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4 . 1 U?HOullCTIOH 

In this chapter \'It) lJollect and disouss the experimento.l information on tho renc
tion pOl'lUTI<3ters 

for the three most important f'i:J~ila nuC"lidcs wldar bombardment with neutrons of 
2200 m/38C velocity. Tho notHtion is dO'JC1'ibed. in tho next sub- section. We havo 
given only very cursory discussions of' tho experimental techniques, but have attolllpted 
to outline some of th(l difficultios ani llJ1Col'teinties encountered, and have noted 
some of tho 5pecial feotures of tho individual experiments.. More detailed QCCQWlt3 
of tJ18 exporimentoJ. meth;:)Q.!4 have been given by others, by HARVEY & SANDERS (1956) for 
eXfIlDPle, and in the reference!!. which are cited jn the tahlos . 

In section:} 4.3 to 4.8 we collect and. an£l.l,ysc the rouny experimontal datn. 
Weighted mean valuos for the variou!} parameters are determined, from the most direct 
moasuremonts of each. However the pnrlmeters al~ linked by the relationships 

(I •• l ) 

(l+a)~=v 

and tile measur'eC'\onts form. an over-dotenninod set. Consbtent valU9.s of tho various 
parwneters have therefore bopn cn]culated by a. leo.st-:5quares 8n81,y~i~ of the weighteod 
means . and the r esults are given 1n the table of recommended values in section 4. 9. 

In 'feightine; the variou$ data we have tended to reject those derived f r om measure
ments mnde in til!) broad neutron spectra of reactor l attices . Knowledge of renctor 
spectra is still very limited ani. in correcting measuroments to 2200 m/sec it is all 
too easy to bins the estimates ~ollards the preferred value. /.Io!"eover . to appraise 
the reliabili~ of re ~ ~tor theories it Is desirable to have data avail ab l e which are 
relatively indepondent o.f those th~ories 

4 . 1 1 notation 

ria use the notations of GOLDSTI:IN (1957) and of wc;s'rcO'IT ( 1958 , 1960) . The 
definitions are given in chapter 1, but we list hore some of those wlrlch are used 
repeatedly. 

E ener gy of incident neutron in a stationary frame of refe r ence 

v its velocity 

T effectivo temperature of the thermal component of the noutron spectrum from 
a reactor or ILoderntor 

Tm the madera tor temptl'a t.ure 

q(E) energy distribution of Uld neutron :fl ux 

o(E) cros3-section per atom I' 01' neutrons of onergr E 

obsorpti0n cross-section, uA = or -uS 

fission Cro33-s0C tioll 
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scattering cross-seotion 

total cross-seotion 

radiative capture cress-section 

average of CT
S 

for neutr on energies near E 

eft"eotiv8 oross-58ction in the exper imental spectrum 

= (g + r.)o-" in the notation of WESTCOTT (1958, 1960) 

= cr ... /(r
F

, ttw capture to fission probab1li1;,y ratio 

. /, .., ~ -~ 

tile average number of neutrons evo l ved per fission 

the aver age number of neutrons evol ved per neutron · ab sor bed in the fiss Ue 
material, Vii th incident neutrons of ener gy E 

o f <Ii. E). r{. E) '''A (E)ilE/ f <Ii. E) ' ''A ( E) . dJl 
= 2200 uv'sec. sta.ndard velocity 

= 0.025297 eV, the corresponding neutron ener gy 

= E /k, k being Boltzmann I S oonstant 
o 0 0 

_ 297.59 K = 20.44 C 
o 

rj , ao ' 11a' v.::U.ues of Cf,a,Tl for monokineti c neutrons of velocity v 
o 

g, r, s, symbols used in WESTCOTT ' s (1958, 1960) f ormalism; see chapter 1. 

Various ethel." symbols are used, but they are def'ined in the particular .seotions where 
they ocour. 

4.2 CORRECTION OF EXPERIMENTAL DATA 

It m.uy be noticed that many of the data l i sted in this chapter di:ff'er slightly 
from the value:!! given in tho references. Usually theae small changes have resulted 
h-om revision of' the standards used in interpreting the measurements, or from correo
tion of measurements in broad spectra to obtain values for monokinetio incident 
neutrons of 2200 nVsec. Usually we have lis ted the experimental results for the 
broad spectra also. 

Many of the data were obtained by compnratlve I09aaurements and. .. e haw revised 
the reported results, using for ref'erence c ros s- sec tlona the values reoo.aJlD8nC1ed in 
ohapter 3, Table 3. 

-2-
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MSay of thin samplo3 of fissile materials has often been made by ab solute alpha 
OOWlting. We have revised the reported results usi.nB tho half-lives and specific dis
integration r ates recommended in chapter 2 , Table 2. 

The s tamards 17e have used are collected , for convenience, in Table 4.1. 

TABLE 4.1 

Reference standards used in~e-eveluations 

El ement or nucli de 

Lithium 

Boron 
ANL • tandard 
Harwell standard 
Unspecified 

Sodium 

Manganese 

Gol d 

Ur anium (natural) 
U ~3 3 

Pu
U9 

u"" 

Parameter 

CROSS-SECTIONS AT 2200{m/. ec) 

erA = 71 . 0 .:t 1 . 5 barns 

<r 
act 

757. 7 ~ 3.0 barns 
767. 2 + 3.5 bam. 
757. 7 :; 7 barns, fo r measurements 

G Americn, Conada , or Russia 

= 0.534 ± o.ocn barns 

= 13 .1 7 .± 0 .1 bnrns 

er = 98.4· ... 0 . 52 bnrns 
act 

SPECIFIC ALPUA ACTIVITIES; 

1504.6 + 2. 5 alpha./min. mg 
21050 +-120 alphB.s/min. 1-G 
136100- ..:!; 190 nlpha5/mi.n .. pg 

A TOHIC ABffioTDHICE TIl NATURAL URANIUM: 

(0.7200 ~ 0.00052)% 

4.22 Correction to 2200 m/sec 

Many measureo:ents have been mado in broad neutron spectra, in reactl)rs and. ther
mal columns , or in neutron be ams from theso sources . For convenience and generali~ 
it is necess ary to COl'rect the r esults to an incident neutron velocity of 2200m/seo . 
Ii' the measurements were made with thin t'oUs or dilute snmpl es tho correction :fac
tors may be e3timated Ylit.'1 the help()f'""V/estcottts formulae ani tables; WESTCOTl' (1958 , 
19(0). I t is usually necessary to guess tho neutron spectra. involved , and in asses
sing the uncer taintios it should be borne in mind that: 

( i ) 
(ii) 

Westcott t s g and. s coefficients m.oy be in e r ro r ; 
the effectivo temperature of the thermal. component of the neutron s peotrum. 

may bo uncertain; 

-3-



Sub-e~d[Jiu:n ~~cctra . For many experiments cad:nium-d.1fference tech.'liques were used. 
To make SO'le alionanee fOf 'the rtl.'npS of the epithermal neutron spectra we assULlod 
these components to have Iy; distributions between 0 . 11 :md 0 .47 eV, and usod the 
absorption integrals listed in Table 4 . 2. 

'i'ABLS 4 . 2 

Suh-cadmiu:n opi therro . .u o.bsorp tion intec;roJ.s 

/0. ,,7 cV 

o)Efojl 
0 . 11 eV 

/0. 47 cV 
CTp(Efojl 

0 .11 eV 

1/v absorber 0.4950"° 
U 233 284 burns ?55 barn. 
U23 & 290 " 240 " 
Pu

23S 2250 " 1320 " 

l'his treatment 13 obviousJ,y extremely crude, but it is probably good enough for our 
purpose . An altornative approach is to use the formula 

~,ub-CJ = £l + r(,-tr/<r") with t m CT"['\. J4T~ 
aO 1-0. 1 .. 7!~2rt ·r ~I T~ Iv 

in which , for consistency , all quontities used on the right hand side ore to be 
tabulated by \'GS'JXO'IT (1960), c.nd T, To are in the ab!lolute tempernture s onle. 
the epi-cE'dmitl!:l resonanco inte(7'a.1 . 

4 . 3 SCAT'lEl.IN: CROSS-S3Cl'IONS 

4 . 31 Introduction 

tho •• 
E 1. 

The absorption .::ross- sectiono of tho fis!dle nuclei. Ill."'e usually determined f'rom 
tho total cross-sections by subtracting tho scattering cro3s- soctiona . The total 
cross-saction3 hnvo been moasurod with neutron spectrometers by the nnnsJ1lt~sion 
method, and ore about 600 to 1000 barns in the thermal region f'or U

ll 
,U and PuliU • 

To determine their absorption to about + 1 peroent it is necessary to knOlT the .scat
tering oross- secti.ons to within about ;!,-S barns . 

The i'ollo.ting phenomena affeot tho low enere,y neutron scattering in the h.3I".VY 
ilSotope.s: 

(1 ~ Potential zcntterins, fo:!.' whioh the cross -scction is about 11 bllI1'lS. 
(2) Resonance sc~tterins , fros noichbouring resonances at positive and negative 

resonanco energios. 

-5-



(6) 

Interforence be t-,';oon r03sonrulCO and potential sca ttering. 
Interference between neighbourinc re30nances of like spin. 
Cohel·ence effects, which J.epend on the chemical envirorulCnt nn:l configuration, 

end tll'"e not usually very noticeable above about 0 . 1 eV. 
Tbermal motion of the scatt~ring atoms .. 

The datil on the scattering cro3~-$octions 
it 1:s prudent to compSl"e tJlesc data with those 
Th 23 2 and U 238. 

233 23 8 .30 
of U , U 0.00 Pu are IOOogre and 
ror other heavy nuc l ide:) , specifically 

4. 32 Po ten tinl so a ttoring 

In most applications the potential scntterins i::> taken to include the scattering 
ef'feots of the mor o distLUlt r osonnnces .. SmalJ. variation~ in (j ot result , over a 
broad energy scale, if' there i:. a group of strong resonances or the same plU"ity am 

~33 23 & 2 3 9 
total angular momentum. Each of the threo nuclides U ,U am Pu hns non-
zer o spin , sO thllt two states of the total angular momentum ere excited by i nter ac tion 
with slow neutrons , and sODlOi'lhat dirfe rent values of the potential scattel'ing may be 
associated with each sta te . These co:nmonts su.!'fice to explain that <Tpot i5 neither 
uniquely defined nor uniquely determined. 

The potential scatt.ering is not expected to vary much bot"Woen ne i ghbouring 
heavy elements. S:b.'TH et Ill. (1958) calculated that of 'lb :l 3 :2 and. U238 f rom their total 
cross- seotions in the enorgy range 1 to 80 eV, and also .from transmis:sion measure
ments in the keV region. The result s were: 

<Tpot [Th 23 :2] = 12. 0! 0 .3 bems 

"pot [U"' ] = 1 0. 7 ! 0. 3 barn3 

A somewhat lower valuo for U~38 

(}pot = 9.2.± 0.3 barns 

may be ostic.ated from the total cross-section data in the reGion 0 . 2 to 5 oV, which 
may be round in BNL325. This reduction is probably caused by destructive i nterference 
with the strong resonances at 21, 37, 66 and 103 eV. 

Uulti-level analyses of the 10Vl cner&,! cross-sections of U2S3 and U23 6 nre ci ted 
in tho next section and are C'on!;ister.t with the free-atom sClI.tteri.ng data listed 
there . If the potential scntteril18 is odjusted to give the best consistency be l ow 
1 eVone finds: 

ru"'] <Tpot 

[U"' ] (}pot 

= 13.1 barns , for VOGT ' . (1960) wooly.i. 

= 9 . 5 barn. , SHORE & SAILOR (1958) 

= 11 . 3 barns , for VOGT'. (1958, 1960 ) onaly ••• • 

The U233 a.nalysb ' IllS somewhat incolIlfllete . Negative energy resonances were not taken 
into account explicitly and this is probably the reason fo r the anomalously high vnlue 
needed for the potontial scattering at low energies. 

-6-



BOLLINGZR at ale (1958) estir.w.tcd the potentio.l sco.tterinc of Pu
339 

from 
O"s ;::: OT - (1 + a )O"F in the ranee 29 to 38 eV , where the resonances ar e pnrticularlj' 
w~ llk so tha.t bat7Cen resonances as fl1 opot . f~ though (1 + a) is not lrnown vcr'.1 
roliab l.,y O"F is very s:no.ll bet,7cc n the rc::;onances , so it 1'.'0.5 possible to estimate CT'S 
wi th f~ir accw-acy . ']'hc d" ta indic:,_ ted tho. t 

0" .L [Pu:l a9
] = 10 . 5..:! 0 .5 barns po, 

Tha data cited nbove illustrate thnt the potontial scn.ttcring is not uniquely defined 
n.nd that it veria::; slowly with nout..ron onerrY. Ao a typical value for t..'1e heavy 
nuclides one might IlSStL01G 

10 . 9 .± 1 . 3 burns 

with tile corresponding "nucleon r adius" 

r -_( ) -13 1.50 1: 0 . 09 x 10 em 

dofined by 

O"pot 

where A is the ranss nU:J.bcr of the tarcet nucleus 

4 .33 Frco-ntor:l. .":;c:,.tterinl~ 

Tl16 5c .:'lttcring cross- .":;cctions of U2 33 c.nd LP 3S huve becn l!lC:lsw-ed at epith.ermal 
energies by OLEl~s,:.. (1 958) and br FOOTE (1958) . ?ha il.' results are given in Table 4.3. 
EDrlier mensw-e.ments of O"s [U23 

], by J.rEU:OI'1"I1J:) were reported by SAILOR (1956) at 
Geneva., but appear to have been superseded by tho I'lork of FOO'l'E. 

Epithenn:;l scntterir..g cross- sections of U233 and tfl3S 

U233 , OLEKSA (1 958) J!35 , FOOTZ (1958) 

E ev O"s barna E eV O"s bnrns 

0 . 27 13.4.± ( 1 cr,;) 0.271 14.7 
.35 12.3 , 

0 . 756 14 .1 j: 0 .4-
.45 13.0 1.044 13.4-
. 55 12. 2 1 . S1 12 .4-
. 65 12 .1 2. 51 1 2 . 9 
.71 .. 12. 8 4 . 31 11 .5 
. 85 11 . 9 7.74 11 . 0 ;t 0.7 
.. Sl5 12.5 Uncertninties a re for counting 

2. 09 11 . 6 <- t 15%) stCti3tics only. Gross Wlcer-- as for u233 2. 71 14. 2 " taL~ties probably 
3.31 1 2. 6 " 

- 7-
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!JoonE & REICl! (1960) ond VOGT (1958, 1960) have fitted multi-level resonnnce formul.e 
to the lolY enerr.:r totnl. und. fission cross-sections of 1!33 and U23e• Thoir analyses 
nre consistent \:ith the observed epithermal scattering data and may be used for pre
diction of the IIfr ee- atom" sent-toring cross-section.., in the the rmnl r egion. First 
however, notice thnt the calculated scattering cnn be brOught into much c loser agree
mont with the mea:mrements by small adjustments of the QsslUi'Ied potentinl scattering . 
Tho U:frec_.atow't scattering at the:rm:::.l emrgies is then predicted to be: 

"f. [\I'" = 13. 3 barns , from MOORE & REICH (1957) 

12. 8 barns, from VOGT (1 960) 

= 16.3 barns , from SlIOUE & SAILOR (1958) using the 
formulae of IJOORE & REICH 

16.0 barns , from VOGT (1 958 , 1960) 

It will. be noticed that ora [U23,S] increnS8S at low energies . This is oaU3ed mainl,y 
by a very s".r ong negative-cnergy resonance. Howeve r the WlCertainty of' the extra
polation cermot well be assumed less than .± 1 barn. 

No direct mensur ements of' the scnttering by Pu :;139 have been reported . VOOT (1960) 
made ..1. multi-le vel analysis of the low enerror total and fission cross- sections , but 
this analysis 15 very far from beinB unique. The mo.in features in the thermal region 
arise from tho well-l:novm resonance at 0 . 3 eVand anothel' in the range -1.2 to 
+0.02 eV appro:rl.ma.tely . Probably these two l evels Bl.'e of di ffere nt spins and. do not 
interfere . Allowing for the effects of those two resonances on the potential .soat
tering the ":free-atomll scattering in the thermal region mny be e s timated; 

[Pu'''] ""fa = 12.7±1.7 barll8 

Contributions of the more d i stant resonances at p03itive and negative energies must 
cancol to some extent nnd cannot be calculated from the data available . 

4.34 Uolecular binding, and Doppler effect 

The effects of chemical binding in en inchoate configuration, aOO of the thermal 
motion of t he atom.s, can be evAluated by the formulae of MARSHALL & STUART (1959); 
see particularly equation (70) of their paper. The effects are small for thermal. 
neutron scattering by heavy atom.o at normnl temperatures , ~o that the scatter1llg 
dUrers negligi bly from. the ":f'ree- etom" crass- seotion discussed in the previows .sub
.section. 

4.35 Coherenco 

No meaSlU"ement has been reported of the 101'1 energy neutron .soattering, E , 0.2 
233 235 239. 238 

eV, f r om U , U J or Pu • The scatter~ng from pure metallic U must be 
whol.l,y coher ent , beoous, the nuclide has ::ero .spin. From powder dlfi'raction studies 
at 0.074 eV SHULL &; WOLLAN (1951) eztimated the coherent scattering cross-~ection of 
U238 to be 9 .. 0 + 0 . 5 barn.s. This is indistinguislulble from. the "free-atom" scattering 
cro.ss-s8ction of 0 . 8 ~ 0 . 3 barns estimated at the same ener gy from apot (U~38] = 9.2 
bnrnz, see .sub- section 4-. 32 , and the parnmeter.s of the 6 .7 eV re30nance. In contrast, 
U 233

, U236
, ani ?u:;l39 have non-zero .spins, which may give rise to some " spin 1000-

horence tt
• However, the elementary theorie~ available susgest that .the incoherence 
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should b. small, probably.( 0.1 barn.. S.idenoe that the .cattartns from u''', ani 
U'U t is largely cOherent"'mE\Y be gleMed from the measurements at long wavelengths by 
SAFFORD at 01. (1959 and 1960). 

The coherent elastio scattering f'rom polycrysta.1line samples exhibits sharp dls
~ontinuitles at low neutron energies. However, in nn~sing the slow neutron trans
mission dnta f'or tt:l 33 

f U:l3I5 , or Pu,ag, it Is quite customary to treat ar(E) a& 8 
smooth :fWlction of' the neutron energy. To determine CJA(E) from ouch an anal,ysis we 
must subtract a smoothed scattering oro3s-section. Thill locall.,y averog:ed ~(E) is 
the main objective of the discussion that follows. 

