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Neutrons in Nuclear Physics & Applications

Neutrons are a powerful tool to probe

nuclear motion, nuclear matter and structure Neutron induced reactions

the stability of matter and their fundamental role are a rich source of data in

nuclear spectroscopy.

neutron-induced reactions: resonances & reaction mechanisms
Use of the neutron as a probe to

astrophysical objects & stellar nucleosysnthesis (element abundancies) obtain information on nuclear
. . ) ] properties (nuclear structure
basic neutron properties and interactions and nuclear reaction

mechanisms).

As such a tool, neutron reactions
Applications have advantages over other
. reactions (e.g., methods available
reactor design for gamma-ray spectroscopy
provide high presicion and
accuracy unmatched by other
techniques).

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)

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



Glossary of Terms | *

* 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!
There are both Theories
and Models of both
Nuclear Structure and

* Glossary of terms of the International Union of Pure and Applied Physics IUPAC AL Bl Sl
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Glossary of Terms II*

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

Weutrons called Elinetic T.K velocity Wavelength, A
Ultra Cold
Neutrons
UCHN ~250 neV ~0.003 | ~Tm's ~ 600 A — are reflected
from the
Cold <3 meV <35 ~760m's | ~5A=510Fcm surface of
r most
Thermal ~2%.0 meV 300 ~2224m/s | ~1.8A substances
Eesonance ~1 eV ~10* ~1.410°m/s | ~03A like ping
pong balls
Slow ~100 eV ~10° | ~1.410° m/s | ~0.03 A and can thus
- existin
Intermed. energy ~10 keV ~10 ~1.4-10% m/s | ~0.003 A hollow
- 10 , vessels for
Fast ~ 1 Me¥ ~10 ~ 0.046 ¢ ~0.0003 A long times
High energy ~100MeV | ~10" |~043¢ ~ 3 fimn=3.10"" em (neutron
= bottles)
Relativistic =1 GeV >10" >0.875¢ < 0.9 fm
6
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Neutron Sources

According to

0 technique of production Q>0:
exothermic
J application NUCLEAR REACTIONS Q<0
<0:
. neutron energy « (o,n) endothermic
. . . : (threshold)
. beam intensity, purity, [pulsed/continuous « (p,n)
v *(d,n)
Technique of production " (rn)
* (y,2n
* radioisotope (.2n)
* (v,pn)

» accelerator
* (t,n)

* reactor

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* + B 1 =55s (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 o — or y — radioisotope source.
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Fission neutron sources

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.

Used as neutron source, the isotope

However, there are additional products of the fission process: is encapsulated in a suficiently thick
o container so that only the fast
* heavy fission products neutrons and the gamma rays

« prompt fission gamma rays emerge from the source

» beta and gamma activity of of the accumulated fission products
neutron yield

*0.116n/s per Bq. «——

* 4.3 x10°n/s per Ci

+2.3x 10" n/s per g.
each fission

+ 3.8 neutrons

* 9.7 emiited y photons

The most common spontaneous fission source is
252Cf (other include #*°U, #*9Pu). 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

1 2 3 4 5 % of all decays through fission).
NEUTRON ENERCY (MeV)

INTENSITY (ARB. UNITS)

Measured neutron energy spectrum from the spontaneous fission of ==Cf.
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Fission neutron sources

In fission of heavy elements:

235U 92p+143n) +n > X+Y+25m+Q
X, Y nuclei with atomic mass ~ 95 and 140 u
~2.5n produced per fission:

1# used to maintain the fission reaction and
1.51 can be utilized as a n-source

09% of neutrons are prompr (=10-14 sec).
but delayed neutrons (in seconds and minute
range) are most essential for maintaining
controlled chain reaction

Q ~ 210 MeV per fission released:

~ 1753 MeV - kinetic energy of fission fragment;

~ 7 MeV - prompt gamma-rays

~ 3 MeV - kinetic energy of fissionn's

~  TMeV - betas from fission products

~  6MeV - gammas from fission products
~ 10 MeV - neutrninos (1nvisible)

04

03 |

02

01

00

Fission neutron spectrum

for U-235 (red line) and
Pu-239 (blue line).
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Meutron flux

Radioisotope photoneutron sources

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
Be+y — /Be+ jn

2 1 1
H+y—> H+ n

The half lives of the common gamma — ray sources are usually

short — reactivation in a nuclear reactor between uses.

Q=-1.666 MeV
Q=-2.226 MeV

10° = T T T 1 T | T T 3
C »
B Ga_cn’ Na_cn? Na-Be B
w'E =
- -
- -
. -
- -
10-2 E =
-

10-? 1 ] 1 | 1 i
100 200 300 400 500 600 B80a 200 1000

Energy (keV)

Neutron spectra calculated for the photoneutron source dimensions shown
The gamma emitters are either “Ga or “*Na. The outer shells are either
deuterated polyethylene (CD, ) or beryllium (Be).
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If gamma rays are monoenergetic, then the
produced neutrons are also monoenergetic

neutron scattering (in large sources)

Small spreading (few %) from angle kinemetics &

Large gamma — ray activities are required

to produce neutron sources of meaningful

intensity. About only

1 gamma ray per 10% — 108 generates a
neutron.

Most common gamma emitters:

226Rg, 124Sb, 72Ga, 40La and 24Na.

Meutron — emitting target (Be or D)
shells (3.2 mm thick)

—

Aluminum
encapsulatign

Construction of a simple spherical photoneutron source. 10



Radioisotope photoneutron sources

Photoneutron Source Characteristics

Gamma- Gamma MNeutron Meutron Yield
Rav Energy’ Energy® in's) EUT !ﬂli‘ Bqg
Emitter Half-Life" (MeV) Targel (keV) Activity*
Mg 15.0 h 2.7541 Be 967 340,000
2.7541 D 263 330,000
Al 2.24 min |.7787 Be 101 32,600
| 37.3 mun 21676 Be 446 43,100
36 M 2.58h 1.8107 Be 129
' 2.1131 395 91.500
2.9598 1,149 .
2.9598 D 365 162
"Ga 14.1 h 1.8611 Be 174
2.2016 476 b, SO0
2.5077 T48
2.5077 D 140 25,100
6 As 263 h 1.7877 Be 109 1 3,050
20963 3533
sy 1074d 1.8361 Be 152 } 220.000
2.7340 949
27340 D 253 160
116wy 54.1 min 21121 Be 397 15,600
1238h 6.2 d 1.6910 Be 23 210,000
140 5 40.3 h 2.5217 Be 760 lﬂ,;ﬂ)
25217 D 147 600
- Ppr 17.3 min 21856 Be 462 {90
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Radioisotope (a,n) sources

Energetic a particles are available from the direct decay of several convenient radionuclides which allow
to fabricate small self — contained neutron portable sources by mixing an o — emitting isotope with a
suitable target material.

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

a — berillium

sources:
500
400
s 300
v
g 200
-]
-
[-9%
=
2 w0
S
S 80
s 60
£
-
& 40
b
s
S
= 20
=
10
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Q=+5.7MeV

Alpha Particle Enerqgy (MeV)
Thick target yield of neutrons for alpha particles on beryllium.

a+ ,Be—> "C+ n
A
P
i
2
/
//
V4
£
7
f/
v,
/L
5 6 7 8 9 10

%Be has a relatively loose neutron (B,=1.7 MeV)

In common (a,n) sources only about
1in 104 o’s reacts with a Be nucleus
(most a’s are stopped in the mixed
source material). Some
isotopes,notably 226Ra and 22’Ac, lead
to long chains of daughter products that
add to the a — 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.

12
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RELATIVE NEUTRON INTENSITY (MeV™ ")

Radioisotope (a,n) sources
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Ny |\ “laqa N
e + 1 | } ; o
| g 1 ') 1 I T | 1
| 1 I | | 2 4 5 8
] 2 4 & 8 10 MEUTRON EMERGY {(Me\)
MEUTRON ENERGY (MeY)
Measured energy spectra for neutrons from a 23°Pu/Be source Neutron enerey specira from alternative (o, n) sources.

Stainless steel

Active component

Tvpical double-walled construction for Be (a. n) sources.

13
Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004



Radioisotope (a,n) sources

Characteristics of Be(a, n) Neutron Sources

Neutron Yield per 10° Percent Yield
E, Primary Alpha Particles with £, < 1.5 MeV
Source Half-Life (MeV)  Calculated Experimental Calculated Experimental
239Py, Be 24000 y 5.14 65 57 1 9-33
219po, Be 138 d 5.30 73 69 13 12
238py, Be 874y 5.48 794 — — —
241Am/Be 433y 5.48 82 70 14 15-23
244Cm,/ Be 18y 579 1000 — 18 29
2 :
22Cm/Be 162 d 6.10 118 106 2 26
: . — 2 -3
226Ra/Be 1602 y Multiple 502 = 33-38
+ daughters
. == 28 38
227Ac/Be 216y Multiple e N
+daughters
Alternative (w, n) [sotopic Neutron Sources .
Neutron Yield
Target Reaction Q-Value er 10% Alpha Particles
g p
Natural B 9B (c, n) +1.07 MeV 13 for M Am alpha particles
Wh{a. n) +0.138 MeV
F 195iter, ) -1.93 MeV 4.1 for ! Am alpha particles
Isotopically separated BC LC(a. n) +2.2 MeV L1 for “*Pu alpha particles
Natural Li "Li{we. ) -279 MeV
Be (for comparison) "Be{w, n) +5.71 MeV 70 for +4! Am alpha particles

Carlos Granja, Czech Technical University

Selection of source
* n yield (typ. 107-8 n/s)
* background

* half life

« cost & availability

14
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(d.n)

(dn)

(aun)

(p,n)

Neutrons from charged particle reactions

Many nuclear reactions can produce neutrons but they require an accelerator to provide a !

