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1. 
Neutrons can initiate nuclear reactions even when 

the«' have no more energy than is characteristic of 
the thermal motion of atoms (0.025 eV). In fact, 
because of the large dc Broglic wavelength of these 
Ion* energy neutrons, the cross section for interac
tion with nuclei actually increases in inverse propor
tion to the neutron velocity. This contrasts with the 
use of charged particles which, because of purely 
Coulomb repulsion, require quite high energy (of 
the order of several MeV) before the probability of 
interaction is high—particularly for heavy nuclei. 
The neutrons' lack of charge also enables them to 
travel through large thicknesses of material with 
little energy loss. Nuclear reactions are therefore 
correspondingly more numerous if thick targets arc 
used. However, the existence of resonances in neut
ron cross sections leads to very different behaviour 
when different target materials are used. 

The strength of nuclear forces leads to a release 
of energy (binding energy, approximately 5 to 10 
MeV) when a neutron is captured by a target nu
cleus. At the moment of formation the product 
nucleus hau an energy of excitation equal to the 
binding energy plus the neutron energy. Reson
ances in the neutron cross section show the presence 
of discrete energy levis at these high excitation 
energies. 

The role of these factors in the development of 
nuclear reactors and nuclear techniques such as 
neutron activation, and radioisotope production is 
well known. To meet the strong demand for meas
urements of neutron capture, scattering, and fission 
cross-sections, extensive work has been carried out. 
Nevcrthelt.,.., the compLxitv cf the processes in
volved and the difficulties in building up an ade
quate framework of theory mean that there is still 
a great d:-al to learn from research in this field. 

Various kinds of accelerators and reactors pro
vide different types of neutron sources so that work 
at different centres tends to be complementary. 
Both separate and joint projects in neutron capture 
are being carried out in Australia by Universities 

and the А.Л.Е.С. (see Table I ) , thus allowing a 
thorough study of most aspects cf this subject. 

TABLF I 
NEUTRON CAPTURE PROJECTS 

HIFAR Reactor (Lucas Heights) 
Continuous thermal beam: 10я-10* neutrons 

cm"2 s-
Monochromatic beam: 10*-IOT neutrons cm 2 s ' 

1. Thermal-Capture Spectra 
2. Thermal-Capture Angular Correlation* 

3 MeV Accelerator (Lucas Heights) 
Pulsed beam (10 ns, 1 MHz) : lO'-lO'" neutrons 

s ' (Pcak) 
Continuous high energy beam : 10'- neutrons s ' 

3. keV Resonance Studies 
4. Direct-Capture Search* 
5. keV Averaging (Capture Svstcmatics) 
6. Capture Cross-Sections (Nucleogcnesis)* 

30 MeV Betatron (Mclb. University, School of 
Physics) 

Pulsed beam (20 ns, 50 W/) : 5 X JO'5 neutrons 
s'(Peak) 

7. Cobalt Resonance Parameters 
8. Photonuclear Threshold Neutrons 

(Inverse Capture) 
'Experiments by University personnel supported 

bv the Australian Institute of Nuclear Science and 
Engineering for joint use of facilities. 

II. Nortra ReaoMMces 
The properties of the resonant states may be de

scribed empirically in terms of a set of parameters 
which allow accurate calculation of the cross section 
at any energy. The values of the parameters for 
different target nuclei provide important data on 
nuclear structure, particularly for conditions under 
which the excitation energy is thoroughly distributed 
throughout the nucleus. 
Resonance Parametern 
A minimum of five parameters is required to de
scribe one resonance fully. These may be deter
mined by a combination of measurements of total 
scattering and capture cross-sections, but a great 
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deal of careful analysis is required to do this for 
many resonances. In 'his work the capture cross-
section may be treated as a single variable or alter
natively as the sum oi л large number of independent 
variables each of which describes the probability 
of nuclear de-excitation by emission of a specific 
energy gamma ray. Provided sufficiently detailed 
measurements can be made of the gamma-ray ener
gies it is sometimes possible to determine in one 
experiment: 

(a) the isotope which is responsible for each 
resonance; 

(b) the neutron angular momentum associated 
with each resonance; 

