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Abstract 
Integral neutron fission cross section ratios have been 
measured for Th232 /U238, U23S/U235 and U236/U235 in the 
neutron field produced by bombardment of a thick Be metal 
target with 23.2 MeV deuterons. Validation of Th232, U236, 
U23S fission cross sections in a high energy neutron con
tinuum spectrum is the object of this work. The neutron 
spectrum in the irradiation site has been obtained by un
folding of the neutron induced activity of eleven selected 
reactions. The average standard deviation between calcu
lated activities with SAND-II unfolding code and the ex
perimental input activities was E.5 У.. Calculated values of 
the fission cross section ratios were obtained from, the 
ENDF/B-y evaluated library of cross sections and the 
measured spectrum. These ratios were not sensitive <<0.7%) 
to quite different SAND-II input- spectra assumed in the low 
energy spec trum • range (0.5 to 2. MeV ). Analysis of error 
sources, errors propagation and their correlations was made 
and the correlation matrix of- the experimental results was 
calculated. The experimentai and calculated values obtained 
are consistent within the errors. Examination of the fis
sile ratios measured in other continuum neutron spectra 
shows a similar consistency in the spectrum produced by 7 
MeV deuterons on Be. However in Cf25E and thermal U235 
fission neutron spectra, a large discrepancy is found for 
Th23E . 

Introduction 
ThS32/U23B, U23B/US35 and U236/U235 fission cross section 

ratios are important for several reasons : 19- Th232, U238 , LJE36 
and U235 are used in neutron dosimetry applications for both fis
sion and fusion technology. 29- Dosimetry applications for neutron 
fields in radioisotope-production cyclotrons. 39- Th232 or U23S may 
be a constituent of the blanket of fission, fusion and accelerator 
breeder systems. 

These integral cross sections have been measured in a CfE5E 
fission neutron spec trum1 , in the U235 -fission spectrum produced by 
thermal neutrons0'3 and in the neutron spectrum producea by 7 MeV 
deuterons impinging on a beryllium target**. The average neutron 
energy of these spec.tra ranges from ~ £ to 2.В MeV. However in- the 
high neutron energy range these cress sections have not been 
val.ida ted . 

The object of this work is the val i-;;.t'ion of Th232, UE3S, UE36 
and U235 fission cro.es section in the !-.:i--jh energy neutron spectrum 
produced by 23.E MeV deuterons in a trie!: beryllium target. 

http://spec.tr
http://cro.es


In a: previous work3 we? have- measured the integral fission cross 
section ratios of Th232 to U238 by two independent techniques in a 
fission spectrum produced by thermal neutrons in U235. These tech
niques were fission chamber and solid state nuclear track detection 
of fission fragments. The excellent agreement obtained between the 
two techniques for the fission cross section ratio (<1У.) and the 
agreement of the SSNTD optical efficiency measured by us (0.991) 
with the careful measurement made by J.H. Roberts et al.s (0.988), 
shows that the. SSNTD technique can be used instead of fission cham
ber detec tion. 

SSNTD packets (electroplated fission deposits plus mica track 
detectors) were irradiated to measure the fission ratios. Activa
tion foil packets were used to obtain the neutron spectrum shape by 
unfolding technique. The SSNTD packet .and the foil, activation 
packet can be irradiated together and ensure a better, space resolu
tion (a few mm). 

The unfolded neutron spectrum was used to calculate the in
tegral, fission cross section ratios from, the evaluated differential 
cross sections. 

Irradiation Site and Experimental Set-up . 
Experiments.were made at the tandar accelerator.of the CNEA in 

a specially ipuilt neutron shielded facility,. " 1.5 x 2 m room, 2 m 
concrete shield .on all side. The target was built with.two metallic 
1.5 mm thick beryllium plates. The -• deuteron beam impinged on a 1 mm 
diameter spot. The target was-refrigerated with freon.. The deuteron 
beam energy was 23.2 MeV and the' maximum current .was.e.xpec ted to be 
"- 1 uA. The detectors were placed at' W\ . mm. from the beam spot in 
the Be ..target at. approximately 0- degree. The experimental set-up is 
.shown in fig . 1 .. 

accelerator tube 

deuteron beam 

brass collimator 
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irpuntiriC frame 

F i g . . 1 . . I r r a d i a t i o n S i t e .and E x p e r i m e n t a l " S e t - u p 

Three types, o f i r r a d i a t i o n were made :•' : 

a ) . S h o r t i r r a d i a t i o n s . ( l ' 2 " t o 30 m i n u t e s ) a t l'öw beam c u r r e n t 
(~50 nA) f o r ' f i s s i o n . r a t i o measurement's. U235, U236 enr ' i ched U 
X,UENR,UEN6> , d e p l e t e d U (UDEP),. n a t u r a l . L ] (UNAT) and fh23E (TH) 