. _ . ) ) Alpha particles are the
beam of particles to initiate the reaction. They may not be as convenient (simple, _portable) as only heavy charged
radioactive sources, but by selecting the incident energy and angle, monoenergetic neutron particles with low Z
beams of almost any desired energy can be obtained. conveniently available

from radioisotopes.
"H+ H — ;He+ ,n Q=3.3MeV D-Dreaction E, =3MeV
"H+H— JHe+ ,n Q=17.6 MeV D — T reaction E, =14 MeV
9 4 12 1 _ Coloumb barrier between incident d and the
4B€ + 2He — 6 C+ ol Q=5.7MeV light target nucleus is relalively small
.1 1
ILi+ H — [Be+ ,n Q= —1.6MeV
Also: 9Be(d,n), 3H(p,n) Q negative d ‘s need not be accelerated to very high
energies to create a significant n yield.
2o y |

E,, (MeV)

26

24

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 ~ 10° n/s from a thick d target.

A 1 mA d beam produces ~ 10" n/s from a thick t target.

1 2 3 4 5 6 72 8 9
Eq (Mev)

Neutrons emitted in the *H(d, n)*He reaction

Carlos Granja, Czech Technical University
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Neutrons from charged particle reactions
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The zero-degree differential cross section in the labora-
tory svstem, for producing neutrons %f energy E  for the
3H{p,n)3HE, 2H(d,n]3He and SH(d,n) He reactions. The
Li(p,n_) Be cross section is shown for comparison, where
the arrow indicates tha threshold for thz ?Li(p,n )?Be*
reaction. The other arrows indicate the maximum nsutron
energy at the thresholds for three particle hreak-up.
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Reactor and Spallation sources

RESEARCH NUCLEAR REACTORS

The neutron flux of a research nuclear fission reactor can be quite high — typically ~ 10"* n /cm?/s at the core and ~ 107
n lcm?/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 ~ us 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.

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.

Cosmic rays produce spallation reaction products in collision with
interstellar matter

In the laboratory E. O. Lawrence observed secondary n ‘s froma 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.

17
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Time — of — flight

CHOPPER
DETECTOR

Iz
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Illustration of the time-of-flight principle.
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Time — of — flight

The two basic rotor configurations.
a) The beam and rotor axes are parallel. MRECTION OF ROTATICN

b) The beam and rotor axes are perpendicular. — i —
.-'.-'"'Ff [‘ F H"‘H.K
f’ : ™

Neutron velocity selector, consisting of a rotating cylinder with
one or more helical slots cut into its surface. The cylinder is made of a material,
such as cadmium, with a high absorption for neutrons. The selector will pass
neutrons of velocity v that travel the length L of the cylinder in the time that it takes
it to rotate through the angle ¢; thatis, t = L /v = ¢/w, sothatv = Lw/¢. Changing
the angular speed w permits selection of the neutron velacity.

ExiT
STATOR

EMERGING
MEUTRONS

Rotating shutter

or “chopper” for producing pulses of neutrons. A continuous stream of neutrons
enters from the left and a pulse of neutrons emerges at right if the rotor slits line up
with the entrance slits. The rotor is made of stainiess steel with phenalic slits.

19
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Time — of — flight

EzIMeV=  £=rf0-)"]

. I -0 160
o AE,.=0.16%
En < 1MCV = E';2 = E'f2 _flc? @1 MeV

b1 E.° ] ] e
Flighttime =1/v J= 7 = ;[l —[m leV—t="70us/m

Typical Specific Flight Times of Fast Neutrons at a Few Energies

t_/1 (ns/m)
En (MeV) Relativistic® Non-Relativistic
0.1 228.65 228.63 v En
0.5 102.29 102,25 [ns/m] | [MeV]
1 72.356 72.299 25 8
5 32.462 32.333 ' 50 2
10 23.045 | 100 0.5
50 10.428
100 7.795

20
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Time — of — flight

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

o N e o N RO N R DS N R D

25 50 75 100
1/ {ns/m)

21

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



Neutron Filtered Beams

Transmission of tailored *6Fe neutron filter
E, (Kav}

50 40 30 20 1o
T T T 1 | I T I T

" 8% TRANSMISSIOND

Reactor _
. Reactor Port :—;‘%ﬁﬂ
.r . vy Shi¢lding Moterial
L8 (8% TRANSMISSION
Fe |AllS F

14T (2B TRAMSMISSION)

i Filter Material 1 j
Sample }

‘(; % —20" [16% TRANSMISSION) Beam Tube
g

- l'llf'ih
"Wy,

RELATIVE COUNTING RATE PER CHANNEL

hlL i ' Wiy, | Example of filtered beam arrangement: in a re-entrant
s | bean tube.

' : .

} ﬂf“a"ni a_r #&—tﬁ‘?’“—*‘wﬁ-—_{. g_

300 00 oo

CHANNEL MNUMBER

The neutron counting rate at a 25.5-m flight path versus
time—of-flight for neutrons passing through Fe filters of
thickness 5.1, 20.3, 35.6 and 50.8 em (2, 8, l4 and 20
inches). The neutron transmission at the 24.3-keV peak
is shown in parentheses. The curve shown above
28 keV is for the 5.l-em thick filter.
22
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Neutron Filtered Beams

T T | r : %
SCANDIUM FILTER
58cs FILTER TRANSMISSION
~06F =
. e
- - H a
m0‘5- E; a
5 - -
E L - = .
20 i _
z B L ;
gﬂ.b- 9 v T J
. -lrJ'O-DI_— -
s 02 ] 4 £ :
w v F k.
x i F 3
=0,k e - _
0 | | | oo . . . . ‘
220 230 24.0 25.0 26.0 _' a0 a8 1.4 i3 2o 23 &
En(keV) En (kaV)
e W= 1
Transmission of tailored *Fe neutron filter 10° g
10°
El
g
19
g
A1
107'E
107 - L |

10* 10
Neutron Enerzy (V)

10

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



Neutron Filtered Beams

Filtered neutron beams in ARC: beam composition, mean energy, width, flux and purity [13]

=

Beam Filter composition E, FWHM iy Purity
(keV) (ke (n/sec/cm k. ] (%)
24 keV Fe+ Al + Cd 24.3 1.7 4.2 % 107 95
2 keV Se+Cd 2.0 0.9 7.1 % I_H-" 70
Non-thermal Al+Cd ~ (.001 ~ ~ 107 ~ 70
Thermal Bi thermal Maxwell ~ 107 ~ 70
Beam Width Size Intensity  Purity
Kt  Eoegy (FWHM) (@) (/) (%)
286cmFe 43keV  20keV 127 930x10* 98
36.20 cm Al
635cm S
6858cmPFe-56  24.3keV 1.0 keV .27 ' 108 - 80 -
(99.87%) :
3048cnFe-56 2 24.3keV 1.7 keV 1.27 2.80% 107 95
17.78 em Al o
71.1em Se 20 keV 0.9keV 1.27 475%10" 70
(188 gms/cm?) '
Bisingle crystal  thermal  Maxwellian <727 100
' (variable)
186 eV, 55 & 144 keV, 2.35MeV
238, Si, 0]

Carlos Granja, Czech Technical University —---
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Neutrons from crystal monochromator

Monochromator for producing a beam of monoenergetic neutrons.

Reactor

\Q
X

vl

//’/' Target

<

A collimated beam of reactor neutrons with a broad spectrum of wavelengths is
Bragg reflected from a single crystal. For a particular value of #, there will be an
interference maximum for a certain wavelength, and thus by varying ¢ we can
choose the wavelength.

there may be other Bragg reflected peaks at other angles, which are not shown.

25
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Interaction of neutrons with matter

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,o,u,...).

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 E_ 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.

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 !

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

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 E,, 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.
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Neutron detectors

Neutrons are generally detected through nuclear reactions that
result in prompt energetic charged particles such as protons, o and
so on. Every neutron detector involves the combination of a target — > Targetnucleus +n—  «p q,y,
material designed to carry out this conversion together with a
conventional radiation detector.

* recoil nucleus

« fission fragment

DETECTION DETECTORS
identification, energy, momentum, position. gas chambers, proportional counters, solid, liquid.
Because the cross section for neutron interactions in most * slow neutron detection & spectroscopy

materials is a strong function of neutron energy, different
techniques exist for neutron detection in different energy regions.

