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Abctrﬂ stract

A review has been made of the diffe vential measurements of the ratio of the
capture to fission cross~sections (alpha) Por Pu~2)9 in the enerny range 100 eV to
1 MeV. The methods of measuring alpha are discussed and it is concluded that no
detector system used to date is perfect. The history of measurements made vrior to
1967 is presenté&‘and'from this the dangnrs of relyineg upon calculations for accurate
data cén be seen. The alpha measuremants 1n thc ensray range 100 eV to 30 keV,
vwhere the data are most discrepant, are considerea in detail and possible sources of
error in the measurements are identified.  An evaluation covering the energy region
100 eV to 1 MeV is pcrf01meﬁ using the data available in lMarch 1271 and the
recommended values are considered to be accurate to zpproximately +10 /o helow
30 keV'lncrcdslnv to +20 /o at 100 kev and +30 /o at 1 ¥eV., These reconwended
values arc then compared. with the new differential neasurements puollghed be tweer
March and December 1971 and with 1nungfal daua and it is concluded that the
agreement is satisfactory. A number of rcconmnndatlons regardlng furthar

measurenﬁnts are summarised 1n the conﬂlu ions.



1. Introduction

AV the IARA experts' meeting on the status of « (Pu—?J9) data h“Ld at Stuusvmn,
Sweden in June 1070 it was recomnenoed that a rnV1PW of". all uvallaLWG alpha data
should be written.,  TIn this paper, which results from this r@conmnndauloq, the data
on Pﬁ~259 alpha; the ratio of the neutron induced captlure (th) and fission (th)
cross— sectlons, are VGV1owed in the energy range above 100 eV. Ve have chosen to
neglect the energy range below 100 eV because a roview in this energy range cannot
be divorced from a detailed discussion of individual resonance parametsrs and the

4
data at thermal energies have recenuly ‘been considered in Qe.dll(,).' It should be
‘remembered from-the start, hpwever, “that most users of the data would like
information on Oy T rather than on alphd, bt as‘wefwill see later experimental
considerations make it much easier to measure the latter.

A knowledge of the variation of alpha for Pu-259 as a function ol neutron energy
< i

e

is important for a Variéty.of reasons, For instance a knowledse of alpha combined
with data on thé fission and total CrOSE~SGCti0nS'5iVGS inf0ﬁnation_onyresbnance
parameters and their distributions which are'important fbr nmuclear structure -
considerations; However, the main reasonfﬁhy,alpha abbve'fOO eV is so important
lies in the developmant'pfglarge‘dilute oxide fuelled fast reactors, These are

attractive Tor a humber‘of-reasons.

'(a),,They p“oauce povier cheanlj R :
() They can breedvmore Pu-2 )9 from the U- 238 in Lne re dtoricorévanq.blanket
-than is consumed and hcncc they increase tne world’s limited supply of
Pissi Te mater 111 and i IR Ty T

‘(c) Thcy use. Pu—239 whlch is produced as a by—product 1n tnefnal power: reactors,

A knovlease of alnha 10 requlred 1n orﬂer uo be db15~60 calculate 1nc CrJtLCdl sizé4
of the reactors nd also to be able to prcdlct 1mporuanu QUdntlLLGS 11Le the do ’]er'
tnnperaturc cuelecl nus,‘uhe reac Sor fael 1nventorj and ‘the "1uf dlotrlbublon %cv
.the reaCuor.r howe»er, as - has been denonotrated munj tlmeq 1t 10 most 1nDo”tunu in -
alcu]auln” the. breedlng galn G (the number of. Pu—°)9 atone nroﬂuced ner Pu—2)9 dtom‘
“consumed mlnus 1) , ihn value ol alpha dlrectly enterU the ca“culatlon of G becauoe “‘
a: ncutron canuured in Pu 239 1s effectLVely a neutron whlcn cann0u be capuured 1n' o

8 U—°38 uo breed nore floSLlG m&terlal

Inforndtlon on alnhn can oe obtalned from 1nuevra1 reacbor e rlments as Jell
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“]as frOﬂ dlflerentlml cros . 1t 1s“the "lnterre1

~ec+1on neasuremonts and 01 course,:
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in zero energy critical assemblies which have a satisfactory softer -spectrum becauss
the half-life of the Pu-240 formed by neutron capture is so long that the

activation technique is useless. This means that the Pu-240 content of irradiated
samples must be obtained by mass spectrometric techniques and these require
‘irradiations in a high neutrcn flux unless the starting materisl has a very low
Pu-240 content (a few parts in 109). However, even if a suitable direct measurement
is nade, great ccre is necessary to interpret the resu]t~beceu e the valuc 01 alpha
obtained is strongly dependent upon the neutron spectrum in une reactor, In this
review we are therefore going 4o concentrate on the hlffeicntlul measuremento of
alpha, particularly those ziving data below 30 keV where there are serious

disc rcnancles,

Differential measurements of alphq for Pu-239 are acknowledqed to be difficult
to make because the activation method camnot be used and the relatively short a dscay
half life of Pu-))9'm¢kcu it difficult to put more than tens of milligrams of
material in fission chambers, This has meant that until recently the exporimental
data have been rathér‘sParse and it Was‘ne¢essary to interpolate using what appeared
to be sound theoretical ideas to get values bet reen 100 eV and 30 keV. Tt was
genoraWIy realised at the 01me of the Karlsruhe Confercnce on Fast Rea oto Physics

in 1967 uhau tha‘lntorpol tion could be wrong. The prov1s1ona1 data of Schomberg
et al gave values between 1 and 10 keV which’ viere up to a Tactor of two hi igher
than the values glven bv tvplcel evaluatrons hased, upoa 1nuercoletlon of the old
KAFL integra l daca»(e 8 Schmldt(3 and Greebler et aT(q’) Such values, howevcr,
were not entlrelj unexPecbe& because srmnl*r values had been calculated from total
and fission cross—sectlon mcasurementscg) ana thc 1nucqra3 mn sur‘emoptc by, for

‘ 1nst nece, Fox et a 6)_indic ted Lhat @ wno underestlmaoed in the then curren ‘
nuclear ddtu oets.' Thc res on';or the Lnt polatlon being 1ncorrect Lu nod well
understood (see fcr example Patrick and James( )), follow1ng the dlscovery of 1nter—

<@
medlate structure in sub threshold flSSlon by Paya et al( ).and Mlgneco and Theobald( )

o Thc hlstorj 01 tne dlscovery thut Pu—°39 aTPha is "hlgh" beudcen 1 and 10 leV
‘19 1mnortant:because 1t ShOVu uhe dangers cf relylng uoon hﬂ°0rj_c0 deternlne
'“1mportant narameter : In thls rev1ew ve. re Lhereforo 501nv to devoue cuuectlon to

the hlstorJ or the neasuremcnts o‘ Py~ 239 alpha in tce years before 1967 3 mhe
w111 be lelded 1nto 9. sectlons.lrln th flrut of thege Lhe

"fmethodsof maklng dlfrerentlal,meaeurements‘or”alchefw111 be dlscussed uhlle Lhe

' remalnﬂer o;_the rev;eJ‘

'~second v1ll be the hlstorl




integral iniormction now availzble. Tinally in Section 7 a number of conclusicns
reached in the review will be summarised,

2. lHMethods of measuring alpha

- The measurements of alpha for Pu-239 that have besen made over the years are
essentially aimed at obtaining information on the capniure cross-section. In the
energy region being considered here the partial cross-ssctions and the total cross-

section are related through the formula:

O =0 o+ O+ O+ O ' e 1

nT nf ny nn nn' ‘ _( )

where O Ton and Oont &re the total, elastic scattering and inelastic scattering
cross-saection resnectively. Therefore one method'that can be used to obtain o_.,. is

ny ”
to measure 21l the obther cross-seciions and ‘ind S, b3 subtracfvon. In practice

Cn has not been megsured accarately and it has to bc obtained from tne accur°*ely
known shaps elastic scatterlng cross-section (0‘ )(' ) and relatively 1ndcﬂur 1te
calculated*%aiues of the compouﬁd elastic QCatterlnG bross-section (Obe>’ The average
vaelues of Sy (<0‘Y>) décreaSe srith inéreasing energy‘hut‘the average values of o |
are essentially constant,  Hence this method can only give significant data below

1 keV where <UL is greater than <UL

An u]ternatlve nethod of obta¢n1ng Oy is td measure the &bSO”DulOﬁ cross-section
‘(U nA = nY + a ) and Tind- Oy by subtracting théﬁflus1on‘cr95u -section neasured at
the same energy.,. . Thls 1s us ually done'by th§ shell transmission technlque which to
first order gives O, p rather than Ope Thé‘prdblem with‘fissiléiméférials is that the '
transmitted neutrons have to be dlvtlnvﬁivhed from the fission“noutrons;~ Results fTor
Pu-239 have been nbtained by thi.s tnchnlque in the. keV energy range. but in 5cneral

+he capturp cross secLlon valueu obtalnei have been rblatlvelj lnaccurate.

Another method of obtalnLng 1nxormablon about alpha is to measure _*1';;,'the

nunber of* ncuurons n"oducel nor npuuron absorbed B is related;uo a,through the
relatlonuhlp L '”‘; : ' o
S :1;4 o R A TRV ”‘{~ﬂf' :

i
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where N 1s the dvprage numbox of nnutrons uer flSSlon.' Two dl fercnt tjpes of

ﬁ number o; fist n utron

2. where’. .



multiple scatiering co"rectlon and o o is usually zero., Thus by measuring ¥, T

and G‘n as & function of neutron energy, = can be determined if Ms can bes
calculated. Ms is small at the peak of strong resonances in the eV energy range
where Oﬁn/th is small and T cunkbe made z2ro. At higher peuuron enerbleo'ohn/th
increases end multiple scatiering corrections can be large for Pu-239 if the sample
is thick enough for T to be small., - As with the first method, errors in ohn seriously

limit the accuracy above a few hundred electron volts.

Por the measurcments of "\ ‘in the keV energy range the samples are placed
around & neutron sourcé and the fission neutrons produced and the source neutrons
_transmitted are observed. In these exnerﬂmcnts multiple scattering corrections
are not too inmportant because the neutrons scattered by the sample, which are la ater
absorbed in the sample, have on average the ssme +\ as the neutrons of the source
energy. Therefore if it is possible to measure the total number of neutrons which
escape from the s°mnln without be 1hﬂ absorbed end also Lhe number of fission neutrons
produccd then v .can be obtained Thlu methoﬁ cennot ‘be extenaed to the MeV
energy range because of the Aifficuld cy of dlffernnLlatlng beu\.een‘uourco and fission
nevtrons. The difference in the two types of me%suraments is basically that with
the low energy meusurenents in the eV range the neutrono aosorbel are determined
from transm1851on measuresments and a ealculaued;correctlon is applled for those
scattered. In theksccond me ethod the neutrons scattered are correctly 1Qent1¢1ed as
those which are noﬁ absqrbed;; This method could be uvsed in the low energy region
. with béam geometry if" the total number of neutrons scattered from the sample could be

determined. o

It is usually r,.ssumed in ‘Tx‘ meagurementb uhat ~ » can be assumnd o he
‘ constant below a few keV; hownver, recent measurenunts by Velnsteln et al(“ )

E RYubOJ et °1( ) have ohOWn that \) for J O resonances dlffcrs by /o from’
-;that for J° 1+ reson nces. Unlortunately uh° measurcnents are dlscrepant as
elnsneln ct al suggest that the O .. resonances hﬁve ‘the hlgher ~. whlle Rjabov et
"2l find the reverse. Data obtalned by'leston et al( %2; h@vevef, sug esf there is.
 11tt1e dlfference in ”?‘ for the resonancos of the two Spln states. One can only»‘
COnclude from thls thaL there 1o unccrta:nty artlcularij 1n the enerﬁj rango bntween:

100 eV and 30 k°V uhe”e there are few measurenonts and consequently thn valuns oi o

71j&educed from ﬁl cap be °er10us]y 1n ertor whon a 1s small “In dddltlon ’TL

‘”“m asuwcmcnts only alve usn;ul data when alpha does nou cnanpef51ﬂnwflcanbly Jltﬂln

"averaqe,a




beam geometry ! experiments can only provide useful data below a few hundred eV
5 15 Yy P .

while the shell pgeometry measurcments have their greatest accuracy around 30 keV.

411 the other expcrimental’methods which have been used to obtain data on the
capture cross-section. of Pu*999 are direct determinations. DBecause the half-1life of
Pu-240 is so long (6,600 y) the activabtion 4echnique cannot be used in differential-
measurenents and it is neceséary to detect nsutron capture by observing the prompt
LAMNO~TAYS emi£ted as the Pu-240 compound nucleus ‘decays to its ground state. ince
the spectrum of these gamma-rays can vary significantly from resonance to resonance
it is vital that the efficiecncy of fhe namm¢ ray detsctor for canture events uhculd
be independent of the shane of the spectrum particularly if the capbure cross-section
is to be nmeasured for or normalised on-individual resonances. There are at nresent
essentiaily three satisfactory lypes of capture detector:

(a) a large liquid scintillator which has an efficiency of almost 10070

)

for any capbture event.
(1)

energy end the efficiency for capture events is therefore 1noependen

(b) Jioxon-Rae detector whose efficiency is mroportional %o gaimz,~ray

of the form of’ uhe Y-ray cascade,

(c) the sy stnm nronoued by IP;GT—Llenluu and described by MMecklin and
15 . T . . : .
G"bbons( ). In this s*stem ‘corrections are applied to +the pulse height
J ‘ PP h2i &

distribution from the detector_to‘give‘lt a Moxon4Rae characteristlc.

Using‘these Systéms it is not pou51b1o to dlstlngULbh the canture vamml-rays
from those produced in fission and the detecuors Lhcrefore reSrond to both fission
ﬂnd éapture ev#nts. In Df’nGl“lC the canturc detcctor can bc com01ncd vith a fission
detector and by using ant¢001nc1dmnce uncnnnnues 11 fisulon even :s measured bj the
capture desector can be identif 1ed Tn practloe -ex perlnental oon51dnratlons have
' kept the efflclency of 1551on acteotors~ nll below 100 /o and 50 1t has boen

necessary to hefforn e3 ncrlnents chrc both tho capuure and ;1551on cros<—sections

or alpna nave oeen deuermlnad

In order to do. thls lb 1s necessarj uO use two detectors, on° of thesn bnlng a
cgnture detector and the otpor a 11551on detpotor.; Con51der these tWo aetec»ors

;>ObuerLnF tne fl slon and cquuure events in. tne same sonPTG If NY 1nd Nﬁ dre the

fnunbcr of counts 1or a glen 1n01dcnt nﬂutron energj or ner tlma o;-*llbht chﬂnnel

'nd can*

7Vthen 1hesc re related to‘tb nunbcr of flsslon (nf)‘“ ure (n 3. events in. tne

:;saﬂple”by(the equztﬂons




canbure events reswectively ond 61,.f. and € pc OTE the corresponding efficiencies
for the fission detector, The values of n, and, nan denends on the cross-sections
through the following relationships:

: ' .q.n Y 0-]’1;’1 : ‘ “ny! '
n, = gs-1) —_— <{1-11) —— > 4+ ... (6)
oﬁT OnT O
o .. o) , O _ny
n, = @(1-1) ( of, oo <f1-rr) e sy ool (7)
g i Chy Onr Oart

where § is the incident nPquon flux and T is the arunsmissionkof the sample, The
triangulsr brackets denote averages taken over the volume of the sample and over the
possible sca“‘crlnv angleg and the quantity in these brackets gives the probability
of a scattered neutron causing a further reaction; the primed guantities are the
values of the cross-sections etc. after scattering. These equations are simpli-
Tications as they do not allow for the aamp1° can or: impurities in the sample.
However, excent ﬁhere thers are strong resona nccs (c.g. at 1 eV in Pu-?lO or at

35 keV in Al) these effects can be neglected. Dividing equation (:)”by (7) and,

simplifying we obtain

.o a' o
nn i
14— <(1 ~I! ) R O .
n_. o Lo, ,c'ﬁr a.  O_n ) R
c , nT o n ‘ - Y
- =‘ o7 - X . - X ‘L, ] R (8)
£ . Snn , nT ‘on{l ,
8 S I S <(1—T Y T T s .
' OﬁT ‘ ?hT' %nf SIS

[P

where o = oh?/ohf‘and af =”05Y3/bhf,.”‘These equations can be simplified to give.

L AT |
n : . )
c ) I\TF' I s
—m a S = =~ - ) (9)
n : SN o
£ B~C ...l *
| .”1-*,.

[where S-is tne nultlplc sca terlng corrcctlon wnd f’ ff/ be,‘B = 6 /,e'cf and

é / In uhD magofity of eynﬂrlments C Lg,ze o or vcrj Sﬂu11 "Theg_"‘

equktlons snow everwl

<a) |
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since o values are known for the resonances, experiments are frecuently
normalised oy determining A, B and € Trom the values of HY/Nf measurad

{or these resonances.

(c) The corrections for scattering (and also self screening) are minimised

by measuring o rathsr than S

(4) Errors are minimised if' NY and M, are measured with saaples of the same
thickness. .

{e) 1r G,f is zero and S is unity uhcre is a.linear relationship between
N /N . and .

In DIdCLlCG since the reactor Dhybwcl t reguires <G’Yz/<0hf> rathOL than the averag

value of alpha,; the corrections are more complex to formulate. However, the featur

noted in (o), (d) ond (e) above still opply. In calculating values of <6nﬁz/\ e
care has to be taked to minimise the effects of self scroening particularly in the
energy region helow 30 kcV shere most exnmfimédts have bcen performed ﬁsing pulsed
neutron sources with white neutron upeCura qnd the olmc Oi—flJ”ht tcchnlouc.
However, il r.asonably.thln_s amples are used (c. 5. oanpl uhlokncos 1077 atoms
per barn at neutron energies above 100 eV), multiple scattering corrections can be
neglecbﬂd and.reasonable cor~ectlons for self scrcenln" made if equation (9)
modlfleg‘so‘tnac <0hyz/<ohf> is given by '

<0 o AR - S ' cen R e
n AL i L (10)
<o ,> B~ CR E PR
m

-and R comes Trom the following equation

ﬁ(i)_m-‘ ) _»‘g;:‘,‘ *‘(_1‘1)
W) o (0 ARy
ﬁ (-;_),:‘lj(.i - (1) ), .

M v

‘HérenNy(i)‘and’Nf(i)'areithn number o cunture and flSSlon counts, 0' (1) lu uhe

total croso—sectlon, g(i) is hhe 1n01dent nnutron flux, T(l) is uh“ transn1551on

~.ana (1) 15 thﬁ encrgy Jnterval for the } tlmnnv ch nncl’ Tlmlng channels 11

,‘J

ﬂhlch 1hc crous sectlonty

.and 12 correspond o,tbe cnerpy llNLtS over

mplvs of;

oh“ S

‘1average ;s taken.‘_N§ and Nf muou be neasurcdffor’

,and he neubron encray-resolutlon muot beAreasonale.good over

o

-

e
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In the experiments made using Ven de Graaffl accelerators in the 10 keV to 1 eV
‘enefh; rangz, the velues of the efficiencies (e'cf’ 6cc and éff) have been Tound
absolutely. For the lower energy exjoriments in the 100 eV to 30 keV energy ronge
the values of the efficiencies have been found by normalising the exanlnencs in
the thermal and/or 5 eV to 100 eV energy ranges. Vhen this is done it is assumed
that the elficiencies are independent of neutron energy. This assumption is knowm
to be correct for Ebc but there must be doukts abont ébf andi(aff. & o depends upon
the total energy and spectrum of' the prompt gamma rays emitted ir. Fission. These
quantities are known only moderately well at thermai neutron energies and there are
no data on them at hi?her energies,  The changes in the rel ative fission - gomma-ray

. o
vield as a function of fragment mass have been mee surcu( 6) and found to be ~50 /o

of the variaiions of the number of neutrons emitted. It follows, thersfdre, that

the experiments normzlised below 100 eV could be in error at higher energies where -
p-wave effects hecome significant end-the mass distributions conoeq1enu]y hange. The
agreciment betiween the Van de raalf experiments and the lower energy enﬂellments in
the region of 30 keV ‘probably confirms that C'f can be taken as constant, However,
this ef fectively means that the experiments are normalised at 30 keV as well as at low
energies and therefore we should give the greatest weight to the Van de Graaff

experimnents in the energy range above 20 keV.

Consideration of' the constancy of é:ff as a function of neutron energy depends
-upon the detector system used for det DCulng fission events, Essentially three methods
have been used

(a) detection of fission fragments (i.e. fission chamber)
(b)  detection of the fast neutrons emitted in the Fission process and

(c) detection of Pission gamma-rays using the "high bizs technigue".

(The total energyiof canture ganma—fay¥ is 6. h5 MeV at zero incident neutron energy
and if the bias of . a large liquid oc:LntnlL.tor is set at a olrnlflcuntly higher

nergy, at say 11 MeV, onlj flSSlon events will be det ected )

‘,Such a variety of technlques have beon used becauue the hlgh S“OlelC o activity of
Pu- ?)9 (2 x 109 dlsmnteeratlcns pcr gram per second) ﬁ“kes it eytrcmely dlfflcuTt
th have sufficient fissile materlal in a flSSLOn chQMber to enwble measurehents to
e made 1n the keV enerpy ranve. ihere a fluSLOD chanLer has beon ubedK 1)

’1aboratorj exner;ment its eff¢clency J&S lowi (~90 /o) and 1L unereLore coU]d be.

sen 1tLve to . no known chang S 1n \c fzs 1on frafnent anéular dlstrlouulon in‘the‘

‘jenergj range dhere p—wave 1nteract10ns ccome Lmnortdnu.x Tn uhlS exnerlmnnt the

1i;lss:Lon chamber wos at. uhe cenure of a 1ar?e 1Lou1d °01nu111 tor and floSLOﬂ evcnto'

;_"ere selected bv 'aklnﬂ 001n01dencos between

HuhC tvo d0t00u0r°':

»Tu haw rPcenL1v bﬁpn

; 5 . \% ) .; g
;;found bY‘uolelhaC eu ml( )«*hau uuder uhese 'lOQS,‘CO'ntld“ﬂCDS el oet

1ke1y uo occur Whon uh“ numoer oP neutrons en1tted per i nsu)n (‘0) 1 1arve.. The

' eaoon Lor 115 effcot ¢s not unuerstooq out 51nce ~ laree when’ ne to

et L G R RS o s 8



ganma ray energy per ficsion is likely to be small, it could possibly lead to errors
in alpha.

