- 3.5 
6.3+ 2.5 
54- 2.2 
1=t=1 

Intensity 
[cm-2 s-1 sr-1GeV -1] 

, , ,  

e + 

(3.7-}-0.9). I0 -5 
(1.64"0.6). 10 -5 
(1.14-0.5). 10 -5 
(1.0+0.5)- 10 -5 

(2.5+0.25). 10 -6  

(e + + e-) 

(4.824-0.35)-10 -4 
(1.55+0.15). 10 -4 
(9.04-0.9). 10 .5 

(5.0-t-0.09). 10 -5 
(1.9+0.05) �9 10 -5 

1) Equivalent energy above atmosphere. 2) Net incident number of positrons after deduc- 

tion of atmospheric secondaries, s) Geomagnetic cutoff. 

capability are presented in Fig. 5.45. The results of the measurements of 
Barbiellini et al. (1997) using the instrument CAPRICE-94 are also given 
numerically in Table 5.23 (see also Barbiellini et al., 1996). 

In addition we give in Table 5.24 the intensities at the top of the atmo- 
sphere from a later analysis of the CAPRICE-94 experiment (Boezio et al., 
2000), those of HEAT-94 in Table 5.25 (Barwick et al., 1998) and the data 
of Kobayashi et al. (1999) from the emulsion chamber experiment in Table 
5.26. In the first two tables negatron and positron intensities are given sepa- 
rately and in Table 5.25 also the sum of both. Barwick et al. (1998) specify 
a power law fit to their spectra, given in eq. 5.5. 

j ( E )  - jo E -a [m-2s-lsr-lGeV -1] (5.5) 

The following values apply for a and j0 for negatrons and positrons separately 
and for E in GeV. 

Particles a j0 

Negatrons 3.086 :t= 0.081 227 + 45 
Positrons 3.31 4- 0.23 24 • 12 

To conclude the spectral aspects of cosmic ray electrons we present in 
Figs. 5.46 and 5.47 a compilation of a large number of experimental spectra 
in another representation, frequently used, that emphasizes the differences 
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Table 5.20: Differential Intensity of Primary Electrons (e + + e-). 
(Anand et al., 1973) 

Energy 
[geV] 

12- 15.5 
15.5- 21 

21 - 30 
30- 40 
40- 50 
50- 70 
70 - 90 
90- 110 

110- 130 
130- 150 
150- 175 
175- 210 
210- 240 
240- 290 
290- 350 
350- 500 
5O0- 75O 

Number of 
+ 

10 
12 
7 
7 

19 
23 
17 
17 
15 
10 
8 
9 
7 
6 
5 
3 
2 

Differential Intensity 
[cm -2 s- 1 sr-lGeV- 1] 

(1.48 + 0.5). 10 -5 
(4.45 + 1.5). 10 
(7.87 4- 3.1). 10 -7 
(4.10 + 1.9)" I0 -7 
(4.24 + 1.13)" i0 -7 
(2.08 -4- 0.48)" 10 -7 
(1.15 4- 0.32). i0 -7 
(6.30 -4- 2.1)- 10 -8 
(3.65 -4- 1.12). 10 -8 
(1.61 + 0.7). 10 -8 
(9.14 + 4.4). lo 
(8.03 + 3.2). lO 
(6.38 :k 2.75). 10 -9 
(2.88 + i.I)" 10 -9 
(2.01 i 0.97)" 10 -9 
(4.25 =k 3.7)" 10 -~~ 
(1.645 + 1.62). 10 -~~ 

between the various experimental results. There we have multiplied the elec- 
tron intensity of each data point by the energy to the third power (E 3) and 
plotted as a function of energy. Fig. 5.46 is a compilation of data covering a 
period of almost 30 years and Fig. 5.47 shows the results of the most recent 
experiments. Also included are the results of the new BETS instrument men- 
tioned before (Torii et al., 1997), the emulsion chamber data of Kobayashi et 
al. (1999) and the spectral distribution of interstellar electrons derived from 
non-thermal galactic radio emission by Webber (1980). 

5.3.3 Pos i tron  Fraction 

The energy dependence of the positron fraction, e+/(e + + e - ) ,  resulting from 
the work of Fanselow et al. (1969 and 1971) also listed in Table 5.17 is plotted 
in Fig. 5.48 together with the results of Agrinier et al. (1970), Buffington 
et al. (1975), Beuermann et al. (1969), Daugherty et al. (1975) and Miiller 
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Table 5.21" Absolute Negatron Intensities (Golden et al., 1984). 

Rigidi ty 1) Number  ~ p  2) AEp3)  Intensity jp 1) t O  4) 
[GV/c] e- [GeV] [OeV] [(cm2 ssr  OeV) -1 ] [OeV] 

3.33-  3.57 654-9 3.45 0.24 (4.24-0.6). 10 -5  4.68 
3 .57-  3.85 614-8 3.70 0.27 (3.74-0.5). 10 -5  5.01 
3.85 - 4.17 934-10 4.00 0.32 (4.74-0.5). 10 -5  5.39 
4.17 - 4.56 1284-12 4.35 0.38 (5.44-0.5) . 10 -5  5.83 
4 .56-  5.00 1834-14 4.76 0.45 (6.64-0.5). 10 -5  6.35 
5 .00-  5.56 235=t::16 5.26 0.55 (6.9+0.5) .  10 -5  6.99 
5 .56-  6.25 2844-17 5.88 0.69 (6.74-0.4). 10 -5  7.78 
6.25-  7.14 2544-16 6.66 0.89 (4.64-0.3). 10 -5  8.77 
7.14 - 8.33 2344-16 7.69 1.18 (3.34-0.2). 10 -5  10.08 

8 .33-  10.00 2274-15 9.09 1.65 (2.34-0.2). 10 -5  11.85 
10.00-  12.50 1684-14 11.10 2.46 (1.14-0.1). 10 -5  14.42 
12.50- 16.67 1204-13 14.27 4.07 (5.14-0.6). 10 -8  18.45 
16.67- 25.00 744-10 19.95 7.94 (1.64-0.2). 10 -8  25.69 
25.00-  50.00 494-10 33.08 21.79 (4.14-0.8). 10 -5  42.47 
50.00-  C~ 414-24 91.67 159.10 (4.94-2.9). 10 -5  119.40 

Intensity J o  5) 
[(cm~ s sr GeV) -1 ] 

(3.504-1.56). 10 -4  
(2.174-0.58). 10 -4 
(1.774-0.28). 10 -4  
(1.334-0.16). 10 -4  
(1.004-0.10). 10 -4  
ff.6+o.7), lO -5  
(6.24-0.5). i0 -5 

(3.64-0.3). 10 -5 
(z5+o.2). 1o -5 
(1.74-0.1). 10 -5 

(8.24-0.8). IO -e 
(3.54-0.4). 10 - e  
(0.114-0.2). lO -8 
(2.64-0.5). i0 -5 
(1.44-o.8).  lO -5 

1) At payload. 2) Effective mean energy at payload. 3) Effective energy interval at payload. 
4) Effective mean energy in galaxy. 5) In galaxy. 

Table 5.22: Positron Intensities on Top of the Atmosphere 

(Golden et al., 1987) 

Rigidity 
[ov/c] 

, 

3.57- 4.17 
4.17- 5.00 
5.00- 6.25 
6.26 - 8.33 
8.33- 12.5 
12.5- 25.0 
25.0- 50.O 

Number E AE 
e + [GeV] [OeV] 

. ,  

25.84-5.3 i.90 0.76 
47.54-7.4 ~.79 1.06 
39.4=t=7.7 7.09 1.59 
39.94-7.7 9.14 2.65 
14.3• 12.9 5.30 
28.74-9.6 22.0 15.9 
0.54-11.5 44.1 31.8 

Intensity 
[(cm2 s sr OeV) -1 ] 

(1.24-0.6) �9 10 -5 
(1.o+o.3). io -5 
(4.14-1.1). 10 .6 
(2.3-I-0.6)-10 -6 
(3.3-I-2.9)-10 -7 
(3.0+1.1)-10 -7 
(0.04-1.4)-10 .7 

and Tang (1985). Shown, too, in this figure are predictions from calculations 
of Protheroe (1982) using different models, and of Cummings et al. (1973) 
based on work of Ramaty and Lingenfelter (1968). In Fig. 5.49 we have 
plotted another set of curves showing the energy dependence of the positron 
to electron ratio resulting from a variety of different cosmic ray propagation 
models and some experimental points for comparison. 

A compilation of a large number of measured positron to electron ratios 
resulting from many different experiments, including recent work, is pre- 
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Table 5.23" Negatron and Positron Data Summary of CAPRICE-94. 
(Barbiellini et al., 1997) 
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sented in Fig. 5.50. Indicated, too, are expected ratios of a leaky box model 
calculation of Protheroe (1982) and the result of a calculation by Clem et al. 
(1996) showing upper and lower limits. To resolve the cluster of data around 
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Table 5.24i Negatron and Positron Intensities as a Function of Energy 
at Top of Atmosphere (CAPRICE'94) (Boezio et al., 2000). 

Energy Range 

[GeV] 

0.46- 0.61 

0.61 - 0.75 

0.75 - 0.90 

0.90- 1.05 

1.05- 1.19 

1.19- 1.34 

1.34- 1.48 

1.48- 1.84 

1.84- 2.21 
2.21- 2.57 
2.57- 2.93 

2.93- 3.30 
3.30- 3.66 
3.66- 4.39 
4.39- 5.11 
5.11 - 5.84 
5.84- 7.29 
7.29- 10.20 
10.20- 14.56 

14.6- 20.4 
20.4- 27.6 
27.6- 43.6 

Mean Energy 

[OeV] 

0.54 

0.68 

0.83 

0.97 

1.12 

1.26 

1.41 

1.66 

2.02 
2.39 
2.75 

3.11 

3.48 
4.01 
4.74 
5.47 
6.51 

8.58 
12.11 
17.1 
23.6 
34.3 

Intensity*) 
[m-2s-lsr-  1GeV - i  ] 

(1.3 4- 0.2). i0 ~ 

(1.6 • o.2). io ~ 

(1.54-0.1)-101 

(iA + O.i). iO ~ 
(1.3 4- 0.1). i01 

9.3 4- 0.9 

10.0 4- 0.9 
8.44-0.6 

7.44-0.5 
6.3 4- 0.5 

e § 

3.94- 1.7 
3.24- 1.1 

2.7 4- 0.8 

3.44-0.7 

2.5 4- 0.5 

2.1 4- 0.5 

1.1 4- 0.3 

1.44-0.2 

(6.s + 1.5). io -~ 
(7.6 :l: 1.5). 10 -1 

4.9 4- 0.4 

3.3 4- 0.3 
2.1 4-0.2 
2.04-0.2 
1.24-0.1 

(8.4 • 1.o). lo -~ 
(4.5 + 0.5).  10 -~ 
(1.84-0.2).10 -1 
(6.3 4- 1.0)- 10 -2 

(1 Q+o.5 10-2 
�9 ~ ' - 0 . 4  " 

(9.,+3.5 10-3 
- 2 . 6  " 

(1 7+1.2 10 -3 
" ' - 0 . 8  " 

(3 9 +1"3. 10 -1 
�9 - 1 . 0  

(2.,+L0.10-~ 
- 0 . 7  

(2, n+o.9.10-~ 
" - 0 . 7  

(2.1+o.6.10-1 
~ - 0 . 5  

(1 9+0.5.10-1 
" ' ~ - 0 . 4  

(4 6 +3.7. 10 -2 
�9 - 2 . 5  

(25 +2.1 . 10-2 
- 1 . 5  

(2.7+1.1.10-2 
" - 0 . 9  

(3 7 +5"I �9 I 0  - 3  
�9 - 3 . 5  

*) The quoted errors are a combination of statistical and systematic errors. 

8 GeV we have somewhat expanded the plot and redrew it in Fig. 5.51. 
In addition we have added the most recent data  obtained by CAPRICE-94 
(Boezio et al., 2000) and CAPRICE-98 (Boezio et al., 1999). The results 
obtained by CAPRICE-94 and CAPRICE-98 are given in numeric form in 

Tables 5.27 and 5.28, respectively. 
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Table 5.25' Differential Electron Intensit ies at  Top of Atmosphere .  

(Barwick et al., 1998) (HEAT-94) 

Mean 

Energy 

G V] 
. . . . .  

5.45 

7.16 

11.1 

18.9 

34.5 

66.4 

e 

1 .13•  

0.548 • 0.057 

0.141 • 0.016 

0.0278 • 0.0033 
+0.62 (3.64_0.58)- 10- 3 

. . . .  

Intensity 

[m-2s - l s r - lGeV-1  ] 

e + 

0.076 • 0.016 

0.0405 • 0.0070 
(9 2 +2"1 �9 - 2 . 0 ) "  10-3 

(1NN+0.52~ 10-3 
. . . .  0 . 3 8 )  " 

(2 1+1'9~ 10 -4 
�9 ~ - 1 . 1 ]  " 

e + + e  - 

1.20 • 0.13 

0.589 =t= 0.062 

0.151 • 0.017 

0.0288 • 0.0035 
(3.~zt+0.64 ~ 10-3 

v-._0.83 / �9 
(3.an+t.tt~ 10-4 "'-0.831 " 

Table 5.26: Electron Spec t rum Observed from Sanriku, J a p a n  

The  measurement  was made  at an a l t i tude  of 36 km. 

(Kobayashi  et al., 1999). 

Energy Range < E > Nd~,  Np~m 
[GeV] [GeV] 

. . . . . . . .  

30- 50 37.9 6 6.0 
60- 100 75.8 9 9.0 
100 - 150 121 8 7.2 
150 - 200 172 4 3.6 
200 - 300 243 7 5.4 
300- 400 345 9 6.4 
400 - 600 486 24 19.6 
600 - 800 690 13 10.4 
800- 1000 892 20 14.2 
1000- 1500 1214 17 10.1 
1500- 3000 2068 10 5.2 

Intensity, j 
[m-2s-lsr-tGeV-1 

, 

(4.30 4- 1.76)- 10 -s 
(3.30 4- 1.10). 10 -4 
(8.55 4- 3.38). 10 -5 
(2.70 4- 1.52). 10 -5 
(5.55 4- 2.78). 10 -6 
(2.71 4- 1.31). 10 -6 
(9.94 4- 2.53). 10 -6 
(3.33 4- 1.18). 10 -7 
(1.30 4- 0.42). 10 -7 
(3.04 4- 1.29)-10 -8 
(5.21 4- 3.32). 10 -9 

_ 

E 3 . j 
[m-2s-Xsr-XGeV 2 

234 • 96 
144 4- 48 
152 4- 60 
138 4- 77 
80 4- 40 
111 4- 54 
114 4- 29 
109 4- 39 
92 4- 30 
54 4- 23 
46 4- 29 

* Nob8 Observed number of electrons. 

** Nprirn Number of electrons after correcting for energy losses and atmospheric secondary 

electrons. 

5.3.4 Atmospheric Secondary Electron Contamination 

W h e n  carrying out bal loon exper iments  the detectors  are always in a resid- 

ual a tmosphere  of a few grams. This thin overburden acts as target  for the 
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Table 5.27: Positron Fraction v/s Energy at Top of Atmosphere (ToA). 
The measurement was made from Lynn Lake (Canada) August 8/9, 1994 

with the CAPRICE-94 (Boezio et al., 2000). 

Energy Range at 

Instrument 

[CeV] 

0.3 - 0.4 

0.4- 0.6 

0.6 - 0.8 

0.8- 1.1 
1.1 - 1.5 

1.5- 2.0 

2.0- 3.0 

3.0- 5.0 

5.0- 7.O 
7.0- 10.0 

. . . . .  

Mean Energy 

at ToA 

[GeV] 

0.54 

0.75 
1.04 

1.40 

1.90 

2.55 

3.56 

5.61 

8.58 
12.11 

Positron 

Fraction*) 

e+/(e + + e-) 

0.223 • 0.081 

0.160 • 0.034 
0.177 • 0.025 
0.144 • 0.019 

0.106 i 0.015 

0.092 • 0.014 

0.082 • 0.015 
nTn+O.O19 

. . . . .  0011 
0.19e+0.049 

" ~ ' - 0 . 0 3 9  
ftER+O.073 

. . . .  - 0 . 0 4 9  

*) The quoted errors are a combination of statistical and systematic errors. 

Table 5.28: Positron Fraction v/s Energy at Top of Atmosphere (ToA). 
The measurement was made from Ft. Sumner, NM (USA) May 28-29, 1998 

with the CAPRICE-98 (Boezio et al., 1999). 

Energy Range at 
Instrument 

[GeV] 

2.5 - 3.0 
3.0 - 4.0 
4.0 - 5.5 

5.5 - 8.0 
8.0- 12.0 
12.0- 25.0 

Observed 
Number 

e + e - 

14 67 
16 169 
12 223 
12 155 

5 7O 
3 52 

Median Energy 
at ToA 

[GeV] 

4.09 
5.19 
6.96 
9.77 
14.43 
25.04 

Positron 
Fraction 

e+/(e + + e-) 

0 N79+01058 
.... - 0 . 0 4 5  

0 N ~ 2 + 0 . 0 2 3  
. . . . .  0.018 

0 f~ge+O.019 
. . . . .  0.014 

0 . 0 5 1  +0 .026  
-0.020 

0.041 +o.o41 0.026 
0 n~a+o.048 

. . . .  - 0 . 0 2 7  

primary electron flux which is subject to interactions, producing atmospheric 
secondaries in electromagnetic cascading processes that  contaminate the pri- 
mary beam. The secondary contribution must be properly accounted for and 
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Table 5.29: Intensities of Atmospheric Secondary Negatrons and Positrons 
at 5.7 g cm -2 (HEAT-94) (Barwick et al., 1998). 

Energy 
[G~V] 

5.0- 6.0 
6.0- 8.9 

8.9- 14.8 
14.8- 26.5 
26.5- 50.0 

50.O- 100.0 

Intensity [m-2s-tsr-lGeV -1] 
e 

(1.8 + 0.6)- 10 -2 
(7.6 :e 2.3). to -3 
(2.1 • o.6). l0 -3 

(4 + 1). 10 -4 
(7 4- 2)- 10 -5 

(1.1 • o.7). to -5 

I e+ . 

(2.4 4- 0.6). 10 -2 
(9.7 4- 2.2)- 10 -3 
(2.5 + o.7). lo -3 
(5.3 4- 1.1)- 10 -4 

(9 4- 2)- 10 -5 
(1.2 4- 0.7)- 10 -5 

, ,  

Table 5.30: Secondary to Primary Electron Ratio at 6 gcm -2 
(HEAT-94) (Barwick et al., 1998). 

Energy 
[GeV] 

4.5- 6.0 
6.0 - 8.9 

8.9- 14.8 
14.8- 26.5 
26.5 - 50.0 

Ratio (Secondary / Primary) 
Monte Carlo 

0.04 4- 0.01 
0.04 4- 0.01 
0.04 4- 0.01 
0.05 4- 0.01 
0.06 4- 0.02 

Measured 

0.04 + 0.03 
0.04 + 0.03 
0.01 i 0.03 
0.01 + 0.03 

subtracted from the total flux to obtain the primary intensity. 

Barwick et al. (1998) have determined the contribution of secondary 
negatrons and positrons under an overburden of 5.7 g cm -2 in the energy 
range between 5 and 100 GeV. The results are given in Table 5.29. The 
same authors give also the measured and theoretically expected ratios of 
secondary to primary electrons (e + + e-) at an atmospheric depth of 6 g cm -2 
for different energy bins (Table 5.30). 

5 . 3 . 5  T h e o r e t i c a l  C o n t r i b u t i o n s  

Various astrophysical objects and processes have been proposed by numerous 
authors as sources of cosmic ray electrons. However, it is generally believed 
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and very likely that apart form discrete sources that inject electrons into 
the interstellar space the bulk of the cosmic ray positrons presumably arise 
from collisions of primary protons and nuclei with interstellar matter. Their 
intensity and energy spectrum can therefore be calculated on the basis of 
cosmic ray propagation models. In order to compare predicted spectra in 
the Galaxy with observations made in the vicinity of the Earth one has to 
account properly for solar modulation effects. 

In addition energy losses due to synchrotron radiation and Compton col- 
lisions lead to an equilibrium spectrum which is steeper than the source 
spectrum above some critical energy which depends on the average diffusion 
time from the Galaxy, the average strength of the galactic magnetic fields 
and the energy density of the electromagnetic radiation (Ramaty and Lin- 
genfelter, 1966; Shen 1967; Jokipii and Meyer, 1968; Simnett and McDonald, 
1969). 

Many authors have carried out calculations to estimate flux and spectral 
features of the electron component in the Galaxy as well as in the vicinity of 
the Earth, taking into account the effects of solar modulation, and calculated 
the positron to negatron ratio, using quite different cosmic ray propagation 
and modulation models (Perola and Scarsi, 1966; Perola et al., 1967; Webber, 
1967; Ramaty et al., 1970; Cowsik and Wilson, 1973; Bulanov and Dogiel, 
1974; Badhwar and Stephens, 1976; Ginzburg and Ptuskin, 1976; Owens, 
1976; Ramaty and Westergaard, 1976; French and Osborne, 1976; Giler et 
al., 1977; Owens and Jokipii, 1977; Peters and Westergaard, 1977; Stecker 
and Jones, 1977; Lezniak and Webber, 1979; Tan and Ng, 1981a and 1981b; 
Protheroe, 1981; Webber, 1987; Chi et al., 1995; Atoyan et al., 1995). 

The results of some predictions have been included in a number of fig- 
ures presented in this section, showing measured spectra and charge ratios 
(Anand et al., 1968 and 1970b; Cummings et al., 1973; Buffington et al., 
1975; Nishimura et al., 1980; Stephens, 1981; Protheroe, 1982; Stephens, 
1985; Dogiel et al., 1986; Stephens and Golden, 1987; Clem et al., 1996). 
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Figure 5.40" Energy spectrum of primary cosmic ray electrons, (e + + e-),  
on top of the atmosphere. Shown is a compilation of data from different 
experiments as listed below (Fanselow et al., 1969 and 1971). Curve C is a 
combination of a theoretical spectrum derived from non-thermal radio emis- 
sion of electrons (below 5 GeV) and a power law fit to the data above 5 GeV 
(Anand et al., 1968; see text). 
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Figure 5.42: Compilation of differential energy spectra of electrons in the 
primary cosmic radiation measured by different experiments as listed below. 
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Figure 5.44: Measured differential energy spectrum of positrons in the pri- 
mary cosmic radiation compared with predictions from different models. 
Curve A is the result of the modified closed galaxy model (MCGM) with 
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E are for dark matter annihilation, curve D for higgsino and curve E for 
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Figure 5.45: Positron,  negatron and all-electron spectra obtained from several 

exper iments ,  as l isted below. The  date  apply to the top of the atmosphere .  
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Figure 5.46: Compilation of experimentally determined primary electron in- 
tensities on top of the atmosphere multiplied by the energy to the third 
power and plotted as a function of energy. This representation spreads the 
differences between the various experiments. Curve C shows the electron 
spectrum resulting from the contributions of all nearby supernovae according 
to a model calculation of Nishimura et al. (1997) (see also Ormes and Freier, 
1978; Nishimura et al., 1995 ). The enclosed region R marks the electron 
spectrum calculated by Webber et al. (1980) from intensity measurements 
of the diffuse galactic radio continuum. 
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Figure 5.47: Compilation of mostly recent electron energy spectra (positrons 
and negatrons combined) at the top of the atmosphere. Note that the in- 
tensities are multiplied by the energy to the third power. The plot includes 
data from the following experiments. 
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Figure 5.48: Positron fraction of cosmic ray electrons on top of the atmo- 
sphere as a function of energy. The experimental points are as listed below. 
The curves represent predictions from different model calculations: A is for 
the leaky box model, B for the halo and C for the dynamical halo model 
(Protheroe 1982, after Miiller and Tang 1985); D is the ratio obtained by 
Cummings et al. (1973) using the non-thermal radio background and the 
positron calculation of Ramaty and Lingenfelter (1968), and E is the re- 
sult expected from all interactions of cosmic ray protons and nuclei with the 
interstellar gas (Buffington et al., 1975). 
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(Stephens and Golden, 1987). Curve C is the result of the non-uniform model 
(Tan and Ng, 1983), and line D is for acceleration in dense clouds (Dogiel et 
al., 1986) (after Stephens and Golden, 1987). 

�9 Fanselow et al. (1969) 
/X Buffington et al. (1975) 

o Golden et al. (1987) 
v Miiller and Tang (1987) 



5.3. ELECTRONS (POSITRONS AND NEGATRONS) 791 

1 0  0 i i i i i i  I i , i i i i i i  i i , i i i , i i  i , t i i i i , •  

I 

111 i 

+,~ / C 1  

~ 1 " -  _ 

I 

.o_ -- , 

rr" - i 
L~ 

t-- - c 2  " 
o 
11,... 

0 - 2  1 - -  O 
Q- : I : 

: L _ 
I l l l " l  I I I l l l l l l  I I I I t l l l l  I I l l l l l l  

10 -1 10 0 101 10 2 

Energy [ GeV] 

Figure 5.50: Compilation of the results of positron fraction measurements 
as listed below. Included are most of the available data from balloon-borne 
magnetic spectrometer measurements and from measurements of Agrinier 
et al. (1969) and Miiller and Tang (1985 and 1987) using the geomagnetic 
east-west asymmetry. The solid curve P is the prediction of the leaky box 
model of Protheroe (1982) and the two dashed curves C1 and C2 show the 
boundaries of the effect of solar modulation from the work of Clem et al. 
(1996). The date apply to the top of the atmosphere. 
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Figure 5.51: This figure is an expanded plot of Fig. 5.50, showing only the 
results of the most recent measurements of the positron fraction. Note that 
the symbol of the data of Barwick et al. (1995) was changed for better 
legibility. In addition we have added the date of Basini et al. (1995). The 
central cluster of data points at 7 GeV and ratio 0.067 includes 4 data points; 
one data point each of the work of Golden et al. (1987), Barwick et al. (1995), 
Golden et al. (1996), and Barwick et al. (1997). The curves P, C1 and C2 are 
the same as those in Fig. 5.50. The date apply to the top of the atmosphere. 
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5.4 X- and G a m m a  Rays 

5.4.1 Introduct ion 

It was the discovery of radio emission from the Milky Way by Jansky in 1932 
(Jansky, 1932, 1933a and 1933b) that marks the beginning of the systematic 
search for electromagnetic radiation from space other than optical. Even- 
tually, these efforts led to the discoveries of galactic and extragalactic radio 
sources, the 21 cm hydrogen line, radio galaxies and finally to the discovery 
of X- and gamma radiation (Giacconi et al., 1962; Kraushaar et al., 1972) 
and the cosmic microwave background radiation (CMBR) (Penzias and Wil- 
son, 1965). The term gamma ray is a generic one that includes photons of 
energy >0.511 MeV. 

The spectrum of electromagnetic radiation from space covers an enormous 
range, over more than 30 orders of magnitude, from radio waves to ultrahigh 
energy gamma rays. This is illustrated in Fig. 5.52 which shows the so- 
called grand unified photon spectrum (GUPS) of the diffuse extragalactic 
background radiation (DEBRA) (Ressell and Turner, 1990). This spectrum 
was assembled from data obtained by many separate experiments through 
the years. 

Modern astronomy employs the entire range of the electromagnetic spec- 
trum from radio waves to gamma rays. Each spectral range provides infor- 
mation, which is unique and cannot be obtained by other means. Gamma 
radiation represents the most energetic part of the electromagnetic spectrum 
and yields direct information about high energy processes in the Universe. 

X- and gamma ray astronomy are complementary to cosmic ray parti- 
cle physics and open completely new perspectives that can help to reveal 
locations of potential sources of cosmic rays. During the past two decades 
these disciplines have evolved rapidly into vast and highly specialized fields 
of science. 

Since charged particles are subject to deflection when propagating in 
magnetic fields, the arrival direction of charged cosmic rays cannot reveal 
the direction of location of their source because of the presence of randomly 
oriented magnetic fields in space. On the other hand, gamma rays are not 
deflected by magnetic fields and are therefore pointing toward their source. 

Nevertheless, like charged particles, gamma rays, too, are subject to in- 
teractions with the photon fields in space and interstellar matter (cf Chapter 
5, Section 5.2). As a result they cannot propagate indefinitely without being 
scattered and loosing a large fraction of their energy. 
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The cross section for a photon- photon head on collision between a photon 
of energy E~ and a background photon of energy Eb, for the production of 
pairs of particles with mass m is given by (Wdowczyk et al., 1972; see also 
Jauch and RShrlich, 1955) 

81 = rr02 ~ 21n - 1  

for w >>  m, i.e., in the extreme relativistic region, and 

(5.6) 

m 2) ~/2 

for w close to m, i.e., in the classical region. In either case 
e 2 

w -  v / E ~ E b  (5 .8 )  a n d  ro = 
m c  2 

For the interaction length we can write 

(5.7) 

(5.9) 

1 
)~im = - -  (5.10) 

nff  

where n is the number of target photons per unit volume. 

Figure 5.53 shows the energy dependence of the interaction length, ~int, 
of photons with the various electromagnetic radiation fields in space. The 
most important process is electron pair production but at a sufficiently high 
value of E7 muon pair production sets in, too. 

Gamma ray experiments are carried out in space on board of satellites, at 
the fringes of the atmosphere with balloon-borne instruments and at ground 
level. Space and balloon-borne gamma ray astronomy extends over more 
than five orders of magnitude in energy and aims at the low energy radiation 
that cannot be detected at ground level because of atmospheric absorption. 
It is based on direct detection of the photons with spectrometers whereas 
ground-based measurements employ indirect methods, such as air shower 
techniques, mostly air Cherenkov methods for the energy range from ~100 
GeV to N 100 TeV, and common air shower arrays or hybrid systems at higher 
energies. 

At present the energy range between about 10 GeV and a few 100 GeV is 
difficult to explore. The rapidly decreasing event rate with increasing energy 
and the size and weight limits of conventional satellite detectors sets an upper 
energy limit to space-bound spectral gamma ray investigations. On the other 
hand the low energy cutoff for ground-based measurements using the air 
Cherenkov technique is given by the column density of the atmosphere, its 
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absorption properties, and the detector sensitivity. Presently the installation 
with the lowest threshold for ground based observations is the Cangaroo 
narrow-beam imaging Cherenkov telescope at Woomera (Australia) (160 m 
a.s.1.) (Bhat, 1997; Matsubara, 1997), and for conventional arrays it is the 
air shower array at Yangbajing in Tibet (Amenomori et al., 1999a; Yuda, 
1996). 

In the following, after a brief general survey, we present a summary of 
recent data on the diffuse galactic and cosmic gamma ray background. This 
is followed by a few comments on point sources, including a limited set of 
tabulated data of low and high energy gamma ray sources. As examples we 
present some spectral data of the Crab Nebula and pulsar, and of Markarian 
501. Finally, we outline the relevance of gamma ray line spectra. 

We do not elaborate on the vast and rapidly evolving subjects of X- and 
gamma ray astronomy, nor do we discuss the many discrete sources and their 
individual properties. We only give a general overview, focusing mostly on 
gamma radiation. The interested reader is referred to the detailed literature 
for these and related topics, such as the books by P.V. Ramana Murthy and 
A.W. Wolfendale (1993), Hillier (1984), Chupp (1976), and Stecker (1971), 
as well as conference proceedings and reviews (e.g., Weekes, 1988; Triimper, 
1993; Ong, 1998; Buckley, 2000). A short but interesting account of the early 
history of gamma ray astronomy is given by Pinkau (1996). 

5 . 4 . 2  G e n e r a l  S u r v e y  o f  G a m m a  R a d i a t i o n  

When discussing cosmic gamma ray sources we distinguish between point 
sources, extended sources, and the diffuse galactic and diffuse cosmic radi- 
ation. Superimposed on a continuum are ")-ray emission lines that signal 
the presence of distinct radioactive isotopes which reveal locations where 
nucleosynthesis or nuclear reactions are taking place, and positron-electron 
annihilation lines. 

Since the discovery of the first X-ray source by Giacconi et al. (1962) and 
the discovery of Kraushaar et al. (1972) who showed that the Milky Way 
could be seen in the light of gamma rays, a large number of experiments 
had been carried out, covering the spectral range from some 10 keV to PeV, 
using all available techniques, to search for gamma ray sources. Balloon and 
space-borne measurements explore the energy region up to ~30 GeV whereas 
ground-based measurements cover the range above a ~.,100 GeV, as explained 
earlier. Besides carrying out general searches for distinct X- and gamma ray 
sources in space, the galactic center but also particular objects in our own 
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Galaxy as well as extragalactic objects and the diffuse background were the 
targets of intense scientific investigations during the past two decades. 

The COS-B detector made the first complete gamma ray map of the Milky 
Way and the Compton Observatory carried out the first all-sky survey. The 
latter, which has a sensitivity that is about ten times higher than that of 
COS-B, produced the first all-sky gamma ray map in the energy window 
from about 1 MeV to more than 1 GeV and acquired a great wealth of new 
data (cf SchSnfelder, 1993a, 1993b, 1996 and references listed therein). The 
systematic analysis of the data from this experiment revealed that spin-down 
pulsars and X-ray binaries are the most intense permanent sources in our 
Galaxy and that the interstellar medium itself is a strong, though extended 
source of radiation. 

In addition, supernova remnants and interstellar clouds had been iden- 
tified as gamma ray contributors superimposed on the large-scale emission, 
and a large number of gamma ray lines from nucleosynthesis and nuclear 
reactions have been observed, mostly in the direction of the galactic cen- 
ter. In extragalactic space gamma ray blazars, i.e., certain types of active 
galactic nuclei (AGN) emitting high energy gamma rays, had been discovered 
(Hartman et al., 1999), and measurements of the diffuse cosmic gamma ray 
background have been significantly improved in recent years. On the other 
hand, the origin of cosmic gamma ray bursts, i.e., short astrophysical bursts 
of MeV gamma radiation, remains uncertain. They seem to be of cosmo- 
logical origin and it appears that at least some are correlated with high-z 
(redshift) extragalactic objects (Piran, 1999). 

The galactic plane stands out clearly against the rest of the sky. Part 
of its emission is due to discrete sources, the brightest are Crab, Geminga, 
Vela and the Cygnus region. The dominant galactic emission, however, is at- 
tributed to the diffuse galactic component that comes from interstellar space. 
Superimposed on this radiation is the diffuse cosmic gamma ray background. 
There are many discrete sources at medium and high galactic latitudes. Most 
of them are gamma ray blazars. 

It is worth noting that there are sources which are visible only at low 
energies and not at high energies, and vice versa; in addition, there seems to 
be much more structure and scattering at low energies. At higher energies 
the emission shows a stronger concentration towards the galactic plane. Most 
of the sources along the galactic plane remain unidentified. 

The ground-level work focuses mostly on the search for ultra high energy 
sources that could be potential sources of energetic cosmic rays. The first 
upper limits of the diffuse ultra high energy gamma ray background were 
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determined by Toyoda et al. (1965) with the air shower installation at Mt. 
Chacaltaya (5200 m a.s.1.) in Bolivia and by Firkowski et al. (1965) with the 
installation at Lodz (s.1.) in Poland, using so-called muon-poor air showers. 

Subsequently high energy point sources such as the Crab Nebula and 
Pulsar , and others were discovered (Weekes et al., 1989). Some of the 
sources appear to have ceased their one-time high activity, such as Cygnus 
X-3 (Vladimirsky et al., 1973; Neshpor et al., 1979; Samorski and Stamm, 
1983, and Protheroe, 1987). For reviews of ground-based high energy gamma 
ray astronomy the reader is referred to the articles by Weekes (1988), Dogiel 
(1996), Bhat (1997) and Ong (1998), and proceedings of workshops (see 
Kifune, 1995 and 1996; VSlk and Aharonian, 1996; de Jager, 1997; Buckley, 
2000; Dorman, 2000). 

5.4.3 Diffuse Galact ic  G a m m a  Radiat ion  

The diffuse galactic continuum emission is believed to be primarily due to 
interactions of cosmic ray nuclei with interstellar matter. The galactic plane 
stands out clearly with respect to the rest of the Galaxy at all energies. 
Superimposed on the diffuse galactic radiation is the contribution from the 
extragalactic diffuse radiation which is usually taken as being isotropic. The 
two are difficult to separate, as will be discussed later. In addition there are 
low energy photons. 

The three major components of the diffuse galactic gamma ray emis- 
sion are a) from the decay of neutral pions (r0) that result chiefly from 
nuclear interactions of cosmic rays with the interstellar medium, b) from 
bremsstrahlung of cosmic ray electrons, and c) from inverse Compton scat- 
tering of cosmic ray electrons with photons of the galactic radiation fields. 
Measurements of the intensity of the diffuse gamma radiation yield informa- 
tion on the cosmic ray and matter (hydrogen) densities and on the density 
gradient of the cosmic radiation. 

An early compilation of data on the differential energy spectrum of the 
diffuse gamma radiation for high galactic latitudes and the energy range from 
100 keV to 1 GeV was made by Fichtel et al. (1978) and is illustrated in 
Fig. 5.54. In this work an attempt was made to estimate the fractions of the 
contributions from the isotropic and galactic components. 

More recently, the gamma ray spectrum of the inner part of the Galaxy 
(Ill < 60 ~ has been measured over the entire space-borne gamma ray as- 
tronomy range from about 100 keV to over 10 GeV and is shown in Fig. 
5.55. The data include results from SIGMA at low energies, from COMP- 
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TEL at medium energies, and from COS-B at high energies (Strong et al., 
1994; SchSnfelder, 1996). 

In the analysis of the COMPTEL data the authors have assumed that 
the gamma ray intensity from the direction of the galactic plane contains 
five different components: the neutral hydrogen component, the molecular 
hydrogen component, the inverse Compton component, a contribution from 
gamma ray sources and a contribution from the cosmic diffuse background. 
The resulting intensity spectrum from the inner Galaxy (-60 ~ < l < +60 ~ 
-20  ~ < b < § ~ connects well to the SIGMA spectrum at lower energies 
and to the COS-B spectrum at higher energies. 

Also indicated in Fig. 5.55 are theoretical predictions for the contribu- 
tions of electron bremsstrahlung, inverse Compton scattering, and 7r~ 
to the X- and gamma ray flux. The two electron induced components were 
calculated from the equilibrium cosmic ray electron spectrum derived from a 
three-dimensional diffusion model (Strong et al., 1996). The sum of the three 
theoretical components gives a reasonable fit to the overall spectrum. It ap- 
pears that below 1 MeV and above 100 GeV the inverse Compton component 
dominates even within the galactic plane. 

A similar but still more recent analysis of data from the COMPTEL 
and EGRET instruments of measurements of the inner Galaxy, taken over 
a somewhat smaller longitudinal region and lower galactic latitude range, is 
presented in Fig. 5.56 (Strong et al., 1999a; see also Strong et al., 1996 and 
Paul, 1997). Note that the ordinates of Figs. 5.55 and 5.56 are multiplied 
with E 2 to emphasize the slope variations of the spectrum. 

A summary of spectral measurements at high galactic latitudes towards 
the galactic poles (Ib] > 70 ~ for Zh -- 4 kpc is shown in Fig. 5.57 together with 
predicted spectra from the main contributing processes, from a calculation 
of Strong et al. (1999a). 

Figures 5.58 and 5.59 are two additional plots showing compilations of 
diffuse galactic gamma ray spectral measurements. In the first (Fig. 5.58) 
the data are shown in the usual double logarithmic representation whereas in 
the second (Fig. 5.59) the flux is multiplied by the energy squared (Purcell et 
al., 1995 and 1996). The galactic region from where the data were collected 
are indicated. In either figure the 511 keV positron-electron annihilation line, 
discussed later, is evident. 

In Fig. 5.60 we show an evaluation of data from the EGRET instrument 
of measurements of the diffuse emission of the inner Galaxy (300 ~ < l < 60 ~ 
Ibl < 10 o) (N 0.73 sr) which covers the energy range from about 30 MeV 
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Table 5.31' Diffuse Cosmic Gamma Ray Intensities. 
(SchSnfelder et al., 1980) 

Energy 
[MeV] 

1.1 - 2.0 
2 - 3  
3 - 5  
5-  10 

10- 20 
. .  

Intensity 
[cm-2s-lsr-lMeV -1] 

(1.2 :i= 0.7). 10 -2 
(4.8 :[: 2.0). 10 -a 

(1.75 + 0.6). 10 -3 
(6.7  + 2.5). lO 
(5.4 d: 5.0). 10 -5 

to 50 GeV. Shown, too, are the contributions from the different processes 
according to a model calculation (Hunter et al., 1997). 

5 . 4 . 4  D i f f u s e  C o s m i c  G a m m a  R a d i a t i o n  

The determination of the cosmic background radiation is a very difficult 
task. The reason is that an absolute measurement is required and that the 
background problem is extremely serious. Measurements must be made with 
the instrument pointing away from the galactic center and disk, at high 
galactic latitude, and preferentially in the direction of the galactic anti-center 
(90 ~ _<l _< 270~ 

In Table 5.31 we give the results of a measurement of the diffuse cosmic 
gamma ray component with the balloon-borne large-area Compton telescope 
of SchSnfelder et al. (1980). 

From these and earlier measurements it is known that the diffuse cosmic 
gamma ray background spectrum exhibits the so-called Me V-bump. Several 
processes were suggested to explain the feature. However, according to Kap- 
padath et al. (1995) the analysis of the COMPTEL data does not support 
the existence of the bump above 2 MeV. 

The data are consistent with extrapolations from higher and lower ener- 
gies. Between 0.75 and 1.8 MeV only upper limits exist. These limits still 
allow for a small bump, but only in this small energy interval, as is shown 
in Fig. 5.61 (Kappadath et al., 1995). Figure 5.62 shows the spectrum of 
the diffuse cosmic X- and gamma ray background radiation assembled from 
measurements of several experiments (SchSnfelder, 1996). 

Kappadath et al. (1995) show that adding the 5 GV rigidity dependent 
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background measured with COMPTEL to the diffuse cosmic gamma ray 
component yields flux levels that agree well with the earlier balloon mea- 
surements of White et al. (1977) and SchSnfelder et al. (1980), carried out 
from Palestine, Texas (rigidity 5 GV) (Fig. 5.61). It is therefore concluded 
that the balloon data contained an unidentified instrumental background 
component. A similar effect could explain the MeV bump that was observed 
in the Apollo XV data, since the measurement was performed at a cutoff 
rigidity that was essentially zero (Trombka et al., 1977). 

The origin of the diffuse cosmic gamma ray background remains an open 
question. The gamma ray measurements of AGNs raise the question whether 
a real diffuse component is still needed to understand the cosmic background 
spectrum. Unresolved blazars and AGNs may explain at least part of the 
high energy gamma ray background, as Quasars and Seyfert galaxies have 
explained most of the X-ray background. 

An estimate of the contribution of galaxy clusters to the diffuse cosmic 
gamma ray background has been made some time ago by Houston et al. 
(1984). These authors obtain for the contribution of clusters out to a Hubble 
radius of 6000 Mpc to the universal gamma ray flux, J'y,EG, assuming no 
evolutionary effects, values of 

J~,~G(35- 100 MeV) ~_ 6.3.10 -4 photons cm -2 s -1 (5.11) 

and 

J'~,EG(> 100 MeV) ~_ 1.1.10 -4 photons cm -2 s -~ . (5.12) 

Thus, they conclude that the cluster contribution can amount to a sig- 
nificant fraction. 

5 . 4 . 5  P o i n t  S o u r c e s  

In Table 5.32 we show an older list of very high energy gamma ray sources 
which have been observed with ground based installations (Weekes, 1988). 
Some relevant parameters, including the nature of the sources and the gam- 
ma ray flux at a particular energy are given. A more recent list, shown in 
Table 5.33, produced by the HEGRA group has also been included (Karle et 
al., 1995). 

Unfortunately many of the high energy point sources have not been seen 
at comparable levels since their discovery and seem to have faded away. The 
most prominent example is Cygnus X-3, illustrated in Fig. 5.63 (Borione et 
al., 1995; see also Hillas, 1996). Shown are the initially estimated integral 
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Table 5.32: List of Very High Energy Gamma Ray Point Sources 
(Weekes, 1988) 

Source Periodicity Hemi- Energy 
sphere 

Pulsars 

Crab 
Vela 
PSR 1937+21 
PSR 1953+29 
PSR 1802-23 

33 ms 
89.2 ms 
1.56 ms 
6.13 ms 
112 ms 

Binary X-Ray Sources 

Cygnus X-3 

Hercules X-1 

4U0115§ 
Vela X-1 

Cen X-3 
LMC X-4 

4.8 h 

1.24 s 

3.61 s 
8.96 d 

2.09 d 
1.41 d 

Supernova Remnants 

Crab Nebula 

N 1 TeV 
S 1 Tev 
N 1 Tev 
N 1 TeV 
S ! 1TeV 

Radio Galaxies 

N 1 TeV 
m 100 TeV 

1 PeV 
N 1 Tev 

0.5 PeV 
N 1 TeV 
S 1 TeV 
S 3 PeV 
S ? PeV 
S 10 Pev 

steady N 1 TeV 
variable 1 PeV 

Flux 
[r 

Distance 
[kpr 

4.10 -12 
3-10 -12 
2. I0-11 

1.2.10 -12 
2.3. I0 -I0 

2.0 
0.5 
5 

3.5 
2.7 

5-10 -11 
10-13 

2-10 -14 
3-10 - 1 1  

3.10 -12 
7-10 -11 
2-10 - 1 1  

9- 10 -15 
? 

5-10 -15 

> 11.4 

5 
1.4 

10 
50 

1-10 - 11  

1- 10 -13 

CenA I steady I S  I 4.10-12 44O0 

flux levels derived from measurements made with the Kiel and subsequently 
the Haverah Park array and an anticipated spectrum (curve C) (Samorski 
and Stamm, 1983; Lloyd-Evans et al., 1983). Also plotted are upper limits 

determined with other installation during later epochs. 

Significant galactic point sources are the Crab Nebula and pulsar, the 
Vela pulsar, Cyg X-l, the Gregory-Taylor radio source GT 0236+610 (COS-B 
source 2CG135§ and a strong unidentified source at 1-18 ~ Extragalactic 
sources include 3C273 and Cen-A. In addition the region around the Large 
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Table  5.33: F lux  Limits  of some G a m m a  Ray Point  Source Cand ida te s  

(Karle et al., 1995) 

�9 ) a**) F 
Object Eth Flux 

[WeV] [.10 -13 cm-2s -11 
i ! t 

Cygnus X-3 25.1 1.16 4.09 
Cygnus X-1 24.1 -0.79 1.97 
Hercules X-1 23.3 -0.54 2.24 
Crab-Nebula 24.2 -0.78 1.78 
Geminga 24.3 -0.03 2.38 
AM Her 27.8 1.79 4.59 
AE Aqr 33.5 0.77 3.44 
V404 Cyg 24.3 0.44 3.20 
SS Cyg 25.9 -0.14 2.46 
SS 433 28.1 -0.09 2.64 
4U 0115+63 52.2 -0.88 1.09 
1E 2259+586 40.6 -1.15 1.14 
PSR 1855+09 26.2 -1.10 1.77 
PSR 1937+21 24.2 -0.91 1.92 
PSR 1953+29 23.9 0.42 3.27 
PSR 1957+20 24.1 -1.06 1.84 
2CG 028+15 31.2 1.70 4.92 
2CG 034+00 33.3 -2.16 1.02 
2CG 054+03 23.8 -0.48 2.32 
2CG 070+06 24.1 -1.51 1.51 
2CG 076+00 24.6 1.46 4.67 
2CG 078+02 24.8 -0.03 2.62 
2CG 082+03 26.2 1.22 4.05 
2CG 135+01 41.5 0.73 2.65 
2CG 139+00 39.6 -0.73 1.25 
NGC 4151 25.2 1.39 4.27 
3C 273 33.2 -0.17 2.29 
3C 279 29.7 0.59 3.23 
Mrk 421 25.3 -1.71 1.24 
Mrk 501 24.0 0.79 3.72 
Mrk 1505 25.7 -1.50 1.34 
Mrk 1506 30.0 -1.15 1.46 
QSO 2200+420 25.8 -0.64 2.01 
PKS 0528+134 25.4 1.07 3.70 
PKS 2251+158 25.0 1.24 4.71 

*) Eth Energy threshold for 50% detection efficiency. **) a Statistical significance. 

Magel lanic  Cloud (LMC) shows enhanced emission of an unknown nature .  Of  

the  firmly es tabl ished point  sources the Crab  has become a sort  of reference 
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source or "standard candle". 

In Fig. 5.64 we show the differential energy spectrum of the Crab Nebula 
over the energy range from 100 keV to 100 TeV. It is the most significant 
galactic gamma ray source. The continuous curves indicate the contributions 
from different processes according to model calculations of de Jager et al. 
(1995). A compilation of new differential flux data of the Crab Nebula is 
presented in Fig. 5.65 and the flux detected with the HEGRA detector is 
given in Table 5.34 (Aharonian et al., 2000). According to these authors the 
Crab spectrum can be fitted in the energy range between 1 and 20 TeV by a 
simple power law as given below with energy E in units of TeV. 

dE 
---- (2.79 :i: 0.02 :t: 0 .5 ) .  10-11E (-2'59+~176177176176 [ph cm -2 s -1 TeV -1] 

A fit with a logarithmic steepening of the power law spectrum yields 

dE 
= (2.67 • 0.01 :t: 0.5) �9 10-11E (-2"47:i:O'1•176 

[ph cm -~ s -1 TeV -1] (5.14) 

The integral spectrum of the Crab Nebula is given in Fig. 5.66, and a 
compilation of data points from ground-based measurements, covering the 
high energy range from 0.3 TeV to almost 100 TeV, and upper limits to 1 
PeV, in Fig. 5.67. Finally the spectrum of the Crab pulsar is shown in Fig. 
5.68. 

Spin-down pulsars are known to be isolated rotating neutron stars and 
gamma ray emitters. It is interesting to note that the peaks of the light curves 
in the different wavelength regions of the spectrum, i.e., optical, radio, X- 
and gamma ray, of many objects are not in phase. An exception is the Crab 
pulsar where the different wavelength regimes are in phase. 

Active galactic nuclei (ANG) are the most powerful compact objects in 
the Universe. A supermassive object, probably a black hole, is presumably 
located at the center of each, and the accretion of matter is most likely the 
power source. The EGRET instrument detected about 50 AGNs with blazar 
properties (Fichtel, 1996). A list of strong AGN sources is given by Hunter 
(1995) and is reproduced in Table 5.35. 

