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Neutrons in Nuclear Physics &  Applications
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Neutrons are a powerful tool to probe

• nuclear motion, nuclear matter and structure

• the stability of matter and their fundamental role

• neutron-induced reactions: resonances & reaction mechanisms

• astrophysical objects & stellar nucleosysnthesis (element abundancies)

• basic neutron properties and interactions

Applications

• reactor design

• nuclear waste & spent fuel transmutation

• nuclear fusion & energy production (d,t) → n ‘s [14 MeV]

• (not only in) energy applications → demand for presice nuclear data

• radiochemistry

• medicine: diagnosis, radiotherapy

• industrial uses: materials production, testing and analysis, radiation damage

• analytical methods (Activation Analysis, ...)

• biology, materials science, archeology, enviromental studies,  condensed matter (diffraction 
studies)

Neutron induced reactions
are a rich source of data in 
nuclear spectroscopy.

Use of the neutron as a probe to 
obtain information on nuclear 
properties (nuclear structure 
and nuclear reaction 
mechanisms).

As such a tool, neutron reactions 
have advantages over other 
reactions (e.g., methods available 
for gamma-ray spectroscopy 
provide  high presicion and 
accuracy unmatched by other 
techniques).
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Glossary of Terms I *
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• SPECTROSCOPY The branch of physics concerned with the production, measurement, and interpretation 
of (radiation) spectra arising from either emission or absorption of radiant energy by various substances 
(nuclei).

• NUCLEAR SPECTROSCOPY The measurement of the energy spectrum, angular distribution, etc... 
of particles emitted or scattered in a nuclear reaction or decay to obtain information about the target and 
the residual nuclei.

• NEUTRON SPECTROSCOPY 

• Measurement of transmission curves from which neutron and total widths of resonances can be 
deduced.

• Part of Neutron Physics studying the energy dependence of effective cross sections of different 
neutron – nuclei interactions and the characteristics of formed excited states in nuclei [BAI-2002].

• Collection of instruments and techniques for neutron detection and measurement.

• STATISTICAL NUCLEAR PHYSICS the application of both statistical spectroscopy and the statistical 
theory of nuclear reactions (e.g., compound nucleus reactions).

• THEORY An attempt to explain a class of phenomena by deducing them as necessary consequences of 
other phenomena regarded as more primitive and less in need of explanation. More general & more weight!.

• MODEL A mathematical or physical system, obeying certain specified conditions (parameters), whose 
behaviour is used to understand a particular physical system to which is analogous in some way. Used to 
describe nuclear reactions. More specific, less weight!

* Glossary of terms of the International Union of Pure and Applied Physics IUPAC

There are both Theories 
and Models of both
Nuclear Structure and 
Nuclear Reactions.
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Glossary of Terms II*
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CLASSIFICATION OF NEUTRONS BY KINETIC ENERGY*

• COLD Neutrons have a temperature considerably lower than normal room temperature. 

• DELAYED Neutrons emitted by fission products formed by nuclear decay (the observed delay is due to the 
lifetime of the preceding nuclear decay or decays.

• EPICADMIUM Neutrons of kinetic energy greater than the effective cadmiun cut-off (~0.5 eV) for neutrons.

• EPITHERMAL Neutrons of kinetic energy greater than that of thermal agitation. The term is often restricted to 
energies just above thermal (generally 25 meV). 

• FAST Neutrons of kinetic energy greater than some specified value (≥ 0.1 MeV). This value may vary over a 
wide range and will be dependent upon the application, such as reactor physics, shielding or dosimetry. 

• FISSION Neutrons originating in the fission process which have retained their original energy. 

• INTERMEDIATE Neutrons of kinetic energy between the energies of slow and fast neutrons . In reactor 
physics, the range might be 1 eV to 0.1 MeV. 

• PROMPT Neutrons accompanying the fission process without measurable delay. 

• RESONANCE Neutrons , the energy of which corresponds to the resonance energy of a specified nuclide or 
element . If the nuclide is not specified, the term refers to resonance neutrons of 238U. 

• SLOW Neutrons of kinetic energy less than some specified value (≤ 1 eV). This value may vary over a wide 
range and depends on the application. In reactor physics, the value is frequently chosen to be 1 eV; in dosimetry, 
the effective cadmium cut-off is used. 

• THERMAL Neutrons in thermal equilibrium with the medium in which they exist (generally, but not 
necessarily, 25 meV – room temperature)

* Glossary of terms of the International Union of Pure and Applied Physics IUPAC
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Neutrons by kinetic energy
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Ultra Cold 
Neutrons 
are reflected 
from the 
surface of 
most 
substances 
like ping 
pong balls 
and can thus 
exist in 
hollow 
vessels for 
long times 
(neutron 
bottles)
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Neutron Sources
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According to

• technique of production

• application

• neutron energy

• beam intensity, purity, pulsed/continuous

Direct radioisotope sources of neutrons (as direct radioactive decay) are not practically 
available. The specific beta decay with the longest half life that leads to an excited state that does 
de – excite by neutron emission is

87Br → 87Kr* + β- τ = 55 s  ( too short! )

→ 87Kr + n 

The possible choices for radioisotope neutron sources are based either on spontaneous fission 
or on nuclear reactions for which the incident particle is the product of a conventional decay 
process using an α – or γ – radioisotope source.