With an !den! polycrystelline samplea-s(E) would probably be sufficiently well 
represented at the r mal energies by the "incoherent approximation", PLA.CZEK et 01. 
(1951), sketched in the preceding sub- section. In practioe the coherent scattering 
may v~ conSiderablY from one sample to another in consequence of extinction effeote, 
or beoausc the crystallites are not randoml¥ oriented. Extinction results from lllI'ge 
grain "ize with small mosaic spread am hns the effect of reducing the effective 
ooherent oross-section; Y":'{TAKER &: BEYER (1 939), WEISS (1952). Preferential orienta
tion of grains 13 common in rolled or extnlded metal somples. The angular distribu
tion of the coherent scattering !'rom a sinGle crysta11it.e i3 highly ani3otropic, s" 
the integral cross- section can be stronsl;y affeoted by preferred oriontation of the 
grains a In transmission mea:5Urements \tith rolled gold foils CARTER at al. (1953) 
found that the coherent scattering at thal~nl energies was reduced as much as 50 
percent by extinotion orii orientation ef'f'ects . They also mec.sured the transmi,~~:ion 
of a powdered somple and it may be inferred that the coherent scattering was about 
25 percent low in the tJ.lormnl region; HARVEY (1956) attributod this to extinction 
effects. 

The total cross-section of Ui33B is given in BNL325 as a fW1Ction of the neutron 
energy, from trllllsmission measurements with thick metal samples. By subtracting the 
absorption cross-section it can be shown that ~S [U 238

] is about (10 Z 6) percent 
below the "rroe-atom" soattering, for neutrons of around 0.025 eVe This reduction 
may be due to extinction or to GI'ain orientation. The chemical bindin"f would be 
little affected if these sDlllples could be trllllsDluted into if33 (or if3 , or U 235, or 
U~3~, SO we should expect ~slOfa to remain unchanged. In practice. of course , much 
thinner sample!! are used f'or slO\, neutron transmission m.easuroments with tf33 or tf315 J 

80 the extinction nnd orientation effects I:laY be different. Considering the magni
tude of the effects observed with gold samples it b reasonable to assume generally 

"'s = (0.90 + 0.2}) <T
f - . at .... 0.025 oV, 

for metal samples of tf.33. or U~3~. Tho same assumption m:J:Y be appliod to 0" 2~" also, 
with a small increase in the uncertainty. 

4.36 Reoommended values for thermal neutron scattering 

From the considerations of the preceding 
values listod in Table 4.4 for the scattering 
Pt.C 3

" at about 0.025 eVe 

- 9-

sub-sections flO have estimated the 
oross-sections of UIOl33 UUs U 1:I3B , , 



TABLE 4.4 

Reoommended soattering cross~5ections for uaa3 , U2~a, U238 

ani Pu 1l39 , with neutrons ot about 0.025 eV 

Nuolide Nature of sample itS' barns 

Free a toms t am liquid 13.0 .± 1.4 
oompound.s 

UU8 Polycrystall1ne pOlTders 12.4 .± 1.4 

Sintered " " 12.4 .± 2.0 

Metal (rolled. or extruded) 11.7.:!: 3.2 

Free a toms, ani liquid 16.0.± 2.3 
compo1.U'ld.8 

Ua:,. Polycrystalline powder., 15.2 ..± 2.3 

Sintered " " 15.2 .± 2.9 

t!atal (rolled, or extruded) 14.4.± 4.2 

Free atoms, ani liquid 8.8 .± 0.3 
CO!D.POUn:l.S. 

U28
' Polo'cry.talline powders 8.4. .± 0.5 

Sint.ered " " 8.4.±1.2 
Metal (rolled, or extruded) 8.1 .± 2.1 

Fra!) atoms, and l.1quid 12.7.± 1.7 
compourds 

Pu'a311 Polycrystal.1..1na pomiers 12.1 .± 1.7 
Sintered " " 12.1 .:!: 2.3 
!!ateJ. (rolled, or extruded) 11.4.t 3.7 

o The samples are assumod to be at normo.l temperatures , aroWld 20 C. Even with 
mixtures of uranium 1sotopes, or U-PU mixtures the inooherent scattering is l1lo!tl.r 
to be rather small, ani the tabulated oross-sections should remain vaJ.1d. 

4.4 ABSORPTION CROSS-SECTIONS 

4.4-1 Methods of moa.:surement 

233 235 23Q 
The ab~orption of alm, lU)utron8 by U ,U ,or Pu gives rise to radiative 

oapture or to £15s10n. As there ore two distinct reaotion processes the gross absorp
tion oross-seotion cannot be d1rc~t~ measured by observing the product nuclei or the 
reaotion products. It can be measured only by observing the destruction of the 



absorbing nuclei by a sufficient~ large noutron irradiation , or by obscrvin6 tho 
attenuation of the neutron~ by a sufficiently large ma~a of the nb3orbin~ materi al . 

Direct measurements in broad neutron spectra. A fe~ direct measu.-ements of uA have 
been IIl3de by compllJ:ative mathods in brond neutron spectra, and they arc l isted in 
TobI e 4. 5. KUKAV.ADSE et al . (1956 ) us~d alpha countinS and m=l.SS spectrometry to com
pare the destruction of U233 and of Lib c nU3ed by intense irradiation of srn.:1.l1 snmple :s 
in a reactor. SPIVAK & YEROZOLIL!SKY (1956) made t r ::m.,m.ission m~a.sur~mcnt3 in wide 
b ORm gcomctrJ, with neutrons from a shallow hole in a craphite t..'1.ermnl column. 
Special devices were used to annul the effects of neutron scntterin& . Tho s.:\f.lples 
we r e rel ativeJ.,y thin , ti.e t hicknesses beins chosen so th.'\t eoch had approxima.tely t he 
.:same transrrlssi on. All the samples wero a.ssu;ncd to be 1/v ab!lorber!l , and boron was 
used as a standard to eliminate the uncer tainties and mathemnticnl difficultie~ associa
ted with the complex geometry, the spectrum and ansulnr distribution of the incident 
neutrons , the transmission hardening, rurl the variations of detector efficiency ,,'lith 
neu t r on energy and direction. CRZi::J~ et al . (1957) mada comparntive mcasuremcnto of 
<TA [U2 3 3 

] usine: a local pile oscillator in t ho reflector of B~ . The fission neutrons 
e vol ved h3ve n rclatival,y small effect, a5 they migro:te aW93 i'ro:n the detector during 
moder.::l.tion , and this effect Vl(lS measured with the help of a c.::l.lib r 3.ted neutron source. 

Transmi5sion r:lC."'surements of the totnl cro55-scction5 . The absorption c r oss- seotion s 
of U .. :J3, U':::15, nnl f' u::l!lU, h.'lVC mo!>t often been determined f r om the total c ross- seoti on '; 
by s ubtr action of the scatter ing . The total cross- socti003 have been measured by the 
t r ansmission method in good geometry . The results nre l i s ted in Tables 4 . 6 , J+ . 7 am 
~ . 8 . 

Several of the eo.rly transmission measurements were mOOe using neutr on beams 
h om thormal columns; PEBl,1I et ala (1944), /\NDERSOll t.:. !.!/\Y (1944) , znm l: K.I\UifER (194-5 ). 
Similar maasurelOOnts with calibra ted pyrex am gold pla t es, were used to determine the 
effective temperature of the incident neutron spectr~. The cnlihr ations were made 
wi th mono1dnotic neutrons from neutron spectrometers . 

The most reliable measurements of a:r ere those !!ll'.de with monokinetic neutr ons 
by using one or another of the various forms of velocity selector . The excellent co n
sistenc:y of recent ~.moricnn no!!.surements m.."y be seen f rom the data liated in Tables 
4 . 6 oro 11-- 7 . ni!'ferent spectrometers were u:'\ed, ann S(l.!II'Oles or different or ilZins . 
For typical accounts of the oroblems and techninue~ of this method the reader is 
refe rred to the paoers of '4.ELKONU.N (1 91..9 aoo 1951) , t.:."'ONARD at ol. . (1953) , SAFF03D 
at al . (1959) , and BLOCK et "~ . (1960) . 

To evnl ullto ~T< 2200 ~sec) as Ilccurl1te~ as possible it is a common practice to 
fit 6 3imple smooth flU1ction of the neutron energy to the tr311smi::.sion d:ltll a.t neiGh
bouring ener gies . In this way the counting statistics are improved, but at the some 
time small discontinuities in the coherent scatt.eri.ng in the same cmer Q' r.:ulge are 
smoothed away . The scattorin[; cross-sections are discussed rather fully in the previous 
section, am! ~:·ctel':. ::·1 values of the smoothed cross-sections , iTs ' for neutrons of abou t 
0 . 025 eV aro gi ven in 'rable 4 . 4 . 

4 . 42 Corroction of broad- spectrum dot::!. to 2200 m/sec 
Hardening factors . Self- screeninG f(tctors 

A transmis:don JOOa.:surement in good geometry with a broad neutron spectrum 

-11 -



determined tho transmis.5ion 

where 

t • 

tho distribu tion or tho incident neutron f'lux, 
the detector efficienoy for neutrons of onorQ' E, 
the thickness of the absor bing sample in ntoms/born. 

If the enars;x uopendenco of' r.b(.li:).e(E) is known, together with that of the total 
aection crT(E )/cr'l'o, one con cocpute hxlTT

o as a funotion of O'To from difinition 

"'P(-llx<TTO) = right-hand . i de of equatI on (4.3). (4.4) 

Then O'T a can be cnlculated f r om tho measured transmission, U:linG 

lmT
T

o = In 1/ t • 

eross-

A t ra.n:.;mission moasurement necess arily demands 0. .:sampl e which 1s not thin so thnt in 
general the "hardening factor" h cannot be expressed in tel"lllS of tho coef'f'icient 
g + rs) of' WESTCO'l'l"" (1958, 1960) f'ormaJ.ism. Hardening f'o.ctors for 1/v nbsorber~ in 
Maxwellian spec1..rn hlLve been evaluated by ZJJiIi (1 937), LAPORTE (1937) and WESTCOTl' 
(1 959) , and cnn be used whenevel~ rrT(E) cnn be written in the form a + b/v, with 0. and 
b constant. 

If the lJ runple is f'lirl,y thin the exponont. i n equation (l~ .3) can be expc.ndod 
giving 

'Where 

s(,) 

with 0. suitably chosen value of cr-'l" mo.y bo oolled the H solf-sh1.elding fnotor" . In 
comparativC3 taen~urernents the self- shielding factors will oancel, very noarly, if the 
"OJlples are thin and about equally transmissive . 

If' also e(E) is con3tnnt and if' the vDl~iations of O"'S(E) are very sma.ll compared 
'Ii til <TA (E) 

4-.4-3 Tho exocrim::mtc.l u:\tr. 

". u'3.11 23" Direct measurement:) of IJA i'or U , and Pu. , from comparative exper1.menu 
in broad spectra ere listed in 'l'able h .5 . ·,/0 give no weight to IlZ\Y of these doto. , 
except to thnt of eIlEEN ct nl . (1 957) which , fo r convenienco, is listed acoin in 
Table 4 .6. 
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Totnl Cl~ss-sectjon3 from transcission measurements ~c Givon in Ta~lo3 4. 6 , 4.7 
and 4.8, together with the volues of <YA dorived by subtraction of, tho !jcattcrin~ . 
\'Ie used the scnttel~il'l..g c ross-scctions 6i ven in TO-ble 4 . 4 . FrOIl tne di3cussion l..n sub
section 4.35 it \':il1 be !lpprcciated th,:\t the coherent scattering cun v:JJ.j' froll ~ne 
sample to c.nothor and tha.t a lCl'Ce part of tho uncertainty in ~ stems from till.S 

variation. In cO~3equonce G"r also !!ley be expected to VDry slir;htly fr~ ~ne snnple 
t o anothor . However in cnlculatinc tilO uncertnin~ in- tho-mean of ~\ ~t ~s nocossnry 
t o boar in mind the small system.::rLic eleflOnt in tho wlccrtc.inty of CTS · 

T:lC oxperimental methods have been outlined in SUb-3~ction 1+ . 41; the follortillS 
notes d iscU5S saile of tllO corrections noeded : 

A. 

B. 

KUKAV1,DSE at 0.1 . (1956) used srunpleo nbo~t O. 1a ~nn-!'roo-pa!h thick, so !:l(J'~'e 
1'/llS [l.p'1r ecio.ble self-oh1eldiJ1.G _ COl'rochons w(lre ~dq <lsswnlll.g thc.t tho l.-'lcident 
neutl-o~s were isotropic VIi th Il li:::D:"olollillJl spectrum; 1/ v absorption lillS tlssum'3d. 
To .o:;ccuro Il sufficientJ..y larGO bw'1l-up tho irradiation ' .. 'as IllUde in tho reactor 
core . It seems very wuiJ~ely that the epivhercal noutron flux was necligibl e 
altlx:lugh the sample was irradiated "in a I'later :filled channell!. We have roughl,y 
oorrected the result to 2200 mVsec by guGSSin8 the reactor spectrum and using 
YIESTCOTT ' s (1960) tables. HOl70ver lYe prefer to give no weight to the result 
bec3use o:f the uncertainties in the neutron spectrum and the resonance oelr
shielding . 

SPIV.I\K & YEROZOLD.:SKY (1956) U3ed srunples only about 0 . 04 mean- free- path thick, 
and almost equally absorptive. All samples were treated as i/v absorbers . I t 
is not practicable to correct the results for deviations trom the 1/v law, 
because the de teo tor ef'f'iciency varied with neutron energy and the geometry W~ 
very complex. Tho angular distribution and spectrum of' the incident noutrans 
me.y have been distorted by the proximity of' the modern tor surface and of a 
cadmilln disc in the beam nell. For these reasons we eive no weight to the 
resulb . 

c. G-REEN et al. (1957) used small dilute snmples in DzO solutioll3 . They roore nbout 
equally absorptive, so that the seU-shielding ei':fects shoul~_ cancel, approxi
f!l3.tely. Tho local oscillator has a 1/v neutron detector; the epitheroeJ. component 
of tho neutron spectrum was very \-ICru: with r "" ().C()(\1; none of' the sample nuc l ides 
has a resonance in the thermal recion. Under these conditions the measurements 
Give relative values of cTA(kT), where T is the neutron temperature ani k is 
Bol tZlllitlUl' oS constant. The moderator temperature \Vas probably about 20 + 100 C, but 
no estimate is available of the distor tion of the spectrum by the material of the 
oscillator and 3ampl~ . FortWlntely each o:f the material.3 cocparcd has nearly 
1/v &bsorption, sO that the results are insensitive to the Wlcertainties in the 
neutron spectrum. 

D. FERMI, ANDJmSON , ZINN, and colleagues made several trnnsmission mGasurements in 
good geometry, using neutroruJ from thermnl. columns. The ef'fectivc neutron tem
perature was calculated from the tran:3mission through a pyrex plate , the pInta 
having been first calibrated with r:IOnoldnetic neutrons from a slow- neutron 
chopper. ZINN & KAIm£R (1945) also used a gold plate \'thich had been calibrated 
with the chopper and with a Cry3tal 3pectrometer. The observations were inter
preted by treating all samples ns 1/v absorbers with constant scattering cro.ss
,sections . \'/e have revised the I"f'sults for U233

, assUIlli.nt that v."'l'(E) is constant , 
but it has not seamed worth while to calculate revised hardening corrections f'o r 
U23S and Pu :a30 . The method of' measurement is very indirect and. we sive no weight 
to the results • 

• 
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'U!L8 4..5 
,.I" ~. . 11:1. 

Absorption oross- slction" ot U ,U and Pu for neutrons ot 2200 a;/sec. trolD coapars.Uve UlIIaaw'eCIOnh in broad neutron spectra . 

Reference U2" U235 Pu239 ~e1ght Method am OOlImIInts 'on,. 'una .arna 
$I" 6 Destruction of U and 11 through reactor u;radiation compared, by maas a 

XUKAVJJ)SE lit al. . (1956 ) 595 .. )8 0 apectro-tryoam alpha counting , &i~l5~ [0' nVa",A (L161 .. 0 . 66.:t 0 . 0,. 
;,". assume ITt '" 950 + 20 bQ%TI.& for L1 have oorrected for DOn-1/v 
absorption y UU

' . -See § 4-. 43, Note A 

Tran.sm.i..!lsion meo asuremcnts in wide-baem geolll&U)' with neutroM f'rolD a 
SPIVAK &: YEROZOLn!SKY 

581. j; l' 652 .! 14- 1001 j; 22 0 
therma.l oolumn. Soo.tter1n8 efreot.:!. annulled . Thin samplu ~ed , with 

(,956) boron as stani&rd . We aSllume O"Ao :0 758 .! 7 barn:5 for boron. See Ii 4.43 . 
Noto , 

,,,,,,ov (, 956 ) .594.;!; 8 692 1149 0 
Comparl.sOIU in then:lal. :spectra gave the ratio II to erA (!] or 0 . 784. .! 0.008 . 
0.91 4 an:11 . 517 , respectinl,y. We do not know tho mathod of measurellMtnt 
and so oanoot oorrect to 2200 rVs&C 

Co:fari3oIU with boron and gold llSing a local oscillator in B3?O gave ITA 
So. [0' "l/O"A (B).; O.U8 • (3%) , and ITA [BV<1A [Au) '" 7. 94 .! 0 . 09 . 'lie U3u:De 

GREEN e t &1. (1957) 571 ! 15 Table altenlativel,y that O"A'?5 = 157.2 !. }.5 barn.s for H&nI'ell standard boron, or 
4.6 98 . 4- !. 0.5 barna for gold . The u.."IcertainV given in the reterence &ppear! 

to he" been O'lOl'-est1m&tod. See also § 4.43. Note c 
'------
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'fABIB 4..6 

Total cros"-,,eoti on ot WU ror neutron.! of 2200 tIl/"ec . r ro:n ~-alUl!lhs1on lDI!Iasurements. and derived .alues 
ot the absol1ltion cro ss-section 

<T <T 
Refe re llO e T A We1&ht !.Setbod and cOlllllents 

b ..rna barn. 

Traru:mssion of thtlrcal n&u1ron belUil t hrough ~08 ~8lIIple" . 1"'tIle. tive to that \ 

J.NDERSOt; &0 ~!AY (19!.4) 502 ~ 9 550 .! 9 I C 
o!' .. pyrex r~~te 'll'hl,!!J I':~" been cn!ibr nteJ wi .. slo'll'- !lOutron c hopper . 

