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Abstract 

This report represents a first step in the framework of an accurate systematic 
evaluation for the following trans actinium isotopes: 231Pa, 232u. 2 3 V 2 3 6u, 
237„ 237,t 238 236- 238 2lt2_ U, ITp, Np, Pu, Pu, Am, Cm. 
Microscopic neutron nuclear data have been evaluated and 5-group values 
derived for the radiative capture, the fission, the (n,2n) cross section and 
for the mean number of neutrons per fission. These data have "been requested 
for safeguard studies and burnup calculations. In the case of lack of 
experimental data simple systematic methods have been applied for the determi-
nation of the cross sections. 

Zus ammenf as sung 

Diese Arbeit stellt einen ersten Schritt im Rahmen einer exakten systematischen 
231 232. 23k 236 Auswertung für die folgenden Transactiniumisotope dar: Pa, u, U, U, 

237„ 237,T 238>t 236_ 238_ 2h'] 2h2rx_k U, Up, Np, Pu, Pu, Am, Cm. 

Für den Einfangquerschnitt, den Spaltquerschnitt, den (n,2n)-Querschnitt und 
die mittlere Anzahl der Spaltneutronen sind mikroskopische Daten ausgewertet 
lind 5-Gruppenkonstanten bestimmt worden - Diese Daten sind für Untersuchungen 
in der Spaltstoffflußkontrolle und für Abbrandrechnungen angefordert worden. 
Im Falle fehlender experimenteller Dateninformation wurden einfache systema-
tische Methoden zur Bestimmung der Wirkungsquerschnitte angewandt. 
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I . I n t r o d u c t i o n 

F o r t h e p u r p o s e o f s a f e g u a r d s t u d i e s a n d b u r n u p c a l c u l a t i o n s f o r t h e 

a n a l y s i s o f t h e f u e l - c y c l e t h e f o l l o w i n g t y p e s o f m i c r o s c o p i c n e u t r o n 

n u c l e a r d a t a h a v e b e e n e v a l u a t e d and t r a n s f o r m e d i n t o 5 - g r o u p c r o s s 

s e c t i o n s : 

o^ - r a d i a t i v e c a o p t u r e c r o s s s e c t i o n 

a f - f i s s i o n c r o s s s e c t i o n 

cjg^- c r o s s s e c t i o n f o r t h e ( n , 2 n ) - p r o c e s s 

v - n e a n nuriber o f s e c o n d a r y n e u t r o n s p e r f i s s i o n 

The i n v e s t i g a t i o n s w e r e c a r r i e d o u t f o r t h e i s o t o p e s 

231 J Pa 
91 

232 2 3 V 2 3 6 2 3 7 „ 
9 2 • 9 2 ' 9 2 * 9 2 

237TT 2 3 8 
93 93 

236 
9V 

2H1 
95 

2^2 
9 6 

238t 
9U1 Pu, ^r.pu. 

Am 

Cm 

The w h o l e e n e r g y r a n g e e x t e n d i n g f r o m 0 t o 10 MeV h a s b e e n s u b d i v i d e d i n 

t h e f o l l o w i n g f i v e g r o u p s : 

Group 
E n e r g y r a n g e 

l o w e r l i m i t u p p e r l i m i t C h a r a c t e r i z a t i o n 

1 

2 

8 0 0 lceV 

U 6 . 5 keV 

10 Me*V 

8 0 0 keV 
| f a s t r e g i o n 

3 1 keV U 6 . 5 keV u n r e s o l v e d r e s o n a n c e r e g i o n 

h O.U65 eV 1 keV ( p a r t l y ) r e s o l v e d r e s o n a n c e 
r e g i o n 

5 0 , 0 2 5 eV t h e r m a l g r o u p 

As w e i g h t i n g s p e c t r a o v e r t h e w h o l e e n e r g y r a n g e t h e s p e c t r u m o f a t y p i c a l 

t h e r m a l r e a c t o r and t h a t o f a t y p i c a l f a s t r e a c t o r h a v e b e e n u s e d 

( F i g u r e s 1 , 2 , 3 ) , 

Zum Druck e i n g e r e i c h t am 8 . .Tuli 1 9 7 0 



T h e t h e r m a l g r o u p c o m p r i s e s o n l y t h e e n e r g y o f 0 » 0 2 5 eV a n d t h e v a l u e s 

i n d i c a t e d a s t h e r m a l o n e s a r e i n g e n e r a l u n w e i g h t e d n e u t r o n d a t a a t 

0 . 0 2 5 e V . 