Technique of production

• radioisotope

• accelerator

• reactor

NUCLEAR REACTIONS

• (α,n)

• (p,n)

• (d,n)

• (γ,n)

• (γ,2n) 

• (γ,pn) 

• (t,n)

Q > 0: 
exothermic

Q < 0: 
endothermic

(threshold)
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Fission neutron sources
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Many transuranic heavy nuclides have an appreciable spontaneous fission decay probability. Several 
fast neutrons are promptly emitted in each fission event, so a sample of such a radionuclide can be a 
simple and convenient isotopic neutron source.

However, there are additional products of the fission process:  

• heavy fission products

• prompt fission gamma rays

• beta and gamma activity of of the accumulated fission products

Used as neutron source, the isotope 
is encapsulated in a suficiently thick 
container so that only the fast 
neutrons and the gamma rays 
emerge from the source

The most common spontaneous fission source is 
252Cf (other include 235U, 239Pu). Its half life of 2.65 years 
is convenient, and the isotope is one of the most widely 
produced of all transuranics. The dominant decay 
mechanism is alpha decay - the alpha emission rate is 
about 32 times that for spontaneous fission (i.e. ~ only 3 
% of all decays through fission). 

neutron yield
• 0.116n/s per Bq.
• 4.3 x 109 n/s per Ci
• 2.3 x 1012 n/s per g.

each fission
• 3.8 neutrons
• 9.7 emiited γ photons

combined 
activity !

α + f.
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Fission neutron sources
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Radioisotope photoneutron sources
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Radioisotope gamma – ray emitters can be used to produce neutrons when combined with an appropiate
target material. The resulting photoneutron sources are based on the absorption of a gamma – ray 
photon to allow the emission of a free neutron. Only two reactions are of practical significance:

9 8 1
4 4 0
2 1 1
1 1 0

Be Be n
H H n

γ

γ

+ → +

+ → +
Q = - 1.666 MeV

Q = - 2.226 MeV

If gamma rays are monoenergetic, then the 
produced neutrons are also monoenergetic

Small spreading (few %) from angle kinemetics & 
neutron scattering (in large sources)

Large gamma – ray activities are required
to produce neutron sources of meaningful 
intensity. About only 

1 gamma ray per 105 – 106 generates a 
neutron. 

Most common gamma emitters: 
226Ra, 124Sb, 72Ga, 140La and 24Na.

The half lives of the common gamma – ray sources are usually 
short → reactivation in a nuclear reactor between uses.
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Radioisotope photoneutron sources
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Radioisotope (α,n) sources
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Energetic α particles are available from the direct decay of several convenient radionuclides which allow 
to fabricate small self – contained neutron portable sources by mixing an α – emitting isotope with a 
suitable target material. 

Various target materials can lead to (α,n) reactions for the α – particle energies available in radioactive 
decay. The maximum neutron yield is obtained when berylium is chosen as target through the reaction:

4 9 12 1
2 4 6 0Be C nα + → + Q = + 5.7 MeV 9Be has a relatively loose neutron (Bn=1.7 MeV)

In common (α,n) sources only about 
1 in 104 α’s reacts with a Be nucleus 
(most α’s are stopped in the mixed 
source material). Some 
isotopes,notably 226Ra and 227Ac, lead 
to long chains of daughter products that 
add to the α – particle yield, but also 
contribute a large gamma – ray 
background. Such sources can present 
intense gamma – ray background 
interferences and can require elaborate 
handling procedures (due to added 
bilogical hazard). 

For large – size sources, secondary 
processes such as neutron 
scattering, Be(n,2n) and Pu(n,f) can 
occur. 

α – berillium
sources:
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Radioisotope (α,n) sources
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Selection of source
• n yield (typ. 107-8 n/s)

• background

• half life

• cost & availability

Radioisotope (α,n) sources
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Neutrons from charged particle reactions
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Many nuclear reactions can produce neutrons but they require an accelerator to provide a 
beam of particles to initiate the reaction. They may not be as convenient (simple, portable) as 
radioactive sources, but by selecting the incident energy and angle, monoenergetic neutron 
beams of almost any desired energy can be obtained.

Alpha particles are the 
only heavy charged 
particles with low Z 
conveniently available 
from radioisotopes.

2 2 3 1
1 1 2 0
2 3 4 1
1 1 2 0
9 4 12 1
4 2 6 0
7 1 7 1
3 1 4 0

H H He n
H H He n
Be He C n
Li H Be n

+ → +

+ → +

+ → +

+ → +

Q = 3.3 MeV D – D reaction En = 3 MeV

Q = 17.6 MeV D – T reaction     En = 14 MeV

Q = 5.7 MeV

Q =  – 1.6 MeV

d ‘s need not be accelerated to very high 
energies to create a significant n yield.

Coloumb barrier between incident d and the 
light target nucleus is relalively small

NEUTRON GENERATORS

d are accelerated by U = 100 – 300 kV.

All n’s produced have essentially the same 
energy (incident particle energy << Q)

A 1 mA d beam produces ~ 109 n/s from a thick d target. 

A 1 mA d beam produces ~ 1011 n/s from a thick t target. 

