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A CRITICAL COMPARISON OF MEASURED AND CALCULATED 
FISSION RATIOS FOR ZPR-III ASSEMBLIES 

by 

W. G. Davey 

ABSTRACT 

A cr i t i ca l coraparison of m e a s u r e d and calculated centra l fission 
ra t ios for 18 ZPR-III fast r eac to r a s sembl i e s has been made with the object 
of examining the accuracy of computation of spect ra andof thef iss ion c ros s 
sections used. This compar ison uses fission rat ios m e a s u r e d with Kirn 
absolute fission chambers and computed with ANL c ross - sec t ion Set 635. 

The Kirn chambers and exper imental technique a re briefly de­
scr ibed . It is shown that ra t ios m e a s u r e d with threshold detectors must be 
co r rec t ed for the effects of inelast ic scat ter ing in the chamber walls . 
Poss ib le sources of e r r o r in the experiraental technique a r e d iscussed and 
exper imental evidence for the validity of the method is presented . 

The derivat ion of ANL Set 635 is briefly descr ibed. It is shown that 
Set 635 is a modification of the Yiftah, Okrent, and Moldauer ANL Set 135, 
and that the cen t ra l spec t ra and fission ra t ios calculated with the two sets 
a r e general ly s imi l a r . The û "̂* and u^^^ fission c ros s sections a r e not given 
in Sets 135 and 635| these have been taken from ANL Set 179. 

The m e a s u r e d and calculated fission ra t ios obtained with U^^ ,̂ Û ^̂ ^ 
U"^, U236̂  ^238^ Pu^39^ a.nd Pu"^ a r e compared, both to sea rch for t rends 
which might occur with p rog re s s ive changes in spect ra , and also to de te r -
3xiine the accuracy of predict ion of r a t ios . 

It is found that the calculated re la t ive fission ra t e s of Pu^^'and U^̂ ^ 
a r e within about ± 1^% of the m e a s u r e d values , and the calculated ra t e s for 
Pu2*°, U^3^ and U"^ re la t ive to ei ther Pu^^' ^j. ijzss a r e within ± 3-|% to ± 5% 
of the m e a s u r e d va lues . However, calculated fission ra t e s for u^^^ and u^34 
a r e about 6% low and 8% high, respect ively , re la t ive to those of the other 
five isotopes . 

If the exper imenta l data a r e co r rec t , then it appears that the assumed 
fission c ro s s sections of Pu^^^, Pu^'*°, U"^, U^^^ and U^̂ ^ a r e fairly accura te , 
but that the assumied c r o s s sect ions of u^^^ and u^^^ a r e , respect ively, 6% 
low and 8% high. It is emphasized that, even if only soine of the chambers 
give e r roneous r e su l t s , radical ly different conclusions could be reached 
and the impor tance of checking on the inter cal ibrat ion of the fission cham­
be r s is argued. 



1. INTRODUCTION 

The compar ison of m e a s u r e d and calculated react ion ra tes in r e ­
ac to r s has long been a recognized method of examining the accuracy of 
nuclear data and computation techniques. This analys is has frequently 
been applied to fast r e a c t o r s , two of the most recen t studies being those of 
Yiftah, Okrent, and Moldauer (YOM)^-'-^ and of Long £ t al.(2) in both of these 
studies the fission ra t ios m e a s u r e d in the extensive s e r i e s of ZPR-III fast 
r eac to r a s sembl i e s were examined, but in neither case was there a detailed 
evaluation of the data. In addition, the data used were par t ia l ly in e r r o r , as 
Davey and Cur ranw) have shown (confirmed in recen t ZPR-III m e a s u r e ­
ments) that the m e a s u r e d react ion r a t e s of threshold f iss i le naaterials a re 
significantly affected by inelas t ic sca t te r ing in the walls of the fission 
chambers . 

Since the effects of inelas t ic scat ter ing significantly a l te red the 
m e a s u r e d data and since the re were a lso other minor inaccurac ies in the 
m e a s u r e d r a t ios , the p r e s e n t study was undertaken. 

In o rde r to mininaize the spread of exper imenta l data, only the f is ­
sion ra t ios naeasured with the Kirn absolute fission chambersv4) were used. 
The ear ly , l e s s accura te m e a s u r e m e n t s with fission chambers cal ibrated 
by the rma l i r rad ia t ion! 5) and the radiochemical ratios!5) have not been 
included. 

The calculated spec t r a and fission ra t ios (with some slight changes) 
were obtained with c r o s s - s e c t i o n set ANL Set 635, which has recent ly been 
der ived by the author f rom the Yiftah, Okrent, Moldauer ANL Set 135 and 
used in a study of the c r i t i ca l s izes of 22 ZPR-III assembl ies . (6) It should 
be noted that Davey's data were used because they covered a la rge range of 
ZPR-III a s sembl i e s and not because the spec t ra were expected to be any 
more accura te than those der ived with other c r o s s - s e c t i o n se t s . In p a r t i c ­
ular , the cent ra l spec t r a calculated with Set 635 and Set 135 a r e closely 
s imi la r although c r i t i ca l s izes calculated with the two sets can differ 
appreciably. 

2. MEASUREMENTS WITH KIRN ABSOLUTE FISSION CHAMBERS 

2.1 Descript ion of the Chambers 

The chambers have been fully descr ibed by Kirn and will only be 
descr ibed briefly h e r e . A section through a Kirn chamber is given in Fig. 1 
together with those of two s imi la r , gas-flow c h a m b e r s . 
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Basical ly, the Kirn chambers a r e very s imple in construct ion. The 
chanaber body is a s tout-walled s teel cylinder, 2 in. in d iameter and about 
1 in. high, with the f issi le m a t e r i a l deposited on the base of the chamber 
and a c i rcu la r collection plate mounted about 0.3 in. f rom the base . The 
chamber is filled with an a rgon-methane mix ture and sealed. The chamber 
is made absolute by the deposition of an accura te ly known quantity of f iss i le 
ma te r i a l on the chamber base in a very thin, adherent film, spread over a 
c i rc le of a p rec i se ly known d iameter . This is accompl ished by miaking the 
chamber base an e lec t rode in an e lec t ro ly t ic cell containing as e lect rolyte 
a solution of a salt of the fissile m a t e r i a l . The s t rength and volumie of the 
solution a r e known accura te ly , and the plating is continued until near ly all 
the f issi le m a t e r i a l is deposited. An analysis of the s t rength of the res idual 
e lectrolyte gives the amount of m a t e r i a l left and hence gives the amount 
deposited. The second e lec t rode of the cell consis ts of a rotating paddle 
which s t i r s the e lec t ro ly te , and consequently the f iss i le ma te r i a l is deposited 
as a uniform film. After remioval from the cell , the chamiber is f ired to r e ­
duce the f iss i le m a t e r i a l to a hard , uniform oxide film. 

The chambers contain 100 to 1000 jig of m.aterial deposited over an 
a r e a about 1 in. in d iamete r , and these f issi le films a r e so thin that there 
is essent ia l ly no absorpt ion of fission fragments in the film. Consequently, 
the chambers have efficiencies close to 100% (since the re a r e two fission 
fragments per fission, one of these usually produces ionization in the 
chamber) , and the voltage and bias plateaus a r e excellent. 

These excellent operat ing c h a r a c t e r i s t i c s , and the facts that the a r e a 
over which the m a t e r i a l is deposited is carefully controlled so that it is con­
stant and the chambers a r e m.ade with near ly identical dimensions, ensure 
that the efficiencies of all the chambers a r e essent ia l ly identical, 

2.2 Use of the Kirn Chambers 

A fission ra t io is m e a s u r e d in ZPR-III by mounting one chamber in 
each half so that when the halves a r e driven together the cham.bers a r e near ly 
in contact. One chamber of the pair is always a U^̂ ^ cham.ber, so that al l 
ratios include U^^ .̂ Before counting with the chamber s , voltage and bias 
plateaus a r e checked to ensure that the counters a r e operating cor rec t ly . 
Usually, a s ta t i s t ica l accuracy of about 1% is obtained. All the chambers 
contain fair ly smal l quanti t ies of isotopes other than the pr incipal isotope, 
and cor rec t ions for thei r p resence a r e made exper imental ly by cons t ruc t ­
ing a suitable set of s imultaneous equations for the react ion ra t e s of the 
chambers and solving these to obtain the react ion ra t e s of the individual 
i sotopes . 

The ZPR-III a s s e m b l i e s a r e const ructed of p la tes , usually -fin, thick, 
and consequently a r e not homogeneous. In o rder that the m e a s u r e d fission 
ra t ios should be c h a r a c t e r i s t i c of a homogeneous sys tem, the fission cham­
be r s a r e mounted with the f iss i le m a t e r i a l perpendicular to the plates so that 
heterogenei t ies of spec t rum tend to average out. 