Powerful high energy extragalactic gamma ray sources are Markarian 421 
(Punch et al., 1992) and Markarian 501 (Quinn et al., 1996). Of these two 
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Table 5.34: Crab Nebula Differential Gamma Ray Spectrum. 
(Aharonian et al., 2000) 

Energy 
[WeV] 
0.65 
0.87 
1.16 
1.54 
2.05 
2.74 
3.65 
4.87 
6.49 
8.66 
11.55 
15.40 
20.54 

. . . . .  

dJT/dE 
[ph cm -2 s -1 TeV -1] 

7.44-10 - t l  
3.74.10 -11 
1.95-10 -11 
9.25-10 -12 
4.25-10 -12 
2.20.10 -12 
9.78-10 -13 
4.43.10 -13 
2.32-10 -13 
1.20-10 -13 
5.64-10 -14 
2.28-10 -14 
1.14-10 -14 

Gstat 
[ph cm -2 s -1 TeV -1] 

5.25- 10 -12 
2.50-10 -12 
1.39-10 -12 
1.58-10  -13 
1.03-10 -13 
7.72.10 -14 
5.17-10 -14 
3.25.10 -14 
3.40.10 -14 
2.45-10 -14 
1.68.10 -14 
1.07.10 -14 
7 .55 .10  -15 

O'syst 
[ph cm -2 s -1 TeV -1] 

(+2 .31-  1.79)- 10 -11 
(+5.98 - 5.61) �9 10 -12 
(+1 .94-  1.94)-10 -12 
(+8.32 - 7.40) �9 10 -13 
(+3.42 - 2.97) �9 10 -13 

(+1.54)-10 -13 
(-4-5.87)-10 -14 

(~2.66). 10 -14 
(=t=1.39)- 10 -14 
(=t=7.19)- 10 -15 
(:t:3.38). 10 -15 
(+1.36)-10 -15 
(:l=6.85)- 10 -16 

relatively nearby sources (both have similar redshifts of z ~ 0.03), Mrk 501 

entered in March 1997 a state of remarkably flaring activity that  lasted for 
almost half a year exhibiting highly variable and strong gamma ray emission. 
In spite of the fact that Mrk 501 is approximately 100,000 times further 
away than Crab its TeV gamma ray flux frequently exceeded that of Crab 
by a factor of 2 to 10 (Amenomori et al., 1999b). Fig. 5.69 shows spectral 
measurements of this object made with several installations. 

5.4.6 Gamma Ray Line Spectra 

G a m m a  R a y  Lines  f rom N u c l e o s y n t h e s i s  a n d  N u c l e a r  R e a c t i o n s  

Gamma ray line spectroscopy is a powerful tool, for studying chemical ele- 
ment production and nuclear reactions in the Universe. A lists of the most 
important  radioactive isotopes that are produced in nucleosynthesis processes 
is shown in Table 5.36. The decay times range from a few months to more 
than one million years. 

Of particular interest is the radio isotope 26A1 with its 1.809 MeV gamma 
line. Due to its long decay time of 1.04.106 years 26A1 traces galactic nucle- 
osynthesis processes over the past million years. The COMPTEL telescope 
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Tab le  5.35" S t rong  A G N  G a m m a  Sources De tec ted  by E G R E T  

(Fichtel et eft., 1994; Hunter ,  1995) 

Source 
ID 

0202+149 
0208-512 
0234+285 
0235+164 
0420-014 
0446+112 
0454-463 
0528+134 
0537-441 
0716+714 
0804+499 
0827+243 
0836+710 
0954+658 
1101+384 
1156+295 
1219+285 
1222+216 
1226+023 
1253-055 
1313-333 
1406-076 
1510-089 
1606+106 
1611+343 
1622-253 
1633+382 
1739+522 
1741-038 
2022-077 
2052-474 
2230+114 
2251+158 

Flux 
E> 100 MeV 

[.10 -6 cm -2 s -1] 

0.26 4- 0.06 
1.1 =k 0.07 

0.16 4- 0.04 
0.82 4- 0.09 
0.45 -t- 0.10 
1.04 4- 0.19 
0.13 4- 0.03 
1.13 4- 0.08 
0.32 4- 0.08 
0.50 4- 0.12 

2.9 
0.18 4- 0.04 
0.34 4- 0.10 

0.20 
0.15 4- 0.03 
0.63 4- 0.15 
0.17 4- 0.04 
0.17 + 0.03 
0.14 4- 0.03 

2.7 • 0.1 
1.3 

0.97 4- 0.09 
0.21 4- 0.05 
0.33 4- 0.05 
0.33 4- 0.06 
0.42 4- 0.05 
1.00 4- 0.08 
0.36 4- 0.05 
0.23 4- 0.05 
0.63 4- 0.11 
0.25 4- 0.05 
0.27 4- 0.04 
0.81 4- 0.06 

Photon Other 
Spectral z Names 

Index 

2.5 4-0.1 
1.7 4- 0.1 

2.0 4- 0.2 
1.9 4- 0.3 
1.8 4- 0.3 

2.6 4- 0.1 
2.0 4- 0.2 
2.4 4- 0.3 

4C+15.05,PKS 
1.003 PKS 
1.213 4C+28.0,PKS 
0.94 OD+ 160,PKS 
0.92 OA 129,PKS 

PKS 
0.858 PKS 
2.06 OG+ 147,PKS 
0.894 PKS 

1.43 
2.046 

1.9 4- 0.4 2.17 4C+71.07 
1.7 4- 0.2 0.368 
1.9 4- 0.1 0.031 Mrk421 

0.729 4C+29.45 
0.102 ON 231 
0.435 4C21.35 

2.4 4- 0.1 0.158 3C273 
1.9 4- 0.1 0.538 3C 279 

1.21 
1.494 OQ-010,PKS 
0.361 OR-17,PKS 

2.2 4- 0.3 1.23 4C+10.45 
1.40 

PKS 
1.9 4- 0.1 1 . 8 1  4C+38.4 

1.38 4C+51.37 
i 1.054 OT-68,PKS 

1.5 4- 0.2 i NRAO 629 
1.489 PKS 

2.6 4- 0.2 1.037 CTA 102 
2.2 4- 0.1 0.859 3C 454.3 

p r o d u c e d  an all-sky m a p  in 1.809 MeV 26A1 emission lines. On this m a p  

the  galact ic  p lane  s tands  out  clearly. The re  is only weak emission of  the 

1.809 MeV line from m e d i u m  la t i tudes  and no measurab le  signal f rom high 

l a t i tudes  (SchSnfelder,  1996). 
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Table 5.36: Gamma Lines from Nucleosynthesis Processes 
(Sch6nfelder, 1996) 

Decay Chain 

56Ni --+56Co -~56Fe 
5ZNi --+57Co --+SZF e 
22Na ~22Ne 
44Ti ~44Sc ---+446a 
6OFe _.+60Co _.~60Ni 
26A1 --+26Mg 

Mean Life [y] 

0.31 
1.1 
3.8 
78 

2.2.106 
1.1.106 

Emission, "y [MeV] 
. . . . .  

e +, 0.847, 1.238 
0.014, 0.122 
e +, 1.275 
e +, 0.068, 0.078, 1.156 
0.059, 1.173, 1.332 
e +, 1.809 

511 keV Positron-Electron Annihilation Line 

The 511 keV positron-electron annihilation line is another important observ- 
able (Kinzer, 1996). Strong annihilation radiation signals the presence of 
high positron density and implies the presence of matter in interaction with 
the cosmic radiation. Observations from different positions along the galac- 
tic plane are consistent with the existence of a bulge component of about 
10 degrees radius around the Galactic center, and of a much thinner disk 
component along the plane. 

5 . 4 . 7  G a m m a  R a y  F r a c t i o n  o f  C o s m i c  R a d i a t i o n  

Several experiments have been carried out to determined the fraction of the 
isotropic gamma ray content in the total cosmic ray flux. The selection 
criterion in the search for gamma ray initiated showers when using air shower 
arrays is to look for muon-poor showers, i.e., showers that have a muon 
content which is typically _<5% of that of normal showers. In Fig. 5.70 we 
show a compilation of Sasano et al. (1999) of the isotropic gamma ray to 
cosmic ray ratio covering the primary energy range from about 30 TeV to 
104 TeV that includes the results of five different investigations. 
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Figure 5.52: The grand unified photon spectrum (GUPS) of the diffuse extra- 
galactic background radiation (after Ressell and Turner, 1990). The figure is 
a compilation of a large number of experimental data. For details see Ressel 
and Turner (1990) and references listed therein. 
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Figure 5.53: Interaction length, ~int, against photon energy for collisions of 
energetic photons with photons of the various radiation fields in space. Unless 
stated otherwise the process concerned is electron pair production (e+e-). 
Also shown is the interaction length for electrons by way of inverse Compton 
effect with black body photons (after Wdowczyk et al., 1972). 
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Figure 5.54: Compilation of early balloon and satellite data from measure- 
ments of the diffuse gamma ray spectrum (after Fichtel et al., 1978). The 
curves A, B and C are from the summary of Trombka et al. (1977), I and G 
are the isotropic and high latitude galactic components, respectively, and T 
is the sum. The trapezoidal fields, F, are the data of Fukada et al. (1975) 
(after Fichtel et al., 1978) . 
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V Bratolyubova et al. (1971) 

A Daniel et al. (1972) 
i Share et al. (1974) 
[3 Kuo et al. (1973) 
o Parlier et al. (1975) 
�9 Herterich et al. (1973) 
F Fukada et al. (1975) 
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Figure 5.55: The diffuse gamma ray spectrum of the inner Galaxy (300 ~ < 
l < 60~ integrated over Ibl < 20 ~ derived from COMPTEL data (Strong 
et al., 1994) together with values from COS-B (Strong et al., 1988). Also 
included are results from SIGMA around 1 = 315 ~ (Claret et al., 1995). 
The curves A, B, and C are theoretical spectra representing the contribu- 
tion from bremsstrahlung, r~ and inverse Compton effect, respectively 
(after SchSnfelder, 1996). 
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Figure 5.56: Gamma ray energy spectrum of the inner Galaxy (300 ~ < l < 
30 ~ , Ibl < 5 ~ compared with model calculations of Strong et al. (1999a) 
using an electron injection index of-1.8 and a modified nucleon spectrum. 
The curves show the contributions from the different processes considered, 
as indicated in the figure. The experimental data are from EGRET (Strong 
and Mattox, 1996), COMPTEL (Strong et al, 1999b) and OSSEE for l =  0 ~ 

and 25 ~ (Kinzer et al., 1999) (after Strong et al., 1999a). 
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Figure 5.57: Energy spectrum of gamma rays from high galactic latitudes 
(Ib I >_ 70 ~ all longitudes) for Zh = 4 kpc. The solid boxes apply to EGRET, 
total intensity from cycle 1-4 data. The COMPTEL high-latitude total inten- 
sity data are from Bloemen et al. (1999) (dashed boxes), Kappadath (1998) 
(dotted diamond shaped boxes) and Weidenspointner et al. (1999) (+). The 
curves represent the result of model calculations of Strong et al. (1999a) of 
the galactic gamma ray components due to bremsstrahlung, inverse Compton 
scattering and neutral pion decay (after Strong et al., 1999a). 
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tude within ~ 25 ~ of the galactic center. The 511 keV annihilat ion line and 
the posi t ron cont inuum also shown are observed primari ly within 10 ~ of the 
galactic center (after Purcell et al., 1995 and 1996). 

o, H Purcell et al. (1995, 1996) l = 0 ~ I Bloemen et al. (1994) and 
0, I Purcell et al. (1995, 1996) OSSE Strong et al. (1994) COMPTEL 

l = 25 ~ & 339 ~ A Fichtel et al. (1993) EGRET 
x Bertsch & Kniffen (1983) balloon El Mandrou et al. (1980) balloon 

F, G Harris et al. (1990) SMM /k Paul et al. (1978) COS-B 
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in Fig. 5.58 except  for the missing balloon and Ginga  da t a  (after Purcel l  et 

al., 1996). The  curve represents the d a t a  of the model  of Skibo et al. (1996). 

OSSEE ( - 5  ~ < / < 5 ~ ; - 2  ~ < b < 2~ Purcell et al. (1996) 

O~ O OSSEE (20 ~ < / < 30 ~ ; 334 ~ < / < 344~ - 2  ~ < b < 2~ 
Purcell et al. (1996) 

II C O M P T E L  ( -60  ~ < / < 60 ~ ; - 2 0  ~ < b < 20~ 
Bloemen et al. (1994) and Strong et al. (1994) 

E G R E T  ( -10  ~ < l < 10 ~ ; - 5  ~ < b < 5~ Fichtel et al. (1993) 

A COS-B ( - 5  ~ < l < 15~ ~ < b < 10~ Paul et al. (1978) 

A, B SMM ( -65  ~ < / < 65~ Harris et al. (1990) 

+ Ginga; x Welcome-i; Yamasaki et al. (1996) 
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Figure 5.60" Average diffuse gamma ray spectrum of the inner Galaxy re- 
gion, 300 ~ _ I < 60~ ]b I < 10 ~ (0.73 sr). Shown are the data of EGRET 
and results of model calculations. Curves NN, IC, EB and ID represent the 
lr ~ contribution from nucleon-nucleon interactions, inverse Compton scatter- 
ing, electron bremsstrahlung, and the isotropic diffuse emission, respectively. 
Curve M is the best-fit model calculation plus the isotropic diffuse emission 
(after Hunter et al., 1997). 
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Figure 5.61: The diffuse cosmic (extragalactic) gamma ray background be- 
tween 0.8 MeV and 30 MeV. Shown are the COMPTEL data in the direction 
of Virgo (l ,.~ 270 ~ b ~ 65 ~ together with results from earlier work, as indi- 
cated below. The dashed curve A is the extrapolation from the low energy 
measurements of Mazets et al. (1975), curves B and C are extrapolations 
from measurements at higher energies of Fichtel et al. (1975). Curve D is 
the sum of the COMPTEL diffuse cosmic and the 5 GV rigidity dependent 
background fluxes. The data of Trombka et al. (1977), White et al. (1977), 
and SchSnfelder et al. (1980) lie close to curve D (MeV-bump), implying that 
they contain unidentified background (after Kappadath et al., 1995). 

A Kappadath et al. (1995), COMPTEL o White et al. (1977), balloon 
El Sch6nfelder et al. (1980), balloon �9 Mazets et al. (1975), satellite 
A Lockwood et al. (1981), balloon o Trombka et al. (1977), satellite 
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Figure 5.62: The diffuse cosmic (extragalactic) X- and "),-ray background. 
The plot is the u. f (u) representation, showing the emitted power per decade 
of energy. The data are from ROSAT, ASCA, the Wisconsin group, HEAO-1, 
COMPTEL, and EGRET (after SchSnfelder, 1996). 

A Kappadath et al. (1995) 
(upper limits only) 

F1 Kappadath et al. (1995) 
o Kniffen et al. (1996) 
x Osborne et al. (1994) 

HEAO-1 Gruber (1992) 
ROSAT Hasinger (1992, 1996) 
ASCA Gendron et al. (1995) 
WISC. McCammon and Sanders (1990) 
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Figure 5.63: The fading high energy gamma ray flux from Cygnus X-3. 
Shown are the initial integral flux level estimates derived from the mea- 
surements made with the Kiel (Samorski and Stamm, 1983) and Haverah 
Park (Lloyd-Evans et al., 1983) arrays and the anticipated spectrum (curve 
C) (Hillas, 1984). Also plotted are the results of measurements made dur- 
ing later epochs with different installations that yielded only upper limits 
(Borione et al., 1995; Hillas, 1996). 

A 
O 

v 
A 
• 

Samorski & Stamm (1983) Kiel �9 Lloyd-Evans et al. (1983) Haverah Park 
Amenomori et al. (1993) Tibet �9 Neshpor et al. (1995) Crimean Obs. 
Aglietta et al. (1993) EAS-TOP o Alexandreas et al. (1993a, b) CYGNUS 
Merck et al. (HEGRA) I Borione et al. (1995) CASA-MIA 
Borione et al. (1995) CASA-MIA neutral particles 
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Figure 5.64: The unpulsed Crab Nebula differential photon spectrum, mul- 
tiplied by E 2. The experiments are listed in the table below. The best fit 
synchrotron cutoff plus hard power law components are indicated by curves 
A and B, respectively, and the inverse Compton power law by curve C (after 
De Jager et al., 1995). 

+ Bartlett et al. (1994) GRIS 
~7 Clear et al. (1987), and 

Mattox et al. (1992) COS-B 
& Goret et al. (1993) ASCAT 
0 Amenomori et al. (1993) Tibet 
�9 De Jager et al. (1996) EGRET 
x Weekes et al. (1994) Whipple 

o Much et al. (1995) COMPTEL 
m Borione et al. (1993) CASA-MIA 
o Akerlof et al. (1989) Gamma Star 
Y Krennrich et al. (1993) HEGRA 
VI Tanimori et al. (1994) Cangaroo 
1> Alexandreas et al. (1993a) Cygnus 
A Djannati-Atai et al. (1994) 

Th~mistocle 
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different groups (Aharonian et al., 2000). The HEGRA data (e) were ob- 
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A 
v 
D 
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Hillas et al. (1998) Whipple 
Tanimori et al. (1998) Cangaroo 
Barrau (1998) CAT 
Amenomori et al. (1999a) Tibet 
Aharonian et al. (2000) HEGRA 
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Figure 5.66: Wide-range gamma  ray integral energy spect rum of the Crab 
Nebula (after Sinitsyna et al., 1995). Included are da ta  of the satellite COS-B 
and results from ground based measurements,  as given in the table. 

�9 Paul et al. (1978) COS-B 
v Vacanti et al. (1991) Whipple 
A Djannati-Atai et al. (1995) Th~mistocle 
�9 Sinitsyna et al. (1995) SHALON 

o Akerlof et al. (1989) Sandia 
I Goret et al. (1993) ASGAT 
!--! Amenomori et al. (1997) Tibet 
C Sinitsyna et al. (1995) 



834 CHAPTER 5. PRIMARY COSMIC RADIATION 

"T 
r 

! 

E 
0 

X 
=... 
I J_ 

t -  
O 
0 
t... 

13.. 
m 

(D 
IE 

-10 10 

10 11 

-12 10 

10 -13 

10 -14 

10 -15 

-16 10 

-17 10 

Crab Nebula 

t 

E-1.6 
\ 
)~k\\\ 

10 0 101 10 2 

Photon Energy [TeV ] 
10 3 

Figure 5.67: G a m m a  ray flux and flux limits from the Crab measured by 

many experiments,  as listed below. 

A Djannati-Atai et al. (1995) (Th6mis) 
D Alexandreas et al. (1993a, b) (Cygnus) 
x Borione et al. (1997) (CASA-MIA) 
"k Carter-Lewis et al. (1997) (Whipple) 
+ Sakurazawa et al. (1997) (Cangaroo) 
I> Sakurazawa et al. (1997) (Cangaroo) 
O Tanimori et al. (1994) (Cangaroo) 
A De Jager et al. (1996) (Model) 

m Lewis et al. (1993) (Whipple) 
O Prahl et al. (1995a) (AIROBICC) 
V Prahl et al. (1995b) (I-IEGRA) 
Itl Konopelko et al. (1996) HEGRA 
A Ghia et al. (1995) (EAS-Top) 
�9 Amenomori et al. (1993) (Tibet) 
0 Goret et al. (1993) (ASGAT) 
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Figure 5.68: Differential energy spectrum of the pulsed photon emission from 
the Crab Pulsar measured by the OSSE, COMPTEL, and EGRET instru- 
ments on the Gamma Ray Observatory, GRO (SchSnfelder, 1993a). 
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Figure 5.69: Differential gamma ray energy spectra of Markarian 501 ob- 
served with different installations. The data from the Tibet array are av- 
eraged over the period from 1997 February 27 to 1997 August 25 and the 
upper limit data (dashed lines) are the 2 a confidence levels (Amenomori et 
al., 19995). 

o Samuelson et al. (1998) Whipple 
x Konopelko et al. (1999) HEGRA 
[-1 Hayashida et al. (1998) Tibet 
�9 Amenomori et al. (1999b) Tibet 
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Figure 5.70" Upper limits of the flux ratio of isotropic gamma rays to cosmic 
rays determined by five different experiments as listed below (Sasano et al., 
1999). 

D Sasano et al. (1999) Ooty 
x Aglietta et al. (1996) EAS-TOP 
o Karle et al. (1995) HEGRA 
A Matthews et al. (1991) Utah 
o Chantell et al. (1997) CASA-MIA 
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5 . 5  N e u t r i n o s  a n d  A n t i n e u t r i n o s  

5 .5 .1  G e n e r a l  C o m m e n t s  

Disregarding the continuous flux of neutrinos from the Sun, the only ex- 
traterrestrial (astrophysical) neutrinos (antineutrinos) that have so far been 
identified are those from the neutrino burst of the type II supernova of Febru- 
ary 23, 1987, called SN-1987A. 

It was the collapse of the blue supergiant star Sanduleak (-69 ~ 202) in the 
Large Magellanic Cloud (LMC) which is at a distance of about 55 kpc from 
our location. The first confirmed observation of optical brightening was by 
Garradd, February 23.44 and Shelton, February 24.23 at the Las Campanas 
Observatory in Chile (Garradd, 1987; Shelton, 1987). 

Supernovae of type II are believed to involve stars of masses greater than 
about 8 solar masses wherein the central core of about 1.5 solar masses can no 
longer withstand the pressure of its internal gravitational force and collapses 
to a neutron star (Zwicky, 1965; for a review see Burrows, 1988 and 1990; 
Bethe, 1990). The latter has an enormous nuclear density of approximately 
1014 g/cm 2 and a radius of only about 10 km. The highly excited outer shell 
of the star radiates energy over much of the electromagnetic spectrum. 

The release of the binding energy of the neutron star which amounts to 
about 0.1 to 0.2 solar masses (approximately 1053 erg) occurs through the 
emission of neutrinos (Chiu, 1964; Colgate and White, 1966; Woosley et 
al., 1986). The process responsible for neutrino emission is primarily the 
formation of the neutron star through the reaction 

e- + p + n (5.15) 

and in the rapid cooling of the neutron star. The average neutrino energy 
expected from model calculations is in the vicinity of 15 MeV. Considering 
an estimated total energy emitted by SN-1987A of about 3.1053 erg yields a 
neutrino burst of 1057-1058 neutrinos in a time interval of just a few seconds. 

5 . 5 . 2  N e u t r i n o s  f r o m  t h e  S u p e r n o v a  S N - 1 9 8 7 A  

Four installations claimed observation of the neutrino burst from SN-1987A. 
They comprise the installations LSD in the Mont Blanc tunnel (Italy-France) 
(Castagnoli, 1987a and 1987b; Aglietta et al., 1987a and 1987b), Kamiokande 
II (Japan) (Uirata et al., 1987), IMB-3 (Irvine-Michigan-nrookhaven) near 
Cleveland, Ohio, (U.S.A.) (Bionta et al., 1987), and Baksan in southern Rus- 
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Table 5.37: Event Sequence and Energy of SN-1987A Neutrino 
(Antineutrino) Events in the LSD Detector (Aglietta et al., 1987a). 

Event 
No. 

Event 
Time 
[VW] 

2h52m36s.79 
2h52m40s.65 
2h52m41s.01 
2h52m42s.70 
2h52m43s.80 

Electron 
Energy 
[MeV] 

7 
8 

11 
7 
9 

sia (Alekseev et al., 1987). The LSD and Baksan detectors are liquid scintil- 
lation detectors whereas Kamiokande II and IMB-3 are water Cherenkov de- 
tectors. The depths of these detectors are specified by the respective groups 
as 5200 hg/cm 2 standard rock (SR) (LSD), 850 m water equivalent (w.e.) 
(Baksan), 2400 m w.e. (Kamiokande II) and 1570 m w.e. (IMB-3). 

The detectors Kamiokande II, IMB-3 and Baksan recorded the first neu- 
trino event of the burst on February 23, 1987, at 7:35:35 UT, 7:35:41 UT and 
7:36:11 UT, respectively. The Torino group operating the LSD detector re- 
ported registration of a neutrino burst on February 23, 1987 at 02:52:36 UT, 
thus, 4.72 hours prior to the previously mentioned three quasi-coincident 
observations (Castagnoli, 1987a and 1987b; Aglietta et al., 1987a). For a 
detailed review see for example Koshiba (1992). 

The time sequence of arrival and the energy of the neutrinos (antineutri- 
nos) recorded in the LSD and Baksan detectors are listed in Tables 5.37 and 
5.38 (Aglietta et al., 1987a; Alexeyev et al., 1987 and 1988), those recorded 
with Kamiokande II and IMB-3 in Tables 5.39 and 5.40 (Hirata et al., 1988; 
Bratton et al., 1988), respectively. In addition Kamiokande II and IMB-3 
have also determined the angle of emission of the electrons identifying the 
neutrino (antineutrino) events in the detectors with respect to the supernova. 
These data are also given in Tables 5.39 and 5.40. 

In Fig. 5.71 we show the time sequences of arrival of the neutrino (an- 
tineutrino) events recorded in the Kamiokande II, IMB-3 and Baksan detec- 
tors along the abscissa and the energy of the detected electrons along the 
ordinate (Hirata et al., 1988; Bratton et al., 1988; Alexeyev et al., 1988). 
The sequences are plotted with a common origin for the first event registered 
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Table 5.38" Event Sequence and Energy of SN-1987A Neutrino 
(Antineutrino) Events in the Baksan Detector (Alexeyev et al., 1988). 

Event 
No. 

1 
2 
3 
4 
5 

Event 
Time 
[VW] 

7h36mlls.82 
7h36m12s.25 
7h36m13s.53 
7h36m19s.51 
7h36m20s.92 

Electron 
Energy 
[MeV] 

12:k2.4 
18-+-3.6 

23.3=t=4.7 
17=k3.4 

20.1~=4.0 

Table 5.39: Characteristics of Contained SN-1987A Neutrino (Antineutrino) 
Events in the Kamiokande II Detector (Hirata et al., 1988). 

Event 
No. 

1 
2 
3 
4 
5 

6 b ) 

7 
8 
9 
10 
11 
12 

Event 
Time 
[CW] 

7h35m35s.00 
7h35m35s.11 

Electron 
Energy 
[MeV] 

20.0• 2.9 
13.5=k 3.2 

Track 
Angle 
[ded 

18:1:18 
404- 27 a) 

7h35m35s.30 
7h35m35s.32 
7h35m35s.51 
7h35m35s.69 
7h35m36s.54 
7h35m36s.73 
7h35m36s.92 
7h35m44s.22 
7h35m45s.43 
7h35m47s.44 

7.5• 2.0 
9.2:k 2.7 
12.8+ 2.9 
6.3=k 1.7 
35.4=k 8.0 
21.0=k 4.2 
19.8=k 3.2 
8.6• 2.7 
13.0i  2.6 
8.9• 1.9 

108:t= 32 
70• 30 
135=k 23 
68-4- 77 
32• 16 
30=k 18 
38=i: 22 
122• 30 
49• 26 
91• 39 

a) New value, old value was (15 :t= 27) ~ (Hirata et al., 1987). 
b) Later discarded as background. 

in each detector. Note that the re-analyzed data of Bratton et al. (1988) 
and not the original data of Bionta et al. (1987) are shown for the IMB-3 
experiment. 
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Table 5.40" Characteristics of Contained SN-1987A Antineutrino a) 
Events in the IMB-3 Detector (Bratton et al., 1988). 

Event 
No. 

Event 
Time 
[VW] 

7h35m41s.37 
7h35m41s.79 
7h35m42s.02 
7h35m42s.52 
7h35m42s.94 
7h35m44s.06 
7h35m46s.38 
7h35m46s.96 

Electron 
Energy 
[MeV] 

38=k7 
37_+7 
28=i=6 
39_+7 
36q-9 
36:k6 
19-+-5 
22• 

Track 
Angle b) 

[deg] 

804-10 
444-15 
564-20 
65=k20 
33-+-15 
524-10 
42=i=20 
104=t=20 

a) The data are interpreted as being all due to Ve(P, n)e + reactions. 
b) With respect to direction away from SN-1987A. Note that because of inoperative pho- 
tomultipliers the detector had a bias against triggering on tracks moving toward LMC. 

The angular distributions of the electron tracks of the neutrino (antineu- 
trino) reactions in the Kamiokande II and IMB-3 detectors with respect to 
the direction of SN-1987A are shown in Figure 5.72. This figure is in the 
form of a scatter plot with COS(~e,LMC) along the abscissa, {~e,LMC being the 
polar angle between the electron track and the direction pointing away from 
the Large Magellanic Cloud, and the electron energy along the ordinate. 
Two sets of IMB-3 data are shown. The second set with error bars is the 
result of a re-analysis with improved energy measurements, reduced energy 
uncertainties, re-assessed trigger efficiency and timing (Bratton et al., 1988). 

Of the different neutrino (antineutrino) reactions that can take place in 
the water target of a detector and lead to electrons or positrons that produce 
the Cherenkov signal, the two most likely to occur are the absorption of an 
electron antineutrino by a free proton, 

u% + Pl,'~e --~ n + e + , (5.16) 

and, with a roughly 100 times smaller probability at 10 MeV, neutrino- 
electron scattering, 

+ 4 + (5.17) 
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In the absorption reaction (re + Plree ~ n + e +) the e + is emitted essen- 
tially isotropically, whereas in the scattering reaction (ue + e- --~ v~e + e -~) 
the e -~ preserves the initial neutrino direction within an r.m.s, angle of 28 ~ 
at about 10 MeV. 

For neutrinos and antineutrinos of energy >_ 30 MeV the reactions 

v~ + 160 --+ 16F + e- (5.18) 

and 

v-e + 160 ~ 16N + e + (5.19) 

contribute comparable numbers of electrons and positrons, respectively, in a 
water Cherenkov detector but the cross section of either reaction is about 10 
times smaller than for the absorption of P~ on free protons (see Chapter 4, 
Section 4.5 for details). 

Scintillation detectors such as Baksan or LSD are most sensitive to the 
absorption process v~ + Plr~ ~ n + e +. For neutrinos of energy >30 MeV 
they are also sensitive to the reaction 

ve + 12C ~ 12 N + e- . 

Due to the large cross section of the neutral current reaction 

(5.20) 

v~ + 12C --+ ~2C* + v'~ 

and the subsequent 9' emission of 12C* 

(5.21) 

~2C*--+ ~2C+ 7 (15.1 MeV) 96% (5.22) 

scintillation detectors based on CnH2n compounds are also able to detect 
neutrinos of any flavor (v~) with a threshold energy of ,,~16 MeV (Ryazhskaya 
et al., 1993). 

After a careful analysis, considering the different reaction processes and 
the energy dependent detector efficiency the Kamiokande team came to the 
conclusion that  probably all but one of the events are due to ~ + P I ~  --+ 

n + e + reactions and that the resulting integrated ue flux of the burst in the 
detector was approximately 

J~ (>_ 8.8 MeV) _~ 1.1.101~ cm -2 (5.23) 

for neutrinos of energy _>8.8 MeV. This leads to a V~ luminosity of the su- 
pernova SN-1987A of about 9 .10  s2 erg for an observed average energy of 15 
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MeV and amounts to a total energy emitted by neutrino- antineutrino pairs 
of all flavors of ,.~ 3.1053 erg. The corresponding neutron star temperature 
is kT ~ 4 MeV. An upper limit for the masses of v~ and p~ ranging from 
a few eV to 24 eV was obtained on the grounds of a variety of assumptions 
(Hirata et al., 1988). 

The IMB-3 data were interpreted as being all due to p~(p, n)e + reactions. 
After accounting for all corrections and assuming for simplicity a 32 MeV 
monochromatic Pe beam, the P~ flux at the detector thus obtained for the 
burst was 8.108 cm -2. The total ~ luminosity of SN-1987A is given as 
1.3.1052 erg above the detector threshold of 20 MeV (Bionta et al., 1987, 
Bratton et al., 1988). 

For the Baksan detector the integrated F~ luminosity was estimated to 
be (18.6 :i= 8.5) �9 1052 erg, disregarding absorption in the outer layers of the 
supernova (Alexeyev et al., 1988). 

5.5.3 Energetic Neutrinos from Astrophysical Sources 

Genera l  C o m m e n t s  

High energy neutrino astronomy is a rapidly evolving young field of science. 
Great efforts were made during the last decade to estimate the intensities of 
high energy neutrinos from astrophysical sources. We will only very briefly 
touch this complex theoretical subject and call attention to the fact that 
the anticipated discovery of high and ultrahigh energy neutrinos, mostly 
the easier detectable uu and F~, from point sources, with the various huge 
underwater or under ice detector matrices now under construction or in the 
planning phase may well be the key to locate at least some of the sources of 
ultrahigh energy cosmic rays (Markov, 1960; Markov and Zheleznykh, 1961; 
Grieder, 1986; Barwick et al., 1992; Roberts, 1992; Learned, 1993; Gaisser 
et al., 1995). 

There are basically two kinds of sources to consider. One category in- 
cludes the previously mentioned point sources such as pulsars, binary sys- 
tems, active galactic nuclei (AGN), blazars, gamma ray bursters (GRB), su- 
pernovae, and possibly other compact objects (Stecker et al., 1991 and 1992a; 
Szabo and Protheroe, 1992 and 1994; Protheroe, 1999). The other are dif- 
fuse sources that could generate a rather significant more or less isotropic 
background. 
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Neutrino Point Sources and Spectra 

In Fig. 5.73 we show as examples the predicted neutrino fluxes from model 
calculations for the two active galactic nuclei, NGC4151 and 3C273 from 
the work of Stecker et al. (1991, 1992a and 1992b) and another spectrum 
for 3C273 from a calculation of Szabo and Protheroe (1994), using different 
assumptions. Also shown is the spectrum of supernova remnants (Volkova, 
1980), the atmospheric v~ and ~u background spectrum from a calculation 
of Stecker (1979) and the spectra of solar and SN-1987A neutrinos. 

The theoretical results presented here are just a small sample of the nu- 
merous contributions made to the field up to date by many authors, using 
different models and assumptions (for further details see Berezinsky et al., 
1991; for comprehensive reviews see Koshiba, 1992; Learned, 1993; Gaisser 
et al., 1995). Further details concerning atmospheric neutrinos are given in 
Chapter 4, Section 4.5. 

Diffuse Neutrino Sources and Spectra 

Interactions of cosmic rays with the background radiation or with interstellar 
matter in our own and other galaxies but also in intergalactic space could 
produce a diffuse background with a spectrum that extends to the highest en- 
ergies (Stecker, 1979; Volkova, 1980; Berezinsky and Learned, 1992; Yoshida 
and Teshima, 1993). 

In addition the large number of unresolved AGNs, GRBs and blazars are 
likely to produce a relatively strong diffuse flux of high energy neutrinos of all 
flavors (Stecker et al., 1992b). Finally, topological defects could be another, 
though highly speculative, source of very energetic neutrinos (Protheroe and 
Stanev, 1996; Sigl et al., 1997; Birkel and Sarkar, 1998; Yoshida et al., 1997; 
Protheroe, 1999). 

Neutrino spectra of various diffuse sources from older calculations are il- 
lustrated in Fig. 5.74 together with the atmospheric background (Stecker, 
1979 and 1992b; Berezinsky and Learned 1992; Szabo and Protheroe, 1992 
and 1994; Yoshida and Teshima, 1993). When comparing the neutrino in- 
tensity from unresolved AGNs shown in this figure with the flux of discrete 
sources shown in Fig. 5.73 it is readily recognized that the former could 
easily mask distant point sources. 

The results of another set of calculations of the diffuse high energy neu- 
trino flux from a variety of sources are summarized in Figs. 5.75 to 5.78. In 
Fig. 5.75 we show the muon neutrino (v. + Pg) spectra from interactions of 
the cosmic radiation with the interstellar medium arriving from the direction 
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of the galactic center (l = 0 ~ b = 0 ~ and perpendicular to it (b = 0 ~ 
from calculations of Ingelman and Thunman (1996), Domokos et al. (1993) 
and Berezinsky et al. (1993). 

Also shown in the same figure are the spectra resulting from interactions 
of the cosmic radiation with the cosmic microwave background radiation 
(CMBR) for different cosmic ray spectral and source assumptions, as out- 
lined in the captions (Protheroe and Johnson, 1995 and 1996; Lee 1996; Hill 
and Schramm, 1985). The recent atmospheric neutrino spectrum of Lipari 
(1993) which represents the background for any extraterrestrial neutrino flux 
measurements is also shown. 

Another set of neutrino spectra due to proton blazars and P7 and pp-+-P7 
processes (Mannheim, 1995; Protheroe, 1997; Halzen and Zas, 1997), and 
from gamma ray bursters (Waxman and Bahcall, 1997) are shown in Fig. 
5.76. 

Topological defects could be another yet highly speculative source of very 
high energy neutrinos. The results of four calculations using different sets of 
topological model parameters and assumptions, such as different X-particle 
masses and magnetic field strengths, specified in the caption, are presented 
in Fig. 5.77 (Protheroe and Stanev, 1996; Sigl et al., 1997; Birkel and Sarkar, 
1998; Yoshida et al., 1997). 

Spectra of so-called "visible particles" (p, n, 7, e) that are associated with 
the decay of massive X-particles from topological defects resulting from the 
calculation of Protheroe and Stanev (1996) that produced the neutrino spec- 
trum shown in Fig. 5.77 (curve A), are displayed in Fig. 5.78 together with 
the neutrino spectrum. Also indicated are gamma ray data in the GeV en- 
ergy range from SAS-II and EGRET satellite measurements (Thompson and 
Fichtel, 1982; Fichtel, 1996), and from the HEGRA experiment at 1 TeV 
(Karle, 1995). These spectra set stringent limits on topological models and 
their many parameters. 

5 . 5 . 4  E x p e r i m e n t a l  U p p e r  L i m i t s  o f  N e u t r i n o  F l u x e s  

f r o m  A s t r o p h y s i c a l  P o i n t  S o u r c e s  

Upper limits for the flux of extraterrestrial neutrinos from established high 
energy gamma ray sources were obtained by some experiments (Svoboda et 
al., 1987; Koshiba, 1992; Miller et al., 1994; Barish, 1995; Ambrosio et al., 
2001). In Table 5.41 we give the upper limits for the muon neutrino flux 
(vu + ~ )  from several likely sources as determined by the IMB experiment 
(Becker-Szendy et al., 1995). 
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Table 5.41: IMB Flux Limits on Prospective Astrophysical Neutrino 
Point Sources. 

(Becker-Szendy et al., 1995) 

Source 

Crab PSR 
Vela PSR 
Cyg X - 3  
Geminga 
Her X-1  
LMC X - 4  
Sco X - 1  
Vela X -  1 
3C273 
3C279 
Cen A 
Mrk421 
NGC1068 
NGC4151 
SN1987a 

Events 
within 

l a  

Expected 
Background 

Events 

0.56 
0.72 
0.50 
0.43 
0.38 
1.0 
0.54 
1.1 
0.79 
0.60 
0.76 
0.40 
0.70 
0.43 
0.59 

90% CL 
#-Flux 

[.10-14cm-2 s -1 ] 

4.3 
0.78 
4.1 
3.1 
4.3 
0.66 
3.4 
0.84 
1.5 
2.0 
0.80 
3.3 
1.4 
7.7 
1.2 

90% CL 
y-Flux 

[.10-%m-2 s -I ] 

4.8 
0.85 
4.5 
3.5 
4.8 
0.75 
3.8 
0.95 
3.3 
2.4 
0.9 
3.6 
1.6 
8.5 
1.3 

The analysis is based on simulated events from point sources with a power 
law spectrum, E-~, with spectral index -y = 2 which yields a Gaussian point 
spread of a - 3.4 ~ Listed in the table is the number of upward going muons 
detected by IMB within la  of the sources along with a background estimated 
from randomizing the event arrival times, and the 90% confidence limits (CL) 
on the muon and neutrino fluxes. No significant neutrino excesses were found 
with this experiment. 

A more recent and very extensive analysis had been carried out by the 
MACRO Collaboration (Ambrosio et al., 2001). Their results are presented 
in Table 5.42. 

From the data presented here it is evident that the search for extraterres- 
trial neutrino sources must be carried out at energies well beyond the point 
where the atmospheric neutrino spectrum is being overtaken by the flatter 
spectra of astrophysical sources, where the latter make the dominating con- 
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Table 5.42: MACRO Flux Limits on Prospective Astrophysical Neutrino 
Point Sources. (Ambrosi0 et al., 2001) 

90% CL of neutrino induced muon flux limits for the MACRO detector list of 42 

sources. Corresponding limits on the neutrino flux are given in the last column 

for E~, rain - 1 GeV. These limits are calculated for a spectral index 7 - 2.1 and 

for E u > 1 GeV, including the decrease in efficiency at very high energies. The 

reduction factors for a 3 ~ half width cone are included. These limits include the 

effect of absorption of neutrinos in the Earth. The flux upper limits are calculated 

with the unified approach of Feldman and Cousins (1998). 

Source 

SMC X-1 
LMCX-2 
LMCX-4 
SN1987A 
GX301-2 
Cen X-5 
GX304-1 

CENXR-3 
CirXR-1 

2U1637-53 
MX1608-53 

GX339-4 
ARA XR1 

VelaP 
GX346-7 
SN1006 

VelaXR- 1 
2U1700-37 

L10 
SGR XR-4 

Gal Cen 
GXI+4 

Kepl604 
GX9+9 
Sco XR-I 
Aquarius 

4U0336+01 

Decl. Events Backgr. v-induced 
5 in 3 ~ in 3 ~ #-Flux Limits 

(degrees) [10 -14 cm -2 s -1] 

-73.5 2.1 0.62 
-72.0 2.0 0.15 
-69.5 2.0 0.15 
-69.3 2.0 0.15 
-62.7 1.8 0.53 
-62.2 1.7 0.55 
-61.6 1.7 0.54 
-60.6 1.7 0.36 
-57.1 1.7 1.18 
-53.4 1.7 0.19 
-52.4 1.7 0.20 
-48.8 1.7 1.62 
-45.6 1.6 1.00 
-45.2 1.5 0.51 
-44.5 1.5 0.23 
-41.7 1.3 0.56 
-40.5 1.3 0.26 
-37.8 1.3 0.58 
-37.0 1.1 0.91 
-30.4 0.9 0.34 
-28.9 0.9 0.34 
-24.7 0.9 0.36 
-21.5 0.9 1.12 
-17.0 0.9 0.40 
-15.6 0.9 0.85 
-1.0 0.8 2.09 
0.6 0.8 1.17 

v-Flux 
Limits 

[10-6 cm -2 8 -1] 

1.18 
0.33 
0.29 
0.31 
1.10 
1.04 
1.05 
0.68 
2.21 
0.36 
0.38 
3.00 
1.87 
0.94 
0.43 
1.04 
0.55 
1.08 
1.72 
0.63 
0.65 
0.67 
2.12 
0.75 
1.59 
3.95 
2.19 



848 CHAPTER 5. PRIMARY COSMIC RADIATION 

Table 5.42" MACRO Flux Limits on Prospective Astrophysical Neutrino 
Point Sources. (Ambrosio et al., 2001) 

(continued) 

Source  

AQL XR-1 
2U1907+2 
SER XR-1 

SS433 
2U0613+09 

Geminga 
Crab 

2U0352+30 
Cyg XR-1 
Her X-1 

Cyg XR-2 
Mkn 421 
Mkn 501 
Cyg X-3 
Per XR-1 

Decl. Events Backgr .  v-induced 
~; in 3 ~ in 3 ~ ~-Flux Limits 

(degrees) [10 -14 cm -2 s - I ]  
, , 

0.6 0 0.8 0.57 
1.3 0 0.8 0.58 
5.0 0 0.7 0.67 
5.7 0 0.7 0.67 
9.1 1 0.6 1.52 
18.3 0 0.5 1.12 
22.0 1 0.4 2.52 
31.0 2 0.3 5.98 
35.2 0 0.2 3.24 
35.4 0 0.2 3.30 
38.3 0 0.1 4.99 
38.4 0 0.1 5.00 
40.3 0 0.1 5.73 
40.9 0 0.1 6.59 
41.5 0 0.1 7.51 

v-Flux 
Limits 

[10-6 cm -2  S -1] 
, ,  

1.18 
1.27 
1.41 
1.27 
3.02 
2.10 
4.70 
11.43 
6.24 
6.96 
10.61 
9.56 
10.69 
12.49 
13.99 

tribution to the total flux of neutrinos and antineutrinos. This, however, will 
only be possible with a giant detector matrix with an effective volume on 
the order of 1 km 3, as mentioned earlier. High angular resolution of such 
a detector is of paramount importance because it reduces the background 
rate per pixel, improves the signal to noise ratio and sensitivity, and lowers 
the minimum detectable flux (Bosetti et al., 1982 and 1989; Roberts, 1992; 
Anassontzis et al., 1995; see also Chapter 4, Section 4.5). 
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Figure 5.71: Compilation of the t ime- energy distribution of the 5, 8 and 12 
neutrino events from the neutrino burst of the supernova SN-1987A recorded 
with the naksan (A) (Alexeyev et al., 1987 and 1988), IMB-3 (o) (Bratton 
et al., 1988), and Kamiokande II (.) (Hirate et al., 1987 and 1988) detectors, 
respectively, on February 23, 1987. IMB-3 and Kamiokande II are water 
Cherenkov detectors, Baksan is a liquid scintillation detector. The exact 
time of occurrence of the first event of the neutrino burst recorded is slightly 
different for each experiment but was set to zero in the plot to have a common 
origin for better comparison. The exact universal time (UT) of occurrence of 
each event including those of the LSD detector (Aglietta et al., 1987a), not 
shown here, are listed in Tables 5.37 to 5.40. 
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Figure 5.72: Energy - direction plot of the electrons resulting from the neu- 
trino reactions in the Kamiokande II (.) (Hirata et al., 1988) and IMB-3 
(o, A) detectors (Bionta et al, 1987; Bratton et al., 1988). The data points 
of Bratton et al. (1988) (A) are the result of a re-analysis of the measure- 
ments of Bionta et al. (1987), shown without error bars. Oe,LMC i8 the 
angle of the electron track in the detector with respect to the direction away 
from the supernova SN-1987A in the Large Magellanic Cloud (LMC). Note 
that at the time of the neutrino burst the IMB-3 detector had a directional 
trigger bias against events oriented toward SN-1987A because of inoperative 
photomultipliers in the detector (Bionta et al., 1987). 
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Figure 5.73: Differential energy spectra of neutrinos of some point sources. 
The atmospheric flux applies to 2Ir steradian (Volkova, 1980; Koshiba, 1992). 
The v~ ( ~ )  spectra of the two point sources, NGC4151, the brightest radio- 
quiet AGN, and 3C273, the brightest radio-loud AGN, (solid curves) are 
from a calculation of Stecker et al. (1991, 1992a and 1992b). The dashed 
line labeled 3C273 is a neutrino spectrum of this object from the work of 
Szabo and Protheroe (1994) using different assumptions. The calculation is 
based on assumed X-ray luminosities of L x  = 3.1043 erg s- t and L x  - 104-r 
ergs -1, and distances of 4.5.1025 cm and 3.1027 cm for NGC4151 and 3C273, 
respectively. The v~, v% intensity is half of that of the v~, P'~ intensity. The 
solar and supernova fluxes are taken from Koshiba (1992). 



858 CHAPTER 5. PRIMARY COSMIC RADIATION 

"7, 
> 
(D 

(..9 %. 
L _  

"7 

! 

E 
o 

>., 
w m  

r 

r 

m 

v.. 
(1) 
11,,.,. 

(D 

O 

o _.J 

-10 

-15 

-20 

-25 

Atmospheric via 

Bright 
Phase 
Models 

3 ~ Backgr. (z = 2.2) 

Diffuse via from 
unresolved AGN 

3 ~ Background (z = 0) 

-30 
10 o 10 10 2 10 3 10 4 10 5 10 6 10 7 10 8 10 9 

Neutrino Energy [TeV ] 

Figure 5.74: Predicted spectra of some diffuse astrophysical high energy 
neutrino sources (u~ + ~ ) .  The spectrum of the diffuse neutrinos from 
unresolved AGNs is the integrated u, + p~ intensity and is from a calculation 
of Stecker et al. (1991 and 1992a). Also shown is the background expected 
from photo-meson production of the extragalactic high energy cosmic rays 
with the cosmic background radiation for z = 0 and integrated over cosmic 
time to red a shift of z -- 2.2 (Stecker et al., 1992b), and to galaxy formation 
according to Berezinsky et al. (1991), labeled "bright phase models" (see also 
Berezinsky, 1995). The horizontal atmospheric neutrino spectrum from high 
energy cosmic rays interacting in the Earth's atmosphere is also indicated 
(Stecker, 1979; Crouch et al., 1978; Volkova, 1980) (see also Berezinsky and 
Ozernoy, 1981). 
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Figure 5.75: Predicted diffuse muon neutrino and antineutrino intensities 
from cosmic ray interactions with the interstellar medium. Curves A and B 
are from the work of Ingelman and Thunman (1996), C and D from Domokos 
et al. (1993), and E and F from Berezinsky et al. (1993). Curves A, C 
and E are for the galactic coordinates l - 0 ~ b - 0 ~ curves B, D and 
F for b - 90 ~ The hatched area, K, represents the atmospheric neutrino 
background for the zenith angle range from ~ = 0 ~ (vertical, lower boundary 
of hatched area K) to ~ - 90 ~ (horizontal, upper boundary of K), after Lipari 
(1993). Curves G to J are neutrino intensities from cosmic ray interactions 
with the microwave background: G is for a maximum cosmic ray energy of 
3.1021 eV, H for E,~a~ = 3.1020 eV (Protheroe and Johnson, 1995 and 
1996); I is from the work of Lee (1996) assuming that  the highest energy 
cosmic rays are due to gamma ray bursters (GRB); and J is from the work 
of Hill and Schramm (1985) (after Protheroe, 1999). 
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Figure 5.76: Prediction of the diffuse muon neutrino and antineutrino in- 
tensities from blazars according to calculations of Mannheim (1995) for p~, 
(model A), curve A, and pp+ P7 (model B) processes, curve B, and likewise 
Protheroe (1997) curves C and D, respectively. Curve E is from the work 
of Halzen and Zas (1997) for p~ only. Curve F shows the contribution from 
gamma ray bursters (GRB) according to Waxman and Bahcall (1997) (af- 
ter Protheroe, 1999). The hatched area, K, shows the atmospheric neutrino 
background after Lipari (1993) over the entire zenith angle range from 0 ~ 
(vertical, lower boundary of K) to 90 ~ (horizontal, upper boundary of K). 
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Figure 5.77: Highly speculative muon neutrino and antineutrino intensities 
from model calculations of topological defects (for details see Protheroe, 1999 
and references therein). Curve A which is based on M x c  2 = 1014"1 GeV and 
a magnetic field of B - 10 -9 G is just ruled out according to Protheroe and 
Stanev (1996), and curve B for M x c  a = 2.1016 GeV and B = 10 -12 G is 
classified as just allowed according to Sigl et al. (1997). Curve C is from 
the work of Birkel and Sarkar (1998) for M x c  a = 1012 GeV, B = 0 G; and 
D is from Yoshida et al. (1997) for M x c  2 = 1016 GeV and B = 0 G. The 
hatched area, E, indicates the atmospheric neutrino background from the 
calculation of Lipari (1993) for the full zenith angle range from 0 ~ (vertical, 
lower limit of E) to 90 ~ (horizontal, upper limit of E). 
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Figure 5.78: Muon neutrino (v~ + P~) and electron neutrino (v~ + Pe) inten- 
sities from topological defects according to model calculations of Protheroe 
and Stanev (1996) using an injection spectrum that follows approximately 
an E -1"5 dependence and extends up to ~ Mxc2/2 ,  containing ,,~3% nucle- 
ons and 97% pions. The curves labeled p, n, 7 and e are product spectra of 
Mx-decays and set bounds for the models and parameters (see text). The 
curves apply for M x c  2 = 10 ~4"~ GeV, a magnetic field of B = 10 -9 G and a 
model parameter of p = 2 (constant injection), where Q(t) = Qo(t/to) -2+v 
is the injection rate per evolving volume. The spectra of observable particles 
are normalized to the 3.10 ~1 GeV point of the cosmic ray spectrum, outlined 
by circles, as determined from air shower measurements (Bird et al., 1995). 
Indicated, too, are gamma ray intensities measured with the SAS-II (Thomp- 
son and Fichtel, 1982) and EGRET (Fichtel, 1996) satellite instruments and 
a HEGRA point at 100 TeV (Karle, 1995). 
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5.6 Antiprotons and Antimatter 

5.6.1 Discovery of Cosmic Ray Antiprotons 

The question whether antimatter such as antiprotons, antideuterons, antihe- 
lium, etc., exist in the primary cosmic radiation is of great relevance from 
the astrophysical and cosmological point of view (Steigman, 1976). It is 
also linked to the fundamental question of charge symmetry in the Universe. 
Speculations that antiprotons may be present in the cosmic radiation ap- 
peared in the literature (Fradkin, 1955 and 1956) soon after their discovery 
at the Bevatron accelerator at Berkeley by Chamberlain et al. (1955). It 
should be mentioned in this context that prior to the official discovery of 
the antiproton, Amaldi et al. (1955) observed a cosmic ray induced event 
in stripped nuclear emulsion after an exposure at high altitude in Sardinia, 
Italy, in 1953 which they have interpreted as being most likely an antiproton, 
a particle which had never been observed before. 