. e l e c t r o p l a t e d d e p o s i t s ' and mica t r a c k d e t e c t o r s were ' c l o s e l y packed 
i n SSNTD s t a c k s . .The mica SSNTD d e t e c t o r s were e t c h e d and the f i s -



sion tracks counted to .determine the. fission ratios'. A cadmium 
shield behind the irradiated - stack was used to eliminate low energy 
neutrons back" scattered by the room walls. 

b) Long activation irradiation at about 1 uA for spectrum un
folding. An 11 foils activation stack rapped in thin aluminum paper 
was used. Two runs of 24.7 h and 34.6 h irradiation • time were' made. 
Correction for not constant flux was made," taken ' in to'account the 
deuteron current variation and reaction half lives. The current was 
obtained from the faraday cup of the accelerator tube. 

c) Irradiation of In, U235 and UE38 with and without a cadmium 
shield behind the samples, to determine the correction for thermal 
neutrons activation in n ,*" spectrum unfolding reactions measure-
men ts. . 

In irradiations' -type a) and b) both stacks were irradiated 
together, even if only one stack was counted, to have exactly the 
same spectrum. "' " • 

Neutron Spectrum. -
The neutron spectrum from E3.E Mev" deuteron bombardment on a 

thic,k Be target has been investigated by Lone et al.A with TOF 
techniques and provides a reasonable input spectrum guess for 
SAND-II unfolding code. This spectrum is referenced ,as Lonel 
.throughout this,work. 

All measurements were normalized to the stack back and to l/£" 
diameter. So the unfolded spectrum is the 'effective' spectrum at 
irradiation .location (4.1 cm from the Be target and averaged from 0 
to B.S degrees) and.includes any possible perturbation due to ab
sorption' and'scatteririg in the refrigeratibn system and the stack. 

The f lux\ distribution inside, the activation , and SSNTD stacks 
was determined >.by measuring the NaE4 activity, of ' A1E7 (n , a )reaction 
in aluminum ' foils intercalated between the stacks foils. From Q-
"spline smoothing" of the NaE4 activity distribution, the flux in 
each foil was determined.•The ratios of the flux in the back of the 
stack to 'the foils flux, f Geo, were used" to normalize all ac
tivities to the same position'. ft 1/rB fitting of the Na£4 distribu
tion was also tried and " shows no significant difference in the 
normalization factors ,fGep , obtained. From fitting of two runs the 
back of the stack to the Be target distance, d'= 40.В ±1*/* mm, was 
obtained. The "angu lar or radial flux, determined " by' counting the 
.radial' fission distribution in a UENR foil J' shows that the stack 
was correctly centered . This distribution 'was used to calculate 
the correction factor for different foil diameter, fDiam." The an
gular distribu'tion agrees within the errors .with' that reported by 
Lone et al*. ' ' fDiam differs '0.5/4 if it is calculated with Lone et 
al. angular distribution. 

> - 1 • i • • i ,• 

i ' '• -

Neu tVon Spec trum Unf о Id ind ' 
Activation Data Reduction " ' ' 

The reactions se lee ted 'in order to cover a large energy range, 
0.3 to 23 MeV,,',are' listed in Table- 1 : Cu65<n,p)Ni65, InllS 
(n ,'n ' )Inll5m, Ai27(n,a)Na24, Zr9,0 (n ,En )ZrB9 , , Aul97 <n ,En )Aul96 , 
Nb93(n ,2n )Nb92m, Co59 (n ,£n >Co5B , Ni58 (n , p >Co53 ,'' Mn55 (n ,£n Жп54 and 
Fe54(n,p )Mn54 . A preliminary evaluation Df expected activity and 
energy sensitivity, range of each reaction _.with Lonel spectrum, as 
well as а careful" stu'dy of decay schemes'7' and "activities from other 
-isotopes in • the sample, were made. 

The activities were measured in a 20*/* reverse HP-Бе diode and a 
409is MCA and transferred to an"IBM compatible PC to obtain the in-



f i n i t e 4 i l u 
In s h o r 

f i c i e n c y in 
fSum, «1У. 
a l .4> fo rmal 
beam in ten 
a b s o r p t i o n 
<pho ton lc a 
l i z a t i o n t o 
t i o n s , due 
t i o n f o r s i 

t i o n s a t u r a t e d a c t i v i t i e s , Am-Exp. 
t , t h e f o l l o w i n g c o r r e c t i o n s were a p p l i e d : 1) r a y e f -

t h e Ge d i o d e , E f f . 2 ) 'True c o i n c i d e n c e s summing-up1 3 , 
a t 10cm from t h e d i o d e , was c a l c u l a t e d w i t h Andreev e t 

ism n e g l e c t i n g a n g u l a r c o r r e l a t i o n 1 0 . 3 ) C o r r e c t i o n fo r 
s i t y v a r i a t i o n s d u r i n g . i r r a d i a t i o n . 4) fG, s e l f -
ln t h e sample (!•-£%), assuming e x p o n e n t i a l a p p r o x i m a t i o n 
b s o r p t i o n c o e f f i c i e n t s from S h i r ley"* ) . ~ 5 ) fGeo, norma-

t h e back s t a c k f l u x . 6̂ ) -4.6У. c o r r e c t i o n in go ld r e a c - " 
t o d i f f e r e n t fo»il d i a m e t e r (1cm) , fDiam. 7 ) - I S ' / carrec-
ow n e u t r o n a c t i v a t i o n in Aul97(n,}f) АиД98 ,r,eac t i o n , f n . 