2.3 Inelast ic Scattering in the F iss ion Chamber Walls 

The calculated fission ra t ios a r e for homogeneous r e a c t o r s , whereas 
the m e a s u r e d fission ra t ios a r e those for the neutron spec t rum inside the 
fission chamber s . If the chamber walls a r e thing the spec t rum inside the 
chamibers will be t r iv ia l ly different from that outside, but with the Kirn 
chambers the walls a r e thick enough to modify the spec t rum significantly. 

The spec t rum change is caused by inelast ic scat ter ing in the chamber 
wal l s , and the original m e a s u r e m e n t s by Davey and Cur ran using the Argonne 
Fas t Source Reactor have now been supplemented by measu remen t s in 
ZPR-III Assembl ies 35(7) and 38(8) and by a number of DSN calculations by 
the author, al l these data being given in Appendix I. 

The AFSR m e a s u r e m e n t s were made by placing cyl indrical shells of 
s teel around long, thin fission chambers , and the DSN calculations invest i ­
gated the effect of thin^ spher ica l i ron shel ls on the spec t rum at the center 
of a number of ZPR-III assemblieSs so that in nei ther case a r e the resu l t s 
direct ly applicable to the Kirn fission chamber s . However^ the jxieasure-
ments in ZPR-III Assembl i e s 35 and 38 were made with gas-flow fission 
chambers very s imi la r to the Kirn chamber s . The two types of chambers 
a r e shown in Fig. 1 together with a Kirn chamber . 

Both of these special chambers a r e of the gas-flow type in order 
that the f issi le foils they contain can be easi ly demountable. The heavy-
walled chamber ( H W C ) is o therwise closely s imi la r to the Kirn chamber , 
whilst the thin-walled chamber ( T W C ) contains the minimum amount of steel 
and other construct ional ixiaterial. The TWC also p o s s e s s e s a metal l ic ex­
tension which removes the hydrogen-containing cable 2 in. further from the 
chambers than with the HWC or Kirn chamber s , so that the moderat ing ef­
fect of the cable can be invest igated. The measu remen t s with ZPR-III 
Assembl ies 35 and 38 give no significant evidence that the cable has any 
appreciable effect; thus^ it is a s sumed that any effects a r e due solely to in­
elas t ic sca t te r ing in the chamber wal l s . It is considered that the TWC will 
not modify the neutron spec t rum significantly; hence^ ineasurement of a f i s ­
sion ra t io with a pa i r of foils in two TWC's and then in two HWC's shows 
how a HWC or a Kirn chamber modifies the neutron spectrumi. 

Current ly , only one pa i r of foils is available, and the effect of in­
elast ic sca t te r ing on only the u238^^235 fjggjon ra t io has been investigated. 
Since the geomet r i e s and s teel shell th icknesses in the AFSR experiments 
and the DSN calculat ions were considerably different from those of the g a s -
flow counters , the d i sagreement of the actual percentage changes in fission 
ra t ios shown in Appendix 1 is to be expected. However, it is reasonable to 
expect that, as we a r e considering fair ly sinall changes, all effects should 
be fair ly l inear , and the AFSR and DSN data give the re la t ive changes fairly 
accura te ly . Hence, the m e a s u r e m e n t s on the U^^y U ra t io v/ith the g a s -
flow chambers can normal i ze the AFSR measurenaents and the DSN calcula­
tions so that co r rec t ions can be made for all the fission ra t ios measu red 
with the Kirn cha inbers . 



The percentage changes in the u^3y u^35 ra t io which were measured 
in Assembl ies 35 and 38 were both close to 8%, and the AFSR and DSN data 
were normal ized to this value. These data a r e p resen ted in Table I. 

Table I 

ESTIMATES OF INELASTIC SCATTERING CORRECTIONS TO 
KIRN FISSION CHAMBER MEASUREMENTS 

Percentage Change (a) 

F i s s i o n 
Ratio 

0233 

U235 

U235 

Pu^« 
U235 

U234 

U23S 

U236 

U235 

^238 

U235 

AFSR 
M e a s u r e -

inents 

(b) 

o=i 

(b) 

5 ± 1 

(b) 

8.0^^) 

A s s y . 14 
(S4) 

-0.10 

0 .5 

3 ,4 

3 .2 

5.9 

8.0^'=) 

DSN Cal 

Assy . 15 
(S4) 

0.03 

0 .6 

3.8 

3 .5 

6.1 

8.o('=) 

cula t ions 

A s s y . 32 
(S4) 

-0 .07 

0 .5 

3 .4 

3 .2 

5.8 

8.o(<=) 

Assy . 32 
(S8) 

-0 .07 

0 .5 

3 .4 

3.2 

5.8 

8.0(c) 

Z P R 
Measur* 

A s s y . 

(b) 

(b) 

(b) 

(b) 

(b) 

8.3 + 

35 

1.0 

-m 
3ments 

Assy . 

(b) 

(b) 

(b) 

(b) 

(b) 

7.4 + 1 

38 

. 5 

Fina l 
A s s u m e d 

Values 

Ze ro 

Ze ro 

4 ± 1 

4 ± 1 

6 ± I j 

8 ± 2 

'̂ '̂  A positive sign indicates that the fission ratio measured with Kirn chambers must 
be increased to give the true value. 

\°) ]s;ot measured or not calculated. 

'•-•'Normalized to this vaUie. 

It can be seen that the DSN calculations give mutually consistent 
r e su l t s , indicating that the cor rec t ions a r e fairly independent of the type 
of assembly . The DSN resu l t s a r e also in reasonable agreement with the 
AFSR data. 

The final column of Table I gives the values of the cor rec t ions to 
be applied to all the measu remen t s with Kirn chambers . Fa i r ly la rge e r ­
r o r s have been a s sumed to allow for the numerous uncer ta int ies in their 
est imation. 

2.4 Validity of the F iss ion Chamber Measurements 

Before comparing measu red and calculated fission ra t ios , we will 
consider the possible sources of e r r o r involved in the measuremen t s and 



examine thei r validity. In this context we will not d iscuss the question of 
inelast ic sca t te r ing in the chamber walls aready covered in Section 2.3. 

Consider ing the manufacture and use of the chambers we can l is t 
the following sources of e r r o r : 

In manufacture we have 

(a) uncer ta in ty in the quantity of f issi le mate r ia l deposited 
in the chamber ; 

(b) uncer ta in ty in its isotopic composition; and 

(C) the possibi l i ty of different counting efficiencies in the 
chamber s due to different internal geometr ies or non-
uniformity of the f iss i le film. 

In use we have the poss ibi l i t ies of 

(d) de te r io ra t ion of the f iss i le film; 

(e) de te r io ra t ion of the gaseous filling due to leakage of a i r ; 
and 

(f) operat ional e r r o r s , such as poor select ion of operating 
b i a s . 

With r e g a r d to the compar ison with calculat ions, we also have the 
question 

(g) Do the chambers m e a s u r e the average spec t rum in the 
r e a c t o r ? 

These quest ions we re , of c o u r s e , carefully examined by Kirn, but 
they have been extensively cons idered also by many o thers , pa r t i cu la r ly by 
C. C. Miles , ANL, Idaho Division, who has manufactured some Kirn- type 
c h a m b e r s . 

With r e g a r d to (a) and (b), the re have been a nunnber of independent 
analyses of the s t rength of the initial e lec t ro lyte , of the s t rength of the r e ­
sidual e lec t ro ly te , and isotopic ana lyses plus a -count ing of the deposited 
m a t e r i a l s , so that the re can be no doubt that the techniques involved a re 
re l iable and accu ra t e . This does not, of cour se , remove the possibi l i ty of, 
for example, an inadver tent e r r o r in the volume of e lectrolyte used. 

There is some exper imenta l evidence regard ing (c) which also throws 
some light upon (a) and (b). The Kirn channbers were made identically as far 
as poss ib le , and thus it is ve ry probable that they have the same efficiency. 
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However, on a number of occas ions a pair of s imi lar Kirn chambers have 
been i r r ad ia t ed s imultaneously in ZPR-III and their counting r a t e s compared 
with those expected from the quantity of f issi le m a t e r i a l p resen t . In addition, 
U / U fission ra t ios have been m e a s u r e d in some a s semb l i e s both with 
Kirn counters and with gas-flow counters naanufactured some ye a r s la ter by 
C. C. Miles with e lec t ro ly tes of different isotopic composit ion and s t rength. 
These data (which a re detai led in Appendix II) show: 

1. that the re la t ive count r a t e s of the Kirn chamber s which were 
tes ted a r e in excellent agreement with those expected froin 
their weights; 

2. that the u^^yU^^^ f iss ion ra t ios m e a s u r e d with the Kirn and 
Miles c h a m b e r s a re in excellent agreement , thus giving great 
confidence that these m e a s u r e m e n t s a re c o r r e c t . 