I Revi=ed usi.:'l. i.:;.otopic ll!l&l.7sis by RALL J: :n,;!.!?sl'n ( 'j 946) alI! as:;\lCi.na I 

y x ~E) is con:;t.a..nt. See § 4.. 4-3, No te D. 

ZINN & YJJ!!lER (1945) 576 .: 15 564 j.: 15 C 
Uethod a~ ~bove. I)o-ieinal dnta corrected al!lsuming that v x " T( E) u ccn-
stant in the thot'::l3.1 region. Sce a1::o § 4. . 43 . Nota D. 

PALI:VSKY &: 1{IE'rnER 
~97 j.: 10 ;85 .! 1i C ... mIL .slo"- ne;;t.ror.. chopr..e:- . "itll r..iehl,}· enrich')d metal 3ample3 . 

( '954) I 
I I 
I TU:Ie-or-rli6-'lt, :.t.:>i.'l.g t: PU!IO-l cyclotron. l'ubular data :-oN' l1"ted by I 

JrI!:1 rr:; e tal . (1950 J 5&0 .! 2':)' 568 ..: ?0 10 ."5 :g-.::~T:_~ (19;;7); aV&~fl.6l.!t!: 'I x '7 Mar 0 .025 a"i elVe" a :-e~ult !' barns I letrer. 

-- -
FA':l'::JIDr::: (1956b) 6,·C.:.t. 15 588 j.: 15 0 H~Teil "l.,,,- neutron IJho .. ,1er anl c"'Ystal s?ectromct<lr , with hi{;,J.y eJ"..!"'1chm! 

30tlpJe, of U02 nn:l ot.-.raniwn laett.l. See § 4-.4}, Note E. 

-
GaESN e t &.1 . (1957) 571 .! 15 0 .09 F'roa Tr..ble 4-• .5 . A pU" 030iil.ato:- ~eli"u~l.;l9nts . 

SAFFORD et 41 . ( 1960) 5(,6 + z 574- . .: 3. 8 1.0 CQ1wr.b!.a :.rn1vel'~ity '=IjI'sb..l "pcctro::et.er . u3bS :::Ictu and l1!ui:! sc.u;ples 
587 Z 5 574 ~ 5 . 2 0.6 n~oct.i\·el.Y. Soe § 4-. 43 , Note p. 

sn tP$oli e t al. (1960) 587 ..: 6 575 1; 6.e 0 .4 !..~ f."t ChOpjle r, wlt~ roU~ metlll "a~le pr '!!pa...-ad at lJ:ls Al&.lIlos . 

BLOCK et 81. ( 1960) 587 .: 3 575 .! 4 .4. c.e ORlrt fas t chopper, with ro l l ed :ne tal s&:1pl~ o . S&e § 4-. 4.3, Note r. 

We 1&hted m&Qn value 575 .! 3.1 The W'Icert a ir.ty quoted ailow.!! f or 0. sy stcoatic coa:ponent a"$Ociated w!.th CTS 
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'r:J!IZ 4.7 

'fotal cro,,"-"I.ctioll of Un, for neu1ro1U of 2200 tala.c , !'roo tra."l3lrl:tsion e;ea"ureoents, and derived value s 
of the absorption cross-section 

0", 0" 
ReCere.lee A 17e1ght Method am COl:Dents 

barn. barn. 

A:rJ~O:{ et al e (1944.) 662 .1: ,6 64B .!. ,7 0 .02 TiJr.e-or- fli8ht , lUIinl5 0. pul.sed cyclotron. 

Trlllls::l.hsion 1I'ith ther::u.l. DCu~n t e e..c.; relative to that of • PyT'eX 
FEEl!I et &1. (1944) 646 .: '3 63} j; 14 0 plato which had t-ecn c:Llibrc.ted _ith II .slow-ooutron chDpper. See 

~.4~Note D. bvises data of FEJU[! et al. (19:"3) 

zn.,.; & ~lER (1945) 650 .:!: 15 635 ... 16 0 Me thod as eboVl!l . See WO S 4. 1.-3. Uoto ·D 

Colucbia Univ~rsi~ T1..ce-of- flisht, lUling a pubed cyelo'!:ron ard .. hi!hlJo ecr1ched lIlI8tal 
unpublished wor k (194B) 670.5 656 .! 20 0.03 saqle. Result posdbly too 10rl. bY:5 ~~;. becaWie of an unexplained 
ci ted by !.!Eu(OlllAN et variation or :ietector efficiency with count1ng rate 
&1. (.953) 

Ia!El¥.OI';'I)Jl li t &1. (1953) 
'l"1.ce-of- fli6ht, ~ing a pubel cyclotron anJ rolled oeta.l se.::rples 

693 .! 5 679 .± 6 • .5 0.2 ~ enriohment . IJT ccloulo.ted rro:: SlOOOth cur'Ie fitt&<! to the doh 
near 2200 m/ sec 

roELSTIJ'F (19510) 
Hal .... ell sloJi-:leu'tron chopper, 7Iith metcl s&::ples of 81 . J{o enriol"oIIII nt . 

729 .! 15 715.! 15 0.06 TIle original va.l.ue, 739 bnrns, ;;as later revised tor an error in the 
velocity calibration; .see Li-:m &: P/,'.' .. :.!OE::J (1956), &'-EI..S'XUl' (1956) 

Hani'ord crystal spe::tromter. This 1..s the result o! a s1n£le obser-

, 

U:ONlJU) (19510) 701 . 4. .! 4. 687 .! 6 0 . 3 vation at 0.C25} eV. A 'IaIue 6 be.rru hl~her 1:1 obtained t'roll! eo .snootl: 
curve fitted to tho data in the range 0 . C2 to O. C) eV 

PALEVSr.Y .t aJ.. (1954) 1700 ,, 5 686 .;!.: 6 .5 0 . 3 BUL slow- neutron chopper , "ith highly enriched mota.l "UlPle.s 

iaxrTDJ et al. (1955) 710.! 20 696 .± 20 O.C} Tunic--of-f'light . using a pulsed cyelotron. Result cal.c ulated fl-om 
data in the r arol;e 0.02 to O.O} eV 

loIOSTOVOI .t ale (1957) 683 669 0. 3 RF"l' "loll'-neutron chopper , from ~oth cur.re !'ittirli; the data in the 
range 0 . 02 to O. O} eV 

BOLLINGER (1957) 694 .! 2 680 .:: 4.. 7 0 .. ANI. rut chopper. No details na.i.l.able 

SA:70RD .t el . (1959) 696.7 .± 4.. 8 684. J .± 6.4 0.3 Colu:obia Uni..,rsity crystal "pectrollleter, usiJ1& lIIct&l ani liquid 
695.3!: 1.8 679 . 3 .t 2.9 1.0 "ampl es respect1vel.y 

SIWPson.t ale (1960) 690 ,::10 676 .! 11 0 . 1 Ill'R. rut chopper. nth ID8tal foUs 

BLOCK .t &1. (1960) 693 .:t 5 679 .:!: 6. 5 0.3 ORNL fast chopper, dth roll.cd oot:al sacples 

Ifeighted me an values 6Ilo.6" 3.6 'l'ha W'..cer tainty quo¢ed aJ...:.cr.7:!\ for & syste:lll!.tic co::.ponent associated ·.dth as 
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tABLE 4..8 

Total. cro.",-sactiol'l or Pu UII for neutroruJ of 2200 mls.o, ftoom tran~;ui~sion measureaent~, and derived, va.lues 
of the ab~orption oro55-~act1on 

Reference 
C"T c", 

Wei8ht l!etmd and co::monta 
barru barn. 

ANDERSON et al. (1944) ? 
Detaili not avaUabl&. IJethod plobabl,y !loS duoribed in § 4 . 4.3 Note D. 
R.6sult cited b7 HARVEY & KlJGKES (1953) may be 502 ameDLMnt of the 
original nlue 

AlIDmtsON et &1. (1945) 1056 .!. 25 101t-5 .! 25 0., Ti.oe-of-fllght, using a pulsed cyolotrf)n. No details a~ailable 

~-of-flightJ using a puls&d cyclotron. Value given here is from a.n 
HAVZI{S at &1. (1951) 1059 .! 20 10.+7 .:!; 20 0.2 analytic foroula f itted to the date . SCH;lJ.R.TZ et &1. (1957) cited a 

value about 7 boll'ns higher 

ZIlfl.!F:RUAN &; PALEVSFJ 
('955) 

1025 .:!; 10 1014.! 11 , . 0 BNt slolY-Mutron chopper. No details available 

ABOV (1955) 1050.::13 1039.1 14 O.} Boot crjstal apectl'Ocoter 

, 

NIKlTnl at al. (1956) 1 tl!tD .:t .30 1029 .! .30 0.2 Timo-of-flight, using .!I. pulsed oyclotron 

"",!lARD ot &1. ('956) 
Hanford crystU spectro:J8ter, u.dng 58.119 sample as HAVEHS at al. (1951). 

1 C1t8 .:t 1) 1037.!. 14 0.4 Va.1ue given here ~ from SllIOOth c urve fitting 1:,bo, data near 0 . 025 eV. 
t.ieuured value at 2200 m/sec u B barn.s higher 

PATl'ENDBti (1956.) 1050 .:t .30 1038 .! .30 0.2 
Harnell slow- neutron chopper, uslns samples of powdered Pa02' Result 
oorrected for PuHO &lid o~gan present 

YOSTQVOI et al. (1957) 044 1033 0.6 
RPT slow-noutron chopper. Value given 1..s f"rom a smooth CurT8 f1ttin6 
tho data in the ranae 0 . 02 to 0 . 03 eV 

BOLLINGER et &1. (19,58) 015 ..:!: 10 1OO4.! 11 , . 0 A.t~ fast chopper 

Weighted .. an nlue 1024 .! 8.1 
Tho U!lC8rtalnty quoted a1l0':f~ for a small 3Y~tematic component U50ciated "with 
as 

! 



~. I'ATr!<NDJ<N (1 95Gb ) reported "T[U"'] • 590 .:t 15 barns at 2200 mI.ec, from 
measurements \,ith a slow-neutron chopper and Q crystal speotrometer. However 
the data show Ii step near 0.025 eV ,dlich is not found in any othor m.easurernont~ 
and is probably spurious . Smoothin.g the dab:!. locally give.s the somewhat h igher 
vnlue of eTTO listed in Table 4..6, but we prefor to give no weight to t.ho result. 

F. It call be seen from Table 4.6 that SAFFORD at a1 . ~1960) and BLOCK at ale (1960) 
made .:some ot' the mos t preoise measurement" for U:l 3 

_ However tho samples \'Iere 
all prepared nt Oak RidS9 from a common stock. To avoid biltS we hav4 sOlOOwhnt 
inr::a'so.sed the woight::s given to othor measuremenb . 

4.5 FISSIon CROSS-SECTI ONS 

4.51 l.'.e thoos of men.surement 

Tha direct absolute muasurement of a risaion cross-seotion involves the follow
ing elemont3 :-

Detel"ll1ination of the fission rute during neutron bombardment of a fissile 
sample . 
AssBY ot the fissile material. 
rJeaStlr ement of the neutron flux thr<>ugh the sample. 

The fission rate may be measured by obsBrviOG the ionisation produced by the 
fis sion-fraGments I by use of photographio emulsions or of ionisation ohambers (fission 
chambers). UsuulJ.y ionis(,tion chambers huve been used, 1'Iith 2'K counting geometry. 
In idenl conditions this should pennit a ll the f15s10ns to be detected. beoause the 
two fragments fly apart in opposite direction3. 

Usually the fis8ile rna terial has been used in the form of a thin foil. To mini
mise absorption of the fission frag!Dents the foil is !Mde as an almost weightless 
deposit on a smooth flat support . The fissile materials are alpha aotive am it is 
necessary t o bias the fission counter so that it \7ill discriminate against the a1pha 
particles. Thi s results in the loss of some weak fission pulses also, for which a 
correction must be made . The amount of fissile material which can be used is limited 
by its alpha nctivi~. I f the rate of alpha emission is too high the bias must also 
be high, to prevent 5aturation of the cowlter by a pile-up of alpha pu1ses duri.ng the 
r.e solvine time. The correction f'or loss 01' 1'1581on pulse5 is then correspond.ing.ly 
laree and uncertain. 

A closely related problem, which has raceived 1ittle attention, is that of the 
effective counting geometry. A proportion of the fi ssion i'rac;:ments ecerges from the 
foil at nlmost arnzing angl e , and it may be imac;ined that the ef1'iciency of their 
detection i:l influenced by tho uni.!'ormity and flatness or the fo i l nnd the natura of 
the b ac king mn.teriaJ., as well a s the bias voltage . Recently DERUYTTER (19608) ha.s 
developod at. 1lfissjon chnmbcr . This requires the use of a nenrly transparent bacldng 
for the fission fall , but improves t.he discrimination aea.inst alpha pile-up . However 
it cannot be said tha t the problem of the effective counting geometry is completely 
ramoved. 

I,ss~ of tho f1s3 i1e sampl e must ultwately be based on wcighine, with isotopic 
nnaly3i!3 by ma ss-spoctrometry and alpha spectrometry, but the problem is complicated 
by tllO tnunCl.'eness of the fis.:lile deposit on the foil, and the assay measurements are 
often very indirect. For typical oXWlIples of the methods used the reader is referred 
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to the paper. of ALLEN & ,'ERGUSON (1957), BIGlill! at al . (1958), ani RAFFLE (1959). 
Tho fundamental advantage of tho novel technique described by SAP.LAKOG1U (1958) b 
that th~ s£W1ple a5.s~ 1s by a fairly direct route. With 8lll"ichBd U ~:l! the alpha 
activity stems mainly from the sm.lll proportion of U234 present, so that assay by 
absolute alpha countinB is not very precise . Some authors have overcome this diffi
cul't\)r by comparative fission cowlting agai.:n3t a foil of natural uranium, which con be 
essayed by alpha oounting. Hor/ever it looY..!l as if this technique throws away 
much of the advantage of' u.dng enriched uranium. 

I,easurement of the neutron flux ID£W be by activation , ,of' gold or manganese for 
exnmple, f'ollowod by ahoolute ,,-cgW\t1nr~ or by countins the alpha partioles which 
result from neutron c~pture in Li or B • To minimise soattering corrections it 
oeemz desirable that the flux monit,or should be sited as nenrly 8S possible in the 
s~ position and environment as tho fissile samp:i..e . To illustrate this remtU'k, note 
tJ.\at in the early measurements of' TUNNICLlFFE (1951) the neutrons scattered in the 
fall backinc; "auld have caused about ~ of the fissions. These scattered neutrons, 
how:;:'r:-:.', being isotropioally d13tributed, flOuld. mostly hove missed the f'l.ux monitor 
which was 30me incItes awa:y. On tho other hand, the albedo of the walls e.nd ern of 
the BF3 chamber us&d tiS flux monitor would have enbanced the neutron count rather 
than the fission count. 

I. ... 52 'l'he experi.l!lental data 

Absolute meo.~urement:s of the fission cross-sections are collected in TAble 4.9, 
and a number of relative measurements are given in Table 4.10. A few of the enrlie3t 
moL5urements have been oudtted, and for some of the unpublished data we give references 
on.ly, if the information available at s8cooo-hand :1s inoomplete or inoonsistent. The 
volues in tho tables mostly differ a little from those given in the references as a 
result of correotions which are disoussed in section 4.2. 

Some of the more recent e:qleriments luLve been re-examined by HANNA ~ 960). How
ever he was unable to di.soover 1'f~ the results of tho careful work on tf3 by FRIESEN 
et al. (1956) end by SAPLAKOOLl1 (1958) 8.l'a .0 fer tnlm the preferred value. 

In mo5t experiments fis.sion counting c.nd alpha countina wtre done with ionisation 
chambers; hOllever POPOVIC and his colloagues (19.53, 1955) Wleci photographio emul.s:1ons 
for these purpoBe.,\. 

LEOtlARD et ale (1956) measured the U!03S f'bsion oroaa-aeotion, and also compared 
that of P\l39 with it. However we prefer to interpret the latter meaaurenxmt as an 
ab.solute mea..surement of the plutonium fission cross-section in which "U nal f'011 
played only an intermediary role .. In thi5 way the uncertaint1ea in as,,~ of the Ua311 

foU are oliminated. S1milar ,ar~nt5 m.a;y be used in relation to the mea3uremant. 
by BIGHAU at ale (1959).. These however, in view of their quality and self-CoMbtenoy, 
TIe have presented in both table3, so they are given more weWtt than is at firat 
apparent. SAFb'ORD & UELKONIAN (1 959 ) measured 1 + a 1'or U· at 0.00291 eVe By 
u:!ing additional. dnta we have der1ved values for beth or and 1 + a at 0.0253 eVe The 
original. datU!ll appears in two 1'0103, and. this was taken into oonsideration in the 
weighting. 

In weighting the data we ha.ve preferred to ignore the measurements in the 111-
known reactor spectra, and have gener~ given reduced weight to those using neutrons 
from thermal oolumns. 
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TA!LB 4. 9 

Fj,:laion cross- .section.s of' UU3, U~:U, a.nd ?u 23 • for MutrOes ot: 2200 O/~C 

erp at 2200 !!/sec Or 
Reference U 2 .H1 U:13 f Pu a' ,'leie;ht in broad L!ethod and cocment.s 

bnrru blll"l"\!!! barM .5pectru.,., I 
!l.'.:!!.;.-i et 31. (1944)'" '_'n ... u~:i:!led. Conneri~ons of' U 2U rit!: ~oron r.nd litrlot::l 

D't"l'r-CH & LIK::;·'"'~?G= ..... (1941.) · -,~..... '1 Unpublished. COC;Hl;;·lson.s of Tf'~. with ~ctiV&tl0M of JI.U and 1!n 

'.t,'J:..~J-I'.1.LL (194l..) 592 .! 251 0 . 1 577 COlZlar!aon dU, li t}',iu:l i n tr.ernal colu.an 3pectruo 

Co~{.rhon of Mtun:! U with boron, in "Jer"ITin block with Ra - Be 

3Is;:".s & ?/'l'!W ('949) 55- 1- 0 1:'7,9 12 source R.m Cd <!L"'f'e renees. :1!e Cd r et 0 for U "as vcr:,' 1011', 
.,. . ._. I .! ) .I_.! surntsti.'l.l ~:>ore=i.e.ble fr.s'-fi!lsion of U 2.:)8, ?esult not COrT"l'lcte 

ro~ finite thic~s" of fl~.slon foil, so mey be 5~ low 

FACeD:! J: GleTl (1950 ",. 
witt. revbion cited by 611 + 21 0 5&.. + 18 ... 1.m.11u- to above TI.,th lithium U 8tllnial'd. The Cd r .. tio~ .. 'ere 
COP.EN et~. (1952b) - - rather low 

!ietl8ure::JSnu, at 0 . 050 e\' with neutron~ !'rOil: .. el')'~ta1 spectr~ 
TmmIGLIFFE (1951) 512.± YJ 0 I!leter which wt.S also Il.!.ed to :n~uure the enere;:r dependence of "p. 

