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REVIEW OF MEASUREMENT TECHNIQUES FOR THE 
NEUTRON RADIATIVE CAPTURE PROCESS* 

by 

w. P. Poenitz 
Applied Physics Division 

Argonne National Laboratory 
9700 South Cass Avenue 

Argonne, Illinois 60439, USA 

ABSTRACT 

The experimental techniques applied in measurements of 
the neutron c~pture process are. reviewed. The emphasfs is on 
measurement techniques used in neutron capture cross section 
J!!PM:mr.ements. 

The activation technique applied mainly in earlier work 
has still .its use in some cases, specifically for measurements 
of technologically important cross sections ( 238u and 232 Th) with 
high accuracy. Three major prompt neutron radioat~ve capture 
detection techniques have evolved: the total gamma radiation 
energy detection technique (mainly with large liquid scintil­
lation detectors), the gamma-energy proportional detectors (with 
proportional counters or ·Moxo·n-Rae detectors), and the pulse­
height weighting technique. These measurement techniques are 
generally applicable, however, ~hortcomings limit the achievable 
accuracy to a· zS-15% uncertainty level. 

· *This worlt oupported hy: the u.s! Pepartment of Energy. 
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REVIEW OF MEASUREMENT TECHNIQUES FOR THE 
. NEUTRON RADIATIVE CAPTURE PROCESS 

I. Introduction 

The neutron capture process results in a variety of effects and related 
quantities which are of .interest in understanding its physical nature and 
must be known for practical applications. The intent to measure a specific 
quantity which describes a process, occurring in nature or initiated in the 
laboratory, requires first considering which effects of the process are 
observable and which processes could interfere with possible detection schemes. 
The measurement of a specific quantity involves several auxiliary conditions 
which must be considered in the selection of m~asurement techniques and the 
judgment of their applicability. It is:the intent of this introduction to 
review briefly the measurable effects of the capture process and to survey 
neutron sources commonly used in capture studies. Neutron flux measurements 
require~ in such experiments will.also be considered. More detailed informa­
tion on the latter two subjects is available elsewhere.* 

I .1. The Neutron Capture Reaction 

The neutron· capture process is defined by 

n+ En + A + (A+ 1) +Eri + EA (1) 

i 

where .. a neutron, n, with energy, En, interacts with a target nucleus of mass 
A; a nucleus of mass A + 1 is formed, and one or several gamma-rays are emitted 
(see Fig. 1). EA is the recoil energy which is negligible for most nuclei. Thus 
the effects resulting from a capture.event which might be detected are: 

and 

Absorption (the loss of a neutron), 

Traniimutation ·(the creation of a nucteus with a mass larger by one 
AMU than the mass of the target nucleus), 

Radiation (the emission of electromagnetic. energy, e.g. Y rays). 
The radiative capture process results in a radioactive nucleus for about one 
third of all Gtable target nt1('1P.f. This provides one more opportunity for 
the detection of capture events: 

*see for example: Nuclear Energy Agency Nuclear pata Committee (OECD) series on 
"Neutron Physics and Nuclear Data in Science and Technology" Pergamon Press. 
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Activation (the creation of a radioactive nucleus). 

The emission of prompt y. rays in a neutron:....capture process makes direct 
measurement techniques possible whereas the other effects provide for indirect 
measurement techniques. The energy of the reaction is given by the sum of the· 
center-of-mass energy of the incoming neutron and the neutron-binding energy, 
Bn, of the nucleus of mass A+ 1. Most of this energy is emitted in form of 
electromagnetic radiation. The neutron binding energy is typically in the 
range of 5-9 MeV. 

The quantities which are descriptive of the various effects of the 
capture process as represented with Eq. (1) and ~ig. l·~re: 

The interaction probability for the (n,Y) process, which besides its 
'physical information is often of technological importance, and is expressed 
as a cross section; 

The y-ray spectrum which results from the neutron capture process. It 
is determined by the level structure of the nucleus wit:,h ma·ss A + 1, and has 
physi.cal as well as applied importance; 

The J'..E.?.~~.P..!.~.~.~Y ... ! .. <?F ... ~.P_ecific transiti<>._ns in the de-excitation of the 
compound nucleus which help to define properties of the levels involved; 

The population probability of some of the low-lying. states of the com­
pound nucleus, and 

The multiplicity of theY cascades in the decay of the compound nucleus. 

The quantity of primary interest i.s the probability of the radiative 
capture process taking place, which is expressed with the cross section, on,Y' 

. defined by the equation:· 

Cy = on,Y • N • cj> (2) 

where Cy is the number of capture events resulting from the irradiation of 
a sample containing N nuclei with a neutron flux, cj>. 

The energy dependence of the neutron-capture cross section and features 
of available neutron sources are criteria for.the selection of specific 
detection techniques. A plot of the capture cross section as a function of 
the neutron energy, as it is observed for most medium and heavy mass nuclei, is 
shown in Fig. 2. At low energies (~l-eV) the capture cross section 
often varies as a function of energy with 1_/IE". Perturbations· of this' "law" 
are due to the existence of bound levels close to the neutron-binding energy 
or the proximity of the first positive-energy resonance. The cross section a~ 
low energies is often relatively large. The structure in the resolved resonance 
energy range is due to compound-nuclear phenomena and for neutron angular 
momentum R. =· 0 (s-wave), can be described in terms of the single-level Breit­
Wigner resonance formalism (see, for example, Blatt and Weisskopf, 1): 
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(3) 

as long as these resonances have total widths, r = rn + fy, small compared with 
their average level spacing, D •. Here * is the neutron wave length divided by 
2n, gJ is a statistical.weight factor ((2J + 1)/2"(2I + 1)) given by the 
spin of the comp~und resonance, J, and the spin of the target nucleus, I. ER 
is the resonance energy, and fn and fy are the partial widths of the resonance 
for neutron and y-ray emission which relate to its decay probabilities with fn/h 
and fy/h. The 1/IE behavior of the cross section at low neutron energies can, 
of course, be deduced from the Breit-Wigner derivation of the resonances with 
E << ER, rn~- li,-*2 - 1/E, and fy ~ canst. At higher energies, attainable 
experimental neutron-energy resolution becomes insufficient to resolve the 
resonance ·structure and/or the density and the widths of the resonances 
increases such that overlap occurs and a smooth average cross section is 
observed (unresolved-resonance range). In the MeV-energy range, the capture 
cross section decreases rapidly with. increasing neutron energy as other 
competing decay channels open (mainly inelastic scattering) and finally above 
-10 MeV capture is nearly entirely determined by direct capture processes. 
Direct capture might also be observed between compound resonances where 
contributions fr_om the comp.ound process are small. 

The structure in the resolved-resonance-energy range requires the use 
·'of the prompt-detection techniques for the measurement of the capture cross 

section in order. to achieve the best neutron-energy resolution. The prompt 
detection of the emitted electromagnetic radiation is, of course, also 
applicable at lower and higher neutron energies though with restrictions 
on the latter due to competing reactions. The smooth variation of the cross 
section with neutron energy in the thermal-energy range and at higher ener­
gies permits the use of the activation technique. Restrictions on the 
applicability of absorption and transmutation measurements.to the areas of 
smooth cross sections or to evergy-averaged quantities are again due to 
resolution but mainly due to the requirement for intense-neutron sources 
and problems with compe.ting reactions. 

Knowledge of the y-ray spectra, cascade multiplicity, low-level-population 
probability, an·d transition strengths provides information about the reaction · 
mechanism of the capture process, the energies, spins, and parities of the 
levels, and the statistical behavior of the compound states. The total­
radiative width varies little from one compound resonance to another as it is 
the sum of many possible decay probabilities to lower-lying states. However, 
the width of an individual transition follows a chi-square distribution ·with 
one degree of freedom which results in inarked differences of the observed 
y-ray spectra for different resonances. Such pronounced spectral differences 
were observed for many nuclei for example by Chrien and co-workers (e.g. Lone 
et al. 2 , Mughabghab et al. 3 , Mughabghab and Chrien4 , Lion et al. 5). Figure ~ . 
shows as art example the y-ray spectra obtained for several resonances of ·the 
177Hf(n,Y) process recently reported by Stefanon and Corvi6 • Changes of the·y 
spectr~ for different energies must also be expec.ted, i{ averaged over many 
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resonances, as angular-momentum-selection rules cause additional variability. 
This can be se~n in Fig. 4 where Y spectra of 156 Gd(n,Y) averaged over many 
resonances obtained with average ·energies of ~2 KeV and ~24 KeV are compared 
(Reich7 ). The observed s.pectral changes require that techniques employed for 
the detection of capture events be spectra insensitive. 