T a b l e 1 . A c t i v a t i o n R e a c t i o n s 

R e a c t i o n 

C u 6 5 ( n , p ) N i 6 5 
Cu65(n ,p) !Mi65 

I n i l f 5 < r ) , n ' ' > I n i l 5 m 
A l S 7 ( n , ö ) N a E ^ 

A u l 9 7 ( n , )Au l98 
Z r 9 0 ( n , 2 n ) Z r 8 9 

A u l 9 7 ( n , E n ) A u l 9 6 
A u l 9 7 ( n , 2 n ) ' A u l 9 6 
t Nb93(n,2n)Nb92m 
Co59<n„En >Co58 
N i 5 8 ( n , p ) C o 5 8 
Mn55<n,2n)Mn54 
Fe54(n ,p )Mn54 

fG = gamma "se l f -

H a l f ' 
L i f e 

2 .52q0h 
* 
4 .4860h 
lS.OEOh 
E.6935d 
3.E680d 
6 .1830d 

t 

lO . ISOd 
70 .916d 
70 .916d 
312.2o*d 
312 .20d 

Energy 
(KeV) 

1-481 .9 
~i i l5.6 t 

3 u 6 • 3 
1 3 6 8 . 6 

' A l l .8 
909 ,.2 
n e e ; / 

3 3 E . 9 , 
934 .5 
v8fO.B ' 
810 .8 ' 
834 \B 
834' ..8 

- a b s o r p t i o n x q r r e c 
fSum = t r u e c o i n c i d e n c e s summing-up 
E f f . = e f f i c i e n c y a t 10 cm f o i l t o 

and Gamma C o r r e c t : 

Branch 

0.E350 
0.148<> 
0 .4590 
0 .9999 
0 .9550 
0 .9914 
0.87 'Ю 
0'.229O 
0.99( Ю 
0 .9950 

! 0 .9950 
0 .9998 
0 .9998 

: t i o n f a c 
i c o r r e t t 
d e t e c t o r 

™ , 

0 .994 . 
0 . 993 
0 .994 
0 .999 
0 .987 
0 .988 ' 
0 .983 
0 .983 , 
0 .974 . 
0 .996 
0 .992 , ( 
0 . 9 9 Г ' 
0^998 

t o r ' 
i o n f a c t o i 
d i s t a n c e 

Lon F a c t o r s 

fSum v 

0 .999 
1 .004 
1 .00O 
1 .003 
i... ooo 
i ,oi£ 
1..014 
1 .'019' 
1 . '0"7 
1 .008 
1.008 ' 

, 1 .r00'o 
1 .000, 

- 1 

E f f . 
> i n » 

1 .120 
»1 .430 
4.15'.) 
1 .147 
3 .440 
1 .673 
3.9()9 
4 .163 
1 .624 
1 .796 

1 1.796 
1.750 

'" 1 .750 

In Eff t h e r e i s 2 *A e r r o r from t h e u n c e r t a i n t y in t h e c a l i b r a 
t i o n s o u r c e = i n t e n s i t y p l u s 0 . 5 У. in t h e e f f i c i e n c y d ' e t e r m . m a t i o n . 
In a l l c a s e s c o u n t i n g s t a t i s t i c s was a round 0.1У. and t h e s t a n d a r d 
d e v i a t i o n b e l l o w 0 . 5 %. , E x t r a p o l a t i o n and s a t u r a t i o n c a l c u l a t i o n s 
e r r o r s due t o h a l f l i f e u n c e r t a i n t i e s were a lways n e g l i g i b l e . The 
e r r o r "due t o У r a y b r a n c h i n g , amounts t o VA in 356 teV Aul96 
photopeal- and я 2% m t h e 1115 and 1481 keV Ni65 p h o t o p e a l . s . fG 
and fSum e r r o r s were assumed t o be e q u a l t o h a l f t h e c o n » - t i o n . 
The r e l a t i v e e r r o r in fGeo was e s t i m a t e d between 0.2% a n d ' u . '/. a c 
c o r d i n g t o f o i l l o c a t i o n in t h e stacl^ . For go ld r e a c t i o n s t h e e r r o r 
a r i s e n from fDiam i s 0.5У» and in t h e Aul97 ( n , X" ) r e a c t i o n t h e e r r o r 
from fn i s 2У.. These e r r o r s added m q u a d r a t u r e amount t o ЗУ». 