Also: 9Be(d,n), 3H(p,n)                        Q negative

(d,n)

(d,n)

(α,n)

(p,n)
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Neutrons from charged particle reactions
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Reactor and Spallation sources
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RESEARCH NUCLEAR REACTORS 

The neutron flux of a research nuclear fission reactor can be quite high – typically ~ 1014 n /cm2/s at the core and ~ 107

n /cm2/s at the extracted beam guides. The energy spectrum at the core extends to 5 – 7 MeV but peaks at 1 – 2 MeV. 
These neutrons are generally reduced to thermal energies within the reactor, but there are also fast neutrons present in the 
core. Through small holes in the shielding of the reactor vessel permits a beam of neutrons to be extracted into the 
laboratory for experiments. The high neutron reactor fluxes are particularly useful for low – cross – section reactions (and 
e.g., production of radioisotopes by neutron capture or neutron activation analysis of trace elements).

• Steady – state ← Fermi @ Chicago (1942) BEAMS: Continuous, Pulsed, Filtered

• Pulsed ← Frisch @ Los Alamos (1945) Fast ~ µs n ‘s bursts (IBR @ Dubna), Thermal (Triga) 

SPALLATION NEUTRON SOURCES 

Spallation neutron sources consist of an accelerator providing a 
beam of high – energy (≤ 1 GeV) protons or heavier ions and a 
suitable target of heavy – element material. 

high 
energy 
fission

štěpn
é 
produ
kty

vyp
ařo
vání

spa
lač
ní
pro
du
kt

vnitrojader
ná kaskád

dopad
ající 
proton

Cosmic rays produce spallation reaction products in collision with 
interstellar matter

Initially known from cosmic – ray studies (mass distributions), the 
spallation reaction is the breaking off of nucleons, singly and in 
clusters, from a nucleus by an energetic bombarding particle. 

In the laboratory E. O. Lawrence observed secondary n ‘s from a U 
target bombarded by 90 MeV p ‘s. When the energy of the incident 
particle or nucleus exceeds about 100 MeV→ spallation reaction.

Spallation reactions can serve as intense source of neutrons.

TOF
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Time – of – flight
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nEvtl →→→
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Time – of – flight
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Time – of – flight
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0.5100

250

825

En
[MeV]

1/v
[ns/m]

Flight time = 1 / v
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Time – of – flight
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Cross-sections of H, C, N, and O (Time – of – flight spectra) as 
function of normalized flight time, or 1/v (ns/m)

ARC
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Neutron Filtered Beams
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Transmission of tailored 56Fe neutron filter
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Neutron Filtered Beams
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Transmission of tailored 56Fe neutron filter
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Nuclear spectroscopy with neutrons
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Neutron Filtered Beams

186 eV, 55 & 144 keV,     2.35 MeV
238U, Si, O
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Neutrons from crystal monochromator
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Interaction of neutrons with matter
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Neutrons (in common with gamma rays) carry no charge and therefore cannot interact in matter by means of the Coulomb 
force – which dominates the energy loss mechanism for charged particles (e,p,α,µ,...).

Neutrons can also travel through many cm of matter without any type of interaction and thus can be totally invisible to a 
detector of common size. When a neutron undergoes inteaction it is with the nucleus (and not with the atomic electrons) of 
the absorbing material. As a result of the interaction, the neutron may either totally disappear and be replaced by one or 
more secondary radiations, or else the energy or direction of the neutron is changed significantly.

In constrast to gamma rays, the secondary radiations resulting from neutron interactions are almost always heavy charged 
particles. These particles may be produced either as a result of neutron- induced nuclear reactions or they may be the nuclei of 
the absorbing material itself, which have gained energy as a result of a neutron collision. 

The relative probabilities of the various types of neutron interactions change dramatically with neutron energy. 

→ Slow & Fast neutron interactions. Dividing line @ ~ 0.5 eV (Cd cutoff energy) 

SLOW NEUTRON INTERACTIONS

Elastic scattering with absorber nuclei whereby neutrons are 
thermalized with the absorber (@ room temperature → 25 meV).

Large number of neutron – induced reactions: can create 
secondary radiations of sufficient energy (to be detected). 
Because En is so low, all such reactions must have +Q. In most 
materials the radiative neutron capture is the most probable and 
plays an essential role in the attenuation or shielding of 
neutrons.

FAST NEUTRON INTERACTIONS

The probability of most neutron – induced reactionsdrops off 
rapidly with encreasing neutron energy. However, the 
importance of scattering becomes greater as the neutron can 
transfer an appreciable amount of energy in one collision. 

The secondary radiations in this case are recoil nuclei. At 
each scattering event, the neutron loses energy and is thereby 
moderated or slowed to lower energy.

If En is sufficienty high, ineslastic scattering with nuclei can 
take place in which the recoil nucleus is elevated to one of its
excited states during the collision. The nucleus quickly de –
excites, emitting a gamma ray, and the neutron loses a greater 
fraction of its energy. This interaction plays an important role in 
the shielding of high energy neutrons.

The most efficient moderator is hydrogen because the neutron 
can lose up to all its energy in a single collision with a H nucleus.

Neutron Shielding & Dosimetry !