Other reactions which must be considered because they result in effects 
similar to the capture process arid thus might disturb the measurement of 

. true capture events are of· the type: 

n + En + A + B + x + Ex + ~ Y i 

i 

(4) 

B is a nucleus of the same or similar mass to that of the target nucle~s, 
A, and x is a reaction product (e .·g. an a particle or a ·proton) which might 
also be a neutron with less energy than the primary neutron (inelastic scat­
tering). They rays from such reactions will have different energy spectra 
and multiplicities. The processes defined in Eq. (4) always compete with 
the measurement of the neutron absorption, except for inelastic scattering 
events. Of major concern is the emission of Y ·rays in competing ·(n;n;Y) 
and (n;Y,n.') processes which interfere with the detection of capture events by 
the method of measuring the promptly emitted electromagnetic radiation. 
Figure 1 shows the major difference between capture and inelastic scattering 
events as far as the emitted y rays are concerned. The maximum total y-ray 
energy of the inelastic process is equal to the center-of-mass energy of the 
primary neutron, whereas ~he capture process results in a total y-ray energy 
equal to the sum of the center-of-mass e,nergy of the primary neutron and 
the neutron-binding energy. The reaction thresholds for the inelastic­
scattering process are usually in the higher keV or the MeV-energy range (see 
Fig. 2) but might be substantialiy lower for heavy:and odd-mass nuclei (a 
few keV) .• 

The fission process is another reaction which, for some heavy-mass 
nuclei, interferes with the detection of capture events by means of measuring 
the prompt-y radiation: 

n + En + A + B1 + B2 + v • n + ~- Yi (5) 

i 

The emission of v neutrons also excludes the use of the absorption for the 
detection of capt1,1re events. The y radiation emitted during the fission 
process has a maximum total energy which usually exceeds that of the capture 
process. 
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I.2. Neutron Sources 

There are several neutron sources available which are used in the 
investigation of capture processes or the measurement of important related 
quantities. Neu.trons generated with linear-electron accelerators (LINAC's), 
cyclotrons, electrostatic accelerators, and reactors are presently the 
main sources for neutron-capture measurements. In the past, photoneutron, 
spontaneous-fission sources, and betatrons were also used. 

LrNAC's and cy~lotrons with suitable targets (often heavy metals like 
Ta or U for the former, but sometimes light nuclei like Be for the latter) 
provide ne.utron bursts in the keV to MeV-energy range •. Using small moderators 
near or surrounding the target permits the shifting of the primary source 
spectra to lower energies and neutrons are obtained with continuous spectra 
("white"-spectrum sources) extending from the low-eV to the MeV-energy range. 
The white-spectra nature of ·these sources requires the separating of the 
neutrons with different energies. This is possible with the time-of-flight 
technique due to the pulsed operation of the accelerator. LINAC's provide 
most of the data in t~e resolved-resonance range due to their high source 
intensity and corresponding good energy resolution. The· neutron-flight paths 
consist of evacuated or He-filled tubes of 10-200 m length. Figure S shows as 
an example th~ Oak Ridge Linear Electron Accelerator Facility (ORELA)~ with a 
large-liquid scintillator for capture measurements stationed at a 40-m-flight 
path. A smaller capture detector utilizing the pulse-height-weighting technique 
is also used at this facility at another 40-m-flight-path station. Spectral 
y-ray measurements can be carried out at a shorter flight path of ::::10~20 m. 

Electrostatic accelerators, utilizing neutron-source reaction-s like the 
T(p,n)3He or 7Li(p,n) 7Be_ reactions can be used to produce monoenergetic 
neutrons with ·thin targets, or, with thick targets, pseudo-white neutron 
spectra. These accelerators can be operated in a pulsed or a continuous 
time-mode and capture data have been obtained in the keV and MeV energy range. 
The time-of-:-flight technique is usually employed for background suppression 
and/or energy determination. 

Reactors are used to measure neutron-spectrum-averaged quantities or, 
with additional devices (fast-mechanical choppers, crystal spectrometers, 
and resonance-interference filters), measurements at specific energies are 
possible. The neutron intensity obtained with a mechanical chopper in the 
low-eV range at a high-flux reactor (HFR), e.g. as available at Brookhaven 
National Laboratory or the Laue - Langerln Institute at· Grenoble, r's usually 
higher than that obtained with a LINAC. Figure 6 shows the beam-tube layout 
of the HFR ~t Grenoble and the neutron-flux intensities for different energy 
ranges (Moessbauer 9). More recently, resonance-interference filters hav_e 
been frequently used to provide monoenergetic-neutron beams utilizing reactors 
or LINAC's as pri.m~ry sources. Average energies of 2 keV and 24 kev have 
been obtained ·with scandium and iron filters, respectively •. Most reactors 

·operate in a steady-state mode, however, a pulsed reactor at Dubna has been 
the site of significant resonance-neutron capture studies. A new reactor 
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of this type constructed at Dubna is shown in Fig. 7. It is designed to 
prod~ce pulses with ~100 ~~ec width and a peak thermal-neutron flux of 
~10 16 -1017 n/cmlsec: (Schabalin10 ). The figure shows a mechanical 
chopper on one of the flight paths. 

In several instances, underground-nuclear explosions have been used in 
capture-cross-section_ measurements (Diven11 ). The high-intensity one-event 
pulse has the advantage of ·low background and thus permits the measurement 
of highly radioactive samples. However, detectors and recording devices 
have to ~e adapted to this completely different experimental situation. 

A spec.ial device used in neutron-cap_ture-cross-section measurements 
is the lead-slowing-down spectrometer. It consists ·of a large pile of lead· 
(e.g. 1.6 x 1.6 x 1.6 m, Mit~el and Plendl12 ) into which bursts of fast 
neutrons are injected with a prim~ry source (LINAC or electrostatic accelera­
tor). The slowing-down neutron field in the pile is used as a neutron source 
with the energy determined by the time depe.ndence of the moderation: 

(6) 

where tis the time after neutron injection, and a and bare constants_ •. The 
intensity of the neutron field follows from ag~-theory: 

1n[n(t)]= c•1n[t] - t/T + d (7) 

where n is the neutron density, T is the average neutron life-time in lead, 
and c and d are again const~ntlil! BQth relationships are usually P.XpP.rimPnt~lly 
confirmed. .The time-dependence of the average neutron energy can be confirmed 
with known resonance "energies and the neutron intensity is measured with a 
well known cross section, e.g. the 10 B(.n,a) reaction. Alt~ough energy resol\jtion 
is poor for lead-slowing-down spectrometers, they are a valuable source of 

· energy-averaged quantities like resonance integrals or average cross sections 
in the lower-keV-energy range. 

The white-neutron spectra obtained with LINAC's or cyclotrons restrict 
these sources to use with prompt-y-ray detection techniques, whereas at 
electrostatic accelerators the absorption and the activation technique·can 
be employed in addition. The neutron intensity is high enough only in 
reactors to utilize transmutation for spectrum-averaged measurements. 
Spectral-y-ray measurements can be carried out using all types of sources. 
However, the higher neutron intensity obtained with reactors and LINAC's is 
fav~rable for these devices. 



Fig. 7. .Schematic of a Pulsed Reactor at Dubna. A Mechanical Chopper 
is Shown at One Flight Path.lO 
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!.3. Neutron-Flux Measurements 

The determination of the neutron-flux 'intensity is required in·most. 
cases for the analysis of capture-yield data and their reduction to cross­
section .values. The flux measurement- can be avoided if the measurement is 
~ade relative to another capture cross .section which is well known. This 
proced.ure not only eliminates the nee~ to determine the neutron flux but 
also reduces, in some cases, the systematic uncertainties caused. by the 
eff~ciency of the detector as well as corrections required for other measure­
ment effects. The capture cross •ection of gold is now a~cepted as the· 
standard for capture meas~rements and is often used in the thermal and fast~ 
energy range. The cross sections for _In(n,Y), Ag(n,Y), I(n,Y) and Ta(n,Y) 
have been occasionally used as references in the past. · 

Resonan~e structure in.the resolved-resonance range and cross-section 
fluctuations in the unresolved-resonance-energy range make measurements 
relative to a capture cross section impractical and reactions with smooth 
cross sections are utiiized. The cross section·of the 10 B(n,a) reaction:is 
often used, with ionization chambers·as detectors. The 10 B(n,a) cross sec­
tion varies smoothly with energy, is large, and has a 1/IE dependence below 
a few keV. The use.of the 10B(n;a,y) cross section; detecting theY ray with 
the· same detector as employed for the measurement of. the capture events, has 
the advantage of canceling the geometry fact'or of the detection-probability. 
More recently, the 6Li(n,a) cross section was utilized, with lithium - .gl_ass 
detectors providing a convenient instrument. The cross section for this 
reaction also varies with energy as 1/IE up to zlO keV. A resona·nce at 
240 keV determines its shape in the keV-energy range. 