SLOW NEUTRON DETECTION g.s. (exc.s.)
BF, tubes

« fast neutron detection & spectroscopy

¥ ¥
10 1 Tr.(%, 4 _ _ ol
Suitable nuclear reaction for neutron detection: SB + 0> 3Ll +,d Q=2.8(2.3) MeV & =4000 b
« large cross section 36Li + (:I’l N f]—] + ;a Q=48MeV o=940b

* large Q value — energy for charged products

3 1 3 1
« discrimination against intense y background 2He Tl 1H TP Q=08MeV o=5300b

Gd neutron capture detector: "Gd 6 =2.5x105b. >y ‘s, e’s[72 keV IC 7]

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

E, << Q — not possible to measure E,.

27
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Cross—section (barns)

Neutron detectors
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Energy (eV]

Cross section versus neutron energy for some reactions of interest in neutron detection.
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Neutron detectors

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 E_ > 10 — 100 keV — the reaction products carry information

onE,
FAST NEUTRON DETECTION

* 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 E 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,a): Li lodide 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 E,. 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 DETECTION BY ACTIVATION

The activity of an activation detector after

Neutron measurements can be also carried out indirectly through am| insertion in a constant neutron flux
the radioactivity that is induced in some materials by neutron A e e ———
interactions. Such activation detector is exposed to a flux of Aof-—————= —= -

neutrons for a period of time and then removed so that the induced
radioactivity may be counted and yield information about the humber
and energy of n’s.

generally used for slow — neutron detection. There are also
threshold activator materials using threshold reactions such as

(n.2n), (n,p), (n,). 0 L
Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004
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Cross section [hammsgh

Neutron detectors

FISSION CHAMBERS

“:Iﬂ._ T SRR | T i T T rrTrr P ||.-:
L 1
3 ol =
e F ]
E [ ]
5 | ]
3 5
-
i 07 ~
g F .
T
L |IJJ.|.J. " 1 .|_--| i L i i 1170 1 - b1 4 |.L
0000 I.'IJ.I:H ol 14 o 1ot 105 168 1 1
Energy (8%} Enaroy (eV]
il u”
Fission cross sections of some common Largel nuclides used in
fission chambers. (a) Slow neutron region where the cross sechions shown are
- X it ¥ 1| TIE ane
relatively large. (h) Fast peutron region. Chambers with - Mp ar -7 are
used as threshold detectors sensitive only Lo fast neutrons.
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Nuclear Spectroscopy with Neutrons

. Introduction & terms
. Neutron sources & detectors
. Nuclear spectroscopy

break

. Example of complete nuclear spectroscopy

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

N=¢nQGQnT

[#/s]=[#/cm2/s s cm? « #]

-1

SOURCE
bom barding particls s

DETECTOR

L3 outgoing particls s

N number of events (count rate)
(I)n neutron flux Conservation laws !
o cross section SRy * background
« momentum (linear, angular) ldentlflca.tlon
Ny number of target nuclei « parity, baryon number, ... (supression)
* energy
calibration
* intensity
Thamges| %] | < 0.05 < 0.05 0.6 0.7 1.7 958 1.1
Tnatural [70] 0.2 2.2 14.8 205 15.6 24.8 21.8
On+ [barn] 1100 85 61000 1.5 254000 2.5 0.8

1 barn = 1024 cm?

Carlos Granja, Czech Technical University

103 [~ 0.1 uCi] = 107 + 1024 + 1020
1010 [~ Ci] = 1074 + 10-24 » 1020

« sealed source [ ~ mCi]

«— int. target @ high flux reactor core

32
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Neutron reactions

« radiative neutron capture  (n,y) « fission (n,f) THE FREE NEUTRON
+ elastic scattering (n,n) * other (n,2n) The ultimate fate of a free neutron is either
- inelastic scattering (n,n’) absorption (by a nucleus, after slowing down)

h i (n.p) or beta decay (neglible)
» exchange reactions n,p
Investigate the lifetime of the free neutron,

* transfer reactions (n.,d), (d,p), (d.t), ... estimate the lower limit of a possible electric
charge and magnetic dipole moment.
In non-fissile nuclei, absorption < radiative capture

DIRECT REACTION: when the reaction proceeds from one state to another (i.e., through a two- COMPOUND NUCLEUS
body channel) without formation of a compound system. It is considered as a single (or few — REACTIONS: statistical
body) process. process where the initial
particle energy and
momentum are shared

If more the reaction proceeds through more than one — step, then multistep direct reaction among many nucleons and
theory is used. the system lives for a long
time. It is considered as a
collective (or many — body)

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

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.

process.
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.
BREAKUP REACTIONS: If, for example, in a (d,p) reaction Ed — Ep exceeds DWBA Distorted Waves Born Approximation

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 PWBA Plane Waves BA

of a three — body nature or so called breakup process. Neutron induced CCBA Coupled Channels BA
reactions do not induce breakup processes.

33
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Nuclear spectroscopy with neutrons

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 E, A <E,, where E, 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, BLi(n,a)%H, 1°B(n, a)’Li

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: 7Lj(p’, ) "Be @6=5—~P~02-06
* nucleon — nucleus spin — orbit interaction. 2 -\ 3
DT - . H(d,n) He
* spin — spin interaction or charge — symmetry violating mechanisms.
3 —\ 4
* resonance parameters and phase shifts. H(d> n) He

* nucleon — nucleon and fe — nucleon systems.

« sensitive tests of models for nuclear reaction mechanisms.

34
Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004



()

(B}

(e)

(d)

(&}

o {n, 1)

@ {r, n')

o (n a)

¥ {n¥)

Neutron Reaction Cross Section

Schematic neutron cross sections for a mediom weight nucleus.

Total cross section
0-100 ev, 0.01-0.1 Mev, 1-10 Mev T,
Elas!ic-scatlering cross  section,
l T,
Inelastic-scattering cross section.
Tn
Typical reaction [(n,x)] cross section.

Caplure cross section,

Ty

Carlos Granja, Czech Technical University

dl:rﬂ L
il

Differential elmli;:‘.-acattering cross section.

(i

’/—Tj.=l].l Mev

--- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004
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Neutron & Proton Reaction Cross Section

Schmatic neutron (left) and proton (right) cross sections for a medium weight nucleus.

e
" Tolal crom section o Typical endoergic reaction [{p._n}] cross section,
0-100 ev, 0.01-0.1 Mev, 1-10 Mev T, 1e -

ain,n) . - - .

Elastic-scatering cross section - EZ:;} Typical excergic reaclion cross section.
( ) " .
o ('

xri{p,p) Inelastic-scattering cross section.

Inelastic-scatlering cross section.

(e} //—_/—\/\K (a) /\,_A/v—\’\/
-r?r =

T, ~ 00,1 Mev 1-10 Mev

L E'rl 11:' *
Typical reaction [{m,=)] cross section,

?-:I
o (i1,7) o (oY)

()

Capture cross section.

(e} -
Caplure cross section,

1,

T

For charged particles the concept of total _ _ o
cross section is not meaningful because the integrated elastic-scattering cross section is

theoretically infinite
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Neutron & Proton Reaction Cross Section

Schmatic neutron (left) and proton (right) cross sections for a medium weight nucleus.

Diifferential E-'lﬂsl;:‘.'icatming cr[]g;g: gje(-:;i'q“_. Differential elﬂsli;'_".'itatming cr[:lg;.; gje;-:;fq]“_.

do, 455
i) (f) elfl f_.a—-Rurherlnnl scallering

/_T,. =01 Mev

== T = 10 Mev

fl -5 popa. —
1BO® &, 0 180" B,

Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004
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Neutron Cross Section

neutron induced reactions

Gtot = cycapture + Oelastic T Oinelastic 7 Cfission T -+

Cross section (bams)

64-GD-158 FROM ENDF-VI NJOY99.0
Principal cross sections

] ] | | ] ] ] ] ]
3 |y -
1586d
E e -
1 — —_—
o -
=1 —— total L.
— absorption
—— elastic
_E_ |
'11 10 ,o8 & 7 .6 s ,la 13 TR | o L
10 10 10 10 10 10 10 10 10 10 10 10 10

Energy (MeV)
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Neutron Cross Section

64-GD-158 FROM ENDF-VI NJOY¥99.0
resonance absorption cross sections

107 .

capture
107
io™
1072 —

o o
= [}
]

Cross section (barns)

= 1073
Energy (MeV)

Radiative capture neutron cross section in **Gd in the region from 100 eV to 1 keV.

64-GD-158 FROM ENDF-VI NJOY¥99.0
resonance absorption cross sections

102

—— L—
- 10

]
a
|

Cross section (barn
EJl|
|

[s]
fa
|

1072 102
Energy (MeV)

Radiative capture neutron cross section in **Gd in the region from 1 keV to 10 keV.
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Cross Section (barns)

4

10 E

Neutron Cross Section

235 238
3h0 MT = 1 102 18 2360 MT = 1 102 18
——rr ; - ——rrr g 1’ ™ ———rrrr —
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=
- E
: X
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all E
woF
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: 10k Jﬁ
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10 1 10 10 iR 107 10’ 10"
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Crosgs Section (barns)
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Neutron Cross Section
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Radiative neutron capture

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 y-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.

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 ~ 10-15-10-2) decays by the emission of electromagnetic radiation
(primary y ray) leaving the compound nucleus in a lower energy state.

