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I. Introduction

The radiative capture of néﬁtrous plays a decisive role in the
neulron balance of nuclear reactors. The aécurate knowledge of these
cross sections is vital to the economic design of reactor systems, not
onlylfrom the stapdpoint of neutron economy, but also from the shielding
requirements, in which capture y~ray production nust be cérefully
evaluated,

In the present report, phe authors have attempted to summarize,
and evaluate, the experimental tecliniques available for neutron capture
cross scclion and spectrum ﬁeasuremeﬁts. The adequacy of present methods
in relation to the requiremznts of the tgghnical user is asscssed. The
requests.are analyzed in terms of motivation and nature of the needs,
and the practicality of the requests is discussed.

For the purposes of_ this rcport,‘the gamma-ray production cross-
gection requests are algo included, although iﬁ mény cascs they may
rcsﬁlt from processes other than radiative capture; e.g., neutron
inelastic écattering.~ These produ;tion Cross sections are neseded in
shielding calculations for nuclear poécr'technology.

The above cousjiderations .lead to a natural division of the report

into three parts:. (1) an analysis of the nature of requests for capture
and y~ray production cross séctions, (2) the techniques for measurement
of capture cross sections, and‘(B) the techniques for measurement of
gamma-ray production cross sections. Because of the broad range of the
desired information; many.techniqucs are required. This report therefore

adopts a comprehensive point of view in the main, using illustrative



- specific cxamples to amplify the conclusions drawn, A détailcd
erxamination of cach problem poscd by tﬂc manj requests is not feasible.’
It is hopad instead that the géneral guidelines on the ability of
.fresent day pechnolog§ to weet our nuclear cross scction néeds will be

made clear,

1Y, Genéral Comiments on Requasts

An cxamination of Wash 1078 - the coempilation 6f requests for
.nuclear cross scction measurements, June 1967 - shows that of 411
.numbared requests, 176, or about 43%, fall into the categorics of
neutron capture and y-ray production. (Récent requegts increase this
nunwber to 183 as of March 1968.) In the latter area fall 45 requests,
mostly concerned with differential cross sections involving the gross
y-ray spectrum shape with a low rcsolution of 0,25 to 1,0 MeV in y-ray
encréy. These requests.are Wainfy in tyo subgroups: (1) low Z elements
abundantly prcgent as coustifuents of the carth's crust and atmosphere,
and (2) the rare earth region, The capture cross-section reﬁuests fall
prim:riiy into the fellowing qafcgories: (1) madiunm veight clements
conprising fcéctor strﬁctural materials, such as zirconium and iron,

(2) fission product poisons, (3) fissionable isotopes, énd ()] transﬁrénium
elements, such a& thosc important to ithopic fuel sources, While.the
precisions required fof y-ray production requests are‘relatiyely modest ,
the éapture cross~section  precision required, especially fqr capfurg in

the fission#ble'isotopes, is quite.high, The problem of obtaining

samp1c§ is critical in the case of fission product poison§ (which may

have short half-li%es),.and in the transplutonium elements, which are



just ncw becoming available through irradi&éious at the Savannah River
and HFIR reactors, Jn many requests, as will be indic;tcd helow, it is
the sample préblem which is at present the critical factor in limiting
the feasibility of the measurement, The samplc.problcm may simply be
availability ox it moy be in sowe cases fhe limitations imposed by
sample r&dioactivity,

ITI, The Rature of the Requests for Radiative Capture and Gamma-ray
Production Cross Sections ’

-

Tie nceds for which radiative capture and y-ray production spectra
3

arve requosted may be clagsified in varicus ways: reactor ox shielding,

biological dose or heating effects, effects on media or‘upon electronic
instruments, In cach the requirvement on accuraéy, resolution and need
for detailed angular infommation is somevhat different, It is useful
. to review these so as to acquaint experimentalists with the kind of
informztion needed in cach application,
1. Reoctor caleulatiens, Usually, the need for capture cross

sections lies in its role in removing neutrons, Thus, it is nceded as
a sihgle valuad function of neutgon energy. Resonance parameters for
capture‘are a convenient parametrization and are frcqgently used diré;tly
in reactivity studies. In any case, narrow (e.g, p wave) and wide
resonances behave somewhat differently in capturing resonances and -

o ;
must be distinguished, but the effect of very narrow resonances is often
much ﬁorc pronounced than appears in the total crogs section, Thus,
difect4measurement of radiative capture and observation of spectrum as

an aid to assigning resonance paramcters are impertant,

Fast reactor studies require some knowledge of inelastic neutron



.

procesces and, to the extent that measurements of the gammas produced

elucidate the level structure and partial cross sections, they are helpful,

2. Reactor ghielding, Gamma radiation produced in neutron
reackions play a significant role iv determining biological dose and
similar effeccts outside a recactox éhield. This is especially true fox
bigh efficiency designé as in space applications, Magy diffefent reaction
modes can be accompanied by photon cmission, but radiative capture and
peutron inelastic scattering are most iﬁﬁortant, The sources in the
shicld itself are particularly significant, especially in or beyond
heavy materials used for structure or for shielding againét core 'y rays,

These materials are often adjacent to core moderators or hydrogenous
neutron shielding_métcrial in which a strong epithermal spectrum moy be
prescnt_‘ The resulting capture gamwas are an important source, To

predict resulting effects, some knowledge of the resonant capture cross

’
3

section and spectrwa in differxent resonances

, ot at least classes of

resénances is needed, Since the penetration of £he radiation in the

heavy materials in which it is produced depéndé strongly upon energy,

the variation fxew Jevel to level of ground state or other energetic

tranéitions is very important}~ The effect in shielding .of the corrélétion<

of £ value (which determines, to ‘some extent, self-shielding effects and

hence the probability of capture) and spectruﬁ has not been inveétigatgd

in any detail, so it is not clear what kind of detail is.needed_ It is

likely that a distinction among several broad classes of resonances is

sufficient., These ﬂight be grouped by j value or.in wide energy ranges,
As indicated above, gammé radiation from inelastic scattering is

another important source, The uscs of these data are essentially the



sam& as for capture, except that anisotropy of the spectrum is more
liliely to be significant. In the past, the angular distiribution has
been taken to be isotropic on the assuwmption that variations of g(n) of.
less than about 507 were unimportant in calculations. Goldstein and
2 .. . . sy '