Vhere the Tission events cre identifiedlynrcutron detection, &

e
— . 1 \ :
~ moy depend upon the spin of the resonance( ). where measurements have been made,

can vary since
corrections can be applied buit it is probable thaet I  is not lmown to better than
iﬁo/o Letwreen 100 oV and %0 keV, If the ncutron detectors subtend a small solid
angle at the sample 53ff can also change with the fission Iragment angulaxr
distribution. The "high bius” techniqua selects fission cvents which have a large
total gumma-ray energy. Sirce we know essentially nothing on how the fission
gonmmo~rays depend upon incident neutron energy, errors in alpha due to variation

in 'ff are possible., However, where this Ltechnique has been used by Grin et a.(‘1)
measuremnents vere also made with the 502/0 ef{icient fission chamber. Since they

agree, this probsbly suzgests that the assumpiion of & ep being a constant is velid,

«

As o result of “his discussion the following conclusions can be drawn:-

~~~

a) Determinations of the captiure cross-section from total, scattering

and {ission cross-saciion values lead fo reasonably accurzte data only
1
below 1 keV.. i
(b) QJ measurements only give useful data on «.for energies below ~100 eV
unless the technique correctly identifies the difference between absorbed

and transmitted neutrons.

(¢) ‘mere direct measurements of alpha are made it is advisable that the two
detectors used should look at the same "thin" sample $o that self screening

-

and multiple scattering errors are minimised,

(a) The capture detector used should be insensitive to the changes in capiure
and fission gamma-ray snectra and in the total energy of fission gamia-rays.
It is probable‘thatﬂdetectors with Moxon-Ree characteristics are
preferable to most large liquid scintillators as far as the changes of
gammé-ray spectra are concerned but the situation is reversed when Hotal
enefgy'is considered, - |
(e) . The efficiency of the "fission” detector should be insensitive to changes
in the fission process,  No detector that has been used is perfect but it
is prdbable that errors from the imperfections are in gensral not
significant. = EEEE L ' '
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.
Essentielly 21l reactors mede in the early yeoars of the world's nuclear energy
progremmes were thermal reactors; fast reactors wers not constructed until the

nid-1950s or later, It is not surprising therefore that the Tirst knowledge on
for Pu-239 was confined to the energy range thermal to 0.3 eV. As early as 1947
it was nown that relative to U-235 the Pu-239 a valucs were high in this encrgy

TENEE

@

and a pregremme of measurements vas started at the Hnolls ‘tomic Power

Laboratory, USA to see if o was smaller at higher neuiron energies. The oprincipal
motive of the work was to sec if the breeding of fuel mizht bz feasible in w

intermediate recctor swvecirunm (i.&, the modive for o measurements has not chainged

Lu 02t

4.

‘over the lust

51 (19)

types of measurement were performed. In the first o was wmeasured by irradiating

25 years!). The results of thic programms were reporied by Kame ct

. o
in 1955 and subsequently sumnarised by Samnson and mollno( ) in 1957, Two

Pu-239 (49 - 197 ppin Pu-240) in a thermzl reactor, under neutron shields designad to
give neuvtron transmissions of 0.33 at 5, 30, 200 and 5000 eV; an unshielded ecxposure
was also performed to checit the technicue. The numbers of fissgions in the scunles
were measured by the chemical analysis of the £i ss1on products znd the number of
capbures by measuring the spontanecous fission rates of Pu-240. The results are given
in Table 1.

Table. 1

KAPL Yoil measurements of a

Cut-off Median Tission Pu--239
energy (eV) energy (eV) AW
%
None Pile specirum 0.42+0,08
5 30 0.65+0.14
30 100 0,80+0.17
200 1200 0.60+0.12
5000 15000 0.45+0.08

The values of the median fission energies for the cut-off energies of 200 and
5000 eV have been recently re-evaluated as 1450-1500 eV and 25-30 keV by Barré et
al(.7 . Tt has usually been assumed that these KAPL results aré equivalent to mono-
energetlic determinations at the median energy ~ this is undoubtedly false, ‘

The second set of KAPL measurements were reactivity measurements where
ef'feetively ¥V -1-c was determinsd. The CIP"TlWPnto Were mudc in a prclmen ry plle

assenbly and hence are often called the KAPL PPA measurements, As w1un»phe hnLL

101l measurciments the data are associated with a median ffission energy and the:
esults arc given in Table 2. ’ '



Table 2

KAPL TPA leasurenents. of o

Wedian fission @
energy (keV) .
0.15 0,70+0.10
) 0. 55_1_0 .18
225 0,10+0.10

- At about the same period, mcas uremont of m and O, A in the keV region.
becane available, - These are summarised in Tdb]m 3 and the values of a deduced

nsing 1up to date values of > and onw are gLven ond are plotind in Fig. 1. The past

Table J
- Values 6f d deduced Ffrom meesurﬁmcﬁus
of opa and n dn the keV energy range
made in the years bc“ore 1960 ’
| Heutront A iv ‘ | e o 'f& %4'% onpt ‘
E e I R . o R o
Authors , ?Eg%%y ] (barns) E N\ deduced - ; assuned i' assuned !
I Ferovand | 2n (30) 1 | 2.2240.16 ] 0.30:0.10 | 2.88) |
| Polikanov . - I R R SR PR R S , ’
(1954) (22) S
. R S
- , R o o B .
JMacklin et | bk e e 40,6 0,83+0,25 § L2400
‘al (1956) (23)f 1.8 . 3.230.,5 10.69+0.27 | 1.89
o 33 AT 4005 1 0.08+0.32 | 1.57
39.6 2.2 10,5 0.47+0.33 1.50 |,
4,00 204 4005 - 0.61+0. 34 ! BTN S DV A IR
48,8 1 2.5 0.5 : 0.68+0.3h ! ERE N Y 5
o I e O e e _ R s B R R R D
o |'spivaket oy o2y (30) . . 1200150.05 |1 0.43+0.04 | ~2,88) .
al (1956) (2u)i140- . (140); - 2,35+0,12.10,23+0,06 "} 2,900 "
L2657 (250) 2,6040.18°{ 0,12+0,08 { 2,916 {1 .
265 .- (250)1" | 2,5050.11° 0.1720,05 1 2,916 1
960 ;;(000)7 {;2,57-0.12,A;O 17 O O6);wy3;0093j
o T SR
(1958) -(29) - 1265 " (21,0)| 2,8250,42 1 0.0%20: 04
e ( | an 3‘00+o119 10.0050.07 -
S 06 QOTO 05
"214_-.—0 O

; Fnergj quotcd in 0”1 nal pulecation ra‘ln br ckeus i
-+ % Data taken fron evaluation of Hart (2u) : ‘
% Data {alken from avaluation: o‘.uefher and Bamnu0ﬂ \)1)

_,—\\-‘



{ton years has seen 51rn1f¢canb reductions in the recommended values of Onp in this

cnergy range and so thc‘deﬂuoed values of o oblained from thesc o‘& date have teuded

to rise. ”hc value of Macklin et al at L.k keV gives an alpha which is consistent

with the m0401n values. However, when the experiment was performed o fission cross-

section of 3.5 barns was used in the analysis of the data and this gives an alpha of

0.26i0.17 which is more consistent with the XAPI, date described- above.

4

Measurements of ota and the total and fission cross -sections were gradually
extended to higher'energies with improved neutrbn‘energy resolution during these
years., In 1958 the measurements of Bollinger et‘al(ag) provided the first
comprehonolve set of s-wave recsonance parameters which covered the energy range up to
~50 eV. The partlal cross-gections can be caloulated at higher energies from the
average values and distributions of these pgrameters; the average partial cross-
sectlon <O, > belnF ngen by | ‘
v _ . |
<o > = 2% %2 5 < Eﬂmjiﬁ > o (12)
J Do v ‘ ; R

where >\ is the VvVL 1cnrtb of the JnCldent neutron 61V3ded bV Lﬂ, g is the spin

. . . . . : Nl

weighting facLor,»DJ is the level upaolno,,‘n and U are Lhe ncutron and votal
vridths and V; is the width for the reaction x. The summati.on is over. the possible

spin states (J) of the compound nucleus and the trisngular hrackets represent

average;. Now Pn Yii‘fV" j“"i<'ph>‘<_r¥55 R L o
e—BoX, Lop Eox L (13)
‘ vt A P K AR

whgfe R is & parametcr knovm as the fluctuwilon faCuor which can‘be‘calculated,from
‘the,mean vglue and dis Lrlbutwon of the paru1a7=W1duhs.: Calcula,ulonu of the fission
“and céptﬁre croso—sectlon aqd hence o3 que undoubtedlj made in thLS DCPLOd but since
| the results dld ‘nou‘conterlct thn KAPL dat uhcy vere. not ‘used 1n the early

~‘evaluafions of Pu- 239 daua for. fest reactor culculatwons.t"7

One of the flrst comnrchens1ve and We1] documonted utu ies. 1eadlng to a data
1) in 1900 (the Yo set)
%fThoy'adOptnd 'Wlth some - rcscrvaulon, th° Pu 2)9 a—curv of Sumnson and Mollno 2?

'fshown 1n Fig..j‘vhlch was largely bosed on thc KAPL data.ﬁ Tne data 1n Tdble dld

TnoL confrddlct uhe curve and 1ey felt there wasbllitln basls Lor atuempulnﬁ narglna]

. set for fast reactor calculatlon th m de by Ylftah et al(

HlnnLov°nenL on- Lho carller ana1y51si” They dld however, recomnend.tha'"rellablc,?3

‘ Ymonochromatlc meusurements would be‘uhe reaiidnswcr'to'the problem1




¢ or ones similar in shape have been in common usz until about three years ago when

the direct a measurements between 100 eV and 30 keoV became amelable and vere accepted.

However, oven in the early sixties there was evidence.that the KAPL data at
1.2 and 3 keV were too low. leJ(“’) in 196} made accurate measurements of the
Pu-239 total cross-section from 100 eV to 100 keV.,  From his data he obtained an
accurate value of the shapeyelaétic seattering cross-section and he also caleculated
the comwound elastic cross—section, Vhen the resultant absorption cross-section
obtained by subtraction iras combined with the fission cross-section measurements of

(3t

James ralues of alphe greater nan A in thc eV region nero obtained. However,

Ut L1ey and Janog noted that <o eV E /g (S is the s~wave strength function and E

is the neutron energy) was 1orer above 600 eV LhmnAbelov. The reason for this was not
understood as it can be seen from equation (12) that below 1 kéV, vhere p-wave effects
are unimportant, the quantity Should be constant, It was,therefore Telt that the
calculation of the compound elastlc ucattewLng cross—-saction mlGﬂb be in error.
However, in 19oo Hart >% produced an evaluation of the Pu-239 cross ctions in which
the high o curve of UtLley and James was snlccted At the first TARA Conference on
Muclear Data for Qeacto*‘ in 1906 there was much dlscu531on malnly 1nforna1 on Pu-239

alpha, There were three Jmpo“tunt p01nto in hafdlscu ssion

(a)_ Vlas the aDDPOaCh o;yUttlej and James reaeongbla or did the change in
<0, o> /ﬁi/ above 600 eV inva lldwte tho method9

(b) I the V¢1ue of mlpha was ~1 in the LeV rerlon, thcn it wes not con51utent

'_wlth the resonance narameters measurcd below )OO eV’by Derrlen et al'’

(c) The: values calculated fron re%ongnce pardmeuers (uee the curve o“ Groeb]er

et al(q )-1n TLF 1) vere consistent wik the KAPL - data. >

After tae Conferpnce, uOuvrby dnd Patrlck(hl) m@de ‘an ovuluatlon of a and d°01ded
touse uhe leV and James tecnnloue.f They GGCldCd that the flu0uuzt10n 1n <o‘f>
Jﬁ;éu was unllkely to axfect tha caTculatlon of SR and obualncd Lhe curvc quHn in.

_Fig. 1. .This agrees reasonablc Well dlth uhe most rccnn ata nd perhans thc
1leron £o e 1earned from helr evaluatlon :hen compared to ear71er oneu ‘is the
1nportance of maklpb oure that evaluctad cro ch SGObLOHa are con51stent Wlth tha‘

uallj accurately ﬂeasured total cross—seculon.- Ouner dJua became avallable durannws

"1907, e g.‘thE»lnterral a dlta of om et 11( ﬁ)‘f”blch suggestel thut tne oarlLer

‘ V;.evulu tnd alpha v 1ues were too 1ow., The orov1o1onal results of uhO dlrcct ne suveﬁenu

‘[by Schonbers et al, whlch conflrnea'that alnhu‘ '9Lhe

‘% pr°senued at thﬁ harlsruhe ConLerence on Pa,t Rcactor;

>&u thls‘p01nt nt 15 1mportanhito lod

uh°»1eSaOﬁS onc:can Learnf
on that the FAPL

baCn a d cons1derf
iUndoubtedljvtne,

9 from th¢s serles of events dats vere acconted

ERR
N .
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~as correct in the keV range for so long was that they agreed with the values
calculated from‘resonance parameters. These calculations gave values consistent
with the available data above 30 keV and in the resonance region and therefore the
calculations could be considered as an interpolation rather than as an
extrapolation. + The ﬁarning that these calculations were suspecf lies iﬁ the

- behaviour of <dhf> JE;B - which would essentially be independent of neutron
energy if the ° calculations were correct. As we will see later the
explanation of the behaviour lies in the discovery of intermediate structure in
sub-threshold fission by Paya et al(g) and Migneco and Thedbald(Q). Since the
fission through the channels with spin 1%t is sub-thféshold the assﬁmptionskmade
in the calculations about the mean fission widths of the 1* resonances are no

longer correct. There are three important points resulting from this discussion.

(a) If it is important to know a-quéntity accurately, thén if possible

it must be measured directly and accurately.

(v) Theoretical calculations are only as good as the data they are based
upon.. Even what appears to be a reasonable calculatibnvcan be in

serious. error if the assumpticns made cannot be tested,

(c) Even when a calculation appears.tq‘fit‘the'daté in two energy ranges,

it doés not automatically follow:that it is correct elsewhere.




L., Alpha measurements . in the energy region Trom 0.1 to 30 eV

During the period 1967 to March 1971 several experimental measureméﬁts of the
a-~values Tor Pu-239 in the énergy reglon below 30 keV have been published and our
.knowlcdgé has advanced considerebly. Essentially seven different laboratories have
contributed to these measuremcﬁts - Oak Didge, USA (the mezsurements of Cwin et al.
(11), (zv)), Harwell, UX (the measvrements of Schomberg et al, (3%)), Livermore, USA

(the measurenents of Czirr and Lindsey (), Moscow, USSR (the measurements of
Beljaev et al. (7)), Los Alamos, US4 (the measurements of Parrell et al. (3%)),
Dubna and Obninsk, USSR (the measurcuents of Konondv et al. (39 and Ryabov et al.
(¢2)). All these measurements differ in method and experimental technique as well
- as in normalization procedure. They can be divided into two groups depending on
whether br not fission neutrons were used to identify fission events. The
measurenents of Schomberg et al., Czirr and Lindsey, Belyaev et al.; and Ryabov

2t al. belong to the first group vhile the remainder (Gwin et al., Farrell et 2l.
and Kononov et al.f'belong‘to the sccond group. The Tirst group of measurements is,
in principle, subject to a larger uncertainty caused by the spin-dependence
uncertainty in YV -values. ¥e have accepted that this uncertainty might be as much

as 2% in v and 5°%0 in «.

In ordef‘to case the task of the reader w6 have prevared abstracts for the
seven works mentioned above, which are given in the‘Appendix, where éllinécessary'
dnformation such as accuracy, fission and capture détcctors, sample details,

';éxperimental arrahgement, data ndrmalization,.correcfiohs'and errprs,[aufﬁors'
comments and our comments are presented. In this way the rcader need not consider
details of the experiments unless hé‘wishes to do so. In the present Section the

‘results and the errors are as given by the authors,




() HMeasursments of Gwin et al. (\1), (B%)

The details of this exneriment are given in abstract 1. The first data set

for o measured by Gwin et al, was published in reflerence (\1), and the second set
which supersedes the first one, is given in weflercnce (3u.). The main diiferences
I ’ g i/

botween them is that (2), in the latest analysis Gwin uses a different procedure
Tor the normelization of the metal foil data by equating the energy integrals of
the neuiron fission and canture

100 eV +

cross-sections over the energy range Irom 7.5 to
to the values derived from the measurements using the ionization chamber,
and (b), the time-dependent background in the experiments was interpreted

differently.

The latest set of the data for alpha renorted by Gwin et al.
Table h.

thh a fission chumoer up %o 4 keV,

(%9) is given in

‘The results were obtained with an 11-gram metal foil up to 30 keV and

The two sets are shown separately because

except for nOTﬂdllguu10n the methods used were independent of each other. 24

cemparison of the results, shown in Table /4, obtained for the metal foil with those

- using the fission charber indicates agreement within experimental uncertainties,

. g '
Table & |

X . ~ . !, ‘ 3 ge i . . ’
The resultovf01 <0 >/*°£f>"<ohf> and‘<ohi> obtained by Gwin et gli (34)

ny
.Energy ‘<ohA>'(barns) <ohf>_(barns)‘  <OhY>/<ohf>
I?tergal - - - — -—
keV) . Tonisation . Ionisation | L. ' an Tonisation
1 g-foil | chamber - 11'g—f911~ chumber 11 éffqll' ‘chamber

0.1- 0.2] 35.4 2.3 | 36.4+1.8 18,1 +0.731 18,2 +0,51 | 0.96+0.12 | 1,00+0.15
0.2~ 0.3] 35.3 +2,3 | 35.6+1.8 | 17,2 10,66 17.) 40,5 | 1.06:0,12 | 1,05+0,15 *
0.3~ 0,4 18,6 +1.2 | 18.7+1.3 | :7.9420.38{ 8.3 30,27 { 1.34£0.1% | 1.25+0,18
0.4~ 0,5} 13.95+0.9 "] 1h.4x1.3 |- 9.4250.41) 9.5730,27 | 0.480.09 .| 0.52+0,10
0.5- 0,6} 27.6 +1.8 | 27.3%1.7 | 15.5 10,56 15.3 30,39 | 0.78¢0.11 | 0,78:0.13
0,6- 0.7{11.8 30,76 | 12,914 | 4.1220,2h| 24,0.50,17| 1.8730.18 | 1.9%+0.2}
0.7- 0.8 11.2 %0.72| 12.3:1.8 | 5.57+0.26| 5.70%0.18 | 1.00+0.12 | 1.16+0.17
0.8-.0.9| 9.61x0.62| 10.4%1.3 L. 643:0.23 | 5,04x0,17 | 1.07+0:14 |'1,06+0,%6
0.9- 1.0 }14,540,93| ~16.0+1.4 | 8.17:0,32| 8,50+0.23 | 0.77+0.10 | 0.88+0,1L
1.0-2,0] 8.25:0.55 9. 0. 3_“;~ -+ 2840, 19 h.36x0.13 | O, 9h+o 12 1‘06?0.16 2
2.0~ 3,00 = ~ j‘“3;33io;161 : 1038
3.0- 4.0) t’f.‘ % ' 3.12+0,16 | ~,_1.26
4,0- 5.0 4. hhuo 51‘a'5~ ‘, , 2440 15:;.2.3510;12; 0, 98+o 13‘_;' :
5.0-.6.0| 3.98+0.3h ! '2,0840. 1k | 2,0950,11 | 0.9130.12 -

16,0-7.0} 3.8130.34 = | 2,0350,14 | 2.0550.11 | 0.88+0.12"
7.0- 8%):;5 57+0, 341 2,900,161 2,130,112 | 0,710, 11
8.0- 9.0 3.49+0.331 . 1 2.2130.17 1 2,2230.12 | 0,58:0.10

1'9.0-10.0.1°73,0450,29] -1,8540,14| . 1,8850,10 | 0,644

110,015,011 2,87+0.27 1 - 11,820,101 4,83:0.10 4 0.5

[15.0-20.0 | 2.6150.25] U1,80£0. 1011, 794010 4] 0,2

4120,0-25.0 12, 51 +0.25 8 = 80+o b, .78%0.10"|-.0:3

125.0-30,0 i+ . o ' T o,




(b) lessurements of Schomberg et al. (), (29)

The provisional results of this experiment were given by Schomberg et al. (2)
while the final results are given in reference (22), The details of these
measurenents are given in abstract 2. The latest alpha data set obtained by
‘Schombers et al. which is given in Table 5 supersedes all the previous data of
the same authors, The mzin dlffe1 ences between the latest data set and the
_previous ones are in the expesrimental technique, the ewperimental condibtions used

and. in thc resonance alyha values which have bsen used for mormalizatblon purposes.

Table 5 . .

N . . r—— - s

alues of < >/< > v > and <o ,>» obtained by Schomberg et al, (32
Val 0 th//ohf s <O, 5 nlvonﬂ tadir y Schombers (25)

)
Energy Interva <0, 4> <0, o> o >/ <o o o>
(kev) . (barns) (barns)
0.1 - 0.2 36.36+2,10 18.55+0. 59 0.96+0.12
0.2 - 0,3 32,99:2.61 18.45:0.58 0.79+0.13
0.3 - 0.4 18. oo+1 55 3. 70+O 30 '1.13;:;0.16
0.4 - 0.5 1y, Olied 17 9,750, 31 0. 40,11
0.5 - 0.6 25,5651 .03 15,6850, 50 0.63+0.08
0.6 - 0.7 11,7140.85 4..30+0.19 1.130,15
D.7 - 0.8 10.65+0.79 5.49+0.28 0.94:+0.13
0.8 « 0.9 - 8,23+0.95 5.3840.19 - 0,53+0,16
0.9 - 1.0 12,4640.83 8.04+0.27 0.55+0.09
1,0 - 2.0 7.,o+0 57 = 4,71ip.16 0,694+0,10
2.0 - 3,0 6.59:0.51 3.43+0.13 10.92+0.15
3.0 - 4.0 5,38+0, 41 3.4140.11 0.73+0,12
4,0 - 5,0 1.18+0.30 - 2.43+0,08 - 0.7220,11
5,0 - 6.0 e 0,580+0.11
6.0 - 7.0 3,43+0,27 2.03+0.07 0,69+0,12
7.0 - 8.0 3.4.340. 2 . 2.16x0.07 . 0,59+0.40
8,0 - 9,0 3,43+0,23 2.200,08 ©0,5%%0.09,
. 9.0 - 10,0 3.1240,21 - 1.90+0.06 0,64:+0,10
10,0~ 15,0 2,6110,16 1.,72+0,06 ©'0.52+0,08
15.0 - 20,0 2.354+0,13 - 1.,60+0,05 10.46%0,07
20,0 - 25,0 2.2650.13 1.56+0.05 . 0.45+0,07
25.0 - 30,0 2.17+0.13 1.62+0.06 -0.3h20,06"




(¢) leasurcucnts of Czirr and Lindssy (3'o)

IT!"

ne results of the mezwu*'cmrants of’ Cairr and Lindsey sre published in
reference (%l). and Jdetails of the measurenent are wresented. in abstract 3. The

results are given in Table 6.

Table 6

Values of <o, .,// >, <o > and <Uﬁ11 > obtzined by Cuirr and Lindsey (36)

<9, nf nf
Fnergy Interval Cnn” <Cap” < f>/<0“] >
(ke¥) « (barns) (barns) ! i
i A ,
0.1 - 0.2 30.6 17.2 0.78+0.05
0.2 - 0.3 32,3 174, 0.8650.05
0.3 - 0.4 17.5 3.3 RAE O 07
0.5, - 0.5 12.0 6.8 0. 14)+0 03
0.5 -~ 0.6 23, 1,2 0.65+0,05
0.6 - 0.7 10.);. 'I;..O 1. 40'}-0 15
0.7 - 0.8 8.6 L.5 0. 9010 08
0.8 - 0.9 - 8.5 5.2° Q. 6£gr-0 05
0.9 - 1,0 12.1 7.1 0. 70«10 06