T h i s r e p o r t r e p r e s e n t s t h e r e s u l t s o f a f i r s t e v a l u a t i o n o f t h e s t i l l 

v e r y s p a r s e e x p e r i m e n t a l d a t a i n f o r m a t i o n f o r t h e i s o t o p e s i n v e s t i g a t e d . 

F o r a l a t e r t i n e more t h o r o u g h e v a l u a t i o n s c o v e r i n g t h e f u l l r a n g e o f 

m i c r o s c o p i c n u c l e a r d a t a t y p e s a r e e n v i s a g e d . A s f a r a s r e a s o n a b l e 

a n d p r a c t i c a b l e u s e h a s b e e n made o f t h e e x i s t i n g l i t e r a t u r e . CI11DA 6 8 

/~6l 7 h a s "been t a k e n a s " b a s i c s o u r c e o f r e f e r e n c e i n f o r m a t i o n . H i g h e s t 

p r i o r i t y h a s "been g i v e n a s f a r a s c o n s i d e r e d s u i t a b l e t o t h e m o s t r e c e n t 

r e f e r e n c e s . "Whenever p o s s i b l e a l r e a d y e x i s t i n g e v a l u a t i o n s h a v e b e e n 

p r e f e r r e d . A c o m p a r i s o n o f t h e p r e s e n t r e s u l t s w i t h l a t e r p u b l i s h e d 

e v a l u a t i o n s w h i c h c o u l d no m o r e b e t a k e n i n t o a c c o u n t i s g i v e n i n c h a p t e r 

V . 

The l a r g e g a p s i n t h e b a s i c e x p e r i m e n t a l d a t a n e c e s s i t a t e d i n man c a s e s 

t h e u s e o f n u c l e a r s y s t e m a t i c s f o r t h e d e t e r m i n a t i o n o f t h e d e s i r e d d a t a . 

H e r e r a t h e r s i m p l e c o n s i d e r a t i o n s a n d m e t h o d s h a d t o b e a p p l i e d b e c a u s e 

o f t h e l i m i t e d s p a c e o f t i m e w h i c h h a s b e e n a v a i l a b l e f r o m t h e s i d e o f 

t h e K a r l s r u h e s a f e g u a r d p r o j e c t f o r t h e e v a l u a t i o n o f t h e r e q u i r e d d a t a . 

F o r e a c h o f t h e v a r i o u s e n e r g y r a n g e s i . e . t h e t h e r m a l o n e , t h e ( p a r t l y ) 

r e s o l v e d r e s o n a n c e r e g i o n , t h e u n r e s o l v e d r e s o n a n c e r e g i o n a n d t h e f a s t 

e n e r g y 3?ange t h e d e r i v a t i o n o f t h e d e s i r e d n e u t r o n n u c l e a r d a t a i s t r e a t e d 

i n a s p e c i a l c h a p t e r i n c l u d i n g e a c h t i m e a l l o f t h e i s o t o p e s s t u d i e d . 

The t a b l e s 11 a n d 12 g i v e a c o m p l e t e s u r v e y a b o u t t h e c o m p u t e d 5 - g r o u p 

c o n s t a n t v a l u e s f o r t h e t w o r e a c t o r t y p e s . 

I n p e r f o r m i n g t h e c a l c u l a t i o n s r e p o r t e d i n t h i s p a p e r u s e was made o f 

t h e IBM 3 6 0 / 6 5 a n d p a r t l y o f t h e IBM 707 1 *, t o o . 
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H . ITeutron cross sections at thernal energy (0,025 eV) 

For the themal values of the radiative capture and fission cross sections 
of the various isotopes published experimental or evaluated information 
was available -with the exception of the capture cross sections of Hp 

no/' 
and Pu. These have been calculated according to the formula 

aYtherm ~ - °-ythern ( I I . 1 ) 
f 

Here f end 7 f are averages of the partial widths for c apt lire and fission 
for s-vave resonances. 

The above formula is only strictly valid in the Breit-Wigner one-level 
approximation, where T^ and r^ are the parameters belonging to the first 
resonance. Because of unknown resonance parameters for the two isotopes 
the average values from table III.1.1 in chapter III and the thermal 
fission cross section from table 1 have been used. 

The thermal o^- and a^-values for the isotopes considered are listed in 
table 1 together with the corresponding documentation. The preferred 
values are fjiven in the tables 11 and 12. 

Values for the mean number of neutrons generated by thermal fission 
^thern 33:6 table 7« Their determination is described in 
chapter IV.5 which deals in general with the energy dependence of v. 