Ozexr ™ find that for calculations of total neutron flux in homogenecous
geomatry specification of angular distributions of elastic scattering
through P3 gives errors of only 5% in vrelatively deep penetrations. It.

s not an implausible inference that measurements which define the ~-vay

=N

angular distribution through P, are likely to be sufificient for most - -

2
applications. 1In applications of crdinary reéctor shielding, gammas
from neutrons above 8-10 MeV are not likely to be critical, but several
requests are intended to assess the trend of spectra in this range.
Presumably the spectrum can be predicted in the continuum range but

there is inadequate data as yet.

3. Reactor and shield heating. Radiation heating, especially

3 a
v

in shields is an important consideration in réactor enginecring design.
The neced for data is entirely similar to that mentioned above except
that low encrgy photens may be of grcatef interest if they rcpfcgqut
~a significant fraction of the cnergy release. Their effect is.nearly
the same even when internally converted. Thus, they ;an often bg
.accounted for by considerations of total enevgy release.

The rest of this section is devoted to a discussion of specific
requests or classes of requests in the light of the remarks of the
preceding paragraphs.

Reéuirements for v production in 0, Fe, C, Ni, Cr, d¥n, and Zr

is motivated by reactor shielding investigations. As has been

N - -



emphasized sbove, the necessity for data above about 8§ MMeV has not been
éstablished in this applicatioﬁ. Thu;, it would appear that the nced
for new C (#498) or 0 (#409) data is warginal. One rcquestor commented
thag a reassurancé that the‘y production goes as expected would be
welcome. spaéifically, he would like to check that the total cross
sectiop for gamma produétion in C and O at (about) 1 MeV is less than
10 mb and that the cress section near a few volts can be extrapolated
as 1/v from thermal.

Need for data on Fe should bec satisfied by measurements up to
7.5 MeV., Sume indication of angular distribugiOn would be useful, but
unless variations of more thaﬁ about 50% from average values it need
not be very detajled.

Data for Cr, Wi, and Zr can be inferred from neutron Meagurements
and also from theory. ©No doubt some up-to-date méasurements,
especially at about 7 MeV, would ﬂé most,helpful in buttressing such
results.

ihc applicétions to reactor shielding extend down to about a volt
in neutron cnergies. The structural waterials Cr, Mn, and Ri offer
with Fe the pro*iem of fiuding all resonances that account foi the
capture integral. Thus, there is some problem in predicting gamma
. production and difect measurements of it are needced. The same is
true of Zr particulerly because of the large p-wave contribution

to the capture and consequent expected variation of capture spectrum,
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IV. The Techniques for Measurement of Radiative Captﬁrc Cross Scctions.
In gencral ghg ébility to measure an absolute capture crogs scction
knvolvGS»a tnowledge of the (1) incident neutron flux, (2) the nu&ber
of sawple nuclei, and (3) the'détection cff&ciency. With the exception
of the spherical shell transmission techniqﬁc, which is essentially a
transmission measurcient in which SCatteriﬁg is canceled out because of
gcoﬁetrical considerations, all three of tﬂc above factors must be known
and will contribute to enmperimental uncer tainties. In most practical
éases, however, only cross scclion ratios are measured, and the reduction‘
to absolute values involves only the use of certain standard cross scc-

tions. 7The latter assume paramount importance, and the available cross

section precision is limited by a knowledge of these standard cross scc-

tions.
Before entering into a discussion of the precision presently avail-
able, we summarize briefly the commonly used ncutron sources and detec~

tion methods.

Scurces

(a) Broad Range or "White Spectrum Sources" jnclude nuclear reactors

and accélerntor~basad pﬁotoneutrou and charged particle induced evapora-
tion neutron sources. The latter includes linac and cyélotron.sou;ces
in which the high energy neutrons are moderated to produce a slowing-
down spectrum. The encrgy dependence of capture cross sections is
studied by time-of-flight cxpcrimcntg. The thick'target pulsed Van de
Graaff source may also be included in this category.

The unique advantage of the reactor source lies in the high neutron

dose available for internal target irradiation. For measurements where

>



thermal or energy intcgral cross sections are sulficient, reactor irradia-
tion and subscquent analysis by mass spectrographic or radiation counting
techniques provide the only feacille means of measurement on highly radio-
active or low abundance samples. In addition the reactor-chopper combina-
tion appears aﬁttactire for total cross section detorminations on small
samples, for energics up’to a few hunﬁred aVv, ﬁccording to an analysié
by Michaudén; In most applications, however, higher jntensities and
resolutions avre available for the accelerator~based sourcgs; and the
bulkk of present day cxperiments are being carried out with thqsc. The
celectron linear accclerator is especially effective in the 'resonance
region' 10 eV to ~ 100 keV, but is limited by the gamma flagh at.encrgicé
above that range.
At energics of a few tens of keV to several hundred keV, the pulsed
Van de Graaff offers lower backgfounds. Most of the present day capture
measurcments are being carried outcwitﬁ these two accelerator éourccs.
Oneimportagt cétegory which can be inciuded with the above sources’
is nuclear explusions. Offexing an intensity advantage over convenlbional

10 . . :
sources of 107, the nuclear explosion is adaptalile to measurements on
: _
h ]

siall, highly radiocactive samplas.