At higher energies, . the -welf known· H(n,n) cross section or neut~on 
monitors calibrated with various other ·techniques. are occasionally used in 
ca~ture cross section ·measurements; however, more often ·the well known 
23 U(n,f) cross section is utilized as a ref.ere~ce. 
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II. Capture-Event Detection Techniques 

II.l. Indirect Detection Techniques 

11.1.1. Absorption and Transmutation Measurements 

Elastic scattering and neutron capture are often the only possible reactions 
below the. first inelas~ic scattering threshold. Some exceptions are nuclei 
for which the (n,p) or (n,a) reactions or the neutron-fission process are possible. 
For much of the low-energy range, and for many nuclei, ·the capture cross section 
is larger than the scattering.cross section (on,Y > on,n' and Ty > fn), and 
it can be obtained as the difference between th~ total cross section and the 
elastic-scattering cross section. At thermal energies this is a simple cross 
section· difference, however, in the resolved-resonance range the analysis is 
more complicated and will be discussed below. Specifically, for on,Y ~ otot 
(fy ~f), the uncertainty of determining the capture events via the neutron 
absorption (which is measured as a difference between the total cross section 
and the elastic-scattering cross section) can be expect~d to be less than with 
a direct measurement of the capture cross section. This is because the total 
cross section is determined with the self-normalizing transmission technique, 
and the uncertainty of the scattering-cross-section measurement becomes less 
important if it is only a small fraction of the total. The determination of 
the capture cross section is of specific interest below the threshold for 
coherent scattering where the total cross section consists only of the absorp-
tion cross section, the incoherent scattering and the thermal-inelastic-
scattering cross section which goes to zero for zero temperature. 

There are several other techniques which permit the determination of 
accurate thermal-neutron-absorption cross sections. The measurement of the 
"danger coefficient" for a sample introd'uced into a reactor core involves the 
determination of the change in the multiplication constant which is caused 
by the neutron absorption in the sample material. This method has been superseded 
by the pile-oscillator technique which proved more sensitive to the measure-
ment of absorption and less dependent on long-term drifts of the reactor 
power. The fluctuation of the neutron field due to the oscillating sample is 
observed and givPR a measure for the sample absorption relative to a standard 
(e.g. gold or boron). Another technique for determining the absorption cross 
section io the measuremt:"nt: of the decay constant of a neutron pulse iajected 
into a moderating medium which contains the absorber. These techniques were 
very important for the determination of accurate thermal cross sections and 
are discussed in detail by Hughes13 and Beckurts and Wirtz. 14 They fall into 
the subject area of neutron fields, and will not be further discussed here. 
However, it should be mentioned that the absorption measurement with a pulsed­
neutron field was also apflied for measurements of capture cross sections at 
30 · keV (Miessner ;mel Arai 5 ). The result .in th.is case is an effective-
absorption cross section ~hich inr.ludes the resonance-self-shielding effect. 
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The spherical-shell-transmission method was employed to measure the 
absorption cross section at higher energies where an n > an y, in particu-, , 
lar at 23 KeV with Sb -. Be(Y, n) ·sources. A typical arrangement is shown in 
Fig. 8 (Schmitt and Cook16 ). In these measurements the neutron source . 
or the detector are surrounded with a spherical shell of the sample material. 
The count rate of the detector with the shell around ·the source ~s reduced 
by the neutrons absorbed and scattered in the sample material between the 
source and the detector; however, all losses due· to scattering are substi­
tuted by neutrons in scattered from other parts of the spherical shell. The 
adv~ntage of this metho~.is that it has the self-normalization feature 6f the 
transmission technique. Unfortunately, rather thick spherical shells must 
be used and require substantial corrections for capture events of multiple 
scattered neutrons and for resonance self-shielding effects. Some of the 
o'riginal measurements (Macklin et a1. 17 , Schmitt and Cook16 , and Belanova et 
al. 1 8,1 9 ) were recently reanalyzed with Monte-Carlo techniques (Bogart 
and Semler20 , Miller and Poenitz21 , and Froehner22 ) resulting in subs~antial 
changes or the originally reported cross sections. The Monte-Carlo calc~la~ 
tions ·are still sensitive to input parameters (as, for ·example, the neutron-· 
strength function and level spacings), and the uncertairities of results cibtained 
with this technique are usually not less than z5% •. Figure 9 shows the original 
result obtained by Schmitt and Cook16 for the absorption cross section of 
197Au at 23 keV, an analytical reinterpretation by Schniitt23 , as well as 
the results from several Monte-Carlo analysis of this experiment. Also shown 
are two more recent measurements using the activation technique at the same 
neutron energy (Ryves et a1. 2 ~, Pauw25 ). However, the independence of the 
spherical-shell~transmission method from neutron-flux measurements and detector 
efficiencies provides an incentive to utilize this technique for the measure­
me~t of important cross sections which are difficult to measure with other 
techniques, e.g. 238U(n,Y) (Dietze26 ). 

Some other measurements were· made in order to determine. the absorption 
cross section even where an, n >> an, y•. These exper.iments were designed to 
achieve identical efficiencies for the detection of the scattered and the 
transmitted neutrons from a sample (Langsdorf27 , Pavlenko and Gridak28 ). 
However, the basic problems of secondary-neutron capture and.resonance.se~f~ 
shielding is similar to that for the. spherical-shell-transmission technique. 

, The transmutati.on technique is infrequently used due to the insensiti:vity 
of the isotopic-mass analysis. The fraction of nuclei which is captured 
in a sample irradiated i.n a neutron flux <P for one year is z3•10 7 ·<P·an,Y• 
The reproducibility of the isotopic-mass analysis is.zO.l- 0.3%. Requiring 
a minimum uncertain.ty of zl%. leads to the requirement <P·an, y > 5 • 10-9 which, 
even for a high flux reactor with <P z10 15 , results in a restriction for the 
applicability of this mea~urement technique to cross sections with a > 500 b. 
Smaller cross sections can, ·of course, be determined with a larger uncertainty. 

t) 
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II.1.2. The Activation Technique 

The application of the activation·technique to the measuement of 
capture events is restricted to about one third of all stable nuclei. 
This fraction is further reduced due to the very short or long half-lives 
of some of the radioactive.nuclei which result from the neutron-capture 
process. The restriction for the measurement of short half-lives can be 
overcome to some extent by the use of fast-sample~transport systems between 
the irradiation site and the activity detector, e.g. pneumatic tubes and 
rotating or stepping wheels. In some.cases, they-ray cascades which de-excite 
the compound nucieus end on an isomeric state which then decays witha different 
half-life to the ground state and/or to the daughter nuclei. In this case, the 
measured activity yields only a partial capture cross section. The isomeric­
cross-section ratios derived from these partial-capture cross sections are of 
some interest, however, in order to obtain the total-capture cross section all 
the partial cross sections must be measured·and summed in accordance with the 
decay branches. For some nuclei it is more convenient to measure the decay of 
the daughter nuclei resulting from the primary decay. 

The experiment usually consists of irradiating a sample for a time, T, in 
a neutron flux, ., transferring it to a detector with a time, t~ elapsing 
between the end of· the irradiation and the beginning of a counting period, e. 
The number of counts obtained in 0 is then given. by 

c e: • n • 
k 

where e: is the. efficieQcy for counting specific e•s or Y's occurring in the 
decay of the daughter, grand-daughter, etc., nuclei, and ai is the cross section 
for forming an isomer (i = m) or ground state (i = g) nuclei in the capture 
process. The bik's are the frequencies with which the observed radiation occurs 
per decay of the activated isomeric or ground state. The Kik are time factors 
which can be obtained from the differential equations discribing radioactive-decay 
chains (Evans2 ~) and ap~ropriate boundary conditi6ns: · 
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Ti is the half-life of a particular unstable st~te with i = 1 for the 
actlvated nuclei,. i = 2 for its daughter, i = 3 its grand-daughter, etc. 