Antiprotons are produced in energetic collisions of the primary radiation 
with the constituents of the interstellar medium, i.e., gas and dust particles. 
These antiprotons are therefore not true primaries but must be referred to as 
secondary antiprotons (for a review see Stephens and Golden, 1987; Basini 
et al., 1989). Speculations that primordial antimatter, i.e., ~, He, etc., if 
present in the cosmic radiation, originates from antimatter galaxies or even 
distant antimatter portions of the universe are extremely unlikely on the 
grounds of the well known intensity and homogeneity of the diffuse gamma 
ray background. Likewise, theories that suggest a cosmological origin of 
antimatter through the decay of a variety of hypothetical particles are highly 
speculative. 

The flux of cosmic ray antiprotons is also regarded as a test to investigate 
the amount of matter traversed by the cosmic radiation in the Galaxy and 
to test the validity of models of cosmic ray propagation (Shen et al., 1968; 
Suh, 1971; Gaisser and Maurer, 1973; Gaisser and Levy, 1974; Badhwar et 
al., 1975; Steigman, 1977; Bhattacharyya et al., 1978). 

Evidence for the discovery of antiprotons in the cosmic radiation was 
first claimed by Golden et al. (1978, 1979a and 1979b) and Bogomolov et 
al. (1979) in balloon-borne experiments, after previous attempts by different 
groups have failed except for setting upper bounds to the flux of antiprotons 
(Haskin et al., 1959; Aizu et al., 1961; Grigorov et al., 1961; Apparao et al., 
1967 and 1968, Bogomolov et al., 1971). 

The instrument of Golden et al. (1979a and 1979b) was launched in 
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1979, from Palestine, Texas. The measurements were made under an average 
residual atmosphere of 5.4 g/cm 2. The geomagnetic cutoff during the flight 
varied from 4.55 GV/c to 5.55 GV/c and the data acquisition period lasted 
2.84.104 s (~_ 7.89 hrs). A total of 28.4 events was attributed to galactic 
antiprotons, yielding a ~/p-ratio of (5.2 • 1.5) �9 10 -4 in the rigidity interval 
between 5.6 GV/c and 12.5 GV/c. 

Some details of this experiment in which a superconducting magnet spec- 
trometers had been used in conjunction with other devices are given in Chap- 
ter 2, Section 2.8. Problems that are faced by the experimenters in connection 
with the severe background, including deduction of the locally (atmospheri- 
cally, etc.,) produced antiprotons from the total sample to isolate the small 
fraction of cosmic ray antiprotons, are also outlined in that section. 

5 . 6 . 2  D e t e c t i o n  M e t h o d s  

In early attempts to search for antimatter in the cosmic radiation several 
authors have used nuclear emulsion in balloon experiments to identify low 
energy antiprotons or antimatter through their annihilation signatures, but 
without success (Haskin et al., 1959; Aizu et al., 1961; Grigorov et al., 1961; 
Apparao et al., 1968). In a later experiment Bogomolov et al. (1971 and 
1979) used a small permanent magnet spectrometer for charge identification 
and a combination of scintillation and Cherenkov detectors, and spark cham- 
bers. A modified version of this instrument was used in subsequent flights 
(Bogomolov et al., 1987). Another technique was employed by Buffington et 
al. (1972, 1979 and 1981) who flew a spark chamber calorimeter with photo- 
graphic recording of the annihilation events and a combination of scintillation 
counters for trigger selection. 

Today most of the modern antimatter search experiments use highly so- 
phisticated detector systems and many use a superconducting magnetic spec- 
trometer as charge sign indicator. These instruments (BESS, CAPRICE, 
HEAT, IMAX, LEAP, MASS, PBAR, etc.) are state of the art and flown 
with balloons at the fringes of the atmosphere (3 - 5 g/cm2), like their pre- 
decessors. 

Measurements made on board of satellites or space stations have the great 
advantage that they do not have to cope with the strong background caused 
by the residual atmosphere, a problem common to balloon experiments, and 
that they offer long exposure times . Several projects are presently under 
way to explore the cosmic ray antiproton flux with instruments orbiting in 
space and to search for antinuclei such as He and C. The most sophisticated 
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and promising new project is at present the PAMELA telescope (Adriani 
et al., 1997). Another much publicized project called AMS may not yield 
the anticipated results because it lacks a sufficient number of tracking planes 
for reconstructing the particle trajectories. Small-angle scattering of ener- 
getic particles could therefore easily lead to wrong charge assignment and 
consequently to matter/antimatter misinterpretation. 

An interesting indirect method to estimate an upper limit of the flux 
of cosmic ray antiprotons, originally based on ideas of Peters (1963), was 
used during the early stages of the cosmic antiproton hunt by Brooke and 
Wolfendale (1964). These authors used the ratio of pions to protons measured 
at an atmospheric depth of 800 g/cm 2 (Lal et al., 1963) and the observed 
ratio of negative to positive particles that interact and produce neutrons 
at sea level (Brooke et al., 1964). The data were first evaluated under the 
assumption that no antiprotons are present and from the difference of particle 
ratios the fraction of antiprotons can then be inferred. The method is not 
applicable at low energies where the interaction cross sections of protons and 
antiprotons are different. 

This approach was repeated later in a more refined form by Stephens and 
Golden (1987). Stephens did also estimate the fraction of antiprotons in the 
cosmic radiation from the charge ratio of muons, #+/#- ,  in the atmosphere 
(Stephens, 1983 and 1985), and Durgaprasad and Kunte (1971) derived an 
estimate from the flux values of singly-charged particles in conjunction with 
the east-west asymmetry of the cosmic radiation. 

5 . 6 . 3  M e a s u r e d  A n t i p r o t o n  I n t e n s i t i e s  a n d  pip  R a t i o s  

The determination of the intensity of the antiproton flux and of the energy 
spectrum of antiprotons in the vicinity of the Earth is a difficult task. For 
instrumental reasons (annihilation of low energy ~ in the detector modules, 
limitation of the maximum detectable momentum and background problems) 
present measurements of antiprotons with balloon-borne detectors are limited 
to the energy range from about 0.1 GeV to less than 30 GeV. One of the 
foremost problems is the rejection of the r--background. 

Like all low energy particles, antiprotons, too, are subject to solar modu- 
lation. Their intensity varies with time which makes even comparisons with 
other not time-like experiments problematic. To reveal the interstellar an- 
tiproton spectrum the locally observed spectrum must be demodulated. 

Many experimenters specify only the ratio of antiprotons to protons, ~/p, 
which they observe after having isolated the antiprotons from the high back- 
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ground of negatively charged particles and proton spill-over (see Section 2.8 
Fig. 2.173), and after having subtracted the local contribution of antiprotons 
produced in interactions in the atmosphere and the instrument. The accu- 
racy of the determination of the locally produced number of antiprotons and 
of the ~/p ratio depends crucially on the flux of the primary cosmic radiation 
which itself is subject to variability and inaccuracy. Frequently the reason for 
not specifying the antiproton intensity are calibration and detector efficiency 
uncertainties. 

The essential results of the great efforts which had been made over sev- 
eral decades in the search of antiprotons are presented here in compact form 
without discussing experimental aspects unless a particular feature warrants 
it. In Table 5.43 we summarize the available data of measured and estimated 
~/p-ratios, and in Table 5.44 the measured differential intensities of antipro- 
tons in the cosmic radiation on top of the atmosphere resulting from the 
pioneering work. 

The data of the experiment of Golden et al. (1979a and 1979b) had been 
re-analyzed over a somewhat wider range of rigidity, resulting in a total of 
41.5 galactic antiproton events as compared to the first analysis mentioned 
above that isolated 28.4 events only. The 41.5 events were divided into several 
energy intervals to get an indication of the shape of the antiproton spectrum, 
however, only over a very limited energy range (Golden et al., 1984). 

In their early series of ~/p measurements, not listed in the Table 5.43, 
Bogomolov et al. (1971) obtained an upper limit for the antiproton to proton 
flux ratio of ~/p = 3 • 3.10 -3 at 2.3 - 5.3 GeV and cutoff rigidity Pc ,.~ 3.2 
GV. In later measurements made at different geomagnetic cutoff rigidities 
these authors specified values of p/p -- 6-4-4.10 -4 for the energy range 2 - 5 
GeV and Pc ~ 3.5 GV, (Bogomolov et al., 1979). The three sets of data of 
the same authors listed in Table 5.43 were obtained at cutoff rigidities of 0.6 
GV, 2.9 GV and 3.0- 3.5 GV, respectively. The measurements were made 
with a permanent magnet spectrometer at residual atmospheres between 7 
and 12 g/cm 2. 

Subsequent to the pioneering work many more experiments were carried 
out employing mostly superconducting magnets and a variety of sophisticated 
detectors to confirm the results of the teams of Golden and Bogomolov, to 
improve the statistics and, above all, to determine the shape of the spectrum 
of cosmic ray antiprotons. Particular efforts were made to explore the sub- 
GeV region where Buffington et al. (1981) obtained a high ~/p-ratio in 
a measurement which, if confirmed, would have astrophysical implications, 
perhaps indicating the presence of primordial antimatter. But all of the later 
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Table 5.43: Measured and Estimated Fraction of Antiprotons in 
the Cosmic Radiation. (Early Work) 

Energy 
GeV 

0.1-0.15 
0.05 - 0.15 
0.12 - 0.22 
0.13 - 0.32 

0.2 - 0.8 

0.2- 2.0 

2.O- 5.O 

2.0- 2.5 

4.7- 11.3 

Ratio 
10 4 

<3 
<4.3 
<30 

2.2=k0.6 
< 9  

0 ~+1.4 
. v _ 0 . 5  

2 A+2.4 
"~ -1 .3  

6.8+1.7 
4.4 
5.0 
5.8 
6.8 
8.2 
10.2 
13.4 
>16 

100-200 
> 10 3 

10 3 -  1.5.10 3 
10 4 -  1.5.10 4 

> 3.10  4 

2.73=k5.46 
<0.82 

5.61• 
6.10=k2.72 
9.50:k3.17 
12.23• 
3.36:k2.87 
170 =k 650 

<7OO 
<500 

<1700 
<1000 
<1400 

Reference 

Apparao et al. (1967, 1968) 
Apparao et al. (1985) 
Rao and Yock (1987) 
Buffington et al. (1981) 
Aizu et al. (1961) 

Bogomolov et al. (1987) 

Bogomolov et al. (1987) 

Bogomolov et al. (1990) 

Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Durgaprasad and Kunte (1971) 
Stephens (1985) 
Brooke and Wolfendale (1964) 
Stephens (1985) 
Stephens (1985) 
Stephens (1985) 

generation experiments found much lower ratios. 

It is worth mentioning that the evaluation of a new generation low energy 
(<_170 MeV) antiproton search experiments with emulsion is currently under 
way (Taira et al., 1990) but no data are yet available. Major progress can 
be expected from the previously mentioned new or improved generation of 
instruments. For instance, the PAMELA instrument that will be launched 
into a polar orbit with an altitude of 700 km will have the capability to detect 
antiprotons in the energy range between ~_70 MeV and 100 GeV (Adriani et 
al., 1997). 
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Table 5.44' Differential Intensity of Antiprotons in the Cosmic Radiation. 
(Early Work) 

Energy 
GeV 

0.06-0.15 
0.12-0.22 
0.13-0.32 

0.2-2.0 

2.0-5.0 * 

4.7-11.3 * 
4.4 * 
5.5 * 
5.8 * 
6.8 * 
8.2 * 
10.2 * 
13.4 * 

Intensity 
[cm-2s-lsr-lGeV -1] 

< 4.0.10 -5 
< 3.0.10 -4 

(1.7 4- 0.5). 10 -5 

(5 0 +1~176 10 -6 
�9 - 4 . 0  )" 

.8_3.9 ) �9 10 -6 (5 +7.7 

(3.8 • 0.95). 10-  
(3.22 + 6.44). lo 

< 7.8.10 -T 
(4.1 -4- 2.2). 10 .6 
(3.2 + 1.4). 10 .6 
(3.4 + 1.1)-10 .6 
(2.8 :t: 0.9). 10 -6 
(4.2 -1- 3.6). 10 -7 

Reference 

Apparao et al. (1985) 
Rao and Yock (1987) 
Buffington et al. (1981) 

Bogomolov et al. (1987) 

Bogomolov et al. (1987) 

Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 
Golden et al. (1984) 

* These intensity values are estimated using the ~/p ratios given in Table 1 and the 

observed proton spectrum (see Stephens and Golden, 1987, and the original references). 

The results of the more recent experiments to determine the ~/p-ratio and 
the intensity of antiprotons in the cosmic radiation are summarized in Tables 
5.45 and 5.46, respectively. The flights of Bogomolov et al. (1990) apply to a 
geomagnetic cutoff rigidity of 3 - 3.5 GV and residual atmospheres between 
7 and 10 g/cm 2. The instruments PBAR and LEAP were flown from Prince 
Albert, Canada, at slightly less than 5 g/cm ~ and cutoff rigidities around 
0.65 GV; CAPRICE-94, IMAX-92, BESS-93 and BESS-95 were flown from 
Lynn Lake, Canada, at 4 to 5 g/cm 2 and cutoffs between 0.3 and 0.5 GV, 
and MASS-91 (MASS-2) from Fort Sumner, New Mexico, at 5.8 g/cm 2 and 
a cutoff of about 4.5 GV. 

Compilations of the data of the experiments listed in Tables 5.43 to 5.46 
together with theoretical predictions that are based on different cosmic ray 
propagation models, summarized below, are presented in Figs. 5.79 to 5.85. 

An attempt to estimate the antiproton fraction in the high energy cos- 
mic radiation was made by Amenomori et al., (1995), using the Tibet air 
shower array at Yangbajing (606 g/cm 2, 4300 m a.s.1.). These authors used 
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Table 5.45: Measured and Estimated Fraction of Antiprotons in 
the Cosmic Radiation. (Recent Experiments) 

Energy 
GeV 

2.0 - 5.0 

0.205 - 0.64 

0 . 1  - 0 . 6  

0.64-  1.58 
0.1 - 1.58 

0 .6-  2.0 

2.0 - 3.2 

3 .7-  19 

0 .2-  1.0 

1 .0-  2.6 

2 .6 -  3.2 

0 .25-  1.0 

1 .0-  2.6 

2 .6 -  3.2 

0.12 - 
0.12 - 

0.36 
0.86 

0.6 - 1.2 

0.2 - 0.6 

0.175- 0.3 

0.3 - 0.5 

0.5 - 0.7 

0 .7 -  1.0 

1 .0-  1.4 

10 4 

Ratio 

2.A+ 2.4 
'=-1.3 

4.6- i0 -5 

2 .8 .10  -5 

6 . 1 . 1 0  -5 
2 .0 .10  -5 

2.~+ 3.2 i0-5 
,.,_1.9 �9 

I 9 +1'6 I 0  - 4  
�9 - 1 . 0  ' 

1 ,~A+o.68,10-4 
.-~-x_0.51 

4 n +4"2. 10 -5 
�9 " - ' - 2 . 4  

a+3.8 10-5 
�9 -~-2.7 " 

1 9 +1"8 10 -4 
�9 - 1 . 2  " 

1A+ 3-4 . 3 . . . .  1.9 10-5 

5.~+3.5 10-5 
uu_2.4  " 

1 94 +l's 10 -5 
�9 - 1 . 1  " 

3.5 .10  -5 
1 . 8 - i 0  -5 

2 .3 .10  -4 

5.9+4.4.10-6 
" - 2 . 8  

0 7 8  +~176 10 -5 
�9 - 0 . 4 5 - 0 . 1 8  " 

0 7A+0.45+0.12 1 0 - 5  
. . . .  O.al-O.~2 " 

0 77+0.52+0.12 10-5 
�9 " ~ - 0 . 3 5 - 0 . 1 2  " 

1 n~+o.54+o.t7 10-5 
. . . .  0.40-0.17 " 

1 99 +~176 10 -5 
�9 - o . 6 6 - o . 3 2  " 

0.22 

Reference 
NAME of Experiment 

Bogomolov et al. (1990) 

AMen et al. (1988), PBAR 

Salamon et al. (1990), PBAR 

Barwick et al. (1990), 
PBAR 

Barbiellini et al. (1997) and 

Boezio et al. (1997), CAPRICE-94 

Hof et al. (1996), MASS-91 

Labrador et al. (1995), IMAX-92 

Mitchell et al. (1996), IMAX-92 

Strei tmatter  et al. (1989), LEAP 
Strei tmatter  et al. (1990), LEAP 

Moats et al. (1990), LEAP 

Moiseev et al. (1997), BESS-93 

Matsunaga et al. (1997, 1998), 

BESS-95 

Amenomori et al. (1995) * 

* Us ing  air  showers  a n d  s h a d o w  of sun.  
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Table 5.46: Differential Intensity of Antiprotons in the Cosmic Radiation. 
(Recent Experiments) 

Energy 
GeV 

0.6-  2.0 

2.0 - 3.2 

0.25- 1.0 

1.0-  2.6 

2.6 - 3.2 

0.2 - 0.6 

0.175- 0.3 

0.3 - 0.5 

0.5 - 0.7 

0 .7-  1.0 

1.0- 1.4 

3.7 - 6.3 

6.3 - 11.6 

11.6 - 24.1 
. . . . . . . .  

Intensity 
[cm-2s-lsr- lGeV -1] 

I O +  2.4 10-6 
�9 ~ 1 . 4 "  

5. -~+4"5 10 -6 
"' 2 . 9 "  

2 .~1+2.s 10-6 
. . . .  1.4 " 

2.11 +1"4 10 -6 
~ ' -  1.0 " 

3 ~+3.1 .10  -6 
" - " - 2 . 0  

7 6.~+5"5 10- -=-3 .5  " 

1 2 ~ I + 1 4 1 + ~ 1 7 6  10 -6 
. v v  0 . 7 9 - 0 . 3 0 "  

136+o.83+o.23 10-6 
�9 - 0 . 5 7 - 0 . 2 3 "  

1 99+0.81+0.20 10-s 
. . . .  0 . 5 5 - 0 . 2 2 "  

1 9 . ~ + 0 . 6 7 + 0 . 2 2  1 0 - 6  
. . . .  0 . 5 0 - 0 . 2 2  " 

1 8 5 + 0 - 7 9 +  0.31 1 0 - 6  
�9 - 0 . 6 1 - 0 . 3 1  " 

8 2 +1~ 10 -~ 
�9 - 6 . 6  " 

4 ,~+4.2 0-7 �9 ~ 2.7" 1 
2.~ 4-1.7 10-T 

1 .1"  

Reference 
Name of Experiment 

Barbiellini et al. (1997) and 

Boezio et al. (1997), CAPRICE-94 

Mitchell et al. (1996), IMAX-92 

Moiseev et al. (1997), BESS-93 

Matsunaga et al. (1998), BESS-95 

Basini et al. (1999), MASS-91 

the shadowing effect of the sun and the moon in conjunction with the geo- 
magnetic and heliospheric magnetic fields. The upper limit of the antiproton 
to proton ratio resulting from this work was found to be <0.22 at energies 
around 10 TeV. 

5.6.4 Antinucle i  

So far the only claim for the detection of antimatter  beyond antiprotons was 
made by Apparao et al. (1983) who observed an event in an emulsion stack 
that  can be interpreted as being an antitriton, T. The stack was flown in 1972 
above Fort Churchill, Canada, for over 13 hours at an atmospheric depth of 
only 1.7 g/cm 2. The kinetic energy of the particle was approximately 150 
MeV and it traversed 2.3 cm of emulsion before interacting. Unless produced 
in the residual atmosphere the T must be of relatively local origin because 
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of its expected short half life (12.323 years for T). Considering the smallness 
of the residual atmosphere and the amount of interstellar and interplanetary 
matter the antitriton passed through in a few half-lives, the authors estimated 
the probability of its formation in a primary proton initiated interaction to 
be < 10 -9. 

All other efforts to search for antideuteron, D, antihelium, He, and heav- 
ier antinuclei did not yield positive results, only upper limits could be es- 
tablished. The results of the different experiments are summarized in Table 
5.47. The data of Smoot et al. (1975), Badhwar et al. (1978) and Ormes 
et al. (1995 and 1997) have a confidence level of 95% or better. The recent 
data of Ormes et al. (1995 and 1997) and Nozaki et al. (1999) were ob- 
tained with the BESS instrument and give the lowest upper limit. The next 
generation instruments such as PAMELA can search for antinuclei up to 30 
GeV/antinucleon with a sensitivity of better than 10 -7 for the -H~/He ratio 
(Adriani et al., 1997). 

5.6.5 Theoret ical  Studies  

Antiproton to Proton Ratio and Antiproton Intensities 

Numerous authors have studied the question of the origin of antiprotons in 
the cosmic radiation and the implications of their existence. Many have made 
attempts to estimate their intensity, the ~/p-ratio and the energy spectrum 
theoretically, using a variety of models of cosmic ray propagation in the 
Galaxy (Shen et al., 1968; Suh, 1971; Gaisser and Maurer, 1973; Gaisser and 
Levy, 1974; Badhwar et al., 1975; Steigman, 1977; Peters and Westergaard, 
1977; Bhattacharyya et al., 1978; Stephens, 1981b; Webber and Potgieter, 
1989; Stephens, 1989; Gaisser and Schaeffer, 1992; Heinbach and Simon, 
1995; Simon et al., 1998). Some of the results of these calculations are 
included in the data summaries shown in Figs. 5.79 to 5.85. 

Most of these calculations are based on some form of Leaky Box Model 
for the propagation of cosmic rays in the Galaxy and on the assumption that 
antiprotons found in the cosmic radiation are the result of interactions of 
the primary cosmic radiation with the interstellar medium and are therefore 
secondary particles. More recently the concept of distributed and diffuse 
re-acceleration had been introduced (Heinbach and Simon, 1995; Simon and 
Heinbach, 1996) that yield different spectral features and ~/p energy depen- 
dencies. Mitsui et al. (1996) have also investigated the contribution from 
evaporating primordial black holes and neutralino annihilations (Fig. 5.84). 

One of the first calculations to estimate the ~/p-ratio was carried out by 
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Table 5.47: Measured and Es t ima ted  Fract ion of Antinuclei in 
the Cosmic Radiat ion.  

Nuclear 
Charge IZI 

> 2  

>3 

Rigidity 
GV/c 

0.25 - 0.5 

1.0- 16 

1.6- 16 

1.2- 10.4 
10 - 25 

< 2 . 7  

4 -  33 
33 - 100 

2.5- 5 
2.5- 5 
2.5- 5 

2 -  17.2 
5 -  17.2 
17.2 - 50 

14- 100 
14 - 30 
30-  50 

50-  100 

< 100 

Ratio 

(~lZ) 
2.2-10 -5 

0.85-10 -6 

8.1-10 -6 

1.4-10 -3 
8 -10  -2 

7- I0 -3 

5- 10 -4 
2 .10  -2 

1.7-10 -4 
8.8-10 -5 
5.8-10 -5 
1.0.10 -4 

1.6-10 -4 
< I .  10 -2 

i .  10 -2 
< 2- 10 -2 
< 2 . 1 0  -2 
< I - 1 0  - I  

7- 10 -3 

2-10  -2 < 3  

< 4 I 2 -10  -2 

4 -  33 
33 - 100 

4 - 125 

8- 10 -5 
6- 10 -3 

5- 10 -3 

Reference 

Buffington et al. (1981) 

Nozaki et al. (1999, 2000) 

Ormes et al. (1997) 

Evenson (1972) 
Evenson (1972) 

Aizu et al. (1961) 

Smoot et al. (1975) 
Smoot et al. (1975) 

Badhwar et al. (1978)* 
Badhwar et al. (1978) 
Badhwar et al. (1978)** 
Badhwar et al. (1978) 
Badhwar et al. (1978) 
Badhwar et al. (1978) 

Verma et al. (1972) 
Verma et al. (1972) 
Verma et al. (1972) 
Verma et al. (1972) 

Damle et al. (1973) 

Grigorov et al. (1963, 1964) 

Ivanova et al. (1968a, 1968b) 

Smoot al. (1975) 
Smoot al. (1975) 

Golden et al (1974) 

> 6  

4 -  10 

10 - 50 
60-  125 

<2.7 
1 0 -  18 

8 -  10 -3 
1.3-10 -2 
1.5-10 -1 

1 .10  -2 
8 .10  -2 

Golden et al (1974) 
Golden et al (1974) 
Golden et al (1974) 

Aizu et al. (1961)  

Greenhill et al. (1971) 

* data from 1975 flight; ** combined data 
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Gaisser and Maurer (1973), using the basic ideas outlined above. Employ- 
ing parameterized expressions for the production cross section of antipro- 
tons from accelerator data (see also Stephens, 1981a; Tan and Ng, 1982 and 
1983c), these authors predict that the ratio pip ~_ 10 -5 around 2 GeV, in- 
creasing rapidly to 10 -4 around 6 GeV and reaching an asymptotic value 
of 4.6- 10 -4 beyond 105 GeV. An interstellar column of matter of 5 g/cm 2 
was assumed to have been traversed by the primary radiation. The energy 
dependence of the antiproton production rate in interstellar space is shown 
in Fig. 5.86. The curve is based on a calculation using the demodulated 
primary proton spectrum after Stephens and Golden (1987). 

An early attempt to calculate the absolute antiproton spectrum in the 
Galaxy was carried out by Gaisser and Levy (1974). They did also calculate 
the spectrum in the vicinity of the Earth, accounting for solar modulation 
effects. This work was followed by calculations of Szabelski et al. (1980), 
Stephens (1981a and 1981b), Protheroe (1981) and Tan and Ng (1981, 1983a 
and 1983b) and others. In general the different predictions of the antiproton 
spectrum and ~/p-ratio agree within a factor of two. 

From the calculations mentioned above one can infer that the antiproton 
lifetime is at least comparable to the cosmic ray storage time which is believed 
to be on the order of l0 T years and that most of the matter traversed by high 
energy cosmic rays is encountered after their acceleration. 

Solar Modula t ion  Effects 

The low energy cosmic ray antiproton flux arriving at Earth is subject to 
solar modulation (Perko, 1987 and 1992; Boella et al., 1998). Antiprotons 
with energies _<1 GeV observed at 1 AU appear to be primarily the result 
of adiabatic deceleration of higher energy antiprotons. Their intensity varies 
therefore much less over the solar cycle than does that of low energy protons 
because most of the antiprotons are produced with energies of several GeV 
(Fig. 5.86), where the effects of solar modulation are much less. Perko 
(1987) has calculated the average energy loss for antiprotons due to adiabatic 
deceleration against the outflow of solar wind for the periods when low energy 
measurements were made. 

In their investigation of solar modulation effects on the flux of cosmic ray 
antiprotons, Labrador and Mewaldt (1995 and 1997) note that the shape of 
the antiproton spectrum is not affected significantly over a solar cycle but 
that the ~/p-ratio at several hundred MeV varies approximately one order of 
magnitude. They point out that the latter is chiefly due to the variation of 
the proton flux rather than to variations of the antiproton flux, as pointed 
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out before (for details see Chapter 6, Section 6.3). In Fig. 5.87 we show 
the interstellar proton spectrum after Webber and Potgieter (1989) used by 
Labrador and Mewaldt (1995 and 1997) together with modulated proton 
spectra as well as the corresponding spectra of antiprotons. The ~/p-ratio 
obtained by the same authors using interstellar proton and antiproton fluxes 
according to Webber and Potgieter (1989) and Gaisser and Schaeffer (1992) 
are shown in Fig. 5.88. 

Another recent study of the expected enhancement of the cosmic ray 
antiproton flux at solar minimum was carried out by Mitsui et al. (1996), 
using different models of antiproton sources. 

Flux of Antinuclei  

On theoretical grounds, partly based on the calculations mentioned above, 
the flux of antinuclei from cosmic ray interactions with the interstellar me- 
dium is estimated to be approximately a factor of 10 -8 lower than the flux 
of antiprotons. The best present result in the search for antimatter yields an 
upper limit for the I~e/He ratio of 8.10 -6 (Ormes et al., 1997, see Subsection 
5.6.4). 
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Figure 5.79: Ratio of cosmic ray antiprotons to protons, ~/p, as a function of 
kinetic energy at the top of the atmosphere. Shown are early data obtained 
with different experiments in direct measurements and by indirect meth- 
ods. The solid curve, A, is the primary antiproton hypothesis of Stecker and 
Wolfendale (1985), the dashed curve, B, shows the ratio due to secondary 
production (Stephens and Golden, 1987). 
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Figure 5.85: Same experimental data as in Fig. 5.84 but different model 
predictions. The solid curve A is the Webber and Potgieter (1989) antiproton 
spectrum with the modulation parameter adjusted to fit the data  of the 
IMAX experiment. Curves B and C are the upper and lower limits obtained 
by Gaisser and Schaeffer (1992), modulated to the 1992 levels (Mitchell et al., 
1996), and curve D is the theoretical spectrum of atmospheric antiprotons 
at 5 g /cm 2 according to Pfeifer et al. (1996). Curves $1 and $2 are from a 
recent calculation of Simon et al. (1998). 
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Figure 5.86: Production spectrum of antiprotons in interstellar space based 
on the demodulated proton spectrum of Stephens and Golden (1987). The 
curve was obtained for a matter density in interstellar space of 1 H-atom/cm 3. 
A very similar spectrum is obtained with a simple power law spectrum in 
rigidity for the protons of the form jp(R) (x R -2"75, where R is the proton 
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Figure 5.87: Interstellar proton spectrum (top portion of figure) calculated by 
Webber and Potgieter (1989) (dashed line) and proton spectra modulated to 
the 1987 (solar minimum), 1993, 1979, 1992, 1980, and 1990 (solar maximum) 
levels (solid lines, from top to bottom). Likewise (bottom portion of figure), 
in the same sequence the corresponding antiproton spectra (Labrador and 
Mewaldt, 1995 and 1997). 
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Chapter 6 

Heliospheric Phenomena 

The heliosphere is that region of space where solar influences manifest them- 
selves and dominate. It extends for about 120 AU from the Sun. Its bound- 
ary, called heliopause, lies beyond the termination shock, there where the 
heliospheric magnetic field carried by the solar wind interacts with the in- 
terstellar medium. The magnetic field configuration of the heliosphere and 
that of the enclosed magnetosphere are outlined in the next section. 

Many of the heliospheric cosmic ray phenomena involve very complex 
processes and represent highly specialized fields of research of their own that 
are far beyond the scope of this book. We only outline some of the more basic 
heliospheric topics for reasons of completeness and definition, and present a 
very limited set of data in the appropriate sections. For further details the 
reader is referred to the specialized literature (see e.g. Parker 1963 and 1965; 
Schopper et al., 1967; Dorman 1974; Allkofer 1975; Kunow 1992; Longair 
1992; Moraal 1993; Fisk et al., 1998). 

6.1 In troduc t ion  

The solar activity affects the shape of the cosmic ray energy spectrum up 
to about 10 GeV/nucleon, i.e., a rigidity of ~10 GV for protons (~20 GV 
for He) because of the magnetic disturbances it causes. The amplitude of 
this activity is time dependent and manifests periodic as well as aperiodic 
features. Periodic occurrences such as the 11-year sunspot cycle as well as the 
27-day rotation of the Sun play an important role. Apart from solar flares 
(SF) and coronal mass ejections (CME) that occur at random but with a 
frequency that appears to have some correlation with the sunspot number, 
there are indications that other periodicities may exist. In addition, the solar 
magnetic field reverses polarity every 22 years, superimposing accompanying 
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effects. The time variation of the cosmic radiation due to solar activity is 
called solar modulation (Quenby, 1967; Moraal, 1993). 

On Earth the fluxes and spectra from the eastern and western directions 
are different up to rigidities of about 60 GV, because of the geomagnetic field 
and the positive charge dominance of the primary radiation. This is called the 
east- west effect or east- west asymmetry. Due to the geomagnetic cutoff 
imposed by the geomagnetic field, the energy spectra manifest a latitude 
dependence for rigidities up to about 15 GV at vertical incidence, called the 
latitude effect. 

There exists also a longitude effect which is due to the fact that the 
geomagnetic dipole axis is inclined with respect to the Earth's axis of rotation 
and laterally displaced. In addition there are magnetic anomalies. The most 
significant one is the South Atlantic anomaly, off the coast of Brazil. All 
these effects are altitude and time dependent. 
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6.2 Heliospheric, Magnetospheric and 
Terrestrial Magnetic Fields 

6.2.1 Introduction 

The combined effects of the magnetic fields of the Sun and the Earth, and the 
solar wind form a highly complex electromagnetic configuration that influ- 
ences the propagation of the cosmic radiation as it enters the heliosphere and 
magnetosphere, and approaches the Earth. We have excellent knowledge of 
the geomagnetic field and detailed data of large portions of the magnetic field 
in the magnetosphere. However, both field components are superimposed and 
time dependent, and both can be subject to sudden and significant changes. 

The interplanetary and heliospheric magnetic fields have been explored 
for a long time with many space probes and we have a fair understanding of 
the magnitude and orientation of the fields, at least in the explored regions, 
but the situation is complex and also time dependent. In the following we 
discuss very briefly the basic features of the heliospheric and the Earth's 
magnetospheric magnetic fields and the principal consequences that result 
for the cosmic radiation, including geomagnetic effects. 

6.2.2 Heliospheric Magnetic Field and Solar Wind 

The heliosphere is that region of space surrounding the Sun that is dominated 
by the solar wind (Parker, 1957, 1958a, 1958b and 1963). The solar wind 
flows continuously away from the Sun into space with a velocity of about 300 
km/s to 800 km/s. It manifests latitude, longitude and time dependence, 
and consists mainly of hydrogen, some helium and other nuclei, all highly 
ionized, and an approximately equal number of electrons. It is therefore 
electrically neutral and a plasma. The solar wind is subject to variations 
that are coupled with solar activity. 
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Table 6.1" Solar Wind  Composi t ion 

(von Steiger et al., 2000) 

Abundance ratios obtained with SWICS/Ulysses during four ,,~300-day periods. 

The numbers denote averages of daily values with their l a  variability. Photospheric 

values are from Grevesse and Sauval (1998). 

Ele- FIP 
ment 

He 24.59 
C 11.26 
N 14.53 
O 13.62 
Ne 21.56 
Mg 7.65 
Si 8.15 
S 10.36 
Fe 7.87 

Maximum 

95.9 + 35.1 
0.670 • 0.071 
0.069 • 0.038 

14-0 
0.091 4- 0.025 
0.147 • 0.045 
0.167 • 0.047 
0.049 • 0.016 
0.120 =h 0.039 

South 

72.7 �9 7.9 
0.683 • 0.040 
0.111-1- 0.022 

1/=0 
0.082 • 0.013 
0.105 :h 0.025 
0.115 • 0.023 
0.056 4- 0.013 
0.092 • 0.017 

North 

73.6 • 8.2 
0.703 • 0.037 
0.116• 

l=h0 
0.084 • 0.013 
0.108 • 0.022 
0.102 • 0.023 
0.051 =h 0.014 
0.081 4- 0.014 

Minimum 

84.0 • 33.0 
0.670 • 0.086 
0.088 • 0.035 

14-0 
0.104 • 0.027 
0.143 • 0.055 
0.132 4- 0.042 
0.051 • 0.021 
0.106 • 0.044 

Photo- 
sphere 

126 
0.489 
0.123 

1 
0.178 

0.0560 
0.0525 
0.0316 
0.0468 

In Table 6.1 we list long-term average values of the elemental composition 
of the solar wind according to von Steiger et al. (2000) for different epochs 
and spatial locations. The data cover the time span from 1991 to 1998 and 
include the following measurements: 

a) low latitude, relatively quiet, slow solar wind at post-maximum solar 
activity period (September 1991 to June 1992) (column 3, Table 6.1); 

b) high latitude, fast stream from south polar coronal hole (January to 
October 1994) (column 4); 

c) high lat i tude,  fast stream from north polar coronal hole (July 1995 to 

April 1996) (column 5); 

d) low lat i tude,  slow solar wind at pos t -min imum solar activity (July 1997 

to April  1998) (column 6). 

Also given in Table 6.1 are the first ionization potentials of the elements 
(FIP) and the photospheric abundances after Grevesse and Sauval (1998). 

The isotopic composition of the solar wind is given in Table 6.2 and was 
taken from the summary of Wimmer et al. (1999a). 

Because of the high conductivity of the interplanetary plasma the solar 
wind transports the frozen-in magnetic field from the Sun into space. Due 
to the rotation of the Sun the field lines are not radial but describe approx- 
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Table 6.2: Summary  of the Isotopic Composit ion of the Solar Wind 

(Wimmer  et al., 1999a, corrected) 

Isotopes 

4He/3He 
4He/3He 
4He/3He 
14N/15 N 
160/180 

2~ 
20Ne/22Ne 
20Ne/22Ne 
25Mg/24Mg 
25Mg/24Mg 
25Mg/24Mg 
25Mg/24Mg 
26Mg/24Mg 
26Mg/24Mg 
26Mg/24Mg 
26Mg/24Mg 

29Si/Si 
29Si/2ssi 
3~ 

3~ 
4OCa/44Ca 
4OCa/42Ca 
54Fe/56Fe 
54Fe/56Fe 
57Fe/SeFe 

Source 1) 

ASW 
SSW 
FSW 
ASW 
SSW 
SSW 
SSW 
SSW 
SSW 
FSW 
SSW 
CME 
SSW 
FSW 
SSW 
CME 
SSW 
CME 
SSW 
CME 
ASW 
ASW 
SSW 
SSW 
SSW 

Ratio Ref. 2) Solar 3) 

2450 4- 500 (1) 2050 4- 20 
2450 4- 150 (2) 2050 4- 20 
3030 4- 250 (2) 2050 4- 20 
200 4- 60 (3) 272 
450 4- 130 (4) 498 
440 4- 110 (5) 420 4- 50 
13.8 4- 0.7 (5) 13.7 4- 0.3 
13.64 4- 0.7 (6) 13.7 -4- 0.3 
0.128 4- 0.011 (7) 0.1266 
0.132 • 0.013 (7) 0.1266 
0.130 4- 0.007 (8) 0.1266 
0.117 4- 0.021 (9) 0.1266 
0.138 4- 0.012 (7) 0.1394 
0.153 4- 0.013 (7) 0.1394 
0.137 4- 0.010 (8) 0.1394 
0.146 4- 0.024 (9) 0.1394 
0.0454 4- 0.002 (6) 0.0463 
0.056 • 0.016 (9) 0.0506 
0.0326 4- 0.002 (6) 0.0310 
0.036 • 0.015 (9) 0.0336 
50 • 8 (10) 47.153 
128 4- 47 (10) 151.04 
0 nR~+o.oo5 

. . . . .  0 . 0 2 2  (11) 0.063 
0.065 4- 0.003 (12) 0.063 
<0.05 (11) 0.023 

SSW slow solar wind 
CME coronal mass ejection 

FSW fast solar wind 
ASW average solar wind 

(1) Bodmer and Bochsler (1998) 
(3) Kallenbach et al. (1998a) 
(5) Kallenbach et al. (1997) 
(7) Bochsler et al. (1997) 
(9) Wimmer et al. (1999b) 
(11) Oetliker et al. (1997) 

(2) Gloeckler and Geiss (1998) 
(4) Collier et al. (1998) 
(6) Wimmer et al. (1998) 
(8) Kucharek et al. (1998) 
(10) Kallenbach et al. (1998b) 
(12) Wurz (1999) 

3) Solar system values are those of Anders and Grevesse (1989). 
For noble gases the solar wind values for He are those of Coplan et al. (1984) and 

Geiss et al. (1972), for Ne those of Geiss et al. (1972). 
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imately Archimedean spirals centered at the Sun (Parker, 1963). Particles 
which flow outwards with constant velocity move in radial direction, follow- 
ing the revolving spirals. The orientation of the heliospheric magnetic field 
in the ecliptic along the spirals has a sector structure. It reverses direction in 
successive sectors, pointing predominantly towards the Sun and then again 
away from it. The Earth sweeps across a sector in about 6 to 7 days for a 
typical 4-sector structure. A more realistic model has recently been proposed 
by Fisk (1996). 

At the outer fringes of the heliosphere, at an estimated distance of about 
100• AU, the solar wind meets the interstellar medium (Axford, 1996). 
There it interacts with the interstellar wind and a termination shock occurs. 
The interstellar wind is believed to act in the Galaxy in an analogous way 
as the solar wind in the heliosphere. 

A bow shock occurs where the onflowing interstellar wind first encounters 
the presence of the heliospheric field (Parker, 1961). The region between the 
bow shock and the heliopause which separates the heliospheric cavity from 
interstellar space is called the heliosheath. Variation of the solar activity 
affects the magnetic field in the heliosphere and the spectrum of the cosmic 
radiation within it. Figure 6.1 shows an approximate outline of the magnetic 
field and plasma flow configurations in the heliosphere. 

Disturbances due to local solar activity, such as solar flares (SF) or coronal 
mass ejections (CME), cause irregularities in the flow of the solar wind and 
the associated magnetic field. So-called magnetic bottles are formed that act 
as scattering regions for the incident low energy cosmic radiation and can 
influence its intensity and energy spectrum near the Earth. If the Earth is 
engulfed in such a disturbance the event causes geomagnetic disturbances , 
called magnetic storms. At distances >10 AU there may be global merged 
interaction regions (GMIR) that may affect the cosmic ray intensity at Earth. 

6 . 2 . 3  G e o m a g n e t i c  a n d  M a g n e t o s p h e r i c  F i e l d s  

At the surface of the Earth the magnetic field varies between 30 #T (0.3 G) 
and 60 #T (0.6 G), depending on the geographic location (or geomagnetic 
latitude). Some details concerning the properties of the geomagnetic field, 
such as the geomagnetic cutoff, are discussed in Chapter 1 and references to 
specific literature are listed there. 

The magnetic field measured on Earth or in the atmosphere is the result 
of the superposition of the purely geomagnetic field, which itself is not homo- 
geneous and changes slowly with time, and the field components caused by 
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external currents and other internal and external influences that may cause 
additional slow or sudden variations. 

The resulting field interacts with the onstreaming solar wind and forms 
a magnetic field configuration, called the magnetosphere, that resembles a 
picture as described above for the heliosphere, but on a smaller scale. Figure 
6.2 shows a cross-sectional view of the magnetic field in and around the 
magnetosphere, embedded in the solar wind, in a plane perpendicular to the 
ecliptic that passes through the centers of the Earth and the Sun. 

The much weaker fields of the heliosphere affect the cosmic radiation 
essentially over the entire heliospheric volume, whereas geomagnetic effects 
that are of much larger magnitude mark their influence on a much more 
local level, over a comparatively small volume. The latter is confined to the 
magnetosphere which is bound by the magnetopause. 

The relatively strong geomagnetic field in the vicinity of the Earth im- 
poses a cutoff for low energy particles that varies as a function of geomagnetic 
latitude, which is different from the geographic latitude because the Earth's 
magnetic dipole axis does not coincide with its axis of rotation. At the mag- 
netic poles the geomagnetic cutoff is zero whereas at the geomagnetic equator 
it is _~15 GV for vertical incidence. In addition to the geomagnetic cutoff 
there is an altitude dependent atmospheric cutoff which is present every- 
where, preventing low energy particles from reaching ground level because of 
interactions with the atmospheric constituents. 

Solar activity disturbs the magnetospheric magnetic field configuration 
and can change the cutoff conditions for cosmic rays and solar particles sig- 
nificantly. It may also lead to partial discharges of the radiation belts in the 
Earth's polar regions, causing aurora effects. 

Depending on the rigidity and direction of propagation of the cosmic ra- 
diation the particles are more or less deflected from their original trajectories 
by the magnetic fields encountered while approaching the Earth. Some of the 
particles may never reach the Earth's surface because they may be deflected 
back into space, others may dissipate their energy in the atmosphere before 
reaching ground. 

To illustrate the radial dependence of the gyroradius of a particle moving 
in the inner magnetosphere, we show in Fig. 6.3 the relation between the 
gyroradius and the rigidity of a particle at four radial distances from the 
center of the Earth, and for two geomagnetic latitudes. 
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6 .2 .4  I n t e r p l a n e t a r y  M a g n e t i c  F i e l d s  

The interplanetary magnetic field has been explored by numerous satellites. 
In the inner heliosphere the radial field as measured by Ulysses is about 
3.5 nT (35 #G) at 1 AU and shows significant variations in amplitude and 
direction with time and position of the space probe (Smith et al., 1995; 
Balogh, 1996; Fisk, 1997). It was also found that the relation 

B~ . r 2 "~ 3.5 [nT(AU)2], (6.1) 

where B~ is the radial component of the magnetic field in units of [nT] and 
r the distance from the Sun in units of [AU], holds for the region explored 
by Ulysses (Smith and Balogh, 1995). In the outer heliosphere the magnetic 
field is estimated to be probably g l nT (Axford, 1990). 

Galactic and Intergalactic Magnetic Fields are discussed in Chapter 
7, Section 7.2. 
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Figure 6.1: Approximate configuration of the heliospheric magnetic field and 
plasma flows derived and constructed from measurements made by Voyager 
1 and 2 in the plane of the ecliptic and from out of ecliptic measurements 
made by Ulysses on its voyage over the solar polar regions in conjunction 
with the modified Parker model (Parker, 1958a and 1963; Fisk, 1996 and 
1997). The termination shock is also indicated. 
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Figure 6.2: The Earth's magnetosphere embedded in the solar wind. Because 
of the inclination of the Earth's axis of rotation of 23 ~ with respect to a line 
perpendicular to the ecliptic, and because of the deviation of the Earth's 
magnetic dipole axis from its axis of rotation of about 11 ~ , the magneto- 
sphere is not symmetric (the figure shows the extreme position). Interaction 
between the solar wind and the geomagnetic field leads to the bow shock, the 
magnetosheath and the magnetopause. The geomagnetic field is confined to 
the space within the magnetopause. Also shown are the Earth's radiation 
belts (courtesy of L. Desorgher). 
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Figure 6.3: Radius of gyration of charged particles in the Magnetosphere, 
in units of Earth radii [RE] and kilometers [km], as a function of rigidity 
at different distances, r, from the Earth's center, and geomagnetic latitudes 
between )~ -- 0 ~ (equator) and )~ - 90 ~ (poles) (courtesy E. Fliickiger, Uni- 
versity of Bern). On top of the graph we have marked the kinetic energy of 
a proton corresponding to the rigidity marked on the abscissa. 
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T i m e  Variat ion  and M o d u l a t i o n  Effects  

6 . 3 . 1  I n t r o d u c t i o n  

To a first approximation, the intensity of the cosmic radiation at sea level can 
be considered as constant. However, careful measurements over many years 
have revealed that there exist periodic as well as aperiodic intensity varia- 
tions. Both kinds of variations are caused by solar activity and are referred 
to as solar modulation effects (Parker, 1965; SandstrSm, 1965; Quenby, 1967; 
Moraal, 1993; Kudela, 1997 and references listed therein). 

Likewise, geomagnetic activity causes long-term latitude dependent vari- 
ations. In addition, changing meteorological and seasonal conditions, such 
as barometric pressure and temperature, affect the effective thickness and 
scale height of the atmosphere, causing secondary intensity variations of the 
cosmic ray flux on Earth. 

Solar Time and Diurnal Variations 

Solar time is our daily time, from noon to noon. It is the time required for 
one complete revolution of the Earth about its axis with respect to the Sun. 
Many directional variations that we observe in heliospheric coordinates are 
recurrent in solar time and are called solar diurnal variations. Astronomical 
features, however, are recurrent in sidereal time. 

Sidereal Time and Sidereal Variations 

One sidereal day is the time required for the Earth to make one complete 
360 ~ revolution about its axis with respect to a fixed star, or a distant galaxy. 
Therefore directional features of cosmic ray intensity that are of interstellar, 
galactic or even extragalactic origin, such as radiation from a distant point 
source, will appear periodically in sidereal time or manifest sidereal varia- 
tions. 

Solar time and sidereal time differ by one part in 365, the sidereal day 
being shorter. A difference of one day arises in a cycle of one year because 
of the orbital motion of the Earth around the Sun. To distinguish sidereal 
from solar variations, or from other effects, measurements must be made for 
extended periods, say one year, or even several years to improve the statistics. 
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6.3.2 Atmospherically Induced Variations 

Atmospherically induced intensity variations are investigated by measure- 
ments of the flux of muons and nucleons in the lower parts of the atmo- 
sphere, from sea level to mountain altitudes. In some cases muons are also 
monitored at shallow depth underground to reduce background effects. The 
nucleonic component is studied with the help of so-called neutron monitors 
(NM) (Simpson and Uretz, 1953; Hatton, 1971). It is mostly the abundant 
low energy neutrons, that are produced in the atmosphere by relatively low 
energy cosmic ray hadrons in interactions with nuclei of air constituents, to 
which the neutron monitor responds. 