DET
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Neutron detectors

Carlos Granja, Czech Technical University    --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 – 29, 2004

Neutrons are generally detected through nuclear reactions that 
result in prompt energetic charged particles such as protons, α and 
so on. Every neutron detector involves the combination of a target 
material designed to carry out this conversion together with a 
conventional radiation detector. 

Because the cross section for neutron interactions in most 
materials is a strong function of neutron energy, different 
techniques exist for neutron detection in different energy regions. 

• slow neutron detection & spectroscopy

• fast neutron detection & spectroscopy

DETECTION

identification, energy, momentum, position.

Suitable nuclear reaction for neutron detection: 

• large cross section

• large Q value → energy for charged products

• discrimination against intense γ background

Target nucleus + n →
• recoil nucleus

• p, α, γ, 

• fission fragment

SLOW NEUTRON DETECTION

10 1 7 (*) 4
5 0 3 2
6 1 3 4
3 0 1 2
3 1 3 1
2 0 1 1

B n Li
Li n H
He n H p

α

α

+ → +

+ → +

+ → +

Q = 2.8 (2.3) MeV σ = 4000 b

Q = 4.8 MeV σ = 940 b

Q = 0.8 MeV σ = 5300 b

g.s. (exc. s.)

Gd neutron capture detector: 157Gd σ = 2.5 x 105 b. → γ ‘s, e ’s [ 72 keV IC e-]

Neutron induced fission reactions: have Q ~ 200 MeV. 233U, 235U, 239Pu.`

DETECTORS 

gas chambers, proportional counters, solid, liquid.

BF3 tubes

En << Q → not possible to measure En.
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Neutron detectors
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Neutron detectors
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The cross sections for the reactions for slow – neutron detection decrease with energy. Only the 3He proportional counter 
may serve for both thermal neutron detection and fast neutron spectroscopy.  With fast neutrons, elastic scattering is 
used to produce recoil nuclei (generally hydrogen). When En > 10 – 100 keV → the reaction products carry information 
on En

• Neutron moderation: the inherently low detection efficiency for fast neutrons of slow neutron detectors can be improved 
by surrounding the detector with moderating material (Hydrogen: paraffin, polyethylene). Information on En is lost.

• Fast neutron – induced reactions: The loss of En information and the long detection time of moderating detectors are 
avoided in direct nuclear reaction detection. However, the cross sections are low exhibiting low detection efficiency.

3He(n,p): 3He proportional counter, ionization chamber, scintillator, semiconductor  
6Li(n,α): Li Iodide scintillator, Li glass and glass fiber scintillators

Fast neutron scattering: the most common method of fast neutron detection is based on elastic scattering of neutrons 
by light nuclei. The recoil nucleus (H, d, He) carries part (or even all) of the En. Detectors based on hydrogen, which 
result in recoil protons, are called proton recoil detectors, proton recoil scintillator, Gas recoil proportional counters

Fission reactions serve only for counting – the energy of the neutron is lost (<< Q) → not of spectroscopic interest. 

Activation counters use the radioactivity induced by neutron capture.

Neutron measurements can be also carried out indirectly through 
the radioactivity that is induced in some materials by neutron 
interactions. Such activation detector is exposed to a flux of 
neutrons for a period of time and then removed so that the induced 
radioactivity may be counted and yield information about the number 
and energy of n’s. 

Activator materials such as 55Mn, 59Co, 63,65Cu, 164Dy, 197Au are 
generally used for slow – neutron detection. There are also 
threshold activator materials using threshold reactions such as 
(n,2n), (n,p), (n,α). 

FAST NEUTRON DETECTION

NEUTRON DETECTION BY ACTIVATION
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Neutron detectors
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FISSION CHAMBERS

SPEC
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Nuclear Spectroscopy with Neutrons
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• Introduction & terms

• Neutron sources & detectors

• Nuclear spectroscopy

break

• Example of complete nuclear spectroscopy
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Nuclear Reactions
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N = φn • σ • nT

[ #/s ] = [ #/cm2/s • cm2 • #] 

N number of events (count rate)

φn neutron flux

σ cross section

nT number of target nuclei

103 [~ 0.1 µCi] = 107 • 10-24 • 1020 ← sealed source [ ~ mCi]

1010 [~ Ci] = 1014 • 10-24 • 1020 ← int. target @ high flux reactor core

!

• background 
identification 
(supression)

• energy 
calibration

• intensity 
calibration

1 barn = 10-24 cm2

Conservation laws

• energy

• momentum (linear, angular)

• parity, baryon number, ...
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Neutron reactions
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• radiative neutron capture (n,γ)

• elastic scattering (n,n)

• inelastic scattering (n,n’)

• exchange reactions (n,p)

• transfer reactions (n,d), (d,p), (d,t), ...

BREAKUP REACTIONS: If, for example, in a (d,p) reaction Ed – Ep exceeds 
10 MeV or so, the neutron cannot be accomodated in a bound orbit. It must 
stay in the continuum; i.e. the final state of the reaction under consideration is 
of a three – body nature or so called breakup process. Neutron induced 
reactions do not induce breakup processes.

DWBA Distorted Waves Born Approximation

PWBA Plane Waves BA

CCBA Coupled Channels BA

DIRECT REACTION: when the reaction proceeds from one state to another (i.e., through a two-
body channel) without formation of a compound system. It is considered as a single (or few –
body) process.