(b) Discrete energy sources from nuclear reactions and their res-

pective energy are summarized in the following table, taken from reference

£
3H(d,n) Ile

Table 1
Source . Enexrgy ; Energy Spread
|
) {sb-Be (y,n) : 24 keV .~ 2 kev
Fhotonsutron {2k-D,0 (y,m) . 195 kev |22 kev
' 1
Ty4 74 . "’ i '
_ _f Li(p,n) 'Be 30 kev P 15 kev
Threshold (3ucp,n) e | 65 keV i~ 15 keV
: i
Dicerate F7Li(p,n)7nc é 5 - 100 keV o2 keV
) Bl (p,ny3ler g 5 - 100 keV |, 2 keV
{ 4
i
i

14 MeV
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A signifiicant advantage of the photoncutron sources is vheir accur-
ately-known strangths as detcrmined by the highly accurate MnSOA bath-
activation technique. A careful application of the latter method can

R s - PR
yicld a source calibration accurate to -+ %%. Thus the Sb-De photo-
neutron source provides an accurate 24 keV calibration point.

The strength of the lithiwe, tritium, apd vanadium (p,n) reaction
neulrons can be determined by the methods of associated particle detec-
tion, or associated radioactivity detection. The associated radio-
activity method is capable of 4+ 2% accuracy, while with.the 14 MeV

31 4v s \/ s —
peutrons from "H(d,n) He reaction, 1% has been achieved by measuring the
associated particle.

. It _appears, therefore, that highly accuratec source calibration
points for capture eross scction measurements exist throughout the
energy of interest. These complement the more accurately known 0.2%

. " . . 10
to 0.3% standard thermal cross sections for capture in 3He, B, and

197Au; ) ’
Deteciors
There a;e several modes of detectionof capture processes, Perhaps
the simplest is the detection of the radioactivity of the residual
nucleus. Although capable of high intrinsic accuracy, %he method is
limited to discrete encrgy sources and to those nuclidés which possess
residual radioactivity.' Its chief virtue then is in the measurement of
"highly precise source calibrations; aglin the I-InSO4 bath technique.,
Methods éuitable for use in time-of-flight éaptur; measurements
with."white” svactium‘SOurcas are those which detect the prompt gamma-
ray emission following radiative capture. The two cbmmon1§~used detectors
are the.large liquid seintillator éaptura tanﬁ and Fhe gg—called 'Moxon-

Rac" detecctor and its variants. DBoth detectors have suitably fast response



le-

times in the nanosccond range, and both can be made relatively independent
bof the specific nature of fhc gamwa-ray cascade to the residual nucleus
ground state.

(a) Capture tanks are gencrally made large in volume, typically
1000 1it9rs or more, in order that quanta wilht energies of up to 8 MeV
may be conver ted in tlie tank. The.efficiency of such a tank, for example,
;s dévcloped by the General Atomic grogp]vis typically 95 + 5% when a
correction for low enefgy quanta below ~ 3 McV ié made, Using a bovon-
ﬁdisoned SCintillator, the ervor in the éxtrapolution procedure used to
include low energy events may be held to approximately 3%, and the over-
all evror in the detection cfficiency of about UL%. Because of the iarge
scintillator volume needed, the ambient background in the tank presents
difficulties for samples with cross sectiong below ~ 100 wb. TYurther-
more, accelerator-induced fast neutron énd gama-ray backgrounds be-
come important with electron linac time-of-flight méa5uremcnts using

)

the capture tark above 100 keV, With the pulsed Van de Graaff techniques,
such és anploycd at Rarlsruhe,  the background problems are less scvefc,
and cross sections of 5% accuraéy have been reported at 30 keV.“

(b) DMowmou-lazz detectoxs depend on the convexrsion of gamma quanta
to electrons in a graphite or plastic converter and subsequent  detection
of these electrons in a plastic scintillator. Tf the converter is
thicker than the raﬁge of the mo§t~gnergeﬁic elcectron it can be shown
that the efficiency foy detcctién‘of.a singie quantum is proportional to
the qﬁagtum enexrgy. Thus the efficiency for detection of a ﬁehtron capture y-ray
caééade is dependent énly on the total energy Bf the cascéde, which is
essentially the neutron bindiung cnergy. The low efficiency, ~ 2.5%, of

this detector is compensated by its low background, fast response, and
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inscensitivity to neutrons. The cfficiency dependence on the ncutron
binding energy resulls in ‘additional crror vhen cross section ratios
measurcd with respect to a standard are made,

Recently the efficiency of the Moxon-Tae detector has been in-

' , - 10 a
creased to about 10% by the Geel group, who use a sequence of MHoxon-
Rae detectors in geries . TFurthermore, it has . been suggested Ly Maiecr-
1 s, ‘o . . . 11 . .

Leibnitz and verified by Macklin and Gibbons, that application of a
suitable weighting function to tlie pulse outpul of any detector can
convert that detector to the Moxon-Rae type. Thus, even the high efficiency
of a Nal crystal can be utilized in this manncr.

(c) Special detection methods are applied in the instance where

fission competes with capturc. These methods congist of placing the sample
in a fission chamber inside the scintillator tank.. The fission. events
are pult in anti-coincidence with detected events in the tank, so that «,

the ratio of capture to fission may be inferred. Unfortunately, g-particle pile-

e g e . 233 .
e significant, especially for expmple in the case of U , so that

RN

up

-y . . , .12 s
extremely thin samples must be used. Diveiy has used a methed which is
applicable vheie fast timing is not important. In this method the fast
fission meutrons are modcrated and captured By a cadmium or gadolinium
poison placed in the liquid scintillator. Delayed coincidences between
the resulting capture gamma rays, and the prompt fission gamma rays

signal a fission event. The @ pile-up is eliminated and thicker samples

may be used.