Assay by absolute alphe. countina, 'lf1 th E!'3 chamber as flux IDOni-
657.! 60 0 tor. Scatte:-ir.g of n'!lutroM by foil backing ani BF, counter £ive 

rue to la:-ge uncertainties; ~ee coooent t.n § 4.51 

BI.F.LC't!l'f.tlD & L:.~ ::!UE 621 + 14 0 599 + 12 COllparisor. of' natur.l U with activation or 1m in a reactor 
(1952) - - neutron beao, 'lfith Cd differences 

PO:'OVIC &: .::.:m.:EWID s&.. j; 15 0.3 5~9 .:t 14 ~~!tU\;I'et::ents "it.';. rlf.tUrI!.l U in ~her:nal ~ol".J;l!l'\ e.nd reactor oore 

( , • ) respectively. U a~Si.:ted by alphc. counting. :'i.eeion and e.1:pha 
9:;.03 587 !: 17 0 564.:t 14 counting by u~e of photof.:Te.phic emclsions . Sodium activation 

used to monitor neutron flux 

00?O\ .... C &: SJ"C'U'!D I~!et~od ~ above. ~let.sure~nt:l in ther.nal eolu::m. only. Alpha 
. ( . 955) ....... 525 .:t 17 0.4 526 .± 17 count ~.' not have been corree U/Q for U: 33 content of sClple . so 

. result me.,y be slishtl.Y too low 

GERASruov (1956) 625 I') lin old unpubl1sh.Jd USSR VUU9 , by cO::lO)arison with lithium 

525 0 USSR rec omendld value,,_ Uethod unj)!.lbll"hed . Thue data. mas 
G::::aAsn::ov (19.56) 570 0 have been derived !'roll! I:1"A by ~irlt da<;a on :I. 0.(' v and 1) ~o we 

720 0 do not use thell! lFh8n aversg1n& L-____________ L-__ J-__ ~ ____ L_~L_ __ ~ _________________ . __ _ 
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TABLE 4.9 t continued 

fusion cross- s8ctioD3 of till:! :!, Ull'!i, and Pu::l I ' for neutrons of 2200 m/llec 

Q!' at 2200 av'.s8C • 
"P 

Reference U:l:!3 U23 1\ Pu1l3 • 'f,e igiit in broad !Jethod and cO:lD3nb 
bona barn. barn. spoctru:!. 

Corn:psr-'....son with Au activation us::!.ng: .:lOnoidnetic neutroa.s of 
0 .10 eV, i"!'om a crysta.l spectro~ter which was a1llo used. to 

FllES3!! et aJ.. (1956) 5l,.9 .± 6 0 l=tIasure the eners;" deparuence of 0\;>. ).!I!I~ by comparative a.lpha 
OOU-'1.ti..ng ngainllt a standard which !U.d. been fo!l IlSsayed ~y iso-
tope dilution 

. ),lea..5ured. :lS above by CCltt:)ari30n with the U:ilH foil. Evi.ience 
rannrted by aA.:"'FI3 (1959) throWII selle doubt on the USSII,Y of the 

r.:C.::2.D at al. (195.) 676 .! 21 0. < tf~~ . wtti.ch is theru ore bits t t"t"flated as &. purel.Y no!:lL"lal inter-
:nediary in do~r-.lln.ation 0:' the plutoniUJ:l cros.s-section. 
S.3Cples ·,.,ere of !lo'reral different isotofic cOCI?Osit1ons, !1,:)M 
appare!ltly containing ::tOn t.'ul.n j~ p-.;.:! ? 

S,\?L:l:(lCLU (1958) 605 .! 6 0.5 
novel teclo_'l1quo per::l1tting rather dire~t &:3I1{J,Y of the fissile 
sacpl&. ~h1X detel'!:Lination :indep~ndent; of e:rq st~rl.:...."'\l cross-

I, section, but the :!IOni~or ;;IlS Te::lote f'rom tlw fissUe sample 

514-± 6 1 51!,. .! 4.t Irrcdiatlons ir. a large D20 thern::.l ocllh"1!l c.t- nOc . 0"7(1.:.233) 
tf(l3 lliD8..'lt:r9d aCs':llutel;j.· in coO?:!.!-!.son with toU :.ctiva':i;m , tr..o 

570 .!. 6 0. 5 555. '-.+<...S goE foils heing dispo:sed arou..'1.1 the peripher :F of the f!.s3 ion 11 

BIGH/,,!.! et ttl. (1958 ) 
foil, and in t he sane plan;;! . Tf3. ar.:l. ?\lUll cOO;Ja~d "lfith 1I'~3 

740 ..± 9 1 780 .1.:t 7.4- and with one !lnother. pUia'Ol a:lsc.y'!d. by t.bsoluta .:;.1ph.3. counting. 
~33 ani t?3:' by isotope dilution w:!. th co:.mnratiV'e. alpha aId 

fis.sion cour.ttinS . In revbir.g tf·h 1lT.d ?tf~lI data ;:,e trea':;&d, tl1d 
Ull33 e.s a no:nnal inten::ed1ary 

505 ± 17 0. 4 Reeliculated f'ro~ the date Given in P.AFF:.:::' s paper . Th!! three 
51' ± 13 O. } 5":4.:!;13 data for eaob nuclide are respectively free !lleaflureoents r.ith 
514.! 14- 0 515 .± 14- monold.natio neutrons !'r0Cl a :slo<i chopper, neutron::; !'roc a tr.sr-

584.±18 O.} !;1.9.l oolucn. and l'I ub-Cci Mutrons !'reI:! c. rea.otor core . Assay of' 

RlIT"" (1959) 
595 + 11 0. 2 5BO + 11 the fission folls 1fas by vttious. methods. e.nc. til., recalcula tion 
563 :± 12 0 538 :± 10 mala!s 113ft of' soms ceasur8C!!:lts which lU.FFT2 recorded but did n ot 

700 .:t 20 0.6 USB, roo weighting o't cO!lpanicn ~Qs.U!"C~n';s 1:01 a1.::;0 r~vised . 

686 + 14 0. 5 724 .:!: 14- The neutron flux 7.'l!S I!lOnitore-d with a D:'3 chs.:;ber, calibrated by 
645 :i 29 0 768 .:!: 25 gold acti vation in a thermal be8.l:1. Tl:e gold ,c..'~le ha~ ti".s ~&:iJ.C 

enviro~ent as the fission foils 
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TABL3 4.9 continued 

· Fission Cl'Osa-s&ct1:ms of tfl5, tf35, ani Pu2}9 tor nuetroM ot 2200 cVsec 

or at 2200 m/seo ~ 
Rer":-ence Ull 33 UliSIIo P".1'·~ Weight in broad l!e thod am. aOClDents 

barn, born, b= speot:'um 

538 :. 6 o. - 1 .. (I ce~u..-e<1 at 0 .00291 eV. To derin ~ o.t 0 . 0253 eV w. 
SJU""'?ORD & MElKONIAN used data on OT and on the energy dependence of ~ by SEPPI tit 

('959) al. (1958) and by SAn'02D at n..: . (1959) . See Uso seotion 4.6 

585 ..! 6 , Countir'-& r aws of 4.x fiss i on-chal!lbsr un B10 ch:u:lber compared J 

DERUY'i'T'E2 (1950b) 
usi:lg neutrons f'r::II:J a slow chopper . B10 c~ber calibra.ted by 
gold activation in sub-cd spoctrum t'rom thernal oolUl!U1; the spec -
trum was e.nal,ysed with the choppor 

':Icit:.'lted ooans 511...4- 587 707 
f! 7.9 .! S.o .! 18 

~ 
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'UBUI 4..1 0 

Relative measuremenb of the t'is sion e ross-s8c"tions of ~~, U'~II, ani Plf u for neutrons ot' 2200 lIV'~ec 

OF rat::'os c.t 2200 c/sec Vbserved 

P..e!"erence We~t 
ratio '" !.Iothod .m;3. coaaents 

"'''/If'5 p}39JTl35 Pu
2l9/r?-" broad 

speotnlm 

;'::JE.?.so:' &: ;:",GLE (1944) ? U:lpubliahltd 

De 'IfIP..E (1944-) ? Unpublished 

ue4eure~ant~ in ~~r~ col~ ot CP2. t.,,:aa. assay 
A1;rlERSOH 8: W,Y (1941 .. ) 0 . 883 .! 0.018 0 .1 0 .907 j; 0 .017 'ty :l.bsolute cl."hc count~; (pial by weighing "'" vol~tr1e dil:ltion 

zn;::, & KANir::R (1945) 0 . 903 j; 0.018 0 0 . 927 .! 0 . 011.- /., e.bove . MSthoJ.5 ot a~:s3)' not reported 
--

COliEN et al. (19528, 
1 . 231 :t 0 . 051 0 Co::tpa.:-iSOiU of' ?u 'dth natural U in Ii react.or 

1952'0) neutron beatl . AsseJ by coraparative alpha countin6 

1 . 288 ..! 0.018 0 . 6 1.!97.:!: 0 . 007 C'lt!l!"arisoll5 or?u with natural U in beatl!" frOD 

COCl<RO,", (1952) top then1al. column and l'e:lCtor core resptlotively . 
Ass&::! f'ro:II cOl:lparative alpha. counting ani alpha 

1 . 289 .:!: 0.053 0 , .. 651 ± 0.013 :spec troI:Ietry 

AUCu.n et al . (1956) 1 .44::J .! O. OJ,4 1 . 587 i 0.016 
Ccx:pari!!ons in rellctor neutron beac, with Cd 

0 . 2 di1'1'erences. Bea.:l spectrum ani enere;y dependence 
of cross- 5ec!ions Ob58ned with a 510" choppar 

0 . 919 i 0 .027 0 0. 948 Cocpar1..sons of gro!!11 fi5aion-produca actirlties 

!4cUILLA!l at a.l . (1955) 1 . 29} .!: 0 . 035 0 1 .515 after irradiation in centr'o.l lIIOd.ar-ator o~ 'l'TR. 
. .!!!1Iu::M!S that actirtty per t'iuion 111 independent 

or terget nuclide 
-

0. 921 .t 0.008 0 . 6 C. 946 Comparisons in thermal col Ul:lrl of CP3 . AIIs-.yby 

SELLARS .t ., . (1955) 1 . 328 .t 0.021 0,4 ,'- wei&ht:i.n& au! yol ual1ric dilution, ODd f or PtJI .. 
by a.bsol uta alpha countinB w o. Isotopic a.nal.y-
s1.8 not discussed 

PRA~ et a.l. (1956) 1.25 1:: 0 . 06 0 1 . 725 i 0 .027 Cocparbons in reacte r neutron be ac, wi th Cd dit-
t'ere nees . Neutron tsmper ature add to ba 222°C 

0. 9089 j; 0 . 0066 1 0 .933l See c OlIC8nt.s in Table 4.9 
BIGHAM et .1. (1958) 1.297.± 0.014- 1 104DJ8 

1.429 .t 0 .01 5 1 1.501..5 

Weif;hted mean valuea 0.91 07 J: O.OOn 1 • .301 .± 0 .01 6 1 . 4-31 .! 0.017 Note that alI 'We maasureoc.ot.s listed above were made in broad IWutrOll. 
apactl'a 
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4.6 CAPl.'URE TO FISSION RATIOS 

4.61 Method", of measurement 

For a direct measurement of the ratio of oapture and f1",,10n oros3-seotioM, 

• • <y/op • 
• fissile sample 18 irradiated and the changes in its isotopic oompo3ition are then 
d.etermined by mas3-speotro09try or by alpha speotrom&try. The number of fU8ions may 
be determined from the destruction of the fissile isotope, or from fission-produot 
activities, or othenri.se. In order to obtain measureble changes in iaotop1c oomposi
tion oomparatively 101lg irradiation" are necessary at high flux. In practice every 
such irradiation has been made in a reactor core, ao:l little effort hae been made to 
characterise the irradiation 3peotrum. The high resolving-power of the multi-stage 
apectJ:o.Jmters now availa.ble w1.11 permit the UBO of the less intense twutron nuxes 
available in thermal oolumns so that the uncertainties of the irradiation spectra can 
ba greatly reduced. 

The next step is to 83timate ao. for monold.netio neutrons of 2200 m/seo, from 
the values of' S' obtained with broad neutron spectra. The fissile sample" have usually 
been fairly thin so 1'0'9 were able to use WESTCOTT's (1960) tables, after guessing the 
neutron spectra; see § 4.22 . Available evidence shows that ~J the neutron yield per 
rlssion, 1s sensibly constant over the slow neutron region, and therefore the energy 
dependence of' (1 + a) is the same as that of' 1/~ 

Ueasurements of 1 + a have been made by 8. different teohnique w1 th noutrons ot 
long wavelengths; vOCKINa (1958), SAFFORD &, I,IE!lCONIAN (1959). E ••• nt1alJ,y the tran.s
mission Ill'Xl the fission rate are oompa.red. Caloulation of ao from suoh a measUI'emnt 
oan at present only be done by using data on the energy depeooenoics of fi3sion QJ1d 
absorption cross-sections. 

k.62 Experiment al data f or U~ 33 

Onl,y throe, measurements of' the capture to f'isaion ratio have been reported, ani 
they are g1'/on in Table 4.11. There is an errol" of sign in one of the genetic rola"': 
tionships civen by rnGfmA1t: et ale (1956). For thls 1'Oason the result was recnl..oulilted 
by C~~ (1959) and wus found to be somewhat sensitive to the neutron speotrum, 
thr'lugh tho va lue assll100d Cor trA[uu. 1 in allowing 'for U2S8 burn-up. The uncertainty 
i~ enhanced by our ignorance of' the extent to wMch re8o~e absorption in the dilute 
U238 in the sample is shield&d by the ij238 in the reactor fuel. KlJ'KAVADSE et al. 
(1956 ) avoidl:ld this d1f'f'icul. ty by isotope d1.1ution after the irradio.tion. This 
techId,quo is more complex, and the .samples used wore rathor thick, S90 note A of 
64-.43, so in 'l'a.ble 4.11 we have increased the unoertaint;y quoted by the authors. The 
value of a is not much chang:ed on going :from a reaotor speotrum to 2200 nVseo, bocause 
a 1.5 fairly constant in the them'll region, and in:leod over almo.st the whole energy 
range except at the 2.3 eV resonance. The eva1uation at the correction and its uncer
tain1;y have been di.oWl •• d in ,0"" detcll by EVANS &, FLUHARlY (1959). We have u.sed 
their estimate of' the uncerto.inV, but hav", ~referred to re-evaluate the corrections 
themselves f'rom the tables of' WESTCOTT (1960). 
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Capture to fi'5j.on ratio, a, for U233 wi1h slow neutI'on3 

Value in Correoted 1 Ref'erftJ"loe 8xperirecnto.1 to Co[lllllefit3 

speotrum 2200 m/S(ll~. , 

INGHRAM e t a.l. . 0.096 0.095 Lion s- spectrore ml' 

(1956) ;t 0. 007 .! 0.009 anaJ.ya:l 3 before und 
after irrc.dilltion in 
NRX renc t or. 
Oric:-:1.n ... l value 0 . ($76 
+ 0 . 0018 recalculated wi th revhed oross-
~eotion data. 

HJKAVADSE at a1. 0.0968 0.0961 
( 1956) .! 0.001..6 .! 0.0068 Absolute alpha 

countin~, and mass-
::;P(lC trometry after 
re ac tor il.-l'adia tion. 
Re ported value 
~(I+a).o.0870;t O.OO} 
inol~a3ed. by 1.4% to 
allow far U'34 burn-up 
during irl"'Q.diu. tion. 
EVANS nnd FLUHARTY 
(1 959). 

COC= (1958) 0.113 K883urement of 1 + • ;t 0.018 with cold neutrons o~ 
about O.C011 eV 

' /e 1ghted mean value 0.0958 
;t 0.0063 

1.'h8 clo~e agreement of the f irst two data 1n To.ble 4.11 1s probably somerrhat 
f ortuitou2.. COCICnro-I s (1958) mea':lUretnent "as mllWt 11'1 th effec ti 'leJ.:y monokioet10 
neutrorus of long wavelength. Unfortunately the variation of' a(E) at very l.o1I' neutrou 
energies is not laloWll so that lli result gives no information on ~[U2aa]. 