Although it had widespr~ad use·· in the .past, the activation technique 
is now less. frequently employed owing to the development of reliable prompt 
detection techniques. It _sti'}.l has its jus~ification in some important 
cases. Measurements· of captUJ;e rates in neutron multiplying or moderating 
media· can be.easily carried O\.lt-with higheraccuJ:acy, while other ·techniques· 
would be less sensitive (transmutation) or disturb the geometry of the 
field (prompt detection techniques). For some nuclei, the capture rate can 
be determined with the activat_ion technique with substantially less_ · 
uncertainty than with the prompt-detection techniques. An example is the 
:standard c·apture cross s.ection of 197 Au(n,Y) 198Au where the 198 Au activity ~an 
be determined with probably 0.1% accuracy and certainly with less than 0.5% 
uncertainty by means of the 4~6 - y - coincidence technique (Champion30 ). 
Another example is the technologically important ? 38u-captu~e process. The· 
239u nuclei .formed in the neutron-capture· process decay with a half-life of 
23.5 min to 239 Np(T1/2 = 2;,355 d) which is also formed in the decay of 
243Am(Tl 2 = 7380 y) (see Fig. 10) •. DetectOJ:S which are used to measure 
the deca?·of 239Np (.usually high-resolution Ge(Li)-detectors) can easily be 
calibrated with 2 ~ 3Am sources which are in equilibrium with ~ 39Np - decays. 
The absolute 243 Am-a-decay rate ·can be accurately·determined by low-~eometry a 
counting. The same scheme can.be employed for the measurement of 23 Th(n,Y) 
react:f,on rates. These techniques offer the potentiai of achieving ari overall 
accuracy of 51%~ The unce:rtaintie~; for the deter~ination of capture 
rates using prompt-detection techniques are large:r by factors of 2-10. Other 
advantages of using the activation technique are ~omplete.isotopic selectivity 
and high sensitivity for counting decay-rates. ·The latter permits· the use of 
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small samples, which reduces required corrections, and makes the measurement 
of small cross sections <=~b) possible. 

Measurements with the activation technique are restricted to spectrum-
.averaged quantities or require the use of monocromatic neutron sources. 
Thus, most data have been obtained i~ the thermal-energy range or ·in the 
fast-neutro~-energy range. However, some.measurements have been made iri the 
resolved-resonance region, e.g. Le.Rigoleur et a1. 31 found a previously-unobserved 
resonance at =35 keV in Na using the activation technique. A considerable 
advantage of this technique is that it provides independent data which might 
be used for the normalization of values obtained with the prompt detection 
te~hnique. Therefore, measurements are often carried out only at selected 
neutron energies, utilizing specific sources. The Sb-Be(Y,n) source, .the 
Fe-filtered-neutron beam from a reactor, and the kinematically-collimated­
forward-neutron cones obtained close to the thresholds of the 7Li(p,n) 7Be 
and the T(p,n) 3He reactions provide such opportunities (e.g. Macklin et al. 32 , 
Chrien et a1. 33 , Poenitz34 ). Irradiations at higher neutron energies are 
usually carried out at zero degree reactiop angle using the neutron-source 
reactions 7Li(p ~n) 7Be or T(p ,n) 3He (e.g .• Cox35 , Grench and Menlove36 ), o~ 
simultaneously at several angles .utilizing the energl spread obtained .in :these . 
reactions (e.g. Lindner et a1. 37 ). The use of tile 5 V(p,n) 51 cr or 45 sc(p,n) 45 Ti­
neutron-source reactions offers the advantage of a direct neutron-flux deter­
mination by utilizing the associated 51 cr- or 45Ti-activities. The energy 
spread of these reactions is substantially less than for light-nuclei-(p,n) 
reactions, and activation cross sections can be measured by surrounding the 
source with the sample in a 4'1T-spherical geometry (e.g. Harris et a1. 38 ). 

The decay of the radioactive nuclei produced in the neutron capture 
process can b.e measured by detecting the emitted 8 and/or Y rays. a rays 
are usually detected with 2'1T- or 4'1T-proportlonal counters. Y transitions 
between levels of the daughter nuclei may be detected with Nai(Tl)­
scintillation counters or Ge(Li) detectors. The high resolutiori obtained 
with the latter has favored these in more recent applications. These measure­
ments require corrections for 8- and y-self-absorption in the samples which· 
can be avoided if the activity of the daughter nuclei is measured after 
chemical separation from the sample. In some cases, the emitted a rays can 
be measured directly as a current in an appropriately constructed counter; a 
method which finds application in reactor flux measurements with the 
l03R.h(n,y) 104Rh reaction (Warren et a1. 39 ). Measurements of the induced 
activity without any self-absorption effects are possible if the sample 
nuclei are part of the detector, as for example Na and I in a Nai(Tl)­
scintillator.detector (Bame and Cubitt40 ). 

It ·is a substantial advantage for measurements in the fast-neutron­
energy range, if accurate thermal cross section·values are kriown from prior 
activation or absorption measurements. In this case, a similar.sample 
of the 8- or y-count.ing equipment (Johnsrud et al. 41 ). Results for the . 
cross sections for the activation of the isomeric and ground states of 116 In 
by neutron capture in 115 In are shown in Fi~ •. 11. These data were obtained 

. using different reference cross sections ( 2 5U(n,f), 10 B(~,a), 197Au(n,Y)), 
and are in good agreement. 
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u·. 2. Prompt-Radi<!- tion-De tee tion Techniques 
. . . 

The- most generally applicable technique for the m~asurement of c·apture 
events is the detection of the electromagnetic radiation emitted promptly 

· ~fter the capture of the. neutron. A n~ber of dffferen.t detection schem~s and 
detector~ hav~ been develo~ed over_ ~he years. They are favorable in some 
applications but have· shortcomings in others •. The majority of the available 
data has been obtained with these prompt detection techniques, p'articularly in 
tQe resol ved:'·resonance-energy range. Historically, the. de te'c tion of the 
prompt y radiatt'on was first made w:i.th rather small detectors, organic or 
:f,notganic crystals (e.g. Meservey42 , Albert and Gaerttner43 , Rae and Bowey44 ). 
Such detectors· were sen-sitive to variations of the y-ray spectra with neutron 
energy, e·.g. from .resonance to resonance, as .discussed above. Later develop­
ments-resulted in three.major groups of detectors: i) totai-y-ene-r:gy-absorption 
detectors, ii) y-energy-pro~ertional detectors, and ii{) small spectral­
sensitive detectors. The latter have been used in conjunction with appropriate 
procedures which compensate for the spectral sensitivity of the measured . 
data. 
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II.2.1. Total-Radiation-Energy-Absorption Detectors 

The principle of these detectors is to collect all prompt-Y-radiation 
energy emitted in the capture process. An ideal detector of this type would 
have a 4n-geometry around the capture sample; would be very large, and result 
in a o-function response signal corresponding to the sum of the neutron­
binding energy and the center-of-mass energy of the primary neutron. Capture 
events could be well separated from inelastic scattering events ((n;n,Y) and 
(n;y,n')) because of the difference in the total amounts of y-radiation energy 
released. The size of the detector required to absorb essentially all 
y radiation from the capture sample is determined by the primary Y spectrum on 
the one hand, and by the interaction probability of the y rays in the absorbing 
material on the other hand. In practice, the principle of such a detector is 
realized with a scintillator material which converts the Y rays to electrons 
and subsequently to light which is detected at the scintillator surface with 
photomultipliers. Most often, a liquid scintillator fs used. The radius 
of a typical liquid scintillator required to achieve an intrinsic efficiency 
(prob~bility that an interaction of the Y ray takea place _in the scintillator) 

-of 99% would he z3m, assuming the emission of a single Y ray of z10 
MeV. A detector of this size would have a volume about 30 times larger than 
the largest detector built so far for neutron-capture-cross-section measure­
ments. It would be impractical, costly and suffer from many problems, e.g. 
high background. Fortunately, the y-ray multiplicity is larger than unity for 
most capture-y-ray cascades and the intrinsic efficiency of much-smaller 
detectors can be expected to be sufficiently high. Figure 12 shows the 
intrinsic efficiency calculated by Kompe45 for a detector with a radius of 55 
em, for y-ray-cascade multiplicities of n = 1,2, and 3. These calculations 
were carried out using the simplifying assumption that the Y-ray 
energies are equal for any specific cascade. The figure shows that a suf­
ficiently large intrinsic efficiency can be obtained for a multiplicity of 3. 
The average y-ray multiplicity for medium and heavy mass nuclei is 3 to 4. 
However, light nuclei, e.g. Ni, may have a large fraction of transitions to 
the ground state or other low-lying states, and consequently a lower cascade 
multiplicity. This will result in a lower intrinsic efficiency and dif­
ferences in the observed y-ray-pulse-height spectrum at different energies as 
shown in Fig. 13 (Ernst et al. 46 ). 