(d) The slowing down time spectrometer has been applied for broad
resolution measurements in the range ~eV to ~ 10 keV and is effective

for low cross scéction materials.
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To estimate the precision available with thesce wethods, we recall
that the rclevant.quéntities arce (a) incident'flux, (L) number of sample
“nueclei, and (c¢) dgtector efficicency. In most measuremenfé, Lowever, only

the énctgy'depcudeucc of the incident flux is measurcd and knowledge of
Athe.detcctor ¢fficiency is bypassed by using a standard cross scction,
or using the “saturated resonance! ﬁechnique. The latter dis practical
oﬁly at low neutron energies whene FN?>PH, and thus the attainable pre-
cision is limited by a knéwledge of the incident flux energy dependence,
the cross scction standard, and various self-shielding and multiple
scattering effects Associatcd Qith the physical sample being measurced.
For measurements up to ~ 100 keV, the 10B(n,ay) reaction shows no
eviﬁéqcc of departure froam 1/v, and is commoply usaed as.a flux monitor.
Above 100 keV, however, uncertainty exists as to the behav;or of the
ﬁyo/nai branching ratio,.and this uncertainty - limits the ac;uracy of
a boron gamma counter to i 20% above 100 keV,
Thus the limiting accuracies below 100 keV arc set by the knowledge

of ti.z standard cross gections and by sample effects.. The most commonly

197 198Au.

used and most carefully mcasured capture cross section is Au(n,vy)
" Some jdea of the difficulries.in.obtaining agrecment between different
necasurcnents of this standard.maf.be gainad by.examining  the measurements
recorded on' the SCISRS I tape for the 30 keV capture’ cross scction of

gold (Table II).

Table II

Cross Section . Method ) Date
0.515 b ¢ _Scintillator tank, referred to indium{ April 1961
1.129 ! Activation, referred to boron i May 1961
0.809 ; Activation, referred to boron i May 1961
0.947 { Activation, referrcd to U235 ; December 1962
0.513 . TOF, Moxon-Rac i 1963
0.565 i TOF, scintillator taak -; 1964

0.598 i Activation, referred to MnSO4 bath : October 1966

PRESN
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The consistent discrepancies between the shell transwission measure-
ments at 24 keV and the capture tank measurements at 30 keV have been -
explained in terms of large wultiple scatiering corrections in the shell

13 . .
measurcments, After such corrections are made, the results arce consis-
. . , : NP -
tent with recent pulsed Van de Graaff measurements of Ponitz, el al.
Ponitz has summarized the rccent measurements and finds for the best

value:

T o= R == ‘505
OH,Y(EH 30 kev) 0,596 1.0.012.b

with reasonable agrecment betwecn shell transmission, capture tank, and

Sb~De activity measuvements. Good agrcement in the absolute gold capture
e .. 5 . 1“'. ~ ‘ " 7 - - 2

measurements of Ponitz and Marris is found up to 100 keV, but there is

a 15% discrepancy above 100 keV with measurewents of Barrgjand Grpnch}6

. 235 .. . .
which are based on U fission cross sections. There appears to be,

s . : 197
therefore, some quéstion about either the accuracy of the ““JAu(n,vy)-
g . 4235 . . . '
cross sections (or Lhe U fission cross sections) above 100 keV,
while below 100 keV, the gold captlxe cross section’is known to 5% or
better.

The question of sawple covrections due to multiple scattering and

self shielding effects ie in an unsatisfactory state at the present

time, These corrections are ageravated by the large cross secticn
fluctuations duc to the neutron resonance structure. fhe lack of
agreemeﬁg between multiple scattering codes has been undecrscored by S.
Friesenhahn}7in the lick of agreement between various laboratories on the
sodium 2.85 keV resonance radiation width. In this resonance multiplc'
scattering is very important, since ry/rn a110—3. A significant differ-
'ence between the GA and RPI mﬁltiple écattering corrcctions exists,
1eading'to a deduced radiation widfh of 0.47 + 0.05 ¢V (GA calculation)

N

-vs 0,60 + 0.06 eV (RPL calculation) for the same set of data. Clearly
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it would be valuable to have an inter-laboratory cxchange and evaluation
ofl multiple scattering correction codes.
To emphasize this point, we (uote some vecent pairs of values from

recent ' determinations at the RPI‘Linaclg. In Table IIJ are selected
Y

values of radiation widths for resonances of widely-differing neutron

widths.

TADLE T17

Isotope Eo(keV) T (eV) . ) FY (eV) .
{ 2.85 410 0.61 & .06 (g = 3/6)
23 Na 52.2 . 700 2.60 (g = 3/9)
. 5.88 20 . 0.41 (g = 7/12)
27,AE { 35.0 1700 2.8 (g = 7/12)
) { 1.15 0.088 0.6
>6 Fe . 27.7 1670 144 2 0.14
. 3,96 177 . 1.14 4 0.10
57 To | 6.2l 396 1.32 4+ 0.12

28 3000 441

The cowmparison in cvery instance shows a high radiation width
correlated with high neutron width, a result which is suggestive of

the prescnce of systematic error when rn >> T .
In the lower energy region < 10 keV, where the neutron widths are
)

not excessively high, an examination of recently published radiation

. . . a . X :
widths in 91£r19 and " tMo suggests that typical errors are in the

order of 10% at best| where LI The details of resonance analysis

using capture data are too complicated bto discuss here. It suffices to



say that a combination of‘transmission, capturc, and scattering mcasure-
ments ave necessary to deduce radiation widths in the general case, .for
an arbitrafy ratc of capture to scattering. Precisions of better than
107 on radiation width's have seldom bzen achieved.

In the light of the above discussion, several comuents can be made
concerining the general problems in fulfilling{the requests of Wash 1078.
In genecral, requests demanding precisions of better than 5% in the 10-100
keV region arc presently incap%ble of fulfillment, since the best known
standard, gpld, is known no bctter than 5%. These.requesté include,

9

for the light to medium A, (#57), F and (5108), > Co (a one per cent

radiation width measurement is quite beyond present capabilities). The
case’ of the zirconium reguests present special problems because of the ;o
large ratio of scattering to capture and the low capture cross secltions.
| . ' 91 n
Recent measurements on ~ 2Zr (n,y) performed up to energies of 4 keV
claiwm accuracies of . 25% in radiation widths, and from 7 to . 40% in
e, ]9 P . . ! .
neutron widihe . These arc illustiative of presently available

. . as .. : . \ 63
accuracies and iudicate that the precisions requested in (#20)¥n, (#118) “Cu,

51V thermél

1110y 65 , , T
(#119) "“Cu, (F124)Zr, and (i#152) Nb cannot.be satisfied. The
cross scction presently known to 6% should be capable of being measured
to 3% as vequested in #85.