The optical model is used to describe DR and the channel wave function by distorted waves.

If more the reaction proceeds through more than one – step, then multistep direct reaction 
theory is used.

When the final channel is strongly coupled to the initial channel (e.g., a resonance with large 
cross section) and when multi – step processes occur, then Coupled – Channel theory is used.

In the case of weak coupling can be treated pertubatively, i.e. Born Approximation i.e. DWBA 
can be used.

In the continuum (large number of final states are involved with no dominance of single final 
state). CCBA is not suitable. 

COMPOUND NUCLEUS
REACTIONS: statistical 
process where the initial 
particle energy and 
momentum are shared 
among many nucleons and 
the system lives for a long 
time. It is considered as a 
collective (or many – body) 
process.

• fission (n,f)

• other (n,2n)
THE FREE NEUTRON

The ultimate fate of a free neutron is either 
absorption (by a nucleus, after slowing down) 
or beta decay (neglible)

Investigate the lifetime of the free neutron, 
estimate the lower limit of a possible electric 
charge and magnetic dipole moment.

In non-fissile nuclei, absorption ↔ radiative capture
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Nuclear spectroscopy with neutrons
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The interaction character of neutrons with nuclei depends on neutron energy. That is, the reaction cross section 
depends on the incident particle (neutron) energy, but also on the target level density and individual level characteristics.

At En < Ex, where Ex is the lowest target nucleus excited level, only elastic scattering of neutrons on nuclei and some 
exothermal nuclear reactions, most of all neutron radiative capture, are possible. 

On some light nuclei, reactions with outgoing charged particles exhibit large cross sections. e.g.,
3He(n,p)3H, 6Li(n,α)3H, 10B(n, α)7Li

The heaviest nuclei (U and transuranium elements) neutron capture can cause nuclear fission.

Polarized fast neutrons 

allow to investigate a variety of nuclear interactions – phenomena:

• nucleon – nucleus spin – orbit interaction.

• spin – spin interaction or charge – symmetry violating mechanisms.

• resonance parameters and phase shifts.

• nucleon – nucleon and fe – nucleon systems.

• sensitive tests of models for nuclear reaction mechanisms.

7 7

2 3

3 4

( , )

( , )

( , )

Li p n Be
H d n He
H d n He

@ θ = 50 → P ~ 0.2 – 0.6 
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Neutron Reaction Cross Section
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Neutron & Proton Reaction Cross Section
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Schmatic neutron (left) and proton (right) cross sections for a medium weight nucleus.
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Neutron & Proton Reaction Cross Section
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Schmatic neutron (left) and proton (right) cross sections for a medium weight nucleus.
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Neutron Cross Section
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158Gd continuum

neutron induced reactions  

σtot = σcapture + σelastic + σinelastic + σfission + ...
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Neutron Cross Section
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Neutron Cross Section
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235U 238U
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Neutron Cross Section

Carlos Granja, Czech Technical University    --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 – 29, 2004

157Gd 158Gd

(n,γ)
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Radiative neutron capture
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Radiative neutron capture reactions are observed in almost every nuclide and are often the dominant reaction 
near thermal neutron energy.

The exothermic absorption of a neutron by a target nucleus (Z,A) forms a compound nucleus (Z,A+1) at 
exitation energies in the range 4 to 10 MeV (determined namely by the rest-mass energy difference Q – i.e, 
neutron binding energy, of the final and initial nuclides plus the center-of-mass neutron kinetic energy.

When the energy of the compound nucleus corresponds to that of an excited state, a resonance is observed. 
This captured state then (after a “long” time ~ 10-15 -10-12) decays by the emission of electromagnetic radiation 
(primary γ ray) leaving the compound nucleus in a lower energy state.

The subsequent (secondary γ ray) decay of this state to lower energy states, i.e., a cascade of γ-rays, leaves 
the compound nucleus in its ground state which may or may not be stable against α or β decay.

Gamma rays from inelastic scattering or fission are also present – when those processes are energetically 
allowed.

Test of inverse reaction: photonuclear reaction (γ,n).

NEUTRON CAPTURE A nuclear reaction in which a neutron is absorbed by a target nucleus producing an 
isotope one mass number greater in its ground or excited states.

Neutron capture γ-ray measurements extend over 9 orders of magnitude of neutron energy: from cold and 
thermal neutron fluxes to the d(t,n) reaction near 14 MeV.

In this large energy scale, the capture cross section varies from well separeted resonances with complex 
configurations to the unresolved resonance regions where giant resonance structures may be found.
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Radiative neutron capture
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• non-selective population of nuclear excited 
states (within a given spin and parity range)

• γ-transitions: electric × magnetic

• population of collective states     

• observation of transitions among low-lying 
excited states

• branching ratios of depopulation
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Radiative neutron capture
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The (n, γ) method uses the neutron separation energy to form a highly excited (~7 MeV) state that 
subsequently decays by electromagnetic radiation. The energy brought in by a thermal or a slow 
neutron is so small that particle emission does not compete. The capturing states manifest as quasi-
stable states with long lives (τ ~ 10-14 s).