We therefore conclude that the Kirn chambers can give valid m e a s u r e m e n t s 
of re la t ive f ission r a t e s . 

With r ega rd to (d), examination of the re la t ive count r a t e s of s imi la r 
chambers over a cons iderable per iod of t ime (for example , the U Kirn 
chambers numbers 4 and 5) show no evidence of the de te r io ra t ion of the 
f issi le foi ls . 

Regarding (e) and (f), examination of m e a s u r e d ra t ios shows that it 
is probable that these e r r o r s do occur occasionally without being detected 
by the e x p e r i m e n t e r s . These o c c u r r e n c e s a re r a r e , however , since the ex­
cellent operat ing c h a r a c t e r i s t i c s of the chamber s make detection of a defec­
tive counter a re la t ively s imple m a t t e r . When the de te r io ra t ion is slight, 
a poor m e a s u r e m e n t may be accepted, but then the f iss ion ra t io is only 
slightly in e r r o r and even then the e r r o r can possibly be detected by a sys ­
temat ic examination of a range of f ission r a t i o s . This p rocedure i s , in fact, 
followed in Section 4 of the p r e sen t work, in which ce r t a in deviant data a re 
re jec ted as being highly iraprobable s ta t is t ica l ly . 

The las t uncer ta in ty , (g), is possibly the mos t difficult to examine. 
A l imi ted amount of exper imenta l information on the effects of local changes 
in environment on the m e a s u r e d xj^^y U^̂ ^ fission ra t io has been obtained in 
ZPR-II I Assembly 38. ' ° / These apparent ly show that some considerable 
local changes do not affect the m e a s u r e d ra t io , and this impl ies that it is 
c h a r a c t e r i s t i c of the r eac to r as a whole. However, t he re a re some d iscord­
ant data, and this information is inadequate to es tabl i sh any genera l conclu­
sions. Measu remen t s with f iss i le foils^ ' and calculations'-"' ' show that 
there can be considerable local var ia t ions in fission r a t e s , but the Kirn 
chamber s p resumably m e a s u r e some sor t of average spec t rum. The degree 
of uncer ta in ty involved cannot be es tabl i shed at p resen t , but it is probably 
unlikely to exceed a few percen t . This mus t still be r ega rded as dubious 
until m o r e information is avai lable . 
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The genera l conclusion of this section is therefore that the Kirn 
chambers do give valid m e a s u r e m e n t s of fission r a t i o s (if the inelast ic 
sca t te r ing cor rec t ion is included), but some deviant r e su l t s a r e to be ex­
pected because of slight chamber deter iora t ion . The heterogeneous nature 
of ZPR-III a s sembl ie s introduces an additional uncertainty, probably sraall . 

2,5 Exper imenta l Values of F i ss ion Ratios 

The p resen t work has cons idered Kirn naeasurements in 19 ZPR-III 
a s s emb l i e s , of which nuinbers 24 and 38 have identical cores which should 
give essent ia l ly identical r a t i o s . Therefore , 18 cases a r e examined. 

The data for Assembl ie s 10, 11, 12, 14, 16, and 17 have general ly 
been taken from re fe rence (5), for Assembl ies 20, 23, 24, 25, 32, and 33 
from re fe rence (2), and for 29, 30, 31, 34, 35, 36, and 38 from re fe rences (3"}, 
(11), (12), (13), (7), (14), and (8). 

The U^^^/u^^^ ra t ios a r e incor rec t ly quoted in (5), and those given 
(correct ly) by Yiftah, Okrent , and Moldauer! 1) have been used. In addition, 
some quoted data for u^^^/u^^^ ra t ios a r e based on a p re l iminary isotopic 
analys is and a r e slightly e r roneous . These data have been cor rec ted by the 
author. 

All exper imenta l data a r e given in Section 4 of this repor t . 

3, CALCULATION OF CENTRAL FISSION RATIOS 

The cen t ra l spec t r a were calculated by use of the l6 -group ANL 
c r o s s - s e c t i o n Set 635 together with the DSN neutron t r anspor t code in the 
S4 approximation. The calculat ions were made in a recent study by the 
author!"/ of the c r i t i ca l s izes of ZPR-III assem.blies and were made on 
spher ica l vers ions of these a s s e m b l i e s . 

ANL Set 635 consis ts of the 16-group Yiftah, Okrent, and Moldauer 
ANL Set 135 with modified values of a and v for U^̂ ^ and of a ( t ransport) 
and 0 (e las t ic removal) for a luminum, iron, nickel, and chromium. The 
differences between Sets 135 and 635 a r e not such as to cause la rge dif­
fe rences in cen t ra l spec t ra , and a compar ison between the p resen t fission 
ra t ios and those given(2/ by Set 135 shows that they general ly differ by not 
m o r e than 2% to 4%. The U^^Yu^^^ ra t ios differ by considerably m o r e , but 
this is probably largely due to a different choice of nuclear data for U^̂  . 
Neither Set 135 nor Set 63 5 includes nuc lear data for U^^* and U^^ ,̂ and in 
this study the fission c r o s s sect ions for these nuclides have been taken 
from ANL Set 179> which has the same group s t ruc ture as Sets 135 and 635. 
It should be noted that the author used different data for u^^* and u^^^ in the 
study of c r i t i ca l s ize , but these were r a the r crudely es t imated and the 
Set 179 values a r e bel ieved to be super io r . These a r e given in Appendix III, 
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The cen t ra l spec t ra , average c r o s s sect ions, and fission ra t ios a r e 
detailed in Appendix IV. The fission ra t ios a r e also tabulated in Section 4. 

4. COMPARISON OF MEASURED AND CALCULATED RATIOS 

4.1 Method 

Each set of fission ra t ios was examined in the following way: 

(a) The calculated and m e a s u r e d ra t ios (not co r r ec t ed for inelast ic 
scat ter ing) were tabulated in the order of increas ing calculated 
ra t io , and the rat io of calculated to m e a s u r e d fission rat io ( C / E ) 
was obtained. 

(b) The f i r s t half and second half of each l is t were then analyzed 
separa te ly . The average C/E for each half was obtained and 
compared to see if the re were any t rend in C /E with p rogress ive 
change in spec t rum since, if p resen t , this would indicate a s y s ­
temat ic e r r o r in a s sumed fission c ros s sect ions or calculated 
spec t ra . This analysis included reject ion of e r roneous values 
of C/E , the c r i t e r ion for re ject ion being a deviation of more 
than th ree s tandard deviations from the mean of the remainder 
of the set . If there was no significant difference between the 
f i rs t half and second half of a set, then the average of the cora-
plete set and the accuracy of its determinat ion was obtained, 

(c) The mean value of C /E was then co r rec t ed for inelast ic sca t ­
ter ing in the chamber walls by means of the data of Table I. 
These co r r ec t ed values of C /E were then examined for t r ends . 

4.2 Detailed Comparison of Ratios 

The detai ls of the compar ison of the exper imenta l fission ra t ios (not 
co r rec t ed for inelas t ic sca t te r ing in the chamber walls) and the calculated 
values a r e given in Tables II through VII. It can be seen that in only one 
case , that of the Pu^^y U ra t io , is t he re any evidence that the re la t ive 
values of the calculated and m e a s u r e d ra t ios a r e a function of the hardness 
of spec t rum, and even in this case it is dubious that this is s ta t is t ical ly 
significant. 

The inelas t ic sca t te r ing cor rec t ion is applied to the best mean values 
of the ra t io C/E , i .e . , (calculated fission ra t io ) / (exper imenta l fission rat io) , 
in Table VIII. The co r rec t ed values which would be obtained if the fission 
ra t ios had been taken re la t ive to Pu^^' a r e presen ted in Table IX. These 
values a r e obtained (except for that for the U^^y Pu^^' which is the inverse 
of the Pu^^yu^^^ value of Table VIII) by dividing by the P u " V u " ^ value in 
Table VIII, 
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Table II 

COMPARISON OF EXPERIMENTAL AND CALCULATED 
Pu^^yU^^^ FISSION RATIOS 

Assembly 
Number 

14 

35 

29 

34 

17 

12 

30 

20 

25 

24 

31 

11 

32 

36 

33 

10 

23 

Fi r s t 8 
Last 9 
17 

Calculated 
Ratio 

(c) 
1.122 

1.145 

1.147 

1.153 

1.156 

1.181 

1.201 

1.217 

1.222 

1.226 

1.231 

1.242 

1.244 

1.250 

1.251 

1.262 

1.273 

Mean 
C / E 

1.069 
1.049 
1.058 

Exper i ­
mental 
Ratio 
(E) 