In the heavier nuclei, in fission product poisons, several requests

151

call for 2-5% in the low energy range 0-1 eV, e.g. (i#197) " "Eu and
(#198) 123k

u. These accuracies are consistent with. known thermal cross

197Au) and are therefore attairable. On the

]
177Hf 178

section standards (e.g.

169T

other kand, (#216) m; (#225) 3 (#226) 7 THE and (#227)179Hf require

accuracies of 3-5% in resonance parameters and capture cross sections

up to 5 keV; these are not attainable. The resonance integral request
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of 5% accuraey for thorium (#243) in the range up to 2 keV is within

present capabilities, since preceisc knowledge of the thorium radiation

“width is not needed here (however, there are significant and unexplainable

discrepancies in the neutron widths for the low .cnergy resonances).

For the vange 2 keV to 1 MeV, the 5% request (3#244) scems Leyond attain-

ment due to the present .. 10% knowledge of the ithorium radiation widths.

.

This situation results from the obsecrvation that when Fn < vy, then the

néutron width is the .controlling factor, whereas at higher energies,

where Fﬁ > T, the radiation width uncertainty becomes dominant. In the

197 . o s . !
case of Au, réquest #235 for 1% in the capture integral, however, seems

to be outside present capabilities of differential cross-section measure-

ments, since it would require measurements of the neutron width of the

5 eV level to an accuracy of 1%.

Requests calling for mcasurements on fission. product poisons in the’

A range from '~ 90 to . 150 requirc samples not presently available to

.

the expsrimentgr. Sevcrai of thege have short half-lives; e.g. 36 hr
(#163), 78 bl %re (#167), 21 welIPT(60y, 16 w 22X, (#171) and 9.2 lx
(#172) . Thermal cross sections for radioactive nﬁclei may be obtained’
by the source depletion method, i.e. measvrewent of activity changes
‘after irradiation in a thermal columm. ‘The cross section variation up
to .~ 1 eV for.these requests, however, requires external methods which
need sample amounts which are not presently available. If the capture
cross sections are large c0mparéd tb scattering cross sections,

o >> Og» total cross section measurements on thesé sﬁall, ﬁighly

ny .

active, samples may be best satisfied with reactor-based transmission

10

135

e
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measuriug devices, either a diffractiOn.spcétromctcr or a chopper,
Recently Tonitz, using the gray-detector, liquid §cinti11a£or
technique, has performed @& careful absolute measurcment of the 238U
. capture cross sccltion (request -#310), 20 keV up to 500 keV, with
‘rcpértcd.accuracx of 5 to 9%8. The discrepancies with older mcasure-
ments, however, are someovhat larger, and it is not yet clear whethex
the request is satigficd. The call for 3% to 10 ¥MeV, request #309,
is clearly unrealistic.
The fissile and transplutonium materials present siightly different
problems. The scope of the ércsent report liwmits detailed discussion
of fission measurcments involved in the determinations'of o and T, In
géncral; it can be observed‘that (u,ﬁa experfuents carried out in a
background of high material activit§ cqh best be handled with the use

of nuclear explosions, in which a high dose of neutrons is absorbed

by the sample., The rate at which such experiments can be carried out

is somcuwhat uncertain, depanding both on sample availability and

experimental test froquency.

. . \ 242
‘Only total cross scctjious zre fecsilble fow such sauples an Cm

L . Q ‘ '
and 2"Cm. Request (#322) Np (2.1 days half-life); (#402)251Cf;
252

and (#404) Cf do not apﬁear feasible because of sample unavailability21.



Y.. - The Techniques for Measurement of Differential Gamma-ray Production
Cross Sectigns

Information on the characteristics of gamma-ray production by
neutron bombardment of various elements is a.uecéssity for shielding
considerations in the prober design of reactors and other devices which
product bigh-neutron fluxeé, Of particular interest are energy spectra,
'aqgular distributions and, when availaﬁle; créss‘sectionsldiffcrential in
angle and y-ray energy for a range of neutron energies, In the range of
incident energics of interest to most nuclear technologists, gawmma-ray
production cross scctions contain contributions from neutron capture and
inelastic ﬁeutron scattering, Although the capture cross scction of a
typical nucleus decreases from about 100 mb at 1 MeV to 10 mb at 10 MeV,
the inelastic neutron scattefing cross section rises quite rapi&ly above
threshold so that typically total gamma-ray production cross sections

arc in the order of barns. TFrom dnusiderations.given below it will be

evident that differential y-ray spectra associated with capture of this

magnitude can be readily observed with existing experimental techniques

over the full rangze of energies of interest, Indeed, measurements of

‘the differential y—raj spectra both in laboratory angle and energy have

been in progress for some time for neutvron encrgics below 7 MeV, Bergqvist
22 , " : - )

and Starfelt in Sweden, I. L. Morgan and collaborators at Texas Nuclear

' . 23 . .24

Corporation and Condc, Drake and Hopkins at Los Alamos have been engaged

in extensive programs of such measurements in the MeV region. In

addition, many studies of inelastic neutron scattering have been. reported

in which the scattering is detected by obsevvation of the y-ray spectrum,

25 . ‘ . X .
Such experiments frequently furnish y-ray cross-section information which
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is very useful Ql fulfilling cross-secticoen requests, - In the resonance
region (0-1C0 Eev) the study of capture spectra is being actively ﬁursued
in many laboratories using rcactors or acceierators as soﬁrces, In the
discussion which follows we will assess the capability for fulfilling

the requests for gamma-ray production cross scctions in Wash 1078 in
“light of this current activity aund the general lkinowledge of the state of
" the art in such measuyémean,. In part&cular we vwill be concérned with
-extending measuraments to covér the full range of inqideqt neutron
encryiies appearing in the crﬁss~section requcsﬁs,