Two a c t i v a t i o n r u n s were made, n o r m a l i z e d t o t h e same i r r a d i a -
f l u ) and a v e r a g e d . The a v e r a g e d a c t i v i t i e s s t a n d a r d d e v i a t i o n 

. 6 2 4 . The a v e r a g e d s a t u r a -tied t measured a c t i v i t i e s per a tom, Ae>-
were used a s i n p u t дп t h e u n f o l d i n g code SAND-FI t o g e t t h e 

tion 
is О 
E> p. 
neutron spectrum (Table 2). 
U n f o l d i n g 

SAND-II c o d e 1 1 , 1 B was used t o d e t e r m i n e t h e b e s t f i t n e u t r o n 
s p e c t r u m from t h e s e t of t h e 11 i n f i n i t e d i l u t e d - . s a t u r a t e d measured 
a c t i v i t i e s . SAND-II c a p a b i l i t y t o ojstaan a c o r r e c t , spec t rum 
d e p e n d s on t h e c r o s s . s e c t i o n s d a t a and a r e a s o n a b l e g u e s s of t h e 



trial input SDectrum. ? ? 
Most cross section oaia up to £0 MeV with 5 to 10 % uncer

tainty, was taken from Manokhm et а1. 1 Э, these cross sections data 
are known with 5 to 10*/« uncertainty. Mn54 (n ,£n) , Aul97(n,£n), 
Fe54<n,p> and Ni58 <n,p) cross sections up to £0 MeV are the recom
mended values of Zhao Wenrong et al1**. The n,£n reactions of Aul97, 
Co59, Nb93 and Zr90 as well as the n,p reactions of Fe54 and Ni5S, 
from £0 up to 30 MeV are from GreenWood1^and normalized to be con
sistent with those up to £0 MeV. The Cu65<n,p)Ni65 reaction was 
renormalized taken into account the latest quoted cross sections^. 

The neutron spectrum from £3.£ MeV deuterons on Be, Lonel, was 
used as input spectrum. 

The results from SAND-II code, after 9 iterations are in Table 
£, where A»-SAND is the calculated activity, dAv is the dispersion 
of Aa>-Exp, E/C is the ratio of the measured to the calculated ac
tivity. Range is the energy span from the lower to the upper energy 
foil sensibility (activity bellow 5*/. ). The standard deviation is 
£.58*/.; 

Table £. SAND Iteration Results After 9 Iterations 

R e a c t i o n AcD-Exp 
d / s / a t o m 

dAv Ae-SAND 
d / s / a t o m 

E /C- l 
•/. 

Range 
MeV 

Cu65<n,p)Ni65 
I n l l 5 < n , n ) I n l l 5 m 

Al£7<n,o)Na£4 
A u l 9 7 ( n , g ) A u l 9 8 

Z r90<n ,£n )Zr89 
A u l 9 7 ( n , £ n ) A u l 9 b 

Nb93(n,£n)Nb9£m 
Co59(n ,£n)Co5S 
Ni58 (n ,p )Co5S 
Mn55(n,£n)Mn54 
Fe54<n,p)Mn54 

V> S t a n d a r d D e / i a 

3 . 8 0 E - 1 7 
8 . 5 5 E - 1 6 
1 .97E-16 
£ . 1 £ E - 1 6 
7 . 7 5 E - 1 6 
З . о и Е - 1 5 
5 . 9 0 E - 1 6 
7 . 6 7 E - 1 6 
1 .61E-15 
7 . 8 5 E - 1 6 
1 .33E-15 

t i o n : 

0 . 9 4 
0 . 9 3 
1 .98 
0 . 5 4 
0 . 3 8 
0 . 1 3 
< ) . 1 о 
0 . 5 9 
0 . 1 8 
0 . 3 5 
0 . 7 0 

0 . 6 8 

3.9E7E-
8.44SE-
1.990E-
£.1£5E-
7.6U3E-
E.915E-

-17 
-16 
-16 
-16 
-16 
-15 

5.837E^16 
7 .571E-
1.558E-
B.157E-
1 .38')E-

-16 
-15 
-16 
-15 

- 3 . 8 4 
1 .£1 

- 1 .Ou 
- 0 . £ £ 

1 .93 
£ .9£ 
1 .07, 
1 .30 

- 3 . 7 6 
- 3 . 5 9 

£ . 5 3 

-, 

6 . 3 - 1 8 . £ 
1 • i-f 1 «3 • О 

8 . 1 - 1 7 . 8 
0 . 3 - 1 E . 3 

1 3 . £ - 2 1 .6 
9 . 7 - 1 8 . 4 

1 0 . 5 - 1 9 . £ 
1 2 . 1 - 2 0 . 5 

3 . 6 - 1 5 . 0 
11 - 7 - £ ' ) . £ 

4 . 0 - 1 5 . 6 

' 

10 ,-1 

10 

10 

,-з 

10' i -5 

-

- V 
-

-
-

-
-

-

^ ...—̂——-̂  

I t e r l 
Lonel 

i i i i 

"^ x̂ 

t i l l 

-

(MeV) 
i i i i 

10 

10 

,-1 

10 20 30 

ID"3 С 

io"4 i: 

10 

\ 
.\ 

• 

-

-
-

-
• 

V ^—: 

I t e r l (in] 
- I t e r 2 (in 

i i i i 

-

"^ *4*-^ 

put Uanel) 
wt Lone3) 

; 

i i • i 

i 

v^ 

(MeV) 
i - i i i 

10 20 30 

F i g . £ . SAND-II O u t p u t Spec t rum 
I t e r l end I n p u t Spec t rum L o n e l . 