1,05 

1.09 

1.06 

1.07 

1.08 

1.10 

1.12 

1.15 

1.17 

1.16 

1.18 

1.17 

1.20 

1.19 

1.21 

1.22 

1.18 

C / E 

1.069 

1.050 

1.082 

1.078 

1.070 

1.074 

1.072 

1.058 

1.044 

1.057 

1.043 

1.062 

1.037 

1.050 

1.034 

1.034 

1.079 

Analysis of Halves 
of Set 

Average 
C / E 

1.069 

1.049 

E r r o r on Mean C / E 
[ 2 D y n ( n . l ) ? ' ' ^ 

0.004 
0.005 
0.004 

Deviation 
(D) 

0.000 

-0.019 

+0.013 

+0.009 

+0.001 

+0.005 

+0.003 

-0.011 

-0.005 

+0.008 

-0.006 

+0.013 

-0.012 

+0.001 

-0.015 

-0.015 

+ 0.030 

Analysis of 
Whole Set 

Average 
C / E 

1.058 

Deviation 
(D) 

+0.011 

-0.008 

+0.024 

+0.020 

+0.012 

+0.016 

+0.014 

0.000 

-0.014 

-0.001 

-0.015 

+0.004 

-0.021 

-0.008 

-0.024 

-0.024 

+0.021 

E r r o r on Individual Values 
[z(Dyn)]»^ 

0.010 
0.014 
0.015 

There is some evidence of a t rend with spectrum but it is possibly not 
statistically significant. We therefore assume 

Best value of C / E = 1.058 ± 0.004 



Table III 

COMPARISON OF EXPERIMENTAL AND CALCULATED 
^233/^235 FISSION RATIOS 

Assembly 
Number 

14 

17 

29 

34 

12 

30 

23 

31 

20 

33 

32 

36 

24 

10 

11 

Calculated 
Ratio 
(c) 

1.501 

L532 

1.543 

1.545 

1.548 

1.559 

1.559 

1.569 

1.571 

1.574 

1.576 

1.584 

1.586 

1.587 

1.587 

E x p e r i ­
menta l 
Ratio 

(E) 

1.45 

1.46 

1.47 

1.45 

L 4 6 

1.49 

1.48 

1.52 

1.52 

1.51 

1.51 

1.47 

1.44 

1.52 

1.51 

C/E 

1.035 

1.049 

1.050 

1.066 

1.060 

1.046 

1.053 

1.032 

1.034 

1.042 

L044 

1.078 

l . lOl (a) 

1.044 

1.051 

Analys is of Halves 
of Set 

Average 
C/E 

1.051 

1.046 

Deviation 
(D) 

-0.016 

-0.002 

-0.001 

+0.015 

+0.009 

-0.005 

+0.002 

-0.014 

-0.012 

-0.004 

-0.002 

+0.032 

(a) 

-0.002 

+0.005 

Analy 
Whol 

Average 
C/E 

1.049 

i is of 
5 Set 

Deviation 
(D) 

-0.014 

0.000 

+0.001 

+0.017 

+0.011 

-0.003 

+0.004 

-0.017 

-0.015 

-0.007 

-0,005 

+0.029 

(a) 

-0.005 

+0.002 

Mean E r r o r on Mean C / E E r r o r on Individual Values 
C/E [Z DVn(n-l)P 

F i r s t 7 1.051 
L a s t 7 (excld. 24) 1.046 
14 1.049 

0.004 
0.006 
0.004 

[2(DVn)]'^2 

T h e r e is no evidence of a t r end with spec t rum. 

Bes t value of C / E = 1.049 ± 0.004 

0.009 
0.015 
0.012 

^/Rejected as being m o r e than th ree s t andard deviat ions f rom the «iean. 



Table IV 

COMPARISON O F EXPERIMENTAL AND CALCULATED 
U234/u235 FISSION RATIOS 

Analysis of Halves Analysis of 

s s embly 
<Jumber 

35 

29 

34 

25 

24 

12 

17 

20 

14 

16 

30 

11 

31 

36 

32 

10 

33 

23 

Calculated 
Ratio 
(c) 

0.283 

0.292 

0.303 

0.326 

0.334 

0.342 

0.342 

0.349 

0.350 

0.350 

0.351 

0.364 

0.383 

0.385 

0.399 

0.405 

0.414 

0.477 

E x p e r i ­
menta l 
Ratio 

(E) 

0.232 

0.259 

0.247 

0.253 

0.246 

0.293 

0.298 

0.300 

0.305 

0.297 

0.301 

0.299 

0.334 

0.312 

0.367 

0.331 

0.370 

0.402 

C/E 

1.220 

1.127 

1.227 

1.289 

1.358(a) 

1.167 

1.148 

1.163 

1.148 

1.178 

1.166 

1.217 

1.147 

1.234 

1.087 

1.224 

1.119 

1.187 

Averag 
C/E 

1.186 

1.173 

of Set 

e Deviation 
(D) 

+0.034 

-0.059 

+0.041 

+0.103 

(a) 

-0.019 

-0.038 

-0.025 

-0.038 

+0.005 

-0.007 

+0.044 

-0.026 

+0.061 

-0.086 

+0.051 

-0.054 

+0.014 

Whol 

Average 
C/E 

1.179 

e Set 

Deviation 
(D) 

+0.041 

-0.052 

+0.048 

+0.110 

(a) 

-0.012 

-0.031 

-0.016 

-0.031 

-0.001 

-0.013 

+0.038 

-0.032 

+0.055 

-0.092 

+0.045 

-0.060 

+0.008 

Mean E r r o r on Mean C / E E r r o r on Individual Values 
C / E [Z DVn(n.l)P'2 [z(Dyn)]i'2 

F i r s t 8 (excld. 24) 1.186 0.019 0.049 
L a s t 9 1.173 0.017 0.050 
17 1.179 0.012 0.049 

The re is no evidence of a t r end with spec t rum. 

Bes t value of C / E = 1.179 ± 0.012 

V^iRejected as being m o r e than t h r ee s tandard deviations from the mean. 



Table V 

COMPARISON OF EXPERIMENTAL AND CALCULATED 
Pu^^yu^" FISSION RATIOS 

Assembly-
Number 

35 
29 
34 
20 
36 
31 
32 
33 

Calculated 
Ratio 

(c) 
0.288 
0.300 
0.311 
0.356 
0.391 
0.394 
0.410 
0.427 

Exper i ­
mental 
Ratio 

(E) 

0.250 
0.289 
0.271 
0.332 
0.337 
0.313 
0.382 
0.400 

C/E 

1.152 
1.038 
1.148 
1.072 
1.160 
1.259(a) 
1.073 
1.068 

Analysis 

Average 
C / E 

1.102 

of Whole Set 

Deviation 
(D) 

+0.050 
-0.064 
+0.046 
-0.030 
+0.058 

(a) 
-0.029 
-0.034 

There is insufficient data to look for t rends with spectrum. 

Mean E r r o r on Mean C / E E r r o r on Individual Values 
C / E [2 Dyn(n-l)p/2 [Z(DVn)?''2 

Mean of 7 (excld. 31) 1.102 0.020 

Best value of C / E = 1.102+0.020 

0.050 

(a) Rejected as being more than three standard deviations from the mean. 

Table VI 

COMPARISON OF EXPERIMENTAL AND CALCULATED 
U236^U235 FISSION RATIOS 

Assembly 
Number 

29 
34 
36 
30 
31 
32 
33 

Calculated 
Ratio 

(C) 

0.0931 
0.0949 
0.112 
0.112 
0.120 
0.120 
0.130 

Exper i ­
mental 
Ratio 

(E) 

0.082 
0.076 
0.094 
0.099 
0.106 
0.110 
0.119 

C/E 

1.135 
1.249(a) 
1.191 
1.131 
1.132 
1.091 
1.092 

Analysis of 

Average 
C / E 

1.129 

Whole Set 

Deviation 
(D) 

+0.006 
(a) 

+0.062 
+0.002 
+0.003 
-0.038 
-0.037 

There is insufficient data to look for t rends with spectrum. 

Mean E r r o r on Mean C / E E r r o r on Individual Values 
C / E [2 DVn(n-l)P''2 [ZiD^nW^ 

Mean of 6 (excld. 34) 1.129 0.015 

Best value of C / E = 1.129 +0.015 

0.034 

(^)Rejected as being more than three standard deviations from the mean. 