4.6, Experimental data for U'3& 

1be data. on the capture to fu~ion ratio for tfu are given in Table 4..12. Moat 
ot the JDeo.zwements "ere by mass-spectroQetry after irradiatlons in reactoro, with. 
llttle or uo a.ttempt to ohnraoterise the neutron speotra. Correotions to 2200 uv'seo 
have baen evaluated by using WESTCO'!"l', 6 (1960) tables, 1'1"1 th "plolUl1ble a s sumptions 
about the neutron tempera"ttU'Os and. the epithermal f"luxes. It is difficult to ma.ka 
~ convinoing assessment of the uncertainties involved. and measurements in thermal 
~p6ctra ara much needed. 
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TJJlLE 4.12 

Capture to f ission ratio, a, £or ua3• with slow neutrono 

Valuo in Corrected 
Referenoe- experimental to Ylelght Commenh 

spectrwn 2200 m/sec 

DEUTSCH et 810 0.188 0.173 Ll3SS-!ipectrooetry I with 1'OOio-
(1946) + 0.008 .± 0.012 0.02 chemical determino.tlon of no. 0 

(probable errol') fissions. I rrad1ntion in Oak 
Ridge reactor ,ave vety low 
yield. if" /D'. N 0 .03% 

- ditto - 0.188 0.172 M above . Irradla tion in 
+ 0.011 .± 0.017 Hanford reactor gave rather low 

(p;:"babla error) yield U:l 3G /U :a u .... O.2'}~ 

IVILLIA1!S (1946) 0.177 0.165 1.0 MU3~-spectrom~trio an~8es o~ 

.± 0.006 .± 0.007 tf38 production ani rf3 bum-
up. Irradiation in Hanford 
reactor give tf3e / rf 35 ,., 2% 

KANNE at ale 0.174 0.165 Irradiation in NRX. Two-stac;e 
(1 956 ) .± (10%) .± 0.026 0.1 m38s-opeotromoter for tf36 

(probabl.e error) nssqy , but no. of fissions 
crudely eat1ma.ted, !'rom radio-
chelAical yj.e1ds of Cl 37 and 
Ce144 

TImEY & 0.184 0.177 0.3 IrradiAtion in MTR 
VANCE (1955) .± 0.012 .:!: 0.012 

CRAIG at Al.. 0.194 sections or f'uel element highly 
(1 958 ) .± 0.002 0.184 irradiated in NRX .. Analyses by 

.± 0.006 0 .7 mass- spectrometry and. by alpha 
BIGHAM et ale 0.187 spectrometr.;; I"Cspeotively 

(1 959 ) .! 0.003 

COCKlm (19~9) 0.172 IJeasuroment of 1 ... a with nonrlJ 
~ 0.022 monokinetic cold neutroll3 of 

about 0.0011 eV 

SAFFORD AND 0.171 0.159 0.9 MeasllrCDxmt of 1 + a at 0.00291 
IlElJ(()NIAN (1959) .! 0.009 .t 0.014- eV. Transformation to 2200-~ 

disoussed in text 

CORlfL."I! (1960) p.200 0.189 Irradiation in DIDO. rI'" burn-
.± 0 .006 .± 0. 008 0.5 up measured by mass-speotrometeI 

relative to tho U 23 4 present in 
lOll abundance , am from gross 
fission-product y radiation 

iVeigh ted me an 0.1714 
.± O.OOn See § 4.63. Note A 
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heE' .. _ 

Tho lJOQ!;tu"OlOOni.s by COGKOJ~ (1958) und by SA}'FOIiD & M'ZIJWrill.H (1959 ) wer e o{'de 
wi t h e350ntialJs- monokins t1c neutrons at lone wll.velenstlw . Esti mntion of ~ from 
t he se dnt.2 depon:ls at pr esent on the nccurncy of relative moa:JUr cnents of (J"A find OF 
at t he enareies of interest .. Tho roost sultnble dnta £!."JpeDr t o be tJlose of SK)PI e t 
al.. (1958) and of' SAFFORD 01.. ale ( 1959) , .... h'J moasured O'"A at l ong wo.vole nc;ths nnd in 
the thor mal r egion, U3ing crys tal B1loct.romtors . Rel a tive measuroments of "1,' at 
0 . 00291 and 0 .. 0253 eV hnvo been made by t he srune two groups , and. tho rc:3Ul b ore oited 
by SAFFORD and IJELKOh'I AN (1 959). Us i ng t he v al ue s 1 .1 71 for (1 +.) .t 0 .OO~9 1 eV, 
which was reportti<l by t ho authors le !l t. nru:cd , tho follovling e stimates are ob tained 
for a at 2200 m/soc : 

Ori~in of cro5s- ~eotion datn uaod. 

SEPPI ot 01. (1 958 ) 

SAF~'ORD et. ~l . (1959 ) 

IOO ttll sample s 

motnl 3:u:lplol;l 

liquid .'Jrunpl~s 

0.1 79 .!: 0.013 

0 . 1 64 .:!: O .Ol1~. 

0 .1 5 2 .!: 0 . 007 

The weichted lOOun value io ao .... 0 .1 59 .± 0 . 014, whor e in the WlCe- r tninty of the ini t i a l 
d at\J.ll1 is includoJ. . 

Tho dispersion of tJle dnta rre3entod in Table 4.12 is not inconsistent with the 
\.U1certo.int.ios quototl thoro. llo··/ev03r J in weiGhting the dJ.ta the f'ollow1ne cO!JJlle.nt::; 
s ho ul d bo oonsidered : 

A. 'I'lle m.:1jol'i ly (; 1' lho duta arc frO,;1 sn..!l!11es irruiic ted in nuclear reec tor s J and the 
W)Ceri.ninties t;iV81l in the tablo l'ot· t.hese d a t.:l should be inc ':-90sed by + O. COs 
to 0110.7 for ~.j":itef.1 :"l "!..ic errors in the oo~-rection!) to 2200 r.Vs ..,c . -

B. 1"or 1.J1.C r'irJt triO !ncI.'..SlUC1'1~hts in Table 4 . 12 , reporl,od by DEUT3CH et 0.1. (1946) 
the atomio rati os of U:il3t'/U235 after irradi ation \le r e very low. I t 13 dii'ficult 
to boliove U.s absolllt.G Il.:curacr of tJm lL.!l.ss-.:)pectroDlotr ic analyses could have 
been bett.er thun j; 3O/~ end .± 5i~ respoctivoly. 

C. L"tI,Hiuced weight is giVOil to til) result by coruU8..*i ( 1960) for si.mdlllr renson!5. Ue 
il-rrldifltcd vel:y sUiall ::w.l'l!/lc. s of hiehJ..Y o.;nrit.:had UHS on £'~ur.d.tllu.rn f011 5 . Dec flU!le 

D. 

of ..;ontc..:aino.!.iQll froD! nilturul ur:!1liUfil pr..:sont in the a l Ul:liniuo, 
spe.;1;ro~l~tric nS38ssml::nb of U23S bw"'T1.-up depend on cocpnl'ison.-s 
which \'Ia~ present in 10:7 obUidance onJ,,:r . Thf;lrl;\ is likely tc. be 
t i c elelDGnt of unc.:orttti..ll"bJ in tho mIHl:lUl"'erucnts . 

·the mn~~~ 
w:i th the U2:l4 

q stro na 3ys t ema
! , 

Y'}Jllm at 81 . ( 1956) used. n to.:l.ss- spectl'oG!oter of 
n crUuU /OOrum.t"EImcnt ot" the mL.wur of fi~3ion3. 
.s tudy thd rel ative varilll.iollS of CI over 11 broad. 

h.i6h resoluUon, ~ut ma.do 
They "er e m.orc i'1t~.L·d,)"t€;d 

onJ,y 
to 

enerGY r ange . \ 

E. l'he "".SUl'o,,,,, n ts "'por ted by C!lJ\IG at 01. (1958 ) and by BIGIIfIU .t • • (1959 ) 
f oll owed a prolonged irradi a t ion which gave a good y i e l d of Untl

• OW8ver the 
samples were sliced f r om a t hick fuel e lement. El aborate c alculo. t i by 
KUSHHERIUK (1 959 ) have boen used to infer ao from the observed resul s , but the 

6 ' " .We hove alj~wned C1"s '" 1 . 0 + 0.7 barns per D ntom i n t he liquid. ~Rmplea 
l Orl6 wllvol engths and in the- thermal region. For the oota1 :samples U.s = 1 
at 0.00291 eV, and 14 . 4 + 3.7 barns r..t 0 . 0253 eVa - . 
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oomplexity of the environment uotrncts very much from the r elio.bil1t"J of t he 
result. 

It may reasonably bl3 nrlluad that creai:&r weight "hould be eiven to t he measure
ment by SAFFORD & MELKONIAN ( 1959) since tho other data ore from intoc;rnl m!H13w"Oroonta 
... hoee con'oc tion to 2200 m/ooo is based on gu8Ds- work. Howevor tho datum in quastion 
hns also hC':J1l usod , in § 1~ . 52 n.nc1 Tnbl e 11-. 9 , for diroct dotermination of "F0 [tf3 11 ] 
no t.hut jn rhct it hns bor.n eivan double weie;ht . 

Only two ·'Je :lsure:nants of the Gapture to fission ratio in Pu have bean reported; 
they are given in Table 4 . 13 ord it may be seen that the moasurements were only of 
low precision. 

The D.leasurl3lUcnttl reported by KANNE et 0.1 . (1956 ) apporu.' to havo becn made about 
1947. The uncertainty in tho rosu1t arisoa mainly f'rom the fiasion yield data which 
were llsed . Corrnctl on to 2200 m/sco 13 quite sonsitive to tho noutron spect.rwn. 
For n l."O IIGh C: Stlrl1.tC wo h a ve U30U t ho parameters of' WES'fCOTT (1960) assl.l.!Jling T = 80 
to 220 °c for tho effective teml)Crature of the thoI'!'l'lal neutrons , am r = 0 . 03 to 
0 . 09 for the epithermnl intensity in tho JTanf'ord irrndiation . 'rhen 

1 + .0 = r. (1 + 8) 

with f = 0.093 ~ (1 . 8%). 

TABLE 4-. 13 

Capture to fission ratio , a, for Pu
23D 

with slol' neutrons 

Value in Correoted 
rl.eferenoe 8xper~ntal to COl!lllents 

speotrum 2200 m/.sec 

-
Irrndiotion in IInnforo pile . No. of 

O .1~2 fissions from fis~ion-product aIk~-
K/l.NNH at nl. + (15%) 0.310 . Puu o d b Sl.S . as .'J a.,yo y aponto.ncous 

( 1956) (probnblo ~ 0. 090 fission rate before and o.fter irradia· 
tion 

COCKING (1958) 0. 300 0.300 MeasureD\ent of 1 + a wi th cold neu-

one 
th~ 

.± 0 . 01,.0 .:t 0 . 10 trans of about 0.0011 eV 

Uenn va.l.lt.3 0. 305 
.± 0 . 10 

To calcula te a( 2200 m/ sec) from COCKINGI s (1958) meQ.3ureoont with cold neutroll3 
must have recourso to nvail~ble data on the energy dependence of OF and ~A in 
e oerto' ranee 0.001 1 to 0.0253 eV. Those are very inexact , giving a.t be s t 
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f = 1.00.± 0 . 07 

for the cor reotion fnctor of equation (4.9). 

1,.7 'mE AI"lRAGE NUl:JlER OF NEU'l'ROfIS EIU1'1'!.;n P'.!R FISSIOH 

4.71 Ue1J".oos of measurement 

To meaSure V, the averaGe numbe r of l"'.8utr ons evolved per fission, one must be 
able to count fission evonts and the neutrons emitted . In ardo r tha t the fissions 
may be cowlted it 13 llO cc3Snry to use n very thin fi3silo sample and 0. reasonably 
low fis!Jion rote . The llltensity of the f15.sion neutrons 13 consequently very low, 
often l ower thnn thnt of the fast noutron bockground. Various methods have been 
U!3ed to ovorcooo tilis diffic ulty; for eX('.rtplos the re ador 13 rofer:ru~ to the papers 
by SNYDER & WILLIAliS (1 941,) . KAIJ.SIUIIXOVA .t al. (1 955 ), ani SANDERS (1956 ). For 
most lOOasurements of v the neutrons hnve been counted In coincidence with fission 
events. This greatly alloviatc3 tho proble~ of distinGUishinS the fission neutrons 
from the neutron baokgrow-d, ani also eliminates the neod to know the absolute 
efficienoy of the fis sion counter. However it .should be noted that the yield of 
noutrons from fission i3 correlated with the mass retia an::! energy of the fission 
fragments , and there is a direc tional oorrelation Q~o . In measuring \i with ooincli
denee techniquee care must be taken to en.sure the randoL'l. sampling of fission events, 
and tJd" ma,y be done, fo r instanoe, by tryi.ng to count nonrly all the fiar.iolUl. 

To measure v absolutely the efficiency of the neutron oounter must be detorm1.ned 
ab~oluteJ..y. Usual.ly this ha~ been dOrla indirec tly, by u.sing Il standard neutron 
~ource for exurnple j (the reliabili ty of the source calibrations is briefly oxa.mined 
in the next .!Ieotion) . In rocent work tho eff'io iency of" the neutron counter has. been 
measured by oblJCl'"Vation of " as80cie.ted charged particles ll

; DIVEN et al. (1956), 
COLVlli & SO.'lERBY (1958). This m.lthod i s not only more direct, but also permit. 
;ali bration of tho counter efficiency a s a funct icn of neutron energy. 

For relative IOOQsurament8 oJ' \i, with differ ent fissile nuclei for exrunple , 
absolute calibration of the neutron I,!.,)' .. mter is urmecessnry. It is importnnt nonethe-
10s3, to ensure that the 1'C 8pon~e i 3 inson::li tive to the small differences between 
the epeotra of emitted neu tron.s . 

4.72 CorrectionlJ to published data 

Neutron-source calibrations 

Calibrations and cOD(larbons of noutron ~ources have been disoussed in detail by 
LAru;';OH (1 958) , RICHl!O!ID (1958 ). ani GEIGER (1 960) . They 3ho,",d thQt there is good 
agreement between sow-ce streneth mensw-emenb by variou~ tochnique3 in different 
l aboratories. None of the3e authors has mrulo a "least squares" analysis of all the 
available data , and a complete reviow i:l much needed . VIe do not attempt that here 
but hnve oritically re-examined the data collected by LARSSON (1958 ) and RIC!wOND ' 
(1958). Recoumended values of the source strengt~ which are of interest in the 
preeent oontext are given in Table 4.14, and a few general comments follow: 
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TABLE 4 . 14 

Output of some standard neutron 8ouroe~; reoommended value! 

Sources Output at given 
date . Noub:'on/sec • 

Reference and comments 

Lo~ Alamo:) No .. 44 
6 (6 .0(. x 10 ) + (5%) WALKER (1944); revised as 

Ra- a - Be Aug . -Deo . , 19411- noted in § 4 . 71, note B 

Lo3 Alamos No . 43 
6 

(9.19 x 10 ) z (5%) WALlCER (19411-); by comparison 
Ra- a -Be with LA source No . 44 above 

USSR N. 22 6 (5 . 96 x 10 ) + (~) EROZOLJ)ISJcr & SPIVAK (1957 ) 
Rn- a -Be June, 1951 

Oxford. (6 . 20 x 104 .! (1. 67~) RIClmOIlD (1958); revlsod ao 
!W. '1'h- Y -D 0 

2 
25th Jun. , 1955 !lowd in § ll. 71 , note C 

Harwell (2 . 036 x 1 o"l.;:( 1 • . ,"%) RICmlOlID (1958 ); b:r cO"P'l"ison 
1"u ~:II40 sponte Ci:;:> . 1 9~G-7 wi th tho strongth of' the OxCOrt 

source t.bout 1956-7 

Na.tural U 15. 6 Z (4j; ) Typical value. See § 4.71 , 
spont. fis:! . SOU1"C63 per K3_ note E 

A. There is inconclusive evidenco sttcgesting that the strength of the HA.l""ifell 
Ra-a-Be source may have fallen by 6 . 6~t; about 1951 - 2 . Evidenoe for a ~ 10&" . 
of' intell.3ity from the Los A1~ll1O.3 source no. 40 has been cited also , by COON 
(1955). Such chUl1Ges miCht result from mcahnnical vibra.tion for example , or 
t'r oOi radar leakage . BccnU3C of' those pO:Jsiblo chcne;cs tho eo.rly menauromcnts 
on the Harwell rurl Lo!) Alamo3 sourccs con have no weight in evaluating calculc.
tion:'i for the post 1955 ere. . 

B. Conversely, tffi int01\5i ties of' the Los Alamos 50W'C9S in 1944 should be infor red 
!'rom the contemporollou5 studies by WALKER (191+-4) . His cnlibrations have been 
1ncrea§ed in Table 4 . 14, by 2. 2% to allolY for absorption of fast neutrons by 
the 01& (fl , a ) reaction, and by O .~~ for absorption by the source itself of 
neutrons thermalised in the water bath. 

c . Three independent c~librations of the Oxford photo- neutron sQurce al~ ~ted by 
RICHMOND (1958) . I n cOITecting the later meceurelllOnts to the dcte of the f iret 
caJ.ibrntion a hall- lite of' 1 . 90 yenrs was 8snumed . Howover both the avaUable 
date .• IlllITNER (1918) and KIRBY et 01. (1956), inUoote 0 half-life of 1.910 
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years, and this lands t o the value Given 1n Tnble } ... 14 f'or thea'1Sighted menn of' 
tho three direct cnlibrc.t i olls. l'he st.rengt4 of tho Har,tell Pu spontnnaous 
fi~sion sourco vro s obtainod by comparison flith the Oxford source nbout tho coo 
of 1956 , and we hnvc l"'aV.i!;t:U the ros ul t. oorro:Jpondingly. 

D. $eve rnl :J iI.'1ilal' small corrcotion3 I. tny be mndc to t ho other crilibrat ion data 
rev:lcwed by L.WSON (1 958 ) ;:un by RI C!-D.:OliD (1 958). Dy c[w.no.e those dD. \;u t oeotllor 
then oxaot~ corroborate tho vnluo p roposod in Table 1 ~ .1 1, for the strength of' tho 
Oxford source, a.nd they wero tnlmn into account when evaluating the WlCertainty. 
The Russian source calibrntlons by SROZOLD.iSKY &: SPIVJ...'I( (1957) :l.ppear by com
parison to bo O.5~; too low, but it ha.:J not been Ivorth whilo to mod1t'y the 
original value. 

E. Spontaneous fission sOUl~e5 of natural ura.nium ha ve a l so been used. Recent 
report., "IALTNllR & LEOtlARD (1959), LI'l'TLER (1959)\ .uGge.t that the 'pont,.neou. 
Mutron output from a small .runplo is (15.} + 0 .6} neutrons/Kg sao, A slightly 
higher value 13 propol5ed in Tt'bla 4.11~ to allow f'or the i'nst neutron multi
plication whioh mus t ocour in sources of practical size. 

Delgrcd neutrons 

In tables 4.15 and 4.16 bola.'1~ v has been used to denote the avera.ge number of 
neutrons evolved per fbsion, including both prompt an:l delayod noutroM . In Illal'V' 
of' the e:x;peri.mE)nt~ coincidonco teohniques were used so that only the prompt neutrons 
I'/ere observed. Tho delayed-neutron yields whioh we have added are, from KEEPIN at 
al. (1957) and cox at al. (1958 ): 

l!'issile nucleu!l 

U233 1- thenna.l. neutron 
U235 + " " 
Pu239 + " " 
Cf252 spontaneous fission 

No. of' del~ed neutrona 
par fission 

0.0066 + O.DOo.!~ 
0. 0158 ; 0.0007 
o. ()())1 -; o. ()()()4. 
0.0086 ~ 0.001 0 

Th1:s correotion ~:J very small aM. its contribution to the unoortain"tiy of u 1n 
quite negligible. 

4.73 Tho experimental d a ta on v 

In Tobles 4.15 and 4.16 are collected the result" of absolute 000 relative 
moasurements of v for fission of' U ~ 33, U :'23&, and Pu:ll 39 by slow n.eutron-s. Absol.ute 
measuremonts of v for spontaneous fis:5io n of cr 2S2 have al:so been mode, and V [U235] 
can be deduoed by tho use of compnrative data, so theee res ults have been inoluded 
also in the tables. 