1.0 - 2.0 7.8 4.2 D, 8)'-0 07
2.0 - 3.0 6.1 3.0 1,0120.08
3,0 - 4.0 5.25 2.8 0. 80_;_0 07
4L,0 - 5.0 54.25 2.52 0.8040.07
5.0 - 6,0 N : 0,87+0.08
6.0 - 7.0 0.87+0.08
7.0 - 8.0 0.62%0.07
8.0 - 9,0 0.55:0.06
9.0 - 0.0 0.62_+o 07
10.0 - 15,0 0.42+0.05
15,0 - 20,0 0,41+0.05
20.0 .- 30.0 0.37+0.04.




(a) leasurements of Belyaev et al. (37

The results of the measuvements of Belyaesv et ul, (37) are sgiven in Table 7,

and the details of the meoswrenent are presented in abstract L4,

Table 7

Values 0f~<Gh.>/<ohf>, <g. > and <q > obtained by Belycev ct al, (37)
; i :

nf’

Eger§y , <OhA> '<ohf> / . <ohyz/<th> <05Ya/<ohf>
I%;zzgal (barns) (barns) <OﬁY> “One” (KaT and ZnS) ‘ (5ti1bene}
0.1 - 0.2 | 33,15 17.65 0.8840,03 0.87+0.03 0.92+0.,07
0,2 - 0.3 | 33.5 16.18 - ° 1.07+0.00. 1.09+0. 0/ 1.03+0.07
0.3 - 0,4 |. 20.3 9.09 1.23+0,05 1.24+0,06 1.2040,10
0,4 - 0.5 | 13,05 9.00 0.45+0,05 0.47+0.05 0.42+0.10
0.5 - 0.6 | 22.3 12.77 0.75+0.05 0.76+0,06 0.73+0.40
0.6 - 0.7 | 1h.h 5.29 1.72+0.13 1.71%0.15 1. 7040, 20

0.7 - 0.8 10,2 5.28 0.94+0.09 0.92+0,10 0.99+0.20
0.8 - 0.9 | 10.0 5.6 0.78+0,09 - 0.87+0.11 0.63+0,17
0.9 - 1.0 | 10.75 6.29 0.71+0.08 0.79+0,09 0.63+0,17

1,0 = 2.0 8.75 L, 33 1,020, 06 1.06+0,07 0.96+0,10
2,0 - 3,0 7.9k 3.20 1.2340.08 1.23+0,09 1.2340.,17
3.0 = 4.0 5.4 2.76 0,96+0,11 0.98+0.13 0.92+0.20
4.0 - 5.0 h.72 2,58 0.85+0.10 0.87+0.11 0.76+0.20
5.0 - 10,0 3.75 2,23 0.67+0,07 0.67+0.08 0,66+0, 14

- The errors quoted are statistical, An additional error, which is approximately .
o : o L : : . .
+5 /o for a values between‘O,G and 1,1, must be added to allow for normalization

uncertainties. The <dhf>,va1ues are given without corrections for self screening.

—a-




(e) lNeasuremanis of Farrell et al, (32)

The results of the measurements of Farrell et ol, (3€) are given in

Table 8, and the dstails of the measurements are prazsented in abstract 5.

Table 8

Valu=s of 40'”>/<G‘p>, <T_,.> and <o_,> obtained by Farrell et al. (3&)
ny nf n’ R 1 7:1 ,

Energy Interval <g > LT >
g7 na’ .- nf* KO >/ <T >
. (kev) (baln ) ' (barns) Y et
0.4 - 0.2 35.25 211 0.67+0.09
0.2 - 0.5 . 31,40 20,6 ' 0. 0]"0 09
0.3 - 0.4 18.3 9.03 0.9420.11
0.k - 0.5 16,2 10,3 0.57+0.10
0.5 - 0.6 2G.6 16.2 ~0.64z0.11
0.6 - 0.7 12,05 4. 50 1.68:+0,18
0.7 - .0.8 1.3 6.11 0.85+0,1%1
0.8 - .0.9 9.7 5.43 0.79+0.11
0.9 - 1.0 1.7 8.67 0.70+0.10
1.0 - 2.0 2.7 W L7 1.17+0,12
2.0 ~ 3.0 8.0 347 1.31+0,13
3.0 = 4.0 6.0 3.28 0.95+0,11
k.0 - 5.0 4,92 2,59 0.90+0,1
5.0 = 6.0 5.0 . 2.59 0.93%+0,11
6.0 - 7.0 415 2,23 0.86+0,11
7.0 - 8.0 4,10 2.1y 0.66+0.11
8.0 - 9,0 - 3,92 2.48 - 0.58+0,10
9.0 - 10.0 3.70 2,11 0. 74:+0.11
10.0 - 20.0 ©3.40 1.9 0.60+0.,10
7 20.0 - 30.0 2.7 1.85 0.48+0.09

The errors quoted in Table 8 are standard devia ations and include 5tctls,1cs,

s error in flu51on gamma subtructlon, a2nd estimates of qysteﬂPth errors due to

target dengltj, detector eff3c1oncy Jnd SOlid angle etc
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Ths details

lessurenents of hononov et 0l, (34)

The re

Values of <o‘m,>/ <°;1"> and <o‘1 jf> ‘obtainzd by Hononov et al,
. L .

sults of

as well as discus

the measurenents of Fononcv et al.

(”“) are miven in Toebls 9.

sion of the measurcient are presented in absiract &.

(=2)

Resolution

Resolution

Resolution

Resolutioeon

Bnergy 15 n50ﬂ41 220 ns”@ﬁv : 1) nsee/n 220 nsec/n
Interval <o‘"z/<6'ﬁ> <o >0 o> e’ ("1) /0) <O >
et ]) - ny ni el ni ni
(b .Ln's) (barns)
0.1- 0.2 0.7110.07 0.73+0.05 21,63 18,9
0.2- 0.3 1,3140,23 0.72:0.16 17.89 18,39
0.3~ 0.4 | 1.7130.28 0.8250.23 7.30 8.77
0.4~ 0.5 0,48+0,16 0.6010,12 12,30 .38
0.5- 0.6 0.68:0.10 0.70+0.10 16,33 15.61
0.6~ 0.7 0.75:0.13 0,92:0,21 7.5h 7.32
0.7- 0.8 1,03+0.07 0.70+0.16 . h.57 5.3,
0.8~ 0.9 0,680,424 0.65+0,1L 7.03 5.63
" 0.9~ 1.0 0.48%0.11 0.65+0.15 10,93 7.16
1.0~ 2,0 0.65:0.%4. 0.78:0.13 5.56 5.01
2.0- 3,0 0.89+0. 14 S 0,8350.1k 3,61 2.9
3.0~ 4.0 | 0.6710.08 0.77+0.11 3.65 2.95
4,0~ 5.0 0.55:0.08 0.71+0.03 2.65 2,36
5.0~ 6.0 0.90+0.05 0.65+0.09 2.36 2.20
5.0- 7.0 0.97+0,08 0.59:0.10 2,43 2,18
7.0- 8.0 0.46+0,07 0.2)+0,08 2,55 2.39
8.0~ 9,1 0.49+0.05 0.243+0,08 2,32 2,26
9.1-10.1 0.43+0,06 0.4540,09 2,22 2,47
10.1-29.5 | 0,48+0.10 0.364+0, 08‘ ‘ o

* The fission cross-section values measured are of illusirative naturc onlj,

as Ohf and «-values n&vc been. obtmlnmd wl*b different norqul

-2\

tion.



Ths

T
and the details and discussion of the measuraement are given in abshract 7

(&) Ieasursuents of Rynbev et al. (490)

results of meusuremants of Ryabov et al, (ﬂAO) are presented in

TABLE 10

~ g - / a - oy e B TN 3 - . EN
Values of <02 <0 o> and <O > obtained by Ryabov et al, (40)

-
BEnergy <o ,>/<o‘ > <o >
. Y i £
Intervul i nf . n_f
16 ) (barns)
1o . 0.85+0, 11 18,

1.00+0.10
1,0040,18
0.8940.09
0.84+0.08
1,040,475
1,3140.13
1.15+0,1 6
§,2170,18
1.0440,13
1.09+0.18
0.96:0,14
0.78+0.0h
0.82+0.14
0,75:0.18
0.60+0,17
0.50+0,07
0.43+0,08
0.37+0.05
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5. Aesults of alnhs measuroments at enersias hizher than 20 eV

A5 in the vravious Section, only datz published in the veriod up 4o liarchn 1971
are considered -in this Scetion, The measuvrenents in this snorsgy range are not as
discrepant as bthose below %0 keV and so the exreriments will nolt be considered in

the same delzil.

Txgent in the case of v« measurements the resulis and errors will
be as given by thz authors. For the M measuremants the values of ~¢  used to

derive « are htaken {rom the receni evalusiion of lather and Barmtoa (31).

\
(a) Zuveriments of Spival ot al, (W

Kessurements of = .. (= v ) were carried out by Snivak el 2i. with vhoic-
1 l. b - h
neutrons with enerzies of 24, 140, 265 and 950 keV, They measurcd neuiron

absorpuvion anl fissicn neusron nroduciion bf means of two detectors haoving diiferent

sensitivities for different noutron energy ranges. The neasuremsnts were nperflorincd
with the scurce along and then with the source embedded in & plutonium sphnere. The
experimental results cbtained are presented in Taeble 11,

A

manT
LA i
it et e s

AY

The experimental results obtaingd by Spivek et al. (2g)

{ :. z 1
Neutron Energy (keV) 2 opp ] "~ i o

/

-

!
o
o

1st detector 24 keV  © 2,01:0.05 . 2,884 | 0.43:0.0k
12,0 ©2,35+0.12 ¢ 2,900 . 0,23:0.06
265 | 2.6020.18 , 2,916 | 0,1210,08
2nd detector 265 keV  : 2,5040.11 2,916 1 0.17:0.05
960 . 2573012 . 3.009 | 0.1720.06




-

(L) Bureeriments of Andvoey (25)

Fhotoneutrons with znergics of 24 koV, 265 ke¥V und 950 ke were used. Andrcov
used a2 sphere T cin thick and with o internnl diometer of 5 an. The Tission detochor

(ionimation chanbors vith U-255 and U-238) was set on inside and She neutroi souvrce

outside the sphare. The exnerimental resulis oblfeined are given juw Table 17

'PABLE 12

———

The experimental results obtained by Andreev =t al, (@s)

Reutbtron Iinergy . G v
(keV) } i |
]

T ..

2L 2.17+:0.07 2,884 ! 0.33+0,0k
¢ 265 P 2.82+0.42 2.916 1 0.03+0.0k
3.0040.19 L 0.0

o

3.009




(¢) Experimsnts_of Tloplkins #nd Diven (30)

The neutrons were obtained with the vrimary protons being produced by means of
the reactions Ei-7(p,n) for 30 keV neutrons and T(p,n) for nzutrons in the range
60 keV - 1 MeV. Capture or ¥

ission events were detected in a lerge liquid:
sdintillator by means of thelr prompt gamma‘rays. Tission was identified by the
‘delayed'pulsos produced by capture in the scintillator of the. fission neutrons, fThe
experimental results obtained by Hopkins andADiven are'given in Table 15, The
standerd deviation for « arc a combination of Lobh statisticsl uncertainties and the

uwincertainties in the extrapolation of the spectra to zero energy,

TARLE 13

Ixperimental results obtained by Hopkins and Diven (39)

Neutron ‘
Energy. -0,
(kev)

30 + 10 1 0.343+0,038.

) 60 + 15 1 0,145+0.017
175 & 25 | 0,14210,023
250 + 50 " 0,106+0.016
400 3 90 1 0.089:10.009 |
600 1+ 76 | 0.065+0.009 i
750 + 70 1 0.046+0.010 |
2900 + 63 1 0,035+0,012 1.
- 1000 x 58 ;i 0,027+0.007 |




(3) Fxncriments of Van'ltov and Stavisskii (40)

n  and o The detector

Photoneutrons of enersy 24 keV were used to measure A

system consisted of a water tank containing small moveable.fission chambers and the
neutron source was contained in a1 m diameter cavity. The changes in count rate
were measured ab various distances frowm the source and -« and oﬁ“ deduced.  The

o

results are presented in Table 14 and it can be seen that the two values of «

deduced are discrepant.

TABLE 114

Experimental Results obtained by Van'kov and Stavisskii (41)

1
- onf |
aat o, (barns) o NV (barns
na ) assuueq assune {1

245:0.06 | | 0.310.0, | 2.0
2,75+0,16 | 0.6140.10 T

f

In this evaluation we will only consider the value based upon ™ as the value of

Oﬁi appears high compared to other data,




(e) =mxperiments of Lobtin et al. le

The principle was the same as in the o-periments‘of Hopkins and Diven, A signal
recorded by the spherical secintillator (gumma rays and récoil protons) corresnondsd
to a Tission event if it waS'folldwed by at least one other signal within 30 usec
(capture of a neutron by the gadolinium)., The neutrons were produced by means ol
the reaction Li-7(p,n) with a Van ‘de Graaff accelerator vencrating‘thg primary
proton‘beam. 3elow 100 kéV a>thick varzel wes used and the neutron energies wers
determined by the time-of-{light method. Above 100 keV they used a thin turget and
it was possible to obtain monoenergetic neutrons with - good resclution. Tho
resulits of these maasurc”ente in the energy region 17 to 600 kov are ,uo T in PTeble 15.
The total error in alpha is glven at 30.1 keV, ¢nd alpha-values at other energies
were normalized fo the a-value at 30.1‘keJ and on17 the ut;clstlcul error is given lor
the other energies.  The statistical urﬁelta¢nty in the alph; va]ue at 30.1 cf was
assumed to be 6.5 /Q and the systematic uncerialnty at uh1° epcr"y was accepted as
7.6 /o, plvmnr the total errcr of 10 /o at 30.1 keV, Tor evaluation purposes we have
taken the value of 7.6 /o as a :yotnmaLlc error Lo be addea to all the error values

given in Table 15 (ccCent at 30.1 keV).

TABLE 15

Alpha—valuSS'bbtainéd by Lottin‘etial. (42)

Neutron A . R ..~ Neutron
. Energy = . Sl a : “Energy o
S (kev). . o (keY) .
17.7 -] 0.395+0.108 - 38,5 0.25%40.017"
18,3 © ] 0.490%0,109 ! 40.5 0.226+0.016
18.8 o 0.M4350,097 T 203 0.246+0.016
19.4 2 ) 0.4h260.089 L T W5 7 0.24070,017
20.2+0.6 . | 0,350:0,075 | = 46,7 ©0,28650.017 |-
21,07 - L 0.353+0.071 | 48.5 - 0.199£0.027 |
217 0.1,06¢0.071 | . 51.042.5 0.19850.028
© 22,4 - 0.409+0.048 | o Bh5 \‘0;195io.030;
23.1 S 0.371£0.000 <} 57,5 1 0.178+0.032
25,9 o . 0.353+0.036 | - 60,7. - - 0.17610.025
o248 . o 170,350£0.03k - p o640 | 0,174%0,022
25,7 e, 355,o.o3og'~ o 68,00 170,16940.021-
26,8 ol 32 027 S 0 0416540,02
0.2 ©0.1560+0,021
0 2 : AO.'F‘17 0
£ 0.329 0,127+0
0,29 - 0,11640,
0.3 °0.07
20,2 0.08!
0,2 0.03
.o 228




The agreement between these data and those of Hopkins and ’Divén_ (30) ‘is
satisfactory, but both of these duta were obtained by very similar technigues with

the net resuld: that there may be soms systematic error ussociated with these

measurements,




(£) Ixperiment of Dandl et al. (&3)

The shapes of a and v\ have Leen measured in the neutron encrgy region from 8
4o 60 keV. The neutrons were obtained by means of the rezction Li-7(n,n)Pe-7 2t o
'Yan de Graaff accelerator. The absorntion was found by a compzrisen of the
scattered nsutrons {rom the Pu-sample with those from a non-absorbing lead samnle,
The scattered neutrons were detected by a Li-6 glass scintillator and fission
neutrons were simultaneoﬁsly measured by an organic liquid scintillator with pulse

shape discrimination against Y-reodiation.

The  a-values obtained wern‘normalized to the data of Lottin et al. in the energy
region Trom 40 to 50 keV, ‘The )idtngt“CJj uncertainties in the a-values measured
‘are 5—100/0, systematic anertaﬂnLles arc wbout 10 /o, and uncertainty due to
) normalization is about 10 /o, ﬁlVln" thc total e"r rh_of 15—”0 /o, The a-data

obtained by Bandl et al, are given in Table 16. -

<

TABLE 16

Alpha-values obtained by Bandl et al. (%)

Energy Interval (keV) 'v a(Pu-239)
8-9-- 0.687
L 9-10 0.689
10-11  © B 0.617
A2 1. 0,60k
1243 : -~ 0.505"
13-14 0.539 .
1-15- 0.566
1516 o b 004500
617 b 0,381
A748 o b 0.386
A8-19 T 0.389
ETA9=200 s e - 0.388
20.0-22,5 -l L0035,
L 22.5-25,00 . . 4 0,30
©25,0-27.5 .0 L 000287
L 27.5-30,0 0 0,28
30,0-35,00 ol 009 T
..35,0-40,0 o0 0, e
C40.0-45,0
‘ »)-!-5.0—_50'.03-1;*
5050-60,0 .




6. An FEvaluation of Alpha

(a) Eneray ranze 100 ¢V to rO eV .

"The ovaluation of #lpha is best considered in two overlapping'energy
ranges; 100 eV to 30 keV and 20 keV to 1 MeV. In the encrgy range from 100 eV to
30 %eV there are now a nunter of measurcments which have been discdssed in Section /.
The resulis of these aré collected tozethse in Table 17 and plotted in Fig., 2. The

e,

data of Bandl et al, and Lottin et al,, which overlap the two cner"J ranges ars also
considered. It can be szen that the results are not in gool agreement.anﬁ it is the

aim of this section of the paver to obtain the best values from the available data.

There are a number of powsLbLe reasons why the various low energy experinents

may give di crenanh results:

(a) +the experiments are not all normalized in a consistent manner
(b) the errors in some of the expsriments have been underestimated
(c) there are flaws in the ex inenuxl techniqgues usad in some of the

exnﬁernnfs und

(a) = the ex»eriments Jthh use the ddtection of fast fission nesutrons to

-select fission events will get dif Ferenu Jnsw grs if v fluctuates

as a function of incidenl neutron cnerg‘.

>

(4) Normalization

4.

- | ~ "”he simplest way to check that ‘th normalizations are LOHSlnteﬂb is to
comndrc the o-values obtained (or used for n01ma1L7deon) for well res o]ve& resonznces
belov 100 eV, The lvall yble results are shown in Table 18 & nd it can be scen that
on th he whole the agreem@nh between efpﬁerﬁnté is reas onale rood nartlcularjj wihe
one conslderu_all the resonances s¢multaneous~y;' The norma 1Lz vtion of the remzining
experiment of Farrell et al, is discussed in. the appcndix and thoughr#e do not have
the etaé‘ values of the rcsonance o-values Obudlned it is oﬁr:OPinion'that théy ere. -
'pr bably conngucnu w1th the numoe”s in abln 18. Thoreior ’ulncc the dlfferenceu ‘

‘betwecn the lpha valucs are ‘much smallcr tn?n thc &1fierenceu oechen the’

meés uleﬂcr*s of <o >/<o >, vie conaider tnat efchtLvelj«ull the e nerlmﬂnts are

nY T
conulstent]v norm&llge& In v1r va11j all the ezper1me1ts Lhe normal1zat10n 15‘1
‘eosentlally basea on thc a.--valuec ‘in hc thermal energy ranre.a At 1cast hNO leues
'dre rcoulrcd to ootaln th valucs of A aud B 1n equatlon (HJ) and houeh uhe Lhcrual

*;q va‘ue is accurate]y knofn (\ ) thn alues at obher enerp:es ure relwtlvoly

1nu00urate bnd tho'llnlts hc dccuracy to anch @ can be mea .ured ;Je con 1dur uhat~

(1r3‘9a) or the o valueu uOt”°On
—TO 3,_1

1. and 3'reupoct¢¢elj)

eLher .or’ no» eulL%uLC

the.

,T1f1u3dlff¢cu1t to ssess ﬂrro“h a"o quound in

; lfh

fVariQQS'experlmsnus. At cortmln enorglco Lt 1001 1P thﬁ'uorﬂad in v lues is

Lo P O




TARLR 17

teasursnen!s of Alnha wele
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Gwin et a1, (3:)
Schomberg Czirr and = Belyaev Farrall
T T et el (39) Tdndsey (36) et al, (37) et 2l. ()
Poil Fission o
- i\ chamber : o

0.96+0,12 | 1.00+0.15 ' 0,96+0.12 ' 0,7840.07 | 0.88+0.07 ¢ 0,67:0,0¢
. 1.0620.12 | 1.05+0.15 - 0.79£0.13 ' 0.86:0.08 ' 1.07+0.08 . 0.67:0.0%
13440004 ¢ 1.25:0.18  1.13%0,16  1,1130,10 . 1.2350.09 ; 0,9450.1]
©0.48+0.09 | 0.5230.10 © 0.44%0.11 | 0.4550.0h | 0.45:0.09 = 0.57:0.40
10.78+0.11 | 0.78:0.13  0,63x0.08 = 0.65+0.07. | 0.75:0.03 = 0.64x0,11
£ 1.87+0.18 1 1.9540.2% © 1.44+0.15 1 1.60+0.17 1 1.72:¢0.17 . 1.6870.1¢
1.0040.12  1.1640.17 © 0.930,13 | 0,90x0.10 | 0,94%0.13 | 0,85:0,11
1.07+0.14 | 1.06+0.16 . 0.53+0.16 * 0.64+0.06 0.78+0.13 ' 0.79+0,14
'0,77+0.10 | 0.88:0,1) | 0,5570.09 : 0.70+0.08 | 0.71%0.12 | 0,7050.1C
0.92:0.12 | 1.06+0,16  0,59:0,10 ' 0.85:0.09 : 1.0240.10 @ 1.17:0,%?
1.38 = - 0.92:0.13 - 4.,0150.10 1 1.23%0.12  1,3150.13
1.26 ¢ 0.73+0,12 © 0,86+0.09 | 0.96+0,15 i 0.95:0,1"
0.9840,13 | . 0.72¢0.11 1 0.80:0.05 ' 0,83:0.% ! 0,90:0.11
0.91+0.,12 | ©0.80+0.11 §  0.87+0.10 ‘) i 0.93+0,11
0.88+0.12 - 0.69+0.12 | 0.87+0.10 | ' P 0,86+0.11
0.71+0,11 0,59+0,10 ¢ 0.62+0,08 i} 0.67+0.11 | 0.68%0,11
0.5850.10 + 0.56+0.09 | 0.55+0.07 | T ] 0.58:0.10
L 0.640,11 ' 0.64+0.10 | 0.62+0.08 / i 0.74+0.10
0.5650.10 | ©0,52+0,08 | 0,4250,06 ! i} 0.60+0.10

- 0.45+0,09 i 0.46+0,07 | 0.3130.06 | I
. 0.39+0.09 = L 04540.07 |0, 4 £ 3 N na
0.z0.15 | 0.3470.06 3‘0.,7_0.03,*‘ | § 0-4820.09

- * Error not given but assumed to be #0.30 in this evaluation

t
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Szirr and
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0.70+0,08
0.85+0.09

1.01+0. lL'f

1

O.C",LO 03
0. oOLO 0g
0 87* A0
0,87&0 10

0.6210.08;

0.55+0,07
0.62+0,08
D )4 0 OU
O 1+ r-o 00

\
b
|
v
\
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0.3740,05 .

Belyaev
et al, (7))

0.88+0.07
1,07+0,08
1.23+0.09
0.1:5:0. 09
0.75+0.09
1.72+0.17
0.94+0.13
0.78+0.13
0.71%0.12
1.02%0.40
1.23+0,12
C. 95i0-15
o. 83_4;0./“4.

0.67+0.11

v 30 in this evaluation

0.67+0.09
0. 67+O 02
0.94+0. 17
0.57+0.10
0.66+0,11
1.68+0.18

1

r /.
15 ns/nm

0.71+0.07
1.3140,23
1.7140.28
0.48+0.16
0.68:0.10
0.75+0.13
1.0340,07
Oo68+o. 1 l;.
0.48+0,11
0.65+0.14

0.43+0,05

O.hai0;10

[P U SRR .

I NFanov
‘ et 21, ()
220 ns/m
- 0.73+0.05 0.85+0, 14
©0.72+C.16 1.00+G. 1
0.82+0.83  4.00:0,22
. 0.60:0,12 0.89+0.48
. 0.7010.10 | 0.84%0.12
L0, 9Liov91 1. 04+0,15
| 0.70+0.16 = 1.31:0,18
[ 0.63+0.14 . 1.15:0.20
[ 0.65+0.15 | 1.2120.25
| 0.78£0.13  1.,04:0.17
i 0.83+0.14  1.09%0,21
¢ 0.77+0,11 0.96+0,17
i 0.71£0.08 = 0,7840,09
¢ 0.65+0.09 0.82+0,18
' 0,5940.10 . 0,7530,21
I 0.4:+0.08 ° 0.60+0.12
i 0.43+0,08  0,50+0.10
i 0.46+0.08  0.43+0.10
0.36+0.08 } 0.57:0.07

Lottin
et al, (u:2)

0.390+0. 045
0.332+0.037
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Table 1T

Resonance a-values

Belyaev et

Resonance Gwin et al. | Schomberg et al. | Czirr and Kononev et al
Energy (v1) " (z9) ' Lindsey al. (29) (15ns/m
(ev) (a) (p) (30) (7)) and 220 ns/m)

(a) (a) and. Ryabov et

5 a.l(-'é—fX (b)
7.85 0.85:0.05 | 0.86+0.0k 0.82 0.864+0.03 0.89
10.9 0.27+0.06 0.33+0.03 0.26 0.27
11.9 1.56+0.10 1.5240,07 1.57 1.66

15.5 0.1440.06 0.1140.05 “

17.7 1.14+0,06 1.13+0,05 1,0k 1.1440,05 1.01
22,3 - 0.64+0,0L 0.66+0. 0k 0.63 - 0.60+0.04" 0.67
26.3 0.91+0.05 0.90+0.05 .0.88 0.99+0.06 0.87
b5 ©9.38:0.70 |  8.9440.60 19.79 9.60+0.60 8. 36

(a) Values obtained from experiment

(b) Values used for normalisation



"~jdetector w1th a doxon~?&e char ctér1stlc)"

greater than expected end so we must now consider if all experiments are cgually
reliable, If there are flaws in any experi t then its resulls should be either
neglsctled or down weighted. ‘e have seen from the previous sections of this review
that virtually ‘211 o mcasurements below 30 keV essentially consist of the measurcment
oi' the number of fissions (b“) and the numbar of gamnu-ray avénis (hY). The count

to backeround ratics wre hirsher for W, uﬂin.[, and this means that background
= i

Iy

uncertainties ‘in N, lead to larger -errors in o than those in HF. Trom the
measurements of “ “the values of <th> can he obtained and, since the background

Jevels are low, the results from the various experiments ghould agree when they ore
consistently normalized. If eny experiment disagrees with the geaeral trend ilen

this probably sugzesis that thore are background errors in the measurenent. Since
siimnilar errors, which will have larger effects on «, will have probebly been mzde

EN

in the NY measurenment we will down wreight exypzriments in the energy renges where

the <O o> @ anld « daLn are botn discrepant.

In princiyple befor» we con51d°r the values of <0, o> some of the measurements
reguire correcting Lo allow for seld screening eflfects and for the nonm 1/% ‘vehaviour
of the B—ﬁO(n q) cross-zection., However, we have accepted all méasureménts without