As s embly 
Number 

25 

38(a) 

35 

11 

34 

29 

20 

16 

36 

30 

10 

12 

32 

31 

33 

17 

14 

23 

F i r s t 9 
L a s t 9 
18 

Tabl e VII 

COMPARISON O F EXPERIMENTAL AND CALCULATED 
u238/u235 FISSION RATIOS 

Calcula ted 
Ratio 

(C) 

0.0328 

0.0343 

0.0367 

0.0404 

0.0407 

0.0409 

0.0444 

0.0460 

0.0475 

0.0493 

0.0495 

0.0506 

0.0509 

0.0517 

0.0565 

0.0571 

0.0681 

0.0818 

Mean 
C/E 

1.153 
1.168 
1.161 

E x p e r i ­
menta l 
Rat io 

(E) 

0.0292 

0.0308 

0.0301 

0.0355 

0.0339 

0.0356 

0.0381 

0.0414 

0.0410 

0.0427 

0.0440 

0.0444 

0.0451 

0.0440 

0.0480 

0.0490 

0.0550 

0.0678 

C/E 

1.123 

1.114 

1.219 

1.138 

1.201 

1.149 

1.165 

1.111 

1.159 

1.155 

1.125 

1.140 

1.129 

1.175 

1.177 

1.165 

1.238 

1.206 

Analysis of Halves 
of Set 

Average 
C/E 

1.153 

1.168 

E r r o r on Mean C / E 
[ZDVn(n-l)f ^ 

0.013 
0.012 
0.009 

Deviation 
(D) 

-0.030 

-0.039 

+0.066 

-0.015 

+0.048 

-0.004 

+0.012 

-0.042 

+0.006 

-0.013 

-0.043 

-0.028 

-0.039 

+0.007 

+0.009 

-0.003 

+0.070 

+0.038 

E r r o r 

Analysis of 
Whole Set 

Average 
C/E 

1.161 

Deviation 
(D) 

-0.039 

-0.047 

+0.058 

-0.023 

+0.040 

-0.012 

+0.004 

-0.050 

-0.002 

-0.006 

-0.036 

-0.021 

-0.032 

+0.014 

+0.016 

+0.004 

+0.077 

+0.045 

on Individual Values 
[ 2 ( D y n ) P 2 

0.036 
0.035 
0.036 

There is no evidence of a trend with spectrum. 

Best value of C / E = 1.161 ± 0.009 

(aJThe Assembly 24 experimental value is rejected. The calculated ratios for 
24 and 38 are identical. 



Table VIII 

AVERAGE VALUES OF THE RATIO OF CALCULATED AND 
MEASURED FISSION RATIOS CORRECTED FOR 

INELASTIC SCATTERING IN THE 
FISSION CHAMBER WALLS 

Fission 
Ratio 

p ^ 2 3 9 

U235 

U233 

U23S 

U234 

U235 

p ^ 2 4 0 

UE35 

U2S6 

U235 

U238 

U23a 

Average 
Calculated Ratio 

Kirn Ratio 
C / E 

1.058 ± 0.004 

1.049 ± 0.004 

1.179 ± 0.012 

1.102 + 0.020 

1.129 ± 0.015 

1.161 ± 0.009 

E r r o r on 
Individual 

Value of C / E 

1.5% 

1.2% 

4.9% 

5.0% 

3.4% 

3.6% 

Table IX 

Inelastic 
Scattering 
Correction 

(Table I) 

Zero 

Zero 

4% + 1% 

4% ± 1% 

6% ± l i % 

8% + 2% 

Corrected 
Calculated Ratio 

Exp erimental Ratio 

1.06 + -1% 

1.05 ± 1% 

1.14 ± 1 |% 

1.06 ± 2% 

1.07 ± 2% 

1.08 ± 2% 

AVERAGE CORRECTED VALUES OF THE RATIO OF 
CALCULATED AND MEASURED FISSION RATIOS 

WHEN TAKEN RELATIVE TO Pu^^^ 

Fission Ratio 

Corrected 
Calculated Ratio 

Experimental Ratio 

M 235 

0.94 

u: 233 

Pu"^ Pu"^ 

0.99 

239 Pu' 

1.08 

±1-1-% 

Pu' 240 

1.00 
±2% 

U' •236 

Pu"9 Pu"9 

1.01 
±2% 

U 23B 

Pu"9 

1.02 
±2% 

5. DISCUSSION O F R E S U L T S 

E x a m i n a t i o n of T a b l e s II t h r o u g h IX l e a d s to the following 
o b s e r v a t i o n s : 

1. The m o s t i m p o r t a n t o b s e r v a t i o n i s t ha t t he a v e r a g e c a l c u l a t e d 
v a l u e s of the r e l a t i v e f i s s i o n r a t e s of Pu^^' , Pu^^^, U^^^, U^^*, and U^̂ ® a r e 
in good a g r e e m e n t wi th the e x p e r i m e n t a l v a l u e s , w h e r e a s t h o s e for U^^^ and 
U^^* a r e , r e s p e c t i v e l y , 6% low and 8% h igh . It shou ld be no t ed t h a t the 
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agreement with the threshold f issi le ma te r i a l s Pu^*°, U^^ ,̂ and U^̂ ^ is evi­
dent only when the cor rec t ion for inelast ic scat ter ing in the Kirn chamber 
walls is applied. In the case of U "̂'̂  this correc t ion reduces , but does not 
remove, the d iscrepancy between calculation and experixnent. 

2. The re la t ive values of the calculated and measu red U^'^yU^^^, 
U23yu23S^ and u^^yu^^^ fission ra t ios a re independent of the hardness of 
the spec t rum. There is some evidence that the rat io of calculated to 
m e a s u r e d Pu^^yU^^^ fission ra t io dec rease s as the spec t ra inc rease in 
ha rdness , but this may not be s ta t is t ical ly significant. There a re insuf­
ficient values of Pu^^y'^sss ^^^ u236^u^" fission ra t ios to look for any 
t rends with varying spec t ra . 

3. The sp read of individual values of the rat io of calculated and 
m e a s u r e d fission ra t ios (see the thi rd column of Table VIII) is about 
l|-% for Pu^3yu235 and U^^yu^^s^ ^^^ jg ^bout 3-|-% to 5% for the other 
r a t ios . The accurac ies of all the exper imental fission ra t ios , based solely 
upon counting s ta t i s t i c s , is 1% to 2%. 

The implicat ions of these observat ions a re , of course , entirely 
dependent upon the assumpt ions made about the accuracy of the fission 
chamber m e a s u r e m e n t s , and it mus t be emphasized that the only di rect 
cor robora t ive evidence for their accuracy is the agreement between 
•g-238y-Q235 j-atios m e a s u r e d with both Kirn and Miles chambers (see Appen­
dix II). Even he re the same techniques a re used in both cases so that the re 
is a possibi l i ty of an unknown sys temat ic e r r o r . However, the discussions 
in Section 2.4 did not show any good reasons for doubting the co r r ec tnes s 
of the m e a s u r e m e n t s (after allowance for inelast ic scat ter ing in the cham­
ber walls) , and we will therefore examine the observat ions in t e r m s of the 
assumption that the exper imenta l data a re valid. We will also t ry to show 
how any conclusions a re dependent upon the co r rec tness of the 
m e a s u r e m e n t s . 

We f i r s t consider observat ion 1: 

If the exper imenta l data a r e co r rec t , then the calculated re la t ive 
fission r a t e s of Pu^39^ Pu^^o^ ^233, U^^ ,̂ and U^̂ ^ a re co r rec t . Hence, as Pu"9 
and U^ a r e f issi le over the ent i re energy range, whereas the other i s o ­
topes have thresholds at th ree different energ ies , the s imples t conclusion 
is that the average values of the assumed fission c ros s sections of these 
five isotopes a r e fair ly accura te and also that the calculated spec t ra a r e 
not great ly in e r r o r . It then follows that the average values of the assumed 
fission c r o s s sections of U^^^ and U^^* a re , respect ively, 6% too low and 8% 
too high. It should be noted that it is possible that there a re considerable 
e r r o r s in both the fission c r o s s sections and the calculated spect ra , and 
that these fortuitously cancel to give the c o r r e c t react ion r a t e s , but this 
does not seem very probable, as the spec t ra in the 18 assembl ies a re de ­
te rmined by the nuclear p roper t i e s of a considerable number of i sotopes . 
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However, it mus t be r e m e m b e r e d that the threshold f iss i le ma te r i a l s only 
give information regarding the fractions of flux above and below the t h r e s h ­
olds, and thus they do not provide enough information to define neutron 
spec t ra accura te ly . In pa r t i cu la r , they cannot give information on the shape 
of the low-energy end of the spec t rum. 

Some further deductions regarding the accuracy of the calculated 
spec t r a a r e made below in the examination of observat ion 3. If some or 
all of the exper imenta l data a r e in e r r o r , then radica l ly different conclu­
sions can be derived from 1, Fo r example, we could accept the c o r r e c t ­
ness of the Pu^^', Pu^*°, U^^ ,̂ U^^ ,̂ and U '̂'̂  m e a s u r e m e n t s and also accept 
the above inferences regarding the accuracy of their fission c ros s sect ions 
and the r eac to r spec t ra ; then we could at tr ibute the d iscrepancies with U^^^ 
and U^^* to e r r o r s in the quantities of f issi le ma te r i a l in their respec t ive 
fission chamber s . If this were t rue , then all the calculated and m e a s u r e d 
fission ra t ios would be in fair agreement , but the evidence of the U^^yU^^^ 
m e a s u r e m e n t s with Kirn and Miles chambers does not support this hypoth-
esiSj and there is no r e a l evidence of i ts c o r r e c t n e s s . 