Muons which are the decay products of charged pions resulting from 
similar nuclear interactions have different propagation characteristics in the 
atmosphere than the nucleonic component, and the two components do not 
respond alike to changes of the atmosphere (see Chapter 1) (for details see 
Allkofer, 1975; Gaisser, 1990; Kudela, 1997; Bazilevskaya and Svirzhevskaya, 
1998). 

Nucleonic Component 

For precise interpretation of the measurements the entire atmospheric column 
must be taken into account. The fractional change of intensity, Aj~/j~, 
recorded by a neutron monitor, e.g., at sea level, due to a pressure change, 
Ap, at the location of the neutron monitor can be approximated by the 
expression 

Ajn/jn -- --aN Ap , (6.2) 

where C~N is the pressure coefficient of the nucleonic component, aN ~-- 
9.6.10 -3 [mm -~ Hg] for atmospheric pressure changes measured in [mm Hg]. 
Thus, if the pressure is higher than the reference pressure, i.e., if Ap > 0, 
the neutron flux is reduced because a larger column of atmosphere must be 
traversed to reach sea level. 

Muonic Component 

As mentioned before, muon production and propagation in the atmosphere 
are determined by a different mix of processes than the nucleonic component 
and the muon flux responds in a different way to changes of atmospheric 
parameters. The general trend with respect to pressure changes in the atmo- 
sphere described by eq. 6.2 remains, but it is less pronounced because muon 
propagation is mainly subject to ionization losses only. The previous relation 
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can therefore be rewritten for the fractional change of the muon intensity, 
A j ~ / j , ,  due to a pressure change, Ap, as 

Aj~/ j~  = - a ~ A p  , (6.3) 

where a ,  is the pressure coe~cient of the muonic component, a ,  _~ 2.15.10 -a 
[mm -1 Hg] for atmospheric pressure changes measured in [mm Hg]. 

Because of muon decay an additional variation of the intensity of muons 
arises when the altitude of the main production layer changes. If the alti- 
tude increases, the path lengths of the muons to sea level gets larger and 
the probability for decay increases. We can therefore write an analogous 
equation for the fractional intensity change of muons, Aj~/j~,  recorded by a 
muon detector at sea level due to a change of production height, Ah, in the 
atmosphere as we did previously for changes in pressure. Thus, 

Aj~/ j~ -- --a~hAh , (6.4) 

where a,h is the decay or altitude coefficient of the muonic component. 
a~h = 5" 10 -5 [m -i] for changes of the height of the production layer in 
the atmosphere, measured in [m]. 

Finally, a third atmospheric effect which is due to the competition be- 
tween interaction and decay of charged pions must be considered. The prob- 
abilities for both processes depend on the density of the atmosphere at the 
location of propagation of the pion. When the temperature in the main pro- 
duction layer for pions in the atmosphere increases, which is between about 
100 mb and 200 mb, the density decreases and the competition between de- 
cay and interaction changes slightly in favor of decay, yielding more muons 
(cf Chapter 1). This temperature change, AT, causes the muon intensity to 
increase with increasing temperature and can be described by the relation 

A j , / j ~  -- a~TAT , (6.5) 

where C~T is the temperature coefficient for muons, a~T ~-- 10 -3 [~ per 
degree of temperature change in the region between 100 mb and 200 mb. 
Note that this effect is positive in contrast to the others. 

It must be emphasized that for accurate measurements, the altitude de- 
pendence of all the coefficients mentioned in this subsection must be properly 
included as well as the energy dependence of the coefficients that are relevant 
for correcting the muon intensity. 
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Both the nucleonic and muonic components show large seasonal effects 
because of seasonal variations of the production layer. For muons this cor- 
responds to a combination of barometric and temperature effects. In Fig. 
6.4 we show the relative seasonal variation of the cosmic ray muon intensity 
during 1969 (after Allkofer and Jokisch, 1973). 

6.3.3 Solar Diurnal Variations 

For many years the cosmic ray intensity measured on Earth has been observed 
to undergo a periodic variation with a periodicity of one solar day. This solar 
diurnal variation is approximately sinusoidal and has a maximum soon after 
noon, local time, as shown in Fig. 6.5. It reflects the interaction of the 
solar wind and interplanetary magnetic field with the cosmic radiation. The 
typical amplitude of the variation is about 0.3% with respect to the mean 
for the nucleonic and 0.1% for the muonic intensities. Fourier analysis of the 
diurnal variation shows that it is not quite sinusoidal and contains a second 
harmonic, called the semi-diurnal variation. Its amplitude is < 0.02% for 
the nucleonic component (Fig. 6.5). 

An important characteristic of any modulation process is its variation 
with rigidity. Since the origin of the modulation is always the interaction of 
charged cosmic ray particles with the changing magnetic fields in interplane- 
tary and magnetospheric space, solar modulation is rigidity dependent. The 
fractional change in intensity can therefore be written as 

A j ( P ) / j ( P ) = a P  -6 , (6.6) 

For the diurnal variation 5 ~ 0 up to a limiting rigidity, PL, above which the 
diurnal anisotropy disappears. Thus 

A j ( P ) / j ( P ) -  ~ for P < PL (6.7) 

A j ( P ) / j ( P )  = 0 for P > PL (6.s) 

PL changes during the solar cycle and has a value of about 55 GV at solar 
minimum and approaches 100 GV at solar maximum. 

The origin of the solar diurnal modulation is believed to be linked with 
the solar wind and its frozen-in magnetic field that interacts with the cosmic 
radiation. Since the magnetic field co-rotates with the Sun and likewise the 
low energy cosmic ray particles that are spiraling around the magnetic field 
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lines, particles moving in the same direction as the Earth along its orbit have 
a flux excess of about 0.4% compared to those moving in opposite direction. 

6 . 3 . 4  S i d e r e a l  V a r i a t i o n s  a n d  A n i s o t r o p i e s  

If the galactic cosmic radiation is not isotropic a periodic variation of the 
intensity should be observable in sidereal time because of the rotation of the 
Earth. The period would have to be one sidereal day. Thus by searching for 
sidereal variations, anisotropies could be discovered that could reveal sources 
of cosmic radiation. 

However, excluding gamma ray point sources, in all the years of cosmic 
ray research only very minor indications of anisotropies could be found, that 
have proven to be difficult to confirm. For energies less than 10 ~4 eVa sidereal 
variation with an amplitude of 0.1% and a possible increase of amplitude with 
energy proportional to E ~ had been found (Sakakibara, 1965), and around 
10 t7 eV an amplitude of (1.7 4- 0.4)% (Lloyd-Evans et al., 1983; Kifune et 
aJ.,  986). 

Recently the existence of a definite asymmetry in the latitude distribu- 
tion of the amplitude of the first harmonic of the sidereal diurnal variation 
above 500 GV has been confirmed by Munakata et al. (1995) and Mori et 
al. (1995) (see also Kudela, 1997). Likewise, very recently the Akeno group 
in Japan has reported a ~4% anisotropy around 10 ~8 eV from an analysis of 
216.000 extensive air showers recorded over the past 15 years (Hayashida et 
al., 1999a). In addition, the AGASA group observed a remarkable clustering 
of events on the celestial sphere. They registered one triplet and two dou- 
blets with energies above 4- 1019 eV whose arrival directions are within 2.5 ~ 
(Hayashida et al., 1999b; see also Chapter 5, Section 5.2). 

6 . 3 . 5  C o m p t o n - G e t t i n g  E f f e c t  

If the cosmic radiation is truly isotropic it is certainly not with respect to 
the Earth as a frame of reference. This fact was realized by Compton (1933) 
and Compton and Getting (1935). Under the assumptions made at that time 
(rectilinear motion of the particles and empty space between planets, stars 
and galaxies) the authors came to the conclusion that the frame of reference 
in which cosmic rays are isotropic cannot be in significant rotation relative 
to distant galaxies, provided that nothing entrains the particles locally. 

Considering the rotation of our Galaxy, the motion of the Sun within 
it and of the Earth along its orbit, Compton and Getting further concluded 
that if the cosmic radiation is isotropic, our speed with respect to their source 
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must be about the speed of the galactic rotation. It then follows that a side- 
real diurnal effect with an amplitude of ,.~1% would have to result, with a 
maximum when an observer on Earth is looking forward. If modified for ge- 
omagnetic effects in mid latitudes and propagation through the atmosphere, 
the effect is reduced by about a factor of ten to ,.~0.1%. Modern estimates 
yield an even lower amplitude (Gleeson and Axford, 1968; Forman, 1970). 
However, no such effect could yet be found experimentally. 

6 . 3 . 6  F o r b u s h  D e c r e a s e s  

Continuous monitoring of the cosmic ray intensity has revealed that on many 
occasions, on a world-wide scale, the cosmic ray intensity decreased between 
a few percent and about 20%. The decrease occurs rather suddenly, within a 
few hours or less, but the subsequent recovery to the previous level takes days 
or even weeks. Such events are usually associated with so-called geomagnetic 
storms and are called Forbush decreases (Forbush, 1957, 1958a and 1958b). 
Typical events are illustrated in Fig. 6.6 which shows the response of a 
neutron monitor. 

Although details are not yet well known, the general mechanism respon- 
sible for Forbush decreases is generally believed to be a solar wind effect. At 
the time of occurrence of a solar flare (SF) or a coronal mass ejection (CME) 
from an active region of the Sun, the ejected plasma cloud with associated 
magnetic fields may have a higher velocity than the normal plasma stream 
and may produce a shock wave. A magnetic bottle may be formed with rela- 
tively high field strength and, if the Earth is within it, the low energy galactic 
cosmic radiation is prevented from reaching it. 

6 . 3 . 7  2 7 - D a y  V a r i a t i o n s  

Sometimes similar cosmic ray flux anomalies may be observed at mean in- 
tervals of 27-days. This quasi-periodic recurrence of certain effects is a well 
known phenomenon and linked to the 27-day rotational period of the Sun 
which identifies the events as being of solar origin. Frequently, they are re- 
lated to sunspot activity and corotating interaction regions (CIR). Forbush 
decreases, too, may have a similar recurrence. 

6 . 3 . 8  l 1 - Y e a r  a n d  2 2 - Y e a r  V a r i a t i o n s  

By monitoring the cosmic ray flux over many years, it has been found that the 
average flux varies with a period of about 11 years. This period is equivalent 
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to the ll-year solar cycle (Schwabe cycle, Schwabe, 1843) and is anticorre- 
lated with the solar activity, i.e., during high solar activity which means many 
sunspots, the cosmic ray intensity is lower, and vice versa, during the quiet 
Sun when there are fewer sunspots the cosmic ray intensity is higher. At high 
latitude the peak-to-peak variation over a solar cycle is usually _~15% for the 
neutron intensity and _~4.5% for the muon intensity, measured at ground 
level. This behavior is illustrated in Fig. 6.7 for the neutron rate, for the 
epoch 1954 to 1965, i.e., for solar cycle number 19 (Webber, 1967a). Solar 
cycles are numbered, beginning with 1750. Previous solar cycles, prior to 
1750, have negative numbers. Solar cycle 23 began with the solar minimum 
in 1996. The maximum of solar cycle 23 is expected to occur in the fall of 
the year 2000. 

The l 1-year variations are due to changing magnetic conditions in the 
heliosphere that influence the penetration of low energy galactic cosmic rays 
into the heliosphere. Stronger magnetic fields and an enhanced degree of 
turbulence reduce their intensity in the heliosphere or prevent them from 
entering the inner heliosphere because of deflection. This reduces the local 
intensity of the cosmic radiation and, hence, the flux of particles responsible 
for producing the flux of atmospheric secondaries that are detected by the 
monitoring instruments on Earth. The l 1-year cosmic ray intensity variation 
is anticorrelated with the solar activity. 

More subtle additional variations are observed that are probably linked 
to the polarity reversal of the heliospheric magnetic field which occurs at 
successive sunspot maxima (,.~11 years apart) and has a periodicity of ap- 
proximately 22 years, called the Hale cycle. The alternation of the shape of 
the cosmic ray maxima between more sharply and more rounded peaks every 
11 years seems to be one of these variations. 

In Fig. 6.8 we show how the l 1-year modulation affects the primary 
proton and helium spectra. Indicated are the average spectra as well as the 
minimum and maximum levels that occur during solar maxima and minima, 
respectively. From this figure it is seen that modulation effects cease to 
influence particles having energies larger than a few GeV/nucleon. 

A compilation of proton spectra obtained from different experiments dur- 
ing different levels of solar activity is illustrated in Fig. 6.9. The intensity 
variation of low energy protons (130 MeV < E < 225 MeV) in interplanetary 
space observed on board of the satellites IMP-8 and Pioneer 10 at ~1 AU 
and at larger distances, respectively, during the last 15 years is presented in 
Fig. 6.10. 
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6 . 3 . 9  L o n g - T e r m  V a r i a t i o n s  

Cosmic ray particles produce both, stable and unstable isotopes in nuclear re- 
actions in meteorites, in the atmosphere, on Earth and in the Earth's crust, 
such as 3He, 1~ 32Si, 36C1, 39At, 53Mn, 59Ni, SlKr and others, depending 
on the target material. The production rate of these so-called cosmogenic 
nuclides (see Section 7.2) depends primarily on the intensity and the spec- 
trum of the cosmic radiation, on the location of the specific sample and on 
the production cross sections (Lal and Peters, 1967; Reedy et al., 1983). 

Under the assumption that the intensity of the cosmic radiation and its 
composition did not change with time, the reaction products can be used for 
nuclear chronology, to determine the so-called radiation or exposure age of 
meteorites (Honda, 1967; Caffee et al., 1988), to date trees, the deep ice in 
the polar regions and other terrestrial objects (Beer, 1997). They are also 
an important key for deducing past climatic conditions on Earth. 

On the other hand, from the fraction of radioactive isotopes such as 1~ 
and from stable elemental abundances in the cosmic radiation, the average 
age of cosmic ray particles, TVR, can be determined. It was found to be 
about 107 years. There seems to be a slight energy dependence which goes 
approximately as TeR or E -~ (more recent work suggests that the energy 
dependence may be or E-~ From these studies it appears that the more 
energetic particles are younger (Miiller, 1989; see also Section 5.2). 

Cosmic Ray History Archived in Meteorites 

From the known production cross sections of stable and radioactive nuclides 
produced by cosmic rays in nuclear reactions in meteorites and in conjunction 
with the mean decay time of unstable nuclides, information on the variation 
of the flux of the cosmic radiation over long time spans can be obtained. 

Generally speaking we can say that from this work it had been deduced 
that the average flux of the cosmic radiation has been more or less constant 
over the past 500 years, that the variation over the past 5.105 years remained 
on average within fluctuations of about 10%, and that over time scales of 
millions of years its variation did not exceed a factor of two (Vogt et al., 
1990). 

Iron meteorites appear to be those small bodies that had been exposed 
longest to the cosmic radiation in space, some as long as 109 y and more. 
They retain a record of any changes in the cosmic ray intensity that may 
have occurred over the last few hundred million years. Detection of changes 
can be achieved by comparing ages based on various pairs of cosmogenic 
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isotopes, one radioactive and one stable (Anders, 1962). Meteorites that 
show simple exposure histories, i.e., agreement of the ages determined with 
different isotope pairs, e.g., 26A1/21Ne and 4~ imply a constant average 
intensity of the cosmic radiation for the last 109 years (1 Gy) (Lipschutz et 
al., 1965). 

Other authors found in some cases in meteorites that had a complex 
exposure history disparities that could imply a 50% increase in the cosmic 
ray flux within the last few million years (Voshage, 1962 and 1967; Hampel 
and Schaeffer, 1979). On the other hand Marti et al. (1984) rule out such a 
change in the flux variability on a million year time scale based on 1~ data 
but find evidence for a change of about 50% on a time scale of 108 - 109 
years in iron meteorites (see also Aylmer et al., 1988; Lavielle et al., 1999). 

However, there may have been short periods of significantly higher cos- 
mic ray intensities than at present which may have been caused by nearby 
supernova explosions that require more subtle techniques to be discovered. 
Furthermore, the solar activity manifests additional cycles and irregularities 
that are not so well established as those mentioned above, such as the 207 
year De Vries cycle (De Vries, 1958), the 70 year Maunder minimum (1645 
- 1715 AD) (Maunder, 1894 and 1902; Eddy 1976 and 1983) and possibly 
a 2100 to 2400 year cycle (Houtermans, 1971; Dergachev and Chistyakov, 
1995) that affect the heliospheric magnetic field and consequently the inten- 
sity and spectrum of the low energy (<10 GeV) cosmic radiation arriving at 
Earth. 

Supernova Explosions Revealed in Thermoluminescence Records 
of Sediments 

Cini et al. (1982 and 1983) and Attolini et al. (1983) detected evidence for 
periods of sharply elevated radiation levels in sediments of the Tyrrhenian 
Sea, off the coast of Livorno, Italy, using thermoluminescence, that coincide 
with the dates of historical supernovae explosions. This is illustrated in Fig. 
6.11. A relatively high rate of sedimentation takes place in that region (up to 
20 cm/1000 y), partly from wind-carried dust from the Sahara and of other 
origin. 

More recent work by Cini et al. (1997) using thermoluminescence on 
shallow cores from the Ionian Sea spans the epoch of the last 3000 years. 
From the known sedimentation rate any section of a drill core can be dated 
very accurately (Cini et al., 1990; Bonino et al., 1993). The authors suggest 
that the dust was probably exposed in the stratosphere to an elevated flux 
of gamma rays from the supernovae. The first attempt to detect supernovae 
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explosions in terrestrial material was made by Rood et al. (1979). 

915 

Cosmic Ray Intensity Variations Deduced from Radioactive 
Isotopes in Tree Rings and Polar Ice 

Extensive studies of the ~4C contents in tree trunks, of 36C1 and 1~ in 
polar ice cores and of other cosmogenic nuclides in terrestrial samples have 
revealed that the intensity of the cosmic radiation at Earth that is responsible 
for the production of these nuclides, i.e., the relatively intense but low energy 
component that is influenced by solar modulation, must have been subject 
to variations in the past. 

The variations appear to be correlated with solar activity and changes of 
the heliospheric and geomagnetic fields that affect the intensity and spectral 
shape of the cosmic radiation up to a few GeV/nucleon. It is not trivial 
to separate effects due to changes of the geomagnetic field from those of the 
heliospheric magnetic field. The latter are inferred from past sunspot records 
whereas the former hinge on very delicate measurements of the magnetic 
remanence and other properties of sea floor sediments (Meynadier et al., 
1992; Tric et al., 1992). 

Todays 14C record extends back to about 12,000 y (12 ky) BP (before 
present, i.e., 10,000 y BC) and were obtained in conjunction with den- 
drochronological research (e.g. Stuiver and Reimer, 1993; Dergachev and 
Chistyakov, 1995). This is illustrated in Fig. 6.12 which shows the per mil 
deviation of the atmospheric 14C/12C ratio, A14C, in tree rings as a function 
of age with respect to the official 1950 reference value (Stuiver et al., 1998). 

For a constant irradiation of the atmosphere by the cosmic radiation and 
therefore a constant production rate of cosmogenic nuclides within it, the 
A14C plot would show a straight horizontal line provided that no changes oc- 
curred within the terrestrial carbon system. (See Section 7.2 for cosmogenic 
nuclide production.) Therefore the concentration of 14C in the samples today 
would have to follow a smooth exponentially falling curve, characterized by 
the half-life of ~4C of 5730 y when plotted as a function of time. However, it 
is evident from Fig. 6.12 that in the past the atmospheric 14C/12C ratio was 
most of the time higher than today due to a higher production rate, which 
indicates a higher level of cosmic ray intensity. 

The records that are based on 1~ and 36C1 measured in polar ice cores 
reach back to more than 100,000 years. This is illustrated in Fig. 6.13. 
There curve A shows the atmospheric 36C1 flux determined from the mea- 
sured 36C1 concentration in the GRIP (Greenland Ice Project) ice core from 
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Summit, Greenland, as a function of age (Baumgartner et al., 1998; Beer, 
1997 and 2000). Curve D of this figure shows the corresponding geomagnetic 
field intensity as reconstructed from sediment cores from the Somali Basin 
(Meynadier et al., 1992). 

From these paleomagnetic data the geomagnetically controlled 38C1 pro- 
duction rate was calculated (curve C). Because of uncertainties in the time 
scales of the two data sets (the measured a6C1 concentrations and the mag- 
netic field strengths) Baumgartner et al. (1998) shifted the time scale of the 
magnetic records slightly to match the wiggles of the re-calculated a6C1 flux, 
curve B, to the major wiggles of the measured a6C1 flux of the GRIP time 
scale, curve A, as good as possible. This work confirms that the cosmic ray 
intensity on Earth was subject to significant variations in the past. 

References  

Allkofer, O.C., H. Jokisch: Nuovo Cimento, 15A, p. 371 (1973). 

Allkofer, O.C.: Introduction to Cosmic Radiation, Thiemig Verlag, Miinchen 
(1975). 

Anders, E.: Rev. Mod. Phys., 2, p. 287 (1962). 

Apparao, Krishna, M.V.: Composition of Cosmic Radiation. Topics in As- 
trophysics, Gordon and Breach Science Publishers, London (1975). 

Attolini, M.R., G. Bonino, G. Cini-Castagnoli, and M. Galli: PICRC, 9, p. 
321 (1983). 

Aylmer, D., V. Bonanno, G.F. Herzog, H. Weber, J. Klein, and R. Middleton: 
Earth Planet. Sci. Lett., 88, p. 107 (1988). 

Baumgartner, S., J. Beer, J. Masarik, G. Wagner, L. Meynadier, and H.-A. 
Synal: Science, 279, p. 1330 (1998). 

Bazilevskaya, G.A., and A.K. Svirzhevskaya: Space Sci. Rev., 85, No. 3, p. 
431 (1998). 

Beer, J.: Proc. Internat. School of Physics, Enrico Fermi, Course CXXXIII, 
G. Cini Castagnoli and A. Provenzale, eds. IOS Press, Amsterdam (1997). 

Beer, J.: Space Sci. Rev., in print (2000). 

Bonino, G., G. Cini-Castagnoli, E. Callegari, and G.M Zhu: Nuovo Cimento, 
C 16, p. 155 (1993). 

Caffee, M.W., J.N. Goswami, C.M. Hohenberg, K. Marti, and R.C. Reedy: 
in "Meteorites and the Early Solar System", John F. Kerridge and Mildred 
Shapley Matthews, eds.. The University of Arizona Press (1988). 



6.3. TIME VARIATION AND MODULATION EFFECTS 917 

Cini-Castagnoli, G., G. Bonino, and S. Miono: Nuovo Cimento, 5C, N. 4, p. 
488 (1982). 

Cini-Castagnoli, G., G. Bonino, and S. Miono: PICRC, 2, p. 389 (1983). 

Cini-Castagnoli, G., G. Bonino, F. Caprioglio, A. Provenzale, M. Serio, anf 
G.M. Zhu: Geophys. Res. Lett., 17, p. 1937 (1990). 

Cini-Castagnoli, G., G. Bonino, P. Della Monica, and C. Taricco: in "Past 
and Present Variability of the Solar-Terrestrial System: Measurements, Data 
Analysis and Theoretical Models". Proc. Internat. School of Physics E. 
Fermi, Varenna, 1996, ed. C. Cini-Castagnoli, IOS Press, Amsterdam (1997). 

Compton, A.H.: Phys. Rev., 43, p. 387 (1933). 

Compton, A.H., and I.A. Getting: Phys. Rev., 47, p. 817 (1935). 

De Vries, H.: Proc. K. Ned. Akad. Wet., B 61, No. 2, p. 94 (1958). 

Dergachev, Valentin, and Vladimir Chistyakov: Proc. 15th Internat. :4C 
Conf., G.T. Cook, D.D. Harkness, B.F. Miller, and E.M. Scott: Radiocarbon, 
37, No. 2, p. 417 (1995). 

Eddy, John, A.: Science, 192, No. 4245, p. 1189 (1976). 

Eddy, John, A.: Solar Physics, 89, p. 195 (1983). 

Forbush, S.E.: Proc. Nat. Acad. Sci., 43, p. 28 (1957). 

Forbush, S.E.: Trans. Am. Geophys. Union, 39, p. 100 (1958a). 

Forbush, S.E.: J. Geophys. Res., 63, p. 651 (1958b). 

Forman, Miriam, A.: Planet Scpace Sci., 18, p. 25 (1970). 

Gaisser, Thomas K.: Cosmic Ray and Particle Physics. Cambridge Univer- 
sity Press (1990). 

Gleeson, L.J., and W.I. Axford: Astrophys. Space Sci., 2, p. 431 (1968). 

Hampel, W. and O.A. Schaeffer: Earth Plant. Sci. Lett., 42, p. 348 (1979). 

Hatton, C.J.: Progr. Elementary Particle and Cosmic Ray Phys., 10, p. 1 
(1971). 
Hayashida, N., K. Honda, N. Inoue, K. Kadota, F. Kakimoto, F. Kakizawa, 
K. Kamata, S. Kawaguchi, Y. Kawasaki, N. Kawasumi, E. Kusano, Y. Mat- 
subara, K. Mase, T. Minagawa, K. Murakami, M. Nagano, D. Nishikawa, 
H. Ohoka, S. Osone, N. Sakaki, M. Sasaki, K. Shinozaki, M. Takeda, M. 
Teshima, R. Torii, I. Tsushima, Y. Uchihori, T. Yamamoto, S. Yoshida, and 
H. Yoshii: PICRC, 3, p. 256 (1999a). 

Hayashida, N., K. Honda, N. Inoue, K. Kadota, F. Kakimoto, F. Kakizawa, 
K. Kamata, S. Kawaguchi, Y. Kawasaki, N. Kawasumi, E. Kusano, Y. Mat- 



918 CHAPTER 6. HELIOSPHERIC PHENOMENA 

subara, K. Mase, T. Minagawa, K. Murakami, M. Nagano, D. Nishikawa, 
H. Ohoka, S. Osone, N. Sakaki, M. Sasaki, K. Shinozaki, M. Takeda, M. 
Teshima, R. Torii, I. Tsushima, Y. Uchihori, T. Yamamoto, S. Yoshida, and 
H. Yoshii: PICRC, 3, p. 276 (1999b). 

Honda, M.: Effects of Cosmic Rays on Meteorites. Handbuch der Physik, 
Kosmische Strahlung XLVI/2, p. 613, Berlin, Springer Verlag (1967). 

Houtermans, J. C.: Ph.D. Dissertation, University of Bern, Switzerland 
(1971). 

Kifune, T., T. Hara, Y. Hatano, N. Hayashida, M. Honda, K. Kamata, M. 
Nagano, K. Nishijima, G. Tanahashi, and M. Teshima: J. Phys., G 12, p. 
129 (1986). 

Kudela, K.: PICRC, 8, p. 175 (1997). 

Lal, D., and B. Peters: in Handbuch der Physik (Springer-Verlag, Heidelberg, 
Germany), 46, p. 551 (1967). 

Lavielle, B., K. Marti, J.-P. Jeannot, K. Nishiizumi, and M. Caffee: Earth 
Planet. Sci. Lett., 170, p. 93 (1999). 

Lipschutz, M.E., P. Singer, and E. Anders: J. Geophys. Res., 70, p. 1473 
(1985). 
Lloyd-Evans, J., and A.A. Watson: Invited Talks 8th European Cosmic Ray 
Symposium, Rome, 1982, eds. N. Iucci, M. Storini, S. Cecchini, F. Massaro, 
Technoprint, Bologna, Italy (1983). 

Marti, K., B. Lavielle, and S. Regnier: Lunar Planet. Sci., XV, p. 511 
(1984). 

Masarik, J., and J. Beer: J. Geophys. Res., 104, No. D10, p. 12099 (1999). 

Maunder, E.W.: Knowledge, 17, p. 173 (1894). 

Maunder, E.W.: Knowledge, 25, p. 129 (1902). 

Meynadier, L., J.P. Valet, R. Weeks, N.J. Shackleton, and V.L. Hagee: Earth 
Planet. Sci. Lett., 114, p. 39 (1992). 

Moraal, H., and M.S. Mulder: PICRC, 5, p. 222 (1985). 

Moraal, H.: Nucl. Phys. B (eroc. Suppl.) 33A,B, p. 161 (1993). 
Mori, S., S. Yasue, K. Munakata, et al.: J. Geomagn Geoelectr., 47, p. 1097 
(1995). 

Miiller, Dietrich: Adv. Space Res., 9, No. 12, p. (12)31 (1989). 

Munakata, K., S. Yasue, S. Mori, et al.: J. Geomagn Geoelectr., 47, p. 1103 
(1995). 



6.3. TIME VARIATION AND MODULATION EFFECTS 919 

Ormes, J.F., and W.R. Webber: Can. J. Phys., 46, p. $883 (1968). 

Parker, E.N.: PICRC, 1, p. 26 (1965). 

Potgieter, Marius, S.: PICRC, 5, p. 213, eds. Leahy, Hicks and Venkatesan, 
World Scientific, Singapore (1993). 

Quenby, J.J.: The time Variations of the Cosmic Ray Intensity. Handbuch 
der Physik, Kosmische Strahlung XLVI/2, p. 310, Berlin, Springer Verlag 
(1967). 

Reedy, R.C., J.R. Arnold, and D. Lal: Ann. Rev. Nucl. Part. Sci., 33, p. 
505 (1983). 

Rood, R.T., C.L. Sarazin, E.J. Zeller, and B.C. Parker: Nature, 282, p. 701 
(1979). 

Sakakibara, S.: J. Geomag. Geoelectr. Japan, 17, p. 99 (1965). 

SandstrSm, A. E.: Cosmic-ray physics. Amsterdam: North-Holland Publish- 
ing Company 1965 

Schwabe, H.: Astron. Nachr., 20, No. 495 (1843). 

Simpson, J.A., and R.B. Uretz: Phys. Rev., 90, p. 44 (1953). 

Smart, D.F., and M.A. Shea: p 6-14 in "Handbook of Geophysics and 
Space Environment", Adolph S. Jursa, ed., Air Force Geophysical Labo- 
ratory (1985). 

Stuiver, Minze, and Paul J. Reimer: Radiocarbon, 35, p. 215 (1993). 

Stuiver, M., P.J. Reimer, E. Bard, J.W. Beck, G.S. Burr, K.A. Hughen, 
B. Kromer, G. McCormac, J. Van der Plicht, and M. Spurk: INTCAL98 
Radiocarbon age calibration, 24,000-0 cal BP. Radiocarbon, 40, p. 1041 
(1998). 

Tric, Emmanuel, Jean-Pierre Valet, Piotr Tucholka, Martine Paterne, Lau- 
rent Labeyrie, Francois Guichard, Lisa Tauxe, and Michel Fontugne: J. Geo- 
phys. Res., 97, p. 9337 (1992). 

Vogt, F., G.F. Herzog, and R.C. Reedy: Rev. Geophys., 28, p. 253 (1990). 

Voshage, H.: Zeitschr. Naturf., 17a, p. 422 (1962). 

Voshage, H.: Zeitschr. Naturf., 22, p. 477 (1967). 

Webber, W.R.: (1967a), after Apparao (1975). 

Webber, William, R.: J. Geophys. Res., 72, p. 5949 (1967b). 



920 CHAPTER 6. HELIOSPHERIC PHENOMENA 

E 
O r ' ,  

. , - - , ,  ~ .___, 
(~ 

. . - - i  

�9 >- =I. 

rr 

1 5  . . . . . . . . . .  i i i i i i i i i i i , , , i , , i , , , i i i i i  . . . . . . . . .  

1 0  

5 

o V 

- 5  

-10 
n. Mar. I D e  

- 1 5  r l l l l l l l l l l l l l l l l l l l i l l l l l l l l l l l l l l l l l l l i l l l l l l l l i l n  

0 10 20 30 40 50 
Week  of Year  1969 

Figure 6.4' Seasonal variation of the cosmic ray muon intensity at sea level. 
Shown are the relative deviations of the average weekly counting rates from 
January to December, 1969 (after Allkofer and Jokisch, 1973). 
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Figure 6.5: Diurnal variation of the nucleonic component (curve F) recorded 
at sea level with a neutron monitor. The maximum is about 1 hour past 
noon local time. The time dependence is almost sinusoidal except for a weak 
semi-diurnal component (curve H). The amplitude of this second harmonic 
is < 0.02% (after SandstrSm, 1965). 
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Figure 6.6: Plot of "averaged" Forbush decreases as observed with the neu- 
tron monitor at Hermanus (South Africa) during the epochs 1959 - 1969 
(solid curve) and 1971 - 1980 (dashed curve), respectively. The difference in 
the recoveries and asymptotic levels between the two epochs is evident and, 
according to Moraal and Mulder (1985), may be due to drift effects. 
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Figure 6.7: Variation of the neutron monitor counting rate at Mt. Washing- 
ton (NH) and the sunspot number recorded over a period of eleven years, 
from one sunspot minimum to the other. The anticorrelation of the two ob- 
servables is evident, however, the sunspot maximum occurs about one year 
earlier than the neutron monitor minimum. The latter is being referred to 
as the modulation maximum (Webber, 1967a, after Apparao, 1975). 
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Figure 6.8: Typical differential energy spectra of primary cosmic ray protons 
and helium nuclei. The solid lines show the average spectra. The modulation 
effects are illustrated by the dashed lines; the upper lines indicate the inten- 
sity during solar minimum and the lower during solar maximum. Note that 
the proton intensities are multiplied by a factor of 5 to avoid overlapping 
with the helium spectra. The modulation effects cease at higher energies 
(after Smart and Shea, 1985). 
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6.3. TIME VARIATION AND MODULATION EFFECTS 
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Figure 6.9" Time variation of the proton spectrum with solar activity mea- 
sured at five different epochs. Curves 1 to 5 correspond to successively in- 
creasing solar activity (Ormes and Webber, 1968; Webber, 1967b; Apparao, 
1975). 
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Figure 6.10: Intensity variations of cosmic ray protons having energies be- 
tween 130 MeV and 225 MeV, measured with instruments on board of the 
satellites Pioneer 10 and IMP-8 over a period of over 15 years during their 
journey through space (after Potgieter, 1993). 
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Figure 6.11: Thermoluminescence output from a sea floor core from the 
Tyrrhenian Sea as a function of time. The pronounced peaks indicate epochs 
of elevated radiation exposures of the dust in the stratosphere prior to sedi- 
mentation that correspond with dates of historical supernovae explosions, as 
indicated. The core dating is based on the known sedimentation rate (Cini 
et al., 1983). 
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Figure 6.12: The per mil deviation of the atmospheric 14C/12C ratio,/~14C, 
from today's standard value, as deduced from measurements in tree rings for 
the last 12,000 years. Note that the most recent point of the curve (on the 
right hand side) begins with the year 1950. This is defined as year zero (0) 
BP (before present). More recent samples show contributions from nuclear 
bombs and falsify the interpretation. The curve shows that in the past the 
14C/1~C ratio in the atmosphere was most of the time higher than today 
due to a higher production rate, which implies a higher cosmic ray intensity 
(Stuiver et al., 1998). 
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Figure 6.13: Curve A shows the 36C1 flux in the atmosphere derived from the 
measured 36C1 concentrations in the GRIP (Greenland Ice Project) ice core 
from Summit, Greenland. Curve D is the geomagnetic field intensity (virtual 
axial dipole moment) as reconstructed from paleomagnetic measurements on 
three sediment cores from the Somali Basin (Meynadier et al., 1992). The 
geomagnetically controlled 36C1 production rate calculated on its own time 
scale from the data of curve D is represented by the dashed curve C. Curve 
B shows the geomagnetically controlled 36C1 production rate shifted in time 
to match the major wiggles of curve A (after Baumgartner et al., 1998). 
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6.4 Energet ic  Solar Particles and Photons  

6 . 4 . 1  I n t r o d u c t i o n  

In comparison to the universal cosmic ray spectrum that extends to energies 
well over 10 l~ GeV, particles emitted by the Sun, even in the most violent 
solar processes, are of very low energy. Their spectrum extends at most up 
to about 10 GeV, in some cases particles having energies as high as 50 GeV 
were reported (e.g. Karpov et al., 1997). However, with respect to the bulk 
of the radiation from the Sun, corpuscular or other, particles that are asso- 
ciated with energetic solar events, such as solar flares (SF) or coronal mass 
ejections (CME), that may reach energies as high as 10 GeV and more, are 
of comparatively high energy for the solar regime. Thus, the term energetic 
solar particles (ESP) or solar energetic particles (SEP), i.e., energetic with 
respect to solar wind particles. In the following we will use the first term. 

Not all solar flare events produce particle fluxes that are observable on 
Earth. Whether or not a solar flare causes an observable flux of particles on 
Earth depends on its strength and on its location at the Sun with respect to 
the position of the Earth. The accepted view that energetic solar particles 
are accelerated in association with solar flares or coronal mass ejections is 
based on the fact that they are time correlated with these phenomena. How- 
ever, the recently observed association of particle fluxes in the MeV range 
with interplanetary shocks suggests that fast coronal mass ejections could be 
another significant contributor of MeV particles in space (Smart, 1996). The 
mechanisms by which particles are accelerated to the energies observed in a 
solar flare are not yet fully understood although various models have been 
proposed. 

6 . 4 . 2  S o l a r  F l a r e s  

Solar flares are sporadic local eruptions of the chromosphere. They develop 
suddenly and rapidly, in minutes, and cover a relatively small region of the 
solar surface. Initially they manifest themselves by a localized sudden bright- 
ening. The duration of a solar flare ranges from about 20 minutes to as much 
as 3 hours. 

Flares are accompanied with the emission of a broad spectrum of elec- 
tromagnetic radiation, including X- and gamma ray emission, and relatively 
energetic particles, predominantly protons but also electrons, helium and 
small quantities of heavier nuclei. Sometimes the flux levels of particles and 
radiation are very high, several orders of magnitude higher than the galactic 
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cosmic ray flux. Simultaneously shock waves and magnetic disturbances are 
generated which may affect the magnetosphere if the Earth lies within the 
zone of influence of a flare. 

The increase of the electromagnetic radiation is particularly strong in the 
short wavelength region, around <2000/~. Solar flares are classified accord- 
ing to size. Lately solar flare particle observations are classified according 
to the type of associated solar flare soft-X-ray emission into impulsive and 
gradual events. Impulsive soft X-ray events are usually of short duration 
(<lh),  whereas gradual soft-X-ray events last many hours and are called 
long duration events (LDE). 

It has been observed that flares originating in the western hemisphere of 
the Sun are more likely to produce solar particles capable of reaching the 
Earth than flares in the eastern hemisphere. This is a consequence of the 
interplanetary magnetic field configuration. The number of flares is inversely 
proportional to their size. At times of high solar activity, up to 10 events 
per day can occur. There are only few events per year with very large fluxes. 
Correlations of the number and intensity of flares with the number and size 
of sunspots have been observed. 

6 . 4 . 3  P h o t o n s  a n d  P a r t i c l e s  f r o m  S o l a r  F l a r e s  

P h o t o n  Emiss ion  

Solar flares emit a wide spectrum of electromagnetic radiation which can 
extend over a wavelength range from less than 10 -11 cm (~ 2 MeV) (X- 
and gamma radiation) to more than 106 cm (~ 10 -1~ eV or 30 kHz radio 
waves). The associated emission of gamma rays in solar flares was discovered 
by Chupp et al. (1973). The sources of optical flare emissions are the chro- 
mosphere and the corona. In general, the maximum brightness only lasts a 
few minutes. 

Of particular interest are the soft and hard X-rays, and the gamma rays. 
Most of the observations today are made with satellite based instruments in 
space. Measurements made over the energy range from 30 keV to 2 MeV 
of the X-ray emission from powerful flares indicate that the spectrum can- 
not be described by a single power law. A break exists around 170 keV as 
shown in Fig. 6.14. The spectrum consists of a bremsstrahlung continuum 
from accelerated electrons with an admixture of 7-rays from ~r~ and a 
superposition of -),-ray emission lines (Rank et al., 1997). 

The gamma ray emission lines that are observed are believed to be due 
to accelerated ions that travel down magnetic loops and impact on denser 
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material in the chromosphere or photosphere, causing nuclear reactions. In- 
dividual flare spectra may vary greatly in slope and shape. In some spectra 
the emission lines are clearly visible above the bremsstrahlung continuum, in 
others it is difficult to identify them (Yoshimori et al., 1995). 

Charged Particle Emission 

Protons and Nuclei: Solar flares and/or coronal mass ejections are also 
sources of energetic particles. In most cases the energy spectrum of solar 
particles terminates at energies <_10 GeV, however, in some cases observa- 
tion of particles with energies as high as 50 GeV and more had been reported. 
In many cases the energy determination is very indirect via secondary obser- 
vations and in conjunction with simulation calculations. The particles are 
believed to originate in the chromosphere of the Sun. Only a small frac- 
tion of the flares observed produce particles that can be detected on Earth, 
either directly at the fringes of the atmosphere, or indirectly through their 
interactions in the atmosphere at ground level with neutron monitors. The 
latter are then referred to as ground level enhancements or ground level events 
(GLE). Frequently only one ground level enhancement is observed per year, 
preferentially at high latitude. 

Besides protons and helium nuclei the heavier elements up to iron are also 
present in energetic solar events. The particle composition is related to the 
first ionization potential of the individual elements and the charge state of 
individual ions is linked to the temperature of the source plasma (Oetliker et 
al., 1995; Leske et al., 1995). Charge state measurements have been carried 
out over an energy range from about 1 MeV into the region of 10 - 100 
MeV, depending on the element. The question whether the composition of 
energetic solar particles is related to either the coronal or the solar wind 
composition has not yet been answered. 

Electrons: The presence of X-rays and gamma rays in solar flares indicates 
that electrons must be present that are accelerated into the MeV energy 
range. Satellite measurements show that electron events associated with 
impulsive X-ray events have a characteristic double power law spectrum, 
suggesting a two-stage acceleration mechanism. On the other hand, electron 
events associated with long-duration X-ray events had a characteristic single 
power law spectrum (DrSge, 1995a and 1995b). 
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Charged Particle Energy Spectra 

The slope and shape of the energy spectrum of solar particles changes with 
time during a flare. The most energetic particles (>1 GeV) are the first 
to arrive with a delay of only a few minutes after visual recognition of the 
flare. Lower energy particles then appear in increasing numbers while the 
high energy particles fade away (Allkofer and Simon, 1970). The rigidity 
spectrum, j (P, t), can be approximated by the expression 

j ( P ,  t) = I0(t)  , (6.9) 

where P is the rigidity in [MV] (P - pc/ze, see Chapter 1), I0 the flare 
parameter characterizing the intensity expressed in [cm -2 s -1 sr-1], and G(t) 
is the slope of the spectrum in [MV]. 

The slope of the spectrum is steeper for flares with small values of G, 
and vice versa. The values of G range from 40 MV to 400 MV and those 
of I0 from 2 to 1000 protons cm -2 s -1 sr -~. The spectra steepen with time. 
Frequently the fluxes of energetic solar particles are orders of magnitude (up 
to ,.~1000 times) higher than the galactic cosmic ray flux and flare spectra 
are steeper. These properties are illustrated in Fig. 6.15 which shows the 
evolution of the energy spectrum of solar flare particles in the flare of May 
7, 1978 and the galactic cosmic ray spectrum for comparison (Debrunner et 
al., 1983a). 

Neutron Emission 

The possibility that neutrons might be present in solar flare events and de- 
tectable at Earth was first suggested by Biermann, Haxel and Schluter (1951). 
However, it was not until 1980 that the existence of ~400 MeV neutrons was 
detected in space near Earth with detectors on board the SMM (Solar Max- 
imum Mission) satellite, following an impulsive solar flare (Chupp et al., 
 9s2). 

Simultaneous observation of solar flare neutrons in space and at ground 
level with neutron monitors took place in 1982 (Chupp et al., 1987). The 
ground based observations were made with the neutron monitors at Jungfrau- 
joch (Switzerland) (46.5 ~ N, 8.0 ~ E, 3554 m a.s.1.) (Debrunner et al., 1983b), 
at Lomnicky Stit (Czechoslovakia) (49.2 ~ N, 20.2 ~ E, 2632 m) (Efimov et 
al., 1983), and a faint signal could be recognized in the data of the neutron 
monitor at Rome (Italy) (41.9 ~ N, 12.5 ~ E, 60 m) (Iucci et al., 1985). 

In Fig. 6.16 we show the data recorded with the neutron monitor at 
Jungfraujoch, the corresponding evidence from the satellite based measure- 
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ment and the associated gamma ray signature of the flare, also from the 
satellite measurement (Chupp et al., 1987). From these data and the de- 
tector responses the time dependence of the production spectra of neutrons 
in solar flares was attempted to be disentangled. To produce the recorded 
ground level event at Jungfraujoch neutrons must have an energy in excess 
of 300 MeV. The energy spectrum of solar flare neutrons seems to extend to 
about 2 - 4 GeV, with an almost cutoff-like sharp drop around 4 GeV. 

With the help of satellite based measurements Evenson et al. (1983 
and 1985) could observe in some events solar neutron decay protons near 
the Earth. Furthermore, the detection of the 2.223 MeV gamma line from 
the n-p-capture delivers additional proof of the existence of neutrons at the 
Sun (Chupp, 1982; Share et al., 1982; Prince et al., 1982). Based on X- 
and gamma ray measurements and various assumptions, Dunphy and Chupp 
(1991) estimated the time integrated energy spectrum of the solar neutrons 
of the solar flare of March 6, 1989. It is reproduced in Fig. 6.17 (see also 
Takahashi et al., 1991). 

6.4.4 Ionospheric Effects 

The interaction between the solar wind and the geomagnetic field determine 
shape and properties of the magnetosphere. Disturbances and irregularities 
in the steady flow of the solar wind due to solar activity affect the shape 
of the magnetosphere and influence the cutoff conditions. As a consequence 
energetic solar particles, mostly protons but also heavier nuclei and electrons, 
may have easier access at times to the inner magnetosphere and can reach 
the Earth. 

The arrival of radiation increases the electron density in the upper atmo- 
sphere by photoionization and other processes, causing sudden ionospheric 
disturbances (SID). The ionization is particularly strong in the polar regions, 
where low energy protons of 5 to 20 MeV, the most abundant in flare pro- 
cesses, can enter easily along the field lines. This process is called Polar Cap 
Absorption (PCA) and may cause aurora effects that can impair temporarily 
local or world-wide radio communication. 
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Figure 6.14: Composite X- and ")'-ray spectrum of the extended phase of 
the June 15, 1991 solar flare using data from several experiments. The data 
from the CGRO instrument have been scaled up by a factor of about 4 to 
compensate for the different observation times (after Rank et al., 1997). The 
spectrum which extends beyond 3 GeV shows a break around 170 keV. 
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Figure 6.15: Energy spectra of solar protons observed during the solar flare 
event of May 7, 1978. Curves 1 to 5 show the evolution of the particle 
spectrum for the time intervals listed below. Shown, too, for comparison are 
the galactic cosmic ray spectrum (curve GCR) and the range of the cosmic ray 
background level at low energies (region 6) (after Debrunner et al., 1983a). 
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Figure 6.16" Time profile of the responses of two of the tree detectors on 
board of the SMM satellite (histograms A and B) and of the Jungfraujoch 
neutron monitor (histogram C) to the June 3, 1982 solar flare event (after 
Chupp et al., 1987). The peak X-ray counting rate is uncertain because of 
technical limitations. 
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Figure 6.17: Time integrated solar neutron spectrum at the Earth from the 
flare of March 6, 1989 (histograms). Spectrum and envelope (dotted and 
dashed histograms) depend on the production time. The solid line with 
error bars represents the most likely spectrum. Curves C1 and C2 refer to 
neutron spectra obtained using Bessel function and power law proton spectra, 
respectively, that were obtained from gamma ray data in an isotropic, thick- 
target model (after Dunphy and Chupp, 1991). 
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6.5 A n o m a l o u s  C o s m i c  Rays  

6 . 5 . 1  I n t r o d u c t i o n  

In 1972 as the solar cycle approached minimum modulation, Garcia-Munoz 
et al. (1973a, 1973b, 1973c and 1973d) discovered that the abundance ratio 
4He/~H became > 1 at low energy (<30 MeV) and that the low energy helium 
and proton spectra evolved into an anomalous combination of spectral forms 
that could not be fitted with previously successful models and methods. In 
particular, the observed combination of a flat helium spectrum and a steep 
proton spectrum that persisted for about two years was interpreted as being 
anomalous in that the spectra could not be fitted by a simple extension of 
the previously successful solar modulation calculations of Garcia-Munoz et 
al. (1973c). This is illustrated in Figs. 6.18, 6.19 and 6.20. In an overview of 
the complete cosmic ray energy spectrum we show in Fig. 6.21 where exactly 
the anomalous cosmic rays fit into the picture. 

These authors concluded therefore that the explanation for this observa- 
tion was beyond the then current framework of solar modulation theory. Fur- 
ther investigations revealed that the Sun appeared to be an unlikely source 
of these anomalies, since the low-energy radial gradients of hydrogen and he- 
lium, measured by Pioneer 10 outward to ~4 AU (astronomical units), were 
small but not negative (McKibben et al., 1973; Simpson et al., 1974). From 
their analysis Garcia-Munoz et al. (1973c and 1975) concluded that in the 
case of helium, the 4He isotope component in excess of the calculated flux 
level must be an anomalous component. 

At about the same time Hovestadt et al. (1973) and McDonald et al. 
(1974) discovered from their measurements made in 1972 that low energy ni- 
trogen and oxygen spectra exhibited an anomalous composition. This result 
was confirmed by Garcia-Munoz et al. (1975) who did also find anomalous 
nitrogen and oxygen components at energies __20 MeV/Nucleon. Later on 
other elements were found to have anomalous components, such as argon 
(von Rosenvinge and McDonald, 1975; Klecker et al., 1977), carbon (Cum- 
mings and Stone, 1987), and hydrogen (Christian et al., 1988). Subsequently, 
anomalous cosmic rays (ACR) became a subject of intense study (for reviews 
see Jokipii, 1998; Klecker et al., 1998; Klecker, 1999). 

6.5.2 Theoretical Aspects 

A qualitative explanation concerning the origin and formation of the anoma- 
lous cosmic ray component was offered by Fisk et al. (1974) who suggested 
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that anomalous cosmic rays were the result of heliospheric acceleration (by 
some unspecified mechanism) of freshly-ionized, initially neutral interstellar 
particles. Interstellar neutral atoms which stream into the inner heliosphere 
have a probability of being ionized by solar ultraviolet radiation or by charge 
exchange with solar wind ions. They are subsequently swept outward and 
then accelerated. This explains very nicely the composition and spectrum of 
the anomalous component, since only initially neutral particles can partici- 
pate in the process. 

Specific acceleration mechanisms were then proposed by several authors 
that are based on the general diffusion theory for the transport of energetic 
charged particles, developed by Parker (1965), Axford (1965), Gleeson and 
Axford (1967), Jokipii and Parker (1970), and others (for reviews see Jokipii, 
1971; VSlk, 1975). 