udJUSunanu because we arc only intercsied in discrepancies far larger than the
magnitude of the corrections. In order to comnlre the exveriments we have normalize
the results to unity bebween 5 and 10 keV and the data_are presented in Table 19,

This energy range was chosen bacause both of the abovs corrections and the backsrounds
in the fission measursuwents should be Small.‘ I one considers large diffsrences
(~15%06 or more) from the bulk of the data it appears that the following energy

regions are correlated ulth rat ner discrepant o values:

Ryabov et al. | o 0.3 - 0.5 and 0. 7 - 2.0 Vef
Kononov et al, (15 ns/m) 0.3 - 0. 4y 0 1.6 0.7 and 0.8 - . LeV
-Kononov et al, (2?0 ns/h) O 6 - O 7 and. 2 - 3 knJv |

Ve w111’qherelore down Welght thnse cfpeerento in’ ,hese energy ranges.

(1i1) posslble “1 aws in Exnerim nua1 ochnloue

s In Sectlon 2 it was concluﬂed that tqe gdmma rqy detectoro used in the
experlmenus should be lnson51t1ve to the: chang i Lhe canture and fission gamm rayi
sneCura and to the total enerﬂY OI flSSlon glnma rafs.' Tablc 20 summarlses thc ganma

ay deuectors useL 1n the

! istexber ments Movon—Rae L,‘ypn dntectors Jere u;ed :
for ohree e/ncrlnbnts and tneueﬂhad a var;etj of v lueu»foLvthL ratlo of e¢L101 nc1eub‘

'Aor f1n31on and canturc ovontu (6 J/E- ) (Tbe eYDectea value 1s ~I—1 3 for _‘

' ‘ﬂt;al h ve1uh0"n (95) ha

1H~ . i ! ) é
- 2 5 are 001rcc1 (th hJ h op

',chomber

"V‘Lhelr carlv d:l*{,a txmnni'vhen"’,C / 6

“aonhapced detbctlon ol fﬂsqlon events)f Bel*aev et 11 thO shomn Lhat fé;éfforvtheirf'

fdetCChoru‘lgL L oensatLve to chan 85 ¢n”thc capuurc gamm1 raj snﬂctra

lih h@ reSQnaﬁce
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Table Q O

Compariscon of types of capture detector -

« Experiment

Type of Detector

Comment

Gwin et al.

Schomberg et al.

Czirr and Lindsey

Belyaev et al.

Farrell et al.

Kononov et al.

Ryabov et al,

Large liquid scintillator

Modified Moxon-Rae

Modified Moxon-Rae

Bx 8BcmMal or 7x 5 cm
Stilbene

Solid State Moxon-Rae

500 1 large liquid

scintillator loaded with

i
boron

500 1 large liquid

scintillator loaded with

Cd

écf/ Yee~ 2.5 for early
~1.5+0.2 with

modified -detector

runs

s /& = 0.86
Lﬁf/ ce
For Wal, Y-rays in range

1-2 eV only detected

Cop/ $oo= 1.27+0.08

Detector divided into
2 halves connected in

coincidence

Probably divided into

2 halves connectea in

coincidence




region. G the experiments vaing 1JT“P Jlicuid secintillutors, two (Kononev et al,
and Ryzbov et al.) were wrobably done Ly taking coincidences batweon two sccolions
and this could load to errors. Moreover, liquid scintillators, unless they are very
large, ore 11ab1ﬁ to b2 more ssusiltive bto changes in caplure gomma vay Spéctru t
Voxon-Rae detectors. Ve will accept the datn cbtained with Mowon-Ras datectors
(ucnonn ers et al,, Czirr and Lindeey and Forrell et al, ) with resevvations Lecauss
the C¢/ " values are nobt the same and we do nobt know which value is correct, The
experinent of Gﬁnn et al., is also accentable but there must be scime Joubls wboui the
experiments of Belyszev el al., Xononov et al. and Ryabov et al, beeause of their
possible sensitivity to changes in canture and fission gomma roy swnecira. The
problen of total fission gamne. ray energy verying with incident neutron energy was
discussed in Section 2 where it was concluded that we could accept © op 28 being
constant and the exneriments correct il we assume that they are essentially normalizcd
81 ~30 eV as well gé at low energies.

Tablz 21 shows that the various exneriments have used a varicty of technigues
to measure Hﬁ' e notved above that there may be errors due to the variation in -3
as a function of the spin of the compound mucleus. It will be seen later by couparing
results of experiments using neutron detection with those using other meothods th&t
there is some evidence for significant errars due to this effect. TIn Bection 2 other
possible errors assoclaztled with the techniques were discussed and it was concluded
that,wnile no detection method was perfect in that 1t was insensitive to possible

changes in the fission process as a function of incident neubtron energy,we feel tha

no

errors arising from these effects are not in general significant. Tt 1s worth nob:

‘_4.

ng
o s s ' . -

that at 25 keV ~60°/0 of the Tissions are produced by p-wave neutrons. = This

percentazge reduces to ~25 /o at 5 keV so it is 11Po]v thet errors associatved with

changes in the Tission process due to the dncrease in p-wave interactions will only

be significant abeve 5 keV.

There can in principle be serious errors in a cross-section measirenent due to
self screening and mulitiple scattesring cf*ecto. ‘e have seen earlier that these are
mlnlmlzed by measuring a ratio of cross-sections, such as alpha, under experimental
.conditions where the two detectior systems observe the‘same "thin" sample, (iore
detsil of the exnerlmenLal conditions under which the corrections are minimized
given‘in Section 2). 4s can be seasn from Table 21 all the experiments excent those
of Farrell etjal; and Kononovhet al, used a single-éample which had‘acceptuble
thickness ('\—10"3 atoms/barn). The data of Farrell et'al. are prbbabiy‘acceptable'
because they made cbrrections fof se]f sCreeninﬁ eff@cts and Gﬁin etfal. (?H) have
shown that with a Sanﬁlﬁ of. 5,9 10 ‘utomu par uarn nrrors of ~2 /o 1n avarage
‘cross—,act1on are eknectcd ih the r onmnce rerJon &ue Lo mu]t1p1 c& fing.

= kononov et al ndde correctlons for sample nlckneou when obts aining thej' normalisatiom

constanu “but no carrcctlon’ weve made above 100 GV.qu honce we must d ieight thelr
-experiments. S
KRS



. ) L

Tt is lilkely that the wost ssrious errors in tha alpht experdmontis nre dus Lo
errors in buckpouad deberaination. Ti iz ditficuld {or us 4o nsssas tho backzround

messurenants nade in the various exverimeunbs muinly because off lack ol data but also

bocenge each eXpoarimentsl dastallation tends {o heve diflerent nroblewms which are

only fully understocd by ihz nzople working thers, TFor cxammple in the Harwell
exparinents there will be & high constant baclkgrovund due to dslaysd neutrons - the
vse of the mltiplyinz neutron source with a muliiplication off 10 increoses the

1} - By

pevcentage buockground oroduced by the deloyed neutrors {rom the

4]

source by ths soms

fector. Howaver, the increased baclyground will be independent of time-olf-Ilight

and so can "easily" be lermined.  Bockgrouads which vary as a function of dims-of-

flight are much more Aifficult to measure, parbticularly if they are changing ropidiy,
oy " E . 2 i

How neorly all the exverimcnts giving data between 0.1 and 10 keV use the timﬁ—o*~

Tiight technique and {therefors in nrinciple 2. comnorison of count to 7&c¥qround retios

should tell us o lob., NHowever, because of the considerations ucntionad above we need
Al

the haclground divided inte its bime conaztant and time dependent cowmnonents and slso

wish to have data on the rate of chuinge of background, This informution is not

i

available and thersfore we have not attemnted to asscss the backzround measvrazments,
It seens to us though that if backasrcunds are measured using Ths ragonance vilter
technigue then results at energies grester than ﬁhe nlshpst oher;“ filter (see
Table 22) may be suspect. lxtropolation of the measured backzrcund to twice the
highest filter energy is probably satisfactory but atb higher energies we feel that
the measuremsnts should he dovm weighted.  VWe will, thereflore, down weight the
results of Tzirr an? Lindsey, Belyuev et al. and Kenonov el al., at enargies above
~6 keV, Schomberg et al. (35) noted in thsir peper that their results in the 0.8-3 leV
energy range would be particularly sensitive to background errors. We will therefore

dovn weight their results in this energy range.

Errors could arise in the experiments if the delayed gamma rays produced by
fission events are vecorded as capiure events. alton and Sunﬁ.(#Q)\hzve shown that
for Pu-239 3.22/0 of fission events produce isomers with hall lives of hetween 3 and-
80 ps. The total gamma ray énergy vroduced during the decay of an isomer is always
less than 2 MeV. Unfortunately there apbears to be 1ittle data on delayed gamma rays
with half lives less than 3 usec., However, even il we double the number of isomecrs
produced to 60/0 the errors in alpha are small because the bias of large liQQia
scintillaters is usually set above 2 WeV and the characteristic of loxon-Rae detectors
ensures that the isomer decays are detscted with «4/3'of the efficiency of caplurec
events. Perhaps the most serious effect of the isomers is to produce a time dependent:
background in the gamma ray detector at high energios. Tn‘&yoﬁcal white spcctrum Lime-

, AT : . 0
of-flight measurements upproxlmately 50 /o of tho source neutrons do not‘lntc“mct

T

with the moderator round the pulsed neutron sourscs. Thess fasht neubrens nroduse o
large number of fission iutef¢0u¢0n‘ in the samples and the resulbting ﬂ;? ad. gamag-"

rays produce o time dependent backcround.’ Th effect ol this at a rlvon Lnnr‘v is a




Toble 2 |

“Comparison of experimental arrangements

1 . - H v . . !
v e e m ! < . r Nominal time of
SE Fission détectayr ; Gamuz-ray dstigefse . Sample Thickness flight  resolubtion
g ‘ - J ‘ o i : ns/m} !
Gwin stal - . i F 351or chamber Large 1icuid seimtiliztor i 1.k g Pu-239 in >7.1 |
il B : : fission chamber o !
e '»_L&rge'liquid 50 i ]1ator Large liquid szintillzator Final data from 5.9 x - f
g ‘High bias techniqu : 10~% atoms/barn | ;
R ; SR . . ’ Ly e, ~ RN ; Y ’ ‘ 1
Schomberg et al .. - "~ Fast neutron detection in Hodified Moxen-Yas 2.9 % 107" - L.k x 7.2 ;
' B R - liquid gclntlll.t”r with 10-3 atoms/barn, - Nost : !
. ~P.B.D, data from 0.0012 atoms/ ’
o R barn |
| Czirr and Lindsey i : -Fast neutron detection in ¥odified HMoxon-Rae 4.3 x 10 atoms/barn 50 i
o i
" Past neutron detection in | Stilbene :
o edl s s 0Ty O] . R - :
~ aullbene with 'P.S.D.- - " ‘
ghi (wit ) | L 2.2 x 1077 atons/barn 217
?ﬁFest neutron detectzon in | NaI ' ‘ |
i
,,Solld state flss10n : 1,0 % 107" atoms/varn Sk !
'cha'nber !
. )} :
¥oxon-Rae - 8.5?x 107 and 5.8 %
1072 atoms/barn
|
iKdnonov et al 15 ns/m IERE Fission chamber 120 mg of Pu-239 in 15
§ S ‘ . - . chamber . : ;
. s =4 : i
Large l 1uid seintillator 7 % 107 ° atoms/barn 220
, . R
rast neutron dete ctlon by Large liguid sC 1nt111uuor 2.9 x 10 - 2.7 = 60 i
- ob .;urVInr neutrons captur 3 10 3 atons/barn !
in iarge liquid sc1nt111uu Ay




Table 2 2

Comparison of highest energy resonance filter

Experiment.

ot o—

-Highest energy
resonance’ {ilter

Gwin et a2l TFission chamber
‘ Foil

Schomberg et al

Czirr and Lindsey 1

Belyaev et al

Farreil et al

Konono% et al

Ryabov et al

35 keV Al

35 keV Al

35 keV' Al

2.8 keV Na

2.8 kev Na
Tilter technique not used |

2.8 keV Na

17.5 keV Ti




function of lirht path Jenpth, the 1bngést flisht poaths being the best,  “Yhere the
flight paths are short it is important %o measure the background by bhe "block resonnc
technigque at as many points as possible so that the background shape can be folloved.
(Background shapes measured by inserting o 1cad scobtorer instead of Pu~23%9 would,

of courss, bBe in error), e oel that only s 111 errvors in @ of 0,02 or less will

bo nrojucod by these grmma-rays at dﬂergica Llower than 30 keV but for hish accuracy
mneasurenents that may be nevfovnnd Ain the future their effects wL1] need careful

evaluation.

tﬂ

The values of <0}Y//<O'f>»ﬂivén in Tabla 17 ere mainly given Tor 100 eV intevrvels

below 1 keV, 1 keV intervals from 1 to 10 } eV and 5 keV or greater intervals above

10 keV, Tow there is apnreciable structure in‘<chf> ard /0}“3 dues- to both resonznce
. 1

fine structure and intermediate structure.  Thus if vie are to COMﬂ%TG average Cross—

sections from different exneriments it is dmportant to recognise that ervors in the

- s

energy scales of the experiments and differences in neulron energy resolution can
malke comnvrisono diftficult., e have no evidence thal there are problems of energy
scale errors but resolubion is very significant. . In all'tjme—of~?iivht experiments
it is necesszary to make a comprdmise be tfoon enc“MV\rcsolutmon and count r>te. Good
resolution is required for two vpurposes (1) Lo méasure the structure ln the cross—
section and (2) to make good background ﬂo"~uremnn*° usinb +ne vesonance filter

4.

techniqus. ‘e have. sgen above thar for some of tne‘="ver¢mon s the highest onorg:

resonance filter was (due mainly to‘feéc1ution limitations) ~% xe7 and we plan to
bdown we ?ht thbsc ex nvrnnﬁn(s abovn 6 LoV Ve murt‘now also d001de if-some of the
results ouOucﬂ {for oarulcularvenervy intervals. shoula LER Qozn "éiﬂhted because the
ncutron energy resolutlon of the cxoarlment is large comparcd to the encrgy 1nterVa1.
:,Iu is dif'ficult to make a general rule about tnlu but it woald sch' ~that the minimum
1numbcr o: 1coolut10n w1duhs uhou’Ld be 2 (when ~42 /o of". the wemc»;on vére proﬂuced By
neu_‘cronu of’ the. wrong energy).  On this account we muct th repor- do. weight the
results_pf¢Lelyaev et al; and. Kénbnbv'et'al.f(a?o ns /m) froim AOO cV‘to 1 keV and above

)

Z'keVland Ryabov‘et 21, nJ CAlrr and’ quﬂ% x‘from 5 ch to:10 LeV One way to-

overcome -the resolution “ob1nm to Comnare Lha vﬂluas of <G‘Yz/ 3oy f> OJOE the )
interva]s 0"1-10' O-)O &ﬂd O 1—)0 keV _ Thc results nhll] oﬂOV a I rly w1dL snxeaa*

but agrec bw ter tnan the' vuluas ovor narro nnergy LﬂierVQIS»S., e" ing’that

dlpferenc in energy re uolutlon de errors “in backvround over LTmLtGd eqerqy'ranges
'are responsyble for some of the dlscrcpan01es.ff;*”' RIS S
”he d@ta o1° Kononov et al

: (15 ns/m)

'~]utructare“’

urc a nroblcn.'

exbevlnpnts 1n LhnlhOO 700 eV "angu

~¢nferred froq measurcnon“s oﬂ‘



Table 235

f

* Values of <o _>/<o .> deduced from > and <o > data
T nY;/ n ' Om <Oy nf” 7

o ’ o=l ; .
R ARSI , Total Deduced Error Barlier ) Calculated from
_Evaluated ‘»'oée' '066 +  {-scattering <c‘y; i Calculation | resonznce parametersf
KO > eo s |, B8 - e n i : S

2oonT” o ne” | (barns) | Opn! - CZ°2§ e <ony? 'G:ca‘”'fgfg ““m” ny?
TR : =27 (barns) _ . (barns) t

| . Interval
1 (ev)

<Tpp> (parns) - <ope>

2 | 19.64 18,95 | 10,29 | k.85 | 15.12
'3 .1.:49.82 18.02 [ .10.29 | '6.78 17.07
4.32,52.8.82 | 10,28 | 3.75 | 14.03
25,79 79,48 1) 110,28 1.70 11.98 -
S 3,71%15,36 | 10,27 | 8.31 18,58 -
23091 kL9 | 10,27 L 2,800 | 13.07 -
7 23.23:-5.63 | 10.27. | 2.26 "} 12,55
21522.10°0 0 4,96 | 10,26 | 2039 | 12,65
27,238,470 10,26 0 3,95 | 1y,21
o213 n.27 0| 10,2 2.67 13,91
A9031 003,19 ] 10,22 2,64 12,86 11, A1 12.98
17.99° 2,921.10,20 | 2,38 12.58 0.85 .30 12,79
jit7.25 02,30 10,18 | 2.60 | 12,78 | 0.9 A : 12.59
}17.50 002013 01 10,16 0 3.0 13.20 1.02 A5 12047
116,55 001,96 1 10,13 b 2,61 ) 12,7k ] 0,95 .51 o 12.55
115.88..2,07° 7 10,14, | 2.12 | 12,23 0,76 370 12.23
15,772,230 010,09 <} 2.4k | 12,23 | 0.59 .30 12.13%

1.86 2

1.7k 1

1 1

.10 15.39 14,08

; 18.19 15,72
A7 A 14.,02
.09 12,5 11,47
17.9%
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-~ No allcwance for inelastic scattering and p-wave contribution



O and o, pe [The calculation of %% and Opp uzed in the Teble was made to be
BN 11 S

M

nirly consistent with evaluated values of <G s <O and <Gh\>/<ﬁh&>. Hovever,
4 L
. R 0 . .
it can be seen that the values are in good agrasment (~ 0°/0) with an earlicr

czleulation of'obc and also agree bo a similsr accuracy with valuess deduced from
recommended resonance porameters.] We thereforc propose Lo neglect the data of

Xononov et al.

The possible errors in the various exnoranant discussed above are gathored
together in Table 24, Then it is thought that there is no error under a particular
heading the letters 0.K. are used. The errors of the experiments of Kononov et &l.

are given even theough we opropose to neglect the experiment.

(iv) #valuaticn snd Assessument of Prrors

4.
[

In order to obtain a set of recomnended values irom all the e: nerlmﬁntuh

data we have talen averages by a va rlcuf of methods:
<

(a) Dowm weighted the experiments as discussed above by adding aaiSQ/o erroy
in quadrature to the anthors' errors for every defect given in Table 2h.
and obtained the welghted average (uuuuan$ 1, 2 and 3 defects when the
bdékgrounﬂ'is extrapolated to 2, 4 and 6 times Lhe energy of the highest
encrg; rasonwnuo filter), The value of i5°/o'was chosen so that roughly
four dg;ecta will alter the #eight‘of an exveriment by a Tacbor 2.

(b), Givihg equal wclyntﬁ~to all eXnnrimbn‘. since there must be some doubt that
all experimenters have been equallv rigorous in - heﬂr error analyseo and

onr reoonmcnﬂed dorn WPJgniln" procedure is ,uDJOCulve

(e) ‘ Ooua1n:nﬁ ‘h“ best <o, ;> from uhP exneerﬁnt xhcﬂ thcse,values‘are: ,
o reliable (Gwin et al.,fuchomhcrg et al, and Parrell et,al.)'by a weighted
“average’ and comblnlny tqeap va 1ues‘With‘eVa1Uﬂted <0, n> data (46)." (Most
alpha exnerlmnnts neas ure o‘A accuratolj berause the canturn or ‘gamma ray
'detectovs usumlly have snmLJWr ef;ﬂc¢eno¢es for fﬂss10n anu cabturo even

5(6 of dnd 6-:0 in nouatlon A) Hence the abuo“ptlon cro""—sbcb1on 1

entlally proportlonal to the count o” tae capLure dnuector)

Thefre ultu are. glvea in ”"ole 25. In Pvalu twon ( ) anu (b) th, data of
Bandl eu al, heve been Jncluded ¢bove 8 ka and 1n uhe ?0—)0 keV rangﬂjuhe daud of
'~;Lo 1n et al 7e beon rlven twlce Lhc delJnt of a,l'I tne other exnerlmenuu combincd.

’](”he nornallzaulon° of: the e tdO e Derlmcnts

are dlscussed 1 uer)‘ It can ba SQGn   '
“haL °XCePt b”bwecn 0. h~0 5 KCV ana O 8 0"9”L0V *hn'r' : ' e

<



0.3-0.5,

Cand ¢

o'.‘ T-2keV

5-10keV

Table 24
Summary of p0051b1° errors in experiments
R o i Detectors | N
(R AT I O I R | Comparison of | Performance ! Performance bserve | ackground and ; Neutron energy
-Experiment ! Normalisation-| - <o‘ o> of Y-ray of fission 0bse ! high energy resolution
g NSt et CILL . . single '} ;
oAl : o . : detector. detectors = ~tresonance {ilter |
' sample i !
Gwin r—*t al 0K, ok 0.K. 0K ¥ 0. K. 0.X. | _0.X.
"Schomserg st al | K. - 0.K. . | Down weight | 0.K.* 0.K.  {Down weight 0.8~ 0.K.
T P S i - - 13 keV
Czirr iand'f~-findséy OK 0.X. Down weight 0.X,* 0.K. Down weight >6keV | Down weight 5-
e - ' = : . 10 keV
: -;‘Bélyaevi;é‘bualjv_ ~ 0.K. | Down -weight 0.K.* 0.K. Down weight >6keV | Down weight 0.4 |
S : = 3 L ' 1 and \ZkoV
- 0.K. | Down weight 0.K. % 0.K.? 0.K. 0.E.
Down we‘ight V, D‘é{vn‘ weight 0.K.* Dorm Weight Down weight >6keV ' 0.K.
0.3-0.4, R '
0.6-0.7 and
O.B-ZkGV :
,:rl')bwnfz-}e‘ikght | Down :we'ighf 0.X.* Dovm weight |Dovn weight >6keV | Down weight 0,L-
0,6-0.7, - [ R ‘ - E 1 and >2keV
Lo cands k
-5 keV
7 "f?yabpv;etﬂal; ':rDo‘.‘n} v‘relgh{: Dovm weight 0.K.% 0.X. 0.K. Doym_weight




Evaluated <o
: nY

. Taeble 25

>/<o o> data belaw 30 lkeV'

Evaluation

‘Evaluation

Evaluation tyve (b)

Enevsy &) Eval(l.u;.tion : ( )
L &) a b i c
ID(;CJ:\I[)B'L ( felghtod (Equal ? (From oni Experiments Exneriments
X average) weights®) and oy depsndent inél.e‘per‘xci.ent
on ¥ of %5
0.1 0.2 0.845 0.871 0.89 0.858 0.876
0.2 0.3 0.9i2 0.929 0.92 0.930 0.927
0.3 0.4 1.150 1,103 1.09 1.118 1.177
0.4 0,5 0.l|83 0.543 0.51 0.555 0,523
0.5 0.6 0. 70i. 0. 72l 0.72 0.718 0.733
0.6 0.7 1.673 1.669 1.65 1,550 1.827
0.7 0.8 0.973 1,01 0.97 1,023 1.003
0.8 0.9 0.778 0.860 0.89 0.775 0.973
0.9 1.0 0.717 0.789 0.70 0.792 0.783
1.0 2.0 0.927 0.961%. 0.96 - 0.500 1.050
2,0 3.0 1.108 1,136 1,23 1,062 1,333
3.0 4.0 ' 0.895 0.929 0.97" 0,883 - 1.053
)+00 5.0 0.821 00835 0088 0-783 009)}'0
5.0 6.0 0.867 0.860 0.92 0.833 - 0.920
6.0 7.0 0.816 0.80l 0.86 0.772 0.870
7.0 8.0 0.629 - 0.635" 0.73 0,605 0.695 °
8.0 9.0 0.575 0,576 0.59 0.539 0,580
2.0 10.0 0.617 0.625 0.72 0,565 0,690
10,0 15.0 - 0.509 0.528 o 5 0. iyt 0,616
15.0 20.0 0.419 0.439 ) et 0.410 0,487
20,0 25,0 0.402 0,40k ) o ¢ 0.436 S 0.021
25.0 30.0 0.347 0.355 ) ek 0.329,, ,-0.u75

}
i
!
)

."‘ G'v:m et al data obtalnod 'v1th 1on13a‘olon chamber given ha]f ‘velghu from:

. Ncglectlng the data of Kononov et a.l

—l;.' keV



”

Also given in Table 25 are the results of evalustions of type (L) where those
; 3P