The éross section of interest here is the laboratory cross section
fsr-the production of y-rays which is differential both in y-Tay energy
and Emission angle, .Frequantly, however, the request calls for the

" angular dcpendgnce only if the distribution is significautiy anisotropic,
Tn addition many reduests require only the measuremant of the spactrum
at one specifigd angle. Nevertheless all measurements involve basically
measurcingnt of the double differential cross.scction as a function of
reutron cnergy with specified resolution, We have éummarized in TablelV
some of the basic rcqgireﬁents of all priorityfi requests for differential
gamma - ray data.which are tabulated in Wash 1078. Frequently.where there
are several requests concerning the same target we have summarized phe .
overall demands,’ Thé information displayed includestarget (natural
element unless indicated), incident neutron energy region for which
cross sections are desired, incident neutron energy and y-ray resolutions,
and overall precision with which tﬁe'cross scction is to be detérmined,
It should be noted that alﬁhough only priority-1 requests are considércd,

the features are typical of rcquests-qf any priority. We shall attempt

.~ .
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to deternine experimental approaches to fulfilling these rcqudsts which

are (1) feasible in principle and (2) realizable with existing facilities,

We shall consider thesé requests from the pbint.of view of neutron

sources, sample material for targets, and y-ray detection system,
Measurements are requested cgsentially from the low-energy resonance

region to 16 MeV, ¥From point of vigw of neutron souvces, any effort to

- fulfill requests would‘probably involv& the use of 4 modes of neutron

production:

T

(1) o-1i00 gev ‘ Reactor or accelerator produced neutrons
(2) 30 kev - 1 hNeV Neutrons produced by 7Li(p,n)Be7 reaction
) (3) 1-10 tiev . Neutrons produced by T(p,n)3Hc reaction
. 4 5-16'ch o Neutrons produced by D(d,n)3H reaction

The first two modes of production have been exploited widely over the

' . . 3, .
last decade and exploit well-known techniques, The T(p,n) He is currently
being uveged by many Van de Graaff laboratories and in particular at LASL,

work is ‘being carrvicd out on y-ray preoducticn measuvemenis in the MeV

[N

range using thie rcaction, By contrent the effective use of the

D(d,n)3H will require a considerable developmental effort before it will
be useful over the full 5-16 leV neutron range, The yeaction is presently
being successfully applied at lower energies K7.5 MeV), but at highcr.
energies tertiary reactions will compete with the two-body recactions.
Consequently in the usual mode of operation, in which a thin target of
deuteriuﬁ is bombarded with deuterons of known energy to produce neutrons
whose energy is uniquely relqted to angle of emission, a background of

neutrons produced by tertiary reactions will be present. Preseant evidence

2 .
is that these rcactions, D+ d - 2p + 2n or D + d - p + n + H, produce a
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neutren continuum whose maximum enéfgy lies considerably below the encrgy
corresponding tontwo~body prodgction_ Thus, the use of time~of—flialt
techniques in conjunction with pulsed beam opecration of a tgndcm Van de
Graaff will permit discrimination against the continuum, The point to

be emphasized ie that a successful program of meassuvements for cross-
section requests will require a considerable effort to determine preciscly
_the characteristics and effects, of teriiary reactions, and devclépmcnt of
techuiques to discriminate against them,

The resolutions in neutron cnergy specificd in the requcsts.and

summariécd in Table I are not at all demanding in terms of the state of
_the.art, In this respéct, no problem should arise in adopting sourcés

to thesc measurements, As we shall sec below, the relatively poor
.resolution specificd alsc permits the use of considerably more intense
neutron beams than is usual,

In regard to sawple materialé_for all the prioritynl requasts with
the exccption 6f 235U, ZBSU, and 239Pu, targets of elements in theidr
natural abundance ave requecied, Thus, no serious problems are anticipated
in obtaining suitable targets, |

An inspcction of'Tahle]M indicates that y-ray Qcﬁector resélution‘
of approximately 250 keV at high energies and approxiéatcly 10% at low
eqergies is needed to safisfy all cross-section requests, Although a
major part of neutron y-ray spectroscopy is bresently being performed
with Ge(Li) detectors, the older Raboy-Trail NaI(7l) speétrometer in
vhich a moderate-sizZe central crystal is surrounded by a concentric

annulus -still appeavs suitable for these measurements, The simple Ge-diode

- detecctors can be very uscful particularly in cases in which the spectrum



is dominated by a few~1ow~cncrgy lines. Howevei, spectra are, in gencrgl,
complex with contributious over a bread range of enerxgies. Under thcsc
circumstances a useful detector must have a well-defined and precisely
known response function, i.e., both the total cfficiency and the form
of the responsc fun;tion must be known. The reosponse should also be
free of broad tails or continua which complicate the unfolding of
contribuéions of varioﬁs v rays.. This- type of difficulty has produced
cdnsidorably uncerta?nty-in atLempts to extract a y-ray specltrum from
a pulsc height distribution. Thus, it appears the problem cf the
Complon continuum will limit the uscfﬁlness of simple Ge(Li) detectors.
in the near future to studies of inelastic neutron scattering aud other
special cases in which the excitation of a few specific states is of
primary interest.