The subsequent (secondary y ray) decay of this state to lower energy states, i.e., a cascade of y-rays, leaves
the compound nucleus in its ground state which may or may not be stable against o or 3 decay.

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

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

Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004
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Radiative neutron capture

Primary 7 Secondary ¥

e non-selective population of nuclear excited
states (within a given spin and parity range)

e y-transitions: electric X magnetic
¢ population of collective states

e observation of transitions among low-lying
excited states

e branching ratios of depopulation

Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004
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Radiative neutron capture

The (n, y) 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 (t ~ 1074 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)*:

o(a,b) =c \(a) * — & no correlations between the entrance and exit channels

r

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

=2 gl I’ A, = De Broglie neutron wave length
CN =

" (E,+E.)+I?/4 g = statistical factor
The total resonance width: F=T,+[,+I+[,+ [ _+. =pw | Theneutronand radiative

o strength functions define some
Level lifetime: t=h/T properties of states lying near
Transition probabilty w ~w (A,E ,B) 15 WU el energy. iz

¥ generally accepted picture is
Multipole order A statistical, although non —
. . statistical effects are known.

Reduced Transition Probability B~W, QY

Single — Particle Weisskopf Estimates I'), & hindrance factors [V. Plujko lecture]

*Assumptions violated by direct and valence capture
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Radiative neutron capture

SPECTROSCOPIC INFORMATION

e energy levels and cascade schemes

e clectromagnetic transitions (primary, secondary)

e spins and parities of low — lying states

e absolute transition rates (lifetimes)

e branching ratios

e angular correlations

¢ non-selective population of nuclear excited states (J™ range)
e branching ratios of nuclear level depopulation

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

e scattering lengths, nuclear potential radii

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

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.

45
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Radiative neutron capture

158Gd(n,y)'*Gd
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Radiative neutron capture

CROSS SECTION
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]:

Gres cap — GcN 1 Ochannel T Odir cap

resonance external\hard sphere poter}tial

|
!

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.

47
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Radiative neutron capture

formation I and decay II

excitation energy I:

spin and parity
capture state A

excitation energy I1:

populated level f

neutron binding energy

secondary gamma-ray

Carlos Granja, Czech Technical University —---
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Primary Gamma — ray & Populated levels

P-WAVE
m/_ —— 3/2-
S =-WAVE /2"
4 E1

|:.-"2+ LY /‘},jf‘f
Al Ml.%\f/ /I
fr 7y \

f!,rf( ;\ \ 5/2%

3/2- W N 372+

(r2- A 172+

Population of low — lying states by E7 and M1
transitions from s and p — wave capture stares

Selection Rules

Jg = L +L
Ty = ) X (—1)L& electric transitions
Ty = Wy X (—1)L+ magnetic transitions

multipole L An AJ rel. strength
E1 1 - -1,0,1 1
M1 1 + -1,0,1 101
E2 2 - -2,-1,0,1,2 10"
M2 2 + -2,-1,0,1,2 10"

MSERAGE CROSS SECTIOM [ barma |

:

MELTRON EMERGY [ sl ]

Partial neutron cross sections for s, p, d, f— capture
on a medium heavy nucleus
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Primary gamma — ray intensity

From the complexity of the compound nucleus 1 ~ | yeed 1 L
states, it follows, according to the central-limit : - ———
theorem of statistics, that the reduced-width =g = ¥ =104

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.

P ECRT

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.

Statistical distribution of partial gamma — widths for various
This is a severe limitation of the thermal capture degrees of freedom v.

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.
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Photon Strength

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:

rﬂ,}/f (XL) Definition analogous to the
fXL (Ey)= D .E (2L+1) neutron strength function
Ay
_ 2 E
() 2261107 0 (E)Lfm] oxlE)
XL - (2L+1) photo absorption cross
2L+]) E [MeV] ;
4 section
In the region between 12 — 20
MeV are observed Giant )
: E. peak GR energy
R?C}nantck:]e? .fofll" E1, M‘tlr,] E2 f (E ) B 1 Z i E’}’FG‘;- G oy
radiation that in 'uence' .e Ly ) = —3(?rﬁr')2 0; (EE _ 2 )2 n 212 I'g peak spreading width
photon strength in radiative 7 i=1.2 ¥ G TGy :
=1, o, peak cross section
neutron capture 51
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Nuclear Spectroscopy with Neutrons: Experimental Techniques

(n,g) SPECTROSCOPY

~8MeV Initial state
_
orter| | Ge(Li) detector
distribution L _
Diffraction and
internal-conversion
Ge (Li)-Ge(Li) spectrometers
coincidences 0-1 MeV
1 £, E2 Combination
=<}~ principat
i | ' E+Ey=E,
0 j Ground state

Fig. 2. ¥ -ray spectrometers .
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Nuclear Spectroscopy with Neutrons

Outline
. Introduction & terms
. Neutron sources & detectors
. Nuclear spectroscopy

break

«  Example of complete nuclear spectroscopy
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Nuclear spectroscopy of 199Gd

lab. axiz 4. e Well nucleus with large stable deformation (g ~0.3)

e Splitting of single particle (spherical) strength over many Nilsson (deformed)
states which are labelled by the asymptotic quantum numbers

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

e Major shell NV orbital crossing near the Fermi surface

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

LOW EXCITATIONS

¢ One quasiparticle excitations

e Coupling of single particle motion with collective rotations
HIGH EXCITATIONS

e One and three quasiparticle excitations

e Coupling of single particle motion with rotations & vibrations

Bvibration™  y-vibration

octupole

Vibrations:

¢ i) quadrupole —
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Nuclear spectroscopy of 199Gd

Experiments

Radiative capture Neutron transfer

158Gd(n,y)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,y) experiments

EXPERIMENT E, 0] # of res. Target Enrich. Spectrometer FWHM
(laboratory) [n/sec cm?] [a] [%] AEy
BURN UP & HIGH FLUX thermal 5x 10 thermal 0.055 97.5 Crystal (Quartz) ~100’s eV

(ILL) ~0.025 eV GAMS2/3 + Nal

IRC (IBR-30 & TOF) epithermal Pulsed 12 48.5 97.7 Time-of-Flight ~ 5 keV

(DUBNA) 22 - 1000 eV Ge (Li)

ARC (Sc filter) 2 keV 7.7 x107 ~12 80.0 95.8 Pair spectrometer ~ 6 keV
(BROOKHAVEN) Ge (Li) + Nal(TI)

ARC (Fe filter) 24 keV 4.2 x107 ~25 80.0 95.8 Pair spectrometer ~ 6 keV
(BROOKHAVEN) Ge (Li) + Nal(TI)

56
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Time — of — flight spectra

159Gd
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counts

Time — of — flight spectra

174Yb
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founts

counts

Time — of — flight spectra

174Yb
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Generated gamma — ray spectra
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Generated gamma — ray spectra

R0OBD — — T

MR WMEE A bal-var
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Figure 43: Gamma-ray spectra in the region between 3.6 MeV and 6 MeV of the reaction
58Gd(n,y)'*?Gd in IRC. Figures are produced for neutrons with energies at the 22.3 eV resonance
(top) and with energies in the range from 101.1 eV through 1068.0 eV (bottom). Some peaks are
indicated by the energy of the corresponding populated state (in keV).
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Gamma — ray: energy & intensity

Table 1
Intensities of primary j-ray transitions in the **Gdin,» )% Gd reaction at 12 isolated resonances. Values are given in absclute imits (i.e.. per 100 neutrons captured)
with statistical errors only. Neutron resonance energies E;, are indicated in eV

ses—ses (snss sne [ RS A02 0NN 20 42 pfiwan 3

EyprkeV]  Ef [keV] Liys®

E, =223 101.1 242.7 277.2 3448 4011 S03.3 R85 G929 8473 a17.1 108, 0

043002 0.0 10.00{T) 0.9(2 11301 0502 3.7 02017 104 1T ERIUEY] 052165 1.E(3) LT Y] -0 13
5434702 S04.3 0. 16(3) 0.2(2 2.55(15) 0.4{2) 2804 .14 245 04117} 042 042 043 0503
384T0 5583 0.04{2) 13.8(%) 0.35(T) 10.1(T} 0502 1.2(2) 0.79( 16} ERTEY] 4004 3604 0,703 194y
LT Y ai] 5 03103 0.0(2) a.10(T) —0.08(15) a1 N EYREY] —0 1113 012014 0,00 16) 0.08( 1 &) 0,003 0,203
3295.9(5) G47.1 0152 0,42} —0,13(7) —0,13(15) 0302 035(18) —0.05 4y 01214 0,09( 1) 0,001 8} 0,433 -0 1{3)
S19E 102 T44.9 0.54(3) 0212 —0.02(T} 03816 —0 12010 —0.07( 16} —0.23(13) 01114 0,08 16} 014419 0,203 03403
S161.005) TE20 —0.06{2) 0312 0.05(T) 031017 04(2 034019 0.25(15% LIGIEY =00 12016 0102 0,203 1445
SOER O] 6] S0 01302 .31 0.3218) —0.25(1%) a.2(2 030719 —0.05( 14} — 0010 14 — 1B 16) 0UR2 [N A 1.0d4s
49710013 a72.0 — 0. 043 0.2(3%) —i0 13110 1313 0103 1.2(3) 0.2(2) =012 0. 1(3) 0.2(3) 0.8(5) 0204
4030 7010 10033 0.03(3) 0102 01303 —0.05(1T 012 0302 0617} 00316 =00 IB(LT 0.5(3 0.6(45 0845
4EEL. T3 10613 0, 163 1.773) 0.2108) 02317 18) 08973 ERTEN] 0,130 16 0,04 16 0340159 274 1.7{4) 0,604
4EG3.5(2) 10745 2.96(4) 0102 0.79(10% 0.9(2) 2744 —0.23(18) 0,089 163 059 18} L2119 133 —0L.2(3) 0503
48320 11108 0313 .30 08510 036017 0002y 1.3(4) 061 18) 0. 1816y L2118 —0.2(2) 0.2(4) 234
4814 4¢3 112565 0443 —0.3( 0058 025017 0002 0.2 0.22( 163 025017 mLIIIE, —042 0,203 -0 13
4E03. 32 11397 0.90(3) 08503 013 0.06(18) 012y 0302 1.0¢ 2} 1442} 00 2y 0002 09043 0,303
4T06.9(7) 11461 10203 0.4(7) 1 A 1 761 A N7 15T IRATR R T 0.7(3) 0.3(4) —0.3(3)