For most of the mensurements the 1'1s 510no5 were irrlu::ed by bombardment w1th 
thermal ll6utrono5 or with neutrons hom thermal reactors. Howover the results can 
equally well be interpreted as 2200 nVo5ec. va.lues, because with slow neutrorus v 1s 
virtually indeperrlent of' the bornbording energy, a.m. even on a. broader scale the rate 
of" increase of vb onl,y about 0.12 (neutrons/fission) per MeV; aee for insbnce 
BO~IDARENKO et &1. (1 ~58) . The insens1tivi~ of" v to small chanr.es of the incident 
energy is an exPected consequence of the fact that v 15 averaged over a ve~ broad 
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popul.aUon. Measurement.s udng monochromatio neutrons confirm this expectation for 
both U U S and Pu u" over the range 0.025 to 0.4 eV within the exper1mental WlCortainty 
of t to 1 percent; se. for .xample LEONARD et 01. 1,955), and AUCLAIR et 01. (1956). 

In Il18.I1Y of the experiments the fission ne utrons were detected with "wax castleU 

eounter assemblies, consisting of a ring of BF3 chamber3 embedded in 8 matrix o~ para.f
~in wnx. Inevitably such devices ore quite sensitive to variations of the neutron 
speotnllIl, and this is conf'i.raed by the observations of KEN,1ARD et a1. (1 958 ). Proton
recoil counters also have been used for fast neutron detection, and suffer even more 
strongly from the same defect. The lnrge liquid 3oint1llation COW'lter used by DIVEN 
et al. (1956) has a much more wUi'orm respon5e, and so too do the boron-pile counter 
of COLVIN & SOWERBY (1958) and the ",oter-both technique used by BCYiIl.!AN & T1101.IPSON 
(1958). 

(0) 

(b) 

(0) 

The following consideration~ affect the weiWlting of the data: 

KENWARD et .~. (1958) , !!OAT at al.. (1959), and cOLvm & SOWERBY (1959) nil used 
the 3ame standard source for calibration purposes , so there is a large systematio 
component in the uncertaintios of thoir rQ5U.lts in Table 1~ .1 5 . In the 3l'..me tnble 
the datil of JOHNSTONZ (1 ~5l... ) and of SA?-IDERS (1956) are similarly corrolated. 

The spectra of the various spnntanoou3 fission nnd. "mock-fission" sourcos U3ed 
for onlibrat~.on pUl:-pOSCS are all rather uncertain; see TEtillELL (1959) run BONNER 
(1959). These uncertninties nffect the reliabili~ of the measurements obtained 
with "ax castle ani proton-recoil ooun:ters. 

The absolute mellsureraonts of \i for tfU am. Cf 211i1t are of' l.ow weight when (a) 
and (b) have been taken into acoount. To :d .. mpliiY the analysis we treated them 
ns estimators of tI [u 8 3 &1,. by U3in8 the weiGhted rooan r atios from Tabl.e 4.16. 
Tho l oss of aocuracy 13 negligible. 

(d) The fi:Jsion-rnte comparisons used by ?';c tULLAN at al. . (1955) nre based on tho 
unproven assumption that tho 0'0S5 activity of fission products 20 to 1;£) minutes 
after fission 1s independent of the fissioninc nuclide. These measurements are 
bettel~ interpreted all bivins relntive vaJ.ues of' ti OF; see Tcble 4.18. 

(e) Values for \i of ef2& II flere publishod by CRANE et ale (1955 and 1956), but are now 
considered to be erroneous; CRANE (1960) . A revised value 13 given by BO',ThtAN & 
THOMPSON (1958), and 1s l ist.Jtl in Table 4 .15, but few details are available. 
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TABLE 4.615 

'II, the avere,t;e odor of pro~t and delaya-i Mutrons lIoitted. ncr fus:!.o:!. undar s l.ol'f-neutl"on bo!::bt .r::.nent 

C;t252 

Roference U·:n U'SI spontM8oUS ':fei(;ht Uethod and. COC!:l8nts 
t1.!laion 

S!!YDSR d: .• 'fl"....LII.US (1944) . 2. 55 0. 03 S.:u:rple at oentre of larS9 graphite mod'!lrator. Fission neutrons dotected 
.! 0 .1 J by Ir. i"olls in Cd .:o.t v41'iou:: di:lt::'l'lces !'ron th~ 1('.:::'1e, uai conpc.rol 

l1i til neutron field frO!l Los :.l:.mol!l P..1l-a-Ce soc...-::c :io. 4}. Source 
stnne;th taken ('rOil table 4-. 14, but reduced by (1 .5 ..± 1)~ to ailOI'; for 
c.bsorption b;,' threshold re:!.C t1oru 1."1 the sr"o.phi te .:m:i. for 5el1'-
o.b3o!'ption of aoierat.e:J. r.eutrolU 

KAlJ..SHNIXOVfI et ale (1955) 2.6, 0 . 05 Coincidence tech.'liquo. ","i'o.x-ellstle neutron count&r, clllibtated with 8 
.± 0. 08 neutron IIOures who:)e speotr1..c! wa.s nVCZY si.cdlar" to that of fi:ls10 n 

neutrona. Orlgi.ruU.. result l"ecalcu1ated ani dela,yed neutron contribu-
tion clded. Source caUbration probaol,y by :'I8thod of EROZOLD!SKY & 
SPIV"" (1957) 

JO!!liSl'ON!: (1954) 2. 51 0 . 02 J..pparlltus end met:.od sen::i.bl.;r the :5QO.e 8.3 ~od b:.· s;..!ID::as (1956); " . 
.! 0 .1 1 belOlr o P..e~ult \11'0.8 corrected to include del~ed neutr.lU5 

O:rv:::rl at al e t 1956) 2.426 0 .1 0 Coincidence technique using incident neutrons of 80 keY . :leutroM 
j: 0.060 counted. in lara" Cd l oaded liquid. sointc.llator . Direct clllibr n tion by 

associated particle mettod . Corrected to thennal enerGY .00. to inoluie 
delayed noutro~ 

SIJID:::as (1956) 2.42 0. 02 Coincidence teohnique. 17a.x-ca:!ltie neutron counter calibrated with 
.! 0 . 11 nc.turn.1 ura.n1uo spontaneous fission souree • Original ruult eorreoted • 

for source stre~th as in Table 1, and to 1rKllude deL\Yed neutrons 

BO",'IMAN &I THOKFSON (1958) J . 8 0.05 Apparentl,y revUioq of earlier work by CRANE at Ill. (1955, 1956). They 
.± 0.16 coapared neutron output of .sample with that of oalibrated P.a- Be source 

by activation of Kn in a "ater bath . Fission rata obsernd &epo.rate~. 

~ARD Itt ale (1958) 2.421 0.19 Coincidence teohnique . Wu-ca.!ltle neutron oounter calibrated with 
.! a.a.1 fl.uwell p\iu 0 spontaneo~ fusion source. Delayed neutron ;yield .dded 

to original datum 

VOAT ct 81. (1959, 1960) J.69 0. 02 Co!!!parison with HArlrell Pu 140 spoDtaneo~ fisaion sourc., \l31nt;: ... az-
Z 0.07 castle oounter . Neutron specve 1'I'e~ thout;ht to be th& SaD! . ?i.ssion 

r ate determined separatelY 

COLVIN. SOWERBY (1959) 2.lj.1e 0.18 Co1ncidenoe mathod . Boron-vile neutron oounte r cal.ibrated with Harwell 
.1 0. C4.3 Pu240 spontaneous fission source . Delayed neutron yield added 

COLVDI • """""BY (1960) 204J5 1 AA above. Boron-piJ.e oalibrated directly by aasociated partiole method. 
J: 0 .024- Prel..im:inary nault, so " " treat uncertainty as .! 11i 

Weiaht.d .. an TUue. - 204)8 -
.t: 0.020 

--



Relative values of ii, 
'l'!l'L~ 4.10' 

tor aloll"-neutron induced. tiasJo;-;rUa:u, 
• t.t 

tPu , and Pu"', a .. d ~ or epon taneoua fission ot Cf 

Keference Uti. Pu u. puue I Ct ina o M 

{j11T tfTR ""1j'I'!1"" """if1"R .;eigbt lII:etbod. and oOOl:llenta 

SlUDER 4: 'GILLIAKS ( 1944) 1.17 l! 0.1 Samph at centre ot large graphite Mderator. Fisaioo. 
+ 0 . 021 neutrons detected. by aotivation of In toils in Cd at 
- I various diatanoee frolll e&lllpl.. Fi811ion rates observed 

I aeparatel,. 

De7lire et 1.1 . (1944) 1 . 029 I 
.::. 0 . 010 1.177 \' 0.2 Coincidence 'echniqWl. Fission neutron. det.ected witb 

+ 0.009 r 0.2 proton-recoilocunter . Original data 1. 03) &nd 1 . 182 
- ,I cor reoted to inolude d"lllyed neutron. , , 

A.l:1DERSOll" 6: w.r (1944) 1.079 i I 0 Fission rate comp.riBons in thermal colWln of CP2 reaotor 
.::. 0.02 I Neutron outputs ccmpared in that of CP3, by aotivation 

ot In foils in Cd at Va..riOU8 diatano .. trolD aampl • • 

I I I 
a.sul t auggests neutr on spect.rUlll in CP3 thel'lDAI column 
is harder 

JOHliSTo:rE (1954) 1.1 59 I I 0 .lppsratua and method 8s8ential11 the 81llDe ae used by 
.::. 0 . 033 I I SANDERS (1956) belcw, who obtained allDOst identical 

I reault. which he amended eubsequentl;r. PreslD&bl,. 

I eim11ar fUIIenliments are needed here. aevised to inolude i delayed neutrons 

;JcMILLJ.N et 1.1. (1955) 1.021 I! I 0 11s81oo rates cOlllpared frOID gross fiesion-product activ-
GAER~EB et al. (1958) + 0' . 034 1.247 !ties, assumed ll"idependent of fissile nuolide. Neutron 

- ±. 0.031 0 outputs compared by reactivitl changes both inside and 
outaide a Cd sandlricb. Re9ul ts recalculated, and 

"probable errors" ocnverted to standard errors . ;;e oould 
not reprcduoe original values 1.017 and 1.251 from the 
data reported 

K:.!lASIIfIIXOVA et al. 1 .0)5 I 0 . 3 Fissions and neutrcns oounted simultaneoualy but not 1.n 
.:t. 0.010 coincidence. Cd filter in inoident beam tor baokgTound 

1 .188 0 . 3 correotion. Coincidence measurements using a \':a.x.-caetle 
!.. 0 . 012 oeutron counter Save resulte which agreed within 

8LPerimental uncertainties . Effeote due to small differ
encea of tieelon neutron spectra wers thought negligible 

D:rm~ n 81. (1956) 1.042 0.01 Coincidanoe tecb..clque with incident neutrona of 80 keV, 
+ 0 . 022 1 . 229 a . 06 using large Cd loaded liquid scintillator as neutron 
- + 0.028 1.566 0 . 6 eouater. Reault.a corrected to tbumal ener gy and to 

- + 0.025 include delayed neutrons 
-------------------------------

Continues l'lext pap 
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!!:!!!& 4.16, continued 

aelath'. Taluell of ., tor IIlow-neutron i nduced fill.ion of t1'u t Olin I and Pu u', an.d tor _pontan.cue ri •• ion ot Ct 15 11 

Rarerenoe 
U·s. pust. Pu 2,. crUll 

·,jeigbt Method and comment a 1J"I un.- ""ii"'T' un.-
• 

I SANIlEl!S (1956) 1 .006 I 0 . 2 Coincidenoe lIlethod, ... itb WB.J:- eaatle neutron counter. 
!. 0.011 1.119 0 . 05 Or!.&inal r •• ult. revised, SJIiDERS ( 1960), to 1 . 010 and 

!. 0 .0l} I 1. 184 for prompt neutrons, and are amended here to 
include delayed neutrons . theartainti •• quoted al10. 

I I !. 1~ for possible effects of amall difterances in the 
• 
! 1 speotra of fie.100 Deutrons 

JACOB ( 1958) 
I 

1
,

.
, 60 I 0 .1 I Coincidence method, rlth '1&%-:::a.t1. neutr on counter • . No 

.:.. 0 . 020 ; j allontloe rOT poss ible effeots of emaIl d i fferenoe. in 

! ! fiesion-nautron speotra. a.ault 1.165 amended to inoludt 

i I delayed neutrons . 

I 

DeSAUSSuaE &: SILVER ( 1959) 1.020 I 0 . 3 . CoinCidence method , with proton-recoil counter ae :r. at 
:!. a .010 I . neutron detector • lbcertaint1 ot on11 !. -t' allowed for 

1.222 poesible errecta o~ small dirterenoea in epec'tra or Ciee:! , 
I !.. 0.010 neutrons . Beeu1ta amsnded to include delaJed neutrone 

,n 

MOAT .t al. (1959) I 1.542 1 Coincidence method, with large liquid ecintillator .e 
~ !.. 0.0 19 neutron detector. Improved dead- time corrections, MOAT 

( 1960) give 1 .546 -.ilh 75 keV neu\.!·one on U'138. 
AIllended her e to thermal ener gy and to include delayed 
neutron. 

COLVn; &: SO''lE.RBY ( 1959) 1.025 1 i Coinc'd.ne ... thod , .ith boron-.ll. n.utron oo="r. 
!.. 0 .006 1.1 9 1 1 .ieeulta corrected to include delayed neutrons 

!. 0 . 007 1.163 1 
!.. 0 . 008 ! 

SO".'/UBT (1959) 
, 

, · 511 a A tent .. t.ive reeult t rom oo.filn- pile measuremente, b eli.Tee 
!. 0 .011 to contain errors reaulting from bigh t lee ion rate 

Weight.ed llIean valuee 1.025 '.'~63 1.55 ' 
+ 0.006 . !. 0 . 008 !. O_'.~.~ !, 0.021 

- -- --_ . -- -- - - - - . . _-
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4.8 TIlE NEUTRON RI:.'GE1IERATION FACl'OR , ETI. 

We de1'lne Tj 8a the average number of pritDlLry fis~ion neutroM emitted per 
ne utr on absorbed in the fis~ile material; 

.., = v o/O'"A ' 
where prolllpt 8rn del~ed neutroM are lnt.:luied. 

The Olu.t direct £1u:301ute mel)ourements of " are those recently reported by 
MACKLIN at al. (1960), but considorahle number of indireot detorminntion3 have been 
attempted. 

4.82 Direct meas\lI'8ments 

l") i s Q dlr..an _ i Onlt1,5 3 

.co!1l:paratlv8 measurements . 
parameter so that, in principle, it can be 
With an incidont beom of :slow neutrons : 

de termined by 

i) The sample C(Ul be made thick enough to absorb almost the whole incident t'lux, yet 
without serious self-absorption ani multiplication of the fast neutron" produced. 

1:1) Only 1'15310n neutl'Ons are evolved, ani they can be readily dbtinguished t'rom 
the bombarding neutrons . 

So, apart f'l'Om correc tions, 

No . of neutrons emit~~ par unit tL~ 
No, o~ neutrons incident pe r unit time 

The numerator and denominator o~ this expro:i.sion Cell be compared direotly if the neu
tron cotulting .system ht!.s a response which is inseMitive to variations of neutron 
energy !'rom the thermal region to several MeV. For example, 14ACKLIN e t ale (1960) 
m8'lsured the nctivation of manganese in n large water bath. 

Relative valus.s of 11 for different fissile nuclides oan be mea."ured by less 
exacting techniques. u3ing 3&varate counters to obse~ the inoident thermal neutrons 
ani the omitted fission neutron:). UeaSUl'f:lments of this kim have been reported only 
by RICHMOND (1955), who used a wax-castle cOWlter assembly to detect the r1s!Jion 
neutroruJ. Unt'ortunatel,y this kind of detector is rather eensitive to variations or 
neutron onergy, so the results ru.oy be in error by about.± 0.3 percent because of 
small differences between the spectra of the f'ission neutrons f'r om the di.fferent 
fissile nuclides. 

By u:Jing th~l fbsUe sl1mflle in a similar arrn.ngorent JAFFEY et ale (1955 and 
1959) made cowparative measuremsnts of TVA. which lJ'Iliy also be expressed aa tI or.. The 
same el'1 ttcisDi. applie". 

E~ti.m!itas of Tl may be derived from mea."urements of var1oU8 ldnd:s in oritioDl. and 
3ub-critical tI. : Ismblies. Many of the estimate:s are bes t reearded 8S te:st of the 
ther.ll'eticel apprQximatioll3 used. However two olusses of' experiment merit oloser 

- ,{, -



. 

• 

attention and. are discllssed in the foill)wing sub-sections. Apart from smail correction 
term:s the:5e mea:5ul'aments usuaJJ.y deterad.ne relative or absolute values of the para
meter, 

(1)'"1) <TA • x, .ff!!. 
Although" 13 only determined indirectly f'rom thh exprs:5sion it is important that, 
because ,, ~ 2, Wlcertainties at: 1 % in x or in <1'A yield only about i% uncertainty in 

TJ· 

REACTIVITY EXPERIMENTS 

Many estimates of " have been derived from reactlvlt,y perturbation experiments, 
from pile period determinations, control-rod movement, or by oscillator techniques. 
The measurements are comparative, determ1.ning 

N(E) [WF" ~E) - \'I(E)] <TA(E). dE 

!¢(E).W(E) . <Tp(E). dE 

In this expression: 

is the distribution of the neutron flux 
is the worth 01' importance of a neutron of 
relative to that of a thortanl neutron. 

energy E at the sample position 

is the average worth of 8 fission neutron, at the sample position. 
is the absorption cross-section of 8 non-t:issile absorber used as a standard 
for calibration of the reactivi~ Boale. 

The other symbols are defined in sub-section 4..11. 
ab ~.0l1ltion in the samples OC(;urs b"'l ow nbout 1 eV, 
,!lignifioantly from unity in this energy region, so 

U3ually DeIU'l,y all tho neutron 
and W(E) is not expeoted to vary 
that equation (4.11) can be written 

, • • I' 
X = (WF TJ - 1 ) "" up 

Correction to 2200 m/aeo gives 

where G- denoted the gi.t'S of Westcott1s symbolism! YIESTCOTT (1958, 1960). In equation 
(l ... 14.) the major Wloertainty is that arising from the fir:st term on the right hand 
side; the second i! only a smail correction term.. 

VlF varia:s from one location to anothol', but is usua.l.ly about Wlity in thermal 
reaator syste~. It differs from uni~ because of the following possibilities: 

a) Faat neutron multiplication in the fUol or in the sample. 

b) Neutron LOigration to positiol\3 of higher or lower worth durillG moderation. This 
iooludes the possibility of leakage from the assembly • 

- n -
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0) Resonance oapture during moderation. 

d) Differences of deteotor efficiency for neutrons of different energies. Usual..ly 
there 115 enough moderlltor betNeen s8Xlple and monitor that this effect IlU\Y be 
i gnored . 