In practice, a detector will consist of a large volume ·tank filled with 
liquid scintillator. Various liquid scintillators can be used; however, 
cost and safety considerations suggest pseudocumene (1,2,4-trimethylbenzene) 
as a solvent which has a reasonably safe flash-point. and is-available with 
sufficient purity at comparatively low costs. A scintillator, e.g. p-therphenyl, 
and a wavelength shifter are added to the solvent. The inside of the tank 
is painted with a light reflector and photomultipliers mounted on the surface 
of the tank view the scintillation· light. A channel through the tank pro­
vides for the transmission of the neutron beam· <:~.nd the inse.rtion of the 
capture samples. 
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The background of Such a detector is the major fimiting factor for· 
choosing a large detector size with a correspondingly high intrinsic efficiency. 
Background is caused by a variety of sources. Cosmic rays and environmental 
radiation are expected to be ambient and proportional to the cross section 
and the volume of the dete.c tor. Figure 14 shows the background from these 
sources for the z800-liter-·liqu1·d-scint:Ulator tank by Kompe. 45 · Though 
appropriate shielding can substantially·reduce the background caused 
by·environmental radiation, it is still very large at low energies and· 
requires the setting of a threshold for the detection of ev~nts, corres­
ponding to Y energies of 1-3 MeV. Background from cosmic radiation can 
be substantially reduced with an anticoincidence shield, however, the· 
total count rate is not very large, and the corresponding detector pulses 
are usually beyond of the range of the capture y-ray spectrum due to the 
energetic nat'ure of the.cosmic rays. 

Some of.th~ ·non-ambient background is caused by neutrons scattered from 
the sample. These neutrons are slowed down i~ the scintillator and captured 
in hydrogen producing 2.2-MeV-Y rays which are detected with. high efficiency. 
In order t~ reduce this background, methylbqrate is added to the liquid 
scintillator which causes these moderated neutrons to be captur~d by the 
10B(n,a) reaction. Capture-r rays are also produced by the scattered neu­
trons in the through-tube material· ·and for measurements at low neutron energies 
6LiH liners can be inserted in the tube in order to reduce the amount of 
scattered neutrons reaching the tube and the scintillator. Other non-ambient 
background is due_ to source ·~eutrons which are captured or inelastically 
scattered in the surrounding materials of the room, or, directly penetrate the 
detector shielding. 

Taking into account the threshold ·required tq reduce the background­
count rate and to eliminate inelastic events, the efficiency, n, of_the 
detector for counting capture events can be expressed as a product of the 
.intr.insic efficiency, e:, and the spectrum fraction, s, · 

(8) 

The spectrum fraction is determined by a variety of effects.· The final size 
of the detector causes some of the Y rays. of a cascade to escape from the 
tank, or· they .escape after only a partial energy loss in a Compton-scattering 
event. Light absorption and the ndnlinearity of the light production in 
the scintillator are other factors which result in pulses smaller than 
those corresponding to the 6-function expected from an ideal detector. 
Figure 15 shows experimental sp~ctra obtained for two different large liquid­
scintillator detectors of similar size (1100 liter and 1300 liter). The 
low-energy threshold is usually fixed in a specific experiment. It is chosen to 
reduce of the size of the .background, and is set above the maximum y-ray 
energy.resulting from the inelastic processes~ The spectrum fraction is 
determined by extrapolation to zero pulse.-helght. This extrapolation is very 
uncertain because measur.ements of the· spectrum shape below 1 MeV are usu·ally 
not feasible due to the high background. The problem is, of course, much 
greater for nuclei with a low neutron-binding energy (like 238u) because the 
spectrum fraction is then smaller~ 'The· spectrum fraction is a .function of the 
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primary neutron energy because a larger fraction of pulses will be above the 
detection threshold for a higher total Y-cascade energy. 

There are several advantages of the large liquid-scintillator detector 
over other prompt y-ray detectors. It has a discrimination feasibility 
against inelastic-neutron-scattering events without compromising its basic 
principle. It also does not require a normalization as long as the intrin­
sic efficiency and the spectrum fraction are' large .enough. The major dis­
advantages are the costs of the detector, its size, and the large background 
with related shielding requirements. As a result of these disadvantages few 
large liquid scintillators were built in the last ten years, although many 
such detectors are still in operation. Only a few of them will be mention~d 
here. 

The first large liquid-scintillator detectors were designed by Diven 
et al. 47 The two tanks had cylindrical shape and volumes of z60 and 
z525 liters. Twenty-eight 5" - photomultipliers were mounted in four rows 
of seven each at the outside of the cylinder surface of the larger tank. The 
counting efficiencies of these detectors were z50% and z75%, r~spectively, 

with a bias corresponding to 3-MeV y-ray energy. Pulse-height spectra were 
measured using 400 keV neutrons and the time-of-flight technique for background 
suppression. Figure 16 shows spectra obtained by Diven et al. for a silver 
sample with these two detectors. The smaller tank does not fulfill the 
objective of summing up the total-radiation energy released in the capture 
events. With the larger detector, Diven et al. measured the capture cross 
sections of 28 ele~ents between 175 and 1000-keV-neutron energy, using mono­
energetic neutrons obtained wit~ a Van-de-Graaff accelerator. 

A very large liquid-scintillator detec·tor was built by Haddad et al. 48 

It has a total volume of 4000 liters, and is,.thus the largest existing.detector 
of this _type. The detector consists of a smaller cylindrical tank. of z600 
liters which surrounds the capture sample. Forty-four additional long-, 
cylindrically-shaped-plexiglas containers with photomultipliers at each end 
were positioned around the inner tank (see Fig. 17). A decaline-base scintil­
lator was used which is compatible with the plexiglas containers. Measurements 
of the y-energy spectra with this high-efficiency detector show a substantial 
improvement for the summation of the total radiation energy released in the 
capture events compare~ with detectors of a smaller size. A Monte-Carlo 
calculation for monoene~getic Y rays (cascade multiplicity of one) predicted 
an intrinsic efficiency of z80% for 8 MeV compared with only ~63% for the 
800 liter tank built by Kampe (see Fig. 12). The modular construction of this 
detector permits its use with different sized configurations, thus ~arying the 
background level. A smaller-size detector will prove adequate for measurements 
of nuclei which have a high y-cascade multiplicity. Measurements were carried 
out with this detector at a LINAC facility using three different configurations: 
a minimal 600-liter size, a median size of 2400 liters, and the full-sized 
detector of 4000 liters. Data were obtained for a large number of isotopic 
and elemental samples in the resolved-neutron-resonance region and in the 
keV-energy range. 
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An 800-liter tank was constructed by Kompe45 at Karlsruhe. The tank 
approximates a sphere in shape and was used in capture-cross-section measure­
ments in the keV-energy range fo~ ~any elements and isotopes. A time­
resolution of ~3 nsec was achieved with -this detec·tor by using 12 fast 
photomultipliers (57 AVP) which were distributed equally spaced over the 
surface of the tank. The time resolution of this detector was recently 
further improved to ~2 nsec by using even faster photomultipliers (60 
AVP). It is now the fastest of all large-liquid-scintillator detectors with a 

. time-resolution close to the limit giveri by the time-of-flight at the light in 
the tank. Substantial fluctuations in capture cross sections were found 
with this detector in the keV-energy range where they were previously observed 
to vary_smoothly with energy. 'A similar detector was .built at Argonne National 
Laboaratory (Poenitz49 ), however, with a larger volume ·(1300 liters). The 
time resolution of this detector is ~3 nsec and was achieved by matching 
of the individual photomultiplier timing, and the application of an on-line~ 
computer rise-time correction. This detector was used for the measurement of 
the capt~re cross sections of ~30 elements in the energy range from 
0.4-4.0 MeV. An anticoincidence shield was used to reduce cosmic-ray background. 