Pesses et al. (1981) pointed out that many features of the anomalous 
component could be explained if the acceleration of ACR occurs at the ter- 
mination shock of the solar wind by the mechanism of diffusive shock ac- 
celeration. This, however, requires that the initially neutral interstellar gas, 
after getting ionized in the inner heliosphere, be convected into the outer 
heliosphere for acceleration at the termination shock. 

Jokipii (1986) presented results from a quantitative two-dimensional nu- 
merical simulation of this model, in which the full transport equation was 
solved. Many authors have since contributed to the theory and added refine- 
ments to the simulations such as the considerable deviation of the magnetic 
field from the classical Parker Archimedean spiral, which had been discovered 
by Ulysses (Jokipii and Kbta, 1989; Jokipii et al., 1995; Jokipii, 1996). 

Lately the theory has further evolved and anomalous cosmic rays seem 
to be the consequence of acceleration of interstellar pick-up ions, from their 
original energy of a few keV to more than 1 GeV, at the termination shock of 
the solar wind, at a heliocentric distance of about 90 AU to 120 AU. Accord- 
ing to Jokipii and Kbta (1997) models which incorporate such acceleration 
in a global transport model can account naturally for the observed energy 
spectrum, charge states, composition and spatial distribution. However, the 
direct acceleration of pick-up ions at the termination shock seems to be more 
difficult. 

Acceleration of these low energy particles at propagating shocks in the 
inner heliosphere is found to be much easier. A new scenario of initial accel- 
eration or pre-acceleration at propagating or co-rotating shocks in the inner 
solar system is consistent with observations of both low energy particles and 
approximately 100 MeV anomalous cosmic rays in the inner heliosphere. The 
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theory as it stands now can fairly well explain the experimental observations. 

6.5.3 Current Status of Anomalous  Cosmic  Rays 

It is now established that anomalous cosmic rays are composed of fluxes 
of helium, nitrogen, oxygen, neon, argon, protons and low levels of carbon 
(Klecker, 1995; Oetliker et al., 1997), which are observed in the inner helio- 
sphere to be enhanced at energies ranging from 20 MeV to about 300 MeV. 
Recently some authors have claimed to have discovered additional anomalous 
components such as silicone, sulfur and even iron (Takashima et al., 1997; 
Stone and Cummings, 1997). 

There have been numerous measurements of the radial and latitudinal 
gradients of the anomalous component (McKibben et al., 1979; McDonald 
and Lal, 1986; Cummings et al., 1987; Simpson, 1995; Stone and Cummings, 
1997). In particular it was found that in the inner solar system the radial 
gradient of the anomalous oxygen is as high as 16% per AU, whereas in the 
outer solar system it is 3% per AU. The increase of the intensities of six 
anomalous species (O, N, Ne, C, At, S) with increasing heliocentric distance 
is shown in Fig. 6.22 and the energy spectra of the same species at 1 AU in 
Fig. 6.23 (Stone and Cummings, 1997). The magnitude of the radial gradient 
computed with modern models is quite consistent with that observed, both 
in absolute magnitude and in radial variation. 

Mewaldt et al. (1996) have reported that at energies above some 16 
MeV/Nucleon, multiply charged ACR Oxygen atoms are observed and they 
become dominant at higher energies. For a recent review the reader is referred 
to the rapporteur paper on ACR presented at the 26th International Cosmic 
Ray Conference 1999 by Klecker (2000). 
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Figure 6.18: Quiet-time proton spectra for 1969, 1970,1971, and 1972 mea- 
sured on different IMP satellites by different authors (for details see Garcia- 
Munoz et al., 1975). The curves are from balloon measurements (Rygg and 
Earl, 1971; Rygg et al., 1974, after Garcia-Munoz et al., 1975). 
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Figure 6.19: Quiet-time helium spectra for 1969 ( i ) ,  1970 (v), 1971 (o), and 
1972 ( i )  measured on different IMP satellites by different authors (for details 
see Garcia-Munoz et al., 1975). At energies <95 MeV the helium spectra are 
4He, above the data are 3He+4He (after Garcia-Munoz et al., 1975). The 
anomalous behavior of He around 20 MeV in 1972 is evident. 
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Figure 6.20: Quiet-time low-energy measurements from IMP-7 (solid sym- 
bols). At energies <95 MeV the helium spectrum is 4He, above it is 3He+4He. 
The higher energy data (open symbols) are from balloon measurements (V 
Webber, 1973; [:3 Anand et al., 1968; o Smith et al., 1973;/k von Rosenvinge, 
et al., 1969; o Juliusson, 1974). The solid lines are local interstellar spectra 
and the dashed lines are calculated spectra accounting for solar modulation 
(Garcia-Munoz et al., 1975). 
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Figure 6.21: The observed spectrum of cosmic rays (o), ranging from the low- 
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the peak at some l0 s eV (after Jokipii and Kbta, 1997). The dashed line 
which represents a power law with spectral index of-2.6 fits the experimen- 
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Figure 6.22: Increase of six anomalous cosmic ray species (O, N, Ne, C, Ar, S) 
with increasing heliospheric radius. The measurements were made on board 
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of 1 AU, 45.3 AU, and 58.6 AU, respectively (Stone and Cummings, 1997). 
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Figure 6.23: Energy spectra of the same six anomalous cosmic ray species (O, 
N, Ne, C, Ar, S) as shown in Fig. 6.22 observed during the period 1993/307 
to 1996/100 at a heliocentric distance of 1 AU. The spectra have similar 
shapes at large distances (Stone and Cummings, 1997). 
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6 . 6  S o l a r  N e u t r i n o s  

6.6.1 Introduction 

Each solar model predicts different contributions to the overall solar neu- 
trino spectrum and to the steady outward flux of neutrinos from the Sun 
from the various thermonuclear processes that are involved. The simplest 
model which can be developed with minimum special assumptions, called 
the Standard Solar Model (SSM), was developed by several authors, in par- 
ticular by J. Bahcall (Bahcall et al., 1968; Bahcall and Ulrich, 1988; Bah- 
call, 1989 and references listed therein, Bahcall and Pinsonneault, 1992) and 
Turck-Chi~ze et al. (1988). More recently, model refinements, extensions 
and related topics were discussed by Turck-Chi~ze (1993), Turck-Chi~ze and 
Lopes (1993), Bahcall and Pinsonneault (1995), Bahcall et al. (1998) and 
Brunet  al. (1998). 

According to the SSM eight principal nuclear reactions and decays pro- 
duce solar neutrinos. Six produce continuous energy spectra and two produce 
neutrino lines. The processes and the resulting neutrino energies are listed in 
Table 6.3 together with the neutrino fluxes predicted by Bahcall and Ulrich 
(1971 and 1988). 

Table 6.3: Neutrino Generating Fusion Processes in the Sun. 

Reaction 

p + p - + 2 H + e  + + u~ (pp) 

p + e- + p --4 2H + u~ (pep) 

3He + p --4 4He + e + + ue (hep) 

Neutrino 

Energy 

MeV 

< O.42O 
m 

1.442 

< 18.77 
m 

7Be + e- --4 7Li + ue 

8B --4 8Be* + e + + ue 

13N--4 ~3C + e + + ue 

~50--4 ~SN + e + + u~ 

17 F__+ 170 + e + + b, e 

0.862 (89,7%) 

0.384 (10.3%) 

< 1 5  

<1.199 

<1.732 

<1.740 

Calculated* 

Flux at 1 AU 
[101~ cm -2 s -1] 

6.0.(1 • 0.02) 
0.014.(1 4- 0.05) 

8.10 -T 

0.47.(1 • 0.15) 

included above 

5.8-10 -4.  (1 4- 0.37) 

0.06.(1:1: 0.50) 

o.o .(1 + 0.58) 
5.2-10 -4.  (1 4- 0.46) 

* Bahcall and Ulrich (1971 and 1988) 
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More recent flux predictions and neutrino capture rates for 37C1 and riGa 
targets used in the two classical radiochemical experiments, Homestake and 
GALLEX, discussed below, axe listed in Table 6.4. 

Table 6.4: Standard Solar Model Predictions. 
Solar neutrino fluxes and capture rates in chlorine and gallium: Columns 3 
and 4 have l a  uncertainties for all sources (combined quadratically) (Bahcall 
et al., 1998); columns 5 and 6 are from earlier calculations (Bahcall and 
Pinsonneault, 1992; see also Bahcall and Ulrich, 1971 and 1988). 

Source 

(w) 
(Pep) 
(h p) 
ZBe 

8B 

13 N 

15 0 

tz F 

Total 

Calculated 

Flux at 1 AU 

[10 t~ cm -2 S -1] 

5.94(1 nn+0.01 .v~-0.01)  

1.39.10-2(1.00+~176 

2.10.10 -7 

4.80 10-t +o.o9 �9 (1.00_o.o9) 

included above 

5.15-10-4(1 nn+~ 
. . . .  0.14] 

6.05.10-2(1 nn+O.19~ 
. . . .  0.13) 

5.32.10-2(1 nn+0.22 
. . . .  0.15) 

6.33.10-4(1.00+~ 11) 

Capture Rates 
37C1 

SNU 

0.0 

0.2 

0.0 

1.15 

5.9 

0.1 

0.4 

0.0 
7+ 1.2 

" - - I . 0  

ZlGa 

SNU 

69.6 

2.8 

0.0 

34.4 

12.4 

3.7 

6.0 

0.1 

129+~ 

Capture Rates 
37C1 71G a 

SNU SNU 

0.0 
0.2 

0.03 

1.1 

6.1 

0.1 

0.3 

0.003 

7.9 =i: 2.6 

70.8 

3.0 

0.06 

34.3 

14.0 

3.8 

6.1 

0.06 

v-~_ 17 

The theoretical solar neutrino spectra resulting from the above listed pro- 
cesses are shown in Fig. 6.24. The thresholds of the dedicated solar neutrino 
experiments are indicated. In order to test the model the solar neutrino flux 
must be verified experimentally. However, because of the very small neu- 
trino cross section which is of the order of 10 -44 cm 2 in the MeV range (for 
details see Chapter 4, Section 4.5), very large volume detectors are required. 
In order to reduce background caused by cosmic rays the detectors must be 
placed deep underground and well shielded from the natural radioactivity 
of the surrounding rock. Several large detectors are currently in operation. 
They are briefly described below and the results are summarized. 

Two different kinds of principles are currently used for the detection of 
solar neutrinos. One employs the radiochemical method, initially proposed 
by Pontecorvo (1946), that requires special processing and off-line electronic 
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counting. The other is based on neutrino electron scattering and some spe- 
cific neutrino reactions (see Subsection 6.6.9), and use direct on-line opto- 
electronic recording of the events. 

A third method, the so called geochemical method, is presently in an 
exploratory phase. It uses the process (v~ + 9SMo --+ 9STc* + e-) on natural 
9SMo in rock deep underground. Since 9STc has a mean life of 4.2 million 
years its decay time is too long such that special mass spectrometric methods 
must be used on a typical sample of about 107 atoms. The same technique 
is also explored on 2~ i.e., (v~ + 2~ e- + 2~ This process has 
the lowest threshold, 0.054 MeV. 

Finally, new radiochemical processes are being explored, using TLi (re + 
ZLi-+ e- + ZSe), ~2zI (v~ + 127I--~ e- + 127Xe), and S2Br (re + 81Br--~ 
e- + SlKr) (Bahcall, 1989). 

6.6.2 The Solar Neutrino Unit (SNU) 

Because of the rare occurrence of neutrino induced reactions, it is convenient 
to use as unit for the neutrino capture or reaction rate the SNU (Solar Neu- 
trino Unit): The SNU is defined as the product of a characteristic calculated 
solar neutrino flux, in units of [cm -2 s-t], multiplied by a theoretical cross 
section for neutrino absorption or scattering, in units of [cm2]. The unit of 
SNU is therefore events per target atom per second. Its numeric value is 
10 -36 s - t  (Davis, 1973). Thus, 

1 S N U -  10 -36 [s-t].  (6.10) 

6.6.3 The Solar Neutrino Problem and Recent Results  

For about thirty years, the first and for a long time only operating solar 
neutrino experiment (Homestake) measured a solar neutrino flux that was 
consistently about a factor of two lower than theoretical predictions based 
on the standard solar model (Davis, 1969, 1970, Cleveland et al., 1995). This 
fact is known as the solar neutrino problem. 

The predicted rate, P~red, for capturing solar neutrinos in the Homestake 
chlorine experiment described below is (Bahcall et al., 1998) 

P~red 7. 7+1"2 SNU 
- -  " - 1 . 0  

whereas the observed rate, Robs, is (Lande et al., 1999) 

(6.11) 
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Rob~ -- 2.56 =k 0.16 SNU . 

More recently, other experiments confirmed the flux deficiency of solar 
neutrinos (Hirata et al., 1990a; Anselmann et al., 1993; Abdurashitov et al., 
1994; Davis, 1994). An interesting comparison of the results of the differ- 
ent experiments is presented by Anselmann et al. (1995a) together with a 
discussion of the theoretical implications (see also Langacker, 1999). 

The present data show that there is a lack of SB and 7Be neutrinos while 
they are consistent with the full flux of pp neutrinos. The latest data from 
the two gallium experiments, GALLEX and SAGE, discussed below, also 
tend to indicate a deficiency of 7Be neutrinos, if it is assumed that these 
experiments detect the full flux of pp neutrinos. 

The current models of the solar interior and of neutrino propagation are 
not strongly constrained by experimental data. Model modification is not 
a trivial matter. Nonstandard models are all in conflict with at least one 
apparently established fact. 

One possible way out of the dilemma would be neutrino oscillations, in 
particular the Mikheyev-Smirnov-Wolfenstein (MSW) neutrino matter oscil- 
lation effect (Wolfenstein, 1978, 1979, 1986; Mikheyev and Smirnov, 1986a, 
1986b, 1986c, 1986d), or vacuum oscillations (Maki et al., 1962; Pontecorvo, 
1967, 1968) (see also Smirnov, 1999). That, however, would have far reaching 
consequences for particle physics and astrophysics (see Chapter 4, Section 4.5 
and Chapter 5, Section 5.5). 

Evidence in support of another type of neutrino oscillations comes from 
the study of atmospheric neutrinos, specifically from the so-called ratio of 
ratios analysis of predicted and measured (v~ § ~e) and (v~ § P~) fluxes 
(see Chapter 4, Section 4.5), but no definite proof has yet been delivered, 
confirming the existence of neutrino oscillations. A review of the early history 
of the solar neutrino problem is found in Bahcall (1989) and a more recent 
summary reviewing the different models in Bahcall (1999). 

In connection with the solar neutrino problem, two important questions 
need to be answered: Are there ZBe neutrinos emitted by the Sun, and, can 
the neutrino oscillation hypothesis be tested in a model independent way (see 
also Chapter 4, Section 4.5). 
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6.6.4 H o m e s t a k e  Chlorine  D e t e c t o r  and D a t a  

The Homestake chlorine based detector is the first and oldest major solar 
neutrino experiment. It is located in the Homestake Gold Mine, Lead, South 
Dakota (USA), at a depth of 1480 m (4400 hg/cm 2 or 4100 m w.e.) and 
consists of 3.8.105 liters or 615 tons of perchloroethylene (C2C14) (Davis et 
al., 1968). Detection of neutrinos is based on the neutrino capture reaction, 

aTc1 (v~, e-) a7Ar ; Eth = 814 keY. (6.13) 

The number of aTC1 target atoms in the tank is 2.18.10 a~ The threshold 
for the reaction is 814 KeV. The argon is extracted from the liquid by purging 
with helium gas, and the decay of the recovered argon gas (3TAr --+ aT C1, 90% 
by 2.82 keV K-orbital electron capture with a half life of 35.0 days, resulting 
in the release of Auger electrons, and the remaining 10% via the emission of 
soft X-rays) is counted in tiny proportional counters. 

The detector is sensitive to all neutrino generating reactions in the Sun 
except for p - p  fusion, namely to 7Be electron capture, decay of ~aC, I~N and 
aB, and to the process (p + e- +p). SB is the main contributor. The neutrino 
capture rates on a7C1 as predicted by the SSM are given in Table 6.4. 

Early measurements yielded a neutrino capture rate per aT C1 atom in the 
detector of (2.5d=1.4) �9 10 -a6 s - i ,  or 2.5 d= 1.4 SNU (Davis, 1969, 1970). Back- 
ground handling is discussed elsewhere (Wolfendale et al., 1972; Cassiday, 
1973; Zatsepin et al., 1981; Bahcall and Holstein, 1986; Bahcall and Ulrich, 
1988). Operational details can be found in Cleveland (1983) and Cleveland 
et al. (1995). 

The number of aT Ar  atoms in the detector at any given time is 

E(Oiai + Background) .  NoTo(1 - e -t/T~ (6.14) 

where Oi is the electron neutrino flux from the i -  th neutrino generating 
reaction in the Sun, ai is the average cross section for these neutrinos, No = 
2.18.1030 the number of target atoms in the detector tank, To = 50.5 days 
the mean lifetime of aT Ar, and t is the time since the last argon extraction. 

Figure 6.25 shows the observed rates from 1970 to 1991 (Davis, 1993). 
Large fluctuations occur and the data suggest a periodic variation. However 
there seems to be no clear correlation with the Sun spot number. In a recent 
paper the results from the different periods of operation are summarized 
and the errors of the measurements are discussed (Cleveland et al., 1995). 
The data are presented in Table 6.5 together with a more recent overall flux 
(Lande et al., 1999) added by the author and illustrated in Fig. 6.26. 



954 CHAPTER 6. HELIOSPHERIC PHENOMENA 

Table 6.5' Homestake Observed 3TC1 Capture Rates. 

Period 

1970- 1977 

1977- 1985 

1986- 1993 

overall- 1995 

overall- 1999 

Average Neutrino Flux 

2.52 �9 0.41 SNU 

2.27 + 0.30 SNU 

2.78 + 0.35 SNU 

2.55 + 0.25 SNU 

2.56 ::t: 0.16 SNU 

6.6.5 G A L L E X  Detec tor  and Data  

The GALLEX detector, now shut-down, was located at the Gran Sasso Na- 
tional Laboratory (LNGS), Italy, at a depth of 3300 m water equivalent of 
standard rock. It is now replaced by a new experiment called Gallium Neu- 
trino Observatory (GNO) (Kirsten, 1999). Gallex consisted of a tank of 101 
metric tons of concentrated aqueous gallium chloride solution, containing 
30.3 tons of Gallium, i.e., 76.3 tons of GaC13, 21 tons H20, and 3.7 tons HC1. 
The density was 1.9 g/cm 3 (Anselmann et al., 1992, 1994; Henrich, 1996). 
Detection of the neutrinos was based on the neutrino capture reaction, 

T~Ca(v~, e-)T1Ge; Eth = 233.2 keV. (6.15) 

The threshold energy for this process is 233.2 keV and the half-life of 
T1Ge is 11.4 days. The neutrino capture rates for a 71Ga detector predicted 
by the SSM are given in Table 6.4. 

GALLEX was the first experiment that was sensitive to the pp process 
and the first to record neutrinos from this process. The total predicted SSM 
neutrino capture rate was 128+8 SNU (la) (Bahcall and Pinsonneault, 1992; 
Turck-Chi~ze and Lopes, 1993). Of this flux 58% (74 SNU) were expected 
from pp (and pep) neutrinos, 26% from 7Be neutrinos, 10% from 8B, and 6% 
from 13N and 150. 

On average 0.7 n Ge atoms were produced per day by this reaction in 
the tank. The parasitic reaction, nGa(p,n)nGe, resulting from protons 
produced in photo-nuclear processes by energetic penetrating muons deep 
underground produced about 0.04 71Ga atoms per day. 

The T1Ge atoms were extracted as volatile germanium tetrachloride by 
nitrogen purging together with approximately 1 mg of a stable germanium 
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isotope that was added for process monitoring. After further processing the 
Auger electrons and X-rays from the electron capture decay of 71Ge to 7~Ga 
of 10.4 keV (K-shell) and 1.2 keV (L-shell) were recorded (Henrich and Ebert, 
1992). 

The results from a total of 65 runs (GALLEX I -  IV) are shown in Fig. 
6.27 (Kirsten, 1999). Summaries of different groups of runs are found in 
Anselmann et al. (1992, 1993, 1994, 1995b, 1995c), Zirsten (1993) and 
Henrich (1996). The combined result for the capture rate of solar neutrinos 
from this experiment is (Kirsten, 1999) 

Rob8 = (78i  8) SNU. (6.16) 

This corresponds to (60-+-6)% of the SSM expectation or, what is notewor- 
thy, to 107% of what is expected for the combined pp and pep neutrino flux 
alone. As mentioned before, the most recent data from GALLEX and those 
from SAGE, presented below, tend to indicate a deficit of 7Be neutrinos, if 
it is assumed that the full flux of pp neutrinos is detected. 

Background, processing and other problems are discussed in Kirsten et 
al. (1994), and Anselmann and Hartmann (1994). Uncertainties in the solar 
neutrino flux are discussed by Haxton (1999). The implications of these 
results are discussed by Anselmann et al. (1995a) and Kirsten (1999). 

6.6.6 S A G E  D e t e c t o r  and D a t a  

The SAGE (Soviet-American-Gallium-Experiment) detector is located at the 
Baksan Laboratory in the Northern Caucasus Mountains (Mt. Andyrchi), 
in southern Russia, at a depth of 4700 m w.e. underground (Pomansky, 
1986, 1988). It uses 60 tons of metallic liquid gallium (T >_ 30 ~ C, pv~ 
- 6 g/cm3). Apart from the extraction the procedures are similar to the 
GALLEX experiment. 

First results were reported by Abazov et al. (1991a, 1991b). After a 
detector upgrade the data were in better agreement with other experiments 
(Gavrin et al., 1993, 1994; Zatsepin, 1993; Abdurashitov et al., 1994). The 
overall results for the best fit value of the T~Ga capture rate at SAGE for the 
full operating period from January 1990 to December 1997, totaling 57 runs 
after excluding the problem period from November 1993 through June 1994, 
is (Abdurashitov et al., 1999) 

Robs -- 66 9 +7"1 (stat.) +5.4 (syst.) SNU 
�9 - 6 . 8  - 5 . 7  " 

(6.17) 
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Figure 6.28 shows the full data set and the lumped data of the different 
operating periods since the beginning of the experiment (Abdurashitov et 
al., 1995 and 1999). The problems during the initial phase are evident. The 
overall GALLEX data are also shown for comparison. 

6 . 6 . 7  K a m i o k a n d e  D e t e c t o r  a n d  D a t a  

The Kamiokande neutrino detector, now out of service, was a 3000 ton water 
Cherenkov detector located at a depth of 1000 m underground (,,~2700 m 
w.e.) at 36.4 ~ N, 137.3 ~ E, and 25.8 ~ N geomagnetic latitude (Hirata et al., 
1989, 1990a). A detector of this kind is a real time detector responding to all 
three kinds of neutrino flavors and their antiparticles via neutrino scattering 
processes and reactions of the neutrinos in the water, provided that the 
process and/or detector thresholds are exceeded. 

The process that is relevant for the detection of solar neutrinos with such 
a detector is elastic scattering of electron neutrinos on electrons, 

+ + , ( 6 . 1 8 )  

though the process u-~ + p -4 e + + n is detectable, too. Detection was 
based on the Cherenkov signature of the electrons with a design threshold of 
>_6 MeV. Only the most inner 680 tons were used for solar neutrino studies. 
Because of the relatively high threshold Kamiokande could only observe part 
of the 8B and hep neutrino spectra (cf. Fig. 6.24) (Suzuki, 1993). Under 
actual operating conditions the threshold level for event selection was ini- 
tially set to an energy of 9.3 MeV for the electrons (Hirata et al., 1989). In 
the course of time and with improving background handling capability the 
threshold had been lowered to 7.5 MeV and later to 7.0 MeV (Hirata et al., 
1990a, 1991b; Fukuda et al., 1996). 

Solar neutrino recording with the Kamiokande detector began in Jan- 
uary 1987. The results of the three different series of measurements called 
Kamiokande I, II and III, corresponding to different detector operating con- 
ditions, were reported by Hirata et al. (1990b, 1991a, 1991b), Suzuki (1993) 
and Fukuda et al. (1996). More recently, for an assumed shape of the 8B 
neutrino spectrum a time averaged flux of 

r = ~,,.u~ 0 . 2 1 t o  ~n+0.22 + 0.35). 106 cm -~s -1 (6.19) 

was specified by Suzuki (1995). For the ratio, r, of the measured to the SSM 
predicted flux the same author gives the value of 
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r = 0.54 • 0.06 (stat.) -4- 0.06 (syst.) 

for the selected data sample pointing toward the Sun, and 

(6.20) 

r = 0.51 • 0.04 (stat.) + 0.06 (syst.) (6.21) 

for all the data. Figure 6.29 illustrates the time variation of the data over 
a period of nearly 7 years, expressed as the ratio between measured and 
predicted fluxes (Suzuki, 1995). 

Since the direction of the elastically scattered electrons is correlated with 
that of the incident neutrinos within an angle 0~ such that E~O~ < 2m~, 
where 0 < E~ <_ Ev, Ee being the electron energy, 0~ the scattering angle, 
m~ the electron mass and E~ the neutrino energy, the approximate arrival 
direction of the neutrino could be identified. Directionality is useful for 
extracting solar neutrinos (see Figure 6.30). The angular resolution of the 
Kamiokande detector was A0~ _~ 26 ~ at 10 MeV (28 ~ for Kamiokande II) and 
dominated by the Coulomb scattering of the recoil electrons in the water. 

Directionality in the antineutrino scattering process of atmospheric neu- 
trinos is lost but the antineutrino energy is directly measurable through the 
recoil electron energy with the help of the relation E~ -- E~+ + 1.8 MeV. 
The cross section for this process is about 20 times larger than for neutrino 
scattering. 

6.6.8 S u p e r - K a m i o k a n d e  ( S K )  D e t e c t o r  a n d  D a t a  

This new 50 kt water Cherenkov detector, also located at Kamiokande, is 
the first second generation neutrino detector of its kind. It has a fiducial 
mass of 22.5 kt for the detection of solar neutrinos (Suzuki, 1994) and began 
operating May 31, 1996. Its principle of operation is the same as that of the 
Kamiokande detector. It was designed for a threshold energy of 5 MeV. The 
same basic observables are being measured with the SK detector as before 
with Kamiokande, but the data are acquired at a much faster rate, with 
better statistics and better resolution. 

The angular distribution of the events with respect to the direction toward 
the Sun are shown in Fig. 6.30 for the first 300 days of operation (Fukuda et 
al., 1998) and for the 504 day period (Suzuki, 1999). A similar set of data, 
not shown here, was obtained with the previously discussed Kamiokande 
detector (Suzuki, 1995), showing the same peaking toward the Sun but with 
poorer statistics and larger fluctuations. 
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The daytime/nighttime fluxes were also investigated with the SK detector 
to search for neutrino matter oscillations. The fluxes were corrected for 
seasonal intensity variations due to the eccentricity of the Earth's orbit to a 
distance of 1 AU. The following values were obtained (Suzuki, 1999; Kajita, 
2000): For daytime 

(I)~ = (2.37 • 0.07 (stat.) +o.O8_o.o7 (syst.)) �9 106 cm -2 s -1 

and for nighttime 

(6.22) 

(I)~ = (2 A~+o.oz (stat .)  +0.08 ( sy s t . ) ) .  106 cm -2 s -1 
�9 -=vO.06 -0.07 

The nighttime/daytime ratio resulting from this work is 

(6.23) 

N 
- 1 = 0.047 4- 0.042 (stat.) 4- 0.008 (syst.) . (6.24) 

A search for seasonal effects due to the eccentricity of the Earth's orbit 
that  could reveal neutrino vacuum oscillations was also carried out. The 
result is illustrated in Fig. 6.31 together with the expected variations for no 
oscillations. No significant deviation is observed. 

The recoil energy spectrum of the electrons is illustrated in Fig. 6.32 
together with the theoretical spectrum predicted by the SSM of Bahcall et 
al. (1998) (Fukuda et al., 1999). 

The flux of 8B solar neutrinos determined with the 22.5 kt fiducial volume 
of the Super-Kamiokande detector over the period from May 31, 1996 to 
March 25, 1998 is 

(I)~ = (2.44 • 0.05 (stat.) + 0 . 0 9  (syst.)) �9 106 cm -2 s -1 
- 0 . 0 7  (6.25) 

The ratio, r, of the measured to the predicted SSM flux is 

r = 0 Aw+0.010 (stat.)+0.017 (syst.) 
. -~.u_0.009 -0.014 

using the prediction of Bahcall et al. (1998). It is 

(6.26) 

n .~a~+o.oo8 (stat.) +o.ols (syst.) 
r - -  . . . .  v _ O . O 0 7  - 0 . 0 1 1  

for the prediction of Bahcall and Pinsonneault (1995), and 

(6.27) 

r = 0 ~n~+O.Ol1 (stat.) +o.o18 (syst.) (6.28) 
�9 v v u - - O . 0 1 0  - 0 . 0 1 5  

when compared with the work of Brun et al. (1998) (Suzuki, 1999). 
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6.6 .9  N e w  a n d  F u t u r e  D e t e c t o r s  

Many new solar neutrino detector project studies evolved in recent years that 
are reviewed by Bellotti (1995), Cremonesi (1999), Kirsten (1999) and Lanou 
(1999). In the following we give a very brief account of some new detectors 
that have just come into service or will soon be commissioned. 

B O R E X I N O  

This detector, of which a prototype is in operation at the Gran Sasso Labora- 
tory, consists of an extremely pure scintillator target that is heavily shielded 
by 1 kt of de-ionized water against environmental radioactivity. It is a real 
time solar neutrino detector and aimed at the detection of the 862 keV 7Be 
neutrino line via electron scattering (eq. 6.18) with a threshold of about 250 
keV (Bonetti, 1992; Oberauer, 1999). 

SNO 

The SNO (Sudbury Neutrino Observatory), located at the INCO Creighton 
Mine near Sudbury, Ontario (Canada), at a depth of about 2000 m (~5900 
m w.e.), uses 1 kt of heavy water (D20), surrounded by 7 kt of light water 
(Chen, 1985; Ewan, 1992a and 1992b; Bemporad, 1996; McDonald, 1999). 
The detector can measure the electron neutrino flux via the charged current 
reaction 

ve + d - 4 p + p + e -  (6.29) 

and the flux of neutrinos (and antineutrinos) of any flavor, v~ (p~), via the 
neutral current reaction 

v~ + d --+ p + n + v~ . 

In addition it responds to the elastic neutrino scattering reaction 

(6.30) 

+ (6.31) 
The threshold for the charged current reaction (v~ + e- ~ e-' + v'~) is 

about 5 MeV in electron energy, corresponding to a neutrino energy of ,,~6.4 
MeV. The threshold for the neutral current reaction is 2.2 MeV. Therefore 
both reactions will be sensitive only to neutrinos from the 8B decay in the 
Sun. Additional details concerning this detector and the neutrino reactions 
that are accessible with it are discussed in Chapter 4, Section 4.5. 

Contrary to the Kamiokande detector directional correlation is inadequate 
to be employed for selecting solar neutrinos (McDonald, 1999). 
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ICARUS 

The proposed ICARUS detector is a 5 kt liquid argon imaging chamber (Time 
Projection Chamber, TPC) with a high spatial resolution (2 mm), planned 
to be operated in the Gran Sasso underground laboratory. It was initially 
intended to be used as a proton decay detector, but also to study atmospheric 
neutrinos and, in conjunction with a neutrino beam from CERN, neutrino 
oscillations (ICARUS Collab., 1994). The detector is planned in modular 
units. The first step is the construction of a 600 t module, now underway 
(Vignoli et al., 2000). Detection is based on the elastic scattering reaction 
and it will also observe the reaction 

4~ + ue, --4 4~ + e- + 7 

which has a Q-value of-5.85 MeV. 
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Figure 6.24: Solar neutrino energy spectra as predicted by the Standard So- 
lar Model. Neutrino fluxes apply to a distance of 1 AU from the Sun. Line 
fluxes axe given in number per cm 2 per s. Spectra from pp chain processes are 
drawn with solid lines, those from the CNO cycle in dotted lines (after Bah- 
call, 1989). The threshold energies for neutrino induced reactions with the 
elements listed at the top of the figure are indicated by arrows (Ga 0.233 MeV, 
C1 0.814 MeV). The Cherenkov threshold in water for electrons (OCh = 0 ~ 
is 0.26 MeV. However, to reject detector noise and background Kamiokande 
used threshold levels of 7.0 MeV and higher and Super-Kamiokande of 6.5 
MeV and higher. 
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Figure 6.25: Summary of the Homestake results from 1970 to 1991. The 
combined 3TAr production rate of all runs from 1970 to 1991 (small dots) is 
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SNU, (C), identified by arrow (Davis, 1993). 
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Figure 6.26: Time averaged 3TAr production rate at Homestake as given in 
Table 6.5 covering the period from 1970 to 1993 (Cleveland et al., 1995), 
and on to 1998 (Lande (1999). The separate total of runs 18 to 124 is also 
indicated and the overall result (+). The two sets of error bars apply to two 
different energy windows for the 2.82 keV peak of the 3TAr K-orbital capture; 
the larger errors are for FWHM, the smaller for 2 FWHM. In the latter case 
the overall rate up to 1993 is 2.52+0.23 SNU (Cleveland et al., 1995) and to 
1998 it is 2.56-+-0.16 (Lande et al., 1999). 
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Figure 6.27: Overview of the T~Ge production rate in the GALLEX detector, 
showing the net SNU production after subtraction of side reaction contri- 
butions. Error bars are •  statistical only. The symbols A indicate the 
average values for the four series of runs and V represents the mean global 
value for the total of all 65 runs. (Kirsten, 1999). 



972 CHAPTER 6. HELIOSPHERIC PHENOMENA 

:D 
Z 
09 

500 _ , , , l , , , l , , , l , , , l , , , l , , , l , , i i i i i i i i  i_ 
, m  

400 _-- 
- S A C  - I S A G E  II S A G E  III 

300 ,_- 

200 

t,4 ,t! ~ 

1990 1991 1992 1993 1994 1995 1996 1997 

Extraction Date 
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bined results of the three experiments SAGE I, II and III, respectively, V is 
the result of the total exposure period, E] indicates the SSM prediction of 
Bahcall (1994), and ~- the theoretically possible minimum (Bahcall, 1997), 
after Abdurashitov et al. (1999). x shows the overall result of GALLEX 
(Kirsten, 1999). 
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Figure 6.29: The 200-day plot of the ratio of experimental Kamiokande data 
to standard solar model predictions (Suzuki, 1995). 
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dent. 9sun is the event arrival angle with respect to the direction of the Sun. 
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Figure 6.31: Solar neutrino flux presented in 1.5 months time intervals, 
recorded with the 22.5 kt Super-Kamiokande detector during 504 days, cov- 
ering an energy window from 6.5 MeV to 20 MeV to investigate neutrino 
vacuum oscillations. The continuous curve shows the variation expected be- 
cause of the eccentricity of the Earth's orbit (Suzuki, 1999). 
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Chapter 7 

Miscellaneous Topics 

7.1 General Comments  

In this chapter we present a variety of more or less stand-alone topics which, 
however, are closely linked to some specific aspects of cosmic ray physics. 
Some of the topics cannot be found easily in readily available cosmic ray 
literature because they may belong primarily to other disciplines of science. 
Additional and/or complementary data in tabulated or graphic form con- 
cerning specific topics not included here may be found in the Appendix. 

7.2 Cosmogenic  Nuclides 

7 . 2 . 1  I n t r o d u c t o r y  C o m m e n t s  

As a by-product of the interactions of the cosmic radiation in meteorites, in 
the Earth's atmosphere, the soil and in objects on the ground a wide variety of 
isotopes, both stable and radioactive, are produced in the respective bodies. 
These isotopes or nuclides are referred to as cosmogenic nuclides. Some of 
them are spallation or fragmentation products, others are the results of decay 
processes of nuclear reactions, or even neutron capture. 

After production these isotopes may remain embedded in the host body 
as is the case for meteorites or they may be subject to transport if produced 
in the atmosphere and subsequently deposited in some archive, e.g., in tree 
rings, sediments, etc.. In Table 7.1 we present a list of cosmogenic nuclides, 
stable and radioactive, that are frequently found in meteorites together with 
their half-lives and the main parent targets. Likewise, in the first three 
columns of Table 7.2 we list the relevant isotopes that are produced in the 

975 
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Table 7.1: Cosmogenic Nuclides Frequently Found in Meteorites 
(Caffee et al., 1988) 

Nuclide 

aH 
3He, 4He 

lOBe 
t4 C 

20Ne ' 21Ne, 12Ne 
22Na 
26A1 
36C1 

36Ar, 38Ar 
3TAr 
39Ar 
40 K 

39K, 41K 
41Ca 
46Sc 
48 V 

53M n 
54Mn 
55Fe 
59N i 
6OCo 
81Kr 

Half-life(*) 
[y] 

12.3 
S 

1.6.106 
5730 

S 
2.6 

Main Targets 

O, Mg, Si, Fe 
O, Mg, Si, Fe 
O, Mg, Si, Fe 
O, Mg, Si, Fe 
Mg, A1, Si, Fe 
Mg, A1, Si, Fe 

78Kr, 80Kr, 82Kr, 83Kr 
129 I 

124-132Xe 

7.1-105 
3.0.105 

S 
35 days 

269 
1.3-109 

S 
1.0.105 
84 days 
16 days 
3.7-106 
312 days 

2.7 
7.6.104 

5.27 
2.1.105 

S 
1.6.107 

S 

Si, A1, Fe 
Fe, Ca, K, C1 

Fe, Ca, K 
Fe, Ca, K 
Fe. Ca, K 

Fe 
Fe 

Ca, Fe 
Fe 
Fe 
Fe 
Fe 
Fe 
Ni 

Co, Ni 
Rb, Sr, Zr 
Rb, Sr, Zr 

Te, Ba, La, Ce 
Te, Ba, La, Ce, (I) 

(*) S denotes that the nuclide is stable. 

terrestrial atmosphere, including their half-lives and corresponding parent 
targets. 

As mentioned in Section 6.3 many of these isotopes can be used either to 
determine the so-called exposure or radiation age of meteorites or the cosmic 
ray exposure age of terrestrial samples. In more sophisticated analyses one 
can gather information on the time variation of the cosmic ray intensity in 
the past. In the following we will very briefly consider the production of 
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Table 7.2: Cosmogenic Isotopes Produced in the Atmosphere. 
(Beer, 1997 and 2000b) 

Cosmogenic 
Isotope 

3H(,) 
7Be 
YOBe 

14C(,) 

2CA1 
a2Si 

36C1(*) 
129I(*) 

Half-life 

12.3 y 
53.4 d 

1.5.106 y 
5730 y 

7.3- 105 y 
140 y 

3.105 y 
1.6.107 y 

Target 
Element 

N,O 
N,O 
N,O 

N 
Ar 
Ar 
Ar 
Xe 

Production 
Rate(**) 

[Atoms am-2 s -1 ] 

0.2 
0.06 
0.03 

2 
0.000092 
0.00025 

0.005 
0.000021 

Global 
Inventory 

(estimated) 

3 kg 
20 g 

200 tons 
70 tons 
700 kg 
0.5 kg 

20 tons 
17 tons 

(*) Isotopes that are also produced artificially. In addition, 129I is a natural product of 
spontaneous fission of 2asu. 

(**) Estimated mean global values in full atmospheric column. 

cosmogenic nuclides in the atmosphere and in rock. 

7.2.2 Cosmogenic Nuclides in the Atmosphere 

Many authors have studied production, transport and natural archiving of 
cosmogenic nuclides. Pioneering work in this field initially based predom- 
inantly on experimental efforts was carried out by Lal and Peters (1967). 
Subsequently, with the availability of more accurate interaction and produc- 
tion cross sections mathematical models were constructed to compute more 
and more reliable production rates of cosmogenic nuclides in the atmosphere 
(Hess et al., 1961; Newkirk, 1963; Lingenfelter, 1963, Oeschger et al., 1969; 
Light et al., 1973; O'Brian, 1979; Blinov, 1988; Masarik and Reedy, 1995). 

The production rate of cosmogenic nuclides of type i, Pi, at depth z can 
be expressed analytically as 

~0 ~176 
= , 

i k 

(7.1) 

where Nj is the number of atoms of target element j per kilogram of sample 
material, e.g., the atmosphere, aijk(Ek) is the cross section for the production 
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of nuclei of type i from the target element j by particles of type k with energy 
Ek, and J~(Ek, z) is the total flux of particles of type k with energy E~ at 
location z inside the sample. The particle flux Jk(Ek, z) is usually calculated 
with the help of a Monte Carlo simulation. In Table 7.2, columns 4 and 
5, the estimated mean global production rates and the global inventory are 
listed (Beer, 1997). 

The bulk of the galactic cosmic radiation that is responsible for the pro- 
duction of cosmogenic nuclides, i.e., the relatively intense but low energy 
component with energies <10 GeV/nucleon, is subject to solar modulation 
effects. Those are accounted for with the so-called solar modulation param- 
eter, cI), expressed in units of [MeV]. Castagnoli and Lal (1980) have derived 
an expression given below, that describes the flux of the dominating pro- 
ton component of the galactic cosmic radiation, taking into account solar 
modulation. 

J(Ep r = C p / \ ~  Ep(Ep+2mpc2)(Ep+x+r 
' (Ep + r + 2m, c 2 + r (7.2) 

Here x = 780 exp(-2.5.10-4Ep),  Ep [MeV] is the kinetic energy of the 
protons, r [MeV] is the solar modulation parameter, mpc 2 [MeV] is the rest 
mass energy of the proton (938 MeV), and Cp = 1.244.106 cm-2s-lMeV -1 is 
the normalizing factor. Analogous formulas had been developed for primaries 
other than protons (Lal, 1988). 

Very recently Masarik and Beer (1999) have introduced a new theoretical 
model for simulating the processes that are relevant for the production of cos- 
mogenic nuclides in the atmosphere and carried out extensive Monte Carlo 
calculations. The latter are based on the CERN GEANT and the MCNP 
program packages to compute in a first step the nucleon flux in the atmo- 
sphere (protons and neutrons), from which they calculated the production 
rates of the various cosmogenic nuclides in the atmosphere. The atmospheric 
composition which the authors have used for their calculations (and for the 
soil in other calculations) are given in Table 7.3. 

The calculations include solar modulation as well as geomagnetic latitude 
effects and data are available for all atmospheric depths. Some of the results 
of this work are given in Table 7.4 where the global average production rates 
of five isotopes in nine latitude intervals and the global averages are listed. 

Additional data are presented in Figs. 7.1 to 7.6 where we show a se- 
lection of spectra and distributions from their vast work. Figures 7.1 and 
7.2 show differential energy spectra of protons and neutrons at four different 
atmospheric depths ranging from 30 g/cm 2 to 990 g/cm 2 and geomagnetic 
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Table 7.3: Elemental Compositions Adopted for Calculations 
(Masarik and Beer, 1999) 

Element 

H 
N 
0 

Na 
Mg 
A1 
Si 
Ar 
Ca 
Fe 

Weight Fraction 

Soil Atmosphere 

0.OO2 - 
- 0.755 

0.473 O.232 
0.025 
0.040 
O.06O - 
0.290 

- 0.013 
O.05O - 
0.060 

latitude ranges of A = 0 ~ - 10 ~ (equatorial region) and A = 80 ~ - 90 ~ (polar 
region), respectively. Comparison of the two figures reveals the influence of 
the geomagnetic effect. The integral proton and neutron fluxes as a function 
of atmospheric depth for the same two latitude ranges are plotted in Fig. 
7.3. The spectra and distributions of these figures were obtained with a solar 
modulation parameter of 550 MeV. 

For the production rates of cosmogenic nuclides we present two examples, 
~~ (Fig. 7.4) and ~4C (Fig. 7.5). These figures show the production rates 
per square centimeter and second in the full atmospheric column as a function 
of the solar modulation parameter, (I), for nine geomagnetic latitude intervals 
from the equator to the poles of width 10 ~ and the global averages. The 
curves for 36C1, not shown, are very similar in shape to those of ~~ but 
the production rate is about a factor of ten lower. The dependence of the 
production rate per gram of air and second of roBe and 36C1 as a function of 
depth in the atmosphere, for a solar modulation parameter of 550 MeV and 
nine intervals of latitude from the equator to the poles are illustrated in Fig. 

7.6. 
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Table 7.4: Latitudinal and Global Average Production Rates 
of Cosmogenic Nuclides in the Earth's Atmosphere for Long-Term Mean 

Solar Activity and Modulation Factor (I) = 550 MeV, for Present 
Geomagnetic Field Intensity (Masarik and Beer, 1999). 
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7.2.3 Cosmogenic Nuclides in Rock 

Similar work as discussed above for the atmosphere was also carried out for 
solids such as rock (e.g., Beer, 2000a). However, in comparison to cosmogenic 
nuclides produced in the atmosphere that are naturally stored as differential 
records in tree rings or sediments, cosmogenic nuclides produced in rocks 
are accumulated. Thus, such samples contain integral records. For rock and 
similar archives erosion and diffusion may play an important role and must 
be considered. 

We can write for the concentration C of a radionuclide as a function of 
depth z and time t in rock (Beer, 2000a) 

oc(  t) OC(z, t) = P(z )  + e ------z--' - ~C(z ,  t) (7.3) 
Ot Oz 

with 

P(z )  = Po " e-  ^ (7.4) 

where C ( z , t )  [atoms g-~] is the isotope concentration, z [cm] the depth, 
t [s] the time, e [cm My -1] the erosion rate, )~ [y-l] the decay constant, 
P(z )  [atoms g-~y -~] the production rate at depth z, P0 the production rate 
at the surface, p [gcm -3] the rock density, and A [gcm -2] the production 
attenuation length. Note that the production rate depends on altitude and 
geomagnetic latitude. 

If the following conditions are fulfilled, the differential equation 7.3 can 
be solved analytically: 

�9 The rock in which the isotope production takes place has to be a closed 
system, i.e., there should be no leakage in either direction, from the 
inside out, and vice versa. 

�9 The production rate at the surface of the rock should be constant or 
have a known time dependence. 

�9 The erosion rate should be constant or must follow a known time de- 
pendence. 

�9 The production attenuation length should be constant and must be 
known. 

The solution of eq. 7.3 has the form 
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Po+ ,x) . e-Xt 
c ( t ,  = i p , / A )  )" - + Co. + (7.5) 

The first term describes the dependence of the concentration C as a func- 
tion of depth z and time t, the second, Co, represents the concentration 
which is initially present at the time the exposure starts, and Pother includes 
all contributions other than those due to cosmic rays. 

Figure 7.7 illustrates two examples, one for 1~ the other for 26A1 pro- 
duction in quartz as a function of exposure time for assumed production 
rates of 1 and 6 atoms g-~ y-~, respectively, and erosion rates of 0, 5 and 10 
crn My -1 for either case. A useful graph for quick reference when carrying 
out practical measurements is presented in Fig. 7.8. There we have plotted 
the percentage of decayed atoms of radioactive substances as a function of 
the half-life for measuring periods of 1 day, 1 week, 1 month and 1 year, 
respectively. 
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Figure 7.1" Differential proton (solid curves) and neutron (dashed curves) 
fluxes in the Earth's atmosphere at four depths (30, 150, 420 and 990 g/cm2), 
for a solar modulation parameter of @ = 550 MeV and the geomagnetic 
latitude range 0 ~ <__ A _ 10 ~ (after Masarik and Beer, 1999). 
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Figure 7.2' Differential proton (solid curves) and neutron (dashed curves) 
fluxes in the Earth's atmosphere at four depths (30, 150,420 and 990 g/cm2), 
for a solar modulation parameter of r - 550 MeV and the geomagnetic 
latitude range 80 ~ <_ A _< 90 ~ (after Masarik and Beer, 1999). 
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7.3 Galactic and Intergalactic 
Magnetic Fields 

7 . 3 . 1  I n t r o d u c t i o n  

The magnetic fields that are present more or less everywhere in space affect 
the propagation of the cosmic radiation. Charged particles are deflected and 
follow curved trajectories. Consequently their arrival direction at detection 
cannot reveal the direction of the location of their source. In addition, apart 
from interactions of the cosmic radiation with the interstellar medium and 
the photons of the radiation field in space that degrade the energy of the 
primary hadronic component, cosmic ray electrons may lose energy via vari- 
ous electromagnetic processes, in particular via synchrotron radiation when 
propagating in magnetic fields. 

The effects of the geomagnetic, the magnetospheric and the heliospheric 
magnetic fields are discussed in Chapter 6, Section 6.2 and will not be con- 
sidered here. Some details concerning the geomagnetic cutoff and references 
related to this subject are presented in Chapter 1, Section 1.8. 

7.3.2 Galactic Magnetic Fields 

Our knowledge of the galactic magnetic field is very limited. Today we 
know that there exist two field components, a large-scale so-called regular 
field and many so-called small-scale irregular field regions with dimensions 
between about 10 pc and 100 pc. The latter have larger field strength than 
the regular field and are associated with galactic clouds. 

The existence of the galactic magnetic field was deduced from the dis- 
covery of the linear polarization of starlight which is due to the alignment 
of dust grains in the magnetic field (Hall, 1949; Hiltner, 1949). Polarization 
alone permits to determine the direction of the field, but not the magnitude. 
An early attempt to estimate the magnetic field strength using gamma and 
X-ray intensities is discussed by Clark (1963). 

More recently, on the basis of the theory of magnetic alignment proposed 
by Jones and Spitzer (1967), a field strength of 0.3 nT (3#G) is needed 
to explain the observed polarization. In a review Ellis and Axon (1978) 
estimated the direction of the regular field to point towards 1 ~_ 45 ~ within 500 
pc, and beyond but within distances _2kpc towards 1 ~_ 60 ~ in our location. 
Other authors using the polarization method found for the direction of the 
regular field I _~ 70 ~ (Mathewson and Milne, 1965), I _~ 60 ~ (Berkhuijsen, 
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1971), and l _~ 45 ~ (Spoelstra, 1984). 

There are several indirect methods to determine the magnetic field 
strength in the Galaxy. Some are suitable for the large-scale regular field, 
others apply to the small irregular field regions. The well known Zeeman 
splitting method is a widely used technique, but it is applicable only to 
cloud regions of sufficiently high densities, emitting narrow lines. 

The emissivity of the diffuse galactic synchrotron radiation produced by 
relativistic electrons gyrating in the galactic magnetic field together with the 
experimentally determined electron spectrum can be used to determine the 
large-scale magnetic field strength. Using this method P hillipps et al. (1981) 
obtained a total field strength of 0.4 nT (4#G), whereas Beuermann et al. 
(1985) deduced for different assumptions a field strength of 0.9 nT (_~ 9#G). 

The Faraday rotation method is considered by several authors to be one 
of the best to measure the galactic magnetic field and many have used pulsar 
rotation methods (Rand and Lyne, 1994). We briefly summarize the results 
of some authors that have used this method. 