IH» Heutron cross sections in the resonance region 

The experimental information in this energy range consists of measured 
resonance integrals and resolved resonance measurements available for 

237 238 236 2h2 all isotopes except U, Up, Pu and Cm, The latter information 
is only for a few isotopes given tip to some hundreds of eV. The resonance 
integrals offer the possibility to determine directly by means of average 
resonance parameters group averaged cross sections weighted with a 
1/E spectrum. 
Below h6»5 I'-eY which is the upper limit of group 3 only s- and p-vave 
neutrons contribute to the radiative capture and fission cross sections. 
Consecuently one has 

J 0 (E) $(S)dE 
AE. 

<a >X = — ^ <o1L=0>i + <a?'=1>i (III.1) 
x J *(E)dE x z 

AE. 
a 

where x = y or f 
i = h or 3 

"or the isotopes stiidied it can be assumed to a good approximation that 
they are present in very strong dilution. If one uses the narrow-resonance 
approximation for the collision density, the cross sections of an isotope u 
averaged over an enerry ,~roup i are given in this case by the following 
relation f~9l 

:c = y or f 
with i = U or 3 (III.2) 

?(E)= collision density 
= Et(E) «fr(E) 

<au>1 
x 00 j F(E)dE 

&E. 1 

In addition to the above mentioned conditions this formula presupposes 
that the sur. of the total cross sections of all other materials y' f u 
is constant over AE., One has to be aware of the fact that this second 1 
condition is only then fulfilled, if the flux is not disturbed by resonances 



of the other materials y* ^ y, -which is actually not the case* 

She determination of the mean mzriber of neutrons per fission in the 
resonance region is described in chapter III«5« The results are 
given in table 7» The values for â ., o^ and va^. averaged over the 
energy groups h and 3 are quoted in table 11 for a thermal reactor 
and in table 12 for a fast reactor spectrum. 

Ill.1 Thermal reactor 

For the collision density in the epithermal region the well-known I n -
dependence was assumed which is expected to hold rather veil in the whole 
region of a thermal reactor. This special energy dependence of the 
collision density enables us to determine the cross section averages 
over the energy group U (0.^65 eV - 1 keV) by means of the i-.?asured 
infinite dilution resonance integral. More explicitly this would mean 
that the average cross sections over group U are obtained as difference 
between the measured infinite dilution resonance integral and the inte-
gral over the resonances above a cutoff energy if8 of 1 keV. The cal-
culation of the latter one has 'been performed in principle by Dresner /~10 7 
and is outlined farther below 

<°->). = - 7 7 ^ - ./"(KC.)6? - <ELJ „ 7 (III.1.1) 
E =1keV 

where x = Y or f 

That procedure permits the application of average resonance parameters 
instead of resolved ones in an energy region where the latter ones should 
be used, but where in general they are knovm only in a snail subrange. 
This is due to the fact that the resonance parameters have to be inserted 
only in the second term of equation (III.1.1), and that this term concerns 
the energy range above 1 keV, i.e. a range where the application of average 
resonance parameters is appropriate. 
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For the measured resonance integral (PH^) 1 the cutoff energy IT' Is 
eciunl to the car'xiiun cutoff enerry. it has values "between Q.U and 
0.6 eV depending upon the thickness of the Cd-layer covering the con-
sidered sanple. "ire have assumed the cadniun cutoff for all measured 
resonance integrals as identical with the lower "boundary of group h, 
'The resulting error is only then significant, if there is a resonance 
in the neighbourhood of 0.5 eY. 
In the region above 1 "heV, however, no resonances are known for any of 
the isotopes. The contributions of these resonances to the total 
resonance integral is only a snail correction. Ilere the average 
resonance paraneters will be sufficient and the cross sections averaged 
over the ener-ry groxro 3 were obtained by computation of the resonance 
integrals as given by Dresner within the limits of 1 I'cV end .'+6.5 keV. 

1 hC,5 keV 

< o v > 3 = — r ~ J v }-eV W h e r e x = Y o r f ( I I I . " ! . 2 ) 

( 3 ) ~ 

The actual calculation of the resonance integrals proceeds as follows. 
The contribution of the resonances above some cutoff energy to the total 
resonance integral can be written in the following form 

Rl (E*) = f , nT l*"°(J)+ 1% i J s 1 ( J ) ( i l l . 1.3) 
J = | l 4 l J * J = | i - | | - * 

where x = y or f 

~Z\q "ivnt term of this equation represents the contribution of the r,-vave 
resonances, the second that of the p-wavo resonances. 
The calculation of the resonance integrals has been carried out according 
to Dresner /"10j7. 
The quantities I. are given by the expressions below. 