Another large-volume detector (~3000 liters) was built at Oak Ridge 
National Laboratory (Silver et al. 50 ). The tank has an elongated shape 
consisting of a central cylinder and two truncated cones which increase the 
interaction probability for Y rays emitted in the direction of the neutron­
beam channel (see Fig. 18). ·Thirty-two fast photomultipliers (RCA 4522) 
are mounted on the outside surface of the tank. The time-resolution of 
the detector was found to be ~6 nsec and the energy resolution was ~28% for 
the 60 co sum-peak and z24% for the 24 Na peak.· A Helmholtz-coil pair was used 
for eliminating·the vertical component of the earth's magnetic field. A . 
6 LiH-liner in the beam tube reduced the amount of scattered neutrons which 
otherwise produce ba.ckground. An aluminized-mylar barrier divided the tank 
into two halves and permits the use of the coincidence technique which reduces 
background by about a factor of 8. The relative count rates obtained with 
and without the coincidence requi~e~ent for 238U(n,Y) are shown for a part of 
the time-of-flight spectrum iri. Fig. 19. The substantial improvement in 
the count-to-background ratio is most obvious between the compound resonances 
and·. it is beneficial .for the measureme·nt of small p-wave resonances. However; 
.~ coincidence requirement affects the counting efficiency by ~~ducing the 
counting probability for low-multiplicity y cascades. This would specifi­
cally apply to direct-capture between compound· resonances. DeSaussure et 
a1. 51 found·agreement between the data taken with and witho~t the coinci­
dence requirement within ~7%. 

Gupta et aL 52 used a Gd-loaded-liquid-scintillator detector for capture­
cross-section measurements in the higher-energy range. Gadolinium has a high 
thermal cross section and neutrons scattered into the scintillator will be 
captured in Gd after slowing-down collisons. Thus, observing coincidences 
between the originally. prompt-y event and a delayed-Y. count permits discrimin­
ation against inelastic scattering events. 



Fig. 18. 
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The 3000-liters Large Liquid-Scintillation Detectors at Oak Ridge 
National Laboratory. 50 
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A small detector of ~270 liters has been built by Gayther et al.53. 
The efficiency of such small detector is expected to be spectral sensitive and 
Mont.e-c'arlo ·calculations of the shape of the pulse-height spectra were carried 
6ut and compared with the observed y-ray ~pectra (see Fig. 20). -Such calcula­
tions leaq to the determination of the spectrum fraction and the t.otal ef­
ficiency; however, the calculations require the knowledge of the y-cascade 
multiplicities. Some estimate for the latter could be obtained from the 
coincidence rate between the optically separated two halves of this detector~ 

The efficiency of a large liquid sctinillator for high-energy y rays 
could.be improved ~nd/or the size of the tank reduced, if it would be pos­
sible to load the scintillator solvent with a high-Z material. .·A proposal 
in this direction has been made by Macklin. 54 A liquid scintillator could be 
mixed with sinal! particles of a lead-loaded glass. In order to match the 
refractive indices, a liquid scintillator with a napthalene base was suggested. 
Such a scintillator would have a density of about 2.4 g/cm3 and a light output 
reduced, possibly, to 20% of a common liquid scintillator. The volume of the 

· detector could be reduced by a factor of about six _'which would be result 
in a ~ubstantial reduction in background. 

A more straightforward approach to reducing. the size of the scintillator 
by using., a high:_Z material was employed by Adamdchuk et al. 55 They built a 
41T-detector with 12 sections of NaT(Tl)· - crystals. The detector was used 
in measurements of the capture cross section of ~38u. 

,. 
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11.2.2. Gamma-Energy Proportional Detectors 

Lar.ge 41T-detectors achieve y-spectra insensftivity by summation of the 
total radiative energy emitted in a capture event. A detector which has 
an efficiency proportional to the Y energy of an individual transition, 
n(E · ), and detecting only one quant\nn per event~ can be. shown t~ have a 
totlf efficiency proport'ional.to the.total y-ray energy of the cascades and 
thus, also independence or the y-spectrum': . . .· .. . 

n 

E n(Eyi) 

i = 1 

and 'with n(Ey) = c • Ey, where c is constant 

·n 

n = c L Eyi = c • Etot 

i = 1 

where Etot is given by the neutron binding energy and the center-of-mass 
energy of the neutron •. 

(9) 

(10) 

·This principle is realized with Geiger counters having with a wall thicker 
than the range of the secondary electrons of the highest y-ray energy (Branqt 
et·al.56 'and· Fowler et al. 57). However,. the dead-time of such counters is 
very large ahd. thick-walled proportional.counters were used in capture-cross­
section measurements in~tead. Kashukeev et al. 58 investigated the linearity 
of. the thick-walled proportional coun~er and found a linear dependence up to 
y-ray energies of z4 MeV (see Fig. 21). The sample usually surrounds the 
cylindrical proportional ·counter with the wall being the converter. Measure-:­
ments were made for many nuclei, elemental and isotopic, from thermal energies 
to z30 keV in a lead slowing-down ·-spectrometer (e.g. ·Isakov et al. 59 , Konks et 
al.6°) •. Kashukeev et a1. 58 also carried out measurements with a· 2-mm-Bi converter 
and a 9-mm-thick-GaF2 scintillation detector. However, due.to the thickness 
of the scintillator, this detector resulted in an efficiency which was not 
proportional to the y-ray energy (see also Fig. 21). 

Instead.of the thicker scintillator attempted by Kashukeev et al., Moxon 
and Rae6 1 used a thin plastic scintillator for the detection of the secondary 
electrons produced in a graphite or an aluminum converter. .Such a detector. is 
not only proportional to the primary-y energy but it also has a fast time­
response and became known as a· Moxon-Rae detector.. Figure 22 shows this 
detector schematically in a typical time-of-flight experiment at a LINAC. .The 
thickness of the conve.rter must .... be greater than the maximum· range of the 
secondary electrons in order to achieve proportionality of the dete~tor· 
response with y-ray energy. Moxon and Rae considered a maximum y-ray energy 
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of 12 MeV; which requires a thickness of 3.2 em of graphite. 

In order to derive Eq. (10), it was assumed that c is constant. The 
variation of c, the efficiency per MeV of Y-ray energy, was calculated and 
investi~ated experimentally by several authors, most recently by Iyeng~r 
et al. 6 (see Fig. 23). The value of c was found to increase from zero to 
'nearly a constant value above 1-2 MeV y-ray energy. The value of c for 
low-Z-material converters reaches a maximum around 2 MeV and then decreases 
with energy. High-Z-material converters already reach a high value at z1 
MeV but then increase with increasing y-ray energy. The value of c is larger 
for high-Z materials than for low-Z materials by about a factor of 2. Converters 
with Z z50 show ·a nearly constant value for the efficiency per MeV of 
y-ray energy above 1-2 MeV. This can also be achieved by mixing a high-Z 
material with a low-Z material. Figure 24 compares values of c calculated by 
Macklin et a1. 63 for graphite and graphite mixed with lead (40%). 

The scintilla.tor of a Moxon-Rae detector is choosen to have a high 
efficiency for the detection of the converted electrons and a low efficiency 
for Y rays and neutrons. The recoil protons resulting from neutron col-
lisons in the scintillator have a much lower light yield than the electrons, 
thus the neutron efficiency of the detector is very low up to several hundred­
keV-neutron energy. The capture of scattered neutrons in the converter and 
photo~ultiplier cause some additional background. The efficiency of a 
Moxon-Rae detector for capture-Y rays is z4-5%, about a factor of 20 lower 
than the efficiency of a large liquid scintillator. 'However, the background 
of the Moxon-Rae detector is lower by about a factor of 100, resulting in an 
improvement of the signal~to-background ratio by about a factor of five. The 
small size of the scintillator in a Moxon-Rae detector results in good 
timing characteristics which were once considered to be another advantage of 
this detector over a large liquid-scintillator detector, but the use o~ fast 
multipliers with the latter has resulted in comparable time resolutions of 2-3 
nsec. A major advantage of the Moxon-Rae detector, besides its lower background, 
is the low cost of such a detector .and the reduced amount of required shielding 
material. Among the disadvantages are the need for normalization of the 
measured capture rates, the sensitivity to inelastic-scattering y rays, the 
drop of the "constant" c below 1-2 MeV and it~ A-energy-dependence above, as 
well as the low overall efficiency. 

An attempt to overcome the low efficiency of the Moxon-Rae detector was 
made by Weigmann et al. 64 They designed a detector which consists of a stack 
of six optically-isolated sheets of plastic scintillator of 3.5-cm-thickness 
each, which were alternately viewed by two photomultipliers. By requiring 
culul:idences between the two photomultipliers, one effectively makes 
one of the plastic sheets a converter and the adjacent one the detector 
for the secondary electrons. Th~ efficiency of such a detector is increased 
(n-1)-fold if n scintillator sheets.are used. The linearity of the detec­
tor efficiency with y-ray energy was measured with several calibrated-y-ray 
sources and· with neutron capture in dif'ferent Ag and Mo resonances. The 
result is shown in Fig. 25. The linearity appears to be good above ~2 MeV 
but a drop-off seems to occur below 1 MeV similar to that observed for Moxon­
R::~P i!P.r·P.e:tors, The coincidence requirement reduces. the probability for 
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detecting neutron~ at higher energies and thus ~xtends the range for the. 
use of a Moxon-Rae .type detector· to higher neutron energies. 