F i g . 3 . Comparison of I t e r l 
and I t e r E Unfolded S p e c t r a . 



The s o l u t i o n s p e c t r u m a s w e l l a s t h e i n p u t s p e c t r u m a r e shown 
in f i g . S . T h i s o u t p u t s p e c t r u m i s r e f e r e n c e d a s I t e r l . 

Another i n p u t s p e c t r u m (LoneSO, c o n s t a n t from 0 . 3 t o 17 MeV and 
e q u a l t o Lonel above Г7 MeV, > was a l s o t r i e d t o t e s t t h e dependence 
of t h e r e s u l t s on t h e i n p u t s p e c t r u m . The s o l u t i o n was a c h i e v e d 
a f t e r 2S i t e r a t i o n s ( s t a n d a r d d e v i a t i o n = 2 .4B*/.) and t h e n e u t r o n 
. spec t rum o b t a i n e d , I t e r 2 , i s v e r y c l o s e t o I t e r l , F i g . 3 . 

The i n t e g r a l f i s s i o n c r o s s s e c t i o n s , <crf>, of U235, U236, U23B 
and Th232 were c a l c u l a t e d w i t h t h e s e s p e c t r a and ENDF/B-V f i s s i o n 
c r o s s s e c t i o n s 1 7 * 1 0 up t o 20 MeV. U235 c r o s s s e c t i o n from 20 t o 30 
MeV i s from C a r l s o n e t a l 1 4 > and »normal ized t o ENDF/B-V. 1)238 and 
Th232 above 20 MeV were o b t a i n e d from t h e r a t i o t o U 2 3 5 , ' quo ted by 
L i s o w s k i e o . <<rf> r a t i o s c a l c u l a t e d w i t h I t e r l a n d ' l t e r 2 s p e c t r a 
a g r e e b e t t e r than 1*4. 

T a b l e 3 . Compar ison of Two SAND Output ' S p e c t r a 

Spect rum I t e r 1/2 
- i 

I t e r l I t e r 2 */. 

' a f T h e a e 1 / P-ruese4 ' 0 .3211 0 . 3 1 9 2 - 0 . 6 
^ f T h s a e ' / ^ f U E s s 4 0.1420" 0 . 1 4 1 0 - 0 . 7 
«,сг-гиеэе-* /-'P-r йеэгз > ~ 0 .4421 0 . 4 4 1 6 - 0 . 1 
<ст-гивэА>/<сгтиеэ:= ' 0 . 6 9 6 0 0 . 7 0 1 1 - 0 . 7 

F i s s i o n Cross Sect ion* R a t i o s Measurement 
•r r 

K 

To measure t h e c r o s s s e c t i o n r a t i o s t h e SSNTD s t a c l - s ' were i r 
r a d i a t e d t o g e t h e r w i t h a mock-up a c t i v a t i o n s t a c f . A cadmium s h i e l d 
behind t h e s t a c l was used t o e l i m i n a t e t h e s m a l l f r a c t i o n of f i s 
s i o n s produced in t h e U235 - d e p o s i t by t h e r m a l and e p i t h e r m a l bacl-
r e f l e c t i o n n e u t r o n s . An In cadmium r a t i o made a t t h e i r r a d i a t i o n 
s i t e showed t h a t w i t h o u t t h e cadmium s h i e l d t h i s f r a c t i o n would 
have been 2 t o 3*/. The c o n t r i b u t i o n 1 of low e p i t h e r m a l n e u t r o n s t o 
t h e U235 f i s s i o n s was e s t i m a t e d to be к 0.1*/. . 

The mica GGNTD d e t e c t o r s were e t c h e d and, t h e f i s s i o n t r a c t s 
were c o u n t e d a f t e r i r r a d i a t i o n , a s d e s c r i b e d i n _ p r e v i o u s 
w o r k s 3 " 8 1 . Mass" a s s a y was basetl in Ena " c o u n t i n g f o r uran ium 
d e p o s i t s and ' c o u n t i n g of Fa233 produced by t h e r m a l n e u t r o n s in 
Th232 fo r t h o r i u m d e p o s i t s . , 

T a b l e 4 . „ I s o t o p i c Compos i t i on and C o n s t a n t s / o f Uranium D e p o s i t s 

r U23'4 U235 U236 * ' U238 
i 

UENR <*/.) 
UDEF .(*/•) 
UNAT (*/.> 
UEN6 С/-) 

T l / 2 ( y e a r ) 
< erf (barn ) " 

i i i 

*_ - erf : I n t e g r a l f i s s i o n cross» s e c t i o n -in I t e r l 

F i s s i o n s per atom were d e t e r m i n e d , t a t e n i n t o a c c o u n t d e p o s i t s 
mass and i s o t o p i c c o m p o s i t i o n , from t h e ' c o u n t e d t r a c t s a f t e r c o r -

0.571.88*/. 
0 . 0 ' 

0.005514'/ . 
( ) . C)1 

445E51.29*/. 
1 .61215!/. 