The agreenient between calculated and m e a s u r e d ra t e s for Pu^^', 
Pu^^°, U^^ ,̂ U^^ ,̂ and Û ®̂ is c i rcumstan t ia l evidence of the c o r r e c t n e s s of 
those exper imenta l m e a s u r e m e n t s , the fission c r o s s sect ions, and the ca l ­
culated spec t ra , but it is in teres t ing to speculate on the conclusions which 
would be reached if it we re found that the Pu^^' and U^̂ ^ fission chambers 
were incor rec t ly ca l ibra ted . Under these c i r cums tances , which a r e by no 
means incredible , it is possible that the calculated and m e a s u r e d fission 
ra t e s of U^^ ,̂ Pu^^', and U^^s ^ould be in agreement . If the data on the other 
f issi le m a t e r i a l s r emained unchanged, then one Avould possibly deduce that 
the calculated fission ra t e s of the threshold f iss i le m a t e r i a l s were in e r r o r 
due to incor rec t ly calculated spec t ra . 

Clear ly , t he re a r e considerable uncer ta in t ies if it is accepted that 
cer ta in of the fission chambers may not contain the anticipated quantity of 
f issi le ma te r i a l , and in terpre ta t ion of fission ra t io m e a s u r e m e n t s would be 
great ly simplified if the in te rca l ibra t ion of the fission chambers could be 
es tabl ished unambiguously. 

Next •we examine observat ion 2: 

This gives some information about the accurac ies of the assumed 
variat ions of the fission c ro s s sections with neutron energy since, if these 
a r e m e r r o r , the re la t ive values of the calculated and m e a s u r e d fission 
ra t ios will a l te r as the spec t rum is p rogress ive ly hardened or softened. 
Thus, the indications a re that the re a r e no g ro s s e r r o r s in the assumed 
var ia t ions of the U^^^, U '̂̂ *, U^^ ,̂ and Û ®̂ c ro s s sect ions , and that there 
is some evidence that the a s sumed var ia t ion for Pu^^' is slightly inco r rec t . 
These inferences a r e not dependent upon the c o r r e c t n e s s of the fission 
chamber m e a s u r e m e n t s , as the only likely source of e r r o r in these is in 
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thei r re la t ive sensi t iv i t ies and this would not affect the variat ions of fission 
ra t ios with changing spec t rum. It should be noted that ,s ince the differences 
in spec t r a in the assembl ies examined a re not very great , and since only 
average c r o s s sections a r e concerned, this type of examination will only 
revea l e r r o r s if these a r e l a rge . 

Final ly we consider observat ion 3: 

The s ta t i s t ica l accurac ies of all the measu red fission ra t ios a re 
about 1% to 2%. The same accuracy would be obtained in the ra t io of c a l ­
culated and m e a s u r e d ra t ios if there were no e r r o r s in the calculated data. 
In fact, we see that sp reads of 3-|-% to 5% are obtained with the ra t ios which 
include threshold f issi le m a t e r i a l s , and this indicates that there a re unce r ­
taint ies of this o rder in the calculated fractions of the fluxes lying above the 
threshold energ ies . The uncer ta in t ies a r e at tr ibuted to spect ra , r a ther than 
c r o s s sec t ions , as the l a t t e r a r e fairly flat above the threshold energ ies . 

The u^syu^ss and P u ^ ^ / u ^ " ^^^^ ^^jy exhibit the experimental un­
cer ta inty of about l-|-% because they a r e ra ther insensit ive to e r r o r s in 
spec t rum. 

6. SUMMARY OF CONCLUSIONS AND POSSIBLE FUTURE WORK 

This study shows that, when the measu red data for threshold f issi le 
m a t e r i a l s a r e co r rec t ed for the effects of inelast ic scat ter ing in the fission 
chamber wal ls , calculated and m e a s u r e d fission r a t e s for a number of i s o ­
topes a re in fair agreement . 

The re la t ive fission ra t e s of Pu^^? ^nd U^̂ ^ can be calculated to 
about ± l-i% and those of Pu^^*', U^^ ,̂ and U^̂ ^ re la t ive to either Pu^^' or 
U^̂ ^ can be calculated to about ±3-i% to ±5%. The l a rge r uncertainty with 
the threshold isotopes is probably due to uncer ta int ies of the o rde r of ±5% 
in the calculated fract ion of flux above the threshold energ ies . 

The calculated fission ra t e s of U^^^ and U^^*, however, a re about 
6% low and 8% high, respect ive ly , re la t ive to those of the other five isotopes . 

If the m e a s u r e m e n t s a r e all valid, it appears that the calculated 
spec t r a a re moderate ly c o r r e c t and that the assumed fission c ro s s sections 
of Pu239, Pu^^'', U233̂  U236̂  ^^^ ^ " ^ a r e fairly accura te . The assumed f i s ­
sion c r o s s sections of U^^^ and Û "̂* would then be in e r r o r , being 6% low 
and 8% high, respect ive ly . However, the co r r ec tnes s of these conclusions 
depends strongly upon the accuracy of the fission chamber me a s u re men t s , 
and, although the design and manufacture of the fission chambers a re such 
that the m e a s u r e m e n t s should be good, there is l i t t le independent evidence 
for their accuracy. 
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The discussion in Section 5 shows that the d iscrepancies with U^^^ 
and U^^* could be due to er roneous in terca l ibra t ion of the U^^^ and U^^* 
chambers re la t ive to the o the rs . Also, this discussion indicates that quite 
different conclusions could be reached if the U^̂ ^ and Pu^^' chamber m e a s ­
u rements were in e r r o r . 

Clear ly , it is impor tant to be cer ta in of the in terca l ibra t ion of the 
fission chambers , and it would be par t i cu la r ly useful if an independent 
cal ibrat ion could be made . A possible technique with the chambers which 
contain thermal ly f iss i le m a t e r i a l might be the construct ion of Kirn- type 
chambers whose overa l l efficiencies could be checked by counting in a 
t he rma l flux. 

Additional exper iments with thick- and thin-walled chambers with 
a var ie ty of f iss i le m a t e r i a l s in a number of a s sembl ies would also be 
valuable in o rde r to es tabl ish the magnitude of the effects of inelast ic 
sca t ter ing m o r e accura te ly . 
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A P P E N D I X I 

P e r t u r b a t i o n of F i s s i o n R a t i o s by F i s s i o n C h a m b e r s 
and S tee l She l l s 

A. M e a s u r e m e n t s in Z P R - I I I A s s e m b l i e s 35(7) and 38(8) 

T h e s e m e a s u r e m e n t s i n v e s t i g a t e d both the effect of c h a m b e r wal l 
t h i c k n e s s and the effect of adding an e x t r a 3-in. l eng th of cab le beh ind the 
c h a m b e r . K i r n and M i l e s HWC and TWC c h a m b e r s w e r e u s e d ( see F i g . 1 
for d e t a i l s of t h e s e c h a m b e r s ) . R e s u l t s a r e g iven in the fol lowing t a b l e : 

E x p e r i m e n t E x t r a 3 in. 
N u m b e r A s s e m b l y C h a m b e r of Cab le F i s s i o n Ra t io 

1 
2 
3 
4 
5 
6 
7 
8 
9 

35 
35 
35 
38 
38 
38 
38 
38 
38 

TWC 
TWC 
HWC 
K i r n 
K i r n 
K i r n 
K i r n 
HWC 
TWC 

No 
Y e s 
No 
No 
Y e s 
No 
Y e s 
No 
No 

U238/u235 

U238/u235 
U238/u235 
U238/U235 
U238/u235 
U23yu235 
U23yu235 

U238/u235 
U238/u235 

0.0314 ± 
0.0309 ± 
0.0290 ± 
0.0308 ± 
0.0308 ± 
0.268 ± 
0.264 ± 
0.0312 ± 
0.0335 ± 

0.0002 
0.0002 
0.0003 
0.0003 
0.0003 
0.003 
0.003 
0 .0003 
0.0003 

C o m p a r i s o n of e x p e r i i n e n t s 1 wi th 2, 4 wi th 5, and 6 wi th 7 g i v e s the effect 
of adding e x t r a cab le (and h e n c e g i v e s the effect of the cab le a l r e a d y p r e s ­
en t ) . It can b e s e e n tha t t h e r e i s no e v i d e n c e tha t the cab le af fects e i t h e r 
the U ^ y u 2 3 5 or the Jj^^^/jj^^^ f i s s i o n r a t i o s . 