Another va:j::·iatiop. of the Moxon-Rae detector was used to meas~re capture 
.cross sections of .radioactive samples in time-of-ftight experiments· carried 
out with·a nuclear ·explosion as a ne1.1trori source (Diven 11 ). A solid-state 
~lectron-de~ector was used for the· detection of the secondary electrons 
instead of the plastic scintil+ator employed in most Moxon-Rae detectors.· 

·:· 
.··· ., . :· 
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II.2.3. Pulse-Height-Spectru~-Weighting Technique 

A detector which was not specifically designed to have a linear response 
function, like the thick-walled proportional counter or the Moxon-Rae det~c­
tor, will have a total-detection efficiency 

n 

\L F(Eyi) 

i = 1 

(ll) 

where n is the number of y rays emitted in a specific cascade, Eyi ls the energy 
of the 1th y ray, and F is the probabiliiy that this y ray will be detected. 
The total number of capture events,_ Ny, is then 'derived from the observed 
number of detector counts 

Cy = ny Ny (12) 

For a space angle, Q, small enough that sum coincidences are very improbable (~l << 4tr), 
we can ·Write 

n 

L (13) 

i = 1 

Let us now· assume that we can observe the pulse-height s·pectra which are 
denoted by Cy(Ey,P). The detector response f(Eyi) can be factor~d into 
the interaction probability for the detector material, Q(Ey),_and a factor, 
G(Ey), which represents the probability of registering this-interaction. 
This factor, G(Ey), can now be manipulated by applying an operator or 
weighting_ function, W(P), on the observed pulse height distribution 

~-

G(Ey) f Cy(Ey,P) W(P) dP (14) 

0 

in order to obtain again a linear response 

f(Ey) = R(Ey) • G(Ey) = c • Ey' (15) 

these relations were outlined by Hurst ~nd Ritchie65 as a generalized concept 
for radiation dosimetry. Maier-Leibnitz66 recommended the application of this 
concept for neutron capture measurements and Macklin and Gi.bbons67 first· 
applied it to cross section measurements in the 30-220-keV-energy range. 

It can be easily seen that the r-energy-proportional detectors· are a 
simplified version within this g'roup of detectors where Q(Ey) ~Ey due to 
the principle of the converter and G(Ey) is constant due to the design of 



. the scintillator (Czirr68 ). 
exists for the more general 
select a detector with high 
ground sensitivity. 
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A need for recording the pulse-height spectrum 
case but results in considerable freedom to 
efficiency, good time resolution and low back-

The weighting fu~ction is choosEm such that f(Ey) ~Ey and therefore 
ny becomes, as for the energy-proportional detector, independent of the 
specific Y-cascade features. This independence per~fts the calculation of the 
weighting function using measured or calculated pulse-height spectra, C(Ey,P), 
from a system of equations. or the corresponding matrix equation which follows 
from Eq. 15. A detector for which Q(Ey) = 1, e.g., a large Nai(Tl) detector 
with a collimator channeling the Y rays to the bottom of a well in the crystal 
(Macklin and Gi.bbons 67 ), the pulse-height spectrum C(EcpP) becomes equal to 
1 for P = Ey and equal 0 elsewhere; therefore the weigfiting function becomes 
proportional to Ey• Czirr68 pointed out. that when using a detector for · 
which the response Q(Ey) is ~uch that the weighting function is l~near; 
~he necessity to count only one Y ray per cascade is no longer required and 
larger' space. angles, n, can be. used. 

In practice, a rather simple Nai(Tl) detector or plastic scintillator 
is used, and the weighting function is determined from calculated pulse­
height distributions. The use of' fluorocarbon or deuterated-liquid scintil-. 
lators has the advantage of reduced response from scattered neutrons. 
Figure.26 shows the weighting function calculated by Macklin and Gibbons67 

for a pair of cylindrical-plastic scintillators with a radius of 5.8 em and a 
height· of 7.6 em. which are placed 2_.6 em from the capture sample. The weight­
ing function is nonlinear and gives· the rather freq·uently occurring small 
pulses a low weigbt and the less frequently ocrn1rri~~ \arg~r pulse&· a high 
weight. This results in an increase· of the statis~ical-uncertainty of the 
measured data. Figure 27a shows· a typical measured pulse-height spectrum 
and Fig. 27b shows the weighting .function and.the resulting spectrum (Macklin 
and Allen69 ) for 10 3Rh(n, Y). Measurements of cap.ture cross sections between 
30 and 310 keV neutron energy (by Macklin and Gibbons 56 ).resulted for many 
nuclei, specifically In and Ta, in essentially the same cross section values, 
regardless of whether the weighting function was applied or not •. This sug­
gests that, for some .detector's, the pulse-height-spectrum changes are com­
pensated by efficiency changes or that the primary Y-spectra changes are 
not as substantial as one might expect for neutron-angular-momentum changes 
from ~ = 0 to t = 1 or 2~ 
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II.3. y-Spectrum-Measurement Techniques 

The large thermal flux in a reactor makes it .a suitable neutron source 
for y-spectra investigations. Initially, ·Na~(Tl) detectors were used. . 
They have a high efficiency but suffer from poor resolution and a complicated 
response function. Such measurements provided only limited information on the 
energy levels of the compound nucleus because of the complexity of the spectra 
resulting from the (n,y)-process. A substantial amount of spectral data was 
obtained with magnetic pair or Compton spectrometers which have reasonably 
good resolution (zl0- 3) but rather low efficiencies (zlo-5) (Groshev. et 
al. 70 ) •. Considerable improvement was achieved with the introduction of Ge(Li)­
detectors. These not only have a good energy resolution (zO.OS%) but also a· 
much higher efficiency than the magnetic spe~trometers, and thus make measure­
ments with time-of-flight neutron-energy selection, e.g~ neutron-resonance 
y spectroscopy, fe~si~le. However, th~ spectral r~sponse is again, as for 
Nal(Tl) detectors, rather complicated and involves single- and double-escape­
peaks, and Compton background. This problem can be ov.ercome in ~art with, the 
.use of anti-coincidence spectrometers (e.g. Michaelis and Hors.ch 1 ) or double- . 

. escape-coincidence spectro~eters (e.g. Michaelis e~ al. 72 ). Figure 28 c~ilipares 
.·the resolution obtained with a magnetic-Compton spectrometer,· an early Ge(Li)­
detector, and the performance of a more modern Ge(Li)-detector. The doublet 
from the de-excitation to the ground state and the first excited state·of 
56Fe(n,y) is shown (Chrien33 ). Even better resolution and lesser energy 
uncertainties were achieved more recently for measurements of low-energy-
y rays with curved-c.rystal spectrometers (zlSO eV resolution and 2-eV-energy 
uncertainty at 0.5 .MeV, see Kane 73 ). This performance is surpassed with flat­
crystal sp~ctrometers but at the cost of several orders of magnitude lower 
efficiency (Kessler et al. 74 ). ·The use of crv~t~l spectrometers has 
the advantage of simplified spectra interpretation and the precision needed 
for the composition of the level schemes with the help of the Ritz­
combination principle. The required high .source strength for· these spec~ 
trometers is achieved by in-pile targets which limits the application to 

.measur.ements averaged over the thermal spectrum. Little can be learned 
.from these measurements at thermal· energies besides the energies of the 
levels, however, Ge(Li) detectors arid Nal(Tl) detectors were used to measure 
angular correlations between coincident transitions (e.g. Schmidt and Heck75 ) 
or from p~larized.targets and beams (Abrahams 76). Of substantially greater 

· interest are measurements of y spectra as a function of neutron energy. Such 
measurements are usually made in a two-dimensional mode (Y energy vs. neutron 
time-of-flight) at reactors ':'lith a chopper or at LINAC's. Spectra obtained in 
this manner are shown in Fig. 3. 
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III. Measurement Analysis and Results 

The analysis of measured data depends on the neutron-energy range of . 
the me.asurement and is expected t·o be most complicated in the resonance­
energy range. A large ainount of data has been measured over the years and 
subsequently published in scientific journals and conference proceedings. 
Cross-section data, resonance parameters and spectral measurements are 
referenced in an index to the literature on microscopic neutron data (CINDA77 ). 