(c) values of partial radiation widths. 
Some of the parameters are found to be constant 

from resonance to resonance, while others show a 
broad—almost random—distribution. The mean 
values of the distributions vary systematically with 

target mass number and show the influence of shell 
structure of nuclei. 
Applkati,ms 

At times a particular resonance has a vital signi
ficance. For example, in cadmium a resonance 
occurs very close to thermal neutron energies so that 
the thermal capture cross-section is very high; thus 
cadmium is a very efficient neutron absorber and 
frequently used in nuclear reactors. Л number of 
other materials such as cobJt, manganese, tungsten, 
and gold have very strong resonances at km- neutron 
energies. These can be used to measure the inten
sity of particular energy nep'rons provided die reson
ance parameters are known accurately enough. Un
certainties in the radiation width of the first cobalt 
resonance at 132 eV. however, have caused diffi
culties in . his kind of application. An experiment 
to clarify this situation is being carried out at Mel
bourne University using the 30 MeV Betatron, while 
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the results of nuctor experiments at Lucas Heights 
have also been и.чч1 to obtain a value of the cobalt 
radiation width. 
1П. Nador Spectroscopy 

The high excitation energy produced by neutron 
capture leads to decay by gamma-ray emir>ion to 
Iciver energy levels and eventually to the ground 
state of the product nucleus. The gamma-ray spec
trum may be quit'.- complex and, provided sufficiently 
detailed measurements an* made, a great deal of 
nuclear structure information may be obtained. 
Thermal Capture 

The intense beams available from a reactor and 
the high capture cmss-scctions for thermal neutrons 
make possible the measurement of gamma-ray 
spectra, coincidence, angular correlation, or polariza
tion. The quantity of target material required may 
vary from milligrammes to kilogrammes depending 
on the cross-section and the experiment, but very 
often it rs possible to use separated isotopes. 

The results are usuallv summarized in encrgv-
levcl diagrams in which level positions and quan
tum numbers are shown. These diagrams form the 
basic nucl-ar data which must be fitted by any-
theoretical model of nuclear structure. The infor
mation from neutron capture is usually complemen
tary to thai' from charged particle and photnnuclcar 
reactions and radioactive decay. 
Fpi hernial Capture 

The usefulness of gamma-ray spectra for par
ticular resonances has been mentioned in Section 
H. Such results also add to the knowledge of nuclear 
energy levels and at times may be easier to interpret 
than results from thermal capture. Since a particu
lar resonance is a maximum in capture by one iso
tope only, it is nossiblc to study the properties of 
individual isotopes even though the natural element 
is used as target. However, the drastic changes in 
gamma-rav spectra from one resonance to another 
make i* desirable to study the average over many 
resonances (see Section V). 
Applications 

\ knowledge of the gamma rays produced by 
neutron capture is important in the design of 
shielding, in the design of reactor-based sources of 
relatively monoenergctic gamma rays and in other 
applications of neutrons for which the gamma rays 
mav either be troublesome or useful. 

The measurement of radiation from radioactive 
nuclei produced by neutron capture is the basis 
of the well-known analytical technique—neutron 
activation. Detection of the high energy gamma 
rays emitted during the actual capture process offers 
an alternative method for prompt, non-destructive 
analysis of materials. Development of this method 
depends on the availabilitv of adequate data on the 
gamrm-rav spectra from each clement and the dc-
vclopnvnt of experimental techniques to the stage 
at which the complex gamma-ray spectra can be 
distinguished from .'.ich other. 

IV. TcckaifMS 
Research into the complex topics of neutron cross 

sections md gamma-ray spectra has provided sup
port and impetus for many important technical de
velopments. 
Intense Neutron Sources 

Reactors can provide intense sources of thermal 
neutrons СЮ" to 10 , s neutrons cm"* s ' ) and 
smaller numbers of higher energy neutrons. Pulsed 
beams can be produced by the use >f a mechanical 
'chopper' and low energv monochromatic beams by 
crystal-diffraction techniques. Such facilities are 
used for most of the detailed studi of thermal cap
ture and for some measurements with higher energy 
neutrons. 