T Iy il - . . . . . i T
pres i) lies  oisa sy Experimental uncertainties: statistical & systematical | o I R
4513.4(12) 14296 033 060 R . o . | 0.8(3) nOd —0.24)
495213 14474 0123 022 Siginificant error digits: 1 digit (>29), 2 digits (<29) (VI § B 1 SR 0 1
4744012 146806 0, 15(3) TN . R I o (IR REH] 0.4 0,704
4464703 14783 0.47(3) 0503 a.09(10% 0002 0.3(3) HETEY] 006159 0442} =033 =013 0. 1(4) 0,704
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417270 177003 104 0.013% 0080125 —0.1(3) 0,003 0103 0.213) IR 04(3) 0.0{3) 0.1(4) [T Y]
411554 18245 0444 0514 052114 .43} 014y 0.6(3) .53y 0.9{3) 0.5(3) 0.5(4) 2.5(5) 00045
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Gamma — ray intensity & photon strength

Table 3

Photon strength in 139Gd observed at 12 individual neutron resonances. Final assignments of transition
multipolarity X L are based on the analvsis of analvtically averaged (o) and of individual (b)) -ray intensities.
All observed levels have either spin 1/2 or 3/2 with parity as indicated. Assignments are made within 0. 1%

significance level (assignments within 1% are indicated in parenthesis)

£y, Jy % 1o—# Resonance® Multipolarity? Ey JT
[keVl  [MeV~3] XL XL#) XL [keV] &7.37

5943.002) l4.6(5) | 2345 7891011 Il E F 0.0 —
3434.7(2) 9.3(5) | 345678 Fl E1 F 5083 .
S384.7(2) 24.9(9) 1 234567891011 12 L1 E1 E 5583 —
2161009 2.3(5) 12 MI ML 7820 4+
SO83.006) |.5(5) | 3 12 (ML) M1 M 860.0 4
49397110 21000 7 4] 12 (M1 (M1) 10033 (+)
4881.7(3) 10.0(8) 123 56 10 11 Fl El E | 1061 3 "
4863.5(2) 817 | 3453 g 10 F1 El E | 10795 -
4832.2(3) 5.5(7) | 34 67 | 2 El E1l E 1 1110.8 .
4796.9(2) 5.0(7) | 1 67 10 1 E] E 146 1 ~
4543.7(11) 5.2(9) I 3 7 9 El El E 1399.3 —
4326.1(13) 0.6(9) 1 MDD ML ML 1469 4
4513.4012) 2.8(9) | 2 3 g 10 1429 6
Gala(12) LI R 9 (M) (M1) 1468.6 (4
S 2909 12 (M1) (M1) 14783  (4)

(coniinued)
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f4[MeV 2]

Photon Strength: Resonance Neutrons
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Nuclear spectroscopy with neutrons
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Average resonance capture
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Average resonance capture
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Average resonance capture
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Gamma — rays: energy & intensity

Primary j#-rays in 13934 abserved in average resonance capture of 2, 24 ke'V and non-thermal neutrons, Gamma-ray intensities are given in relative units {normalized to
the strongest transitions). Uncertainties of gamma-ray and level energies include systematic errors. Results from isolated resonance capture [21] are included

2keV 24 keV MNon-thermal IRC

ExikeV J=b Ep(keV) Iy Ey(keV) Iy Ep(keV) Iy Ep(keV) I (s /100m)*

0. 1/2—,3/2~ S045.25(3) 100,004 SeT4005 1000014y 59439703 1000012 O3 000 20% 1.&1(T)

GT.636" 572t SETT.TO(E) 197027 5800 5808 650123
146 94(23¢ Sp2- 582045023y 14.2(%
S07.75(5)¢ 1/2-,3/2~ M3T. M 26.7(25) 545071, 474012y M3adbild 160 5434 700200 | .&6T(8)
SSR36(H° 12—, 3,2~ SIBA.T9(4 53603 4003407 352012y 53B5 Boi9y 18.4{5) 538470020 305
380, Ti6)® 52— 5377706 7009
601 BT (T4 12+, 3,21 5342098014y 12.2(2% 3656008 SLIC12y 53420621 T2(5 5341103 0.0605)
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Photon Strength: ARC 2 keV neutrons

x 10

statistical Auctuations

effective degrees

of freedom
N
V= —
3
0 I T T T : : - |.. T 1
3 3.5 4 4.5 5 5.5 6
E, [MeV]
Fig. 3. Photon strength in ""?Gd with 2 keV neutrons in ARC. The giant dipole res-
onance function of standard Lorentzian shape for E1-strength (bold solid-line) and
a constant value M1-strength model (bold dashed line) are included with reduced
(by 0.7) Porter-Thomas fluctuations (shadow bands). Previously well-established
E1 and M1 transitions [21] are marked with () and B, respectively.
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Photon Strength: ARC 2 keV neutrons

Target: 158Gd Target: 173Yb
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Photon Strength: ratio 24 keV / 2 keV

,_
£

,_
+

1,(24 keV)
1,(2 keV)

,_.
e

10

Fig. 4. Ratio of intensity of primary vy-rays in »Gd between 24 keV and 2 keV
neutrons in ARC. The statistical fluctuations (convoluted between these two data
sets) are shown as shadow bands around the E1 strength (solid-line) and around
the M1 strength (dashed-line) with 90% confidence levels. The well-established E'1
and M1 transitions [21] at 2 keV (Figure 3) are marked with ) and B, respectively.
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Photon Strength: ratio 24 keV / 2 keV

Target: 158Gd

Target: 13Yb
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Nuclear spectroscopy with neutrons
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High flux reactor & high resolution y — ray spectroscopy

M ond spectromefers Louble Flat O rystal Spectrometer

GAMS ITTII

GAMS IV

[ Crystals and interferometer |
B \ A
ol | ——

6]
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High flux reactor & high resolution y — ray spectroscopy

Coarse discrimination

Fine discrimination

spectrometers HE ok =7

CAMS 213 sourca = spectrometer §

o chonger % HAMS .
e shiplding tor cwam  faons AMS
crpalals. souree - holder shutler O
imlarigrametans ! zonbrol syglem Jos
™ '
| § [} —1 0
e — E——— —f -
- .... f St
\ AN I %} i
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_ \\Sdle.- cellimotars s crysial _
\ t it - --1'1 y-detectnrs shig'ded detecior
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Erlf.-r }rr. I"; W gt 5 ¢ LA Bm
Figure 17: Schematic setup of the high-resolution GAMS2/3 bent—crystal spectrometers at the
High Flux Reactor, Institut Laue-Langevin [72].
78

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



High flux reactor & high resolution y — ray spectroscopy

neutrons
Incident

. nhe
~-ray energy Bragg's law E, = S
2d

energy resolution angular resolution AE, = HE,?, cost A6

J ) Lifetime measurements
Order of diffraction n AE[eV] ~ ZD(E[IIBOJ]) M GRID Gamma Ray Induced Doppler
n
DS Doppler Shift
—6 2

AE,keV] = 2.5 x 107°(E,[keV])*/n DB Doppler Broadening
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High flux reactor & high resolution y — ray spectroscopy

Laser interferometer for GAMS2/3 spectrometers. A rotation unit supports the
diffraction crystal and a system of mirrors to generate Michelson diffraction fringes.