III.l. Thermal and Fast-:-Neutron-Energy Range 

The neutron-capture cross sect-ions "in the thermal and· fast-neutron-energy 
range vary smoothly withiri the achievable resolution. Therefore, the analysis 
of capture-yield data is to some extent similar. The measured capture rate 
(per cm2 and per sec) is given for a beam-type-geometry experiment ~y 

Cy = Ey • N • d • a • cp (16) 

where Ey is the detection e.fficiency, N is the number of nuclei per cm3 

and d is the thickness of the sample in em. cp is the number of incident 
neutrons per cm2 and per sec which strike the sample perpendicular to its 
face. The same equation applies for the measurement in an isotropic neutron 
flux because only cp/2 neutrons strike the sample per cm2 and per sec but 
the effective ·thickness of the ~ample is larger by a factor of two than its 
physical thi~k~ess. Whereas Eq. 16 is a good approximation for very thin 
samples (Nda << 1), a number·of effects must be considered for the thicker 
samplesused in practice. The first is the neutron-flux attenuation in the 

-sample. In a beam.geometry, the number of interactions within the sample for 
unit flux is (1.- exp (-Etotd))"where Etot = N•atot~ 

The correction factor for neutron-flux'attenuation applied to Eq. 16 

is then simply (i - exp(-ttot~))/Etotd• The attenuation of the primary 

neutrons for an ~sotropic neutron flux must be integrated over all angl~s 

and is given·by 

lji(E d)· 
tot 

2 • E d 
tot 

== 
1 - 2•E3(Et~td) 

2 • E d 
tot· 

where E3 is one of the integral-exponential functions defined by 

n-2 x 
t exp (- t) 

(17) 

(18) 

For.a measureme~t in a thermal-neutron field, a further integration over the 
.Maxwellian-e~ergy spectrum and energy dependence of the cross sections is 
required. 
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The-underlying resonance structure causes strong variations.of the 
neutron-flux attenuation within the· unresolved-resonance-energy range and may 
vary from nearly unattenuated flux at interference minima· to nearly total 
attenuation at resonance maxima of the cross section. The fine-energy varia­
tion of the resonance-self-shielding effect cannot be observed in the unresolved­
resonance-energy range. However, the average effect is clearly visible if 
measurements with different sample thicknesses are made. Figure 29 shows 
measurements of the capture cross section for two different thicknesses of 
iridium samples obtained· in a lead-slowing-down spectrometer. The resonance­
self-shielding effect suppresses the measured cross section and ~uch smaller 
values are obtained for thicker than for thinner samples.· Measurements with 
different sample thicknesses can be used to extrapolate the values to zero 
sample thickness and thus obtain the infinitely-dilute cross secfion. However, 
it is usually preferable to calculate the required correction for the ~esonance­
self-shielding effect. 

The neutron fraction which results in a first-collision-capture event 
is given by on y/Otot· Neutrons which are not absorbed are elastically 
or inelastically scattered. In a beam-type geometry, scattered neutrons 
usually have a much higher chance of being captured than the primary neutrons. 
At lower energies where scattering is.elastic and isotropic, this increased 
capture probability results from the increa~e of t~e average path length of 
the scattered neutrons in the sample which may exceed a factor of ten. The 
problem is more complex at higher energies where on,Y << otot· The 
larger relative amount of scattered neutrons increases the probability of 
secondary capture events but scattering is anisotropic and forward directed, 
which decreas.es the average path-length of the scattered. neutrons in the 

·sample compared with the low-energy-isotropic scattering. Energy degradation 
due to inelastic .. scattering migh~ become very significant because the capture 
cross section i.~ .usually much larger for the lower-energy inelastically­
scattered neutrons. 

. 'f . 

The problems of resonance-self-shielding and capture events due to 
scattered neutrons are usually treated together. Analytical solutions were 
given by Schmitt 7 8, Dresner 79 ,·and Macklin 80 • Monte-Carlo techniques were. 
used by Froehner~n-, and Poenitz49 • The required corrections can be· substantial, 
and can explain some of· the observed data discrepancies (Devaney 02 ).. . 

... 
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III.2.: Resonance-Energy Range 

The total cross section of many nuclei in the resolved-resonance-energy 
range consists of the capture and the elastic-sca.ttering cross section. 
This excludes.some light nuclei with large (n,a) cross sections or heavy 
nuc.lei with (n,f) cross sections contributing to the total. Using the 
abbreviations a0 =41T *2 gJ fn/f. and x = 2(E- E0 )/f .for the single-level­
Breit-Wigner-resonance description of Eq. 3 yields· 

r 
1 y 

(19) a ;; a r :K2. n,y 0 1 + 

r r 
2x n 1 

2 + 
n + a a r C1 C1 gJ r 1 +x!-

C1 , 
n,n 0 1 + X 0 p p 

where o is the potential-scattering cross section. The objective in the 
resol ve~-resonance region is to obtain the resonance. parameters E0 , gJ, r y 
r n, and r = r y + r n. A measurement of the infini tely-dilute-ca.pture cross 
section, if it were possible, would rield the width, r, and, from.the peak 
cross ~;ection, the value of gJfyfn/~ • The thermal motion of the nuclei 

·results in a Doppler broadening of the resonances anq the terms 1/(1 + x2 ) 
and x(1 + x2 )·of Eq. 19 must be substituted with the familiar Doppler-shape 
functions (~.g. Bethe and Placzek8 3 ): 

1 
x(x,t3) -1flf 

G - -i- ~ .~A~~- (20) 

KT is the effective temperature of the sample material. The Uoppler 
broadening could be avoided if measurements were made with samples cooled 
down to temperatures close to zero. However,.the experimental resolution 
still results in an increase of the width of the resonance, and a decrease 
of the p·eak cross section. The neutron-flux attenuation for sample thick­
nesses used in practice results in a further reduction of the.obsetv~d peak 
cross section and requires the simultaneous measurement of the total cross 
section. 
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The computation of the area integrated over the extent of the resonance 
then becomes a simple method for extracting resonance parameters. The areas 
for the total cross·section and the capture cross section are given by 

A tot = /<1 - e-no')dE 

~ /<1 
r / r 

An,Y -e-no' ). _J_ dE y (21) Atot-
r r 

where o' is the Doppler- and resolution - broadened cross section. A plot 
of fy vs. rn following from the measured Atot and An,Y for several sample 
thicknesses yields intersecting curves which prov-ide rn,. fy values. The 
scattering cross section may be measured instead of. tbe total cross section, 
and Fig. 30 shows an example for thearea analysis of the 65.9 eV resonance 
of 238u. 

A further complication is. caused by the capture of neutrons scattered 
elastically in the sample material. In contrast to the thermal and fast- • 
energy range, the energy.loss in an elastic scattering event becomes impor-
tant. Neutrons which are scattered at the resonance energy lose suf-ficient -· 
energy to fall outside ·the resonan~.e energy and cause few ccipture events •. 
However,neutrons of somewhat higher energy which are scattered to z90 
degrees and·thus have a long. average-path length in the sample may fall into • 
the resonance and result in a substantial amount of secondary-capture eve.nts. 
Figure 31 shows this effect for the 1.15 ~eV resonance in 56 Fe (Gayther ~t al. 84 ). 
The total-capture area can then become much larger th~n the Primary capture 
yield, and the an~lysis ~ust incl~de.the scattering effect (see Fig. 32)·. 

With the availability of fast and powerful computers, the shape analysis 
of measured capture and total-cross-section data by least-square-fitting 
procedures which include the Doppler effect, the resolution, the flux attenua­
tion and the scattering of neutrons in the sample became possible. Figure 32 
shows. such a fit obtained with the code REFIT developed by Moxon. 85 . Similar / 
codes were developed at other laboratories, e.g., the code FANAC by Froehner. 87 

The area analysis and the. shape analysis of capture and total cross sections 
are sometimes insufficient to establish the resonance parameters and inclusion 

. of self-indication data in the analysis is beneficial. Such data ar~ obtained 
by inserting filters of the same maierial and various thicknesses into the 
neutron beam. Figure 33 shows as .an example," the capture yield for th~ 6.67 
eV resonanc·e of 238u obtained by Block et al. 87 for several filters and 
without a filter.· .The saturation ot" ·the capture yield obtained for a strong 
resonance with ry >> rn cart be used for the· calibration of the measured 
data.· The product Ey~ of Eq. 16 is determined with the saturated-capture 
yield and only the energy dependence of Ey and ~ need to be measured 
for other energies ("Black Resonance Technique"). 
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