I * = 0 ( J ) x 
2tt 

D T 

r r 
* 2 ( E ) < ^ p > E x= y or f ( I I I . I . ' O 



The "bracket denotes an average vith respect -to the statistical distri-
butions or the reaction "widths. 

The insertion of the reduced neutron width defined for s-wave resonances 

r J = r ( 0 ) J E + i (HL.U5) 
leads to 

2 - „ r ( 0 ) J r 
= j * 2 ( e ) ^ n _ x > m ( i n . 1 . 6 ) 

* 5 j E * r 33 

First we as suae that all the resonances in the energy range from E* to 
infinity have the same partial widths namely » Then one 
obtains 

T * = 0 , T ) _ 2tt2 * 2 ( E * ) ^ J 7 ^ ^ , T T T . I ( J ) = u r J - = j i — - =—— ( I I I . 1 . T J 
S j x r ( | r ) ( r 0 ) J ^ E + r ^ ) / E 

2 E With transformation to the new variable y = — it follows 
E * 

2 , 2 
£ « < J , = T j j L S t 

Dj x ly (y+B) 

^ O ^ ^ J H B ) , ( I I I . 1 . 8 ) 
- M v 2 
D J E B 

w i t h B ( J ) = 

- J r + r , _ Y f 
T ( o ) J £ P 

and x = y o r f 



For p-vaves the energy dependence of the neutron width is approximately 
/riven "by 

( H I . , . 9 ) 
n n 4 

Thus one obtains analogously as for the s-waves 

^ > ( J ) . j ( i n . 1 . 1 0 ) 
x 1 yJ+B» J 

0 1 ( TT ' - 2 a 1 

o 

x In (.—575 — ) / 
Bf -Bf /j+1 

-J 
r + r ' 2 o . r . 

where B'(J) = T nV T L w P " vitix C = ̂  = -22| lO'VeV - 1 7 
T^ E «C Htt*2 

for the nxiclei considered • 

The used symbols have the following meaning: 

R - effective radius of the nucleus 
0 ^ - potential scattering cross section, assumed to be 11b 

- reduced neutron wave length 
= U 5 5 - 1 8 — /b ,/Sv 

with A = mass number of the target nucleus 
Here we have taken = 2.09 •10'5 /"VeV 7 for all 
the nuclei considered 

2J+1 , . . . ^J = 2(21+1 ) ~ s"ta't:LS't:ical spin factor 
with J - total angular momentum of the compound nucleus 

I - snin of the target nucleus 
Dj - average level spacing 
r - partial width for fission (x=f) and capture (x=y) 

X 

respectively 



r - neutron vidtii n 
r ^ - reduced neutron width n 
r - total width = T + T (+ T J 

* n Y f . . 

E - cutoff energy a"bove which the contribution of 
the resonances to the resonance integral has "been 
calculated 

The effect of fluctuations in the neutron widths has been taken into 
account subsequently for nonfissile nuclei by applying according to 

£=0 

Dresner a correction factor to the expression for . These factors 
with values between 1»0 and 0,7 depending on the value of 3 have 
been taken fron the curve of Kuhn and Dresner /"~10, pp. 98 7» has 
been chosen as constant. Because of the many exit channels this is 
a good assumption for T » 
For fissile nuclei the statistical distribution of the fission widths 
has in a strict sense to be regarded addionally. Because of the large 
uncertainties in the fission widths, however, the rather extensive 
calculations were not considered worthwhile at present. This means 
that for fissile nuclei no correction factors at all have been applied. 
Doppler broadening of the resonances as well as interference effects 
between the resonances have not been considered. 

A. Resonance parameters 

The average resonance parameters xxsed in the calculations are summarized 
in the tables III,1.1 and III.1.2. Even end odd isotoues are listed. 

- ^ 
separately. For the p-wave strength function the value S1 = 2.0»10 , 
independent of J, was assumed throughout for all isotopes. 
Since even nuclei have the spin 1=0, the quantum numbers J of the 
total angular momentum may take the values 

J = 1 for 1=0 
2
 1 - (III.1.11) 

J 1 , 2 = 2 » 2 f o r * = ° 
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Then it follows for the statistical spin factor of even nuclei for 
s-vaves Sj_-, /2

 = 1 ^ ^ f o r P-W&ves Sj_-| / 2
 = 1 ^ ^ sj=3/2 = 2* ^ ^ 

resonance integral consists therefore of one s—wave resonance series 
and two p-wave resonance series. For odd nuclei the possible J-values 
and the statistical factors gj have been tabulated in table III. 1.2. 