experiments sensitive to V¥  variations arec considered separately from vhe others.

It can be seen that chbove 0,6 keV there are appreciable (if“ rances between the two
types of eXpariments and hence we might suopect that rnhng sin YV as a function of
neutron energy are résponsiblc for this. However, if this is true one would expect
that the shaves ol the fission cross-section data of Guwin et al. and Schonbers et al,

would be different, Careful examination of their

iata alter correcting the lormer

for the non 1/v energybdepeﬁdence of the B—iO(n,a) reaction showrs that velow 10 keV
the apreement is very good whils ahové 10 %e¥ the differences are not signilicaent.

The errors in the two sets of alnha velues are diffdicult to assess but we feel thst
for alpha values,~0,9 and for comparison nurnoses they are'-i0,07 and ~ +0,09 for

the ~> derendent and independent sxperiments resmzctively., Thereflore the

A

Lif'ferences in <oh"z/<oﬁf> are probably not significant at the present time and e

1 T X
shall assume. that {the results of all the experiments can be combined together.
However, we cannot rule out that is varying in this energy ranze and since there

‘ure virtually no measurements, more are urgenily required.

e consider that the best sét of alpha data arg obtained from evaluation (2).
Giving egual welvht to each experiuent has its aburactlonv but it wust be betier to
rely uvon the errors quoted by the dlf;erenL authors even though in certein cases
they muy he underestin neted. It is difficult to ass ebs the errors in our recommendad
curve bacause the errors in the experlments are mainly systematic. It has been seen
earlier that, due Lo normalization errors uﬂd errors caﬁsed‘by delayed fission gamma
rays, uncertainties of +0.01 (1+3. qu) ind +0.02 can be expected. These arc systematic
errors and they set an upper limit to the accuracy that con be achieved. There are
.other‘ﬂ"stematlc GTTOLS sach as the cnerry dependence of 'V R 1ne varia twon of bOo 21
'floSlon ganma ray enerpy and thn oenulblVLt[ of cawuure uetecto”s to uhmn g with
neutron onorgy of the. oaptnvo gamnz ray snectra. Thmse aro dlfflcult to assess,
partlcularly,51nce tbe varlouq exuerlmonth are sens:tlve by dnxfcrlng ﬁmounts to the
'-»errors}“ﬁdwever; we feel thuv the SVSbemPth errovs Ln thc gvalue und nunmerg are nqt
‘toQ'large since the 10: encrgy measurevenus wnlch are no”mull sed in the reson"n"e
région agree: itk th hlvher energj daum at 30 keV and JC ootlmatc thht ‘ qyutemﬂth
error -of +5 /o 1n dlphu,vlll covcr thcse efxects. The ﬂaln error in all “the alphu
fmoaourenents 10 PWObublj due to ouckground uncortwlnules and Lhese errors ure

‘lprobaoly random ontween experlm“nto.: Thcrefore ;t iss rcauonable to eSolmate,tbn
”-1:random errors 1n uhe Wel' cd mmdn values of \o‘ >/<o f> by normal sLatlo 1ca1 meuhodu

‘1 and obLaln tue to»al errors bj como1nLng Lhesc 1n drature "ltn the SjthMdulC

;erroro dJscussed dbove‘

Tn; re u]tanu,erroro arn.rmv

“ifoeep that. heuvalues_

zbltr41y“"




Errors in Evaluated <o‘m,>/<c>‘u

f

> data below 30 keV

Systematic

Frrors

g

i
i

Energy Brror in | Evalunted | Total |
Interval — weighted | <opy> Trror in
(keV) Delayed | Normalisation | Other Total mean j};ﬁ;; <Opy>
Fission | [.01(143.33a) ]| Brrors! Systematic n ——
Y-rays Onf? ;
. 2 .03 . 0L . Ol . 064 0,0,2 0.845 077
w23 .03 . Ok .05 .07 0.061 0.912 .09
30 LA .03 .05 .06 .08, 0.053 1.150 -092
A L5 .03 - .03 .02 047 0.033 0.485 .058
.5 .6 .03 .03 RoA .058 0.037 0.70L . 065
67 .05 .07 .08 .108 0.078 1.673 133
7 .8 .03 0L .05 .071 0.0%: 0.973 .087
.8 .9 .03 L0l 0L . 064 0.078 0.778 .10
.9 1.0 .03 .03 0L .058 0.051 0.717 077

1.0 2.0 .03 0L .05 .071 0.060 0.927 .093
2.0 3.0 .03 .05 .05 .078 0.0538 1.108 L1035
30 k.0 .03 .0y L0 .06l 0.057 0.895% .085
4.0 5.0 .03 L0k .0k .06 0.046 0.821" 079
5.0 6.0 .03 U .OL .06l 0.055 0,867 . 084
6.0 7.0 .03 .0k .04 .06l 0.057 0.816 .086

7.0 8.0 .03 .03 .03 .052 0.050 0.629 073
8.0 9.0 .03 .03 .03 .052 0.038 0.575 084,

9.0 10,0 .03 .03 .03 .052 0,041 0.617 .067
10.0 15.0 .03 .03 .02 LOh7 0.038 - 0.59 .060
15.0 20.0 -03 02 .02 . Ol 0.031 0,419 .054

25 | e ' . . [2] 7
ggg g(’; 8% Evaluation primarily based on Lottin et 2l data ‘ 8;‘2; ggg

]

|

o

|
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It is important Lo compare the evaluated data with other inflormation vhish is
available, Vhlpes of’ <GhY2/<chf> an be obtained from <o f > and <05T' data. As
cusscd in Section 2 this methol only leads to significant data below 1 keV and |
it can be scen'by’comparing the values deduced in Table 23 that the results arc not
irnconsistent. It is also found, by'renormalizixg the values ol <01"2/< 1,.> ovtained
in 100 eV energy intervals above 1 keV by Schomberg et zl, to the evaluated curve
hat the volue of 1.26i0;32 obtained by Simpson et al; (11) at 2 keV v rith the
scandium filtered beam agrees well with our recommended curve. Thus we can conclude

that 211 availahble data are consisteont with our curve,

(b) ZEnergy ranze 20 keV to 1 HeV

-For the cvalua tion of @ in the region from 20 keV to 1 KoV we have accepted
two main dats sets in this energy region: The data of Lettin et al. (¢2) and the
data of Hopkins znd Diven (z0), The data of Bandl et al. (&%) as well as the
photoneuiron neasurémants of’ Spivak et al. (’”), Andreev (23) and Van'lcov. and

.

Stavisskii (¢1) were also included in the analysis.

The data of Lottin ot al, had originally been normalized at one energy point
only - at 30.141.2 keV (o = 0.529). In the expe?imént of? Hopkins end Diven the
c—values werc measured absolutely at each neutron energy. Tor evaluation purposes
ve renormalized the data of Lottin et al. to}fhe‘meaﬁao—value at 30410 keV’dbtaihea
from their own measurements and that of Hopkins and Diven. The mean c-value obtained
vras 0,326 at )O+1O eV (th, Lottin et al. a-value is 0.309 for 30+10 keV, and the
renormalization COfolCLPno for the Loutln da ﬁas 1.053). nhc dat“ of Bandl et al.,
vho measured 0, were also renormalized in the anergy reraon from 20 to ao'kev,
using the formula: @ (1 + d%evi&éd).=.(1 +3aorigina1)'. 1.320/3.296. The data of
" Hopkins and Diven were taken in their original form,

The first experimeﬁtalfpcints 6f Spivak et al, and Anﬂreev and the value of
Van'kov and'Qtavisskii‘were consideredkaé appljiﬁg to an energy of °h LeV which is a
comnronloe beLw en the most rééeﬁtvmeasuroments o;.Ldlov1c and ilerle (a%),'ﬁho
determined Lhe verage‘nGUtroﬁ enéfgy-of the Tirst Droup from the Sb/Be—uource as’

26, 0F1 3 PeV uchmltt's (wQ) measu ement of 2l., 8+2.4 ?eV and uhe resulu of Ryves

and.: B@ale (50) of 22, 8+1 O keV 'The mean a—value from tno mmasurements o; ,pnvah"b

et” al., Andreov ana Van'kov and Stavmssmll 10 O 57+0.03: which ayrves vorj well vith %hc

ronorn;llrcd m—v@lue of De Saussuro et al (a = O 37 at ?4-?6 caV .;jTaplr a—valuns

othor epurvaeu hnve ]om accurdcy, bGCque +h ey have been Obudihéd'dS‘bh° dlfloroncm

hnmALo

L uhe mean o alue 0

QfanalJ51u due to dlsagreemcnt w-th




The date acceplad for the evealustion in the region fvrom 20 keV t¢' 1 HeV ars
shovm in Figs. 3 and 4. The "best curve" throusgh the date was deternined by using
o weighted least-squares orthosonal polynomial fitting vprograwme (51) which
incorporates a siotistical analysis of the Titted curve, enabling siatistical

confidence limits to be assigned to each point on the fitted curve, The wéighu

assigned to cach exnerimental point Tor a was taken as proporbionsl to the inverse
square of the total ralative error. The errors shoim in Figs. 3 and L reprosent the

total errors which are 2 combination of statistical and 0ystemat:?.c uncertainties,

For the data of Lottin et al, a systematic uncertainty of' about 80/0 was added to theo
uta nresented in Table 1S 4o allow for normalization errors s, giving a loiual error

about 10-20 /o; Tor llonkins and Diven data the total uncertainty is about 10—159/0,

and for Bandl et 21, data the tolal error is about 15—209/0 with a systematic

)
comnonent of about 15 /0.

The evaluated g-values obtained are given in Table 27. The ecvaluations of the
low and high energy ‘regions overliap Lrom 20-30 keV and as might be sxpected the
results are din excellent agreement. TFor our svaluatsd curve e will tzake the values
between 20 and 30 keV from the higher energy evaluabion. -ibove 20 keV the evaluation
is essentially based on the meaéufements of Lot 1n et al. and Hopkins and Diven and
since these use essentially the same method it is possible that there are comnon

systematic errors. It is obviougly very importent that further weasuvrements by

e E e Ty

alternsiive technlques should be made in this region.

(C) Com“urlson of evaluation with recent data

; In this section we will compare our cevaluated data with the results of
Gwin et al. (52), Kononov et al. (83) and Bergman et 21. (%4) which became zvailable i
© in .the period march to Dacomber 19]’ and so were too late to be included in the

valuutlon.

'The measurements of Gwin et al aféva cbhtiﬁﬁatibn‘dP ‘those reported earlier (3¢).

' They were performedfuﬂin" a pulsod sourco of nﬁutronv Drooncpd Qy a dlIfernnt ST §

'accelerator (OQrLA) using a flqswon chamber in the centre, of a:new’ 1urre Tiquid. oo
501nt111 ator. ”he eynevLmean are UdbbelLJ uuc odm“‘db Lg LLSBLOL uuumudr

’ measuvenenbs of the ea ]1er series 1louph 1n Lhis chse anuovptlon efﬂn 4nrn bhlﬁ

rmcorded when' tnnr wap a covncvdence bmtween the Lwo onulcallj Jxvndeq sect¢ons of

uhc large llﬂuld Sblnt lWauor. 'The prelln1nurv vesults;

wh:ch covor une ennrgj range

o 400 LOV » re compmred 1n n:g.;S wlth our evaluated,curve and nt can ‘be boen

“v:th¢t Lhe Wgr enznt s Pdirly oddrp"rtlcul rTy in' tne 1mnortant recm'n‘abovp 5 reV

--Tha:qgreemen above hO KCVfla 1mpor : g : uhe e dafa huve ocen nea ufed u31n~

‘diffcrent tbchnlque to




Table 2/
(a

v/

Evaluated ¢f-values for Pu-239 in the energy region above 20 keV

En, keV />\/
20 - 25 0.395 + 0,046
25 ~ 30 © 0.350 + 0.038

.30 - 35 0.312 + 0.034
35 - 40 0.280 + 0.030
40 - 45 0.252 + 0.026
45 - 50 0.232 + 0.032
50 - 55 0.213 + 0.033

. 55-60 0.199 + 0.032

60 — 70 0.182 + 0.025
70 - 80 0.165 + 0.025
80 - 90 ©0.159 + 0.030

90 — 100 0.160 + 0.030
150 ~0.170 + 0.028
250 0.126 + 0.018
350 ©. 0,095 + 0,011
450 0.077 + 0.010
550 | . 0,063 + 0,011
650 . .|  0.053+0.000
750 L 0.045 + 0.010
850 . i  0.038%0.010
950 - 1 0.032 +0.010




Table R 7

(b)

Evaluated a values for Pu-239 in the energy range below 20 keV

! ;
; Energy Evaluated Error
: Interval <opy>
‘ (kev) <Onpe>
§ 0.1 - 0.2 0.845 0.077 :
' 0.2 -0.3 0.912 0.0
03 -0 1.150 0.099 ;
0.k - 0.5 0.483 0.058 %
. 0.5 - 0.6 0.70k 0.069
. 0.6 - 0.7 1.673 0.133
- 0.7 -0.8 0.973 0.087 ‘
o08-0.9 0.778 0.i01
0.9 - 1.0 0.717 0.077
1.0 - 2.0 0,927 0.093
L 2.0 - 3.0 " 1.108 0.103
3.0 = 4.0 ' 0.895 0.086
4.0 - 5.0 0.521 0.079
5.0 - 6.0 0.867 ’ . 0.084
| 6.0 - 7.0 0.816 0.086
, 7.0-8.0 0.629 0.073
8.0 - 9.0 : 0.575 0. 06k
9.0 - 10.0 0617 0.067
10.0 = 15.0 C o 0.509 " 0.060
15.0 - 20.0 | 0.419 o051




Rononov el o, nowoe moosirsd aip t

aogwar the aooers: roange 10 T o 1 Wl using
il 2 " ;

¢ similar methel Lo Lobtin et Between 10 and 70 heV the exnorinent was »oxl
using & Conginuous neutron snecirun producod tre Li-7{p,n) reschion with

exmlaying the timo-ol-Tlight techanique Lo mcosnre neuwbtron oo

theve 100 eV woncenevgelbic nsutrons weve used and the timo-of-Tlight technioug

N
o

enplovad to reduce the background levsls. The valuss of alpha ob

. . X A0
shown in Fisg. 5, have ana accuracy vorying betwaen ~ #10 /o from 20

- Fa

~'+10ﬂ Yo ut 1 eV, There is o tendency Tor the data to be lower thuan the evaluabion

velow 300 keV, and betusen 16 and 30 ke and 110 Lo 200 keV the difiarcnces cre

vart.enlarly weried, Hovever, in the ensrgy region: below 70 keV tha sign

4

g
bacliground ratio for Lhe caplure channel 1s very poor being 0.1 around 20 ke.

The measurenments of Dermman et al, hrwe been performed using o lead slowing down
spaclrometer - a technigue not proviecusly discussed in this panar. The basic Testure
of the method is that the iple and delector are placed in an isolropic ncutveon {lux
which is nod altered as a result of neutron scatiering in the sumnle end dedector. i
The canture delector was a gas rronortional counter with X s
which wes used with samples ranging in thicimoess betweew Llh x 107 andd 1,7 = y
atoms per barn and the fission detector was a fission chumber, The experinment was
normulized at thermal energies. The results are shoin in Fig., 5 and it can be scen

1,

that on the whole they tend to be higher than the evalusted curve. However, the
differences wre nrobably not significant as the larse discrepancics between 0.1 and
1 keV are due to the poor nzubron energy resolution.

Ot

.‘

The tlree experiments discussed above on the whole susport our evaluated curve,
There is some evidence from the Gwin et al, and Bergman et al., dota that the
evaluation may be too lovw below a few keV while the Xononov ot al. data suggest the

. )
it may be ftoo high betwsen 10 and 300 keV. e consider, however, that we should not
(e] H

alter our evaivation at the present time for the following reasons:
; ' o +
(a) The data of Gwin et al. are preliminary

(b) The data of Bergman el al. arc unrelizble because they used the lead slowing

dovn spectrometer which often appears to give discrepant results

(.4)" The data of Kononov et al. have a poor signal t()\bl}.(;h..’l'ound ratio below
/ - 1 fe)
;O keV and at l'i- zher enerf’ies thes 't'.."’nd‘to be I'athel’ d.iSCI'G'Da,nt ".’v"ith data
S J

we consider to be superior.

Zven -if the data of Gwin et al. were nob nwel:mlnary'WO-oonmiﬁer that either
the fission chamber series of Lio 2arlier Giwin et al. data should have low wre:
the energy range of overlan below 4 ko7 hecause bosically the same technigue




7. Interpretation of Energy Variation of Alpha
1

" In Scction 3 it was vnointed cut that the high values of alpha beluaen 1 and
10 keV are inconsistent with the values calculated from the AVeTags TesonaINce
parancters meesured in the resonunce region, Therefore, 1n151a11y it was very
difficult for people to accept that alpha was high in this energy range. However, tha
cvaluation of Sowerby and Patrick {§) shown in Fig. 1 and the pro v1nwonul re ulLs of’
Schonberg et al, (&) presented at the Karlsruhe Fast Reactor Conference led Lo atho: nhe

2l

to caleulate the fission and capbure cross-sections by usingkthe channel theory of
Tission to obtain the average values and energy depeniehqc of" the fission widths.
Both ¥imichi and An (56) and Durston and Katsuragi (5$)_obtained high values of alpha
in the keV energy range and a reasonable energy dependence above 10 keV by placing
the first 17 transition state in‘the enerpgy range 50 to 150 keV above the neutron
threshold. FHowever, the caleulated values of alpha below ~500 oV teudéd to be

5yS tematically high tnouva the fluctuations in alpha‘calcu1w+pa by Durston and
Ketsuragl suggesced th&d'bhls could possible be due to statistical f]UvadLTOd.’
it WETET it apperred. to be difficult to satisfaétorily‘exp1a1n> he AOO -700 eV energy

range.

The discovery'bf'iht rwedlauo stxuchure in the uUb threshold fluSLOﬂ of “1-937
and Pu-21.0 bybpgya et‘a] (8 ) and Mlgneco and Thedbald( ) 1mmed1ately suggested an
alternative explunation because, as we have seen above, ohé.n—maveffission in’tho s
“chamel is sub—threshqld . Correlation analyses of the type suge cested by Egelstalf
(§1). of the fission cross section of Pu~ -239 by Elon°>eu al, (58) and P&LVTCk~aUa

- James (Sﬁ) shoved SthlflC&nu correlauonu vhich were Lnterpretcd as 1uunrnod1uae'
= struoture due to fLSS’On occurring throuvgh ]ﬂvnlu, with a spacing of ~460 ¢V, bui]t
'on the econd ninlmum in thc ;1351on pOuentl 1 as‘predlcged by Strutinsky (60) 7‘eu
ot al, (6!) hoxevcr, shov ed‘tnat the correloéram.fechnidue'docs héﬁ”ﬁecessarJTy o
Ple out bhc correct level 50301ng¢ thourh JL rewalns a uoefu] pethod Lo detect +the
1 ex1 Lpnce of Lntermedlate structur Y Jdmeq and P%trlc (GQ) ubsequentlv analvv vd
‘both the to tal and fnglOﬂ GrOS%—SOCthﬂ daun wnd»uhowed that aoove 700 eV, the S
gnodulatlon ‘nxesent 1n the f1031on c"oso—sactlon wcrc not pres nt Ln he toiul
‘l:;cnoqs SGCtLOﬂ dnd Lhey renresenucd chnr aver ge flelOﬁ cro°°—°ectlon dhta by a',

erles of Loronu21an unrm 'on a omoo°hibackground Prom tﬂlu analjr s 1 :Can be

”~ ponc1uded thaL thn modulzulons are due uo varmatﬁons of eluhcr V > ‘or. < Ay > Ofp“;,

6 where tha Values

< ’>/ > ¥
Oy <0‘f éld‘<U

aloha are unlike]y,t be due tb e£a+1sbica1 fluctu'*‘




crosa-seclion analysis ], The [inad conlivmntion that the structure is due to

. . -1 ) qk ) .
variation of < \f> for the 1 resonances came Trom the work of the Saclay groun vho
have measured the resonance paramsters of Pu-239 up to an energy of 6560 eV (=73)

. . . o s . L
Pig. 7 shows a comperison of < ‘n> for the i resononces given by Trochon et al, (uu)

compared with our evaluszted <GﬁY>”O o> curve, The hatched dreas give the liwmits dv
< T}> and {the noints on the <o Y>/<G'P> graph aire the values calculaled from the
measured Iesonince paran aters. Tt can be seen thot where < >/<0'{> is bigh <V'p>
is ]ow e rt:cul;rly in tite 400-700 eV range where the structur. is mosd pronouhced.

As a result of this discussion we can now understand how <ch”>/<61f> can be

higher in the keV energy range than in the resonance region, The 111uc over an

e

.energy interval obviously depends upon the position and strength of the JnLer:odLQte
structure., A4t the pre esent time no r°"7]y saticfactory method has been found to
detornine uﬂﬂ'nxraméfcrs of +the intermediate strucuurc»modulntlons beczuse of the
strong {luctuations duve to the fine comnound nuclesr resonances.. Attempis at

analysing the data dre being made hy a number of authors ond we awa

2.
Lus

"J
it
<t
0
o
h
=
?

with interest. However, an intarcsting coqclus;on ‘can be drawn from SOmG.WOPk bPLP*”
done by Sowerby and Poruh ('3). The aim of this 1is to provide a set of average
resonance paraneters which an be used vwith uhC RESP-GENEX qjs1eﬂ of comnuuerk |
codes 0'0) to pr oduce a SOu of unresolved resonances. and G”O"S—“OCthWu. The
paramcuers ‘are chosen s0 ahau_the calculated averagevcrossesecqlons have the known

structure in evaluated sets of data on total, fission and copture cross-sections.

from this work it can be seen that the structure'in‘gﬁhYz/<ch5> decroases as the.
neutron e nergy increases due teo increase in 'he‘p-wave,contr'“uticn to the cross-

1.

°ctjons. ‘This increase also ‘probably Pxn?avns ‘most of the energy ﬁnupndpnoc in
Yz/cd' > in the 6-60 kel V energy rgnge. " [The p-wave conurlbu sion to <O > is

0 ; : . _ i
approximetely 7, 25, Bu'anu‘oj /ofat 1,5, 5.5, 9.5.andv2> keV respective lv. The

s

o ) , : S
fluctuations in <o z/< 0, > reduce from ~ +50 /o a ~1 keV to ~ £33 /o at b eV apd,

?

+25 /o at 7 ke ] At hlghnr.enereies'hi;Ha ‘order - ne“il 1 waves bccomn more
1mnortznt and the inelastic. ocattering oroov—coctlon bec Oﬂcs‘ul“per than  the capture.

cross—sectlon. hhorefo,e nany assunptlonu havo to be made 1n order- to calcul

<o >’<o and dell

ny” np tive concluulols on avcrwgo reson"ncc ﬁa;ameuers caunot be,made,

‘)‘,_\,‘ N
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8.  Gouwnarison of the Fvalusted e-vaiues vith Intesral Duta

teny intesral messursments designed to best ths differential data on Tu-239
alpha have been verformed during the past few years, In‘orier to do theom all Justice

.

it would be necessary to write a long and detailed review which is beyond the scope
of this paper.' Cur aim in this section is td see if the integral megasurousnts are
consiétent with our evsluated curve and this can be done satisfact or31y by considering
a fev of the more recent .meas urengnts which tend to be more accurate and agree with
the earlier intepgral detn Pirst of all, however, we will describe briefly the thrae

main tynes of integral measurcment.

(1) Trrediation Exvariments

A sa

rJ

mple of Tissile material (?u~uj9) is irradlatcd and the number of cantwre

events is determined from a measurement of the Jnoun{ ol ?u-?&O'produced. “'The

Pu-239 fission robe o n be ﬂCVv.DLI“d b, 2 veriety of fechmiques such as Tission