% % (Htiaser

quariz
plate
4D
the number of interference fringes N N—-Ny = T.‘sing@ et Wio| laston- rism
t o
the y-ray wavelength A\ — 2d (N — Np) e @ .
7 . phatodicdes

T
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Bent — crystal y spectrometer

ROWLAND 2

Schematic diagram describing the principle of o i spectro
_ SCri peration of the two axes bent crystal meter,
The Bragg angle shown here is highly exagerated. In realistic measurements g is typically in the order of
several minutes to degrees.
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Target burn up & y — ray attenuation

burn up time is calculated from the condition

burn up time

relative content

attenuation of «-rays in the sample target

‘midaf'u i1z
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E-1=1=] o909 1300

Carlos Granja, Czech Technical University

2a00

npop < Ni580158

1 1
t> En(nf_i_ )

oB®n n+1
nf:lf,g 7, 158
=5 =5
n; ny

upl

internal conversion

I=1,(1+a,,)

{ —ppl
I —
I =/ an:_“""”d:ﬂzfgit
0

= IOA

82

--- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004



High resolution y-ray spectra: GAMS2/3 @ ILL
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High resolution y-ray spectra: GAMS2/3 @ ILL
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High resolution y-ray spectra: GAMS2/3 @ ILL
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Neutron transfer experiments

EXPERIMENT Eq beam Target Enrich. Angle range FWHM
Laboratory [MeV] [ng cm?] [%] [°] A E [keV]
(d,p) TU-Munich 18 unpolarised 130 97.0 13-55 p~3
(d,t) TU-Munich 22 polarised 125 98.2 12 - 50 t~7

Carlos Granja, Czech Technical University —---
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Nucleon transfer reactions

777

* population of single-guasiparticle states
STRIFFING: (d,p) = particle states
PICK-TUP: (d,t) = hole states

¢ zelective population of nuclear states. Level spin and
parity result from the transferred angular momentum

¢ 1dentitication ot gnagimarticle Nilsson states and their
aszociated rotational bands

® Spectroscopic factors relate to the gpreading of single
particle strength into Nilsson states.

ul
| 0.5 0

EVEN GROUND STATE QUAS| PARTICLE

the pairing formalism (a) The occupation

by pairs of the single particle levels near the

Fermi surface is measured by the U? and V* factors.
(b) An odd particle causes rearrangement

in the distribution shown in (a). It

is thus a *“‘quasi particle.”
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Nucleon transfer reactions

conservation of angular momentum
in a (d,p) reaction.

F-l
|
=1
|
3
S

2 2 2
p; = pg + Pp — 2pappcost

transferred angular momentum /[

1
ot : B+ 5) < pi R’
projectile-target separation R 2
total transferred angular momentum j=1+7

The angular distribution and peak-maximum position are sensitive only to
the orbital angular momentum transferred [

The two possible values j = [ &= 1 are not distinguished.

using a polarized beam and measuring the asymmetry of the transition amplitude

In a polarized beam the nucleon spin is aligned either up or down along the
direction normal to the scattering plane.

2 o4 —0_

> analyzing power Ay = 3P oL+ 0o
yO4 T 0—
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Nucleon transfer reactions: Q

The reaction Q—values for the (d,p) and (d,t) reactions are

Q{d.l,p} —_ Tp + TA_|_1 - Td —_ Bﬂ(fl + ].) - E.'T — Bﬂ(d)

Quar) =Tt +Ta—1 — Ty = —Bn(A) — E; + By(t)
Q(d"p} = 594J.1 —22246 = J718.6 (Ata.rget = 158)
Qs = —T451.4+6257.3 = —1194.1 (Atarges = 160)

parity of the level populated

even target

Carlos Granja, Czech Technical University —---
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Nucleon transfer reactions: Cross Section

. do = .
spherical nucleus d_; = (25 + 1) hT:tJﬁ(E) ffr;,l,-’j
deformed nucleus gt
single nucleon transfer cross section 29 _ 9 Nt E() 2 f2.
specific state of spin j dQ . i )J A :-‘f’f(LJ“'}J
momentum transter [ kinem. struct.

/

determined by the incoming and outgoing waves

)
spectroscopic factors Sjt = Cj?af(EU,V} - (d:ﬂ =

pairing factor

stripping reaction (U) 12 Ut 1 |+ E— A
pickup reaction (V') GVi— 1 v2 [ 2 V(E— N2 + A2

)/

single—particle energy, Fermi energy and pairing energy are denoted by e, A, A, 90
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Van de Graaff accelerator

section ol accelerating tube
o

[l )"

2 0 o :
2200 o o o corona rings
ion-beam 22095

channel accelerating tube

target | e
./'
WVacuum
pump
motor cm;f':i supply pressure lank/

Schematic drawing of a Van de Graaff accelerator illustrat-
ing the principle of operation.

Tandem Van de Graaf: Doubles the accelerating potential — doubles the particle’s kinetic energy.
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Q3D Magnetic Spectrograph

mulripole  gipole 2

X lm

/ﬁ_ /| W rail system

. s
dipole 1 f 7L dipole 3

= b z“ A
=4 . focal plane
VDN
quadrupole
target — detector-
chamber  getecror
Faraday-cup
beam

The Q3D magnetic spectrograph [85] at the Tandem van de Graaff accelerator of the
University and the Technical University Munich [84].

p v 2mE

. r= -_
particles are focused aB qB
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Charged particle detection

\'\ \ v
. = scintillator-lightguide unit
%y

. ;-r single-wire proporficnal counter

trajectory of particle |
{p. d, 1,3He, 4He)

single-wire proportional
counter

Long position sensitive detector [88] at the Q3D focal-plane. Particle position is
determined in two dimensions by two single—wire and one multiwire proportional chambers. Energies
of particles are determined in the plastic scintillator.

93
Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004



Charged particle detection

A \ scintillator-lightguide unit
y {a\\ """""" .
5 K
N cathode strip foil

anode wires

0

R N

A ( cathode foll
electron cloud

trajectory of particle
(p, d, t,3He,*He)

New position sensitive detector [93, 94] at the Q3D focal-plane. Particle position is
determined in two-dimensions by a two—wire proportional gas chamber with cathode—strip readout.
Additional particle identification is provided by the plastic scinitillator.
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Charged particle detection

induced |
charge f [

I I \
threshold |/ A
I N
position
' -— cathode strip foil
anode wires
— cathode foil

charge avalanche innﬁming particle

a: repetition length = 3.5 mm
active length = 890 mm

. Working principle of the cathode strip read-out detector [93, 94] in Fig. 25. The
particle’s trajectory is determined by a gaussian fit of the charge distribution on several adjacent
strips. Events recorded in fewer than 3 and more than 7 strips are rejected.
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Triton spectra: polarized d beam
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~ Portion of triton spectra at 30° in the 0Gd(d,t)!"°*Gd reaction with spin
up (+1) and down (—1) polarized 22 MeV deuterons. Note the peaks of indicated
3/2~ and 5/2~ levels. Some levels are labelled with their energy in keV.
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Cross Section angular distribution: (d,p)

* SkeV[E2]

LBl L=3

DWBA Distorted Waves Born Approximation
PWBA Plane Waves BA
CCBA Coupled Channels BA
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Distorted Waves Born Approximation

*The optical potential is divided into a volume (I), surface (II), spin-orbit (III) and coulomb
(IV) parts having the form [97, 98, 100]

V= _IfV f(n T‘R,ﬂR) -1 W'V f{r,r;,a;) + {I)

idar Ws Lf(r,rr,a1) + (I1)

o

o 2
Vis (L-S) (i) %%f{r,rLs,ﬂsz + (I1I)

Ve (IV)

where the the potential well f is given by the Saxon-Woods form [97]. The potential parameters are:

V... real potential depth
W ... imaginary absorption
diffuseness

r ... interaction radius

100
Carlos Granja, Czech Technical University --- Selected Topics in Nuclear Theory, JINR Dubna, July 20 — 29, 2004



Distorted Waves Born Approximation

Table 13: Optical parameters used in DWBA calculations.

IEEGd(d,p}lﬁg Gid 160 f}d(d,,t}lﬁg id
D n i [ n

Vi MeV 94.24 56.45 a 118.64 140.61 a
4Wp MeV 49.46 34.84 50.29

Wo MeV 20.80

Vio MeV G.81 1240 A =125 7.30 9.50 A=125
- fm 1.17 1.22 1.25 1.15 1.16 1.25
D fm 1.33 1.32 1.29

T fm 1.20

Teo fm 1.07 1.01 0.88 1.10

R, fm 1.30 1.25 1.30 1.40

iy fm 0.74 0.75 0.75 0.83 0.75 0.75
tp fm 0.91 0.64 0.89 0.65

il %fm% 0.82

B 20 fm 0.66 0.75 1.00 0.80

nle 0.54 0.85 0.85 0.54 0.30 0.85

a Adjusted by CHUCKS.