Developments in high energy and high intensity 
accelerators—whose beams arc often intrinsically 
pulsed*—have made possible pulsed neutron sources 
with peak intensities as high as 10'* neutrons cm"1 

s ' . New proposals for high flux n-ac.ors, high 
intensity accelerators and accelerator-reactor com
binations usually highlight capture and other neu
tron studies (together with their practical applica
tions) as an important justification. 
Time-of-Fligftt Techniques 

It is possible to measure the velocitv of low 
energy neutrons with great precision by usim* 
time-of-flight methods. The vclocitv of a thermal 
neutron is 2.2 km s"1 and at 1 kcV the velocity 
is 440 km s '• With electronic timing equipment 
and suitable pulsed neutron sources, neutrons can 
be timed over distances of 10 or even 100 metres. 
In this way, the energy of a 1 keV neutron can be 
measured with a precision of 0.1 cV or better. This 
means that the excitation of a nucleus can be 
studied in great detail close to the neutron binding 
energy (see first diagram"). If the latter is of the 
order of 10 \"eV th" overall resolution achieved 
is 1 part in 10я. In order to achieve this resolution 
neution and gamma ray detectors, limine equipment, 
etc.. must »iterate with a time precision of 10 * to 
10'* seconds. 
Gamma-Rav Detectors 

Sodium iodide scintillators have been used for 
manv years as high efficiency but low resolution 
(3 to 10 per cent.) gamma-ray detectors. Magnetic 
or crvstal diffraction spectrometers eive resolutions 
down to 0.1 per cent, but with efficiencies of 10" 
or less. The development of lithium-drifted eerman-
ium detectors has provided an imnirtant advance, 
since a resolution of the order of 0.J per cut. can 
he achieved with an efficiency of 1 ver cent, or even 
higher. The resolution that can be achieved with 
these detectors is ufiially limited bv the performance 
of low-noise electronics svstems required for рп1ч-
amplification. Further developments mav allow 
improvements in both effkicnev and resolution. 

In the study of complex snee'ra. a limitation to 
the sensitivity of germanium detectors is introduced 
by the continuum of pulse heights produced by 
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ЗО-сяг* germanium detector results for (at three mono-
energetic gamma rays f6.M, 6.92, and 7.12 MeV); F— 
fall energy peak; S = single escape peak; I) = double 
escape peak; (b) pair spectrometer results for the same 
three gamma rays. (First published m Nuclear Instruments 

and Methods.) 

Compton scattering of gamma rays. Л typical 
pulse height spectrum for a group of three mono-
energetic gamma rays incident on а 30-cma detector 
is shown in Figure la. Peaks caused by pair inter
actions and the escape of 0, 1, or 2 annihilation 
quanta can be seen superimposed on the Compton 
continuum. Figure lb shows the spectrum measured 
with a germanium detector used in a 'pair spectro
meter* (combination of detectors in a coincidence 
arrangement). The count rate in the main peak 
for each of the three gamma rays is reduced 
by a factor of three by this method, but the con
tinuum is reduced by a factor of 20. 

Part of a typical capture spectrum measured 
with a 10-cm* germanium detector is shown 
in Figure 2. Л target of iron was used in a thermal 
neutron beam, and the accumulation of a large 
number of counts allows the reduction of statistical 
errors so that weak gamma rays can be observed in 
spite of the presence of a Compton continuum. 
Data Procesting 

At a time when most nuclear physics experiments 
used 100-channel analysers, neutron experiments 
were searching for methods which could provide 
1000 or more data channels. The two-dimensional 
nature of capture-spectra measurements (neutron 
energy and ga:nma-ray energy) raises the need to 
store and process thousands of numbers at frequent 
intervals. The development of magnetic tape and 
other mass storage media, culminating in the use 
of small computers to replace the conventional data 
analyser, has solved the problem and provided a 
technique for sophisticated data evaluation during 
an experiment. This technique has broad implica

tions and is becoming widciv used in most research 
Edds. 
V. Nirtiu. O f f t Spteanocs 

Л new technique is being developed at Lucas 
Heights which it is hoped will provide understand
ing of the systematks of the capture process. I h e 
mean value of partial capture cross-sections is 
measured in such a way that the resonance fluctua
tions are averaged out. A proton beam from the 
3-P.leV Van de Graaff accelerator strikes a thin 
lithium target and produces a beam of neutrons 
with a restricted energy range (e.g. 10 to 70keV). 
Largj targets (approximately 20 kg) ал- placed in 
the neutron beam and capture gamma rays detected 
with a germanium detector. Time-of-fught tech
niques provide a control of the neutron range used 
and a simultaneous measurement of background. A 
small computer is used for data storage and pro
cessing so that the 6000 data points recorded during 
a 50-hour run can be analysed to give resonance-
averaged intensities for each of 20 oi more gamma 
rays. 