9 5 . 2 7 1 . Ol*/. 
0.002312*/, 

0.721.7*/, 
4 .571.1*/ , 

7.0^E81.07*/. 
4 .52U15*/, • 

0 . 0 
0 . 0 
0 . 0 

92.961.05*/. 
2.342E71.06*/. -

1 .1)5815*/. 
4 

4.161.12*/. 
99 .9977 
9 9 . 2 7 4 5 
2.471.2*4 

.47Е91.05У. 
0.672O15*/. 



rection for fission fragments" absorption in the deposit, small flu:, 
differences due to position in the stack and different foil 
diameter. The isotopic composition of UENR, UEN6 and UDEP deposits 
was taken from the supplier (Oak Ridge,USAEC) and that > of UNAT 
from a previous work® (Table 4). 

Fission fragments absorption in the deposit ( « 2<">0 ng/cme 
thick ) was calculated taken into account the anisotropy of the an
gular fission fragment distribution because the angular and linear 
moment given to the nucleus by incidenjt neutrons88. The anisotropy 
(UKO^/kHVO*) ) was obtained from Simmons and Henkelsa. The fragment 
absorption correction (i-I) is «2*/. for foils facing the beam and 
negligible for those facing away. I is the net inefficiency defined 
by Carlsonee-

To get U23B fissions in natural uranium 1 Jb У. correction was 
applied to correct for US35 fissions. The fissions from 0.57'/. U234 
and 4.16*/. U238 in UENR amounts to 2.5*/.. In UEN6 the fission correc
tion, from 4.5*/. U238, is B.B*/.. The UENR, UEN6 and UDEP fissions 
were 3.8*/. corrected for different diameter (1.5 cm). 

Two experiences were made for each ratio. Most experiences 
were made with a pair of foils, both foils facing or facing away 
the neutron beam. For Th232/U238 ratio, one experience (T02) was 
made with two back to back UNAT foils, one UDEP and one TH facing 
the beam. The stack foils and foil orientation of each experience 
are detailed in Table 5. i 

From the fissions per atom of U238 in UNAT and UDEF, U235 in 
UENR, U236 in UEN6 and Th232 in TH, the experimental integral fis
sion cross section ratios ''erf* of each experience were obtained and 
averaged. The three Th232/U238 <crf > ratios of run T02 were averaged 
prior average with T04. The ewperimental \<rf > ratios from each run 
and fina.b average results are an Table 5. 

Tabl 
; 

Th232/U233 
Th232/U238 
Th232/U23B 
Th232/U23B 
Th232/U238 
Th232/U23B 
U238/U235 
U238/U235 
U238/U235 
U236/U235 
U236/U2I5 
U236/U235 

e 5. 

№ 

2 

2 

2 

Erper 
С 

EXF 

T02 
T02 ' 
T02 
AVG 
T04 
AVG 
T03 
106 
AVG 
T06 
T05 
AVG 

lmental Spec tiurn Averaged Fission 
roes Section Ratios 

FOILS 
TH12 / UNiU 
TH12 / UN2 
THIS / UDEF 

(TOE) 
TH14 / UNlU 
(TOE + T04) 
UN 1С) / UENR 
UDEF / UENR 
(T03 + T06) 
UEN6 / UENF 
UEN6 / UENR 
(T05 + T06) 

,crf> RATIO 
0.3110+3.18*/. 
0.308413.18*/. 
o. 307113.20*/, 
0.3U88+2.83*/. 
0.323513.08*/. 
0.3162+2.3*/. 
0.456912.42*/. 
0.452112.15*/. 
0.454511 .9*/. 
0.711U12.1U*/. 
0.705113.07*/. 
0.70B 112.1*/. 

Xs 

1 

0.26 
1 .5U 

U.17 

0.09 

A 
A 
A 
В 
A 
В 
В 
В 

,A 
,в ,A 
,Б 
,A 
,B 

,в ,в 
Last column : First and second foil orientation, 

A facing the neutron source, В facing away. 