C o m p a r i s o n of 1 wi th 3 and of 8 wi th 9 g i v e s the effect of the c h a m ­
b e r w a l l s on the U ^ y U ^ ^ r a t i o . It c an b e s e e n t h a t t h e r e i s a 8.3% ± 1.0% 
effect in Assem.bly 35 and a 7.4% ± 1.5% effect in A s s e m b l y 38. We conc lude 
t h a t t he c h a m b e r w a l l s a l t e r t he " g ^ y u ^ ^ f i s s i on r a t i o by 8% in both a s s e m ­
b l i e s . T h i s s u p p o r t s the c a l c u l a t i o n s in Sec t ion C of the Append ix , which 
i n d i c a t e t ha t the effect of an i r o n she l l on f i s s i o n r a t i o s i s f a i r l y i ndependen t 
of the c o m p o s i t i o n of the r e a c t o r "core, 

B . M e a s u r e m e n t s in A F S R w ) 

M e a s u r e m e n t s w e r e m a d e in the g r a z i n g ho le of AFSR, t h i s ho le 
b e i n g j u s t o u t s i d e the r e a c t o r c o r e . The e x p e r i m e n t s c o n s i s t e d of m e a s ­
u r i n g the effect of p l a c i n g t h i c k - w a l l e d s t e e l c y l i n d e r s a r o u n d U^^yU^^ , 
U23yu235^ and Pu^^yu^^s f i s s i o n c h a m b e r p a i r s . 
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The c h a m b e r s w e r e c y l i n d r i c a l with an OD of about 1 c m and an 
ac t i ve l eng th of about 3 c m , and the s t e e l c y l i n d e r s w e r e of 1 .23 -cm ID 
and 2 . 5 - c m OD ( i . e . , 0 . 6 3 5 - c m wal l t h i c k n e s s ) . The r e s u l t s w e r e a s 
fo l lows : 

F i s s i o n P e r c e n t a g e Change on 
Ra t io Adding the S tee l C y l i n d e r 

U238^U235 _4_2 ± 0 . 5 
U23yu235 _2.6 + 0 . 5 
Pu23yu235 0.0 ± 0.2 

T h e n e g a t i v e s i g n i n d i c a t e s t h a t a f i s s i o n r a t i o d e c r e a s e s o n a d d i ­
t i o n of t h e s t e e l c y l i n d e r . 

T h e m a g n i t u d e of t h e c h a n g e i n t h e x j ^ y u ^ ^ ^ r a t i o i n t h e s e e x p e r i ­
m e n t s i s a b o u t h a l f t h a t f o u n d i n t h e Z P R - I I I e x p e r i m e n t s ( s e e S e c t i o n A 
of t h i s A p p e n d i x ) , b u t t h i s i s q u i t e r e a s o n a b l e , a s t h e c o n d i t i o n s of t h e t w o 
e x p e r i m e n t s a r e g r o s s l y d i f f e r e n t . T h e s i g n of t h e c h a n g e i s of c o u r s e t h e 
s a m e . 

C . D S N C a l c u l a t i o n s f o r A s s e m b l i e s 1 4 , 2 5 , a n d 32 

A l l t h e s e c a l c u l a t i o n s w e r e c a r r i e d o u t w i t h t h e Y i f t a h , O k r e n t , a n d 
M o l d a u e r A N L Se t 1 3 5 , t h e D S N n e u t r o n t r a n s p o r t c o d e b e i n g u s e d . 

In e a c h c a s e , t w o c a l c u l a t i o n s w e r e p e r f o r m e d : (a) w i t h a 2 . 0 5 8 - c m -
r a d i u s v o i d a t t h e c o r e c e n t e r , a n d (b) w i t h a 1 . 7 0 8 - c m v o i d a n d a n i r o n 
s h e l l of 1 . 7 0 8 - c m i n n e r r a d i u s a n d 2 . 0 5 8 - c m o u t e r r a d i u s ( i . e . , 0 . 3 5 - c m 
w a l l t h i c k n e s s ) a t t h e c o r e c e n t e r . F r o m t h e s e t w o c a l c u l a t i o n s t h e c e n t r a l 
s p e c t r a a n d c e n t r a l f i s s i o n c r o s s s e c t i o n s a n d r a t i o s w e r e o b t a i n e d , t h u s 
o b t a i n i n g t h e c h a n g e i n f i s s i o n r a t i o s d u e t o a d d i t i o n of t h e i r o n s h e l l . 

T h e t h r e e A s s e m b l i e s 14 , 2 5 , a n d 32 w e r e c h o s e n f o r t h e s e c a l c u ­
l a t i o n s s o t h a t t h e r e i s a c o n s i d e r a b l e v a r i a t i o n of c o r e c o m p o s i t i o n a n d of 
h a r d n e s s of s p e c t r u m . A l l t h r e e a s s e m b l i e s w e r e e x a m i n e d w i t h t h e s a m e 
m e s h a t t h e c o r e c e n t e r a n d t h e S4 a p p r o x i m a t i o n ; in a d d i t i o n , t h e A s s e m ­
b l y 32 c a l c u l a t i o n w a s r e p e a t e d w i t h a f i n e r m e s h a n d t h e S8 a p p r o x i m a t i o n . 

T h e c o r e c o m p o s i t i o n a n d r e s u l t s of t h e c a l c u l a t i o n s a r e g i v e n i n 
T a b l e s I a n d I I . 

T a b l e I 

R E A C T O R DIMENSIONS AND COMPOSITIONS 

C o r e C o m p o s i t i o n (v/o) 
O u t e r C o r e O u t e r B l a n k e t 

A s s e m b l y R a d i u s (cm) R a d i u s (cm) U ^ ' U'^^ F e 

14 25.9 55.9 0.0938 0.0070 0.0922 0.6392 
25 48 .0 88.0 0.0717 0.7417 0.0928 
32 32.0 62.0 0.0926 0.0066 0.8100 



Table II 

CALCULATED PERCENTAGE CHANGES IN CENTRAL FISSION 
CROSS SECTIONS AND FISSION RATIOS DUE TO THE 

ADDITION OF A 0.35-cm WALL IRON SHELL 

P a r a m e t e r 

afU^^s 

a^U233 

OfPu^S? 

gfPu24° 

OfU^^^ 

Of U^^^ 

a^U^ss 

afU^33 

Of U^^^ 

afPu239 

afU235 

CTfPu2« 
qXj23S 

afU224 

Q.̂ XJ235 

^XJ235 

A s s e m b l y 14 
(S4) 

+ 0 . 1 6 

+ 0 . 1 9 

+ 0 . 0 1 

- 0 . 8 3 

- 0 . 7 8 

- 1 . 5 6 

- 2 . 1 9 

+ 0 . 0 3 

- 0 . 1 5 

- 0 , 9 9 

- 0 , 9 4 

- 1 . 7 2 

- 2 , 3 4 

A s s e n a b l y 25 
(S4) 

+ 0 . 2 0 

+ 0 . 1 9 

+ 0 . 0 2 

- 0 . 9 2 

- 0 . 8 5 

- 1 . 6 2 

- 2 . 1 7 

- 0 . 0 1 

- 0 . 1 8 

- 1 . 1 2 

- 1 . 0 5 

- 1 . 8 2 

- 2 . 3 7 

A s s e m b l y 32 
(S4) 

+ 0 . 1 4 

+ 0 . 1 5 

- 0 . 0 1 

- 0 . 8 7 

- 0 . 8 0 

- 1 . 6 0 

- 2 . 2 5 

+ 0 . 0 2 

- 0 . 1 5 

- 1 . 0 1 

- 0 . 9 4 

- 1 . 7 3 

- 2 . 3 8 

A s s e m b l y 32 
(S8) 

+ 0 . 1 4 

+ 0 . 1 5 

- 0 . 0 1 

- 0 . 8 7 

- 0 . 8 0 

- 1 . 6 0 

- 2 . 2 5 

+ 0 . 0 2 

- 0 . 1 5 

- 1 . 0 1 

- 0 . 9 4 

- 1 . 7 3 

- 2 . 3 8 

NOTE: A posit ive sign indicates an inc rease on addition of the iron 
shell . 