The spectroscopic factor Sj;, in (d,p), and the spectroscopic strength Gj;, in

(d,t), result from the measured and calculated cross sections as

Carlos Granja, Czech Technical University
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Cross Section angular distribution: (d,p)
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Spectroscopy information from Transfer Reactions

SINGLE PARTICLE ENERGY IN MeV

i0 L5 50 5 60
T T T T =
Spectroscopic information for "*?CGd from (d.p) and -:'1’|:|[.] reactions.  The level energies and 12 h' B=0
spin—parity valves dedoced are given along wikh the cross section (b S = 307} and the corresponding
!.\]H'l:'t I'(:-hl't:-'l:-f' fackar or Appecbroscopc hr.rr'rlai.h [ s equaticns (2] and t:i'{]. Uncertam :m:::t;l:lrr:w-l:rl.-s are |:|=1.-'|::|| h
in paronthesis, 10 t o
{d,p) (dat) '
a -
E,(keV)®  do /did ub/sr) J* S;1(10 E,(keV)®  do/d@{pb/sr)" J" Gi{107 - H
1.0 197 1/2-,3/2" 2 0.0" 511%™ [T K
51.2(9) ¥ (s/2—.7/2 )% (3) 51.0(8)% gk gl
B7.0(7) ] g/2% .5 27" 2 BB.2{0H b gl#
118.2(8)% aad g ot )
122.1(6) 242 542, 7/ 2 a1 122.1(6)% g7zh 184 % .
146.8(6) 71 52, 72" 27 145.4(6)% Lo gpi# 2 J .
185.6(6) 85 7lat oot 118 184.4{8)% 074 gpk# X L H
212.8(6) 24 8/27,11/2~ T 212.3(6)% go ¥ 177%#* ?l 0
227.3(6) 328 52, 7/2" 121 227.8(5)% a5z% aetd & :
274.0(T) 4 1172+, 1372+ 27 73T 6% g1E# W 6-0.3
324.8(8) & 82", 112" a0 324.9(6)% 15 gak#
331.006) 35 9f27,11/2" T da0.6(8)* 2% r1%#
37T2.8(6) 44 12+, 1372+ 373 arz.a(e® 12 % Tags#
456.5(8) 28 g/27,11/2" 78 450.4{8)% 2k q7%# N
BOT.8(T) G20 1/2-, 32" 219 S0 1{6)% 251 % apt# — \ i
S37T.5(5) fifi (1/27.5/27)" (38) 558.2(10)% 23% P
589.0(6) 182 5727, 7 2 67 ses.a(7)% aa® sok# ™ | 1
G .8(12) 1 afzt,s/2t 3 goa . 2(13) " gt e 2 ! 7
G200 1) T 7/2t, 92t 12 633.4(7)% L sl _
G46.5(10)" 7k g ]
conting
dgtsn g CHUCKA [cl ] Distribution of the shell model sirength oa
it} 191 P! s the various states in a deformed nucleus. In the
e txp CHUCKS exln.mplg chosen, thl".'-l‘l' 11/2 :la?c cuntriblum to 21
R G r .o (dyt) . Milsson states covering a considerable interval of

Carlos Granja, Czech Technical University

energy. The figure is based on theoretical expansion
coeflicients,
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Spectroscopy information from Transfer Reactions

SINGLE PARTICLE ENERGY IN MeV

-
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B 2} Py
—~ —
20
&
=
(7]

-03 -02 -01 0 01 0.2 03
4]
The composition of a deformed nucleus
single particle wave function for various deforma- ¥,
tioms. Already at a deformation of 0.1, the wave — \
function has completely lost any resemblance to -] |
the spherical £ 5/2 state. The figure is based on . l l
theoretical expansion coefficients. " ‘
] ve A
o = v O MY = i o o=
dg®" CHUCK?A . Distribution of the shell model sirength oa Mﬁﬂ#
an 5101 -+ (d:p) (2) the various states in a deformed nucleus. In the P ek am e e B = -
deg®*P R example chosen, the & 11/2 state contributes to 21 /
= G.rjﬁ.":.'m‘bm (d,t) . {(3)  Nilsson states covering a considerable interval of
df} energy. The figure is based on theoretical expansion
coefficients, 105
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Spectroscopic results

EXPERIMENT # Ey # Ey Range E; # of Jr
(laboratory) PRI | SEC [MeV] levels

(n,y) IRC DUBNA 80 14 00-24 80 1/2+,3/2*
(n,y) 2 keV ARC BNL 145 - 0.0-3.0 176 1/2%,3/2+,5/2*
(n,y) 24 keV ARC BNL 140 — 0.0-3.0 1/2+,3/2*,5/2*

(n,y) ILL - 73 0.0-15 35 1/2%,3/2*,5/2*,7/2+,9/2-
(d,p) TU-Munich 0.0-2.1 106 1/2+,3/2*,5/2*,7/2*,9/2*,11/2+13/2-
(d,t) TU-Munich 0.0-23 160 1/2%,3/2%,5/2*,7/2+,9/2*

Carlos Granja, Czech Technical University —---
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Level density
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Level density

1 _ 2J+1 _ 252
p(E,J) = S(J)=eE-E/T S(J) = e UHIA e
20
100000 ¢ . . . ; .
£100
10000 ¢ 'O ¢ ,.'-'""'
sum of levels — N o .--""NI
‘@ 1 o
= 0.5 1 1.5 b=l 28 7
S 1000 ¢ - 7
@- E P -
3 P
100 axpe
global
10 : '
3 B 5
Level energy [MeV]
: 1 3 =E . S . .
Density of w' . -;' levels in '3?Gd. The constant temperature Fermi gas moc
fitted to the experimental data and to a global survey [26].
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Levels: energy & spin-parity

Level scheme of "¥Gd. Final levels result as combination of levels observed in the transfer reactions and levels
populated by primary —ravs from oor previous (n,y) expediments [11, 12]. Levels reported in previoos stadies of (d,p), (d,e) [1]
and (o) [9] reactions are included for comparigson.

firal (e, I;tll,‘l] ':”‘_'I-"'.] frreviis shiidies
Es (keV) J" EolkeY) J” Eel(keV) g Es (keV) g
.01 3/2— * 0.0 1/27,8/2 .0 /27,372 (.6 3/2
a0, 627(8) 52— ® 51.1(6)  (5/2~, 72" S0.66]9) 5/2
f7.820(24)% 5jat # 66.7(6) 3/2v,5/27 67 65(6) 52t 67.79(7) 5 /2
118, 686(25)° TiEt # 118, 2(%) 118.82(15) Tiat
121.899(24)% 7/ W 122.1(4) 52,72 121.95(13) 7/2
146, 316(6)* 5/1- # 1. 1id) 52,72 146.94(23) 54 14658 8) LYY
185.0{4) gjat # 185.0(4) 7ot e 185.4(4) oot
212.6(6) /2 # Fl(4) nie— 11/ 3 P TR a/4a
227.412(21)" T2 W 227 6(4) 5/27,7/2 FET_AD[ 10 7/2
273.9(6) 112+ # 273.9(8) 12t 13 2t 273.(2) (112t
$24.9(5) 12 *# 324.9(5) 927,112
}i:ii].-i?!lp.‘tf Bk # 330.8(5) 9/a—, 1142 328.(3) By, 1172
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Teported i the 3

Gamma — ray decay: energy & intensity

ﬂ."i-.'i.lll:lllﬂ.-llﬂr'a_'l.' of levels in "™3Gd observed in the l:'ll.,':ll' reaction. Several transitions

decay of ""WEu [10] are included. E;, JT and E, J; denote the energy, spin ancd

parity of the initial and final level, respectively. E. indicates the gamma-ray energy. Gamma-ray

intensities [, ave given per 1M neutrons captured o per 100

presented in parenthesis.

decay, the latter guantities are

E; J7 By J E, I E; J7 Ey JY E, Iy
(keV) (kW) (keV) (keV) (keV) (ke'V)

FO.GZT 57 no o 27 50.7% 858,51 BT 00 327 85830 0.8

a7.529 &7 0o F7 6T.8%%  (10.2) 50.627 27 807.60 0.4

50627 BT 17.1%  {1.6) 67.820 Bt yen.00 1.5

nesse It seet §T 0 sTa* (10 18686 §F  739.847 0.7

67.820 21 51.0% 872,64 3 00 3 8T1.4% (0.21)

121,889  I° 00 #7 12e® [D4) 67.820 27 &04.7437 T

soGz? 2T Tia® o (1) 1a686 27 7s4.08° 0.3

146.316  §° XTI S F U5 L B 146,816 §~  726.47° (0. 200
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Level scheme

e =

Li/z- 456 4
1524 5797
11/9— g24Q 9/2— BR0.479
1172+ 2758
-— - 72— y 227.413
8/2+ L85.0 5/2- 146 816
(7= | L
Tre- 121899  7/2+ L18.856 (B)72+\ At /
LIE l 67.620 (B5/2
/92— | 50.627 + =+ ' '
—LanEs — Stripping leading to an odd deformed
59— y 0.0 (AN A5 - ] ith e
. nuclens. The neutron enters ‘.m a dl‘-ﬁﬂ_
540 das total angular momentum j Into a Nilsson

state where the projection of j must be Q.

The nucleus must have 7 = j and must there-

fore, in order to accommaodate j, anquim_l_'o-

tational angular momentum R. y
1
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Rotational bands: odd-A deformed nucleus

Negative parity

17283 7

_“:_,m ] _[ﬁfj}j 16223 .-

- 31579.6 9/20514].