A version of tﬁe Ge(l.i) detector which pfoduccs a superior line
shape, consisting éf a single very sharp peak on a very weak continuum,

is the pair-spectrometer configuration dn which the crystal is placed

inside a fqur~sectpr Nal amnulug, Recent moasurcments wmade at Texas

Bucleer indicate that this arrangement has close tg the ideal responsc

function for y-ray produ;tion mcasurements, At the present time, the

very low detection cffiéiency limits its usefulness to meaSuremanté

of moderately high cross sections. : )
Thus, for thrce reasons, the best qverall,detector appears at p;esent .

to be the Raboy-Trail type. TFirst, with a Nal central crystal, the

absolute detection efficiency can be readily detcrmincd to within 5% over

the full range of energies of interest in y-ray production measurements. Sccond,

for measurements at higher incident neutron cnergics, where background



problems arc partiéularly scvere,.the éystem has the addcd advantage
that the annulus shields the central crystal from background radiation

as well as suppressiug events in vhich radiatiog cscapes from the central
peak. Finnliy, the system caun réadily be converted for high~r€solution
work by replaéiné the central crystal with a Ge(Li) detector.

In regard to this last point, a uscful compromise between Ge(Li)
agd Nal detcctors is frequently possibic; namely, a measurement of a
y-ray production sprzctryum at one angle with the very high energy
resolution of the Ge(Li) pair spectrometer, combined with a subscguent ’
neasurement of the production spectrum as a function of angle using the
lower-resolution Raboy-Trail system.

The requirements concerning neutrﬁn sources, target samples, and
detection éystems are satisfied by the characgeristics of existing
installations in which y-ray production. cross scctions or related
quantities are measuired,  These i;clude.thc Van de Graaff installation
at Tos Alamos ﬁsed by Hoﬁkius and Drake, Fﬁat at Texas Nuclear Corp,
described in the work of Morgan and co-workers, and the similar arrangement
vsed in Sweden by Starfelt and Rergqvist, These installations consist’
of Van de Graaff gencrators wﬁiéh furnish pulscd beams of microamps of
protons and deuterons which are used to bombard suitable'neutrou~
generatiné targets., The sample under study is placed downs£ream and
generally énNaI detector is placed 1 mcter from the sample, A erystal
of 1arge.volume or the Raboy—Tréil type %s used to detect vy rays,

Neutron background and ¥y rays are separated by emﬁloying nanosecond

time-of~flight techniques to differentjate corresponding peaks in the

“ .tiwme spectra, The principle difficulty at present is the lack of similar
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facilities for y-ray production mcadurcmenté vhich use higher cncrgy
proton machipes to gencrate ncutrons in the 7-15 HMeV raﬁga, Jt is.
advisable that substantial support be directed in the near futurc to
utilization of tandem Van Dc Graaffs for gamma-faf measurements in this
: domiin of energies, |
Having detemined in broad outline the relevant experimental
techniques one can now access the limiiations and precision consistent
with th; "state of the art', A perusal of Wash-1078 indicales thét the
precisions generally requested are not unreasonable. Of course one must
obsecrve, particulaély at higher neutron energies, that such elusive
uncertainties as neutron background levels may alter our conclﬁsicn,
However, consider the most stringent requirement of a 10 micrecbarn/
steradian MeV upper limit on a spectral mcésurement which is requested
at a single laboratory angle of 55°, If we assume an isotropic angular

distribution and an énerg' distribution flat in encrgy from 0-10 MeV,

the totel production cross section is llmb, If onec uses an experimental

afranéement similar to that of the Los Alamos group (with a target

250 eV thick) o meanirgful méasurement would require one day of running,

Théreforc, from the poiut of view of hardware, experimental sensitivities

- are ;dequate to cope with the prescnt cross-sccﬁién demands, .On the other
hand, limitations imfosed by background 1évels are ver& much more difficult
to assess and one must consider the individual experimental situations

‘before drawing any conclusions. At best, such considerations are uncertain,

. Little work has been carried out at the higher neutron energies wheve

.
< Y

shielding problems for scattered neutrons become formidable, but the

consensus of most experimenters is that one cannot use the maximum



neutron yield at his disposal, In fact, (néwlcdgeablc experimenters
indicate that a realistic upper 1iﬁit on a.cross—scctién measurement

would mofc likely be 100 microbarus/steradian MeV, In the absence of
additional infdrmation, we suggeﬁt'this figure as a reasonable estimate

of experimental sensitivity.for measurcments at the present time. Clearly,
a great aeal of.effort must be devoted to developing new experimental
facilities and techniques with sufficiént sensitivities at all energics

to fulfill the demands of the cross-section requests,
| In contrast to the question of écnsitivity, the precision requested
in the measurements is relatively low—-lOZ~—éud there should be little
difficulty in meeting this requirement, The only.respect in which
requests are genevally incompatible with prcseﬂt experimental capabilities
is the raﬁge of angles over which angular distributions afq gencrally
required, - Frequently, poin;s at 5 an@ 10 degrees are indiqated and
clearly such measurements are not feasible, nor are they likely to be nedded
, )
(see p, 5). An obvious solution is an extrapolapion of the measured angular
distribution to 0°. Such an alternative should be seriously considered
before requests for small éngie measurements are included in the cowpilation.
In summary, the technology fgr y-ray cross-section measurémcnts
appeérs adeduate fér fulfilling the gamma—ray,differehtiai cross sections
for all regions of interest with the possible exception of measurements
at smail angles relative to the incident beam, However, for higher neutron
'energicg exploratory programs will no doubt be nécessary for perfecting
neutron sources and ‘supressing neutron backgrounds probably through appli-
: :

cation of time-of-flight techniques,

The following remarks concern specific requests in Wash 1078,



Requests 40, 41, 42, 50, 65, 71, and 102 all require measuremoul

.

at lab angleu of less than 100, which clearly is nét feasible,. Thésc
needs shoﬁld be re-evaluated giving considdratiqn to-extrapolation of
measured differential cross scections at larger angles to cover the
small apgle region,

Request 114 contains no indication of what resolution in neutron
. encrgy is desirved,