The compound nucleus is a system with remarkable stability. Its decay is to be considered as a 
separate process with no inmediate connections with the formation stage (Bohr 1936)*:

σ(a,b) = σ CN(a)  •

The energy dependence of the compound nucleus cross section formation near the resonance is 
described by the Breit – Wigner formula:

σCN = π λn
2

The total resonance width: Γ = Γn + Γγ + Γf + Γα +  Γ... + ...  = ħ w 

Level lifetime: τ = ħ / Γ

Transition probabilty w ~ w (λ,Eγ,B)

Multipole order λ

Reduced Transition Probability B ~ Ψi, Ω, Ψf

Single – Particle Weisskopf Estimates ΓW & hindrance factors [V. Plujko lecture]

*Assumptions violated by direct and valence capture

& no correlations between the entrance and exit channels

2 2( ) / 4
n

n r

g
E E

Γ Γ
+ + Γ

iΓ
Γ

λn = De Broglie neutron wave length

g = statistical factor

The neutron and radiative
strength functions define some 
properties of states lying near 
the neutron binding energy. The 
generally accepted picture is 
statistical, although non –
statistical effects are known.
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SPECTROSCOPIC  INFORMATION

• energy levels and cascade schemes 

• electromagnetic transitions (primary, secondary)

• spins and parities of low – lying states

• absolute transition rates (lifetimes)

• branching ratios

• angular correlations

• non-selective population of nuclear excited states (Jπ range) 

• branching ratios of nuclear level depopulation

•resonance spectroscopic information: cross section, spectroscopic factors, 
energy, total and partial widths, spins, parity, resonace level spacing

• scattering lengths, nuclear potential radii

Radiative neutron capture

FAST NEUTRON RADIATIVE CAPTURE: Study of nuclear giant multipole modes & interference of 
between the dominating dipole and higher multipole radiations. Study of the competition between 
Compound Nucleus and Direct – Semi – Direct Capture mechanisms.

HIGH RESOLUTION GAMMA SPECTROSCOPY: Detailed and precise information on 
electromagnetic transitions. Energies, Intensities, spins, parities, lifetimes, correlations.

POLARIZED REACTION STUDIES: Information on angular momenta & phase shift between partial waves
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Radiative neutron capture

158Gd(n,γ)159Gd
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Radiative neutron capture
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The statistical description of radiative transition strengths based on the spreading of electric – dipole giant 
resonance results into a broad range of compound nucleus states.

For many light and near – closed – shell nuclei a direct capture mechanism dominated by single – particle 
transitions from the entrance channel is observed namely for off – resonance capture cross sections.

Resonance capture cross section [Lane, Lynn 1960]:

σres cap = σCN + σchannel + σdir cap

resonance external        hard sphere potential

single particle final states

Direct capture is a direct form of radiative capture observed far away from resonances not involving the 
compound nucleus. The neutron-target interaction is represented in zero order by a potential well, and the 
neutron that is initially in an s-orbit simply falls into a p-wave orbit in the final nucleus resulting in the emission 
of a primary E1 transition. Theoretical analysis of this process requires knowledge of the coherent scattering 
length, the binding energy and (d,p) spectroscopic factors. When all internal contributions can be ignored this 
process is known as channel capture.

Slow – neutron direct capture, known as potential capture, is described in terms of the optical model.  

CROSS SECTION
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Radiative neutron capture
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KINEMATICS
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Primary Gamma – ray & Populated levels
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Selection Rules

10-1-2,-1,0,1,2+2M2

10-1-2,-1,0,1,2-2E2

10-1-1,0,1+1M1

1-1,0,1-1E1

rel. strength∆J∆πLmultipole

Partial neutron cross sections for s, p, d, f – capture 
on a medium heavy nucleus

Population of low – lying states by E1 and M1 
transitions from s and p – wave capture stares
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Primary gamma – ray intensity
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From the complexity of the compound nucleus 
states, it follows, according to the central-limit 
theorem of statistics, that the reduced-width 
amplitudes for a set of resonances have a 
Gaussian distribution centered on a mean of 
zero.

The resultant distribution, so-called Porter-Thomas 
distribution, says that the primary gamma-ray 
intensities have a very wide distribution with most 
probable value zero. 

This distribution applies for any measurement, 
whether resonant or nonresonant capture is 
involved, so long as the incident energy is well 
defined for the captured neutron. Thermal neutron 
capture may be considered as a measurement of a 
single entry point. 

This is a severe limitation of the thermal capture 
method for direct population of final states, since 
the most probable line intensity is zero. The 
wide distribution of intensities makes it difficult to 
assign spins and parities on the basis of intensity 
alone.

Statistical distribution of partial gamma – widths for various 
degrees of freedom ν. 
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Photon Strength
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Strengths of electromagnetic transitions between nuclear states provide data for tests of nuclear 
models, radiative capture reaction mechanisms, nuclear potentials and nucleon – nucleon
interactions. 

The interpretation and compatibility with photo – absorption data that involve transitions between the 
ground state and higher excited states are based on the asumption that the excitation function in the 
contiunuum region is independent of the initial target state.

In medium and heavy nuclei on each low – lying state a Giant Dipole Resonance is built (Axel – Brink 
hypothesis).

The strenghts of individual transitions from a region of high density of states have limited usefulness as 
indicators of average strengths because of the statistical nature of the decay process. 