Manchester (1974) used pulsars that are located within <2 kpc from the 
Sun and obtained a field strength of B~g = 0.22-t-0.04 nT (2.2 + 0.4 #G) and 
direction of I = 94 + 11 ~ for the regular field. Thomson and Nelson (1980) 
found B~e9 = 0.35 + 0.03 nT (3.5 -t- 0.3 #G) and 10 = 74 • 10 ~ In addition 
these authors found a field reversal toward the inner Galaxy at a distance of 
Drev ~-- 170 + 90 pc. They also specify a range of values for the irregular field 
from Bier = 0.4 nT to 1.4 nT (4 #G to 14#G) for scale lengths of 10 pc to 
100 pc. 

Rand and Kulkarni (1989) derived a field strength of Br~g = 0.16 • 0.02 
nT (1.6 =t= 0.2 #G) and l = 96 • 4 ~ for a distance D < 3 kpc and a field 
reversal at D~v - 600 :i= 80 pc toward the inner Galaxy, and for the irregular 
field B ~  = 0.5 nT (5 #G). In their work, Chi and Wolfendale (1990) have 
restricted the analysis to distances D < 1.4 kpc to avoid the problem of 
the curvature of the spiral arms and likely large-scale irregularities. They 
obtained the following results: B~ a = 0.10 + 0.04 nT (1.0 • 0.4 #G), l = 
80 • 19 ~ in the outer Galaxy, and Breg - -  0.32 �9 0.1 nT (3.2-t- 1.0 #G), 
l - 57 • 14 ~ and a field reversal at D~ev = 190 + 90 pc in the inner Galaxy. 

Chi and Wolfendale (1990) conclude that the regular component of the 
local galactic field appears to be aligned along the local spiral arms with a 
reversal of the field direction in the interarm region, and that the regular 
field strength is stronger in the interarm region than in the arm region. Thus 
the large-scale structure of the galactic magnetic field can be represented by 
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a bisymmetric spiral. For the irregular field they specify a value of B ~  = 0.6 
nT (6 #G). 

In many studies a typical average value of 0.3 nT (3#G) is taken for the 
interstellar magnetic field strength in the galactic disk (thickness ~ +300 to 
• pc from the galactic plane). Other authors consider 0.6 nT (6 ~uG) 
a more appropriate typical value near the Sun which decreases slowly with 
increasing radial distance from the galactic center (Beck et al., 1996). For 
the random fields in the Milky Way Ohno and Shibata (1993) specify 0.4- 
0.6 nT (4- 6 #G). The field strength is generally assumed to decreases with 
increasing perpendicular distance from the galactic plane and is expected to 
have a value of 0.02 - 0.1 nT (0.2 - 1 #G) in the halo (Han and Qiao, 1994). 
These values must be considered with the necessary caution (For a review 
see Beck et al., 1996). 

7.3.3 Intergalactic Magnetic Fields 

The estimates of the magnetic field strength in intergalactic space are highly 
speculative and vary widely. Some authors use for trajectory estimates in 
their calculations of the Greisen - Zatsepin - Kuzmin (GZK) cosmic ray 
cutoff (Zatsepin, 1951; Greisen, 1966; Zatsepin and Kuzmin, 1966; Kuzmin 
and Zatsepin, 1968) values around 10 -4 nT (1 nG) (Teshima, 1993). In their 
early work Ginzburg and Syrovatskii (1964) and Ginzburg (1969) estimated 
the field strength in intergalactic space to be approximately one to two orders 
of magnitude lower than the galactic field, i.e., <0.01 nT (< 0.1 #G), a value 
which in today's view appears to be rather high. 

For their studies of topological defect models as a source of ultrahigh 
energy cosmic rays, intergalactic field strengths ranging from 10 -7 nT (1 
pG) to 10 -4 nT (1 nG) are being considered (Sigl et al, 1997; Protheroe and 
Johnson, 1996; Protheroe and Stanev, 1996). There is evidence from indirect 
measurements that the magnetic field in the Virgo cluster is about 0.15 nT 
(1.5 #G) (Vall6e 1990, 1991 and 1993). Across cosmological distances recent 
field strength estimates range from values as low as ~ 2.10 -6 nT (~20 pG) 
to ~_ 10 -4 nT (_<1 nG) (Kronberg, 1994; Biermann, 1995; see also Biermann, 
1997 for a brief summary). 

7.3.4 Magnetic Fields of Astrophysical Objects 

Magnetic fields in astrophysical objects and in different regions of the Uni- 
verse vary widely. The respective field strengths are of great importance 
when discussing acceleration mechanisms of cosmic rays and aspects of mag- 
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netic confinement. In Fig. 7.9 we have reproduced an instructive plot from a 
summary of Hillas (1984) that we have slightly modified. Plotted is the mag- 
netic field strength versus size (linear dimension) of a variety of astrophysical 
objects and regions of the Universe that are likely cosmic ray accelerators. 

Shown, too, are two lines that represent the loci of twice the gyroradii, 
2rL, (diameter of circle of gyration) of a proton and an iron nucleus, respec- 
tively, of energy 102o eV over the range of magnetic field strength considered. 
The gyroradius, rL, in units of [pc] of a relativistic particle of electric charge 
Z and energy E in units of [PeV] (10 ~5 eV) in a magnetic field with a com- 
ponent normal to the velocity vector of strength B [#G] is given by the 
expression 

rL = 1.08zEB [pc]. (7.6) 

Objects plotted below the proton or iron lines would be unable to acceler- 
ate the respective particle to 1020 eV because of lack of sufficient confinement. 
Thus, only some neutron stars, AGNs, radio galaxies, galactic clusters and 
the intergalactic medium (IGM) enter into consideration for the acceleration 
of the most energetic cosmic rays. 
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Figure 7.9: Size and magnetic field strength of likely objects and sites of ul- 
trahigh energy cosmic ray acceleration (Hillas, 1984, modified). The solid and 
dashed lines represent the loci of twice the gyroradii, 2rL, of 1020 eV protons 
and iron nuclei, respectively, in the magnetic fields considered here. Only 
some neutron stars, active galactic nuclei (AGN), radio galaxies, galactic 
clusters and the intergalactic medium (IGM) are likely scenarios to acceler- 
ate cosmic rays to the highest energies observed. 
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7.4 A n t a r c t i c  A t m o s p h e r e  

7.4.1 General Comments  

The antarctic atmosphere is significantly different from the standard atmo- 
sphere because of the extremely low temperature. It is therefore necessary 
to use a special parametrization of the barometer formula to determine the 
atmospheric overburden in order to calculate cosmic ray intensities or the 
development of extensive air showers. For very accurate work one must also 
distinguish between the four yearly seasons that cause marked differences in 
atmospheric properties. 

7.4.2 Determination of Atmospheric Profile and Data 

The Bartol and Leeds groups that operate SPASE, the South Pole Air Shower 
Experiment, located at the Pole at an altitude of 2834 m a.s.1, and having an 
overburden of 688 gcm -2 (mean value between days 168 and 220 of 1997), 
have carried out several sets of balloon flights during the mid Antarctic win- 
ter of 1997 to get atmospheric profiles (Hinton, 1999). They calculate the 
atmospheric overburden, X(h,  i), using five altitude zones, i, each with a 
different atmospheric scale height, hs(i), with the expression 

(h) 
X(h,  i) = a(i) + b(i) �9 e x p -  h~(i) [gcm-2] , (7.7) 

where a(i) and b(i) are zone dependent parameters. The five zones and the 
parameters are defined in Table 7.5 below. 

Zone 
i 

Table 7.5" Antarctic Atmosphere Data (J.A. Hinton). 

Altitude 
h 

[km] 
0.0- 3.96 

3.96- 8.53 
8.53- 17.68 
17.68- 100.0 

100.0 - 102z 

Overburden 
X 

[gem -2] 
, , .  

1079.5- 582.6 
582.6- 287.9 
287.9- 59.73 

59.73- 0.000017 

a(i) 

[gem -2] 

146.66 
-110.33 

-6.80 
0.00 

b(i) c(i) 

[gem [m] 
932.8 5208 
1119.8 8255 
1182.0 6145 
1511.7 5472 

Column Density (1.28 mg cm -2) 
. . .  
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With respect to zone 5, i.e. the top layer of the atmosphere, the author 
of Table 7.5 considers for his calculations the overburden to increase linearly 
from 0 g cm -2 at 102r km to a column density of 0.00128 g cm -2 at altitude 
100 km. 

References  
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7.5 Optical and Related Properties of 
Water and Ice 

7.5.1 General  C o m m e n t s  

Water and ice are most transparent in the blue-green wavelength region. The 
transmissivities of these media are usually measured in the laboratory using 
samples from well defined locations in the water or ice body under investi- 
gation (geographic coordinates and depth). Such measurements are made 
with a so-called monochromator. This instrument consists of a light source 
of given wavelength, producing a highly collimated well defined beam of light 
that is aimed at a column of given length (usually 1 meter) containing the 
medium under test, and a photometric detector that measures the light in- 
tensity at the column exit. Measurements made with such an instrument are 
referred to as good geometry measurements. They are important for estab- 
lishing the fundamental optical properties of the media and for characterizing 
their image forming characteristics. 

Both scattering and absorption reduce the light flux that reaches the 
detector. In ocean water scattering of blue-green light is sharply peaked in 
the forward direction. Generally speaking, in clean water 97% of all photons 
are propagated within a half-cone of 5 ~ (Jerlov, 1968). Under such conditions 
good geometry measurements show that the scattering coefficient amounts 
to only about 10% of the attenuation coefficient. 

With an instrument that has a small acceptance geometry and a base 
length of about one meter, most of the scattered light is lost (Khanaev and 
Kuleshov, 1992). Because of the long attenuation length of clear water a 
much longer base line is desirable to obtain accurate results, such that in- 
situ measurements become necessary. Another option to improve short base 
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line measurements would be to use light of longer wavelength, where the 
attenuation is stronger, and then convert the result to the shorter wavelength. 

In-situ measurements are usually more difficult and require more elabo- 
rate instruments. This is particularly so for measurements made in the open 
ocean. There special support equipment is required on board the ships and, 
for accurate measurements, ships need dynamical positioning and possibly 
wave motion compensation systems, as had been used for the DUMAND 
prototype system tests (Babson et al., 1990). Both are extremely costly. 
Frequently large acceptance poor geometry instruments are used for this task 
in clear water that determine the transmission length (or transmission dis- 
tance) rather than the attenuation length (Bradner and Blackington 1984; 
Anassontzis et al. 1992). The former is a more realistic parameter than the 
attenuation length when dealing with large surface poor geometry detectors, 
as discussed below, because the measurement accepts photons, originally 
lost by scattering, that are back scattered into the beam and recorded by 
the detector, a situation that applies to the large underwater and under ice 
Cherenkov detector matrices. 

7.5.2 Definit ions 

In the following we will briefly define frequently used terms. 

A t t e n u a t i o n  is the sum of two processes, absorption and scattering . 
Both are wavelength dependent. Attenuation can be expressed by the atten- 
uation coe~cient, e(~) [m-1], or the attenuation length, Lau(~) [m]. Since 
the scattering coefficient in clean ocean water is much smaller than the ab- 
sorption coefficient, attenuation of light from a monochromatic point source 
in such a medium can be considered to be exponential. 

The attenuation coefficient, e, is defined as 

(1).ln(Is-Io) [m_i] . (7.8) 
e = L L - L s  IL--Io 

Ls and LL are the distances of the near and far positions, respectively, of 
the detector from the light source, or the lengths of the two measuring cells 
or columns containing the water sample. Is and IL are the light intensities at 
the near and far detector positions, measured from the source, and I0 is the 
background or noise intensity. The concept of attenuation is used in good 
geometry measurements where a well collimated narrow beam of light is used 
and scattered light is lost, i.e., does not enter the detector. 
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The attenuation length is the reciprocal of the attenuation coefficient and 
is expressed in meters. It is used in measurements with well collimated light 
beams. 

Absorp t ion  is due to interaction of the photons with the atomic electrons 
of the molecules of the medium, whereby the photons are removed from the 
total flux of light. Suspended particles cause chiefly scattering but may also 
contribute to absorption. It can be expressed by the absorption coeJficient 
, a(A) Ira-i], or the absorption length, Labs(A)[m]. Absorption is defined 
analogous to attenuation. 

Scat ter ing  of light is the redistribution of light without loss of intensity. 
It is due to small particles. In water the wavelength dependence of scattering 
is proportional to A ~ where ~ is the wavelength and v depends on the particle 
size. For large particles (> 1 #m) v is of the order of 0.3, whereas for smaller 
particles (< 1 #m) u is about 1.7 to 2.0. Scattering can be expressed by the 
scattering coefficient, a($) [m-l], or the scattering length, Lscat(~) [m]. The 
standard procedure to determine scattering is done with the nephelometer. 
This instrument measures the amount of light that is scattered out of a 
test beam at an angle of 90 ~ by particles suspended in the medium under 
investigation. 

The scattering coefficient can be represented by the following expression. 

a = 2rr fl(O) sin(O)dO (7.9) 

where 

fl - dI(O)/E dV (7.10) 

and dI is the intensity emanating from a volume element dV when illumi- 
nated by irradiance E. 

Transmission length, Ltra~s(A) [m], is defined as the distance in a 
medium after which the light intensity I falls to the (1/e)-th value. Some 
authors use the term transmission distance in place of transmission length 
to avoid confusion with the attenuation length. 

The light intensity recorded by a detector in a transmission measurement 
includes photons that are backscattered into the test beam after having been 
scattered out of it before. Transmission length or distance is commonly 
used for poor geometry (wide beam) measurements where the attenuation 
of light can be assumed to decrease exponentially (Jerlov, 1968). Frequently 
isotropically emitting light sources are used for transmission measurements. 
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The calculation of the transmission length in a medium is based on the 
comparison of the light intensities, Is and IL, at two different distances 
from the light source, Ls and LL, respectively. Neglecting background, the 
following relation is valid for the transmission length. 

LL -- Ls 
Lt~a~8 = [m] (7.11) 

In (L~s'1s LZL'[L ) k 

The symbols have the same meaning as defined before for attenuation. 

Transmittance, T [%], is the percentage of light that reaches a detector 
after having traversed a column of water of length 1 m. 

Detailed studies on the generation and propagation of Cherenkov light 
in water resulting from the relativistic motion of charged particles had been 
carried out by many authors (Roberts 1979a and 1979b; Bugaev et al., 1986). 
A standard ocean mostly tailored for the DUMAND site (Hawaii) was defined 
by Bradner (1979). Details concerning the propagation of Cherenkov light 
in ice, including bubbly ice, had been investigated by Askebjer et al. (1995) 
and Tilav et al. (1995). In the following we summarize the essential data 
and relations that are relevant for optical Cherenkov detectors in water and 
ice. 

7 . 5 . 3  D e p t h  P r o f i l e s  o f  O c e a n  P a r a m e t e r s  

Apart from ocean currents that are of interest at all depths for the deploy- 
ment, installation and successful operation of a detector array on the ocean 
floor, the water transparency (or optical attenuation) is of primary concern 
when operating a Cherenkov detector matrix in this medium. Additional pa- 
rameters may be essential, particularly when working in the ocean, to operate 
sonar systems that are needed to determine the exact location of modules of 
non-rigid arrays. Consequently, extensive environmental investigations have 
to be carried out and had been carried out at prospective sites of giant future 
arrays prior to installation. We give here only a very brief summary of the 
results obtained from this work that is relevant in the context of this volume. 

Figures 7.10 and 7.11 are summary plots showing the depth profiles of 
some of the most relevant data of two ocean sites. Figure 7.10 shows the 
depth profiles of the temperature, density, salinity and optical transmission 
at the most favorable wavelength (approx. 480 nm) in the Pacific ocean, 
at the DUMAND Keahole Point site, about 30 km off-shore west of Kailua 
Kona, Hawaii (Harvey et al., 1978 and 1979; Zaneveld, 1981). A similar set 
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of measurements made at the NESTOR site in the Mediterranean near Pylos, 
Greece, is illustrated in Fig. 7.11, showing also the depth dependence of the 
velocity of sound (Anassontzis et al., 1993b). Additional depth profiles of 
the optical attenuation are given below. 

7.5.4 Optical  At tenuat ion  in Water and Ice 

In order to assess the relative clarity of a given water sample, one needs a 
reference point. Pure water would be the ideal reference. Unfortunately, 
attenuation values for pure water are not very well known. For reasons of 
comparison, however, we list in Table 7.6 the transmittance, T, the attenu- 
ation coefficient, e, and the scattering coefficient, a, obtained by Clarke and 
James (1939), Sullivan (1963), and Morel (1973) over a broad wavelength 
window. 

Exploratory measurements at various sites around the world had been 
carried out by several groups that are interested in the construction of large 
deep ocean Cherenkov detector matrices for cosmic ray, astrophysics and par- 
ticle physics research, and neutrino astronomy. A great wealth of additional 
information is also available form oceanographic research projects that are, 
however, not specifically related to one of the prospective detector sites men- 
tioned earlier. In the following we present exclusively data from locations 
where Cherenkov arrays are planned and measurements with prototypes had 
been performed. The data are ordered according to the medium in which 
the measurements were made, i.e., fresh water, sea water and ice. 

It is important to note that for poor geometry detector arrays, i.e., arrays 
that use typically large surface detector modules, such as the Baikal, D U- 
MAND, NESTOR and all the newer similar array projects that are embedded 
in an environment of clean water, the main process that is responsible for the 
attenuation of light is absorption. Scattering in such a medium is strongly 
peaked in the forward direction such that most of the scattered photons of 
a well collimated test beam of light, directed at one of the modules, are 
collected. For situations as encountered under these conditions it is there- 
fore often more practical to use transmission length rather than attenuation 
length as common optical key parameter (c.f. Fig. 7.10). 

In ice the situation is different because of the possibility of the presence 
of small air bubbles, layers of dust particles, particular molecules such as 
hydrates of H2, 02 or air, or of crystalline and other structures that may have 
special optical properties that may provoke heavy scattering. At shallower 
depth in ice (<_500 m) it is known that the density of air bubbles can be 
very large and their size may be such that scattering is totally dominating. 
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Table 7.6: Measured Optical Parameters of Pure Water 

Wavelength 
[nm] 

375 
400 
425 

T 

1) 2) 
95.6 
95.8 
96.8 

[m -1] 

1) 
0.045 
0.043 
0.033 

2) 

o" 

[m 
3) 

0.00768 
0.00581 
0.00447 

450 98.1 0.019 
475 98.2 0.018 
500 96.5 0.036 

0.00349 
0.00276 
0.00222 

525 96.0 0.041 
550 93.3 0.069 
575 91.3 89.7* 0.091 0.109' 

0.00179 
0.00149 
0.00125 

600 83.3 75.2 0.186 0.272 
625 79.6 73.7 0.228 0.305 
650 75.0 70.4 0.288 0.351 

0.00109 

675 69.3 64.5 0.367 0.438 
700 60.7 52.3 0.500 0.648 
725 29. 17. 1.24 1.75 

750 9. 7. 2.40 
775 9. 7. 2.40 
800 18. 2.05 

2.68 
2.63 

* Measurement at 580 nm. 1) Clarke and James (1939); 2) Sullivan (1963); 3) Morel 

(1973). 

Under such conditions track reconstruction of charged particles based on the 
emission of Cherenkov light becomes impossible. 

Optical Attenuation in Fresh Water 

Detailed measurements of the absorption coefficient ~ and the scattering 
coefficient a over the wavelength window from 350 nm to 600 nm in fresh 
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water were made by the Lake Baikal collaboration at a depth of 1000 m at the 
detector site, located about 4.5 km from shore, where the maximum depth 
of the lake is 1370 m (Belolaptikov et al., 1991). The results are shown in 
Fig. 7.12. 

More recent data of the attenuation length from the same site taken at 
different times of the year are illustrated in Fig. 7.13 (Belolaptikov et al., 
1993a). The surveys were made over several years and illustrate significant 
variations, resulting from the major seasonal variations to which the lake and 
its environment are subjected (see also Sherstyankin, 1980). 

Op t i ca l  Attenuat ion  in Sea W a t e r  

The ocean at the DUMAND site in the Pacific is up to date the most exten- 
sively studied environment of a prospective detector site. The ocean parame- 
ters had been monitored sporadically over a period of many years (Harvey et 
al., 1979; Zaneveld, 1981; Smith and Baker, 1981; Bradner and Blackington, 
1981 and 1984; Aoki et al., 1985 and 1986; Babson et al., 1990). They cover 
the wavelength window from 350 nm to 550 nm. No seasonal changes were 
observed. The results of this work are shown in Fig. 7.14. In addition the 
depth profiles of the attenuation length at four different wavelengths, namely 
400 nm, 450 nm, 500 nm and 550 nm, were also determined at this site (Fig. 

Likewise, several in-situ measurements of the water transparency were 
made at the NESTOR site near Pylos, Greece, in the Mediterranean down to 
depths of almost 4000 m, employing a large acceptance instrument (Karaba- 
shev and Kuleshov, 1988; Anassontzis et al., 1992; Khanaev and Kuleshov, 
1992). This work yields a mean transmission length at depths between 1000 
m and 3650 m of Ltrans - -  5 5  q-  10 m at 480 nm, as shown in Fig. 7.16. 
Detailed values for different depths in the wavelength window from 310 nm 
to 610 nm are illustrated in Fig. 7.17, and tabulated in Table 7.7. 

In addition numerous water samples were collected at different depths 
and attenuation measurements were made in the laboratory, using a tight 
acceptance instrument (Anassontzis et al., 1993b). From this work atten- 
uation coefficients of 0.025 < e < 0.04 m -~ were obtained. Based on the 
assumption that the ratio A = a/e  "~ 0.5, where a and e are the scat- 
tering and attenuation coefficients as defined above, an absorption length of 
Lab, = 67 + 8 m was obtained. These data are in agreement with earlier 
measurements by Shifrin (1983). Anassontzis et al. (1992) also note that the 
transparency below 1500 m seems to be uniform at all locations in the area. 
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Table 7.7: Transmission Length, Lt~an~, at Different Depths 
in the Mediterranean (Anassontzis et al., 1992). 

Site Sea Floor Depth Lt~,~ 
[m] [m] [m] 

200 40 • 8 
1000 52 • 11 

a 3727 2000 52 -4- 11 
3000 52 J= 11 
3500 52 =t: 10 
3650 54 + 10 
i000 52+ 0 

b 4160 3500 55 �9 17 
3900 62 :t= 21 
100 36+  6 

1000 58 i 13 
c 3600 2000 45 • 8 

3000 46 -4- 7 
3500 52 =i= 5 

Optical Attenuation in Ice 

The optical attenuation of light in bubble-free laboratory ice was studied by 
Warren (1984). He found for the attenuation length a value of ~25 m at 470 
nm. In-situ measurements in Greenland ice at a depth of 217 m made by the 
AMANDA (Antarctic Muon And Neutrino Detector Array) collaboration 
yielded an attenuation length of ,.~18 m (Lowder et al., 1991a and 1991b; 
Barwick et al., 1992). This work was continued at different depths in the 
Antarctic ice cap at the South Pole by the same collaboration (Askebjer et 
al., 1995). Early measurements at this site indicated that at shallower depth, 
around 800 m (~_ 700 m w.e.) from the surface, the attenuation length was 
unexpected long. However, the fast rising leading edge of the laser light pulse 
at the source had a poor rise time, an excessive delay and a long exponentially 
decaying tail at the detector after traversing many meters of ice, making it 
impossible to reconstruct muon trajectories. At greater depth the situation 
is better. 

It was then recognized that this was due to unexpected frequent scattering 
of the photons from the light source on numerous tiny air bubbles enclosed 
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in the ice (Askebjer et al., 1995). This came as a surprise since core samples 
from other sites at the Antarctic indicated that the existence of bubbles in 
ice should cease to exist at depths greater than ~500 m. The mean size of 
the bubbles was on the order of 100 #m and their separation millimeters. It 
was found that with increasing depth the bubble density was decreasing and 
improved temporal properties were obtained. 

The scattering length depends on bubble density, bubble size and shape. 
For spherical bubbles the scattering length can be expressed as 

1 
L~at = (7.12) 

nbub" ~ 7 1 r 2  ~bub 

where nb,,b is the number density of bubbles and < lrr 2 >hub is their average 
geometrical cross section. Dust particles typically have radii that are 1/10 
to 1/100 that of air bubbles. 

Askebjer et al. (1995) show that the propagation of Cherenkov photons 
in bubbly ice is well described by random walk with absorption and can be 
expressed by 

u(d,t) = ( i 
(41rDt)3/~ 

_ ci t  
e-~-z  e L.bi . (7.13) 

D ": 4 L ~ t c i / 3 ,  ci = c /n i~ ,  c being the velocity of light, ni~ the index of 
refraction of ice, L~,,t the scattering length, and L~b~ the absorption length. 

These authors conclude that there is a direct relation between the fall 
time of the pulse of late photons at the detector and the absorption length 
(see also Tilav et al., 1995). The results of this work and of the studies by 
Price et al. (1995) are given in Figs. 7.18 and 7.19 which show the inverse 
scattering length, 1/L~cat, and the absorption length, Lab~, respectively, as a 
function of depth in ice at the South Pole. 

Subsequent measurements made at depths between 810 m and 1000 m 
in the ice at the same site at wavelengths of 410 nm, 415 nm, 420 nm, 435 
nm, 450 nm, 475 nm, 500 nm, 550 nm, 590 nm, and 610 nm confirmed the 
long absorption length of ~ 215 in at 400 nm, a value of 594-3 m at 515 
nm and the rapid fall with increasing wavelength, reaching ~10 m at 610 
nm. Likewise, the relatively short scattering length of ~0.1 m at 800 m with 
increasing tendency toward greater depth was also confirmed (Erlandsson et 
al., 1995). The results of this work are presented in Figs. 7.20 and 7.21, 
respectively. In another study Tilav et al. (1995) obtain for the maximum 
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absorption length in the depth range 800 m _< z _ 1000 m about 300 m at 
wavelength 400 nm. 

Additional studies of chemical and optical properties of polar ice, with 
the aim to identify the different causes for scattering were made by Price 
(1995) and Price et al. (1995). These authors come to the conclusion that at 
depths between 1500 m and 2000 m the scattering length, Lscat is controlled 
by dust, ice bifringence, and air hydrate crystals. Moreover, scattering by 
insoluble dust is forward-peaked (< cos(0) > _~ 0.9), and L,~t(dust) is short- 
est (,.~15 m) at a depth of approximately 17004-50 m, and 40 m to 60 m at 
other depths. Small angle scattering at air hydrate crystals may be of some 
concern but Rayleigh scattering seems to be negligible. In an earlier analysis 
Miller (1969) determined the relation between temperature, pressure, depth 
and the dissociation pressure of N2, 02 and air hydrated in ice (Fig. 7.22). 

7.5.5 Optical Background in Water and Ice 

The level of optical background in a medium intended to be used as Cheren- 
kov radiator for the reconstruction of charged particle trajectories is together 
with the optical attenuation or transmission length of prime importance. 
Comprehensive investigation were carried out by the Baikal, DUMAND and 
AMANDA collaborations. Other teams have also made valuable contribu- 
tions to this field. In the following we present a summary of this work. 

Optical  Background in Fresh Wate r  

Data on the optical background in Lake Baikal were obtained by Belolaptikov 
et al. (1991). Since no 4~ is present in the lake the background is probably 
due mostly to a mixture of bioluminescence and chemoluminescence, and 
is subject to significant seasonal and yearly variations. The background 
intensity as a function of depth is shown in Fig. 7.23 and the seasonal 
changes are indicated in Fig. 7.24. 

Optical  Background in Sea Wate r  

Several authors have studied the optical background in the sea at prospective 
array sites. Under quiet conditions Cherenkov light from the decay products 
of 4~ chiefly beta decay (89.3%), is the dominating source of optical back- 
ground. The consequences of 4~ for deep ocean Cherenkov detectors are 
discussed by Roberts (1979c). A very detailed analysis of the role of 4~ in 
the ocean was made by Geelhood (1982). 4~ produces about 43 Cherenkov 
quanta between 300 nm and 650 nm per disintegration. Approximately 13 
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4~ disintegrations occur per second per liter. Assuming an optical attenua- 
tion length of 20 m to 25 m in the ocean the ambient isotropic flux anywhere 
is about 120 to 150 photons cm -2 sec -~. 

Bioluminescence is another source of optical background in the deep sea, 
emitting predominantly green light. Apart from fluorescent fish and other 
creatures it is mostly micro-organisms and bacteria that can produce a signif- 
icant level of luminescence. Turbulence above a certain level can cause high 
levels of stimulated bioluminescence at all depths in the sea. It can be caused 
by objects, including the measuring equipment itself, that are dragged or 
moving in the water with a velocity greater than a critical value with respect 
to the surrounding water masses. The critical velocity may be different for 
different sites. Ship tethered equipment usually follows the up and down 
movements of ships caused by wave motion. This is frequently adequate to 
generate a high level of stimulated bioluminescence, even at great depth. 
Wave motion compensating tethering systems help to reduce stimulated bio- 
luminescence and are recommended for accurate measurements. 

A typical bioluminescence light bursts from observations of Abin et al. 
(1987) is shown in Fig. 7.25. The onset is relatively fast and the decay 
time on the order of one second. Occasionally spontaneous bioluminescence 
storms are observed that may last for minutes. They are relatively local, 
covering volumes of meters to several tens of meters across. 

Exhaustive studies of the optical background including bioluminescence 
both in the quiescent and stimulated state were made at the DUMAND 
Keahole Point site by Bradner et al. (1987), Aoki et al. (1985 and 1986) and 
Babson et al. (1990). Aoki et al. (1985 and 1986) studied also the short- 
time behavior of the optical background at different depths. The results are 
illustrated in Fig. 7.26. These authors have also determined the pulse height 
spectrum and the depth profile of the background level at the previously 
mentioned site. 

Both, ship and bottom tethered measurements were made. The latter 
were made 100 m above the ocean floor and are free of stimulated biolu- 
minescence. The background was due essentially to 4~ The results of this 
work are shown in Fig. 7.27. Referring to this figure, the intensities described 
by the curves representing the fits to the ship tethered data by Aoki et al. 
(1986) (curve A) and Bradner et al. (1987) (curve B) can be expressed by 
eqs 7.14 and 7.15, respectively. 

I(z) - 3.72.105exp -(z/877)  [quantacm-2s -1] (7.14) 

and 
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I(z)  -- 2.008.105exp -(z/960) [quantacm-2s-1] , (7.15) 

where z [m] is the depth in meters. 

Abin et al. (1987) carried out investigations in the Pacific and the Sea 
of Japan, and Bannykh et al. (1985 and 1987) in the Black Sea and the 
Atlantic. The data are also shown in Fig. 7.27. These authors found that 
the light intensity in the Atlantic could be described by the expression 

I(z ,  2~) = 400 e -1 exp -(0.5 z) [quanta/21r sr cm 2 s], 

where I(z,  2~) is the number of photons having wavelengths between 300 nm 
and 600 nm, incident on a hemisphere of area 1 cm 2 per second, ( is the 
attenuation coefficient for the same spectral band, and z is the depth in km. 

Numerous measurements were made by other authors at other locations 
that are of no particular interest in regard to prospective Cherenkov detector 
sites. However, comparison of the results obtained by Losee (1982) who 
studied bioluminescence in the Gulf Stream down to 3650 m off the coast 
of North Carolina with the data found at the sites mentioned above shows 
that the general features of bioluminescence are the same. The time profiles 
obtained in the Gulf Stream show minimum rise times of approximately 50 
#s. Sunlight could be detected to depths as low as 350 m. 

Optical Background in Ice 

There is essentially no relevant optical background in polar ice. The mech- 
anisms that may contribute to optical background in polar ice are natural 
radioactivity producing Cherenkov light, scintillation or fluorescence, and 
thermoluminescence. According to Price et al. (1995) background Cherenkov 
radiation due to 4~ decay stored in dust and salt in South Pole ice is only 
2 . 1 0  -6 times as intense as that due to 4~ in the ocean. Pure ice has an 
extremely low efficiency for fluorescence, on the order of .-~ 10 -6 per eV ab- 
sorbed, and for thermoluminescence approximately 10 - ~  to 10 -~~ per eV 
absorbed (Ghormley, 1956; Grossweiner and Matheson, 1954). The fluores- 
cence emission peaks at ~ 390 nm. Thermoluminescence is the emission at 
,,~ -190 ~ C and ~ -140 ~ C of energy stored in ice that has been heavily 
irradiated at a lower temperature and then warmed. It is therefore of no 
concern to natural ice. 
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7.5.6 Sed imenta t ion  in the Ocean 

The only studies concerning sedimentation in connection with water Che- 
renkov array sites and detector systems in the ocean were made by the DU- 
MAND Collaboration at the Maui and Keahole Point sites in the Pacific 
near Hawaii. They were of exploratory nature (Zaneveld, 1981). According 
to Zaneveld, the rate at which a flat area is covered by settling particles is 
given by 

/D ~ D 2 At = ~r , ~ ws(D)f (D)dD (7.17) 

where At is the fractional surface covered, Dl and D~ are the upper and lower 
limits of the diameter of the settling particles, w~(D) is the settling velocity 
of a particle of diameter D, and F(D)dD is the number of particles per unit 
volume with sizes between D and D + dD. 

If we assumes Stoke's settling law for particles we may set w~(D) - KsD 2 
where Ks - 3.403.10 -1 #m -1 s -1 at 5~ and 3.5% salinity, for a density of 
particle matter of 2. The cumulative size distribution g(D) --- f :  f ( D ) d D  is 
commonly measured in the ocean and has been found to be well represented 
by the hyperbolic distribution g(D) = N D  -e.  Typically in the deep ocean, 
C - 3, and D is expressed in #m. Combining the above leads to 

fD %' D 2 At = ~ (g~D2) (DgD-c-1 )dD . (7.18) 
, 4 

It is known that N = 104 corresponds to a total particle volume of about 
10 -T m3/m 3 for C - 3. At the DUMAND site there are about 20 #g/1 or 
about 10 -6 ma/m a if the matter density of particles is twice that of water. 
Substituting for N - 103, Dl - 0.04 #m and D, = 40 #m in the above 
equation yields 

At -~ 2.8.10 -a day-1 

Thus, in 60 days about 15% of a given area would be covered. However, 
these are very rough estimates and experimental studies show that the cov- 
erage is only about 3% at the Maui site and slightly more at the Keahole 
Point site after 60 days. Curved surfaces would also show lower coverage 
than suggested by the above calculation (Zaneveld, 1981). 
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Figure 7.10: Depth profiles of optical transmission at 650 nm, salinity, den- 
sity and temperature at the Keahole Point site, Hawaii, measured October 
24, 1977 (Harvey et al., 1979). Note that the optical transmission in wa- 
ter increases rapidly with decreasing wavelength and reaches its maximum 
between 450 nm and 500 nm in sea water (c.f. Figs. 7.12, 7.13, 7.14 and 
7.17). 
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at a depth of 1000 m as a function of wavelength A (Belolaptikov et al., 1991). 
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Figure 7.14: Optical attenuation coefficient as a function of wavelength of 
ocean water in the Pacific, 30 km west of Keahole Point, Hawaii, measured 
with the DUMAND short prototype string calibration system (e) (Babson 
et al., 1990). Also shown are earlier measurements of Zaneveld et al. (1981), 
curve 1, and Smith and Baker (1981), curve 2. 
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Figure 7.15: Optical attenuation coefficients for different wavelengths as a 
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Figure 7.16: Optical transmission length at a wavelength of A = 480 nm as 
a function of depth in the Mediterranean at the NESTOR site near Pylos, 
Greece. The data were obtained from in-situ measurements with a large 
acceptance instrument (Anassontzis et al., 1992 and 1993b). For definitions 
of terms see text. 
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Figure 7.18: Inverse (reciprocal) of bubble to bubble scattering length, 
1/Lsc~t - nlrr 2, in Antarctic ice as a function of depth. The data from 
the Vostok (x) and Byrd (V) sites are from microscopic examinations, those 
from AMANDA (o, o) are from in-situ measurements. The full circles assume 
forward scattering from smooth-walled bubbles, the open circles isotropic 
scattering from rough-walled bubbles. The hydrostatic pressure curve shows 
the effect of bubble shrinkage at constant concentration. The other curves 
are the results of calculations and show the effect caused by a decreasing 
bubble concentration as a function depth (and time) due to H20 molecule 
diffusion through air hydrate crystal walls (after Price, 1995). 
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The detector was attached to a stationary string (Belolaptikov et al., 1991). 



0.8 

C H A P T E R  7. MISCELLANEOUS TOPICS 

I . . . . . . . . . . .  i I 'z 

~ 0.6 

~ 0.4 

0 . 2 -  

< 

0.0 
0.0 

1026 

I I I , 
0.5 1.0 1.5 2.0 

Ti ne [s I 
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Figure 7.27: Compilation of data on the optical background underwater ver- 
sus depth at widely different locations. The lines are fits to the measured 
data points. Line 3 and the associated data points axe an extrapolation to 
zero velocity (v - 0 m/s) of the detector with respect to the bulk velocity of 
the surrounding water masses. For details see text. 
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Appendix A 

Miscellaneous Data: Tables 

A.1 C o m m e n t s  to Tables 

A.I.1  C O S P A R  Reference Atmosphere 

In Table A.1 of this Appendix data of the International Standard COSPAR 
Atmosphere are listed. A graphic representation of the date is given in Chap- 
ter 1, Section 1.7. 

A.1.2 Solar System Elemental Abundances 

For the abundances of the elements in the solar system the compilation of 
Cameron (1973) is so frequently referred to that we have reproduced it in 
(Table A.2). More recent compilations of solar system elemental abundances 
based on meteorite measurements were made by Anders and Grevesse (1989). 
The same authors did also make a compilation of the abundances of the 
nuclides (see Grevesse et al., 1996). 

A.1.3 Radiation Lengths and Critical Energies 
of Materials 

In Table A.3 we present a collection of radiation lengths and critical energies 
of various elements and compounds, that are useful for common calculations 
of electromagnetic interaction processes. 

A.1.4 Elements and their Material Parameters 

Table A.4 lists the density, the atomic number and weight, and the mean 
ionization potential of various elements. Also given are the density correction 

1029 
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constants of Sternheimer (1984) to account for the density effect of ionization, 
6, in the Bethe-Bloch equation, given here in the form derived by Petrukhin 
and Shestakov (1968). 

( ) [ dE = 21rNc~2A 2 Zme 2 2 t t2 

Aft 2 In I2(Z ) - 2fl 2 + ~ . 

The symbols stand for the following quantities: 

a = 1/137.036 
N = 6.023.1023 

Z 

A 

me 

~ - p / E  

P 
E 

7 = E/mu 
A~ = 3.8616.10 -ix em 

i(z) 
E" 

For E~ we write 

fine structure constant 
Avogadro's number 
atomic number of absorber 
atomic weight of absorber 
rest masses of electron 
rest masses of muon 

p muon momentum 
E muon energy 
Lorentz factor of muon 
Compton wavelength of electron 
mean ionization potential of absorber and 
maximum energy transferable to electron 

E~ = 2mep2 

r~ ~ + ~ ~ + 2 . ~  v / ~  + r~ ~. ' 

and 6 is the density correction constant, 

(A.2) 

6(X) = 4 . 6 0 5 2 X + a ( X ~ - X )  r e + C ,  f o r X 0 < X < X x  (A.3) 

and 

6(X) = 4 . 6 0 5 2 X + C ,  forX > X , .  (A.4) 

A.1.5  M u o n  E n e r g y  L o s s e s  in  E l e m e n t s  

a n d  C o m p o u n d s  

Using eq. A.1 and the constants given in Table A.4 Lohmann et al. (1985) 
have computed the energy loss of muons in the energy range from 1 to 104 
GeV in various elements and compounds, as listed in Tables A.5 and A.6. 
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A.1.6 Units, Conversion Factors, Constants 
and Parameters 

Some units and conversion factors frequently used in astrophysics and radi- 
ation dosimetry are listed in Tables A.7, A.8 and A.9, and some common 
constants are given in Table A.10. 
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A . 2  

APPENDIX A. MISCELLANEOUS DATA: TABLES 

C O S P A R  R e f e r e n c e  A t m o s p h e r e  

Table A.I" COSPAR International Reference Atmosphere: 

30 ~ N Annual Mean 
(after Barnett  and Chandra, 1990) 

Pressure 
Scale 

Height I 

17.50 
17.25 
17.00 

16.75 
16.50 
16.25 
16.00 

15.75 
15.50 
15.25 
15.00 

14.75 
14.50 
14.25 
14.00 

13.75 
13.50 
13.25 
13.00 

12.75 
12.50 
12.25 
12.00 

Pressure 

[mb] 
2.544E-05 
3.266E-05 
4.194E-05 

5.385E-05 
6.914E-05 

8.878E-05 
1.140E-04 

1.464E-04 
1.880E-04 
2.413E-04 
3.099E-04 

Geometric 
Height 2 

[m] 
119656 
116732 
114192 

111965 
109982 
108161 
106471 

Geopotential 
Height 3 

[m] 
117361 
114545 
112096 

109948 
108034 
106275 
104642 

3.979E-04 
5.109E-04 
6.560E-04 
8.423E-04 

1.082E-03 
1.389E-03 
1.783E-03 
2.290E-03 

2.940E-03 
3.775E-03 
4.847F_~03 
6.224E-03 

104861 
103319 
101823 
100364 

98931 
97518 
96118 
94727 

93340 
91953 
90562 
89158 

103085 
101594 
100146 
98734 

97345 
95976 
94619 
93269 

91924 
90577 
89226 
87862 

87733 
86284 
84804 
83298 

86477 
85068 
83628 
82163 

Temperature 

[K] 

370.1 
324.8 
287.2 

256.9 
233.7 
218.1 
207.5 

199.6 
194.1 
189.9 
187.0 

185.0 
183.7 
182.8 
182.5 

182.5 
183.3 
185.2 
187.9 

191.2 
194.8 
198.6 
201.9 

1 The pressure scale height is minus the natural logarithm of pressure relative to the 
surface pressure; it is dimensionless (continued next page). 
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Table A.I" COSPAR International  Reference Atmosphere (continued). 

Pressure 
Scale 

Height 1 

11.75 
11.50 
11.25 
11.00 

10.75 
10.50 
10.25 
10.00 

9.75 
9.50 
9.25 
9.00 

8.75 
8.50 
8.25 
8.00 

7.75 
7.50 
7.25 
7.00 

6.75 
6.50 
6.25 
6.00 

Pressure 

[mb] 

7.992E-03 
1.026E-02 
1.318E-02 
1.692E-02 

2.172E-02 
2.789E-02 
3.582E-02 
4.599E-02 

5.905E-02 
7.582E-02 
9.736E-02 

0.1250 

0.1605 
0.2061 
0.2647 
0.3398 

0.4363 
0.5603 
0.7194 
0.9237 

1.1861 
1.5230 
1.9556 
2.5110 

Geometric 
Height 2 

Ira] 
81766 
80217 
78662 
77097 

75521 
73932 
72333 
70720 

69087 
67433 
65754 
64048 

62308 
60539 
58739 
56905 

55029 
53116 
51170 
49198 

Geopotential 
Height 3 

80670 
79161 
77646 
76120 

74581 
73031 
71469 
69893 

68296 
66678 
65035 
63364 

61660 
59926 
58160 
56361 

54519 
52639 
50726 
48786 

47213 
45231 
43265 
41325 

46832 
44880 
42942 
41030 

Temperature 

[K] 

204.4 
206.3 
207.8 
209.2 

210.8 
212.5 
214.3 
216.4 

219.2 
222.6 
226.4 
230.4 

234.5 
238.9 
243.6 
248.5 

253.9 
259.1 
263.5 
266.5 

267.1 
266.0 
263.0 
258.8 

1 see previous page. 2 The geometric height or altitude of an element is its distance above 

the reference sea level terrestrial ellipsoid, given in meters (continued next page). 
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Table A. I '  COSPAR Internat ional  Reference Atmosphere (continued). 

Pressure Pressure Geometric! Geopotential Temperature 

Scale 
Height t 

5.75 
5.50 
5.25 
5.00 

4.75 
4.50 
4.25 
4.00 

3.75 
3.50 
3.25 
3.00 

2.75 
2.50 
2.25 
2.00 

1.75 
1.50 
1.25 
1.00 

0.75 
0.50 
0.25 
0.00 

[mb] 
3.2242 
4.1399 
5.3157 
6.8255 

8.7642 
11.25 
14.45 
18.55 

23.82 
30.59 
39.28 
50.43 

64.76 
83.15 
106.77 
137.09 

176.03 
226.03 

Height 2 

[m] 
39425 
37563 
35737 
33948 

32198 
30479 
28788 
27120 

25478 
23860 
22267 
20697 

19151 
17625 
16116 
14604 

13055 
11450 

Height 3 

[m] 
39155 
37316 
35513 
33744 

32013 
30313 
28638 
26986 

25359 
23754 
22174 
20616 

19080 
17564 
16065 
14561 

13019 
11421 

290.23 
372.66 

478.51 
614.42 

788.93 
1013.00 

9771 
8011 

6148 
4197 
2166 

57 

9750 
7995 

6138 
4192 
2164 

57 

[Kl 
253.8 
248.7 
243.7 
238.9 

234.4 
230.3 
226.9 
223.9 

221.0 
218.3 
215.6 
212.8 

210.0 
207.1 
205.8 
208.5 

214.8 
223.6 
234.6 
247.0 

259.9 
272.1 
283.1 
295.1 

1, 2 see previous pages. 3 The geopotential height above the reference sea level ellipsoid 

is given in meters. It can be considered to be its geometric height plus (or minus) a 

correction which depends upon latitude and height. The difference between geometric and 

geopotential height is zero at the surface at 30 ~ N and increases with height; the difference 

varies with latitude. 
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A.3  Solar S y s t e m  Elementa l  A b u n d a n c e s  

Table A.2" Abundances of the Elements in the Solar System 
Normalized to Si = 106. (Cameron, 1973) 

Notes refer to sources used for the compilation. 
(see also Cameron, 1981 and 1982; Grevesse et al., 1996) 

Element 

1H 
2 He 
3 Li 
4 Be 
5 B  

Suess & 
Urey 

4.00.101~ 
3.08.109 

100 
20 
24 

Cameron 
( 968) 

2.6.101~ 
2.1.109 

45 
0.69 
6.2 

Cameron 
(1973) 

Notes 

6 
7 
8 
9 

10 
11 
12 

C 
N 
0 
F 
Ne 
Na 
Mg 

3.5.106 
6.6.106 
2.15-107 

1600 
8.6- 106 

4.38.104 
9.12.105 

1.35.107 
2.44.106 
2.36.107 

3630 
2.36.106 
6.32.104 
1.050.106 

13 A1 
14 Si 
15P 
16S 
17 C1 
18 Ar 
19K 

20 Ca 
21 Sc 
22 Ti 
23 V 
24 Cr 
25 Mn 
26 Fe 
27 Co 
28 Ni 
29 Cu 

9.48.104 
1.00.106 
1.00.104 
3.75.105 

8850 
1.4.105 

3160 
4.90.104 

28 
2240 
22O 
7800 
685O 

6.00.105 
1800 

2.74.104 
212 

8.51.104 
1.00.106 
1.27.104 
5.06.105 

1970 
2.28.105 

3240 
7.36.104 

33 
2300 
9OO 

1.24.104 
8800 

8.90.105 
2300 

4.57.104 
919 

3.18.10 l~ 1 
2.21 �9 109 2 

49.5 3 
0.81 25 
350 25 

1.18.107 1, 4 
3.74.106 1, 4 
2.15. l0 T 1, 4 

2450 3 
3.44.106 2 
"6.0.104 3 
1.061.1011 3 

8.5.104 3 
1.00.106 3 

9600 3 
5.0.105 3, 5 

57O0 3, 5 
1.172.105 5 

4200 3, 5 
7.21 �9 104 3 

35 6 
2775 7 
262 7 

1.27.104 3 
9300 23 

8.3.105 23 
2210 23 

4.80.104 3 
540 3 
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Table A.2: Abundances of the Elements in the Solar System 
Normalized to S i -  106. (Cameron, 1973) (continued) 

Element 

30 Zn 
31 Ga 
32 Ge 
33 As 
34 Se 
35 Br 
36 Kr 
37 Rb 
38 Sr 
39 Y 
40 Zr 
41 Nb 
42 Mo 
44 Ru 
45 Rh 
46 Pd 
47 Ag 
48 Cd 
49 In 
50 Sn 
51 Sb 
52Te 
53 I 

54 Xe 
55 Cs 
56 Ba 
57 La 
58 Ce 
59 Pr 
60 Nd 
62 Sm 
63 Eu 

Suess & 
Urey 

486 
11.4 
50.4 
4.0 
67.6 
13.4 
51.3 
6.5 
18.9 
8.9 

54.5 
1.00 
2.42 
1.49 

0.214 
0.675 
0.26 
0.89 
0.11 
1.33 

0.246 
4.67 
0.80 
4.0 

0.456 
3.66 
2.OO 
2.26 
0.40 
1.44 

0.664 
0.187 

Cameron 
(1968) 

1500 
45.5 
126 
7.2 
70.1 
20.6 
64.4 
5.95 
58.4 
4.6 
30 

1.15 
2.52 
1.6 

0.33 
1.5 
0.5 

2.12 
0.217 
4.22 
0.381 
6.76 
1.41 
7.10 

0.367 
4.7 
0.36 
1.17 
0.17 
0.77 
0.23 

0.091 

Cameron 
(1973) 

1244 
48 
115 
6.6 
67.2 
13.5 
46.8 
5.88 
26.9 
4.8 
28 
1.4 
4.0 
1.9 
0.4 
1.3 

0.45 
1.48 

0.189 
3.6 

0.316 
6.42 
1.09 
5.38 

0.387 
4.8 

0.445 
1.18 

0.149 
0.78 

0.226 
0.085 

Notes 

18 
3 
18 
3 

18, 24 
24 
8 

9, 18 
3, 10 

3 
3 
11 
3 
3 
12 
3 
18 
18 
18 
3 
18 
18 
3 
13 
18 

3 
14 
14 
14 
14 
14 
14 
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Table A.2: Abundances of the Elements in the Solar System 
Normalized to Si = 106. (Cameron, 1973) (continued) 

Element 

64 Gd 
65 Tb 
66 Dy 
67 Ho 
68 Er 

69 Tm 
70 Yb 
71 Lu 
72 Hf 
73 Ta 
74 W 
75 Re 
76 Os 

77 Ir 

78 Pt 

79 Au 
80 Hg 
81 T1 
82 Pb 

83 Bi 
90 Th 
92 U 

Suess & 
Urey 

0.684 
0.0956 
0.556 
0.118 
0.316 

0.0318 
0.220 
0.050 
0.438 
0.065 
0.49 

0.135 
1.00 

0.821 

1.625 

0.145 
0.284 
0.108 
0.47 

0.144 

Cameron 
(1968) 

0.34 
0.052 
0.36 

0.090 
0.22 

0.035 
0.21 

0.035 
0.16 

0.022 
0.16 

0.055 
0.71 

0.43 

1.13 

O.2O 
O.75 

0.182 
2.90 

0.164 
0.034 

0.0234 

Cameron Notes 
(1973) 

0.297 i 14 
0.055 i 14 

0.36 14 
0.079 14 
0.225 14 
0.034 14 
0.216 14 
0.036 14 
0.21 22 

0.021 15 
0.16 16 

0.053 17, 18 
0.75 6 

0.717 18 
1.4 6 

0.202 18 
0.4 19 

0.192 18 

4 3 

0.143 18 
O.O58 6, 2O 

0.0262 18, 21 

Notes to Table A.2 
1. Normalized to abundances in type-I carbonaceous chondrites by multiplying the solar 

abundance scale, H = 1012, by 0.03175, which is an average of the ratios of the solar scale 
and meteoritic scale (Si = 106) for the elements Mg, A1, Si, P, S, Ca, Fe, and Ni. 
2. Based upon solar flare cosmic rays (Bertsch et al., 1972), for which He/O = 103 4- 10 

and Ne/O = 0.16 :t= 0.03. 
3. Type-I carbonaceous chondrites (Mason, 1971). 
4. Solar photospheric composition adopted by Withbroe (1971). 
5. Choice of abundance influenced by semi-equilibrium interpolation between 2ssi and 

4OCa. 
6. Weighted mean of carbonaceous chondrites (Mason, 1971). 
7. Weighted mean of type-I and -II carbonaceous chondrites (Mason, 1971). 
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8. Average of the geometric interpolations of 84Kr between 8~ and 88Sr and of 83Kr 
between 81Br and 85Rb. 