‘-product‘ylvld measurements and noauurements‘of the Pu-?39(n,f)’bo U ?3)(n,f or o
 U—238(n,Y)‘ratio combinéd with ahsolute determinations of the number of these latter

reactions by measurcments of TQOUOPIC changes in‘samples-of 1235 and U-238,

(2) The Reactivity Reacbtion Rate Lethod .

The redétivity worth of‘a'sample of_Pu¥239'and the Pu¥239'fissioﬁ'réte »
measured relative to the reactivity wdrth and reaction rate of an obsorber (B¥10for
Li—6) Qr relative to the. reuchlvuuy uofuh Jnd uource oironruh of a cdllb ted CP-252
neutron source. This exper:nvnt douefulnoo ) spoctrun averaged vhluo of (‘o ~l-a),

Corrections are required for the rOdCqu1ty effects of sca qurlﬂg and. tne,vallnaion;

of neutron importance with nautron energy.

(3) The PCTR Mebthod

A zero leskage test zone conqlsoLnF of iR 10 mit rlnl, an aboorbur and. a.
moderating material is built in a zpro DOuer cr1L¢cal wsscmb]y an tne‘reacblon‘f
‘retes in the absorber are meas ured rclablve fo tl fission rate 1n'the Pissile ~ .

mater*al These rGuCLIOH rates combln d wibh *rement of } a:ﬂ for the test -

zone materLal enable a unnctr-um mveraged value of ( —1—&) to bo deu rm1n°d

‘COTTBCLLODS are- rﬂqqued for uhe comnonont« oi the noutron ba]znon no+ n9asured
.dlrchly.';k » B Sl e . ‘””L‘

heso 1ntcPra1 mpa aremﬂnts_OL Pu 2)9 dLC us*" LJ co*nb:medhw1 h m asurcmenh ‘ ?v,

ani .are o ten lecernaued

~‘Lh° neutron energy,SPectrun 1n t actor“

.pectrun (C( )) h:f

: d.VB

..’L

orentlzl ana 1ntepra hp comna




"tk13 and 6 /o hlgher than experlment Thls shows that the 20 /ojlncrease of the
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and hence in addition to the spectrum and alpha we aleo need to know the fission
cross-section. Because the energy dependence of c‘Y and O, p are different the
average energy of neutrons producing capture and fission events are different in a
sodium cooled plutonium oxide fuelled fast power reactor (o g. in Pu~239 ~0 /o of
‘captures. and ~15 /o of Lissions are produced by neutrons w1tn energies 1ess than .
10 keV and the energy spectra of capture and fission events peak at ~30 and ~200 keV
re3pectively). Therefore, we must remember that when we comparc the measured and
calculated values of a we are not directly testing alpha but a combination of alpha,

the fission cross-section and the neutron spectrum in the reactor.

Ve have eeledted three sets of integral‘measurements for discussion; the
measurements of Bouchard et al, (1), the measurements in ZPR-3 assembly b7 by
Kato et al, (&%) und Bretscher et al. (Lﬂ) and the results analjsed by Campbell

and Rowlands (7o), , : oo

Bouchard et al. reported three different ;ets of results. Measurements were
made by the reactivity reaction rate method in tha fast thermal critical asqembly
ERMINE and irradiation experlments were performed w11h1n a boron sleeve in the

-~ thermal reactor OSIRIS and in the fast reactor RAPoODIE Measurements vere made

on both U-235 and Pu~239 and the results are glven in Table 28 compared with
values caloulated using the Cadarache‘Version 2 data set‘and;'for Pu-239, with data
. obtained prlmarlly from our evaluatlon of alpha and the flSSlon cross—sectlon |
- recommended by Sowerby et al. (aa) In the Cadarache ‘data set the Du-239 alpha
evaluation is based on the early results of Gwin et al. (1Y) at low ‘energies but *s
>202/o higher than. the data of Lottin et al. (u')‘above 25 eV, The results glven

" for the ERMINE experlment are- for condltlons under whlch more ~than 40 /o of the :
Pu 259 capture even*s occur at neutron energles of between 1 and 20 keV Por the
OSIRIS data 51 /o of the Pu~239 captures occurred between 1 and 25 keV and 1 /o .

. occurred below 100 eV, In. the RAPSODIE exPerlments essentlally all capture in :
vl:Pu 239 was due to neutrons W1th energy greater than 20 keV :

» It can: be seen from the table that for both RAP“ODIW and OSIRIS the Values
‘ efcalculatea u31ng the present evaluat1on are 1n good agreement W1th the experlmental

' ;data._ The Cadarache data however, glves calculated values that are. respectlvely

tTﬁ*Lottln et al data 1n the Cadarache evaluatlon is’ too great' our renormallsatlon

S e i T o2 L e




ERMINE is a little high but since their evaluated alpha data above 25 keV is high
uekcan assume that their evaluation bhelow 25 keV (which agrees reasonably with our
evaluatloh) is consistent with integral data. TFor U-235 the measured. and calculated
alpha values are in good‘agreement which confirms that there are no serious errors

in the experimental methods used.

The measurement of Kaeto et al. in ths ZPR-3 assembly 57 is the first experiment
performed by the irradiation technique in a neutron spectrum similar to that in a-
large dilute fast power reactor. A sample of Pu-239 containing only 25 x ‘10"9 parts
Pu-240 was specially prepared so that the experiment could be performed in a low

.- power reactor.  Spectrum measurements were made by the proton recoil technique and
by building a similar core at the Gulf General Atomic sub-critical time-of—flight

- spectrum facility. The assembly was designcd so that ~85°/o‘of the capture events
and ~359/o of the flSSlon events were produced by neutrons with energies of less
than 25 keV. The'lrradlatlon which lasted NA days increased the Pu-240 content of
the sample to ~150 x 10 =9 and. the number of fission events was obtalned by
measuring the Ba-140 activity, this act1v1ty being related to mica track recorder
fission measurements made in an earlier drradiation. Measurements were also made of
central fission ratios and ofdalpha forfﬂ~233. The values of aluha obtained were
0.363+0.024 (Pu-239) and 0.10+0.04 (U-233), ‘ |

Bretscher étVai used the rcactivity reaction rate method in the same corc’and
» obtained alpha values of 0.383+0. 026 0.272+0.021° and 5 8&8*0 071 for Pu ~239, U-235
'yband U-238 respectlvely. The results depend sllghtly on the neutron. energy spectrum
‘used in calculatlng the values of the correctlons for the react1v1ty effects of
scatterlng and the varlatlon of neutron lmportancc W1th neutron energy.‘ The valucs
for U-235. and U-233 (u51nn the 1rrad1atlon method) agree well w1th those calculated
- from EVDF/B data -The value for U-238. agrees w1th that measured by radlochemlcal
technlques (3. 715+0 129). The two measured values for Pu-2)9 1n assembly 57 also :
‘Kagree well but it is. dlfflcult to draw conclu51ons by comparlng these Wluh calculated
values as the calculatlons can vary s1gn1flcantly w1th the assumed neutron spectrum
“1n the reactor.» Tt does appear, however, as 1f our evaluated curve glves a

, reasonable value but there 1s some eV1dence that 1t could be too low below 50 keV
by up to 10 /o. ‘ : ‘ ' )

Campbell and Rowlands have con51dered a large number of accurate 1ntegral :
“';measurements and have adgusted group cross—sectlons so that there 1s good agreement
d: between the calculated and measured 1ntegral data.i Thls technlque has been the l
"i;subgect of much dlscu551on on whether or not the adgustments should be ccnsmdered

Lol as s1gn1flcantly 1mprov1nv our knowledge of the cross—sectlons.”

: ne great value of
*fuuthe technlque is that 1t con31ders a w1de varlety of 1ntegra1 measurements i

agreed‘that at worst 1t 1s a sophlstlcated method ofA”g




interpolating reactor properties (i.e. if measurements of a given'reactor property
-are made over a range of compoSitions then if the method is used with these daota the
property will be accurately calculated for a new system with a composition within
the range considered. If the éomposition is outside the range or if the property
calculated. is not included in the integral data used for adjustment then the
prediction could well be in error). Campbell and Rowlands did not use integral
measurements of alpha in their adjustment studies though data similar to that used
in a PCTR measuremeni{ were included. Thereforc their results are probably
meaningful. They suggest that Pu-239 alpha values used in their calculations
should be increased by 1Qi100/° over the whole energy range. They also note that
these adjustments are consistent with the preliminary values of irradiation
experiments, Our evaluated curve is slightly higher than theirs below 4O keV but
_at,ﬁigher energies the two are consistent. This suggests that our evaluated curve
is perhaps too low by up to 10%0 at high energies. At energies below 30 keV it is

probably reauonable although a slight increase camnot be ruled out.

: From’ thesc comparisons with 1ntegrgl data 1t can be seen that our evaluated
curve is consistent with the integral ev1dence. There are, however, some
indications that better agreement would be obtained by 1ncreaolng the evaluated
data by up to 5 /o over the whole energy range. We do not propose to alter our

evaluated curve because this conclu51on could be due to errors in the spectrum
and the f1°51on cross— section of Pu~239 However, it 1s obv1OUSly very 1mportant

‘that addltlonal measurements, preferably by a nev technlquc, should be made at

neutron energles above 30 LeV where essentlally only one- type of measurement has
f‘_been performed




TABLE 28

e_Infegrel Measurements of Bouchard et al,

“U-235 alphe

Pu~239 alpha

:°1;Réa¢£¢£fi[» | 3 . Calcuiatedr Calculated Calculated
S easured (Cada?ache Measured ) (CadaFache (Presen?
S version 2 version 2 Evaluation)
data set) data set) '
o BmmvE® | 0.35:0.06 | 0.347 ' 0.37+0.04 0,414
| osris | 0.23440.010 1 0,227 0.202+0.010 0.216 0.196
| RAPSODIE. | ..0.191+0.008 | ~ 0.20% © 0.096+0.006 0.111 0.100

h dlameter and 50 mm long

e For DRMINE the result depends on sample 51ze and the value given here is for a cyllnder 4 mm in




S. Conclusiong
In this paper we have altemnted to review the experimenbs which give signilicant

Y
sbove 100 aV., /e hove COnsidernd the tyves of meoswrement that have been perioried

results on the variation of <o >/< <0 o> Or alpha for Pu-232 in the enersgy rangs
. ni .

4.y by | 2 4

that no detestor system used to date has been psrifect. Ideally a

ann @ " . - . . .
detector system which detects 100 Jo of the fission events is required otherwiss the

and - conclude

gowna-ray ond fission detectors arce sensitive to possible changzs in the {fission

nrocess as a function of neutron energy. Unless a very hish elficicusy fission
detection system can be used it appears to us thabt highly accurate alpha
measurements are. not possible unless detailed measurements on {ission gamwa rays and

fission fragment angular distributions ere perfeormed as o function of dncident neviron

BNETEY.

Ve have reviewed the h10t01j of the measurements of plutonium alpha and feel the
discovery that 3lpha-is high (~1) in the keV encrgy range has somc important lessons
to tell us, Mirst of all it warns Us.that~calcu1ations of cross-sactions are no
substitute f'or mecasurement and secondly it indicates that interpolation of values
using what appears to be a reasonable theory cah‘bexseriously in error.

An evaluation of alpha has been performed &gﬂ w2 estimate that zlipha is known
to aporozimately iﬁOo/o between 100 eV and 30 keV, At hltnn¥ energies the error

inereases to iBOO/o at 1 MeV. The measurements show a wide spread sround the
evaluated curve below 30 keV buti this is not considered to be too surprising bécausa
Tthe valués of the figsion cross-sections of Pu~239 and the capture cross-sections.
of heavy elémcnts such as‘U—238 and Aﬁ—197 are.on1y known %o iho/o'or'worse: A
neasurement ofvalpha is inherently,more difficult than the measurement of these
bros.—sections. Though there isg less snread in: the data ¢ hovc 30 LnJ this may be
due to the fact that the twov ivni Cicant meaSuremﬂnus were made by an identical
technique, It is” obviouslv 1mport ant that new naasuremenho bJ another ‘technique

- should be made in thls energy range..

+In performlng the ova]uatlon we have cneckpd tﬂut t1o dlupnrcLOn in the results
of the various cmcrnmentu 1% not ‘due to dlf*erences Ln normalluatlon or to varlatmon

of’ S wqth incident neubron energj.- Hovever, we; could no+ rulo out th t \7 vas .

71th neutron eﬂergj bc]on 30 keV and - con51ﬂer thau accuratu i)

vurj1n~\51nn1fﬂcanuljf

-measurements arc urgentlj requlred 1n ths energy rango.‘"ue fee] ‘b" movt of the

dlee“ences bchee uhe alpna measuremﬁnus' are ﬁrobanly ﬁue Lo errors dn buckvround

In; v1rLually all uhe exnerlnents there 1s 1ﬂ$HleClen deuall 1n the documpntutlon

j:tO en?b1= us to 3ssess vhlch ﬂXpsrlmﬂnts re’ WQSS‘SOnSIulve to bac 6round

1mnoruant

;f‘uncerua:nujes' nd 1tfanpearu to us tha‘ br

- L!";‘C -



Our evaluated curve is consistent with all the date on the total and partial
cross-sections of Pu~239., Ve have also compared it with integral measurcments of
alpha made in various reactors. Within the errors of the measurements and the
evaluation, the calculated and measured integral data are consistent though there
is evidence that the evaluation may be low by up to 59/0 over the whole energy
range. These conclusions could, however, be dﬁe to errors in the assumed neutren
enerey specffum in the reactor and in the fission cross—-section of Pu-239 and
hence we consider that our evaluated curve should not be altered at the present
time to take account of the integral data., The evaluated curve is not accurate
enough to satisfy the requests of the reactor physicists and dbviously‘more
measurements are required. However, we feel that these should not be performed
unless the techniques to be used gre either new or have been significanﬁly'improved

over those used in the measurements performed to date.

Table 29 sumnarises the principal conclusions of the review with regard to

further measurements.
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Recommquationé rezarding furbher measurenents
Unless high efficiency fission 1nipchord can bn used in the determination
of alpha detailed measurements on fission ganme rays and fission fragnent

angular dis uflbutLOﬂu are roauired {or Pu~239 as a function of nsutron

energy.

o

Accurate mcasuremenh of Y . for Pu-239 asre required between thermal

encrgics and )O eV,

Adaitional’meaSUPements of Pu-239 alpha are required both above and
belowr 30 keV to dchlove the accura cy reguirad by the reactor physicists, -
These, however, should only be parformed if the Lechn1q&eq to be used

are either new or have been significantly improved.
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11, Avonendix

Abstracts of direct alpha measuremant worls in the resion from 0.1 o 20 IV

Abstract 1
futhor:

R, Gwin, L., V. Hes on, G, de Saussure, R, W, Tngle, J. H. Todd, F. ¥, Gillespic,

R. V., Hockenbury and R. C. Rlock.

) Report O3WL-TK-2598, wart 1, October 1969; Mucl., Sci. and Eng. 40 (1470) 306;
Report ORNL 4707 (1971); Kuel, Sci. and Eng, 45 (1971) 25.

tatablishment

Qalz Ridge Wational Laboratory and Hensselaer Polyiechnic Institute, USA, :

The neutron absorption and fission cross-seotions for Pu-239 have been measured
simultaneously over the neutron energy range from 0.02 eV to 30 keV and the ratio
_<°hY>/<Ohf> wes derived,
Accuracy:
The total error in the <o >/<d’ > ratio is 10-20%/0 for an 11-grom Foil sample
in the energy region 0,1 - 20 VcV ﬁni 12.4~19.2 /0 For an lonizetion chamber ot
0.1 = 2 keV.

Weutron Source:

Electron linear accelerator, time-of-flight method, the neutron flight path was
. s ' nsec '
25,57 m, . Nominzl energy resolution was > 7.1 —.

Fission and Canture Deitectors:

A large liQuid_scintillator-Was used<to détect the sanma-rays resvlting {from

the absorntioh of,a neutron in the plutonium samﬁle (both fisszion and Caﬁturéicvents).
Fission events vere measured by using an’ ionization chamber or meua11¢c Pu- 23° {oils
and the high bies techniaue. Thus, #ith the chamber: a'.issionkhas‘cnaracuerlzed by

a pulsevfrom the seintillator in coincidence ”ith'a pulse from the Tission ¢hamber,
whereas a c¢muure was cnaraCLerlzed bv a pulse from uhe c%ntiliatorva16ne;v‘In'the
hl@h blas technique puluCo dgove he b1ag_oJ ~11. He “ are nroduoed by f1 sion events ;
~while toooe heuneen tne lor (ﬂ? 7. LeV) ang . hmvn bias an.oe from both xlssiqnfandj o
'i“capture.ffThv fis ion cham er J%s usod up to thc cnerbj of h {cY;tb)dctérmine alpha

un.. tha” }'115;; . "l;ou;n ] ; C l," '




Pu-259 netal Coils used Tor the higher energy nmcasurcizents have masses ol

tion chamber (1.4 3 Pu-2%9) was

C"

onlza

=3

:....

.25, 1.2 and '21.3 g. The Fu in the

1

§ic]
deposited on 0.005 in. Al plates. The chamber conteinad 21 plates. 'The Pu
isotonic content was ~990/o Pu-239 and O, /o Pu-240., 'The content oi Cm-24l

gave ~30 spontancous Tissions ner sacond., The chamber ulso centained & small

o

amount of tunsgsten,

Flux Meoasuvrenent:

ing

The reletive energy depsndence of the DDHulOH Tlux was neasured us

b

a

'm

2
parallel plate “?3 ioninatb

dependance of the reaction B-10{n,«)Li-7 is inversely proporiional to the

ticn chamber, This was done assuning bthat the ensrgy

neident noutron over the energy range from 0,02 eV to 30 keV.

[R3

velocity oi the

.
Fxoerinental Arrancoment:

The neutron beam trovarsed a cylindrical. {ube extending throuzh the scintillator
and containing the fissile sample. The measurements of Ta and. O, p Were performed
over the neutron energy region {rom 0.02 eV to 30 keV in two steps. The
extended from 0.02 eV %o about 45 eV and the second step extended Trom about & eV o

30 LkeV. The pulse repetition rate (JO pps) and the neutron pulss

“

Tor the lovw-energy run and for the high-energy run the cor“copon0¢n~ values were
260 pps and 0.1 psec. In the 1ow—enérgy runs the neutron filters used Tor bHackground
determination were Au(/.9 eV) =znd U-238 (6,67, 21, and 36.7 cV) and for the high-
energy runs the filters were Co (132 eV), in (337 eV), Mo (2.85 keV), and A1 (35 keV).

lieasurements were made with the ionization chember in the low energy runs and

both the ionization chamber and metal foils in the hizh energy runs.

Data Normalization:

The data were -normalized at 0,0253 eV to values, recommended by Hamne et a2l, (i),

of 274.3+2.6 barn for the neutron capiure cros s-section, Oy

for the neutron fission cross-sectlon, e The data obtained in the measurements

and to 741.6+3.1 barn

extending from 6 eV to 30 keV were normalized to the low-energy run over the encrgy
range from 7.3 to 37.5 eV, that is the energy integrals of the neutron capture cross-
section from 7.3 to 37.5 eV were equated for the two runs as were the ensrzy integrals

for the neutron fission cross-sections.

The metal foil deta (11-g Pu-239 sample). were normalized by equating the energy
integrals of the neutron fission and capture cross ~sections over the energy range

JS)

from about 7 to 100 eV to the values derived from the me aauremeﬁts using the

: s 4.2 - . ey S ' s T E - - 3.
ionization -hamber The datﬂ-nh*alned using the 11-g sample were mora comprohensive
. - . - . . et

than data ouualned usinﬂ a b g .La 21-g sample. For this reason the data obiained

with the 11-g sample of Pu—2)9 were chosen by Gwin et al;'for a c0u211ed analysis.




Corractions and Lrrors:

A major source of uncertainties for the measurement of the neulron capture cross-

sections above 100 eV arises from crrors in estimating the time-dependent bachkground
14

x?

estinat

of the liguid scinltillztor counbs not identified as fission events (this error was
couivalent to zbout 0.2 borns over the neubwon energy raage Trom 100 eV to about
2 keV, and decreased monotonically to sbout 0.1 b from 2 keV to 30 keV); the backgrouni
from delayed Y-rajys (<1O/o); uncertainty in the relative neutron {lux for energics
less +thon 2 keV due %o "off-energy" neutrons (ebout 1.50/0); the effact of neutrons
which are scattered by the samnle and absorbed in ilie somple (less than 19/0 :
vncertainty in SR duc to fissions missed by the ionizafion chamber (less than
0.6%0 of Tp (Pu-232)); normalization crrors (about 2°/0 in the ratio Oﬁf/ohi);
uncertainties in the response of the large licuid scintillator to changes in the
vrompt gamma-ray cascade resulting from nsutron absorption in *He sample (measurements
of the pulse-height response of the large liquid scintillator for a few resonances in