1/2[51 G]P H

A=12.9 13659 o

a=-0.39 12304 - 1263.1
3 11786

: 3 11103
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‘M—U_ 3-’2[532]H _

84 . A=13.1 2387
6 ¢ 1
5/2[512], 7598 4
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156.4 - ST I
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VA9 - 305 25275
226 2274 a=0.46
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Rotational band parameters

I'..-'I.-'HII”.IIHJ "E ll:lE'. E‘I]hl!l;llrrli"tliuill. !!FF!'!LZ"II\-'E‘ rirkint IIl:]rlill. paraamekers 'q. iI.I:IiI IIE"I.'I:JH[:I”.JIH fhiv

. . 1B . . . . .
rameters a of rotational bands in "**Gd Corresponding values obtained in the model calealation
with the Corioliz interaction included (see Section VI) and the pure Nilsson a-values are given in

the two rightmost columns,

|'1'rl|||‘| 1’II1'.:I'|:'I_"|.' -"1.—'."rllllr!H ”II I-ﬁ"'i-'l:l .'mr| rl—]ii-lr.'llrll:'r.é"rﬂ
K[Nn:A) (keV) |4 = 3/2(=5/2) 3/2-5/2(=7/2) 5/2 =7/3(=9/2) T/2=9/2{-11/2) 9/2-11/2 112 Coriolis | Milszon
§[521) 0.0 10,12 10,18 10.10 10.19 12.1
3842} 87529 7.0 7.43 B.05 7.50 14.8
#[523) 148,914 11.58 11.45 11.45 12.8
Ln21] 507.724 |11.42 (047)  11.31 (0.47) 11.35 {0.46) 11.2 {0.45) 11.6 {0.3T) [(0.37)
#[651] 601.977 8,06 8.8
Il6s3] 63360 14.16 18.87 11.5
4 [402] 744.378 11.22 11.02 11.6
3 [idi0] TR1.556 | 8.85 (1.81) 7.0 (3.50] |(5.05)
3512 872,64 10,85 10,55 10.6
L [400] 974.20 10,22 (-0.14) 10,15 (-0.14} 1044 (-0.16) 9.6 (-0.35) |(-0.35)
d[s3z]  1110.25 13.64 1171 14.04 1.2
F[514) 11847 7.66 6.9
1[630)  1129.84 |11.80 (-0.83) 14.24 (-0.49) 11.30 {-0.36) 0.9 (-0.45) [{1.24)
£[510) 15796  [13.03 {-0.38) 12.76 (-0.41) 10,1 {-0.53} [{-5.80)
3[s12] 16378 [12.88 9.2
y[651] 10833 |11.86 {-0.44) 11.8 (-0.44} |{1.58)
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Nuclear structure models

E
0Odd — 4 heavy deformed nuclei
) o o hw, LARGE
* Nilsson Model (intrinsic Hamiltonian, deformed mean field, %
pairing, multipole - multipole interaction) Q ¥ -
* Quasiparticle — phonon model (nuclear mean — field, H
pairing interactions, multipole (e.g., quadrupole and octupole t H
vibrations “microscopically”), spin — multipole and charge — 1
exchange interactions, phonon — quasiparticle coupling i ; -
fragmentation), ... h !
(rgmentaton. . % * s
* Particle — rotor and the Coriolis interaction. T
u
. . N . . ™, SMALL
* Rotational bands built on intrinsic quasi — particle states ! '
with phonon admixtures
= low-lying spectra, electromagnetic transitions, .
spectroscopic factors, phonon admixtures B
OBLATE PROLATE
PHONON: a FRAGMENTATION: the Splitting of a shell model state ander the influ-
quantum of vibration  distribution (spreading) of one —, ence of nuclear deformation. The 2/ + 1 fold degenerate

spherical state is split into (2 + 1)/2 doubly degenerate

of nucleons in nuclei. two —, three —, ... single particle or deformed states. The ordesing of the states with the high

H H . eror states. e or 1 0
Unl(lj eri.tOOd as a CtorllleCtl,:/et strength into various f2-values highest for prolate deformation, is preserved in
collective process. other states. the general Nil model.
QUASI — PARTICLE An entity used in the Low - lying non - rotational states and high — lying collective
description of a system of many interacting particles states of the giant resonance — type are well describabed within
which has particle — like properties such as mass, microscopic models based on mean - field, pairing and the
energy, and momentum but which does not exist effective interactions between quasi — particles.

as a free particle such as the single — particle (with The states lying below and above the neutron resonances are well

pairing) excitations in nuclei. described microscopically non — statistically. 115
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Structure intrinsic states: quasiparticle — phonon model

Structure of low-lying intrinsic states in '°°Gd. Experimental
band head energies are compared with values obtained in QFM calculations,
Percentages of the main components of the quasiparticle-phonon admixtures are
given. Unly components greater than 5% are included. Level energies are given

in keV.
JT .f'.-'.:,»fp Fig Structure }f[NrLﬂ;"n]QAP
‘D 0.0 0 3[521] 83%
5+ gr.820 89 S[642] 84%
37 146.316 93 3[523] 42% + §[512] 30% + {$[642]Qs0} 8% + {5 [615]Qss} TH
T 507.724 497 I[521] 1%
2t gor97T 578 Z[651] 1%
I+ 633.60 672 I[633] 68% + {2[521)Qs) 16%
L~ 68416 695  Ll[505] 85% + {3[409].:;:33} 9%
S+t 744378 755 2[402] 81% + {1[400]Q22} 8%
1+t 781556 799  1[660] 81%
ST 8T2.64 1088  E[512] 1% + E[a?ﬁ] 45%
3t ooraze 089 1[400] T0% + {5[402]Q22} 13% + {2[5621]Qa1} T%
3- 111025 1126 3[532] 3% + {%[402]@,5@} 12%
7 11347 1177 £[514] 47% + £[503] 21% + {Z2[606]Qas} 12% + {£[633]Qac} 8%
- 1139.84 1172 z[530] 82% + {3[400]Qs0} 6%
st 1186 2[402] 22% + {4 [505|Q33} 55% + {1[400)Qa2} 5%
I+ 15324 1526 [404] 68% + {3[402]Q22} 22%
$ 15796 1714 2[510] 30% + {3[(‘42.](333} 20% + {3[642]Qas} 8% + {£[512]Qas} 5%
27 1622.3% 1643 2(514] 83% + {Z[411])Qaa} 6%
37 1637.8 1770 £[512] 63% + {Z[514]Q22} 8%
g+ 1785 {$[521]Qa2} 83% + {§[521]Qs0} 5%
*E

nergy of rotational band level (see Section 1V).
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Structure intrinsic states: Quasiparticle-Phonon Model

5 5 " 5 A i 5 . 1
Energies and structure of intrinsic states in ""*Gd from quasipartic le
phonon model calculations. Components greater than 5% are included.
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Spectroscopic Factors: Experiment & Model

: Spectroscopic factors (% 107 %) of negative and positive parity bands in %Gd.
Experimental values are compared with predictions of the Coriolis band mixing calulations.
Only absolute values of the factors S (N = Nuaee) with main quantum number of the
dominant Nilsson assignment of a state are listed. Level energies derived in the model
calculations are included.

(d,p) (d,t) {d,p) (d,t)

State I™ E“*P(keV) E'"(keV) S§7T ST 87" ST State I" E°*P(keV) E'"(keV) ST 8¢ &§;F ST
37 [521] %‘ 0.0 0 31 75 68 296|3F[a2] 5T  pr.829 74 1 2 3 24
27 50.6827 50 3 25 6 73 I+ 118686 118 25 124 70
7 121.899 121 59 149 186 860 87 185.0 184 64 105 115 417
87 2128 214 70 259 203 977 Ut 2739 272 27 40 91 128
- 3249 325 24 12 65 223 L+ ar27 368 149 352 069 1449
8-[s23) & 148.316 146 27 86 30 101 |E+[es1] £+  601.977 624 3 6 4 T3
T 227412 227 TR 252 67 508 8% B46.697 B21 14 3 239

5= 330.479 331 70 333 119 267

17 456.4 456 41 108 95 280
17 [521) %‘ 507.724 509 219 407 28 171 | I7[633] §+ 633.60 623 12 1T 8 40
1= ss8.211 558 29 153 2 80 g+  sass 814 3 34 175
8= 588.517 58O 6T 255 15 179 i+t 1038 19 26
%‘ 705.3 704 71 240 117 236 %’f 1093.0 1147 35 180 B0

= 750.8 TH9 T4 188 206

1= g3s.T 939 15 67 108
U-[s05] L1~  684.18 684 17 98 978 1507 | Z7[404] IT 14882 1488 46 79 1400
57 [512) %— B72.64 873 22 18| #¥[402] %* 744.378 745 31 115 920 1379
I~ 948.35 948 462 419 47 131 2t 800.45 800 16 38 237
87 1043.2 1044 26 222 8 I+ 8765 878 3 19 163 330
17 [532) %‘ 1110.25 1116 6 5 194  24|1%[660] §+ 781.556 G 12 6 126 71
27 1178.6 1176 41 55 628 it 8s58.51 868 2 4 27 63
I~ 1303.4 1310 2 16 75 763 5+ s18.89 835 7 15 146

%‘ 1365.9 1348 48 121 1238
i7[530] i~ 1139.84 1142 9 170 70|3%[400] 1T 97429 975 20 90 359 983
37 1145.60 1158 4 34 615 476 2+ 1001.62 1000 3 49 173 783
7 1253.1 1251 7T 58 112 5% 1059.8 1060 4 14 78 249
I~ 12394 1220 2 3 135 92 I+ 11203 1120 14 92 325
87 1442.8 1455 10 190 42 g+ 12203 1229 13 3 68 77
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Quasi-particle systematics
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