We should mention also that in eq~tion (4.11) it has been implicitly assumed 
that the neutron importance at the sample position is suffioiently 1sotropio that 
.ample .oatt.ring errect. may b. ignored, 

'U WF oan be est1mated !'rom theoretical oonsiderations 1'):1 can be evaluated abso
lutely, and. many authol's have made use of this possibility. Ho"ever no detailed 
inv8stisation has been reported of the accuracy of such theoretioal estimates of Wp. 
We prefer to take the vieW' that in general the reaotivity measurements are primnrUy 
mea,uremonts of WF. However, if several d1fferent fissile nuclides are oompared, 
tho relative volues of (Tlo - 1 )CI"AO can b. determined olso. From equation (4.13) 

Cl"pO [ Cl"A oJ (Tlo-,)"Ao = - Xo ' (1-\Vp)-;; 
wp erp 

On told.ng r atio:!! the faotor rrpo/Wp drops out . and in the con-Gotion term small errors 
in Wp ani in (F 0 cancel in part and 11JCJY be ignored. '*F oan be evaluated well enough 
by uoing equatfons (4.13) and (4,14), together with tho prolil1l1nary data froll Table 
4.17. 

TABU! 4.17 

Prel..1mi.nary data used for approximate evaluation of Wp and 

of small correction terms in equati ons (4 .14) nnd (4.15) 

Parameter Value assumod. 
at 2200 aVo.o Origin 

Cl"A[u''' J 575 j; 3 barns Weighted mean values 

erA [tI''' J 681 j; 4 barns from Tablee 4-.6, 4.7 

CI" [!'II "'J A 
1 024 j; 8 barno ani 4.8 

~[u'''J 2.296 .± 0.01 0 J 14ACKLIN .t 01. 

~[U'" J 2.077 j; 0.010 (1960) 

Cl"A [B J See Table 4.1 



G\VIN & MAGNUSON (1 960a) made reaotirlty measurements with amall sample. at tho 
oentre of a l arge inter nal thermal column ( "flux trap") of 11:10. In this •••• mbl,y ifF 
had an unu..uall,y large value , about 2.3 apparent l,y. Therefore WF'l » 1, am instead 
of equation (4.15 ) it i. more appropriate to writ. 

- ~[:e - GA'TAO J v 0'"1'0 = W W X + c;. 0 
F F FtTp 

On t.ald.ng ratios the f'aotor O"p0/',VF drops out. The seoond term in the braces 1s re1a
tivol,y small ani may b. e.t1m8.tod from the preliminary data in Tabla 4.17 rlthout add
ing 8eriou8~ to the uncertainti es. 

~RITICAL EXPERIIIENrS IN SIUPLE GEOMETRIES 

A ve~ detailed saries of experiments, with homogeneous aqueous solutions of 
rissila materials in large spherical and cylindric al containers, have been made at 
the Oak Ridge national laboratory, THOMAS et al. (1 956 )- , lIAGNUSON & mVIN (1959), am 
GWIN & MAGNUSON (1960b ) . 

For oritica.1i"ti)r with :fissile material. of' high isotopic purity 

(~j'q)= 1 

averaging over the neutron spec trum throughout the system. In this expression q 18 
the non-leakage probabUity, which 1s clos8 to unity for a large ay stem; !' 115 the 
neutron o.bsorption rate , in the f iss i le material a 8 a fraotion of' the total absorp
tion rate in the medium, am i t is calculated from the ob served oritical dilution 
and the absorption cross-sections of the cOn3t ituent atoms . 

From equation (4.17) it can be seen that the measurements determine 

where aA 18 the absorption oross-section of the f issile material, R is the r atio of 
diluent atoms to fissile atolIl3, and up is the average absorption oross-seotion of the 
diluent atoms. ~ne spectrum aver ages involved are similar to those of the preceding 
sub-section, ani equation (4.18) is entirely similar to C4.12). Since ~ the measure
ments parmi t the valuation of 

exact~ as in equation (4 .15) 

('10 - 1 ) tT 0 , A 

The e:xperi.ruental :study of' homogeneous sys tems of simple geometrio oonfigurations 
should stimulate relatively detailed mathematioal studie lh The use of large well
moderated. sy:stems reduce6 the uncerto.intifts in determ:1.n1ng: q am in the DIIutron speo
trum. The use of dilute fissUe mater i al of high isotopic pur1V s1Japl1f1ee the 
calculation of absorption eN'eots during moder ation. Thus the mauuremnt. permit 
the absolute evaluat ion O'f (T)o - 1 )O"A 0 with good acouraoy. 

"Tho data or THOMAS e t a1. (1956) ha .. been revi. ed by PRANCIS ot 01. (1957) and 
" further rev18iono are cited by MAGNUSON & GWIN (1 959), 
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4.84 Correction of experimental data to 2200 m/sec 

Absolute mea:5urement.5 of eta. a.rd. comparative measurements between tliff'erent 
fissile nuolides , have not yet been made with mo nokinetio bombarding neutrons. Only 
brond neutron spectra have been used , so that correotions ara needed to d~rive data 
£or neutron.5 of 2200 ~sec . 

Thick sampl e measurements . In the direct meo.surement:5 of eta the whole incident 
neutron flux is ab!lOrbed in the thick sample, 30 th~ rooasuroments give 

Notico that the flux 13 not ,",sighted by an absorption cr o33- 3ection , so thnt to obtnin 
a meOSUl'-cment of n in the10w encre;y region it is essenti3l to curtail the epithermn.l 
CClI:lpolllmt of the neutron spoctru:n . RICJr,IOiID "(1955) nnd liACKLIN et al. (1960 used 
Cd-dii'forence teohniques . 

'1'110 latter cuthOl~!.I made a rn thor detailed study of nIl the correction3 neoded for 
tl leir muc.surot:lents of ,., nnd of the uncertainties involved ; corrections to 2200 m/see . 
I"lOl"C includcd . RICHlIOND (1955) corrected liis re:mlt3 for thf) offects of t he rwnp of 
tho epi thcrm..'l.l spcc t nun belm? the Cd cut- off, so that his dote. refer to a Uaxwell ian 
neutron spectrum a t n tempera-tur~ of perhnps (70.± l..o)OC. To transform them to 2200 
nVsec we have 1155U."J.~d 

Pu239 

1.000 + (0 .65~) 0.958 + (0.8%) 

Thin sample measurements . Tl~ a thol' mcasUl~ment3 have all been made with relntively 
thin or dilute so.mples . We have converted tho results, to 2200 m/see by u:.dn e: the forma
lism 11m tables of WESTCOTl' (1960) , nnd maldne allowances fo r the Wlcertainties of the 
neutron spectra and of the G and s coofficients. The conversion is b ased on e qlUl.tion 
(4 .1 0) , and. the fact tha t v 13 virtually independent of the bombarding spec trum in a. 
thermal renctor . For exam~le3, 30C oquntions (4. 14), (4.15) and ( 4 .1 6 ). It 13 worth
while to comment tha t f'or the reactivity experimonts this treatment i3 onl;] approxi
mately correct. '1'0 brin~ about a moa5urabla ohanGe of reaotivity one must U3e Q. 

mac r oscopic amount of the absorbine:; material , 30 that 3IIlall 3pec trnl di.!5tortion am. 
salf-~hioldin8 affocts are inevitable. However these effects are no doubt much 
reduced by using samples in the form of dilute solutions in DZO J and in comparative 
mensurcoents the effects must balance to some extent if the .samples are reasonably 
woll- matched . See f'or compnrison the di3cu3sion in § 4.42. 

4.85 Exporimental data for eta 

The experimental methods outlined above, and various modifioatio05 of' them have 
been used to obtain va l u63 of 

The experimental data are collected in Tables 4 .18, 4 .19, 4.20 on:l 4.21. For 
the most part the tables should be self-explanatory. Table 4.20 can be most eas ily 
Ull'J.:~r3tood by referring to S1; (I-section 4 . 83 . The maasured values of 

- 4C -



• 

(WF1T-1 )<%9~ = i are given in the thlx<i oolumn. The.e results were transformed to 
2200 ,,/.eo by usin8 equation (4. 14) and WESTCOTT ' . (1960) tables, with r easonablo 
guesses at the neutron spectrum. Thence WF wa.s evaluated sufficiently lccuratol,y , by 
using the preliminary data of Table 4 . 17 . The ve.1ues of WF obtalnod in this 'Vltt:y are 
given in column. 4 , and the values which \'lore U3ed in the ref'erences are given there 
a1 :50 in brocket:5, for compc.l'ison . Finally :relative values of (1"IQ - 1 )CT"A 0 wore col 
culated by using equntion (4.15) and are given in columns 5 and 6 of Table 4 . 20. 

In weighting the data we hr:.va proferrod to reject tho"ae derivod !'rom rooool.u·cmonta 
in heteroG~neous lattices , both on General wounds tmd hooa-usa tho nm.:tron spectra 
involved are nece ~ 5ari1y very uncertain . 

'1.'0 put the data on a consistent ba!li!l, to correct to 2200 nVsec, and to give 
eaoh result in the moat Ilpproprinte f'orrn, it has been necossru:y to r ecalcul a te the 
major ity of the result!!. In soma ins tances Yle were WlQ.ble to roproc1uce exactly the 
origi nal values from tho datu reported . A val'iety of techniques has been used for 
reaotivi~ perturbation measurements and in the fo l lowing notes we draw attention to 
some of the specl.el featul'es of the different measurements , and to some of tho uncer
tainties incurred. 

A. Tho measurements of SPIVAK & YEROZOJ~IMSKY (1956) were si.milnr to typical reacti vity 
pcrtubation measurements, see § 4 .• 83 , but wore made in a largo graphite thermal 
coltunn. Care \'Ias taken to obriato the effects of neutron scnttering by the samples . 
The neutron b.bsorption rates in tJle sampl es were compared by a broad beam trans
mission experiment, eliminating tho need for sample ass~ . Thi5 l atter experi-
.s:oont b 1::rief'ly discussed ;Ln § 4. 4.3, note B. CorrectioruJ are needed becouse t he 
detector response \H1S not independent of neutron energy, ani beoause the inci-
dent neutron spectrum may have been affected by the pro:d.mi1y of the ""loderator 
surface and of a ondmium disc . We have only boen abl e to make rather .::rul'io esti
mates of these corrections . The weiGht fac t or \'/F YIn" dotermined by "poisoning" 
the graphite . The result depends on a somewhat uncertain extrapolation and we . 
have preferred to trent the mea.surements as yie lding only relativa values of ". 
We could not reproduce exactl,y the reported vnluo fo r TI[U 'aU] from the data. in 
the reference . UnfortunateJ..y the absorption crOss- sections derived i'rom the trans
mission oxperiment are not very plausible , soe Table 4 . 5 , and Greatly reduc ~ 
confidence in the r osults for T}-

B. !,icJ.[ILL.<\N et al . (1955), l ater r",fcr..!:l::c G.AER'l-r'NeR c t al . (1958) , mnc1e nn extensive 
serie 3 of measurements, includilll; r eactivity pOl'turbations with novel oadmium 
differenoe techniques. Additional reactivi~ and notivation measurements wore 
mado to analyse the neutron spectrum. Several fission pnrnmeters may be evaluated 
more or less independently from tho obser vations . The results sugges t r ather 
stronely that in t roduction of' the cadmium caused 0. signifi oant ohange in the 
reactlvi~ sonIe . This is not surprising si nce tho renO tor used 15 small and 
hiehlY inhoIJ).)Gencou!J . We have reoo.~culated the reoults using the s t andards !'rom 
Table 4 .1 and. subsidiary data from Table 4 . 17, and hnve transformed them to 2200 
a{sec . HO\fever we giv~ no weight to these results beoause of the uncertainties 

c. 

of interpretation mentioned above . 

An extensive series of measurements lVas repor ted by znm &: KANNER (1945). Reo.o
tivi~ measurements lVore made in the CP2 reactor us ing a pyrex standard of 
unspecif'iod composition . I t was calibrated by measUI'8cents with neut ron speo tro
meters , but the calibration 10 wu-eliable and should be ignored . Transmis"ion 
experiments with a thermal Mutron beam rel ate the pyrex standard to crA[U ~ 33 ], 
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but simillLr ffiOnsurement ."; with UUII oannot b e UDod until the oorrect IIhlU""Clenine; 
fnctor tl 13 computed for thi3 non- 1/v absorber . The residual dnto. mny be intor
preted as in Table 4 .20. The 3CWlples were not lTithdro..'m to 0. posi t ion of zero 
flux cr mHent in the swing measur ements, so very small scatter inG COIToctions 
should be ma.de. 

D. CRUIKSHANK et al . (1948) have eiven n detnil ed account or E'. serie3 of pile o:)o il
I n tor expoJ'imcnt3 with U2 U

, I'Ihich VlO interpret ns Co m'3 ~ 3Ul"Cmcnt of \'IF ' only . 
Sl'.!:1p le 6 o.ppc o.rs to h avo l c::ll:od d l.lrinr; the courf;O of t he r:orJ: , c.nd for en wlhi~3ed 
ev~lu3tioll of' t h e date. we i"elt i t ncccs5~ry t.o o. :l s i Gn 3. l nr l,;o lUlccrtnlnt:! t o the 
aSGny of tJ lts sample. In recalc ulat i on 1'10 o.l~o u30d a revised value of (2 . 105 .± 
0.012) x 107 disints/ndn. mg. for tho decny rnte of U2 33 

.. 

E. ~ILHAUSE (1952 and 1959 ) and K'RRIS & ROSE (1953) modo pile oscillator me •• ure
ments in the D20 mode r ated reactor C?3 ~ Tho reactor v/:1.S l3re e , with highl.,y 
enriched fuel and , as HUGHES (1956) has remarked, the so :fnc tors permi ttcd an 
unusually satisfactory theoreti cal estimate for HF_ Comparison with the other 
data in Tc.ble 4 . 20 , colunnu 5 C.M 6 , ~UGgtHlt that the rcact::lvity of' 1f 35 hns boen 
overestimated by (4- + 2);~ f'ral!1 UUEHUU; USE ' s meesurencnts .. 

F. .ALICHANOV ct al .. (1956 ) ma.de reC'.ctivity meo.sure!':lents nt the c~ntre of a. D20 modera
ted reactor, both wi t h completed l attice , nnd with f'uel element:l remove d from the 
ccntral zone to make a. thermal well of 70 cm diameter.. Dilute samples were used 

G. 

in D~ solutions_ Thoro ·;Ias a s light uncertainty in tho control rod calibration 
for the larger re r.ctiv1ty porturbations .. It \'las felt t h.ut more o.CC\ll'Il."te results 
:niGht be obtainod by :first measuring the smn.l.l e ffect of a semple of tf33 with 
boron.. The n the U2315 and Pu 23 8 samples we r e compared ,';1 th n pure U233 snmplo of 
about the s ame r enctivity. 

'i,e were wUl.ble to reproduce the reportod results !'roo the reactivity data 
in tho reference . Consequently Ol~ recalculations have a somewhat uncertain 
bas is, but fortunateJ.y thb has not seriously augmented the W"loertainties of tho 
derived ratios of (~-1)~Ao given in Table 4- .. 20, columns 5 and 6 . 

An extensive serlos of measurements with fl1.le oscillators in DIMPLE and GLEEP 
hnve been reported by CABELL at 0.1 . (1 960). Severo.1 of the samples wera analysed 
both at H8l'well and. at Onk Rid60 , arxl there VI(l.S good agreement as to their ass83 
arxl isotopic composition. Ho;yever there r emains an Wlexplainod systematio dis
crepancy be~fleen the reaotivities of 0 23 3 ~amples of American and British orig~. 
The American material. appears to be (J.J + 0 .. 8) percent more reactive. The 
data given in Table 4.20 are the mean valoos taking all somples into aocount . 
Because the oscillation pe r iods were short some of th'3 den.l,yed neutrons were not 
at saturation tntensi"t\Y throughout the pulse. The data in Table 4.20 have been 
corrected :for this effec t .. 
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Ret,rence 

ZINW ~ ~~~ (1945) 

RIC!Il'C!rD l l 955) 

SPIVa &. 
rElfOZOmsrT (1955) 

Kc!crLI.Ali et _1. ( 1955) 
CAERTTNES .t al . (1958' 

UACn.llf at a}. (1960) 

.e~ted ~an value. 

'fable 10.18 

Eta for 0233. 0235 and Pu239. e1t h incident neutrona of 2200 m/~.c 

AbllOlute .... lu .. 

u' ) U 2 )5 pu.'l9 

2.296 ! 0.010 

2 . (111 !. 0 .010 -r.::-"5 !. 0.005 

2. 296! 0 . 01" I 2.017 !. 0.012 

B,latiye valu •• 

U1l3/UtlS I Punyul1S Wtl-SU 

1.114 !. 0 . 006 o 

1,..102 !. O.erll I 0.2 

1 .C06 !. 0.0231 1 

1.1e l !. 0 . 015 o 

o,~86.!. O.OH~ o 

1.067 !. 0.049 o 

0.969 !. o.o}6 c 

1 

1 

.,. 1 

V,thod ..00 c~h 

Absorption or thenr.&1 MutroD8 i" "t:"T' 
S&I:lpluj 5J$ t)"anAll .. 1oIl . Thlt .nal~l. 
6ivln tl utremel,. eNde and IIl&llJ" oorrle
H OilJJ OU&bt to be aoad, 

AbaoI?tlon of reactor n,\Itronl 1» thick 
taopI •• , ... lth Cd-dltrerer.c.. . Pi •• ion 
ne\ltroD8 deteoted with l ar-ca.tl. cOUZItel'. 
Original date 1 . 108 , 0. 969, corrected t o 
2200 o/sec . Sle se ctiolUll 4.82 and 4 .84 

r..ut r oll p.ld in grapbih tbermnl oolumn 
cQEI?8red .ith abeorption by 'bcr0l1. 1', 
b.ov . oorrec ted result. to 2200 aVeee. Sa. 
sectlon ~ . 85 nate A 

React.lvlt:r Cll! .. . ure~et. 91th .!.nd rlthout 
• Cd sandwtch. P. • • uUe r.calculated using 
e t a.nda!"d rrw.Ta'ble 4 . 1. but del:'lYl'1.tlon 1. 
"tre_l,. clXIPlex See a.c11on 4.85 noh:B 

Direot cealurer.lent ... Ub tb1 cl-. 1NLIIIp1 •• , b,. 
IcUvat1;)D of lin 1n WIIter bath. In<l1den.t 
u..,trona trOll! ~ tank nut to reactor 
oore, with Cd-dlttereDollI. 'l'b.:5 data are 
not Ind,pcden't. See lecHona 4 .82 &m! 
1o./j4 

1.104 
! 1I'e bave enlarged tb. unee:rtainU ..... igned to 

1.006 -+ 0 . 0231 the thr~ da~. or U:ackl1n _t at. eo that we my 
- treat thr-l a e independllnt 

!. 0.0078 



.. .. 