Pu-239, for both fission and caplure, have not indicated any measurable differences
in the pulsa-height distribution within the statistics of the measurcments).

For the 11-g sampie the correclhions duc to multiple scattering were cstimated by
a lonte Carlo method. The calculation showed that over the‘neutroﬁ energy ranga Trom
7 Lo 76 eV zboul 2.59/0 of the neuwtrons absorbed were scattered at loast once. The

. C s o . e
effects of resonance scattering are estimated to have a small effect (~2 /o) in the

average cross—sections in the resonande energy region.

Mo correction for the nsutron absorntion cross-section of the impurities in the

ionization chamber or in the 11-g sample has been made. .

Aunthors' Comments:

The time-dependent baciiground in the experiments with 2 Pu-239 metal foil was
interpreted differently in the final report (24) than in the earlier revort (\1).
Experiments performed at RPI (by R. V. Hockenbury) and at ORVI indicated that there
was a backsround in the ORNL-RPT measurements which was correlated with the. fissions
in the Pu-239 sample., An allowance for this background Kt made and the error anglysis
incorporates uncerteinties introduced by this correlated background. This re—evaluatior’
of the background resulted in an increase in the a-values above 3 keV of 0.06 00,1

over those previously reported (i7).

In the prior report (\\) the normalization of the data for the metal foils was
made to values of the ratio of the neutron fission to neutron absorntion cross-
sections about the peak of isolated resonances. In the latest analysis the

=

normalization of the metal foil data was made by equating the energy integrals of .the :

‘neutron fission and captura cross-sections over the snergy range Trom 7.3 1o 100 oV
obtained using the ionization chamber. This procedure tekes advantege of all the :

data rather than utilizing only that data about the peaks of the resonznces.

R N



Abatractors' Comments:

The values of <GﬁY>/<ohf> obtained are not dependent on a knowledge of' v .

"~ The final'normaliiation procedure uzed appears to be more satisfactory and
precise than in the earlier report, The results obtained by two different techniques
(metal.foils and ionization chambar) agree~#ith each other within experimental uncecr-
tainties. Tha use of the large 1iquid écintillator minimizes the effects of possible

changes in the gamna~-ray spectra from resonance to resonance. The authors say that

they measured this effect for a few resonances, but not for high~energies where
p-waves become important, ‘




Abstract 2
W, G. Schémberé, ¥, G. Soverby, D. A. Boyce, XK. J. Mu£ray and (Miss) D. L. Sutton.
Reference:

IAEL Conference on Wuclear Data for Rezctors, Helsinki, 15-19 June 1970,

(1970).

Ut

paper Cid-26/33, Vol, 1, p.31

Harwell, Didcot, Berks., UnLted thgdou.

Quantitles hieasured:

The ratio <0‘Y/ <o n> and. <o p> Vere me sured in the energy range from 0.7 to
30 keV,

L3

Accuracy:

. o . . s o
The total accuracy is between 45 and 8 /o in <Ohf>/<0£A> which corresponds
[¢] \
to 10 to 167 /0 in <c‘Y>/<o'f> : . ~
. , o

Neutron Source:

Electron linear accelerator, time-of-{light spectrometer, flight pauh .ength

was 3#.86 n, nominal‘resolution was 7.2 nS/h.

W1351on ani Canturc DeLoctors:

‘Two detector systems, which basidally doﬁsist of‘faét neutron‘datectors and.
gamma-ray detecfofs, were,uséd.  The gamma—ray detecﬁovbwaé of‘the "Moxon4Rae" bypc
aﬁé the neuﬁron ﬂetector ﬁas a recoil proton detecfor which by use of pulse shjne
alscr1Wﬂnatlon had Zero efflCLenCJ Tor capture evenbs It was found w1tn tne first
‘system (a ) that the ratio of the efL301en01°s of the gamma—ray'detecuor for ;iésion“
- and. canture events was ~2,5 rather than 1, 0 - 1. 3 as ex peuted fron the U won—?de
-chdrdctorlsolc dnd the - known to»dl energy of prompl f1US1on (ﬂ? meV) and capture

(~6. h heV) gamma—rays. This was due to. the high gamma-ray. and fLSSIQD neutron
mu]t1n13c1ty of f1551on events cquvlng a001denta1 001n01dences. The effect has been
inves tlgdted by rebulldlng the dctoctor Sj“uem and 1ncreg51n the numoer of ‘detectors,

- lhe resuTts obtalned nmth the modxfled detecuor syst n bhOVGd that uhe efflcwencj rat:o

 was 1. 5+O 2, The count fo buckground rxtl_a or the modllled SJstem wa's on an:

‘faverage,'about 1 5 hlﬂner thdn tnat for the orlglnal hyutem.,

"ﬁ'gamnle Dn»all

e Three samples 5 08 oms 613neter,.cbﬂté ﬁin 1 070/0 nl O 7 /o Pu ZhO ca nnnd in 7
”Qfo 0197 cm A1 and with samnlc‘thlckncu " 0. oo12» 0. 000579“dni10 00029 nfonon’f> o

8,/0 Pu—2h0 thlancgs‘O‘OOMA qpom$ 7;"~‘

C?

,aample 7543cm dlameter, contalnlng 15




per barn, canncd in 30 cm long Al cylinder with 0.092 cm cnd windovis,

™ b3 4

Mux Veasurcnent:

The energy spectrum of the incident neutron flux was measured by a 0.32 onm
thick Li~6 glass scintillator. 6.35 cums in diameter and mounted 5.25 cms from the

photomultiplier.

Bxperimental Arransenent:

The detector system was zssembled on one of the flight paths of the Harwell *time- =
of~I'light neulron spectrometer based on the 45 MeV Bleciron Linear,Accelerafor with
its neutron ‘Booster5 target. The measurement covered the incident neutron energy
.range from 10 eV to 30 keV. A total of nine sets of experimental data were obtained
with the two detector systems, The resonance filters used for background
measurements were: ¥n (337 eV, 1.10, 2.38, 7.17,and 8.87 keV), Mo (45, 131 eV),

Ta (10,34 eV), Na (2 .83 keV), Al (35 keV)., B-10, Al and Na were used as permanent
"black" fllLO““ : ‘

Data Normalization:

The data were normalized to the o-values on the peaks of well resolved low energ;
resonances where the values of a are known from other experiments measuring m  and
.alpha., The set of rescnance a-values used for normalization purposes was obtained

by evaluation of the following’four experiments:

(2) n —eXperlment of Bollinger et al. (28) (the resul were neglectnd

because of dlqagreemcnt in shqpe Wlth other datd 1n uhO thermal reblon)

(v) oa-experiment of Czirr and Llnasey ( O) (the results have also been largely
| gnored bacause the experlmcnt was only partlally made in thc thernal

rermon)

(c) o- experiment of Gwin eL al. (13) (the evaWuatlon mdde by Schomberg et al.
”‘ (3;) denends heav11y on uhOSG resu]ts, becau;e as onlj one cross—
aljfnornall zation is rcqulred in the expcrlment of Gwln, accurate flut
measurhments are ‘not nneded, and Gw1n s results are supported by the d»ta

of Czlrr and Llndsey)

 _(&)  #1'—exper1nenu o Patrlok et al C7&) (the results were orlglnally

~fnorma11&ed to. uhO d ta of Br00f et al (73) whlch had been norm 1lzed

v:io T\f 2. O at O 08 pV “nd uoverby made a reappralsal OL the cross—'

’Tnormallza 1ons w1th1n the Brooks etnerlmant and betwaen 1t and the Patrlck k

"rcoultu renorma;lzed thvnunh:"

- hése ofle1n ut al"'




renormalized for the second time the Patrick et al, data Ly combining the
normalization through n  with a normalization bhased on Guwin results at 10.9,
1.3, 15,5, 22,3 and 32.3 QV‘rescnunces, and combined the values obiained with the
values of Gwin et al. to obtain the following weighted a-values which were used for

normalization:

Resonance v
nergy , -
eV .
7.83 0.86+0.0Q4
10.93 0.33:0,03
11.93 1.52+0.07
11|.. 30 } O, ‘36_:0 . Ol;.
. 14,70 ' 1.18+0.05
o 15.50 | 0.11+0.05
17.60 801520005
22,30 . | 0.66+0.04
26.30 0.90+0.05
4,60 : 8.94+0.%0
50.20 - 2.27+0.20
52.70 ’ 4.92+0.29
65.90 . | - 0.91+0.05
91.00 ' 4. 08+0.27

‘Corrections and Brrors:

The total error quoted was typically dbou* 1SQ/o in a and mainly éonsiéﬂs of’:
grror due to statistics and bacxground fitting (aoout 10 to 15 /o) érror‘ﬂue to
unce:talntles in determlnlng the resonance a—values (thought to bek2}5?/o of 1+ a
for a-values in the range 0 to 4.5 which means 5 t0 7%/06 in c), and error fue 1o a

29/0 unceftainty in. =2 V—value in: the. enmrgy reglon ?hove 100 eY (Jhlch leads

. o e .
S_to 7f/o)uncerta1nty in m). A correctnon for selr scrben¢na effccts was mﬁdc.

It hau been & uned that multlple scatterlnn effects are neglip{blp-
OOTTGCtLOﬂS have bcen n;de for “the ef fect of Pu-?bO 1n‘uhe s&mple.‘ It has 8100 bcen
assumed that the ef¢101enules of the dctectors for f1u5Lon.and cap{ure events are

 1ndep~ndent of neutron energy. ‘The_e ect of delaJed gunma~rays Lrom 11 sion was
 ,found to be nepllrlbleﬁl:f’ ‘ ' IR e '

Autnorv' Commenus‘ -

' present daua set or dlpha suncrsedes all the prev1ous data”of uhc 5une

exporimental results,




The correction for multiple scattering is negligible if (a) the sample 1s
'"tth" (b) o doss not vary with neutron snergy; (c¢) the ratio of the scattering
and total cross-sections is small. The experiment was normalized or results only

given when al least one of these conditions was trve.

Abstractors' Comments:

i

The measurements of Schomberg et al. show the same structurs in alpha as the
measurements of Gwin., They agree reasonably well with the results of other anthors
while, in the region O 8 to 5 keV, the resulits tend to be'systemaﬁically lower than
the others. Tn this energy_region the results may not be as accurste as nthers

because of large background errors,

The a~values ohtained depend strongly on the resonance u-parameters used for
normazlization. Comparison of the resonance w-values obtained in other o measuremsnbs
with those evaluated by Sohohberg et al. shows that these evaluatéd pérameters are
quite good snd in 550& agreement with the parameters of Belyaev et al. (3%4) for
a <1, but'for a >> 1, namely at the .5 eV resonance, ih“v are about o—lO /o lower

than the results of other measurements,

The results of VWeston et al. (1) give little evidenoe for the spin-dependence

of ¥ -wvalues and hus the error estimate in'« Tor tnls effcot appears to be

slightly "overgenerous" or, aL 1Vdst not Loo small.

RS




Abstract 3
.flu:_‘_q:
J. DL Czifr and J. S, Lindsey.

IARA Conference on Wuclear Data for Reactors, Helsinki, 15-19 June 1970, paper
011-,_6/1F7, Vol. 1, p. 331 (1970). |

Establishment:

Lairence Radiation Lab,, University of California, Livermore, California 94550,
- USA.

Quahtities ¥easured:

The rutlo (c' >/\o > has bncn neasured ovpr~uho neutron onergj region I'rom
100 eV to 30 kev. . 4 o ‘ Ce
- Accuracy:
The t0ua1 uncerualntv 1n the Wy >/<o‘ o> raulo, as quotcd by the autho S, 1is

2/0 to-12.2 /o in the cnerFJ reg 1on from 0.1 to 30 keV,

Neutron Source:

.

2

“The Livermore 33 MeV e]bctron linear accelerator, time-of-flight method with a

resolution of SOknsec/hu.che;neutron flight path was‘11 ., -

i

Pission and Capture Netectors

Capturé and fluqlon geamms, - de% and flSSlon nnutrons wcrc detcc ed in a 1 1Lure’
lnoumd scint 111ator,‘u51nv pulue shaoe dlqcrlmlnatlon to 1denulfy the purtlclc ujpé.;
!Slnce the "°mmd data con 15t of both canture and flssxon evehts, 1t was ncccssary to:.
"subtract a ouantlty nroportLonal to the f;551on cr0°°—sect10n in. o”der.@o ObtdLn the
capturc cross~oect10n. The fractlon to be sub***cted va.s determlned by normw1¢v1n";

the flaS’On dﬂtm at an energJ co”“ Dondlnv Lo a lou c-valuo - from 15 Lo 16 O eV -

"ihc ratlo of thn GfllClGﬂCleS of the capture detectoribr'f1051on and ganma.i

;events was found 00 be 0. 86

J*Sample deta115"

'3 y 10 atoms/barn thlckndss was used

bﬂ?O—g metalllc nlutonlum ;o:l of [

“Experimental Arrangeuen |

" The metallic:Pu Toil - 'wag nlaced 11 m from the neutron source and viewed by a




1 litre liquid scintillation detector. The gaumma events were pulsc-height waishted L
on-line to provide date which are essentially independent of variations in the
capture-gamna de-excitation spectrum.  This linear weighting assures speciral
independence for capture events if the fractioniof the cepture-gamma energy spactrum
below the threshold level is not a function of the incident neutron energy. The gamma
threshold was set at about 0,75 leV. The hackground induced by out—of—time nautrons

was measured at 4, 10, 120 and 2800 eV by inserting the resonance filters of Ha, Co

and Ta during o sepurate background run.

Data Wormnalization:

The measured. ulnha—Vd]ues were rmornalized at 0,07 - 0.09 eV and‘15.5 - 16.0 e¥.
U51ng a thermal value for a = 0,365740.0036 (5Q) and the RIDF/B file data on n (®)
from therlal energy to 0,09 eV (4 ) "the value of a = = 0. 460+O 009 wes obtained from
0,07-0.09 eV,

-

For 15.5-16.0 eV the a-value was obtained by combining calculated .., values

. nyY
(using available resonance paramebers for nsarby resonances) with measured O dade
(z3) taking into account the contributions from nearby resonances. Thl% a-valus =~ _
+0.02 . . o LN A - ;
equals 0.092’rO 03’ which includes a 50 /o error increase for this effect., In order :

- . R : : . +0.02 ’ .
to deterimine the effect of the guoted uncerisinty ( 0 03) unon a, the data were

renormalized using a at 15 eV of 0.112 and 0.062. The average value of a over 0.1

Cemerem syt

: o .
to 10 keV changed by +3 /o0 upon doing so.

Corrections and Errors:

The errors of the. exper riment na1nly cons sist of: treﬁtmnnf.o¢ Odu—Of—blﬂ“ baca—
gfounﬂ for +the neutfon and gamma data (about /o), uncertalnule in the other
-’baokground componnnts (42 'o), fission-gamna subtructlon nrro s of /o, uncer**:nty
‘cauued by the sensitivity of the 11quld “01nulllau10n detcctor to- the chanvcs in the
“capture Y;aefex01tat10n spectra ol'5 /o, and "the error due to. prlmarj alpha—

TR o D
normallzatlon of 2 /o;w

‘ The data” have been corrected for the effeut of the 0 875 /o Pu—2h0 concentratlon
‘i‘upon the normallzatlon at O 08 eV (thp corre“tlon was O 7 /o) No correctlon Lor ‘he
effoct of self— hleldln wao nade for thc energLes above 100 eV Tne ef”ec 5 of k
 wu1t1p1o COlllulOﬂh were negloctcd 1n ho analy51s of th= data, becau e of the qmall

*enezgj 10sa comblned with the small nrobablllty for olustlc scatterlng.

‘ﬁAuuhorsP&Comments:T

The m;gor sourue of uncerta:nuy in thegbackvrounﬂ“treatnent arlueb from tqc

R ) ) . o . F"'”"'i ‘_..



amma signals. Due to a systematic itrend in o zhove 7 keV, the above avproximation
introduces a 5 /o uncertainty in a(®) in the 7-30 %eV energy region.

The error ‘dus %o ths uncertainty in the enerzy dependence of the ~V -values in

the ensrgy region above 100 eV has not been apnlied to the c-values, hecause of the

large relative error in this correction.

Abstractors' Commenbs:

I4is assumed in the normalization of the experiment that the efficiency of ths
gamma-ray detector for fission events is constant, -A% the present time it seems to
be very difficult to assess the error in this assumption becauss of a lack of
necessary information. We can say that this systematic uncertainty may be less than

. . \ S o)
~10°/o and incline to agree to the authors that it is 5 /o.

The error due o uncertainty in the spin-dependence effect of the % =values,

. o . . . \
leading to ~5 /o uncertalnty in a, should be added to the c-value error.

The n01m41 ion point at 15,5-16.0 eV is potentially subjoct to a large
absolute error. The early data of Bollinger (2%) yielded o =~ 0.300 at 15.5 eV,

Forrell (7¢) gives a = 0,066; according to Stehn (7w) this a-value is equal to

0.05+0.81; Gwin (i) gives o = O.1h+0;06, and T;_/T" P = 0.035. The a-values
for the 15.5 eV resona ance of ravrell dnd of Stehn ere really i/ V7. and do not
oL 0.020

'1nclude contributions from nearby resonces to GRY' ‘The value o = 0. 092 ~0.030 .
- was obtained without taking into account the resultls of Farrell, Stehn and Girin,
althou:h it agrees with then within_the assigned uncertainties, We have adopted that

. ‘ o
-the unCorualnty in a caus sed. by tne normalization procedure used would be 5 /0.

- The normalization point at 0'07—0 09 éV is based upon data at tﬁermal energies,
' The thermal valus for a(Pu-239) was recently evaluated by Hanna et 2al. (1) as

'0 3659+O 0039, This Tﬂcommended va]ue 1° based haavily on the experinental va’ué of
'kLounsburJ et al, C7LO which 021rr and Lindsey used ;or normallzatlon nurooeee and |
therefore the difference beuween the evaluated and eﬁner¢mental v¢1ucs is very
small (less than 0.2 /o) and nmay be neglected Czirr and Lindsey used Lhc Gruubler
~date (4) on M (®) Trom thermal energy to 0.09 eV.' Greeblﬁr 1ndlcated 1n hns ‘
jévalﬁéﬁioh thﬁ* he curve glven bj Leonard vas the beut but 1t mlght bo JﬂD”O"Gd by
»USing a leas t— auare flutlng procndure.b Ve carrxnd ou1 dH&lYSOS of the shaoe of .
the carve fof o, yrﬂand o 1n thp revlon O 01-0, 2 eV and cama to. hp conclaa1on that
"thc curve fo,‘s‘nP c01n01des v1th the curve of Greebler d]thln 1 /o, %nd uhefcurve for

;tiohy la sys»ematlcallv ;¥5 /o hwpher tnan thc curvc of Greeblars-e59301dllf 1n e,ﬂ

rireglon hlnner than 0. 1 oV and 1ower than O O) eV i Thc resneoulve a—v&lues equal

el Lne enerv rcglon 0. 07 0 Oy eV 1s O 400. bzlrl an4 nlnuscy useu LOF’HUIM@LLZuuLUﬂ

u}o hh (at o 07 ev), 0. h65 (du 0. 08 ev) o 490 (au o 09 eV), and 1he'mcan a—valu°.ouer ‘

" the ¢ evqlge;orysqio;009‘

Vub]Ch can bo con 1darvd as adcou¢tb (the dlffer ncc 1s /9)11

o ° i
'the error of /o due:to prlmurv dlpha—normallaatlon 1ooks reasonable,vm-



Three more comments on the experiment are appropriate. The background induced

by out-of-time nautrons was not measured at the energies bhigher than 2.8 keV (thot
means that the a-valuss are less acchrate at those ensfgiés); the rabio of the
detector efficiency for fission and gomma events was found to be 0,85 which apncars
to he a‘little too small. ‘ ‘

The errors in o-values given by the authors szem to be a livtle %oo lov. TFor

tha time being we have added, for evaluation nurposes, ths uncertainty caused by

- -0 -0 ol - -
the W -values (5 /o) and taken a 5 /o errcr Tor fission subtraction rather tha
0 ) )
3 /o.




Abstract L
Author:
?. W. Belyaev, K. G, Ignat'ev, S, I. Sukhoruchkin, 8. -P. Borovlev, V. V. Paviov,
Y. V. Polozov, A. }. Soldatov. ’
Reference:

T424 Conference on Nuclear Data for Reactors, Helsinki, 15-19 June 1970,

naper Ci-26/89, Vol. 1, ».339 (1970).

Establiéhment

Institute ol Theor"“ioa1 and &Kuurld“htﬁl Physics; Moscow, USSE. .
J

Guantitbies lMeasured:

‘ The o-values for Pu-239 have been measured from thermal energy up to 10 keV.
The a-values were déterminéd from ths raltio of expérimantal counts due to capiture
and fission eventé.k
N v "
The %otal error in ths w-value is from 7 to;209/o (with an average of 13%/0)

in the enesrgy region from 0.7 to 10 keV,

Neutron Source:

-+ The cyeclotron of ITEP, time-of-f WJnnt spnchometor, Lhe neutron flight path was
-, . . R nsec : ‘ '
14,56 m, nomlnal energy resolution was > > 217 e

Fission and CuD ture Detectors:

Two ‘kinds of defcctors weve used - Jn% detect or for deueculon of neutrons and
‘UaT crystal for. re51= rat*on of capture and L¢551on vanﬂa—r;yg in one case, and a
stllbene crvstal Jltn pulse shape ﬂlscrLﬁ1natlon in a sccond case. The insensitivity
of both ission detnctors to gamma-rays has bepn checked by t e‘absehCé"of_the 1 eV

capuure resonanc° for Pu-?hO on uhe mnasurea f slon curves.-

Samnle Delaﬂls- ,w .;v-"“ B :‘ %:

: : : o _ e -
Ietdlllc Du 259 qamp]e wlth thJaneos of 2 2 .,10 R afoms par b rn, ‘containing
1, 8°/o of Pu- 21,0 o B R TR

P
. ;

"Plux Mea urpmpn

Two bF —counterc were usnd fo*_:élétive;MQQSuremcnt of neutron.flux.

ffuxnerlnontal Arranfqﬂ'nt:

o¢ a—values werc nadehln'uwo ste

uThe mcasurenont




first step, but the vulse repuiiiion rate was

o]
¢ s
4]
~
2
n
g
o]
[o]
]
D
.
o}
(-L
=3

L o
decreased (iha repetition period was 17000 usec instead of 2300 usee) and the nsutron
pulse width Vas 8 usec instead of 3 psec, In the seconid step meoasuvements of
the neutron transmission viere also made using a JnS (“J) with 3903 detector.

The neutron filters used for baclkground determination were lin,
"out-of-time" neutrons were monitorsed with Cd. TFor canture events a constant
coﬁponené of background due to natural radicactivity of a sample was about 30?/0
in the resonance energy region and a time-despsndent background commonent delarnined
by resonmnce in, Ha dnd 4g filiers was about AO—JO /o at 5-10 keV and was acual to
sero in the resonance energy region, In the case of fission events ouly-a cons ant
'background counonent duz Vo snontaneous fission of 2u-240 was present (about 20 /o

in the resonance region),