Together with the dependencies noted on the average nuclear level spacing, transition energy and 
multipole order, a better indicator of the features of the distribution of strength is the gamma – ray 
strength function:

(2 1)( )
( )

XL
f

Lf E
XL

D E
λγ

γλ
γ +=

⋅

Γ Definition analogous to the 
neutron strength function

26

(2 1)( )
(2 1)

( )[ ]2.6 10
[ ]XL

XL
Lf E

L
E fm

E MeV
γ

γ
γ

σ−

+= ⋅
+

⋅ σXL(Eγ) 

photo absorption cross 
section

In the region between 12 – 20 
MeV are observed Giant 
Resonances for E1, M1, E2 
radiation that influence the 
photon strength in radiative
neutron capture

EG peak GR energy

ΓG peak spreading width

σ0 peak cross section
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Nuclear Spectroscopy with Neutrons: Experimental Techniques
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Nuclear Spectroscopy with Neutrons
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Outline

• Introduction & terms

• Neutron sources & detectors

• Nuclear spectroscopy

break

• Example of complete nuclear spectroscopy
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Nuclear spectroscopy of 159Gd
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• Well deformed odd-A nucleus with large stable deformation (ε ~0.3)

• Splitting of single particle (spherical) strength over many Nilsson (deformed) 
states  which are labelled by the asymptotic quantum numbers Κ[NnzΛ]

• The single particle spectrum for such nuclei in this region exhibits several near-
lying states with same parity and ∆K = 0, ± 1. Such states show strong 
configuration mixing (Coriolis interaction)

• Major shell N orbital crossing near the Fermi surface

• Low-lying collective vibrational phonons (quadrupole, octupole,..)

LOW EXCITATIONS
• One quasiparticle excitations
• Coupling of single particle motion with collective rotations

HIGH EXCITATIONS
• One and three quasiparticle excitations
• Coupling of single particle motion with rotations & vibrations

Single particle motion in deformed potential
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Nuclear spectroscopy of 159Gd
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Experiments

Radiative capture Neutron transfer

158Gd(n,γ)159Gd 158Gd(d,p)159Gd   

160Gd(dpol,t)159Gd

• IRC (Dubna), ARC (BNL), TNC & GAMS2/3 (ILL)
• Tandem Van de Graaff, Q3D spectrograph (TU-Munich)

Spectroscopic results

• gamma transitions, levels, gamma decay and branching ratios, 
spectroscopic factors, photon strength, level density, ... 

Model  calculations & comparison

• nuclear structure
• nuclear reactions
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(n,γ) experiments
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~ 6 keV

~ 6 keV

~ 5 keV

~ 100’s eV

FWHM
∆Eγ

Pair spectrometer
Ge (Li) + NaI(Tl)

95.880.0~ 127.7 x 1072 keVARC (Sc filter)
(BROOKHAVEN)

95.8

97.7

97.5

Enrich.
[%]

80.0

48.5

0.055

Target
[g]

~ 25

12

thermal

# of res.

Pair spectrometer
Ge (Li) + NaI(Tl)

Time-of-Flight
Ge (Li)

Crystal (Quartz)
GAMS2/3 + NaI

Spectrometer

ARC (Fe filter)
(BROOKHAVEN)

IRC (IBR-30 & TOF)
(DUBNA)

BURN UP & HIGH FLUX 
(ILL)

EXPERIMENT
(laboratory)

4.2 x 10724 keV

Pulsedepithermal
22 – 1000 eV

5 x 1014thermal
~ 0.025 eV

Φ
[n/sec cm2]

En
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Time – of – flight spectra

Carlos Granja, Czech Technical University    --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 – 29, 2004

159Gd
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Time – of – flight spectra
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174Yb
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Time – of – flight spectra
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174Yb

172Yb: 140, 180, 202 eV
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Generated gamma – ray spectra
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Generated gamma – ray spectra
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Generated gamma – ray spectra
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Gamma – ray: energy & intensity
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Experimental uncertainties: statistical & systematical

Siginificant error digits: 1 digit (>29), 2 digits (≤29)
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Gamma – ray intensity & photon strength
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Photon Strength: Resonance Neutrons
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159Gd
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Nuclear spectroscopy with neutrons
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Average resonance capture
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Nuclear spectroscopy with neutrons
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Average resonance capture

159Gd:
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Nuclear spectroscopy with neutrons
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Average resonance capture

159Gd:
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Nuclear spectroscopy with neutrons

Carlos Granja, Czech Technical University    --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 – 29, 2004

Average resonance capture

159Gd
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Gamma – rays: energy & intensity
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Photon Strength: ARC 2 keV neutrons
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Photon Strength: ARC 2 keV neutrons
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Target:  158Gd Target: 173Yb
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Photon Strength: ratio 24 keV / 2 keV
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Photon Strength: ratio 24 keV / 2 keV
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Target: 173YbTarget:  158Gd
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Nuclear spectroscopy with neutrons
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High flux reactor & high resolution γ – ray spectroscopy
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High flux reactor & high resolution γ – ray spectroscopy
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Fine discrimination

Coarse discrimination
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High flux reactor & high resolution γ – ray spectroscopy
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Lifetime measurements