Discussion of Experimental Fission Rates Errors 
The two main elements to be considered in the error estimation 

are the mass assay and the fission tract counting statistics. 
Errors in U deposits mass assay depends on о counting statis-



t i c s , u n c e r t a i n t i e s in t h e ' d i s i n t e g r a t i o n a r a t e per mg and c o r r e c 
t i o n s f o r a s e l f a b s o r p t i o n ' and, с b a c k s c a t t e r i n g in t h e f o i l b a c t -
l n g , fBack . UNAT a r a t e e r r o r comes from US38 о r a t e and' t h e 
measured f a c t o r fexp = E .05£ ,±0.55£3 .The UENR d e p o s i t h a s a mass 
c a l i b r a t i o n from t h e s u p p l i e r t h a t d i f f e r s VA from,oüjr mass, a s s a y , 
t h e r e f o r e t h e e r r o r h a s been i n c r e a s e d 1% <UENR c o r ) . ,The e r r o r in 
TH f o i l s mass a s s a y a r i s e s - , frqm c o u n t i n g s t a t i s t i c s , mon i to r 
w e i g h t and f lu ; , p e r t u r b a t i o n c o r r e c t i o n , F t h 3 , e r r o r s . f , 

Second we have s y s t e m a t i c e r r o r s a r i s i n g f r o m , f i s s i o n r a t e s 

T a b l e 6 . E r r o r S o u r c e s , fo r E-xperimenta 1 F i s s i o n , R a t e s 

S o u r c e of Error 
w w w i w w ъ* • ™̂* w i 

Random e r r o r s 
T r a c k s c o u n t i n g < 
о c o u n t i n g 

c o u n t i n g 
P o s i t i o n in s t a c k 
S y s t e m a t i c e r r o r s 

Error 
X - - ' 

i 

i 

ь 

2 - 5 

U I s o t D p i c c o m p o s i t i o n b a 
Û  a decay h a l f l ives* 5 

(measured c o n s t a n t s ) 
UNAT f e > p d 

UENR f c o r -
U D e p o s i t A r e a b > 
TH D e p o s i t Area*-
D i s t a n c e t o t a r g e t « 
Th m o n i t o r w e i g h t * 
( d e r i v e d c o n s t a n t s ) 
a ' r a n g e ( U 3 0 8 ) c 

f i s . r a n g e <U308)= 
f i s . r a n g e (ThO^)* 
fBack <A1)* 
fBack (monel)1-

= v / < v : J 
а в * ь -

( c a l c u l a t e d c o n s t a n t s 
Th23S F t h * 
I s o t o p e s 4crf >b 

d i f f e r e n t diameter*-
F i n a l e r r o r 

* -

a 
*•! 
0 . 5 ' T 

' 1 . 0 
К О 
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1.0 
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^ 
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-
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i -
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j 
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0 . 1 6 
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K B . 

F i s s i o n 

UEN6 

• ) 

, 1.0 
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f ' 

6.2 
.008 

, , 0 . 0 6 
т _, 

, — i 

.001 
T ^ 

.OO^i 
-

O . l o 
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-
-

, 0 . 3 
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0 . 5 2 -
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1 . ^ - 2 . 6 

Ra'tes 
•t 

TH 

4 KB 
-

, . 1 .8 
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-) / 
^t V — 
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l1 

* 7" 
- -,-017 

. 005 
0 . 0 1 

-
-

0 - . 2 6 
0 . 1 

-
0 - . 0 2 
O - . 02 
r 

, 0 . 5 
-

( 

2 . 6 

• Table <*. , 
ь Correlated for measurements-with U foils of the same material. 
e Correlated for all measurements witrn U foils. 
** Correlated for measurements with • UNAT deposits not otherwise. 
• Correlated for measurements with UENR deposit not otherwise. 
• Correlated for all measurements with Th foils. 
Correlated for all measurements.t i 
Correlated for measurements with UNAT and TH deposits. 
Correlated for measurements with UDEP, UENP and UEN6 foils. 
= nucleus v to fission fragments <v>, used in (1-1) calculation. 

Correlated for all measures. 
1-&B/S = fission fragments angular distribution, used m (1-1) cal
culation. Correlated for measures with foils от the same material 
and UNAT with UDEF foils. 

http://if.05-.i08


c o r r e c t i o n s - The f i s s i o n f r agmen t c o r r e c t i o n ( 1 - 1 ) e r r o r b a s i c a l l y 
d e p e n d s , o n the , assumed e r r o r fo r f i s s i o n f r a g m e n t s r a n g e 3 <10У. in 
U308, 30%. in ThOE). F i s s i o n s from o t h e r i s o t o p e s c o r r e c t i o n <fOI ) 
e r r o r d e p e n d s on i s o t o p i c c o m p o s i t i o n and <crf> u n c e r t a i n t i e s . fGeo 
e r r o r , comes from u n c e r t a i n t i e s in f o i l s s t a c k p o s i t i o n (<0.4mm) and 
s t a c k t o s o u r c e d i s t a n c e . The s o u r c e s of errors . . , and t h e i r p r o p a g a 
t i o n . a r e l i s t e d in T a b l e 6 . 