Data Wormalization:

.
The measured c-values were normalized at thermal energy and at the energy

0.30 eV.b Fou these nurpozes the ﬂnaeurﬂucpts of the values of a and W /v veres

carried out from thermal energy up to 10 eV. “Fhe values of = obtained in these

measurements viere 2,11 at thermal energy and 1.728:0,026 at 0.3 eV, Using these

n -values and the ~ —value in +he thermel energy (™ = 2.88 frem (1)) the avthors
'}‘O . 03

-0.02 at 0.7 oV,

obtained the following'a—values: 0.36 at thermal energy and 0.66

which were used for normalization.

Corrections and Irrors:

: ‘ o 4,0/ . ‘ .

The total error quoted Ly the aubthors was btypically about 13 /o in a and mainly
: s : . . . o s S o
consists of: error due to statistics and background fitting (from 3 to 127/0), error

- . o _ 4 -

due to normallzatlon (about 5 /0 for o= 0.6 - !.l).

It vias &SSUW°d thdu uhe scnsmt1v1ty of the detector %o thn possible ch4nrps of
the capuure gammu—raj spactra was low, Th1c assumption hud bcen checked by spoeial-

measurements o gammu—r ay spectra due to capture of resonance neutrons, both for
1-235 and Pu-239. '

'Authors' Comments: -

Gamna-rays from'canturn‘unm fLsslon evepts were uetected in tne 1 heV_e erey-
ranve‘only It was done, in tnlq energy range, becaus@ L_rotlv the t~ra+io,of
gamma r1v ylers from CaﬁtU“»»ﬂHd floSlOH event° NuS obaerved (dbouu 1 1), ana

socondly, thc buccyrounﬂ due to scdttered neutrons,'as lower in th1° ca se, ior thﬁr

‘15 no tranSILlon w1th rreat 1nten 1ty 1n o pture

mma—“dy snnc+ra 1n I (tho dcto lor
ed vas NaI) ’

17.7, 22,3,

ex ghe.encrfles :
26 3 nd Ly, 5 e Thc va]uos obtawnnd ¢re in- good agreencnt:rlth tnoue “of GJln et al, i

ab

0BT 11bnt Tor- f¢ve u;-y rcuolvcd rﬁbonhhcos

A\ \‘; L



~ s

and those of Schomberg et al. (excect the resonunce of 44.5 e¥).

F P X Ao ~ -y den .
ihstractorst Comments:

The o-results chiainad with the {wo different detector systems agree with cach
other within their experimenbal uncertainties. This allows the authors to reduce the

statistical errors considerably.

'

) ~

An unceritainty in the a-values due to uncertainty in the encrgy denendcenca of

- ; o/ . .
the ¥ -volues (about 570 in o) should be added to the total a-crror,

In the experiment only gamuz-rays in the 1-2 eV runge were detzcted., The

3 .

authors say they chected in the resonance region that their results were not sensitive
to changes in %he capture gamma-rey specira, but presumably they could bhe in cerror at

high energies whare p-waves become important,

No uncerteiniics caused by the sensitivity

Q

£ the gamme detector to the possible
changes in the capture gamma spectra are included into the errors.
. . 0 .
The data have not besn corrected for the effect of the 1.8 /0 Pu-240 concentration
upon the normalization at thegmal energy. This cFrrection presunably would be about

1 050//00 l

The correction for multinle scattering was not introcduced, bub it
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for their sample.
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J. A, Farrell, G. T, Auvchampaugh, M. S. Hoore and P. A, Seexer.
Referenca:

1474 Conference on Fuclear Data for Rezctors, Helsinki, 15-19 June 1970, papar
CH-26/46. Tol. 1, v.5L3 {(1970),

A

Meate

Tstablishuent:

University of
Mexico 87544, USA.

wnla, Los ilamos Scientific Leboratory, TLos Alamos, New
3 . Y >

Quantities Neasurad:

The fission, caplure, scatiering and tolal cross-sectlons of Pu-Z39 have bezn
measured simultanecusly over the neutron énergy range from 20 eV to 1 HeV, and the
ratic <G‘ /\0' o> Was derived.

Accuracy:

) . o] .
The {total error in the averzge wvalue of alvha was from 10 to 19 /o in the
t ] B

energy region from 0.1 to 30 keV.

Neutron Source: .

As a pulsed neutron source an underground nuclezr explosion was used. The
resolution in the thermal region was about 20 nsec/m and above 300 eV the resolution
improved to less than i nsec/m, but was limited to about & nssc/n by the date recording

sys tem,

Tission and Capture Detectors:

The plutonium, samples used for the fission event detection were viewed by 2i
. ' o o ' . ‘
s0lid state detectors at 55  and S0~ to the beam. The foils used for the capture
crogs—sectlon mea °urem0nts were viewed by two solid. state uOYon ae type detecctors,

'the el f1c1rncy‘0¢ which was determmned absolutely with an accuracy of* 5° /o.

4

'Samnle Deteils:

There were three Pu-239. samples, a tﬁin foi1‘ 1.0 1076 dtoms/barn, fof_the
bf1531on cro°°fscctlon meas aremeﬁt anl tvo thncher fOLT ,FO,OOOS3 atoms/barn dnd
; O;OQSU .boms /barn, for une capoure, scupterlng and transmission measurenents. The
'~3u;Samp1es‘ugea were 9.1 %/o Pu-239, 5.27%5 Pu-240 and 0.3%0 Pu-241, |

o Hux IOaSHTCﬂGnt o "Ef;ﬁf'»:~;“’fif'%ﬁ*-,v”,.s L Sl

Gl
neaking

mho neutfon”flul conulqted of tvo .awts,“ thermwl HQXW0111'n‘ p ctrun

ffat 30 eV and cxbending to 300 oV, and'a /7

she c*”um at nlghex enprgne ,The'nautron
. - ’ . o :
flux was deterimined from the Li-6 and W 235 Toils., Therse was 10-15 /o disorewancy



at the hizher energies between the two [Tux monitors w
= - . - ~ - - -
errors in the crozs-sections veed for Li-5 and U-235. The U—c)ﬁ evaluntion of

Dave; T) was used as referencoe cross-ssction,
v .

Trneriaonbal Arransensnt:

The neutron bezia was brought to the surflacs of the ground in an evacuatsd pive

and collimeted to a circls of 1.7h cn dismecier before passing through the stuek ol

b} ~ 0 1

mples.  Background for the {lux wernitors and the fizsion cross-se 1 wera measurcd

]
o]
e}
o
.
(o]
)

5

with the blank foil. A& dlsmuth sample orovided a meosurewment of the scattered neutron
backuround in the ceoiure detrulors, Transmission through the Pu-gamples was

O

measureé by Li-G foils located above euch sample.

Date Hornmalization:

To obtain the capture cross-ssction the fission contributiorn was subtrocted
from the raw capturé plus fission signal., The fission gomma efTiciency was delermined
from eight broad 07 resonznces to be 1.27+40.08 times the canture efficiency. The
efficiency of the cepture detector was determined by a separate experiment on the
J I .7 T L

same event by activation of a ribbon of gold.

Corvecticons end Srrors:

The predominant errors in the capture cross-section and consequently in alwvha

4

to the subtraction of the large flssion background, especially at

are due high
energies. The estimzted crror in the capture detector efficiency determinction is

50/0, and the determination of the efficiency was dependent on the assumption that the
efficiency is independent of the gammu-ray swectrum, The total error in the c-value
measurced includes statistical errors, errcrs in fission gamma subtraction and estimztes
of systemetic errors due to target density, detector efficiency and solid angle ate.
Not included ars possible systemetic errors due to uncortalng/ in the Zero level of

the amplifiers used and the background from the aluminium samnle cantalner, which

are expected to be small below 30 keV,

The capture plus fission data were corrected for self-absorplion using the
signals recorded from the Li-foils positioned on each side of the capbture samples,

No multiple scattering correction has been ma de (the correction is estimated to be
o .
5-10 /o on the highest peaks).

Authors' Comments:

-

~In uhe nresent experiment, Lbc enery j‘dcunndepce of’ ulphi for Pu-239 is determined

.

rather accuruately below 10 keV. Above 10 keV, where the capture cross-section is

small, the error due to the subtraction ofkthq_largévf1551 on. b;okgrounﬁ (about £5%0

of tha siz gnal at 30 keV)_is‘largs. Besides, ubove 30 ko¥ t}c T vias an additional
background due- to the aluminium sample. COhualﬂGP Therefore in the energykrcgion.frgm :

10 to 30 keV w-values vere determlncd with an acocuracy of about 30 /0, wh i h is Iess

than une acc"rch achicvable in the Van de Graafl mens 1vomnn .

&0V ; ' - | - [



" Abstrac

bors! Comments:
No corrections for the centent of Pu~2/0 and Pu-241 .in the

saunples were

incorporated. There is no need to introduce the correction for the spin-enevgy

dependence of ~» -values into the results of this experiment.

£\
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Author:
V. N. Kononov, M. A, Kurov, E. D. Poletayev, Yu., S. Prokopets, Yu, J Ryabov,

-

So Don Sik, Yu, Ya. Stavisskii and W, Chikov.‘. -
Reference: .

Dubna Prenrint P3-5112 (1970); also Wuclear Data for Réédtors, Vol. 1, Ihﬂ
Vienna (1970) 545 and Atomnaya Energiya 30, (1971) 352. These measurements are

referred to in this absirect as the JTMNR-FEI data.

Mstablishment:

‘Joint Institute for Mucleor Research, Dubne, and Institute of Physics and

Power Fngi nccr¢nc, Oann. <, USZR. o S :

QUdntlllOS Leaqurﬂdp

- The quantl v oo(E) = OhY(E)/bhf(E) hasg beén measured in the energy region 0.1 to
"99 5 keV, * ’ o :

ﬁ_g;curac«g: , ‘ R e

The total error in the a—valuo is 7 to )O /o in thc energj rcvlon 1rom O to;
30 keV. s V ‘ '

Meutron Sourca:

As a'source of neutrons inVOne c“sé‘a 1sed fast reactor WLLh the resolution
:of 2?0 nsecﬁn, and in thc second cauc a puloed fast reac‘or with an electron injestor-
‘.mmcrotron with a resolutlon of 15 cc/m have boen usod -T;me-o;—fl;ght;methodleth
a fllghL n¢th of 250 m was u,ed. i R i

Fissfo' and Lanturo DPueror

F ission events yere meauuvcd by us_mr~ a hl h-efflclency 1on¢zatlon Iiséibn
,chamber oontaLn:ng 120 mg of Pu 239 CA larce 11qu1d uCJntLllatOT w1 h a volume of
’5500 litres was uned for recordlng captu”e nd ;1551on vdmn)—rays._ Thc detector nas
{ﬂlVlde 1nto two- halveo connected in ccmn01dencc, end 1t had an imnorfant char cter—

J“lSth, nanelj tho low SGHSlthlty Lo any minor. chanrea 1n tnn canture ramma spnctrun.

” ffu¢mn1e Uetails.  v

e "mhln" 1ayer5101 Pu 759 were
Gty '"thick“ueamn1e uscd in a 11qu1d
‘f71th the content OP 1 59/  ?§5240!‘

The encrgj depnndawn ne. con fIUA

Tas not bnen meaoure]'ln hly
: T:O 81

.

o
«

"fey0ﬁr1m=nt,'a the shape of t ,‘;u h 20 oeon ob‘d"ﬂod

Tlux was. &5s umed to be

oLV ®



&

by other suthors with a flight path of 250 .

I

wznerimental Arrangement:

The neutron beam passed thfough the ccntrél channel of the scintillafion
detector where a sample was pluced in nearly L nm-geometry. The neutron filters uszed
were Na (2,85 keV), kn (0.337 keV), Co (0.132 keV), 4z (5.2 eV). TFor microtron
Qperation three series of measureuents were carr1nd ouu using a Su”ﬂl andl cne series
6? measurenents using tﬁe fission chamber. For reactor operation one series of

measurements was performed using the chamber and one series using a sample.

Data Wormalization: , : : : K .

For calibration purposes the authors used the resonance alpha—velues for 12 well-
“rveselved resonances obtained in ﬁhe other Works‘-namo7y in the work of Derrien et a
(v5), Stehn ot al. (-~) Do]l:nh@r et al. (2), Gwin et al. ("), the first set of
alphd 1ES onance parwmeter% of uchomoerg el al. (?7) and Ryabov et ol, (7q), These
date vere nOu smmnly averaged, but were used fo obtain the normalization constants
by'a»leasU souares me thod nhlon took 1nto account both the errors in each sot of
a-va lues and tna orrors in the exnerlmentaT values of HY and 1. obiained in the

I“
xnerlmcnt.

Corroctions and Errors:

The total’ cr;ow in the a~va1ue m°¢surcd (about 1)—?0 /o) Muln]f con°1°ts of
vstat stical errors 1n the: mcasuremonu of Tt ﬁ? Sud 1stlcal errors 1n the background

: determlnauion, and. uhe normaleatlon errors.

o

The resulis LOT mlbrotron oporat¢on werc obtalnnd LJ averaglnn fov the threp
erles of aea“urements and. h‘ érrors r*:Lven cha«acterlae' the mcan souure spread of
Jthe data 1n heso °er¢eu.'»The,error 1n.a is due to stmtloilcal error in tho J
measurement of uhe ratlo U /N cam't to allowunce for hc bachground Por each SGLLCS
',(204509/0) In the caae f TequOP 0perat10n the accur¢cy of tnc u—values nca ured(
is: +15= 20 /o.“ e S - ien e

Authors' Commentsﬁak

dJILePCHt normallvatlon{
the JIU? ? nn“surnmon*° (4¢f

both capburef



As the measurcmont of fission evenls was mafe by an iconiszalion chamber, and

capiure and fission evenis were measured with o thi ick samoils, the latter resultis

(capture plus fission) will require = correction for regsonznce self-shiclding.

P g )

AN

Such u correction was not moede in the JIVR-FET measurement in the region of

wuresolved resonsnces. _ _ ‘ . N\
'No correction was madeé Tor the coentent of Pu~h%0 in the szmple.

. \ .
The JINR-7Z Jnl JINR-2 measurcments of Ryubov et al. (40) do not agree with

c¢ach other in the region around 600 eV where the structure exists.

The reasons for rejecting this experiment or considering it wi 1 less welght

(1) The data do not show the Lructure expected around 600 eV, It is surprising
that in the epcr v region 0,65 PPJ there is a great differencé be tween the
JIITR-FET measurement which gives the a-value less than'i, and the results of
other measurements where o varies from 1.44 to 1,89. ,Such absence of the
structure which has been relisbly deﬁefmine% in the other measurements gives

evidence of the weak sensitivity of the experiment used to genuine a-variation.

(2) The difference between a-valuss obtained in microtron and z edctor COPQLL7OH. is

" rather ,1Qn111chb in some energy intervals, such as 0.2 -.0.3, O 3 =00,
0.7 - O 8,4 -5, 5-6,6-7 keV, lying ouhsi*e the e/puerLnu al errors glven
‘byvthe authors.  The data ol both‘Series dincr greatly in some Lnergy

~intervals {rom the mean Values oJ othcr measurcmenLu.

Becauae of". poor accu;acy in. O'f obtalned in the prosent work (abouu 15 /o) jt'

flu dlfflcult to. mako det 11~d conn“rlqon beuween the ddu% of,*ha nr esent
erxnerlment and the Ouhor exnurlmcnts. Qough comndrlson ‘shows "™ 1at_the data\of

uhe preuent oxnerlment are. uYoquaulcallj h1~her hartlcu]arlj ln *hé'enerdv

fregion 0 3 - 1 leV (about 20—)00/0) Ve abree‘W1tn the‘rem rls o thc aubhor

‘that <o‘f> values aro no» a lways cufflcmenu crlterla o; the qualltv of Lhc

ex merlnonu, becauae “back rround for Lhn debn Llon of’ °1su10n evenu 15, as al rulc,
 qulte 1ow and can bc Lreated vcry wol] but the abs olute V°luc of O'f depends.:
: upon both normallzatlon ol onf and uhe eve*gy dcnundbncc of” nﬂuu“on flux,‘vhlcn g

_do nOu a*fect' he a~v 1ueu nnasuﬂedv Tnn energy dependence o; neutron flux huuV

uQnot been mcaou”eﬂ'

umaln1y con51dcred
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Reference:

&uf‘lor'w

Yu. V. Rysbov, So Don 5ik, M. Chikov and M. A. Kurov.

Preprint-of the Joint Institute of Nuclear Resesarch P3-5113, 1970; I'“A Con;erence?}
on Huclear Data. for Reactors, Helsinki, 15-19 June’1970, paper CN-26/124, part I, ‘

Vol. %, p. 345 (1970) and Atomnaya Fnergiya 30, (1971) 258. The second series of

©
(]

measurements referred here as the JIIR-2 measurement and in the text as Ryabov et

measuremnent, , : v . o , , ..

ETstablishment:

Jonnt Instit ute for Huclear Research, Duund, USSR,

Quantities Measuredﬂ

The quanultj a(B). = th(E)/ohf(E) has been measured in the energy region 0.1 o
20 ke¥ : : ' ‘
hecuracy:: _ N T N : o -

o

_The tobal error in ao(®) is 7 to 25%0 in the cnergy region from 0.1 %o 20 keV.

Neutron Source:

A pulsed fast feactor,;time—offflight method, the neutron f1light path was

1010 m, and’ the resolutioﬁ 60‘nsec/m;'

FluSlOﬂ and Cuntu“e Detoctors'*

A 500 lltre 1¢q01d sblntlllat“on dﬂtector in whlch ca 2dmium had been ¢ ddnd to the -

.iSOTutlon, so that the rutlo o“ *ha nuclel Cd to H was O OO& ‘ The flsslon events uer

recorded by doublp delaycd 001ncwdences in 1he quu1d srlnilllator, and capture

‘gevents Were detected 1n thc sgme 501nt¢1lator wlthout 001n01dence

Sanple Dctalls*

_2 7 10 3 atomu/bar 3ﬂ1th the content of 1 5 /o Pu ?FO ff

iPlu\ }eaSurement:

*;rlve d1 ferent sanplcs of - Pu—239 were used 2 85 10 ’5:8;10;%;58;7;10f4;]1;42.

’counters.,

f*The rclat%ve eﬁergygdépgn@énce,gf;ﬁhé'héutr6h f1ﬁx waé méé$ur¢&¥by 1Q 3F3ﬂ;

fExnerimentélkArrangéﬁent:




Data Nnrm"llzn tion: f _— , :

Tor no*malization purvoses the authors used the same rescnance a]uha-vul a8

ttken from the ame works as in the JTHR-FEI measurements.,

Corrections 1& Frrors:

Pt

The total error in‘thevm—value measured is mﬁln"* determined bJ oystema.uic errors ’
“due to the varisble background cdmponent, socattered neutrons, and normalization errors. .
No correction for the Pu-240 content in the samples was introduced. The debector:
efficiences were considered to be cons tant in the energy region measured, The final
reéults for o have been oblainzd by averaging over all the sets of measurenents,
While the errors shown describe the mean square spread of a for individual series of

measuraments.

Authors' Comments

The measurement of a have bccn made with 2 view to further reflining prnv1ou 31y :
published results (g0). Two‘modifications have been made since the first experiment

had been carried out:

(a) - the total background has been reduced Trom 70 /o to 40 /c in ths case of
capture events, and in the case of Pission the'total background was reducad
210 ' ' ‘
to-30 /o;

(b) - in order to avoid the problem of incorporating mu1t1ple scatuerﬂn(
corrections, the dth& mcasurement wero carrled out :1th qeveral nluionlun

samﬁlgo of dlgLerent uth nosses from 2 85 10 to 2.7. 10 =3 nuclel/barn.

It is necesearj to v01nt out th t in the nresent work. th majo”‘naftvof,fission'
gammz—r s heas beun subtracted u51ng the "ant 1 001nc’uoncc tnchnmauo (g IJﬁécc vas
-equal to O 3) ThercLore the mcuhou uqed in an efnurlmpnt is llutlc snnsntive‘to

-"onx—crluerla s but sen51L1vevto a ccrtaln denree Lo scautered nﬁutrons.

The o'f values Wthh are ﬁiven in'thekreport, do not'repre ent the 'best! crosss
sectlon but they are ;t; one of a series pbtainedLWith(the'samnle.of,tqickness

5, 107 4 toma/barn.j

f AbSVT“cbor Cownﬂntsp

(1) At he enorrleu O A;, 0 75, Q 85 and O 99 ueV the, m~Vu1uesn0bta1ned by

'i{ijabov et al looP Very hlgh hlrher tnan tho resultu OL otherv514

1uborah0f1ba;, Tt

~1oom° 11ke there 1s tﬂ°isanc tmndency torards the hlgn a-valu 1n the reglon O A —;1_w

a9



tivity of the wmethod used Tor scattereﬂ reutrons can lezad to higher

i
c-values in the rsgions where th is small.

The question which ssems to require coireful checking in this expariment, as well

as in the JINR-FET meaasurements (w\), is the role of "{ails"™ in the resolution
funchion of the nsutron snectrometer. Indeed, if the strong fluctvations in the
energy o-dependence are dus to maxima and winima in érosé—sections,~then the tails
in the resolution function will add to the small cross-section values a considerable
part from the nearest maximum, so the resl fluctuation bf the c-value would be
artificially smoothed, 7

The authors have carried oui the c-measurements for five different sam ple

thicknesses and have not discovered the dependence of o on the sewple thickness. The

o¢xect of resonance self-shielding wight in pri 101ple lead ‘to such dependence. The

resonance %elf—shleld“nﬂ will be dilferent for o nf dnd oo because broader {ission

-Y-’
sonaunes are less ﬂfiecLed by this effect than the narrow resonances with high a.
The errors quoted do not include the systematic errors.  We propose to add in
. o] - .
adrature to the quoted error the larger of +7 /o and 0,04 to correci for this
uvadrature to the quoted or the larger of +7 1.+0,04 to correct for 4

deficiency. ' S i

An uncertainty in the o values due to uncertainty in‘the energ depend nce of

o ’ =0/ . .
the 5 -values (about 570 in a) should be added to the total G~erTOoT,

N
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TIGURE CAPTIONS

Tarly measurcments and evaluations of Pu-239 alpha.

licasurements of .(snyDfLons> for Pu-239 between 100eV and 30keV.

Measurements of Pu-239 alpha between 10 and 100keV.
lleasurements of Pu-239 alpha between 100keV and 1lMeV.
Compariéon of the present evaluation with recent measurements.

Structure in <~‘.’wx7/<o’-\e> and {8n¢ between 0.1 and 4keV observed
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Comparison of <[ty for 17 resonances with Y74 6> - The hatched
areas give the limits in M%) and the points on the <O6RAx>/Lshed>
graph are the  values calculated from resonance parameters.
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