GRID Gamma Ray Induced Doppler

DS Doppler Shift 

DB Doppler Broadening

neutrons

Order of diffraction n
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High flux reactor & high resolution γ – ray spectroscopy
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Bent – crystal γ spectrometer
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Target burn up & γ – ray attenuation
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High resolution γ-ray spectra: GAMS2/3 @ ILL
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High resolution γ-ray spectra: GAMS2/3 @ ILL
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High resolution γ-ray spectra: GAMS2/3 @ ILL
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Neutron transfer experiments

Carlos Granja, Czech Technical University    --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 – 29, 2004

polarised

unpolarised

beam

125

130

Target
[µg cm2]

t ~ 7

p ~ 3

FWHM
∆ E [keV]

98.2

97.0

Enrich.
[%]

(d,t) TU-Munich

(d,p) TU-Munich

EXPERIMENT
Laboratory

12 - 5022

13 - 5518

Angle range
[o]

Ed

[MeV]
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Nucleon transfer reactions
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Nucleon transfer reactions
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Nucleon transfer reactions: Q
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Nucleon transfer reactions: Cross Section
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Van de Graaff accelerator

Carlos Granja, Czech Technical University    --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 – 29, 2004

Tandem Van de Graaf: Doubles the accelerating potential → doubles the particle’s kinetic energy.
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Q3D Magnetic Spectrograph
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Charged particle detection
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Charged particle detection
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Charged particle detection
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Proton spectra: unpolarized d beam
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Triton spectra: polarized d beam
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Single neutron transfer
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Neutron stripping Neutron pick-up
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Cross Section angular distribution: (d,p)
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DWBA Distorted Waves Born Approximation

PWBA Plane Waves BA

CCBA Coupled Channels BA
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Distorted Waves Born Approximation
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Distorted Waves Born Approximation

Carlos Granja, Czech Technical University    --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 – 29, 2004



102

Cross Section angular distribution & Asymmetry: (d,tpol)
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Cross Section angular distribution: (d,p)
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DWBA

?
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Spectroscopy information from Transfer Reactions
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Spectroscopy information from Transfer Reactions
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Spectroscopic results
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1/2±,3/2±,5/2+1760.0 – 3.0–145(n,γ) 2 keV ARC BNL

1/2±,3/2±,5/2±,7/2±,9/2–350.0 – 1.573–(n,γ) ILL

1/2±,3/2±,5/2±0.0 – 3.0–140(n,γ) 24 keV ARC BNL

0.0 – 2.3

0.0 – 2.1

0.0 – 2.4

Range Ef

[MeV]

160

106

80

# of 
levels

1/2±,3/2±,5/2±,7/2±,9/2±

1/2±,3/2±,5/2±,7/2±,9/2±,11/2±,13/2–

1/2±,3/2±

Jπ

14

# Eγ
SEC

(d,t) TU-Munich

(d,p) TU-Munich

(n,γ) IRC DUBNA 

EXPERIMENT
(laboratory)

80

# Eγ
PRI

ρ
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Level density
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Level density
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Levels: energy & spin-parity
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Gamma – ray decay: energy & intensity
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Level scheme
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Rotational bands: odd-A deformed nucleus
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Negative parity Positive parity
159Gd
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Rotational bands: odd-A deformed nucleus

Holes Particles

159Gd
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Rotational band parameters
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Nuclear structure models
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Odd – A heavy deformed nuclei

• Nilsson Model (intrinsic Hamiltonian, deformed mean field, 
pairing, multipole - multipole interaction)

• Quasiparticle – phonon model (nuclear mean – field, 
pairing interactions, multipole (e.g., quadrupole and octupole
vibrations “microscopically”), spin – multipole and charge –
exchange interactions, phonon – quasiparticle coupling 
(fragmentation), ...)

• Particle – rotor and the Coriolis interaction.

• Rotational bands built on  intrinsic quasi – particle states 
with phonon admixtures

⇒ low-lying spectra, electromagnetic transitions, 
spectroscopic factors, phonon admixtures

PHONON: a 
quantum of vibration 
of nucleons in nuclei. 
Understood as a 
collective process.

QUASI – PARTICLE An entity used in the 
description of a system of many interacting particles 
which has particle – like properties such as mass, 
energy, and momentum but which does not exist 
as a free particle such as the single – particle (with 
pairing) excitations in nuclei.

FRAGMENTATION: the 
distribution (spreading) of one –, 
two –, three –, ... single particle or 
collective strength into various 
other states.

Low – lying non – rotational states and high – lying collective 
states of the giant resonance – type are well describabed within 
microscopic models based on mean – field, pairing and the 
effective interactions between quasi – particles. 

The states lying below and above the neutron resonances are well 
described microscopically non – statistically.
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Rotational bands: odd-A deformed nucleus

Experiment

Theory 159Gd
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Structure intrinsic states: quasiparticle – phonon model
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Structure intrinsic states: Quasiparticle-Phonon Model
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Spectroscopic Factors: Experiment & Model
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Quasi-particle systematics
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Isotopes
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Quasi-particle systematics
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Isotones



122

Quasi-particle systematics
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IsotonesIsotopes
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Nuclear spectroscopy with neutrons
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Physical Review C (2004) in print
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