" 

TABLE 4.19 

Absolute values of (1)..., )O"'A for U23S ani U23
' rlth incident neutrons of 2200 ro/see 

('1)4 )"A at 2200 ,,; sec Values in , 

thert!lAl 
, 

Refererx:e U 233 U
23S spectru;n ~thod and COiIlIllents 

component 

Criticality mea.,sureoents with dilute homo£eneous aqueous 

GWIN & W.ClIUSON 737.6 .! 8. 0 739 .! 7 solutions of :fissile material in spheres and cyliroers. 

(1960 b) 731 .4 .! 10.2 711.4.! 9.3 
7(e have :recalculated the resulh lT i "'.:h revised standard.s, 
using for" only the data from sY 'l teCls with small neutron 
leaY~e. See section ~.83 

~- ---
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R&ference 

FEX.'l at al . (1944) 

! Z1!<l. '" j(.<1f!~Uf (l945) 

I 

-d!1;to- I 
CiUIKSlWrli lit al. 

(191;.8) 

l'IJUU.H.\USE 
(1952 and 1959) 

!lARPIS &: RooE (195}) 

, 
ALICiiANOV et al . 

(1955) 

~1tto-

, 
._ -- - --

Rati o. of (1.-1) CIA 

, } 

Obeerved 

:?iu:ih a (W,'l-') '/&, r.ucl.!.-:e 
in broali 
cpectrw:l 

U235 ? 

U23} 0.9133 

U235 0 .860 

U2l} 0.815 , 
U235 O.7}4 

U'233 0.834 :. 0.06} 

U23) 0.&.2 :!. 0 . 010 

U2}5 0.191 !. 0.010 

Pu239 1. 252 !. 0.016 

r..2}9 , 
U2)} 1. 070 

U2}5 1.026 

Pu2}9 1.602 

U2}} 0.760 

U235 0.668 

""}9 1.083 

• 

Table 4 . 20 

for U233 , U235 and Pu239 -ith incitant n. utrons of 2200 mt •• c . 

4 , I , I 7 8 

W,. Rehtive vllluea of ('')1 -1) 0" ... 
r,~ at 2200 m/e8c \Jt'3 ~t t,t bed and c~Qment. 

eJ:~1"il:1ent. 
U '2. B/

U 
1. 35 Pu

llj U'13 S lWF • U ... er.) 

Re4ct1vity ~e&8U1"e~ent with bor~n 815 
al. r.d Il.M . Too r~. detail, a r e .v~ 1 1eble 

0 .861 .. 0 . 008 ' PClctiv;ty !ne1lA!.lre::enU in t;P2. wi th - 11.007 :. 0 .0'21 0 f'o • 0.050 . B."\II!'d en (J.-.(i;2}}] •• 
(J . SSl) I stan<lllrd . Zee .ecUon 1. . 8~ not.e C 

1.010 !. O. O}C I i""'ViCY 'M'""~'" " '" " • 0.790 I 0 eub--<:d ~~ect:nlr.l. Be.sed on cr~(U2:n] a. Itandard 

0 .892 !. 0.035 !'ile ("lIel11ltor C'''csurel':lents in t!:.T.P I "''''YO'' bo,,, of ""',,,if'"~ "'e" . 
(0. 829) Alu&.v cf UZ}} by IobsoJute ~l;!hIt. OOUllting 

f'ee,:J. leuhtad, aee lIeclloll 4.85 note D 

, 
I PUe o!lc lllnor rr.easuremer.te t n CP3 

0. 914 !. 0.0131 0.977 !. 0. 019 0 reI.'ive to ArI, staTltrd boron . Relulh 
rlc.l l culate~ •• auao l n<:; r. 0 . 02.1. + 0 . 01 . 

0 .915 !. 0. 007 ) 1.4C-8 1. 0 , 048 0 rr~ Cd- ratio ~.ta . See •• etioll-4 . 65 
note £ 

-
Cont1rnJ!<tion of ... or k of I:JD!lllf.USE (19;2 
above. Too few det Hi l. ava i lable 

---- _. , Reactivity IIllla8UI"I!nent& in .. tb.ert:\l!.l 
1. 049 !:. 0.016 1.014 !. 0,0181 0.5 ... ll at centra of 3 &.!O lIIOderat ed 

reactor , wl ~h boron I e standard . 5 •• 
LOI} !. 0 . 005 1.4561. 0 .049 C. } 4 .85 note F 

, 
0.856 !. C.Ol} 1.031 1. 0.026 0 J.." at'ove. but i n 8pect::'UC! obta i ne d by 

ec~1't1no the let t ic. 
0 . 818 !. 0.(04 ) l.~ !. 0 .062 0 , 

('0" t i"' .lI: s '0\ 1 ~ r ,.<Ls,_ 



~ 

~ 
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Table 4.20, eo~t1nu,d 

P.atioa or('l-')OA tor U2J5. U235 and Pu239 with incid,nt neutrona of 2200 ';8e~ . 

1 2 , , 5 6 1 8 
Observed "', aelative valuee 01' 

Fi .. nll (W''l-I)~./ap "'" 
.. 2200 ~ .. c w, .. "tt Reterenoe ~ethod 5nd o~enta 

nuclide e:q>erl .. ente 
U'}~ p "9 in broad 

(W" ",""c.) u.. /UU 5' IpeetNll) I U'\s 

U2J} 
, 

0.151 !. 0.010 I Rl!activit), CIIIa I5:Jrc:;enta in 'I"l'iI with 
MclUW1i et 11.1 . (1955) I 1.004 !. 0 .022 0 Cd-dlf!lIrences , ualn& boron aa atandnrd 
OAERM'NDJ et a l. ( 1958 cr2}5 0.104 !. 0.009 0 .868 

I 
Re6ul til re'/hed IIn<l recaloul a tlld . S •• 

1.521 !. 0.0}6 0 section 1, . 85 ntlh B 
Pu239 ! 1.195 !. 0. 016 

U2:n 0 .826 !. 0.007 I 
1.010 !. 0 . 016 0 All. above, but derived ~rr~ ~ete 1n 

UeUlLLAN li t al . (1955) U2}5 0.119 !. 0. 008 0 . 881 cC'Il';llete apllct:-,\J1 , .: 1t~-<!lrrprenee 
1 .499 !. 0.021 0 

Pu2}9 1.2J5 .!.. 0.011, 

Pile o~el.1 latcr r!'ce.aut'Pt,('nt' in e. 
U2}} l.10} !. 0. 011 ther~l well in DI."!.E , relative to 

U235 ! 1.065 !. 0.012 
1.015 !. 1. 010 1.017 :!:. 0 .017 1 beron . !ieutron SPIICt!"UJ:I tMUlllet! 

CAB~ et al . ( 1960) Lart:ellian It te~,rel"~ ture oi" :!:o<!e. r-
(1.02 :!:. 0 .06) - 1.499 ! 0.0:}0 1 ator, 20°c. In recalculation t he 

Pu239 , 1.687 :!:. 0.02} d~ta 1n cc1~~n } werll corrected fer 
1 0llB o~ SOI:le del.ye~ r.eutrcIHI . 5 .. 
sectior. 1, . 851 note G 

U2:}} 0.828 :!:. 0.011 

- ditto -
0 . 890 !. 0.009 1.019 !. 0. 019 0 As c..bcv~. but I:'e>l,ured 1n reactor 

U235 0.120 :!:. 0. 008 tlpect~l T - 6~C. r ~ O. OL,:? 
(0. 8'71) ' 1.1,67 :!:. 0.042 0 

Pu2}9 1.21,0 !. 0.0:}9 

Cr1Uca l1t)' exper1c'.ents .1th dllut~ 
~or.O£eneoull aqueou8 lIo1ut1~ns of 

Cwrfl 6; ~m.1JSQl' (1960b) 
U2}} var101J~ fia g ile Ir.etfr l ~l in sOl!leru tond o,.11n-

1.009 !. 0. 015 0 
~era • enl)' preJill:1ll!1r)' d! ta e r e 

U2J5 varlOUII ~, .. allc.ble . ~. ~~ve revi l ed tbe 
.tend~rdll And oor~teted to 2700 r./atc 
but the ratio bere 18 not 1nderer.dent 
or absolute valvel £ !ven in t able ~.:?1 

- -
'elgbt ed ~ean valua' 1.016 !. 0 . 015 1 . 4E9 !. O.O!} 

---* J Ow'I "T T ... ~..1.t ";Si) * LJ-rT L£R (.~S(,) 

• 
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Reference 

Al"IDE.P.50N & KAY ( 191+4) 

AlID£RSOl'! ok !!AGLE (1944) 

~ctILLAN et. al. (1955) 
G,H;Sr~m:R et. ti.l. (1958) 

JIJ'r'::.'Y et al. 
(1955 and 1959) 

c·:;n: " l>:i.G?;USOlf (19608) 

~eighted mean values 

" . 

T A.B I.. £ 4·11 

Ratios of "l CIA (,.V 0",:') for U233, U235 and PIU}9 Id. th incident Mutl"OM o~ 2200 Cljsec 

"1O"A ratios at 2200 ~8ec Value 1n 
experi~ental 'WQ(St..t 

Me thod ~~d comments 
U1. 3;U'llS ?u"l'l,U"l.3S epeotl"Ul:l 

!.~eo.sured 1n theI'IT.o.1 oolum.'1 of CP3 reac tor. Fission 
neutrons detected with In foils in Cd ~he.:lth.s . U23) 0.950 1:. 0 , 016 0. 979 .! 0. 015 0 
assayed by alpha-coun~ins . Ori!inal value corrected 
tl.ssuzing 21050 di,1nh .!min. I""g of U233 

-
? 

[0 detailo ll..,lli1r.ble . Posz1bly sim11nr to t.ne met.:;Urcment by 
lJ:D!RSCf. &: /U,Y above 

0.935 !. 0. 029 0.964 :. 0. 029 0 Reactivity ~C30urement6 with tbin sn~p le e r l aced insir.e or outside 
a Cd box . ;ccalculc.ted ~1th revised lltendards . 7.'8 could not ~ 

1. 611 !. 0 . 052 1.895 !. 0.059 0 reproduce el act ly the original results ~rom the data reported. 
See ~ection ,,·8S, note B 

--- - - - -- - -- -- ---
0. 914 !. 0 . 019 0.942 !. 0 .018 1 Thin uClple:s irradiated in &. pile neutNln beam nth Cd-

1. 610!. 0 .015 
differences . Fission na'.ltrons detecte d v:i. t.~ annular boron 

1.501 !. 0.0}2 0.6 counter embsdoed in p:lraff'ln ~·;ax and shielded 'to'! t..~ Cd. 
t!oderator te:llperoture 35OC. Recalcula ted 

--- ---
0.948 ±. 0 .019 1 Reactivity C'leasurel:!ents in internal thcrnal col ur.ln . • 1th ro-0.0l5 

and ~odcrnto~ te~~erature 250c . Corrected to 2200 C'I/sec . w1th 
1.510 !. 0 .025 1 revised standrrds . Reeults are ~ reli~ln3 ry. See section ~ · S~ 

0 .931 ±. 0 . 022 1. 50b.!. 0.024 



Item 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 
1> 

16 
17 
18 

19 
?O 
21 

22 
23 
24 

25 
26 
27 

28 
29 
30 

31 
32 
33 

'~ADLE 4. 22 

Recommended values for re~ction paraneterG of U2JJ, U235 
and Pu239 for noutrons of 2200 mlsec 

Source of Parameter, Input Recommended 
i nput datum. for neutrons of datum value 
Table Ho . 2200 m/sec . 

4. 6 ""A' barns U.233 575 + )., 57:- . 7 ! ~ . 5 
4.7 U2J5 680.6 ~ J.6 Gao. ) + 2 .G 
4. 8 Pu239 1024 :+: S.I - (12"-' - 75 I.' 0 . , + • -
4.9 (JF, barns U2)) 51404! 7 .9 52' , . 5 ~ 2 .7 

U235 587 ! 5.0 5711 , (1 .± '? 7 
Pu2J9 7rJ7 ! 18 140;6 ! 5.S 

4.10 O"F ratios U233/U235 0 .91rJ7 !. 0.0077 r •• )l('l4Ci + n . 001,t; 

Pu239/I:!35 1. 301 ! 0.016 1 • '?77 ~ O.()f)O 
Pu239/U23) 1. 431 ! 0.017 1 .l..1 ? !" 0 .01 0 

4. 11 .,(.= crt/a" UZ3) 0.0958 ! 0 .006) 0 .0938 ± 0.COI.7 
4.1 2 U235 0. 1714 ! 0. 0rJ77 rL175h ! 0 .0050 
4.13 Pu239 0.305 !. 0 .1 0 0.386 ! 0 . 01 3 

4. 15 'ii, nlJuts . /fis:l U233 - ?505 ! 0 , 01 2 
U235 2. 438 ! 0.020 Z . 4)~l + O. C1 1 

Pu.:!39 - ~ . ~01 :! 0 . 018 

4.16 V ratios U233/U235 1.025 1: 0.006 1 . 027 = 0 . CC1~ 
Pu239/ U2J5 1. 194 ! 0. 008 1 .150 ! O.cOfi 
Pu239/U233 1. 163 ! 0. 009 , .1 5B ± 0 .006 

4.18 '1 U233 2. 296 ! 0.012 ~ . ?9" ~ 0. 0('·9 
U235 2. rJ77 !. 0.012 " . 07B + o.crq 

Pu239 - 2.0Q} ! 0 . <:'19 

4.18 1( ratios U233/U235 1.1 04 ! 0 .0rJ78 ~ .1 C~ + O.COl . 
Pu239/U2J5 1.006 ! 0.023 1 . COl :;. O .l)n~ 
Pu239/U2J3 - O. °1 ~ . i o .~ 

4.19 ('1.-1 )CI'A ' barns UZ33 737 .6! 8.0 i LO .1 :t 11 .6 
U235 731.4! 10. 2 7 '3 . ~. ! 5.0 

Pu?39 - I~ ;:: 3 " 16 

4.20 ('1.-1 )a-A U?33/U235 1.016 ! 0.015 1.009 ± 0.007 
ratios Pu2J9/U235 1. 489 ! 0. 033 1.530 + 0 .('20 

I ?u2.J9/U233 - 1 .51 6 :; 0 .021 
I -
• 

4. 21 , '1. ll'"A = i) Of U233/U235 0.931 ! 0.022 0.90 9 ;t 0 . ('{\5 

I ratios ,'u239/U?35 1. 5C6 ! 0.024 1 . 5?0 :l: 0 .01 C 
P,,239/U233 1.6-::1) n ,...,-

I - ... . ,-, 

j 6 g , barns I Soc § 4.3 and Table 4. 4 , 
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4.9 RECOMKENDED VALUES 

In .oction. 4.3 to 4.8 .e have colleoted and discu..od tha IIIal\Y oxperimental 
mea8U.I'ements of the reaot i on parruooter3 of U ;' 3:1, U 13150 nrd pJlU , with neutrons of 
2200 m/S80. No fewor than 26 weighted mean values are givBn from tho absolute ani 
relativo measurements of 

for tho three nuoJ.i..1.8s. However only 9 of the 
set of oonsistent values must now be derived. 
ship between the parameters the equation., 

(1 +alop 

;; c (1+alT) 

must also be satisfied. 

parrunetars are iM.epondent, so that (l 

In addition to the obvious relation-

The 26 input data ani the reoommonded val.u8s obtained !'rom them by a least
squares 8dj~tment are given in Tablo 4-.22. The anaJ..ysis was done by FOSSEY (1961). 
ReOOllJllended valuos for the :soattering oro"!I-s8ctions are given in Table 4.4 on page 
16. 

A X2 test of the data shows that the deviations of the input data from the 
reoonmeooed values have 55 percent pI'l)babi11t\y. TM differences between the input 
data and the rec olDilorrled values nll lio within the unoertBinties assigned. In rela
tion to the unoertainties the largest shifts are for 

and 
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4-.1 0 RECOU1.ISNDATIONS FOR FUR'l1f!:R WORK 

In atteopting to asses~ the r~liability of the "reoommended values ll which are 
given in Table 4 . 22 the following features appear to be the most question.o.ble and to 
require further study experlmontally. 

1 ) lJa'1Y of the mea3urElment:s wero mado with therrnnl neutron spectra., and have becn 
corrected to 2200 m/soc. In particlunr, all the measurements relating to eta 
were made with thercnl neutrons, or with reactor neutrons . Bettor data are_23 needed on the variation of 11 with energ{ in the range 0.005 to 0 . 5 eV, ror U- .) 
and u235 , 

2) Very high accuracy hllS been claimed for the direc t absolute measurements of fl , 
a.1tJlOugh onl,y II. 3in{;le pair of mcasut'el!l.E'!nts has been reported; MACKLIN et al . 
(1960) . Better absolute data on v ani on a would help to oonfirm their results. 

3) The very extonsive and import ant series of me~surements by CABELL et nl. (1960), 
see Table 4.£0 and !)ub-secti Hl 4,85 Note G, appear to shOJi a dif'ference of' about 
3% in the reactivities of U=a.:o of' American ard British origins . The resolution 
of' thi.s improbable result is very desirable . 

4.) ?Jost of the ceasur",:nents of' the capture to f15sion rntios, a. were mo.de with 
~nmples which had beon irr~di~ted in reaotor l&ttico speotra. In general we 
have given no weight to mea3ure~nt5 in lattice spectra, giving preference to 
date obtained with monokinetlc neutron3 or with thermal neutrons . However it 
was not nrActicable to M'l.intnin this poliCJ.r to\'c.rds the da.ta for a. New mea.sure
cents with nell-moder3ted neutrons nrc needed. This reconmendation re-emphasioe~ 
the need fo),' reliable dnta on tho energy dependenoe of TJ. 

To improve the precision of the re sults attention should be given also to :-

5) Better measuremonts of tho paro..:lle tcrs 

for Pu :23&. For (IF and. TJ improved comparisons with U ~33 or U ';)35 would be hel~ful . 

6) Detter J'33QsureIlY3nts of the fission cross-sections Genora.11y . 

7) New lrIJasurements of O"s in the range 0.01 to 0 . 5 oV f'or all three nuclides . 
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