These e r r o r s t o g e t h e r w i t h t h e t r a n s f o r m a t i o n m a t r i x of f i s s i o n 
r a t e s were used t o g e t t h e f i s s i o n r a t e s c o v a r i a n c e m a t r i x and e r 
r o r s a s d e s c r i b e d in Ref . E 4 , £ 5 . With t h i s m a t r i x was c a l c u l a t e d 
t h e c o v a r i a n c e m a t r i x of f i s s i o n r a t i o s . In same manner c o v a r i a n c e 
m a t r i x of a v e r a g e r a t i o s was o b t a i n e d in two s t e p s . F i r s t t o c o l 
l a p s e • t h e t h r e e r a t i o s of e x p e r i e n c e TOE and from t h i s 6x6 
c o v a r i a n c e m a t r i x t h e t h r e e f i n a l a v e r a g e f i s s i o n c r o s s s e c t i o n s 
r a t i o s , X-•* a n a " c o r r e l a t i o n m a t r i x , t a b l e s .5 and 7 were o b t a i n e d . 
To c o l l a p s e t h e r a t i o s we a l s o t r y . l e a s t s q u a r e f i t , a s ou - t l i ned by 
Smith88^5 and no s i g n i f i c a n t d i f f e r e n c e was found.» 

T a b l e . 7 . C o r r e l a t i o n M a t r i x f o r E x p e r i m e n t a l 
F i s s i o n C r o s s S e c t i o n R a t i o s 

THE3E/UE3B. 
UE38/ÜE35 
UE36/UE35. 

THE3B/UE35 

1 

1 .000 
-0.03E ,'"• 
, -0.005 ' 
0.7.61" 

£ 

.1.000 
0..5E6 
0.6E3 

3 

1 .000 
0 .337 

: 4 

1 .000 

D i s c u s s i o n and R e s u l t s 

In T a b l e В t h e e x p e r i m e n t a l f i s s i o n c r o s s s e c t i o n r a t i o s of 
<crfThE3E>, <crfUE38> and <crfUE36> t o <crfUE35> and <crfThE3E>/ 
<crfUE38> a r e compared w i t h t h o s e c a l c u l a t e d w i t h t h e e v a l u a t e d 
ENDF/B-V c r o s s . s e c t i o n s a v e r a g e d w i t h t h e SAND-II u n f o l d e d 
s p e c t r u m , . I t e f . l . The c a l c u l a t e d <crf> r a t i o s a r e c o n s i s t e n t w i t h i n 

, the. e r r o r s w i t h t h e e x p e r i m e n t a l v a l u e s . . ' 

' T a b l e ' s . E x p e r i m e n t a l "ä'.nd C a l c u l a t e d I n t e g r a l 
F i s s i o n C r o s s S e c t i o n R a t i o R e s u l t s 

<:<7f> R a t i o C a l c u l a t e d E x p e r i m e n t a l C /E- l 

0 .3E11 ' 0.316Е±Е;3 ,Л 1 .5%. 
0 .44E1 k ' " 0'. 4545± 1 .9*/. . -E . B% 
0 .6960 0 .7081±S , 1% -1 .7% 
0 . 1 ^E0 0.1^37±Е/9% -LEV. 

In T a b l e 9 , c a l c u l a t e d and* expe r i m e n t a l . r a t i o s of t h e 4 f i s s i l e 
i s o t o p e s measured in o t h e r n e u t r o n spec t r a. a r e ' c o m p a r e d : a ) f i s 
s i o n s p e c t r u m of ^CfESE, b) f i s s i o n ' s p e c t r ü r n from t h e r m a l n e u t r o n s 

• cm • UE35-V' c-) s p e c tf.um ' p r o d u c e d by 7 MeV deu te ro r i on a t h i c k - Be t a r 
g e t . . . S i m i l a r c o n s i s t e n c y i s o b s e r v e d in t h e spec t rum from 7 Mev" 
deLrterons. . However f o r f i s s i o n s p e c t r a of .CfESE and UE35, s t i l l 
p e r s i s t s a hon e x p l a i n e d d i s c r e p a n c y , 10% t o E0'/i, p a r t i c u l a r l y fo r 

ThE3E/UE38 
US38/UE35 
UE36/UE35 
T,hE3£/U£35 



T a b l e 9 . f i s s i o n C r o s s S e c t i o n R a t i o s 
in D i f f e r e n t Neut ron S p e c t r a 

<af> Spectrum E>:p> Calc« C/E-l Ref 
Ratio " •/,'' 

1.1 4 
2 . 3 4 

- 7 . 1 3 
- 8 . 2 2 
10 .1 1 " 

1.5" с 

1 .9 4 
- 5 . 6 1 
- 7 . 9 1 ' 
- 2 . 8 с 

6 . 5 4 
7 . 0 4 

- 1 . 7 с 

2 . 9 4 
16V6 1 
19 .2 1 
- 1 .2 с 

- Most v a l u e s ca l cu l a t ed* wi^th ENDF/B-V 
ь C a l c u l a t e d w i t h JENDL-2 
*= T h i s paper 
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7MeV d,Be 
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