9. Present abundance 5.77. Adopted value includes correction for 87Rb decay since 
solar system formation. 

10. Present abundance 27. Adopted value allows for growth of STSr since solar system 
formation. 

11. Very little meteorite data: 0.3 in L6, 1.6 in LL6 chondrites (Mason, 1971). Value 
is an interpolation between 91Zr and ~SMo. 

12. Very little meteorite data: 0.4 in H5, 0.31 in L6, 0.70 in LL6, and 0.36 in E4 
chondrites (Mason, 1971). 

13. Fitted to Te and I to form a continuous abundance peak with the same odd-even 
abundance ratios centered at mass numbers 127 and 129. Carbonaceous chondrite isotope 
ratios used. 

14. There is little variation in rare Earth abundances among meteorite classes, but 
type-I carbonaceous chondrite measurements are not as good as those in ordinary chon- 
drites. Hence the latter values were chosen (Mason, 1971) but multiplied by 1.20 to 
normalize to Orgeuil and Ivuna type-I carbonaceous chondrites (Urey, 1964). 

15. No data on C1 meteorites. Value chosen is average of H-group meteorites (Mason, 
1971) and is possibly low. 

16. Average of C2 and C3 meteorites (Mason, 1971) omitting higher values of Rieder 
and Wanke (1968). 

17. Present value 0.050 has been corrected for decay of 187Re since formation of solar 
system. 

18. Measurements in C1 chondrites (Kr~iahenbiihl et al., 1973). 
19. Mercury has enormous variations in meteorites, and the carbonaceous chondrite 

values are one to two orders of magnitude too high for nuclear systematics. The value 
chosen is a representative value for enstatite chondrites (Mason, 1971). 

20. Present value 0.046, corrected for decay since formation of solar system. 
21. Present value 0.0098, corrected for decay since formation of solar system. 
22. The C1 values of Ehmann and Rebagay (1970) are surprisingly high, since there 

is no indication that there should be fractionation of Zr or Hf among carbonaceous chon- 
drites. The adopted value was obtained by dividing the C1 Zr abundance of Ehmann and 
Rebagay by the average chondritic Zr/Hf ratio. 

23. Average C1 values of Schmitt et al. (1972). 
24. Average C1 value of Goles et al. (1967). 
25. See Cameron et al. (1973a). 
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A.4 Radiation Lengths and Critical Energies 

Table  A.3: Rad ia t ion  Length  and  Crit ical  Energy of Materials .  

(af ter  Ni sh imura  1967; Barne t t  et al., 1996; ex tended  by au thor )  

Material Z A 
Radiation Length 

Xo 
g/cm 2 ] cm 

H 1 1.008 63.05 752300 
He 2 4.003 94.32 560000 
Li 3 6.940 82.76 155 
Be 4 9.000 65.19 35.3 
C 6 12.010 42.70 18.8 

C** 6 i 12.010 43.3 16.9 
N 7 I 14.008 38.6 33100 
O 8 16.000 34.6 25800 
Ne 10 20.600 28.94 24.0 
A1 13 26.980 24.01 8.9 
Si 14 28.090 21.82 9.36 
Ar 18 39.948 19.55 14.0 
Fe 26 I 55.85 13.84 1.76 
Cu 29 63.54 12.86 1.43 
Br 35 79.916 11.5 3.71 
Ag 47 10.988 9.0 0.86 
I 53 126.910 8.5 1.74 

W 74 183.85 6.76 0.35 
Pb 82 207.19 6.37 0.56 

Compound Materials 

Air: (Z = 7.4) 
N 75.52%, O 23.14%, Ar 1.3% 36.66 30420 

Borosilicate Glass (Pyrex) 28.3 12.7 
CO2 36.2 18310 

Fused Quartz SiO2 27.05 10.3 
LiH 80.0 113 

Lucite, Plexiglas 40.55 _~34.4 
Nuclear Emulsion, G5 11.4 2.98 

Polyethylene CH2-CH2 44.8 ~_47.9 
Polystyrene C6HsCH=CH2 43.8 42.4 

Water H20 (Z = 6.6) 36.08 36.1 

Critical 
Energy* 

Mev 

350 
250 
138 

79 
85 
75 

4O 
37.5 
35.2 
20.7 
18.8 
15.7 
11.9 
10.7 
8.08 
7.40 

81.0 

47.3 
157 

16.4 

73.0 

* Density effect for solids included. For gaseous media at 20 ~ C and atmospheric pressure. 

The critical energy is approximately given by 500 MeV/Z. ** For graphite. 
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A.5  E l e m e n t s  and their  Mater ia l  P a r a m e t e r s  

Material 

Hydrogen 
Deuterium 

Helium 
Lithium 

Beryllium 
Boron 

Carbon 
Nitrogen 
Oxygen 
Fluorine 

Neon 
Sodium 

Magnesium 
Aluminum 

Silicon 
Sulfur 

Chlorine 
Argon 

Potassium 
Calcium 

Chromium 
Manganese 

Iron 
Nickel 
Copper 

Zinc 
Germanium 

Bromine 
Tin 

Iodine 
Barium 

Tungsten 
Lead 

Bismuth 
Uranium 

Table  A.4: E lements  and thei r  Mate r ia l  Pa rame te r s .  

(after  S te rnhe imer ,  1984) 

Density i Z A I Density correction constants 

[g/era s] [eV] - C  Xo Xa a 
, , . , , . 

0.063 1 1.008 21.8 3.263 . 4 7 6  1 .922 .135 
0.140 1 2.014 21.8 2.942 .200 2 .000  .347 
0.125 2 4.003 41.8 4.517 . 4 7 3  2 .000 .657 
0.534 3 6.940 40.0 3.122 . 1 3 0  1 .640 .951 
1.848 4 9.012 63.7 2 .785  . 0 5 9  1 .692 .804 
2.370 5 10.810 76.0 2.848 . 0 3 1  1 .969 .562 
2.265 6 12.011 78.0 2 .868  -.018 2 .342 .261 
0.808 7 14.007 82.0 3.998 .304 2 .000 .533 
1.140 8 15 .999  95.0 3.948 -.287 2.000 .523 
1.108 9 18.998 115.0  4.413 -.200 3.000 .159 
1.207 10 20.170 137.0  4.632 . 2 0 0  3.000 .169 
0.971 11 22.990 149.0  5.053 . 2 8 8  3.196 .078 
1.740 12 24.305 156.0  4.530 . 1 5 0  3.067 .082 
2.699 13 26.982 166.0  4.240 . 1 7 1  3.013 .080 
2.330 14 28.086 173.0  4.435 . 2 0 1  2 .872 .149 
2.000 16 32.060 180.0  4.666 .158 2 .716 .340 
1.560 17 35.453 174.0  4.887 .200 3.000 .181 
1.393 18 39.948 188 .0  5.217 . 2 0 1  3.000 .196 
0.862 19 39.098 190.0  5 .642  . 3 8 5  3.172 .198 
1.550 20 40.080 191.0  5.040 .323 3.119 .156 
7.180 24 51.996 257.0 4.178 .034 3.045 .154 
7.440 25 54.938 272.0 4.270 . 0 4 5  3.107 .150 
7.874 26 55.847 286.0 4.291 -.001 3.153 .147 
8.902 28 58.710 311.0 4.312 -.057 3.185 .165 
8.960 29 63.546 322.0 4.419 -.025 3.279 .143 
7.133 30 65.380 330.0 4 .691 . 0 0 5  3.367 .147 
5.323 32 72.590 350.0 5 .141 .338 3.610 .072 
3.120 35 79.904 343.0 5.641 .339 3.000 .217 
7.310 50 118.690 488.0 5.534 .288 3.296 .187 
4.930 53 126.905 491.0 5.949 .055 3.260 .238 
3.500 56 137.330 491.0 6.315 .419 3.455 .183 
19.300 74 183.850 727.0 5.406 .217 3.496 .155 
11.350 82 207.200 823.0 6.202 . 3 7 8  3.807 .094 
9.747 83 208.980 823.0 6 .351 . 4 1 5  3.825 .094 
18.950 92 238.029 890.0 5 .869  . 2 2 6  3.372 .197 

m 

5.625 
3.000 
3.000 
2.499 
2.434 
2.451 
2.870 
3.000 
3.000 
3.000 
3.000 
3.645 
3.617 
3.635 
3.255 
2.646 
3.000 
3.000 
2.923 
3.075 
2.990 
2.980 
2.963 
2.843 
2.904 
2.865 
3.331 
3.000 
2.858 
2.728 
2.891 
2.845 
3.161 
3.167 
2.817 
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A.6 M u o n  Energy Loss in Various Elements  

Table  A.5: Energy  Loss of Muons  in Various Elements .  

(after  L o h m a n n  et al., 1985) 

Inc luded  are energy losses due  to ionizat ion,  b r emss t r ah lung ,  

pair  p roduc t ion  and  nuclear  in teract ions .  

Ene rgy  

[CeV] 
1 

2 

4 

6 

8 

10 

15 

20 

30 

40 

50 

60 

70 

80 

90 

100 

120 

140 

160 

180 

2OO 

220 

240 

260 

280 

300 

350 

4OO 

Energy  Loss, dE/dX [GeV g-1 cm 2] 

C a r b o n  

1 . 8 3 0 . 1 0  -a 

1 . 9 4 3 . 1 0  -a 

2 . 0 5 3 . 1 0  -a 

2 . 1 1 3 . 1 0  -3 

2 . 1 5 5 . 1 0  -3 

2 . 1 8 7 . 1 0  -a 

2 . 2 4 5 . 1 0  -3 

2 . 2 8 7 . 1 0  -3 

2 . 3 5 0 . 1 0  -3 

2 . 4 0 0 . 1 0  -a 
2 . 4 4 4 . 1 0  -3 

2 . 4 8 4 . 1 0  -3 

A l u m i n u m  

1 . 7 2 3 . 1 0  -3 

1 . 8 4 3 . 1 0  -3 

1 . 9 5 8 . 1 0  -3 

2 . 0 2 2 . 1 0  -3 

2 . 0 6 6 . 1 0  -3 

2 . 1 0 0 . 1 0  -a 

2 . 1 6 3 . 1 0  -a 

2 . 2 1 1 . 1 0  -3 

2 . 2 8 5 . 1 0  -a 

2 . 3 4 8 . 1 0  -3 

2 . 4 0 4 . 1 0  -3 

2 . 4 5 7 . 1 0  -3 

Iron 

1 . 5 6 1 . 1 0  -3 

1 . 6 8 2 . 1 0  - 3  

1 . 8 0 2 . 1 0  .3  

1 . 8 7 0 . 1 0  -3 

1 . 9 1 9 . 1 0  -3 

1 . 9 5 8 . 1 0  -3 

2 . 0 3 2 . 1 0  -3 

2 . 0 9 1 . 1 0  -3 

2 . 1 8 9 . 1 0  -3 

2 . 2 7 5 . 1 0  -3 

2 . 3 5 7 . 1 0  -3 

2 . 4 3 6 . 1 0  -3 

2 . 5 2 1 - 1 0  -3 

2 . 5 5 7 . 1 0  -3 

2 . 5 9 1 . 1 0  -a 

2 . 6 2 4 . 1 0  -a 

2 . 6 8 9 - 1 0  -3 

2 . 7 5 2 . 1 0  -3 

2 . 8 1 4 . 1 0  -3 

2 . 8 7 5 - 1 0  -3 

2 . 9 3 5 - 1 0  -a 

2 . 9 9 5 . 1 0  -3 

3 . 0 5 5 . 1 0  -3 

3 . 1 1 4 . 1 0  -3 

3 . 1 7 3 . 1 0  -3 

3 . 2 3 2 . 1 0  -3 

3 . 3 7 9 . 1 0  -3 

3 . 5 2 5 . 1 0  -3 

2 . 5 0 8 . 1 0  -a 

2 . 5 5 8 . 1 0  -3 

2 . 6 0 6 . 1 0  -a 

2 . 6 5 5 . 1 0  -a 

2 . 7 4 9 . 1 0  -a 

2 . 8 4 3 . 1 0  -3 

2 . 9 3 6 . 1 0  -3 

3 . 0 2 9 - 1 0  -3 

3 . 1 2 1 . 1 0  -3 

3 . 2 1 4 . 1 0  -3 

3 . 3 0 6 . 1 0  -3 

3 . 3 9 8 . 1 0  -3 

3 . 4 9 0 . 1 0  -3 

3 . 5 8 3 . 1 0  -a 

3 . 8 1 4 . 1 0  -3 

4 . 0 4 5 . 1 0  -a 

2 . 5 1 3 . 1 0  -3 

2 . 5 9 0 . 1 0  -a 
2 . 6 6 6 . 1 0  -3 

2 . 7 4 1 . 1 0  -3 

2 . 8 9 3 . 1 0  -3 

3 . 0 4 4 . 1 0  -3 

3 . 1 9 5 . 1 0  -3 

3 . 3 4 7 . 1 0  -3 

3 . 4 9 9 . 1 0  -a 

3 . 6 5 2 . 1 0  -3 

3 . 8 0 5 - 1 0  -3 

3 . 9 5 8 . 1 0  -a 

4 . 1 1 2 . 1 0  -a 

4 . 2 6 5 - 1 0  -a 

4 . 6 5 2 . 1 0  -a 

5 . 0 4 0 - 1 0  -a 

Lead 

1 . 2 5 1 . 1 0  -3 

1 . 3 7 2 . 1 0  -3 

1 . 4 9 4 . 1 0  -3 

1 . 5 6 9 . 1 0  -3 

1 . 6 2 6 . 1 0  -3 

1 . 6 7 4 . 1 0  -3 

1 . 7 7 7 . 1 0  -3 

1 .868 -10  -3 

2 . 0 3 7 . 1 0  -3 

2 . 2 0 1 . 1 0  -3 

2 . 3 6 4 . 1 0  -3 

2 . 5 2 7 - 1 0  -3 

2 . 6 9 0 . 1 0  -3 

2 . 8 5 5 . 1 0  -3 

3 . 0 2 0 . 1 0  -3 

3.186- lO -3 

3 .521.  lO -3 

3 . 8 6 0 . 1 0  - 3  

4 . 2 0 1 . 1 0  - 3  

4 . 5 4 5 . 1 0  - 3  

4 . 8 9 0 . 1 0  -3 

5 . 2 3 8 . 1 0  -3 

5 . 5 8 6 . 1 0  -3 

5 . 9 3 7 . 1 0  -3 

6 . 2 9 0 . 1 0  -3 

6 . 6 4 3 . 1 0  -3 

7 . 5 3 1 . 1 0  -3 

8 . 4 2 5 . 1 0  -3 
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Table  A.5: Energy  Loss of Muons  in Various E lements  (cont inued) .  

Inc luded  are energy losses due to ionizat ion,  b remss t r ah lung ,  

pair  p roduc t ion  and nuclear  in teract ions .  

Energy  

[aeV] 
450 
500 
600 
700 
800 
900 
i000 
1500 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 
1OOO0 

Energy Loss, dE/dX [GeV g - t  cm 2] 

Ca rbon  

3 . 6 7 1 . 1 0  -3 

3 . 8 1 6 . 1 0  -3 

4 . 1 0 8 . 1 0  -3 

4 . 3 9 9 . 1 0  -3 

4 . 6 9 1 . 1 0  -3 

4 . 9 8 3 . 1 0  -3 

5 . 2 7 6 . 1 0  -3 

A l u m i n u m  

4 . 2 7 7 . 1 0  -3 

4 . 5 0 9 . 1 0  -3 

4 . 9 7 4 . 1 0  -3 

5 . 4 4 2 . 1 0  -3 

5 . 9 1 1 . 1 0  -3 

6 . 3 8 0 . 1 0  -3 

6 . 8 5 2 . 1 0  -3 

Iron 

5 . 4 2 9 . 1 0  -3 

5 . 8 2 1 . 1 0  -3 

6 . 6 0 7 . 1 0  -3 

7 . 3 9 5 . 1 0  -3 

8 . 1 8 9 . 1 0  -3 

8 . 9 8 5 . 1 0  -3 

9 . 7 8 2 . 1 0  -3 

6 . 7 4 4 . 1 0  -3 

8 . 2 2 0 . 1 0  -3 

1 .119 .10  -2 

1 .418 .10  -2 

1 .719 .10  -2 

2 . 0 2 0 . 1 0  -2 

2 . 3 2 3 . 1 0  -2 

2 . 6 2 6 . 1 0  -2 

2 . 9 3 0 . 1 0  -2 

3 . 2 3 5 . 1 0  -2 

9 . 2 2 2 . 1 0  -3 

1 . 1 6 1 . 1 0  -2 

1 . 6 4 2 . 1 0  -2 

2 .125 -10  -2 

2 . 6 1 1 . 1 0  -2 

3 . 0 9 8 . 1 0  -2 

3 . 5 8 7 . 1 0  -2 

4 . 0 7 6 . 1 0  -2 

4 . 5 6 6 . 1 0  -2 

5 .057 -10  -2 

1 . 3 8 0 . 1 0  -2 

1 . 7 8 5 . 1 0  .2 

2 .600 -10  .2 

3 .419 -10  .2 

4 .241 -10  -2 

5 . 0 6 5 . 1 0  -2 

5 . 8 9 2 . 1 0  -2 

6 . 7 1 9 . 1 0  -2 

7 . 5 4 8 . 1 0  -2 

8 . 3 7 7 . 1 0  -2 

Lead 

9 . 3 2 3 . 1 0  -3 

1 . 0 2 3 . 1 0  -2 

1 . 2 0 4 . 1 0  -2 

1 . 3 8 7 . 1 0  -2 

1 . 5 7 0 . 1 0  -2 

1 . 7 5 4 . 1 0  -2 

1 . 9 3 9 . 1 0  -2 

2 . 8 6 9 . 1 0  - 2  

3 . 8 0 6 . 1 0  -2 

5 . 6 9 1 . 1 0  -2 

7 . 5 8 4 . 1 0  -2 

9 . 4 8 4 . 1 0  -2 

1 .139 .10  -1 

1 . 3 2 9 . 1 0  - t  

1 .520-10  -1 

1 . 7 1 1 . 1 0  -1 

1 . 9 0 2 . 1 0 - 1  
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Table  A.6: Energy  Loss of Muons  in Various C o m p o u n d s .  

(after  L o h m a n n  et al., 1985) 

Inc luded  are energy losses due  to ionizat ion,  b r emss t r ah lung ,  

pair  p roduc t ion  and nuclear  in teract ions .  

Ene rgy  

[GeV] 
1 

2 

4 

6 

8 

10 

15 

20 

30 

40 

50 

60 

70 

80 

90 

100 

120 

140 

160 

180 

2OO 

220 

240 

260 

28O 

3OO 

35O 

4OO 

Energy  Loss, dE/dX [GeV g-1 cm 2] 

Std. Rock 

1 . 7 8 7 . 1 0  -3 

1 . 9 0 7 . 1 0  -3 

2 . 0 2 4 . 1 0  -3 

2 . 0 9 0 . 1 0  -3 

2 . 1 3 5 . 1 0  -3 

2 . 1 7 0 . 1 0  -3 

2 . 2 3 4 . 1 0  -3 

2 . 2 8 2 . 1 0  -3 

2 . 3 5 5 . 1 0  -3 

2 . 4 1 6 . 1 0  -3 

2 . 4 7 0 . 1 0  -3 

2 . 5 2 0 . 1 0  -3 

2 . 5 6 9 . 1 0  -3 

2 . 6 1 5 . 1 0  -3 

2 . 6 6 1 . 1 0  -3 

2 . 7 0 6 . 1 0  -3 

2 . 7 9 4 . 1 0  -3 

2 . 8 8 1 . 1 0  -3 

2 . 9 6 6 . 1 0  -3 

3 . 0 5 2 . 1 0  -3 

3 . 1 3 7 . 1 0  -3 

3 . 2 2 2 . 1 0  -3 

3 . 3 0 6 . 1 0  -3 

3.391 �9 10 -3 

3 . 4 7 5 . 1 0  -3 

3 . 5 6 0 . 1 0  -3 

3 . 7 7 1 . 1 0  -3 

3 . 9 8 3 . 1 0  -3 

Wa te r  

2 . 0 8 7 . 1 0  -3 

2 . 2 1 3 . 1 0  -3 

2 . 3 3 6 . 1 0  -3 

2 . 4 0 5 . 1 0  -3 

2 . 4 5 2 . 1 0  -3 

2 . 4 8 8 . 1 0  -3 

2 . 5 5 4 . 1 0  -3 

2 . 6 0 2 . 1 0  -3 

2 . 6 7 4 . 1 0  -3 

2 . 7 3 1 . 1 0  -3 

2 . 7 8 1 . 1 0  -3 

2 . 8 2 6 . 1 0  -3 

2 . 8 6 9 . 1 0  -3 

2 . 9 1 0 . 1 0  -3 

2 . 9 4 9 . 1 0  -3 

2 . 9 8 8 . 1 0  -3 

3 . 0 6 3 . 1 0  -3 

3 . 1 3 5 . 1 0  -3 

3 . 2 0 7 . 1 0  -3 

3 . 2 7 8 . 1 0  -3 

3 . 3 4 7 - 1 0  -3 

3 . 4 1 7 . 1 0  -3 

3 . 4 8 6 . 1 0  -3 

3 . 5 5 5 . 1 0  -3 

3 . 6 2 3 . 1 0  -3 

3 . 6 9 2 . 1 0  -3 

3 . 8 6 2 . 1 0  -3 

4 . 0 3 2 . 1 0  -3 

Concre te  

1 . 8 1 3 . 1 0  -3 

1 . 9 3 4 . 1 0  -3 

2.052 �9 10 -3 

2 . 1 1 8 . 1 0  -3 

2 . 1 6 3 . 1 0  -3 

2 . 1 9 8 . 1 0  -3 

2 . 2 6 3 . 1 0  -3 

2 . 3 1 1 . 1 0  -3 

2 . 3 8 5 . 1 0  -3 

2 . 4 4 7 . 1 0  -3 

2 . 5 0 2 . 1 0  -3 

2 . 5 5 3 . 1 0  -3 

2 . 6 0 2 . 1 0  -3 

2 . 6 4 9 . 1 0  -3 

2.696 �9 10 -3 

2.741 �9 10 -3 

2.831 �9 10 -3 

2 . 9 2 0 . 1 0  -3 

3 . 0 0 7 . 1 0  -3 

3 . 0 9 4 . 1 0  -3 

3 . 1 8 1 . 1 0  -3 

3 . 2 6 7 . 1 0  -3 

3 . 3 5 3 . 1 0  -3 

3 . 4 4 0 . 1 0  -3 

3.526 �9 10 -3 

3 . 6 1 2 . 1 0  -3 

3 . 8 2 7 . 1 0  -3 

4 . 0 4 2 . 1 0  -3 
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Table  A.6: Energy  Loss of Muons in Various Compounds  (continued).  

Inc luded are energy losses due to ionization, b remss t rah lung ,  

pair  product ion  and  nuclear  interact ions.  

Energy  

[CeV] 
450 
500 
600 
700 
800 
900 
1000 
1500 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 
i0000 

Energy Loss, dE/dX [GeV g-1 cm 2] 

Std. Rock 

4 . 1 9 4 . 1 0  -3 

4 . 4 0 6 . 1 0  -3 

4.831- 10 -3 

5 . 2 5 8 . 1 0  -3 

5 . 6 8 5 . 1 0  -3 

6 .113 .10  -3 

6 . 5 4 3 . 1 0  -3 

8 . 7 0 2 . 1 0  -3 

Wate r  

4 . 2 0 2 . 1 0  -3 

4 . 3 7 2 . 1 0  -3 

4.711 �9 10 -3 

5 . 0 5 0 . 1 0  -3 

3 . 3 9 0 . 1 0  -3 

5 . 7 3 1 . 1 0  -3 

6 . 0 7 1 . 1 0  -3 

7 .782 .10  -3 

Concre te  

4 . 2 5 8 . 1 0  -3 

4 . 4 7 3 . 1 0  -3 

4 . 9 0 6 . 1 0  -3 

5 .340 .10  -3 

5 .775-10  -3 

6 . 2 1 1 . 1 0  -3 

6 . 6 4 8 . 1 0  -3 

8 . 8 4 5 . 1 0  -3 

1 .088 .10  -2 

1 .525 .10  -2 

1 .966 .10  -2 

2 .408 .10  - 2  

2 . 8 5 2 . 1 0  -2 

3 . 2 9 7 . 1 0  -2 

3 . 7 4 3 . 1 0  -2 

4 . 1 9 0 . 1 0  -2 

4 . 6 3 7 . 1 0  -2 

9 . 5 0 2 . 1 0  -3 

1 .296 .10  -2 

1 .644 .10  -2 

1 .994 .10  -2 

2 . 3 4 5 . 1 0  -2 

2 . 6 9 7 . 1 0  -2 

3 .049-10  -2 

3 . 4 0 3 . 1 0  -2 

3 . 7 5 8 . 1 0  -2 

1 .106 .10  -2 

1 .551 .10  -2 

1 .999-10  -2 

2 . 4 4 8 . 1 0  -2 

2 . 8 9 9 . 1 0  -2 

3 .352-10  -2 

3 .805-10  -2 

4 . 2 5 9 . 1 0  -2 

4 . 7 1 4 . 1 0  -2 
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Table A.7: Astrophysical Units and Conversion Factors. 

Unit 

l[y] 

I[AU] 

l[pc] 

lilY] 

Name 

1 [j] 

Year 

Astronomical Unit 

Parsec 

Light Year 

Corresponds to 

3.156.10 T s 
10 -9 /Eon 

1.4960.1013 cm 

4.848.10 -3 pc 

1.581.10 -5 ly 

3.0857.1018 cm 

2.06265.105 AU 

3.262 ly 

9.4605.1017 cm 

0.3066 pc 
6.324.104 AU 

1 [eV] Electronvolt 1.6021892.10 -19 J or Ws 

Joule 6.241.10 is eV 
107 erg 

1 b] 

1 [Jy] Jansky 10 -3~ W cm -2 Hz-1 

1 [R] Rayleigh r 106 ph cm -2 s-  1 per column 

1 IT] Tesla 10 4 G or 1 V s m -2 

1 [G] Gauss 10 -4 T 

Gamma 10 -5 G 

1 nT 

Table A.8" Pressure Units and Conversion Factors. 

Unit 

1 [P~] 

Natne 

Pascal 

Corresponds to 

1 Nm -2 
7.5.10 -3 Torr 
9.87-10 -e arm. 
0.01 mbar 
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Table A.9: Radiation Dosimetry, Units and Conversion Factors. 

Unit 

1 [Bq] 

1 [Ci] 

l [Gy]  

l[sv] 

Name Corresponds to 

Becquerel 1 disintegrations -1 

Curie 

Gray 

3.7.101~ Bq 

I Jkg -I 
6.24.1012 MeVkg -1 

100 rad 

RSntgen 2.58.10 -4 coul kg- 1 air 

Sievert 100 rem (roentgen equivalent man) 
1 Gy'wR 
(wR, radiation weight factor) 

A . 9  C o n s t a n t s  and P a r a m e t e r s  

Table A.10: Constants and Parameters. 

Depth of atmosphere 
Gas constant 
Effective temperature of atmosphere 
Effective molecular weight of air 
Density of air at s.l., 10~ 76 cm Hg 
Energy loss of relativistic muons in air 

1033 g cm -2 
8.314 J K -1 g-1 mol-t 

219 K 

28.966 
0.00124 g cm -3 
2.225 MeV g-I cm-2 

Velocity of light 
Electron rest mass 
Muon rest mass 
Charged pion rest mass 
Neutral pion rest mass 
Charged kaon rest mass 
Proton rest mass 
Neutron rest mass 
Mean life of muon at rest 
Mean life of pion at rest 
Mean life of kaon at rest 
Mean life of neutron at rest 

2.9978.10 lo cms -t 

0.511 MeV 
105.659 MeV 
139.570 MeV 
134.976 MeV 

493.677 MeV 
938.272 MeV 
939.566 MeV 
2.20-10 -6 s 
2.616-10 -8 s 
1.240-10 -8 s 

887.0 s 
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B.1 Comments  to Figures 

Some of the data presented in the following figures are complementary to 
topics discussed in the previous chapters, others are not directly related but 
may be useful for quick reference. Background material, where relevant, can 
be found in the references given below. 
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B.2  K i n e t i c  E n e r g y -  Rig id i ty  C o n v e r s i o n  
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Figure B.I" Kinetic energy as a function of rigidity for electrons, protons and 

alpha particles. 
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Gyroradius versus Proton Energy 
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Figure B.2: Gyroradius in kiloparsec [kpc] and light years [ly] of a proton 
versus proton energy in magnetic fields of 0.3 #G (0.03 nT), 1 #G (0.1 nT), 
3 #G (0.3 nT), and 10 #G (1 nT). Indicated, too, are the sizes of some 
astrophysical objects and regions, the distance to Cygnus X-3, and the mean 
path length traveled by a 108 GeV neutron before decay. 
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B.4 Ionization versus Depth in Atmosphere 
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Figure B.3: Measured (symbols) and calculated (curve C) variation of the 
cosmic ray induced ionization as a function of depth in the atmosphere. The 
data are normalized to a sea level value of 2.15 ion pairs per cubic centimeter 
and second at sea level (Kykler and Liboff, 1978; Smart and Shea, 1985). 
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B.5  

APPENDIX B. MISCELLANEOUS DATA: FIGURES 
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Figure B.4' Preliminary nucleon lifetime limits at 90% c.1. obtained 
by Super-Kamiokande and the previous best limits from the IMB and 
Kamiokande detectors (Shiozawa, 2000; see also Kielczewska, 2000). 

• Super-Kamiokande (Ganezer et al., 1999) 
�9 Kamiokande (Hirate et al., 1989) 
[-1 IMB (Becker-Szendy et al., 1992; 

McGrew et al., 1999) 



Appendix C 

Cosmic Ray Experiments of 
Past and Present 

C.1 Cosmic Ray Ground Level Facilities 

C . 1 . 1  C o m m e n t s  t o  T a b l e s  

In the following we present some lists of different types of ground based 
cosmic ray experiments of the past and present. 

In Table C.1 we present an extensive list of air shower arrays. The alti- 
tudes of the arrays are listed together with the corresponding atmospheric 
depths. The latter are in most cases the vertical atmospheric depths, how- 
ever, sometimes authors may specify a different value in different publications 
for the same array. The reason for these discrepancies is that in some cases 
authors consider the slant depth for the average near vertical shower, e.g., 
,,~ 15 ~ as compared to the depth for perfectly vertical showers that are the 
exception. 

In Tables C.2 we list major gamma ray air Cherenkov detectors. Many 
are narrow-beam detectors, some are stereo type installations, some tele- 
scope arrays, and some are hybrid type detectors. A recent list and detailed 
description of narrow-beam Cherenkov experiments is given by Bhat (1997). 

In Table C.3 we list emulsion chamber experiments and their locations. 

In Table C.4 we list some balloon spectrometer experiments, the years of 
the flights, the locations and altitudes from where the launches took place, 
the range of altitudes where the data were taken and the particles that were 
under investigation (the list is incomplete). 
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C.1.2 

APPENDIX C. COSMIC RAY EXPERIMENTS 

EAS Array Sites of Past and Present 

Table C.1" List of EAS Array Sites of Past and Present. 

Name, Place, Country 
(nearest major city) 

AGASA, see Akeno 
Agassiz, (Boston) USA(I) 
Akeno, (Kofu), Japan 
ANI/Aragatz, (Erevan), Armenia (2) 
Auger, (Malargue), Argentina (2) 
Bagn~res de Bigorre, France 
Baksan, Kabardian-Balkarian Rep., Russia 
Buckland Park, (Adelide), SA, Australia 
CASA-BLANCA, (Dugway), Utah, USA 
CASA-MIA, (Dugway), Utah, USA 
Chacaltaya, (La Paz), Bolivia 
Cornell, (Ithaca), NY, USA(I) 
Cygnus, (Los Alamos), NM, USA 
Dugway, UT, USA 
Durham, England (I) 
EAS-TOP, Gran Sasso, Italy 
EAS-1000, (Alma Ata), Kazakhstan (2) 
Echo Lake, Colorado, USA (1) 
E1 Alto, (La Paz), Bolivia (I) 
Evans, Mt., Colorado, USA (I) 
Fly's Eye 1, (Dugway), Utah, USA 
Fly's Eye 2, (Dugway), Utah, USA 
GASP, (Cherenkov) South Pole (3) 
GRAND, (South Bend), Indiana, USA 
GREX, Haverah Park, (Leeds), England 
Gulmarg, (Srinagar), Kashmir, India(l) 
Haverah Park, (Leeds), England (I) 
HEGRA, La Palma, Canary Islands 
Homestake, South Dakota, USA (surface) 
Issik-Kul Lake, (Alma Ata), Kazakhstan (2) 
JANZOS, New Zealand 
KASCADE, Karlsruhe, Germany 
Kiel, Germany (1) 

Altitude 
a.s.1. 

m 

183 
900 

3250 
1469 
456 

1700 
s.1. 

1435 
1435 
5230 
260 

2220 
1450 

60 
2005 
500 

3260 
4200 
4300 
1585 
1435 
2834 
200 
212 

2743 
212 

2200 
488 

1600 
1640 
110 
s.1. 

Atmospheric 
Depth 
g/cm 2 

1020 
930 
695 
800 
965 
820 

1033 
870 
870 
530 
998 
800 
865 
025 
820 
970 
715 
630 
615 
860 
870 
688 

1018 
1018 
740 

1018 
800 
978 
845 
840 

1022 
1033 
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Table C.1" List of EAS Array Sites of Past and Present (continued). 

Name, Place, Country 
(nearest major city) 

Kobe, Japan 
KGF, Kolar Gold Fields, (Karnataka), India 
Liang Wang, Mt., Yun-Nan, China (2) 
Lodz, Poland 
MILARGO, (Los Alamos), N.M., U.S.A. 
Moscow, Russia 
Musala Mountain, Bulgaria(I) 
NASCA, see Akeno 
Norikura, Mt., (Matsumoto), Japan 
Ohya, (Nikko), Japan 
Ootacamund, (Mysor), India 
Pamir, Tadzhikistan (new Station) 
Pic du Midi, Pyrenees, France (i) 
Plateau Rosa, Italy 
Samarkand, Uzbekistan 
SPASE, South Pole (Antarctica) 
SPICA, see Akeno 
SUGAR, (Narrabri), Australia (i) 
Sulphur Mountain, Alberta, Canada(I) 
Sydney, Australia 
Tibet, Yangbajing, (Lhasa), CMna 
Tien Shah, (Alma Ata), Kazakhstan 
Tokyo, INS, Japan (i) 
Tunka Valley, near Baikal Lake, Russia 
UMC array, see CASA/MIA/Fly's Eye 
Verri~res (Paris), France (1) 
Volcano Ranch, (Albuquerque), N.M., USA (i) 
Yakutsk, Siberia, Russia 

Altitude 

m 

8.1. 

920 
2700 

230 
2630 

192 
2925 

2770 
149 

2200 
4380 
2855 
3500 

750 
2834 

260 
2285 

3O 
4370 
3340 

59 
68O 

100 
1768 

105 

Atmospheric 
Depth 
g/cm 2 

1033 
920 
745 

1000 
747 

1020 
713 

750 
1020 
8OO 
596 
729 
675 
958 
688 (3) 

998 

8OO 
1016 
606 
690 

1020 
948 

1020 
834 

1020 

(1) Shut-down. (2) Under construction or partial operation. (3) Non-standard 
altitude- pressure relation applies (see Chapter 7, Section 7.4). 

Note: Some of the atmospheric depths listed above do not correspond exactly to 
the vertical air column at the specified altitude, but to the effective air column of 
an incident trajectory subtending a mean zenith angle of about 10 ~ to 15 ~ This 
zenith angular cut is frequently used to select a reasonable number of quasi vertical 
events for analysis. 
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C.1.3 

APPENDIX C. COSMIC RAY EXPERIMENTS 

Air Cherenkov Array/Telescope Sites 

Table C.2" List of TeV Gamma Ray Air Cherenkov Array / Telescope Sites (~). 

Name, Place, Country 
(nearest major city) 

Akeno, Kofu, Japan 
ASGAT, Targasonne, France 
BIGRAT, Woomera, South Australia 
Cangaroo, Woomera, South Australia 
CAT, Thdmis, France 
Crimean AP Obs., Nauchny, Ukraina 
DICE, Dugway, UT, USA 
GASP 1, South Pole 
GRAPES, Ootacamund, India 
Haleakala, Maui, Hawaii, USA (2) 
HEGRA, La Palma, Canary Islands 
Mark-6, near Narrabri, Australia 
Mount Cedar, Utah, USA 
PACT, Pachmarhi, India 
Nooigedacht, Potchefstrom, S. A. 
Shalon Alatoo, near Tien Shan, Kazakhstan 
TACTIC 1, 2, Mt Abu, India 
Th6mistocle, Targasonne, France 
Whipple Obs., Mt. Hopkins, Arizona, USA 

Altitude 

m 

9OO 
1650 
160 
160 

1650 
2100 
1435 
3300 
2200 
3297 
2200 
250 

1600 
1075 
1429 
3338 

1300/1700 
1650 
2380 

Atmospheric 
Depth 
g/cm 2 

930 
840 

1000 
1000 
842 
8OO 
87O 
695 
8OO 
695 
8OO 
998 
847 
920 
88O 
671 

875/833 
840 
730 

(D Some systems have thresholds as low as 0.1 TeV. (2) Shut-down. 

References 

Bhat, Chaman, L.: PICRC, 8, p. 211 (1997).. 



C.2. B A L L O O N  E X P E R I M E N T S  

C . 1 . 4  E m u l s i o n  C h a m b e r  S i te s  

Table C.3: List of Major  Emulsion Chamber  Sites. 
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Name, Place, Country 
(nearest major city) 

Chacaltaya, BASJE, (La Paz), Bolivia (1) 
Fuji, Mt., Japan 
Kanbala, Mt., Tibet, China 
Pamir Mountains, Tadzhikistan (Old Station) (2) 
Pamir Mountains, Tadzhikistan (New Station) 

Altitude 

m 

5230 
3776 
5450 

3860 
4380 

Atmospheric 
Depth 
g/cm 2 

540 
650 
520 
625 
596 

(1) coupled with dedicated counter array. (2) shut-down. 

C.2 Balloon Experiments 

Table C.4: List of Some Balloon Experiments 

Experiment 

BESS 1 

BESS 1 

BESS 1 
BESS I 

MASS I 

MASS I 

IMAX I 

CAPRICE I 
CAPRICE I 
CAPRICE 1 

HEAT I 
HEAT 1 

LEAP 1 

PBAR 1 

BETS 

BETS 
BETS 

Flight Launch Location Altitude 
Year Name I m a.s.1. [g/cm 2] 

1993-95 Lynn Lake 360 4-  5 
1995  Tsukuba s.1. 1020 

1997-99 Lynn Lake 360 4-  5 
1 9 9 8  Tsukuba s.1. 1020 
1989 Prince Albert 600 910- 5 
1991 Ft. Sumner 1270 886- 5.8 
1992 Lynn Lake 360 960- 5 
1994 Lynn Lake 360 1000- 3.9 
1997 Ft. Sumner 1270 886- 3.9 
1998 Ft. Sumner 1270 886- 5 
1994 Ft. Sumner 1270 850- 5.7 
1995 Lynn Lake 360 960- 4.8 
1987 Prince Albert 600 4.7 
1987 Prince Albert 600 (36 km) 
1 9 9 5  Sanriku s.1. (38 km) 
1 9 9 7  Sanriku s.1. (35- 36 km) 
1 9 9 8  Sanriku s.1. (34- 35 km) 

Particles 
Investigated 

p,~,  He , He 
p+ 

p+,p,~,He, He 
p• 

t~• ~, e • 
p• p, p, e • He 

#u• 
#• p, ~, e 

p+,~ 
/~• e • 

e • 

/~• e • 
p 

P , P  
e 

spectrometer experiments. 
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C.3 Underground, Underwater, Under Ice 
E x p e r i m e n t s  

Table  C.5" Underground,  Underwa te r  and Under  Ice Muon and Neut r ino  
Detectors  of Pas t  and Present .  

Detector 

AMANDA 
Artyomowsk 
Antares(2, s) 
Baikal 
Baksan 
BOREXINO (u) 
CWI (4) 
DUMAND (4) 
Fr~jus (4) 
GALLEX 
Holborn (4) 
Homestake 
HPW (4) 
Ikarus (2) 
IMB (4) 
Kamiokande 
KGF(4) 
KGF (4) 
KGF(4) 
LSD 
LVD 
MACRO 
NESTOR(2, 3) 
NUSEX 
SAGE 
SNO 
SOUDAN II 
Super-Kamiokande 

RAMAND 

Location 

South Pole 
Ukraina 
Mediterranean 
Lake Baikal 
Caucasus (Rus) 
Gran Sasso (I) 
South Africa 
Hawaii 

Technique 

Cherenkov in ice 
Liquid scintillator 
Water Cherenkov 
Water Cherenkov 
Liquid scintillator 

Boron reaction 
Liquid scintillator 
Water Cherenkov 

Depth [hg/cm u] 

1800 (1) 
600 

2350 (1) 
1300 (1) 
850 
3100 
8890 
4500 (1) 

France 
Gran Sasso 
England 
S.D. (USA) 
Utah (USA) 
Grail Sasso (I) 
Cleveland (US) 
Japan 
Karnataka (Ind) 
Karnataka (Ind) 
Karnataka (Ind) 
Mont Blanc (I) 
Gran Sasso (I) 
Gran Sasso (I) 
Pylos (GR) 
Mont Blanc (I) 
Baksan, Russia 
Sudbury(Canada) 
S.D. (USA) 
Japan 

Antarctica 

Geiger & flash tubes 
Gallium solution 

Plastic scintillators 
Scintillators 

Water Cherenkov 
Liquid Argon 

Water Cherenkov 
Water Cherenkov 

Scintillators 
Water Cherenkov 

Scint. + flash tubes 
Liquid scintillator 

Liq. scint., str. tubes 
Liq. scint., str. tubes 

Water Cherenkov 
Streamer tubes/Fe 

Liquid Gallium 
D20 

Drift tubes/concrete 
Water Cherenkov 

Radio detection 

4000 m.w.e. 
3100 

71.6 4- 1.2 
4200 m.w.e. 
1700 m.w.e. 

3100 
1570 

2700 m.w.e. 
730 
1590 

,~7400 m.w.e. 
5200 
3100 
3100 

3800 (1) 
5000 

4715 m.w.e. 
~-6300 m.w.e. 

2100 

(1) bottom module; (2) under construction; (3) prototype; (4) shut-down. 



Appendix D 

Miscellany 

D.1 Acronyms of some Experiments 

AGASA: Akeno Giant Air Shower Array, Akeno (Japan). 

AIROBICC: AIR shower OBservation with Cherenkov Counters, La Palma (Ca- 
nary Islands). 

ANI: (translated from Russian) Hadron surface investigations, Mount Aragats (Ar- 
menia). 

ASGAT: Air Shower and Gamma Array Telescope, Targasonne (France). 

AMANDA: Antarctic Muon And Neutrino Detector Array (South Pole). 

BASJE: Brazilian Air Shower Joint Experiment, Mt. Chacaltaya (Bolivia). 

BESS: Balloon Experiment with Superconducting Solenoid (Japanese - American). 

BETS: Balloon-borne Electron Telescope with Scintillating fibers. 

BOREXINO: BORon solar neutrino EXperiment, Gran Sasso (Italy). 

CAPRICE: Cosmic Anti-Particle Ring-Imaging Cherenkov Experiment (on satel- 
lite). 

CASA-MIA: Chicago Air Shower Array- Michigan muon Array, Dugway, UT 
(USA). 

CAT: Cherenkov Array at Thdmis (1650 m a.s.l.) (France). 

CELESTE: ChErenkov Low Energy Sampling and Timing Experiment (heliostat) 
at Thdmis (France). 

COMPTEL: COMPton TELescope on GRO (on satellite). 

CRN: Cosmic Ray Nuclei experiment (on Spacelab). 

CWI: Case- Witwatersrand- Irvine, Witwatersrand (S.A.). 
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Acronyms of some Experiments (continued). 

DICE: Dugway Imaging Cherenkov Experiment, Dugway, UT (USA). 

DUMAND: Deep Underwater Muon And Neutrino Detector (Hawaii, closed). 

EAS-TOP: Extensive Air Shower array on TOP of Gran Sasso (Italy). 

EGRET: Energetic Gamma Ray Experiment Telescope (on satellite). 

GALLEX: GALLium solar neutrino EXperiment, Gran Sasso (Italy). 

GASP: Gamma Array at South Pole (Cherenkov within SPASE). 

GLAST: Gamma ray Line ASTronomy (on satellite). 

GRAND: Gamma Ray Astrophysics at Notre Dame, IN, (USA). 

GRAPES: Gamma Ray Astronomy at Pe(V) EnergieS, Ootacamund (2200 m a.s.1.) 
(India). 

GREX: Gamma Ray EXperiment, Haverah Park (GB). 

GRO: Gamma Ray Observatory (on satellite). 

HEAO-x: High Energy Astronomical Observatory, satellite carrying different ex- 
periments. 

HEAT: High Energy Antimatter Telescope (balloon-borne) 

HEGRA: High Energy Gamma Ray Array, La Palma (Canary Islands). 

IMAX" International Matter/Antimatter eXperiment (balloon-borne). 

IMB: Irvine Michigan Brookhaven, Cleveland, Ohio (USA). 

JACEE: Japanese-American Cooperative Emulsion Experiment (balloon-borne). 

JANZOS: Japan- Australia- New Zealand Observation of Supernova, (NZ). 

KASCADE: Karlsruhe Air Shower and Central Array DEtector (Germany). 

KGF: Kolar Gold Fields, Karnataka (India). 

LEAP: Low Energy AntiProton experiment. 

LSD: Large Scintillation Detector, Mont Blanc (Italy). 

LVD: Large Volume Detector, Gran Sasso (Italy). 

MACRO: Monopole And Cosmic Ray Observatory, Gran Sasso (Italy). 

MAGICT: Major Atmospheric Gamma Ray Imaging Telescope, at HEGRA, (Ca- 
nary Islands). 

MASS: Matter Antimatter Space Spectrometer. 
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Acronyms of some Experiments (continued). 

MILAGRO: Multi- Institutional Los Alamos Gamma-Ray Observatory, Los 
Alamos, NM (2630 m a.s.1.) (USA). 

NESTOR: NEutrinos from Supernovae and TeV sources Ocean Range, Pylos 
(Greece). 

NUSEX: NUcleon Stability EXperiment, Mont Blanc (Italy). 

PBAR: Antiproton experiment. 

RAMAND: RAdio Muon And Neutrino Detector (Antarctica). 

RICE: Radio Ice Cherenkov Experiment (Antarctica). 

RICH: Ring-Imaging CHerenkov detector (balloon-borne). 

RUN JOB: RUssian Nippon JOint Balloon experiment (balloon-borne). 

SAGE: Soviet American (liquid) Gallium Experiment, Artyomovsk (Russia). 

SAS: Small Astronomical Satellite 

SNO: Solar Neutrino Observatory, Sudburry (Canada). 

SPASE: South Pol Air Shower Experiment (3350 m a.s.1.) (Antarctica}. 

STACEE: Solar Tower Air ChErenkov Experiment (heliostat) at Sandia, NM 
(USA). 

SUGAR: Sydney University Giant Airshower Recorder, Narrabri (Aus.) (closed). 

TACT: Time sampling Air Cherenkov gamma Telescope, Tien Shah (Kazakhstan, 
3300 m). 

TACTIC: Te(V) Air Cherenkov Telescope Imaging Camera, Mount Abu (India). 

7TA: 7-Telescope Array, Dugway, UT (USA). 
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D.2  List of  S y m b o l s  

a 

A 
AT 

Ax 
b 
B 
c 

C 
E 

g 
h 
h~ 
h8 
I 

I(0, r 

j(E) 
J1 
J2 

g(>_ E) 
k 

K, 
l 

Lx 

~0,X 
mlr,K 

< M >  

M 
n 

rich 

ni 

Latin Letters 
constant 
mass number, atomic weight, area 
target mass number 
normalization constant for particle type x 
constant, galactic latitude 
constant, magnetic field strength 
velocity of light, constant 
constant 
energy 
critical energy 
terrestrial gravitational constant 
altitude, height above sea level 
critical height for decay or interaction 
scale height of atmosphere 
ionization constant 
directional intensity 
vertical intensity 
differential energy spectrum 
particle flux 
omnidirectional intensity 
integral energy spectrum 
inelasticity 
charge ratio, of particle type x 
geometric path length, galactic longitude 
decay length 
rest mass of electron 
rest mass of particle X 
rest mass of pion, kaon 
mean molecular mass 
proton rest mass 
magnetic dipole momentum 
index of refraction, 
exponent of distribution, constant 
secondary particle multiplicity 
charged particle multiplicity 
number of molecules of type i per cm 3 
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NA 
N~ 
g .  

N(x) 

P 
P 
Pc 

Pest 
Ph 
P~ 
PL 
P~ 
P, 
P,h 
P~ 
P1 
r 

re 

R 
R E  

R~ 
8 

t 
T 
v 

x 

X 

X$ 
y 
z 

List of Symbols (continued). 