Request 100, 125, aﬂd 245 are not clear as to resolﬁtion desired,
Does requestor wish 250 "t 250 keV at the lowest energy? Neutron
resolution of .5 MeV is spccified.from the eV to the 16 MeV regiomn,

- Request 171 is probably not feasible at the present time since

no.appropriateXel35 target is readily available, The lifetime of this

- nucleus is only 9.2 hr,
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Neutren Energy Range

0%
.5 - 1.0 MeV (5 - 15 MeV)

o% (50 keV' - 5 Mc'v‘)
5 -1.0 MeV (5 - 15 MeV)

Target AEx AT
N N : Y ,
Be 150 eV - 15 MeV 10% (150 eV - 5 MeV) 10% {50 keV. - 5 MeV) | 30 - 40 % absolut
' .5 - 1.0 MeV (5 - 15 MeV) - 1.0 MeV (5 - 15 MeV)
N .t MeV ' .25 MeV .25 MeV 10% 4
o 10 - 15 MeV L5 MeV .25 MeV 10%
. Na -3 -l14 MeV none ' none 10%
Al . 116 MeV L25 MeV .25 MeV 10%
st 32716 MeV .25 MeV .25 MeV 10%
Fe . Ev - 10 MeV .25 McV .25 MoV 10%
Ni 0~ 175 keV 10% 5 MeV 10%
Zz Ev - 10 MeV .5 MeV : .5 MeV ?
W th. - 15 MeV 10% (150 @V - 5 MeV) 10% (50 keV - 5 MeV) 20%
: .5 %o i, OVeV(S-*S MeV) .5 to 1.0 MeV (5 - 15 MeV)
235y © 150 &V - 15 MeV 10% (150 - 5 MeV) . 10% {50 keV - 5 MeV) 30 - 40%
B .5 - 1.0 MeV (5 - 15 MeV) .5 - 1.0 MeV (5 - 15 MeV)
23 . . . " _‘:..‘_.' B . . _ .
.JSU , 150 eV - 15 MeV “10% (450 eV - 5 MeV) 10% {50 keV - 5 MeV) 30 - 40%
' . E .5 - 1. O;\ueV(S-ia MeV) '.5-1.0MeV(5-15MeV)'-
.239 2 ' --A X :4 ' " ' . ) A- 77
Pu 150 eV - 15 MeV 10% (150 eV -5 \/IcV ) 30 - 40%




10.

11.

12,

13.

References

K. J. Yost and M. Solomito, 2nd Conf. on Weulron Cross Scction Technology)
Washington, D, C., March, 1965.

H. Goldstein, (quoting work of Goldstein and Ozer), 2nd Conf, on Keutron

Cross Szction Technolozy, Washington, D. C,, March, 1968.

A. Michaﬁdon, Seminar on Intense Neutron Sources, Conf. No. 660925, p. 793,
Sante Fe; New Mexico, September, 1966,

J: . Gibbons, Confcrbﬁce on Heutron Cross Section Technology, Conf. No. .
660303, p. 404, March, 1966.

B. Diven, Conference on Neutron Crcgs Section Technology, Conf. No. 660303,
P. 1051, March, 1966.

Repoxnt of the Panel on Nuclear Standards Needsd for Neutron Cross Section
Measurements, Part I, Bruésels, Belgium, ﬁay 8-12, 1967.

E. Haddad, et él., Nuclr. Instél.and Meth. 31, 125 (19G65).

W. P. Ponitz, D, Koméa, H. 0. Menlove, and K. H. Beckurts, KFK 635, SM 101/9,
EUR 3679¢, Karlsruhe, - . |

M. C. Moxon and E. Rae, Nucl. Tnstr. anc Mcfﬁ. 24, 445 (1963).

H. Weigmand, G. Carraro, K, H, Bockhoff, Nuecl. Instr, and Moth; 50, 265-69,
(1267). |

R. L. Macklin and J, M. Gibbson; aé quoted by Gibﬁons‘in reference 4.

J. C. Hopkins énd B. C. Diven, Nucl. Sci; and Eng. 12, 169-177 (1962).

D. Bogar; and T. T. Semler, Conference on Neutron Cross Section Technology,.
Conf, No. 66303, March, 1966,

K. H, Harris, et al., Nucl. Phys. 69, 37 (1965).

J. F. Barry, J. Nucl. Energy A/B 18, 49 (1964) .



-29-

- -~

16. T. J. Vaughn, K. L._Coop,‘H. A..Grench, and 1, O, Menlove, Pull. Am. Phys.
Soc. II, Vol. 5, 753 (1966).

17. 8. J. Friesenhahn, 2nd Conifecrence on Reutron Cross Section Technology,

- "Radiation Width'of the 2.85 keV Level in ?BNaT, ﬁarch, 1968.

18. R. ¥. Hockenbury, L. M, Bartolome, W. R. Moyer, J. 1..Tatarczuk; and R. C.
Block, 2nd Confercnce on Neutron Cross Scction Technology, 'Weutron Radia-
tive Capture in the keV- Region", March, 1968.

19. ~w: M. Lobez, ¥. Frohner, S. J. Friesenﬁahn, and A, . D, Carléon, 2nd
Conference on Neutron Cross Section Technology, March, 1968,

20. H. Weigwann and H. Schmid, Nucl. Phys. A104, 513-524 (3967) ..

21. E., K, Hyde, "Synthctic Transuranium Elements'", DITI, U. S. ARLC.

22. Bergqvist and Starfelt, Nucl. Phys. 80, 198 (1966).

23. Texas Nuclear Corporatign. Annual Progress Report; Contract AT—(AO-l)—2791.
T(1)-22012, August 15, 1964.

24, Conde, Drale, and Bopkins, Conference on Nuclear Cposu Secgion Technology,
p. 735, Washington, D. C., 1966.

25. 1. L. Morgan, S. C. Halhin, and D. 0. Xellis, Conference on Reutwron Cross

Section Technology, p. 599, Washington, D. C., 1966.