The data given in Table II show that the calculated changes in 
average fission c ro s s sect ions and fission ra t ios a r e comparat ively insensi­
tive to the r e a c t o r core cons idered or to the o rde r of the Sn calculation. It 
therefore appears justifiable to a s sume that the cor rec t ion to a m e a s u r e d 
fission ra t io for the effects of the chamber wall is the same for all the 
ZPR-II I Assembl i e s , 

The differences between the magnitude of the calculated changes 
and those m e a s u r e d in ZPR-III (see Section A, Appendix I) is to be ex­
pected, as the geomet r ies and wall thickness differ considerably. 
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APPENDIX II 

Exper imenta l Evidence for the Validity of 
F i ss ion Chamber Measurements 

A, In te rcompar i son of Kirn U^^^ Chambers 4 and 5 

Assumed U m a s s in Chamber 4 802 /igm 

Assumed U m a s s in Chamber 5 804 /igm 

The chambers were manufactured with use of the same uranium 
solution. The u ran ium was 93.41 w/o U^^ ,̂ 5.52 w/o U^^ ,̂ and 1.07 w / o U^^ .̂ 

Expected Ratio of Count R a t e s , - - ----7 = 0.998. 
b o u 4 

Measured Ratio of Count Rates as follows: 

ZPR-II I Assembly 30 1,001 + 0 . 0 0 5 
ZPR-II I Assembly 31 0,981 1 0 . 0 0 5 
ZPR-II I Assembly 31 1.017 ± 0 . 0 0 5 
ZPR-II I Assembly 34 0.989 ± 0.005 
Mean Measured Ratio = 0.997 + 0.008 

Thus the re is excellent agreement between the measured re la t ive count 
r a t e s and those predic ted on the bas i s of the ixiass of uranium deposited. 

B. xj^^yu^^^ F i s s ion Ratios Measured with Kirn and Miles Chambers 

The Kirn and Miles cha,mbers were manufactured by different 
people using different appara tus and uran ium solutions of different isotopic 
composit ion. Some y e a r s also lapsed between the manufacture of the two 
types. The xj^^yu^^^ ra t io m e a s u r e d with the Kirn chambers should, how­
ever , be closely s imi la r to that m e a s u r e d with the Miles Heavy Wall 
Chambers (HWC). F igu re 1 shows the s imi lar i ty of Kirn and HWC. 

Xj238/xj2S5 F i s s ion Ratio 

Kirn Miles HWC 

Assembly 35 0.0296 ± 0.0003 0,0290 ± 0.0003 
Assembly 38 0.0308 + 0.0003 0.0312 ± 0.0003 

The e r r o r s a r e one s tandard deviation, and hence it can be seen 
that the Kirn and Miles HWC give identical r e su l t s . It therefore seems 
probable that the m e a s u r e d ra t ios a r e co r r ec t . 
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APPENDIX i n 

Group F i s s ion Cross Sections for U^̂ ^ and U^̂ ^ (ANL Set 179) 

Group af U224 (b) af U236 (b) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

1.50 
1.47 
1.41 
1.20 
0.793 
0.290 
0.059 
0.029 

0.98 
0.91 
0.73 
0.41 
0,035 
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APPENDIX IV 

Centra l Spectra and Fiss ion Ratios 

Assembly 

Group 10 11 12 14 16 17 20 23 24 25 29 30 31 32 33 34 35 36 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

0.024 

0.041 

0.065 

0.121 

0.204 

0.207 

0.147 

0.098 

0.046 

0.034 

0.007 

0.005 

0.001 

0.020 

0.034 

0.053 

0.109 

0.199 

0.212 

0.157 

0.108 

0.048 

0.043 

0.008 

0.007 

0.002 

0.026 

0.048 

0.073 

0.112 

0.156 

0.155 

0.130 

0.102 

0.074 

0.057 

0.030 

0.020 

0.010 

0.004 

0.002 

0.001 

0.036 

0.074 

0.112 

0.118 

0.U8 

0.108 

0.096 

0.080 

0.072 

0.058 

0.041 

0.032 

0.022 

0.014 

0.011 

0.008 

0.023 

0.041 

0.064 

0.111 

0.173 

0.177 

0.143 

0.107 

0.067 

0.052 

0.021 

0.013 

0.005 

0.002 

0.001 

0.030 

0.057 

0.086 

0.114 

0.140 

0.134 

0.117 

0.094 

0.076 

0.059 

0.037 

0.026 

0.015 

0.008 

0.005 

0.002 

0.020 

0.038 

0.065 

0.111 

0.169 

0.185 

0.151 

0.107 

0.071 

0.053 

0.016 

0.011 

0.002 

0.001 

0.036 

0.072 

0.112 

0.144 

0.162 

0.156 

0.120 

0.080 

0.062 

0.038 

0.011 

0.006 

0.001 

Central Spectra 

0.017 

0.029 

0.046 

0.099 

0.193 

0.214 

0.163 

0.116 

0.052 

0.050 

0.010 

0.009 

0.002 

0.016 

0.028 

0.044 

0.097 

0.191 

0.214 

0.164 

0.118 

0.054 

0.052 

0.011 

0.009 

0.002 

0.019 

0.039 

0.066 

0.100 

0.141 

0.146 

0.140 

0.108 

0.087 

0.072 

0.033 

0.028 

0.011 

0.005 

0.004 

0.001 

Average Central Cross Sections (b! 

crfU235 1.399 1.420 1.537 1.701 1.480 1.596 1.462 1.411 1.438 1.443 1.591 1.497 1.450 1.431 1.424 1.582 1.595 1.414 

crfU233 2.219 2.253 2.379 2.553 2.317 2.444 2.296 2.200 2.281 2.288 2.455 2.333 2.274 2.255 2.242 2.445 2.465 2.240 

0-fPu239 1.765 1.763 1.815 1.909 1.788 1.846 1.779 1.796 1.763 1.763 1.825 1.797 1.784 1.780 1.782 1.824 1.827 1.767 

(TfPu240 0.5759 0.5202 0.5435 0.6324 0.5295 0.5711 0.5203 0.7089 0.4784 0.4678 0.4776 0.5417 0.5711 0.5866 0.6076 0.4924 0.4602 0.5529 

o-fU^^t 0.5664 0.5172 0.5262 0.5952 0.5183 0.5464 0.5104 0.6737 0.4799 0.4702 0.4644 0.5253 0.5547 0.5712 0.5889 0.4788 0.4516 0.5488 

o-fU236 0.1650 0.1409 0.1738 0.2369 0.1581 0.1957 0.1531 0.2473 0.1240 0.1197 0 .M2 0.1684 0.1743 0.1724 0.1857 0.1502 0.1365 0.1588 

O-jli^^ 0.0692 0.0573 0.0778 0.1159 0.0680 0.0911 0.0649 0.1154 0.0494 0.0473 0.0650 0.0738 0.0750 0.0728 0.0804 0.0644 0.0586 0.0671 

Central Fission Ratios 

-VA 
AM 
AM 
A/A 
AM 
AM 

1.587 

1.262 

0.412 

0.405 

0.118 

0.0495 

1.587 

1.242 

0.366 

0.364 

0.0992 

0.0404 

1.548 

1.181 

0.354 

0.342 

0.113 

0.0506 

1.501 

1.122 

0.372 

0.350 

0.139 

0.0681 

1.566 

1.208 

0.358 

0.350 

0.107 

0.0460 

1.532 

1.156 

0.358 

0.342 

0.123 

0.0571 

1.571 

1.217 

0.356 

0.349 

0.105 

0.0444 

1.559 

1.273 

0.502 

0.477 

0.175 

0.0818 

1.586 

1.226 

0.333 

0.334 

0.0862 

0.0343 

1.586 

1.222 

0.324 

0.326 

0.0830 

0.0328 

1.543 

1.147 

0.300 

0.292 

0.0931 

0.0409 

1.559 

1.201 

0.362 

0.351 

0.112 

0.0493 

1.569 

1.231 

0.394 

0.383 

0.120 

0.0517 

1.576 

1.244 

0.410 

0.399 

0.120 

0.0509 

1.574 

1.251 

0.427 

0.414 

0.130 

0.0565 

1.545 

1.153 

0.311 

0.303 

0.0949 

0.0407 

1.545 

1.145 

0.288 

0.283 

0.0856 

0.0367 

1.584 

1.250 

0.391 

0.385 

0.112 

0.0475 

0.021 

0.044 

0.076 

0.114 

0.160 

0.162 

0.141 

0.102 

0.076 

0.057 

0.022 

0.017 

0.005 

0.002 

0.001 

0.022 

0.044 

0.077 

0.123 

0.174 

0.179 

0.139 

0.096 

0.068 

0.049 

0.015 

0.011 

0.002 

0.001 

0.019 

0.041 

0.(B0 

0.125 

0.195 

0.187 

0.137 

0.092 

0.062 

0.037 

0.011 

0.009 

0.003 

o.roi 

0.001 

0.021 

0.046 

0.088 

0.128 

0.186 

0.186 

0.135 

0.092 

0.061 

0.034 

0.011 

O.O08 

0.002 

0.001 

0.001 

0.018 

0.038 

0.067 

0.107 

0.148 

0.155 

0.132 

0.102 

0.082 

0.069 

0.033 

0.028 

0.011 

0.005 

0.004 

0.001 

0.015 

0.033 

0.065 

0.096 

0.143 

0.167 

0.146 

0.113 

0.084 

0.059 

0.027 

0.026 

0.011 

0.006 

0.006 

0.003 

0.023 

0.040 

0.063 

0.115 

0.193 

0.206 

0.151 

0.104 

0.050 

0.038 

0.009 

0.006 

0.002 