Latin Letters 
Avogadro's number 
number of charged hadrons 
number of neutral hadrons 
number of particles of type x 
momentum 
rigidity, pressure 
effective cutoff rigidity, usually vertical 
estimated cutoff rigidity 
horizon-limited rigidity 
lower cutoff rigidity 
limiting cutoff rigidity 
main cutoff rigidity 
StSrmer cutoff rigidity 
shadow cutoff rigidity 
upper cutoff rigidity 
first discontinuity rigidity 
radial distance, radius 
ratio of stopping to penetrating muons 
classical radius of the electron 
universal gas constant 
Earth's radius 
range of muons in matter 
center of mass energy squared 
charge excess 
survival probability of particle type x 
time 
absolute temperature 
velocity 
coordinate, linear distance 
atmospheric depth, column density, 
overburden (vertical) 
depth in matter 
slant depth in matter, atmosphere 
coordinate 
coordinate, depth in water 
projectile charge 
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Z 

C. 

r 
77 
0 

A 
Ad 
Ai 
A 

P 
O" 

aa 

O'i 

O" T 

T 

TO 

A P P E N D I X  D. M I S C E L L A N Y  

List of Symbols (continued). 

Latin Letters  
atomic number (electr. charge of nucleus) 
target charge, 

Greek Letters  
a fine structure constant 

asymmetry coeff, of neutron flux 
exponent, ratio 
v/c 
Lorentz factor, 
exponent of power law spectrum 

7~ spectral exponent of particle type x 
density effect parameter, 
exponent of differential spectrum 
small quantity, constant 
angle of local magnetic zenith 
elasticity 
zenith angle 
ratio of twin to single muon events 
geomagnetic latitude 
mean free path for decay 
interaction mean free path 
attenuation length 
density of matter 
cross section 
elastic cross section 
interaction cross section 
cross section for process i j  
total cross section 
mean life of particle 
mean life of particle at rest 
azimuthal angle 
flux, magnetic 
solar modulation parameter 

X radiation length 
w dw annular element of solid angle 
12 d~, element of solid angle 
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D.3 List of Abbreviat ions  

1067 

ACR 
AU 
a.s.1. 
BP 
CIR 
CKP 
CLP 
CME 
CR 

CRS 
DEBRA 

Diff. 
EAS 
EMF 
ESP 
FIP 

GCR 
GLE 
GM 

GMF 
GMIR 
GZK 
HCS 
hg 

HMF 
IMF 

Int. 
ISM 

ISMF 
LDE 
LISM 
MIR 

m.w.e. 
NCS 
NM 
PCA 

anomalous cosmic rays 
astronomical unit 
above sea level 
before present 
corotating interaction region 
Cocconi-Koester-Perkins model 
cutoff latitude positive 
coronal mass ejection 
cosmic rays 
cosmic ray storm 
diffuse extragalactic background radiation 
differential 
extensive air shower 
extra-galactic magnetic field 
energetic solar particles 
first ionization potential 
galactic cosmic rays 
ground level event, enhancement 
Geiger-Miiller counter 
galactic magnetic field 
global merged interaction regions 
Greisen-Zatsepin-Kuzmin cutoff 
heliospheric current sheet 
hectograms 
heliospheric magnetic field 
interstellar magnetic field, 
interplanetary magnetic field 
integral 
interstellar medium 
interstellar magnetic field 
long duration events 
local interstellar medium 
merged interaction regions 
meters water equivalent 
neutral current sheet 
neutron monitor 
polar cap absorption 
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List of Abbreviations (continued) 

PM 
PMT 
SAC 
SC 

SCR 
SEP 
SF 

SID 
SN 
SR 

STP 
UT 

photomultiplier 
photomultiplier tube 
solar active cycle 
sudden commencement 
solar cosmic rays 
solar energetic particles 
solar flare 
sudden ionospheric disturbance 
supernova 
standard rock 
standard temperature and pressure 
universal time 
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D.4 List of Cosmic Ray Conferences 

1. Cracow, Poland (1947) 
2. Como, Italy (1949) 
3. Bagneres de Bigorre, France (1953) 
4. Guanjuato, Mexico (1955) 
5. Varenna, Italy (1957) 
6. Moscow, U.S.S.R. (1959) 
7. Kyoto, Japan (1961) 
8. Jaipur, India (1963) 
9. London, England (1965) 

10. Calgary, Canada (1967) 
11. Budapest, Hungary (1969) 
12. Hobart, Tasmania, Aus. (1971) 
13. Denver, CO, U.S.A. (1973) 
14. Munich, Germany (1975) 
15. Plovdiv, Bulgaria (1977) 
16. Kyoto, Japan (1979) 
17. Paris, France (1981) 
18. Bangalore, India (1983) 
19. La Jolla, CA, U.S.A. (1985) 
20. Moscow, U.S.S.R. (1987) 
21. Adelaide, Aus. (1990) 
22. Dublin, Irland (1991) 
23. Calgary, Canada (1993) 
24. Rome, Italy (1995) 
25. Durban, South Africa (1997) 
26. Salt Lake City, UT, U.S.A. (1999) 
27. Hamburg, Germany (2001) 
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A 
abbreviations, list of, 1067 
absorption 

of cosmic radiation 
in atmosphere, 20 

of gamma rays 
galactic, extragalactic, 793 

optical 
in water and ice, 997, 998 

absorption coefficient 
optical in water and ice, 998 

absorption length 
optical in water and ice, 998 

abundances 
elemental in 

cosmic radiation, 684 
photospheric, 896 
solar system, 688 
solar system, tables, 1035 
solar wind, 896 

acceleration 
diffusive shock, 939 
of anomalous cosmic rays, 939 
of cosmic rays, 994 

acronyms of experiments, 1061 
active galactic nuclei, 994 
air showers, 678 

simulations, 689 
albedo 

electrons in atmosphere, 199, 
200 

reentrant, 201 
neutrons, in atmosphere, 100 

all-particle spectrum, 678 
allowed cone 

of geomagnetic acceptance, 42, 
43 

altitude coefficient 
muonic, 908 

altitude dependence of 
cosmic ray intensity, 23, 25 
gamma ray intensity, 138 
hadron intensity, 57 
neutron intensity, 100 

altitude, reference, 39 
AMANDA array, 1003 
anisotropy 

diurnal, 909 
sidereal, 910 

ankle, spectral, 28 
annihilation 

of antinucleons, 5 
anomalous 

cosmic rays, 938 
acceleration, 939 
gradient, 940 
multiply charged, 940 

anomalous cosmic rays, 672 
Antarctic 

atmosphere, 995 
experiments, 995 

anti-center, galactic, 799 
antimatter 

primary (see primary 
antimatter), 863 

antinucleons 

1070 
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at sea level, 457 
general, 3, 7 

antinucleons, antinuclei 
in atmosphere 

geomagnetic cutoff, 294 
locally produced, 294 
theoretical, calculations, 295 

antiprotons 
in atmosphere 

effect of solar activity, 297 
locally produced, 296 
secondary, spectrum, 296 

primary (see primary 
antiprotons), 863 

Archimedean spiral, 898, 939 
astrophysical neutrinos, 613, 838 

atmospheric background, 844 
diffuse sources, spectra, 844 
experimental flux limits 

from point sources, 845, 846 
from supernova SN-1987A, 838 

angular distribution, 840 
event sequence, 839, 840 
integrated flux, 842 
neutrino reactions, 841 

from topological defects, 845 
sources, spectra, 843, 844 
unresolved AGN, etc., 844 

astrophysical objects 
linear size of, 991 
magnetic field in, 991 

astrophysical units, etc., 1045 
asymmetry 

directional, 40 
east-west of muon flux, 366 
latitudinal, 910 

asymptotic cone 
of geomagnetic acceptance, 41 

atmosphere, 28 
Antarctic, 995 
characteristic data, 
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relations, 28 
COSPAR reference, 31, 1032 

tables, 1032 
depth v/s altitude, 32 
elemental composition, 28 

for computations, 978, 979 
exponential, isothermal, 32, 33 
mixing equilibrium, 29 
of curved Earth, 32, 35 
real, 30 
standard 

exponential, isothermal, 28 
static, isothermal, 29 

atmospheric 
cutoff, 899 
nucleon flux, 978 
scale height, 30, 34 
temperature profile, 29, 30 
thickness, 31 

v/s zenith angle, 31 
atmospheric column density, 31 

for inclined trajectories 
for curved Earth, 32 
for flat Earth, 31 

v/s zenith angle 
for curved Earth, 32, 36 
for flat Earth, 31 

vertical, 25 
atmospheric neutrino problem, 615 
atmospheric neutrinos, 612, 615 

anomaly, 615 
experimental 

azimuthal distribution, 639 
early work, 623 
flavor ratio, 639 
flux, intensities, 636, 638 
modern work, 636 
spectra, 638 
zenith angle dependence, 639 

flavor ratio, theoretical, 617 
oscillations, 619, 639 
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production 
anomalies, 618 
channels, 615 
east-west asymmetry, 618 
geomagnetic effects, 618 
polarization effects, 619 
spectra, 619 
up/down symmetry, 618 

theoretical 
ratio of ratios, 623 
up/down asymmetry, 623 

theoretical spectra, 620 
early calculations, 621 
recent calculations, 622 
solar modulation effects, 622 

atomic mass number, 3 
attenuation 

hadronic 
in atmosphere, 25 

of cosmic rays 
in atmosphere, 25 

optical 
in water and ice, 997 

attenuation coefficient 
optical in water, ice, 997 

attenuation length 
of cosmic rays 

in atmosphere, 25 
optical in water and ice, 997 

aurora, 40, 899, 931 
Avogadro's number, 3 
azimuthal angle, 24 
azimuthal asymmetry 

at sea level 
of muon flux, 366 

azimuthal dependence, 24 
of cosmic radiation, 21 

azimuthal effect, 36 

B 
background 

optical in 
fresh water, 1005 
ice, 1005, 1007 
sea water, 1005 

underground 
cosmic ray induced, 503 
neutrino induced, 544 
of cosmic rays, 459, 460, 503 

backscattered muons 
from ground at sea level, 377 

Baikal array, 1000 
balloon 

experiments, 55, 56, 678 
balloon experiments, 1059 
barometer formula, 31 
barometric law, 29 
baryon number conservation, 295 
Bethe-Bloch, 1030 
Bethe-Bloch formula, 16, 462 
bioluminescenee 

in fresh water, 1005 
in sea water, 1006 

bow shock, heliospheric, 898 
bremsstrahlung, 10, 17 

screening function 
Petrukhin & Shestakov, 462 
Rozenthal, 462 

bubbly ice, 999 

C 
cascade 

electromagnetic, 11,136 
hadronic, 3, 22 
shower, 22 

central processes 
hadronic, 8 

CERN 
GEANT program, 978 

Chapman function, 31, 32 
charge exchange 

in hadronic reactions, 60, 100 
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charge ratio at sea level of 
muons, 374 

energy dependence, 374 
zenith angle dependence, 375 

charge ratio in atmosphere of 
electrons, 203 
hadrons, 63 
muons, 237 

charge resolved spectra 
primary hadronic, 684 

charge/neutral ratio 
of hadrons in atmosphere, 64 

altitude dependence, 64 
energy dependence, 64 

charged hadrons at sea level 
(see hadrons at sea level), 307 

charged hadrons in atmosphere 
(see hadrons in atmos.), 56 

charmed particles, 3, 16, 17 
production ratio 

charm particles/pions, 502 
chemical properties 

of polar ice, 1005 
chemoluminescence 

in fresh water, 1005 
chromosphere, 927 
chronology, nuclear, 913 
climatic changes 

from cosmogenic nuclei, 913 
CMBR 

(cosmic microwave 
background radiation), 670 

collisions 
hadronic, 3, 5 

column density, 17 
atmospheric, inclined, 367 

curved Earth, 32 
flat Earth, 31 

atmospheric, vertical, 25, 33 
competition decay/interaction 

of unstable particles 

in atmosphere, 13, 366 
component 

hard, 26 
penetrating, 26 
soft, 26 

composition 
primary hadronic 

(see primary hadrons), 677 
primary radiation, 671 

composition of 
atmosphere, chemical, 28 
cosmic radiation 

elemental, 28 
photosphere, elemental, 896 
solar wind 

elemental, 896 
isotopic, 896 

Compton effect, 347 
Compton scattering, 773 

inverse, 797, 798 
Compton-Getting effect, 910 
cone 

of geomagnetic acceptance 
allowed, 43 
asymptotic, 41 
forbidden, 43 
main, 43 
shadow, 43 

StSrmer, 43 
confinement time 

of cosmic radiation, 690, 691 
constants, selected 

atmospheric, etc.,table, 1046 
coronal 

hole, 896 
mass ejection, 893, 898, 911, 

927 
corotating interaction 

region, 911 
cosmic background radiation, 682, 

793, 845 
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cosmic microwave 
background radiation 

(CMBR), 670 
cosmic radiation 

age, 691 
confinement 

time, 690, 691,873 
escape length, 690 
intensity variation, 976 
matter traversed, 863 
propagation in space, 863 
propagation models, 773 
solar modulation, 670, 677, 906 
sources, 793 

cosmic ray conferences 
list of, 1069 

cosmic ray experiments, 1055 
ground facilities 

air Cherenkov sites, 1058 
EAS array sites, 1056 
emulsion chamber sites, 1059 

ground level 
facilities, 1055 

underground, underwater 
under ice facilities, 1060 

cosmic ray history, 913 
archived in meteorites, 913 

cosmic ray observables 
definitions, 21 

cosmic rays 
at sea level, 305 
in atmosphere, 55 
underground, underwater 

under ice, 459 
cosmogenic 

archives 
in sediments, 975 
in tree rings, 975 

fragmentation products, 975 
isotopes 

stable, radioactive, 975 

spallation products, 975 
cosmogenic nuclides, 913, 975 

~~ 979 
26A1, 982 
a6c1, 979 
concentration, 981 
differential records, 981 
effect of solar modulation, 978 
exposure time, 982 
global inventory, 978 
global production, 980 
in atmosphere, 975 
in ice, 915 
in meteorites, 975 
in plants, 915 
in rock, solids, 981 
in soil, etc., 975 
integral records, 981 
latitude effects, 978 
production models, 977 

atmospheric, 978 
production rates, 977, 981 

global, 978 
in atmosphere, 977 
in rock, 981 

Crab, 795-797 
gamma ray spectrum 

differential, 803 
integral, 803 

critical altitude 
for decay, 16 
of pions, kaons 

in atmosphere, 18 
critical energy 

electromagnetic, 18 
of materials, 1039 

cross section 
hadronic 

elastic, 3, 5 
inelastic, 5 
total, 3, 5 
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heavy nuclei, 3 
nucleon-nucleon, 3 
pion-proton, 3 
proton-antiproton, 3 
proton-proton, 3 

curved Earth's atmosphere, 26, 31, 
32 

cutoff 
atmospheric, 677, 899 
calculations, 42 
direction picture, 41 
geomagnetic, 39, 43, 677, 898 

effective, 46 
Greisen-Zatsepin- 

Kuzmin, 670, 682 
rigidity, 39, 44 

effective, 46 
effective vertical, 39 
estimated, 46 
lower, 46 
main, 45 
shadow, 45 
StSrmer, 39, 40, 45 
upper, 46 
vertical, 39, 41 

rigidity picture, 41 
terminology, definitions, 40 

Cygnus, 796, 797 

D 
De Vries cycle, 914 
decay 

probability, 11 
of charged kaons, 13 
of charged pions, 13 
of muons, 12 

decay of unstable particles 
charged pions, 10 
charmed particles, 16 
decay length, 11, 16, 17 
enhancement 
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in atmosphere, 12 
in atmosphere, 20 
kaons, 10 
muons, 10, 12 
neutral pions, 10 

decay v/s interaction 
of unstable particles 

in atmosphere, 13 
definition of 

cosmic ray observables, 21 
cutoff terminology, 40 
geomagnetic terms, 42 
optical properties 

of water and ice, 997 
dendrochronology, 915 
density effect 

of ionization, 17 
density gradient of 

cosmic radiation, 797 
depth profiles 

of ocean parameters, 999 
depth-intensity relation of 

muons underground, 485 
muons underwater, 592 

differential intensity 
definition, 21 

diffraction, hadronic, 8 
diffuse cosmic 

gamma rays, 799 
X-rays, 799 

diffuse galactic 
gamma rays, 797 

spectrum, 797 
diffusion time of 

cosmic radiation, 773 
dipole approximation 

geomagnetic, 41 
direction picture 

of cutoff, 41, 43 
directional intensity 

definition, 21 
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diurnal 
anisotropy, 909 
variation, 906 

dose rate of primary radiation 
at 1 AU, 670 

DUMAND 
array, 1000 
site, 999 

E 
east-west 

asymmetry 
of primary electrons, 761 

effect, 25, 36, 894 
east-west asymmetry, 36, 894 

of antiproton flux, 865 
of muon flux, 233, 366 

ecliptic, 899 
elasticity 

in hadronic collisions, 5 
electromagnetic 

cascade, 10, 19, 136 
scale length, 19 

interactions, 16 
processes, 16 
shower, 11, 20 

electron-positron pairs, 10 
electrons 

Jovian, 671 
primary e+e -, 760 

(see primary electrons), 760 
electrons at sea level, 345 

e +/e-  ratio, 346 
angular dependence, 345 
energy spectra, 346 
flux, intensity, 345, 346 
knock-on, 347 
production processes, 345 
vertical intensity, 345 
zenith angle dependence, 347 

electrons in atmosphere, 198 

e + e- altitude 
dependence, 202 

e- /e  + ratio, 203 
albedo, 199 
development curves, 198 
diurnal variation, 199 
energy spectra, 199 
geomagnetic effects, 199 
intensity v/s altitude, 198 
production processes, 198 
reentrant albedo, 199, 201 
solar modulation, 199 
splash albedo, 200 
temporal variation, 199 
upward flux, 200 

elemental abundances 
in solar system 

tables, 1035 
elements 

material parameters, 1040 
emulsion 

chambers, 8 
stacks, 8 
technique, 56, 132, 275 

energetic 
solar particles, 672, 927 

energy loss 
atomic excitation, 16 
bremsstrahlung, 17 
electromagnetic, 2, 16 
hadronic, 2, 5 
ionization, 16 
nuclear, 17 
of muons, 461 

in compounds, tables, 1043 
in dense media, 461 
in elements, tables, 1041 
in iron and water, 508 
in standard rock, 19 

pair production, 17 
photo-nuclear, 17 
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radiative, 17 
energy spectra, general 

differential, definition, 27 
integral, definition, 27 
of muons, 12 
of primaries, 9 
of secondary particles, 9 

energy spectrum at sea level of 
charged hadrons, 307 
charged pions, 311 
electrons, 346 
gamma rays, 342 
muons, 358 
muons, vertical, 359 
neutrons, 335 

energy spectrum in atmosphere of 
charged hadrons, 56, 59 
electrons, 199 
gamma rays < 1 TeV, 132 
gamma rays >1 TeV, 136 
muons, 233 
neutrons, 105 
protons, 59 

energy transport, 5 
enhancement 

ground level, 38 
of unstable particle decay 

in atmosphere, 12 
zenith angular 

of muons at sea level, 366 
escape length 

of cosmic radiation, 690 
evaporation, nuclear, 3 
excitation, atomic, 16 
exposure age, 913 

of meteorites, etc., 976 
of terrestrial samples, 976 

extensive air showers, 3, 11, 20 
extraterrestrial neutrinos 

(see astrophysical 
neutrinos), 838 

F 
Faraday rotation, 990 
Fermi motion, role of 

in target, p production, 296 
first ionization potential 

of solar wind constituents, 896 
flat Earth approximation of 

atmosphere, 25 
inclined atmos, column, 31, 34 

fluctuations 
in muon range, 462 

flux 
integral, 23 
of particles 

definition, 23 
in atmosphere, 20 

forbidden cone 
of geomagnetic 

acceptance, 43 
Forbush decrease, 38, 911 
fragmentation 

nuclear, 3, 8 
parameters 

of heavy nuclei, 276, 278 
products 

cosmogenic, 975 

G 
galactic 

anti-center, 799 
clusters, 994 
disk, 991 
magnetic field, 2, 989 

field strength, 990 
in inner Galaxy, 990 
in interarm region, 990 
in outer Galaxy, 990 
in spiral arms, 990 
irregular, 989 
regular, 989 

plane, 796 
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radio emission, 762, 766 
gamma radiation, 671 

(see primary 7-rad.), 793 
diffuse cosmic, 799 
diffuse from 

pp annihilation, 863 
diffuse galactic, 797 

spectrum, 797 
interaction with CMBR, 793 
line spectra from 

e +e- annihilation, 806 
nuclear reactions, 804 
nucleosynthesis, 804 

point sources, 800 
unresolved AGNs, etc., 800 

gamma ray astronomy, 793 
gamma ray families, 137 
gamma ray fraction 

of cosmic radiation, 806 
gamma rays at sea level, 342 

diff. energy spectrum, 342 
gamma rays in atmosphere 

0.511 MeV gamma line, 140 
altitude dependence, 138 
differential spectrum, 132 
energy spectra <1 TeV, 132 
energy spectra > 1 TeV, 136 
geomagnetic effects, 132, 134 
high energy, 136 
horizontal intensity, 134 
integral spectrum, 132 
neutron capture lines, 140 
power law spectrum, 132 
production processes, 131 
theoretical, calculations, 142 
up, down intensity, 133, 138 
vertical spectra, 135 
zenith angle dependence, 139 

geomagnetic 
cutoff, 36, 39, 894, 898 
dipole moment, 46 
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disturbance, 898 
effects, 36, 895 
field, 2, 36, 39, 41,894 

field strength, 898 
field variations, 915 

latitude, 39, 40, 46, 899 
storm, 898, 911 
terms, definitions, 42 

global merged 
interaction region, 898 

Grand Unified 
all-particle spectrum, 682 
photon spectrum 

universal, 793 
G reisen- Z atsepin-Kuzmin 

cutoff (GZK), 670, 682 
Gross transformation, 26 
ground level 

enhancements, 929 
events, 929 

gyroradius, 992 
of cosmic rays, 899 

in astrophysical objects, 992 
v/s proton energy 

and magnetic field, 1052 

H 
hadron cascade, 3, 22 
hadrons at sea level 

associated 
multiple, 309 
single, 309 

charged flux, intensities, 307 
charged pions, 311 
differential spectrum, 309 
energy spectra, 307 
integral spectrum, 309 
neutrons, 309 
neutrons (see neutrons 

at sea level), 335 
pion/muon ratio, 314 
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pion/proton ratio, 313 
proton intensity, 307 

differential, 307 
vertical, 308, 309 

proton/muon ratio, 314 
protons 

calc. spectrum, 313 
momentum spectrum, 307 

theoretical, calculations, 315 
unaccompanied, 309 
zenith angle dependence, 311 

hadrons in atmosphere 
absolute intensity, 57 
altitude dependence, 57 
charge ratio, 63 
charged flux, intensities, 56 
charged/neutral ratio, 64 
diff. angular distribution, 63 
energy spectra, 56, 59 
geomagnetic 

cutoff dependence, 60 
integral 

flux, 64 
spectra, 62 

momentum spectrum, 63 
neutrons, 56, 60, 64 
neutrons (see neutrons 

in atmosphere), 100 
pion/proton ratio, 67 
proton/neutron ratio, 56 
theoretical, calculations, 68 
unaccompanied, 60 
zenith angle distribution, 60 

Hale cycle, 912 
hard component, 26, 345,354 
heavy 

nuclei, 3 
primaries, 3 

hectograms, 482 
heliopause, 893, 898 
heliosheath, 898 
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heliosphere, 893 
heliospheric 

cavity, 898 
effects, 2, 36 
magnetic field, 893, 895, 898 

field strength, 900 
variations, 915 

homosphere, 28 
hydrogen 

molecular, 798 
neutral, 798 

hyperons, 3, 6 

I 
ice, properties 

optical, etc., 996, 1000, 1005 
inclined trajectories 

in atmosphere, 12, 25, 31, 32 
index of refraction 

of ice, 1004 
inelasticity 

of hadronic collisions, 5 
instruments, usage of 

calorimeters, 56 
counter telescopes, 56 
emulsion chambers, 56 
liquid scintillator, 105 
spectrometers 

magnetic, 56 
range, 56 

X-ray film, 56 
integral spectra 

of hadrons in atmosphere, 62 
integrated intensity 

definition, 23 
intensity 

differential, definition, 21 
directional, definition, 21 
integrated, definition, 23 
of cosmic radiation 

definition, 21 
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omnidirectional, 26 
definition, 23 

total, definition, 21 
vertical, 26 

definition, 22 
interaction 

electromagnetic, 16 
length 

of unstable particles, 16, 17 
mean free path, 3-5, 10, 25 

of nuclei, 275 
nuclear, 17 
nucleon-nucleus, 3 
proton-nucleus, 3 
strong, 2, 6 

interaction models, hadronic 
CKP, 9 
dual parton, 9 
quark-gluon-string, 9 
scaling, 9 

interaction region 
corotating, 911 
global merged, 898 

intergalactic 
magnetic field, 991 

field strength, 991 
medium, 994 

International Reference 
Atmosphere COSPAR, 1032 

interplanetary 
magnetic field, 2, 895 

field strength, 900 
interstellar 

column density, 873 
densities, 691 
gas, 939 
magnetic field, 989, 991 

field strength, 989 
matter, 793 
matter density, 873 
medium, 690, 863, 893, 898 

INDEX 

pick-up ions, 939 
wind, 898 

ionization, 16 
constant, 462 
density effect, 17, 462 
losses, 18 
potential, first 

of solar wind elements, 896 
ionization v/s depth 

in atmosphere, 1053 
ionospheric effects, 931 
isobars, 8 

J 
Jovian electrons, 671 

K 
kaon/pion ratio 

at production, 501,502 
kaons, 3, 6 
kinetic energy-rigidity 

conversion curves, 1051 
knee, spectral, 28 
knock-on electrons, 347 

L 
latitude 

dependence, 894 
effect, 36, 37, 894 

leading particle effect, 5, 100 
leaky box model, 768, 871 
Lexan, 275 
list of 

abbreviations, 1067 
acronyms, 1061 
astrophysical units, etc., 1045 
cosmic ray conferences, 1069 
cosmic ray experiments, 1055 
dosimetry units, etc., 1046 
selected constants, 1046 
symbols, 1064 

longitude effect, 36, 38, 894 
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Lorentz factor, 10 

M 
magnetic 

anomaly, 894 
bottle, 911 

magnetic fields 
galactic, 2, 989 

field strength, 989, 990 
geomagnetic, 2, 894 

field strength, 898 
heliospheric, 893, 895, 898 

field strength, 900 
in Virgo cluster, 991 
intergalactic, 989, 991 

field strength, 991 
interplanetary, 2, 895 

field strength, 900 
magnetospheric, 2, 895 

field strength, 898 
of astrophysical objects, 991 
solar, 893 
terrestrial, 895, 898 

magnetopause, 899 
magnetosphere, 893, 899, 928 
magnetospheric 

currents, external, 899 
magnetic field, 2, 895 

field strength, 898 
main cone 

of geomagnetic acceptance, 43 
mass number, atomic, 3 
material parameters 

of the elements, 1040 
matter density, 11 
Maunder minimum, 914 
mean decay length 

of unstable particles, 11 
mean free path 

hadronic interaction, 3 
mean life of 
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unstable particles, 11 
energy dependence, 10 

mesons, 2, 6 
mesopause, 29 
mesosphere, 28 
meteorites 

cosmic ray history in, 913 
exposure history, 914 

meters water equivalent, 482 
MeV-bump 

in primary "/-spectrum, 799 
microwave background 

radiation, 670, 682, 793, 845 
Miyake formula, 485, 499 
modulation 

of cosmic ray intensity, 38 
solar, 906 

momentum spectrum, 27 
of secondary particles, 9 

monochromator, 996 
multiplicity, hadronic 

energy dependence, 7, 8 
of secondary particles, 7 

muon energy losses, 461 
atomic excitation, 461 
bremsstrahlung, 461 
direct e+e - pair prod., 461 
ionization, 461 
photo-nuclear processes, 461 
practical expressions, 465 

for standard rock, 465 
for various rocks, 467 
for water, 467 

muon physics 
theoretical aspects, 461 

muon polarization and 
neutrino spectra, 619 

muon spectrum, 15 
analytic expression 

(Gaisser formula), 378 
muons, 10 
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depth-intensity relation, 472 
energy loss data, 508 
enhancement, 474 
in dense media 

energy loss, 461 
propagation, 459 
survival probability, 461,462 

prompt, 506 
theoretical aspects, 507 

range fluctuations, 462, 469 
correction factor, 470 

range-energy relation, 467, 469 
average, 467 
for large depths, 474 
for small depth, 474 

spectra underground, 474 
underground 

average energy, 474 
propagation, 459 
reactions, 459 

muons at sea level 
#+/#-  ratio, 374 
#+/#-  v/s zenith angle, 375 
absolute intensities, 354, 359 

differential, 358 
integral, 356 
vertical integral, 362 

atmospheric 
latitude effect, 376 

azimuthal dep., 366, 374, 378 
backscattered, upward, 377 
direct production, 365 
east-west asymmetry, 366 
energy dependence of #+/#- ,  

374 
energy spectra, 358 

integral, 362 
enhanced flux, 365 
enhancement v/s zenith, 378 
flux, intensities, 354 
from charmed particles, 365 

I N D E X  

geomagnetic 
effects, 354 
latitude dependence, 376 

high latitude spectrum, 359 
horiz., inclined spectra, 365 
isotropic intensity, 369 
latitude 

dependence, 374, 378 
effect, 354 

low latitude spectrum, 359 
momentum spectra, 358 
omnidirectional int., 354 
positive charge excess, 374 
prompt, 369 
spectra pointing east, 371 
spectra pointing west, 371 
spectrum derived from 

underground data, 512 
theoretical, calculations, 378 
vertical 

differential intensity, 355 
integral intensity, 354, 355, 

362 
spectra, 359 

very high energy, 361 
zenith 

dependence, 366, 370 
enhancement, 366 

muons in atmosphere 
#+/#-  ratio, 237 
differential spectra, 233, 234 
energy spectra, 233 
horizontal intensity, 232, 233 
intensity 

pointing east, 233 
pointing west, 233 
v/s altitude, 231 
vertical, 231 

positive charge excess, 237 
theoretical, calculations, 241 

muons under ice, 592 
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depth-intensity relation, 596 
theoretical, calculations, 596 

muons underground, 481 
absolute intensity 

v/s zenith angle, 499 
vertical, 488 

average energy, 474, 476, 512 
azimuthal dependence, 495, 

497 
capture reactions, 503 
depth-intensity relation, 481 

at great depth, 486 
at shallow depth, 484, 485 
data, 485 
empirical formulas, 485 
inclined intensities, 486 
inclined trajectories, 486 
Miyake formula, 485 
vertical, 485, 496 

derived sea level spectrum, 512 
direct production, 501 
early, exploratory work, 486 
energy loss data, 508 
energy spectra, 481,505, 511 

theoretical, 511 
enhanced intensity, 498 
from charm decay, 501, 502, 

506 
from kaons, 501,502 
intensities 

at great depths, 487, 489,490 
at shallow depths, 487, 491 

isotropic component, 500, 506 
modern measurements, 495 
multi-muon events, 514 

angular spread, 518 
characteristic distance, 518 
decoherence, 514, 518 
multiplicity distribution, 514 

photo-nuclear reactions, 505 
prompt, 495, 502 
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enhancement, 506 
fraction of, 507 
production, 506 
theoretical aspects, 507 
zenith dependence, 506 

range-energy data, 509 
experimental, 510 
theoretical, 509 

rock composition, 481,482 
standard rock, 482 
stopping, 502, 504 
stopping/through-going, 503 
theoretical, calculations, 519 
zenith angle 

enhancement, 486 
zenith angle 

dependence, 481, 495, 497, 
498 

zenith dependence 
at great depth, 498 
at shallow depth, 498 

muons underwater, 592 
absolute vertical intensity, 593, 

594 
depth-intensity relation, 592 
neutrino astronomy, 592 
theoretical, calculations, 596 
vertical intensity, 593, 595 
zenith angle dependence, 595 

N 
negatrons 

at sea level, 345 
in atmosphere, 198, 202 

altitude dependence, 202 
nephelometer, 998 
NESTOR 

array, 1000 
site, 1000 

neutral/charged ratio 
near sea level, 314 
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neutrino, 10 
cross sections, 613, 950 

antineutrinos, 617 
CC-reactions, 616 
elastic scattering, 617 
NC-reactions, 616 
reactions, 616 
scattering, 616 

detection methods, 613 
electron scattering, 951 
geochemical, 951 
neutrino reactions, 614 
radiochemical, 950 
real time, 951 

flavor identification, 636 
flavor ratio, 617 
flavors, 612 
oscillations, 619, 952 
ratio of ratios, 638 

neutrino astronomy, 592 
high energy, 843 

neutrino induced reactions 
underground, 491 

neutrino tomography 
of Earth, 614 

neutrinos 
astrophysical, 613 

(see astrophysical v), 838 
atmospheric, 612 

(see atmospheric v, 612 
cosmic ray induced, 612 
experimental aspects, 613 
from SN-1987A, 838 
general, 612 
solar, 613, 949 
terrestrial, 612 

neutron 
monitor, 307, 907 
stars, 994 

neutron star, 838 
neutrons at sea level 
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diff. energy spectra, 335 
flux, intensities, 335 
omnidirectional intensity, 335 
zenith angle distribution, 336 

neutrons in atmosphere 
albedo, 100 
altitude dependence, 101,104 
angular distribution, 100 
energy spectra, 105 
horizontal intensity, 101 
intensity v/s altitude, 100 
latitude effect, 100 
modulated, solar, 100 
nuclear evaporation, 100 
omnidirectional intensity, 105 
theoretical, calculations, 105 
up/down asymmetry, 104 
upward, downward flux, 100 
zenith angle distribution, 101 

nuclei at sea level 
theoretical, calculations, 454 

nuclei in atmosphere 
charge groups, 280 
charge spectra, 275 
fragmentation, 275 

probability, 278 
intensities, 275 
momentum spectra, 278 
theoretical, calculations, 279 

nucleon 
lifetime limits, 1054 

nucleon flux in atmosphere, 978 
nucleons, 3, 7 

O 
ocean parameters 

depth profiles of 
optical attenuation, 999 
optical transmission, 999 
optical transparency, 999 
salinity, 999 
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sound velocity, 999, 1000 
temperature, 999 
volume density, 999 

omnidirectional intensity 
definition, 23 

optical 
absorption 

in bubbly ice, 1004 
in water, ice, 1000 

absorption coefficient 
in fresh water, 1001 

absorption length 
of sea water, 1002 

attenuation coefficient 
of fresh water, ice, 1000 
of sea water, 1002 

attenuation in 
Antarctic ice, 1003 
bubble-free lab. ice, 1003 
bubbly ice, 1003 
fresh water, 1001 
Greenland ice, 1003 
sea water, 1002 

inverse scatt. 
length in ice, 1004 

transmission length 
of sea water, 1002 

transmittance 
in water, ice, 1000 

transparency 
of sea water, 1002 

optical backgr, in ice, 1005, 1007 
fluorescence, 1007 
thermoluminescence, 1007 

optical backgr, in water, 1005 
4~ in sea water, 1005 
at Keahole Pt., Pacific, 1006 
Atlantic, 1007 
bioluminescence, 1005, 1006 
Black Sea, 1007 
chemoluminescence, 1005 

1085 

depth dependence, 1006 
fresh water, 1005 
Gulf Stream, 1007 
Lake Baikal, 1005 
Pacific, 1006, 1007 
Sea of Japan, 1007 
sea water, 1005 
stimulated biolumin., 1006 
sunlight in ocean, 1007 
temporal behavior, 1006 

optical effect of 
bubbles in ice, 999, 1000 
dust particles in ice, 1000, 1005 
hydrate crystals in ice, 1005 
ice bifringence, 1005 
Rayleigh scattering in ice, 1005 

optical properties of 
Lake Baikal, 1002 
Antarctic ice, 1004 
laboratory ice, 1003 
Mediterranean, 1002, 1003 
Pacific, 1002 
polar ice, 1005 
pure water, 1001 

optical scattering 
coefficient of 

fresh water, 1001 
ice, water, 1000 
sea water, 1002 

length v/s bubble size in ice, 
1004 

v/s bubble density in ice, 1003 
overburden 

atmospheric, 25 
ozone, 28 

P 
pair production, 17 
paleomagnetic records, 916 
parameters, selected 

atmospheric, etc.,table, 1046 
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penetrating 
component, 26 
particles, 2 

penumbra, geomagnetic, 43, 45 
penumbral band, geomagnetic, 39, 

43-45 
periodic orbits 

of cosmic rays, 41, 42, 45, 46 
periodic variation 

of cosmic ray intensity, 38 
Pfotzer maximum, 20, 21, 104 
photo-nuclear processes, 17 
photon spectrum, universal, 793 
photon-electron 

cascade, 11 
component, 20 

photon/electron ratio 
at sea level, 342 

photosphere 
elemental abundances, 896 

pick-up ions 
interstellar, 939 

pion/muon ratio 
at sea level, 314 

pion/proton ratio 
at sea level, 313 
in atmosphere, 67 

pions, 3, 6 
in atmosphere, 67 

pions, charged 
at sea level 

differential spectrum, 311 
plasma, 895 
point sources 

of gamma rays 
extragalactic, 800 
galactic, 800 

polar cap absorption, 931 
polar ice, properties 

chemical, optical, etc., 1005 
polarization 

INDEX 

of starlight, 989 
positive charge excess of 

muons at sea level, 374 
muons in atmosphere, 237 
primary radiation, 36, 894 

positrons 
at sea level, 345 
in atmosphere, 198, 202 

altitude dependence, 202 
power law spectra, general, 9, 27 
power law spectrum of 

primary electrons, 761 
primary gamma rays, 671 
primary hadrons, 672 
primary radiation, 679, 688 

pressure coefficient, atmospheric 
of muons, 907 
of nucleons, 907 

primary 
band, geomagnetic, 45 
cosmic ray spectrum, 9, 672 
radiation, 2, 36 

primary antimatter, 863 
antideuteron, 871 
antihelium, 871 
antinuclei, 870 
antitriton, 870 
primordial, 863, 866 
theoretical, 871 

~/p-ratio, 871 
flux of antinuclei, 874 
from neutralino annihilation, 

871 
from primordial black holes, 

871 
intensities, 871 
spectra, 871 

primary antiprotons, 863 
~/p-ratio, 863, 865 
antiproton fraction 

at high energy, 868 
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atmospheric ~ background, 864 
cutoff rigidities, 865, 866 
demodulated spectrum, 865 
detection methods, 864 
discovery, historic, 863 
east-west asymmetry, 865 
geomagnetic cutoff, 863 
measured intensities, 865 
measured spectra, 865 
solar modulation, 865 
theoretical 

~/p energy dependence, 871 
adiabatic deceleration, 873 
production rate, 873 
re-acceleration, 871 
solar modulation, 873 

primary electrons, 760 
e+/e - ratio, 760, 766 
absolute intensity, 764 
atmospheric background, 762 
charge ratio, 760 
charge separation, 761 
east-west asymmetry, 761 
energy spectra, 761,762 

positrons, 764 
geomagnetic cutoff rigidity, 761 
positron fraction, 766 
solar modulation effects, 773 
spectral index, 761 
theoretical, calculations, 772 

primary gamma radiation, 793 
absorption in atmosphere, 793 
absorption in space, 793 
all-sky map, 796 
discovery, historic, 793 
interaction with CMBR, 793 

primary gamma rays 
blazars, 796 
bursters, 796 
diffuse cosmic, 796, 798, 799 
diffuse galactic, 797 
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diffuse sources, 795 
energy spectra 

AGNs, 803 
Crab, 803 
diffuse galactic, 797 
MeV-bump, 799 
point sources, 803 

extended sources, 795 
galactic plane, 796 
line spectra from 

e +e- annihilation, 806 
stellar nuclear reactions, 804 
stellar nucleosynthesis, 804 

point sources, 795, 800 
supernova remnants, 796 
unresolved AGN, etc., 800 

primary hadron composition, 677 
at high energies, 689 
at low energies, 686 
chemical, elemental, 677, 682, 

684 
elemental abundances, 688 
elemental groups, 686 
isotopic, 684, 690 
light elements, 686 
mass groups, 686 
medium, heavy elements, 687 

primary hadron spectra, 677 
all-particle spectrum, 678 
ankle, spectral, 673, 682 
charge resolved, 684 
cutoff 

atmospheric, 677 
geomagnetic, 677 
GZK, 670, 682 

differential, 680, 684, 686 
all-particle, 680, 685 

Grand Unified all-particle, 682 
integral, 686, 687 
knee, spectral, 679 
of elemental groups, 686 
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spectral index, 672 
change, 679 

primary hadrons, 677 
elemental groups, 679 
mass groups, 677, 679 
nuclear fragmentation, 678 
nuclear spallation, 678 
radioactive isotopes, 691 

primary neutrinos 
(see astrophysical v), 838 

primary radiation, 669 
acceleration mechanisms, 670 
all-particle spectrum, 678 
amount of matter 

traversed, 691 
ankle, spectral, 673, 682 
antiprotons, 671 
antiprotons (see primary 

antimatter), 863 
arrival direction, 670 
chemical composition, 684 
confinement 

rigidity dependent, 681 
time, 690, 691 

cutoff 
atmospheric, 677 
geomagnetic, 677 
G ZK, 670, 682 

density gradient, 797 
diffusion escape, 682 
dose rate at 1 AU, 670 
electrons, e +, e-, 671 

(see primary electrons), 760 
fragmentation, nuclear, 671 
gamma rays, 671 

(see primary "y-tad.), 793 
grand unified photon 

spectrum, 793 
hadrons, 672 

(see primary hadrons), 677 
heavy nuclei, 671 

historic, 669 
isotropy, 669 
knee, spectral, 673, 679, 690 
measurements 

direct, 677, 678 
indirect, 678, 689 
isotope ratio, 677 

neutrinos, 672 
(see astrophysical v), 838 

origin, 669 
path length 

in interstellar space, 692 
power law spectrum, 672, 679 
primordial component, 671 
radial gradient, 670 
radioactive isotopes, 691 
solar modulation, 670 
source abundances, 682 
spectral index, 672 

change, 679 
differential, 684 

time variation, 670 
primordial antimatter, 866 

(see primary 
antimatter), 863 

prompt muons, 502, 506 
at sea level, 369 
theoretical aspects, 507 

propagation 
in atmosphere 

electromagnetic, 11 
hadronic, 2 
muonic, 12 
of secondary particles, 7 
vertical, 10, 20 

in dense media 
of muons, 19 

proton/muon ratio 
at sea level, 314 

proton/neutron ratio 
in atmosphere, 56 
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protons at sea level 
energy spectrum, 307 
intensity, 307 
momentum spectrum, 307 
theoretical spectrum, 313 
vertical intensities, 308 

protons in atmosphere 
energy spectrum, 59 
intensity v/s altitude, 57 

R 
radiation age, 913 

of meteorites, etc., 976 
radiation length, 19 

in air, 20 
of various materials 

tables, 1039 
of various media, 19 

radiation unit, 19 
radiative processes, 17 
radio emission 

galactic, extragalactic, 793 
radio galaxies, 994 
ratio 

gamma rays/cosmic rays, 806 
ratio at sea level of 

#+/#- ,  374 
e+/e -, 346 
charged pions/muons, 314 
photons/electrons, 342 
pions/protons, 313 
protons/muons, 314 

ratio in atmosphere of 
#+/#-, 237 
e+/e - ,  203 
charged/neutral hadrons, 64 
protons/neutrons, 56 

ratio of ratios 
of v flavors, 639 
problem of neutrinos, 615 

Rayleigh scattering in ice, 1005 
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reference altitude, 39 
rigidity, 39, 899 

cutoff, 39 
first-discontinuity, 45 
horizon-limited, 46 
picture 

of cutoff, 41, 43 
spectrum, 27 

rigidity, definition, 27 
rigidity-kinetic energy 

conversion curves, 1051 
rock composition 

underground, for muons, 482 
rock conversion formula, 482 

standard rock/water, 483 
standard/arbitrary rock, 483 

rock/water parameters of 
underground/underwater sites, 

484 
Rossi intensity, 355 

S 
scattering 

optical in water and ice, 997, 
998 

scattering coefficient 
optical in water and ice, 998 

scattering length 
optical in water and ice, 998 

Schwabe cycle, 912 
sea level muon spectrum 

derived from 
underground muon data, 512 

seasonal effect, 909 
on muonic component, 909 
on nucleonic component, 909 

secondary 
galactic radiation, 691 

secondary particles, 2, 6 
decay, 10, 11 
energy spectrum, 9 
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enhanced decay 
in atmosphere, 12 

hadronic interactions, 7 
multiplicity, hadronic, 7 

sedimentation rate 
in Pacific 

at Keahole Pt., (HI), 1008 
near Maui (HI), 1008 

shadow cone 
of geomagnetic acceptance, 43 

shadow effect, geomagnetic, 41 
shocks 

bow, heliospheric, 898 
co-rotating, 939 
propagating, 939 
termination shock, 893, 898 

shower 
of penetrating particles, 2 

sidereal 
anisotropy, 910 
time, definition, 906 
variation, 906 

simulation calculations 
of air showers, 689 

slant depth, 489, 498 
atmospheric, 367 
definition, 25 
underground, 482 

soft component, 26, 345 
solar 

activity, 2, 38 
cycle, 38 
cycle count, 912 
dipole flip, 2 
electrons, 929 
energetic particles, 927, 929 
flares (see also solar flares), 38 
gamma lines, 928, 931 
gamma rays, 928, 929 
magnetic field, 893 
magnetic polarity reversal, 912 

INDEX 

maximum, 2 
minimum, 2 
modulation, 2, 38, 906 

parameter, 978 
rigidity dependence, 909 

modulation effect on 
cosmogenic nuclides, 978 

neutrons, 930 
particles, 672, 927 

charge state, 929 
energy spectrum, 929, 930 
first ionization potential, 929 
spectral slope, 930 

photons, 927 
rotation, 893 
time, 906 
wind, 893, 895 

elemental composition, 896 
isotopic composition, 896 

X-rays, 928, 929 
solar flares, 672, 893, 898, 911,927 

duration, 927 
gamma rays, 927 
gradual events, 928 
impulsive events, 928 
magnetic disturbance, 928 
particles, 928 
photons, 928 
protons, 927 
shock waves, 928 
soft X-rays, 928 
X-rays, 927 

solar neutrino 
problem, 615, 951 
unit, 951 

solar neutrinos, 613, 672, 949 
arrival direction, 957 
BOREXINO experiment, 959 
capture reaction, 953, 954 
continuous spectra, 949 
elastic scattering, 956 
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energy spectrum, 949 
flux 

deficiency, 952 
ratio, theoretical/exp., 956 

Gallex experiment, 954 
Homestake exp., 951,953 
ICARUS experiment, 960 
Kamiokande experiment, 956 
line spectra, 949 
neutral current reaction, 959 
observed rates, 953, 955, 956 
SAGE experiment, 955 
SNO experiment, 959 
Super-Kamiokande exp., 957 

solar system 
elemental abundances 

tables, 1035 
solar system abundances, 688 
solid angle, 24 
South Atlantic anomaly, 37, 894 
South Pole 

experiments, 995 
spallation 

fragments, nuclear, 3 
products 

cosmogenic, nuclear, 975 
spectral index 

of primary radiation, 28 
of secondary particles, 15 

spectrum of 
cosmic radiation, 28 

speed of sound 
in water, 1000 

StSrmer 
cone, 43 
cutoff rigidity, 39, 40, 45 

standard 
atmosphere, 28 
ocean, 999 
pressure, 28 
solar model, 949 
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temperature, 28 
standard rock, 482 

conversion formula, 482 
definition, 482 
meters water equivalent, 482 

stellar collapse, 838 
stopping muons 

underground, 504 
stratopause, 29 
stratosphere, 28 
strong interaction, 2, 6 
Sun, 895, 896 
sunspot 

activity, 911 
cycle, 893 
number, 893 
records, 915 

sunspots, 928 
supernova 

explosions, 914 
records 

historical, 914 
in sediments, 914 
thermoluminescence, 914 

supernova SN-1987A 
(see astrophysical u), 838 

survival probability of 
muons, 12 

in dense media, 461 
v/s energy, 14 

symbols, list of, 1064 
synchrotron radiation, 773, 989 

polarized, 671 

T 
target nucleus, 3 
temperature coefficient 

atmospheric 
of muon flux, 908 

termination shock, 893, 898, 939 
thermopause, 29 
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thermosphere, 29 
time dilation, 10 
time variation of 

cosmic radiation, 38, 670, 906, 
976 

11-year, 911 
22-year, 911 
27-day, 911 
atmospheric causes, 906, 907 
diurnal, 906, 909 
latitude dependent, 906 
long term, 906, 913 
recorded in ice, 915 
recorded in trees, 915 
secondary variation, 906 
semi-diurnal, 909 
sidereal, 906, 910 

topological defects, 845 
total intensity, definition, 21 
trajectories 

of particles 
in geomagnetic field, 42 

transmission distance 
optical in water and ice, 998 

transmission length 
optical in water and ice, 998 

transmittance 
optical in water and ice, 999 

tropopause, 29 
troposphere, 28 

U 
units 

astrophysical, etc., 1045 
dosimetry, radioactivity, 1046 
pressure, 1045 

universal photon spectrum, 793 
unstable particles 

enhanced decay 
in atmosphere, 12 

in dense media, 459 

upward directed muons 
at ground level, 377 

V 
variation of 

cosmic radiation 
atmospheric causes, 907 
diurnal, 909 
semi-diurnal, 909 
sidereal, 910 

vertical 
cutoff rigidity, 39 
depth in atmosphere, 25 
development in atmosphere, 20 
intensity, definition, 22 

W 
water 

general properties, 996 
monochromator, 996 
optical 

absorption, 996 
attenuation coefficient, 996 
attenuation length, 997 
properties, 1001 
scattering, 996 
scattering coefficient, 996 
transmission distance, 997 
transmission length, 997 
transmissivity, 996 

parameters of 
underwater sites, 484 

photometric detectors, 996 
sound velocity, 1000 

worldwide grid, 41 

X 
X-ray astronomy, 793 
X-rays 

primary, 793 
solar, in solar flares, 927 

X-rays in atmosphere 
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(see 7-rays in atmos.), 131 

Z 
zenith angle, 24 
zenith angle dependence of 

cosmic radiation, 12, 21, 25 
electrons at sea level, 347 
gamma rays in atmos., 139 
hadrons at sea level, 311 
hadrons in atmosphere, 60 
muon charge ratio 

at sea level, 375 
muons at sea level, 366, 370 
neutrons at sea level, 336 
neutrons in atmosphere, 101 

zenith angular enhancement 
of muons at sea level, 366 
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