Initial work with this technique has concentrated 
on common structural materials in the mass SO to 
70 range. It has been found mat the average gamma-
ray intensities are proportional to the cube of »heir 
energv. Inis is contrary to previous measurements 
and theoretical suggestions that a fifth power law 
should apply. Other systematic properties are also 
being studied, such as the importance of the angular 
momentum of the incident neutron and the effect 
of the shell structure of nuclei. 
VI. N t k o g t i s u 

Terrestrial isotopic abundances and neutron cap 
ture cross-sections are not obviously related quan
tities. However, advanced ideas on the formation 
of elements in stellar environments suggest that 
neutron rapture is responsible for the production of 
elements heavier than iron. Л sequence of stable 
isotopes - formed by successive neutron captures, 
until a radioactive isotope occurs which by beta 
decay starts the process in the next higher element. 

Part of the spectrum of high-energy gamma rays from 
thermal neutron capture in iron lining к Ш-ст* ger

manium detector). 
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This chain of events will take place at low neutron 
intensities and is caileü the slow' process. Only 
high neutron intensities (i.e. a last' process) can 
cause neutron capture in radioactive isotopes before 
they have time to decay. The fast process is re-
sponsib.e for production of stable isotopes separated 
from others by radioactive isotopes. 

In the slow process, a sentience of isotopes should 
show a constant value of die product: Abundance 
X Capture Cross-Section. Detailed tests using cap
ture cross-sections for the neutron energy- range 10 
to iOO keV, which corresponds to die appropriate 
stellar temperature, show promise in providing a 
satisfactory explanation of observed abundances, 
although many features of the process require fur
ther clarification. 

VIL F M k r Ream**; 
Neutra* Cross-Sections (D. J. Hughes; Per-

gamon, 1957) gives an introduction to neutron 
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lithium-drifted germanium detectors have revo

lutionized precision gamma-ray energy measure
ments. It is now possible to observe the effects of 
small changes in energy of the incident particle in 
an (», y) or (p, y) reaction. One of the first ex
amples of this technique applied to neutron capture 
is shown in the figure opposite. Three gamma rays 
from neutron capture in titanium appear as three 
groups of peaks starting at 6.413, 6.550, and 6.753 
MeV. In each group the left-hand peak is the result 
of die capture of thermal neutrons while others are 
from capture of 17- and 37-keV neutrons at re
sonances in the reaction cross-section (the 37-keV 
resonance is absent in the 6.413-MeV case). 

physics. fundamentals Ы Nuclear Theory (Ed. A. 
Oe-Shalit, С Valli; I.A.E.A., 1967) contains a lec
ture by E. R. Rae (p. 831) to the International 
Seminar Course at Trieste which reviews funda
mental methods in neutron spectroscopy. 

Alpha, Beta, Gamma Spectroscopy (Ed. K. Sieg-
bahn; North-Holland, 1965) gives a description by 
Motz and Backstrom (Chap. XIII) of thermal 
nettron «.apture studies and references to earlier 
reviews. Atlas of Thermal Neutron Gamma Ray 
Spectra (G. A. Bartholomew et al.; Nuclear Data 
A3, No. 4-6, 1967) summarizes detailed informa
tion available on gamma-ray spectra. 

Semi-conductor Nuclear Radiation Detectors 
(Annual Renews of Nuclear Science; 17, 1967) 
has an authoritative article by A. j . Tavendale (p. 
17) on the rapid developments in this field. 

Nuclear Astrophysics (W. A. Ftmlet; American 
Philosophical Society, 1967) is a stimulating ac
count of the evolution of the chemical elements. 
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