In addition to the basic s-wave resonance paraneters in the tables are 
also given the p-wave neutron widths and the average level spacings 
for all J-values possible for 1=0 and £=1. Here the J-dependence of 
the average level spacing predicted by the Femi gas Ecdel has been 
used. 

5 j = eJC.J+1 )2a2 (III. 1.12) 

For the spin cutoff paraneter o the value has been assumed, recommended 
by Harvey /~11 7» 
Hence it follows 

% 2 J+1 J 2 ( V l ) / 2 ° 2 

— = ..V, » % / T H (III.1.13) 
5 2 J 1 ( J 1 + 1 ) / 2 a i i 
J1 

In order to obtain absolute values for the average level spacing D one 
d 

can malie use of the observed s-wave level density 

° 0 b 3 -
= - J — = - — 2 + _ J = r - J — + _ ] — 

Dobs D*,=0 D«,=0,J=|I-1| D£=0,J=|l+i| Dil=0,J1 D£=0,J2 

(III.?.1M 

This leads to 

2 J . + 1 J 1 2 e 
W , " 5obs ( 1 + 2 V T J2(J2+l)/2a^ (ill.1.15) 
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The parity dependence of D T has "been shown "by Ericson /~62 7 to be 
very snail and has "been neglected* 

Using the average level spacings calculated in the indicated manner 
the neutron widths have been obtained by 

rn°\=O.J' = 5J'*S0 a n d rn°\=1 lJ" = 5J"'S1 respectively 

with 

< J * I 1 " | l < J " ( I I I . 1 . 1 6 ) 

Eere S^ and S^ are the strength functions for s- and p-wave neutrons 
respectively. 



Tabellc III.1.1: Avorar.c reconance parameters for the even nuclei investigated 

I s o t o p e 

•k 
r 

„ v 
/ n c V _ / R e f e r e n c e 

+H 
S Q x 1 0 R e f e r e n c e 

D , 
o b s 

/ " e V 7 R e f e r e n c e 

f f 
/ " n c V 7 M m 

R o f c r o n c o 

r ( o ) J 4 
nl=0 

/"moV 7 M Mi 
, J 4 

/ eV 7 M M 

P ( 0 ) J a 2 
ni,=1 
/"moV 7 

r ( o ) J O ? 
nfc-1 
/"meV 7 M M 

2 3 2 U ( h ) 5 0 1 1 . 0 12 ( i ) 1 3 . 1 1 3£>0 1 ( d ) 1 . 3 1 7 . 2 0 2 . 6 2 

2 3 \ j ( h ) 

2 3 6u (h) 

2 3 8 i t > ( h ) 

2 3 6 P u ( h ) 

2 3 8 P a ( U ) 

2 5 

2 3 

uo 

Ho 

1 

1>* 

mean 
v a l u e 
a s s u m e d 
f o r f i s -
s i l e n u -
c l e i 

1 . 2 

1 . 3 

1 . 3 

1 . 0 

13 ( i ) 

13 ( i ) 

c a l c , ( b ) 

a s s u m e d 
v a l u e f r o r i 
s y s t c m n t i c E 
o f n e i g h -
b o u r i n g 
cii iC i o i 

1 9 . 1 

1 7 . 3 

6 . 7 6 

7 . 3 5 

1 

1 ,1 ) i 

t a k e n f r o m 
15 ( f ) 

tnJcen f r o m 
15 ( f ) 

M 

3CU0 

195 

n c R l i n i b l o 
3 u b t h r e s -
h o l d 
f i n s i o n 
c a l c , f r o m 

( a ) 

c n l c . f r o n 
( a ) 

2 . 2 9 

2.P5 

0.P-3 

0 . 7 3 5 

10.50 

9.50 

3 . 7 2 

H.O'i 

3.02 

3.1(6 

1 . 3 5 

1.1>7 

2,10 

1.90 

0 . 7 ' t 

0.80O 

2 3 \ j ( h ) 

2 3 6u (h) 

2 3 8 i t > ( h ) 

2 3 6 P u ( h ) 

2 3 8 P a ( U ) 

3 8 ( i ) 1 . 1 ( i ) 1 3 . 5 ( i ) 10. h w i t h <rjn> 
= 0 . 7 7 ' 1 0 - 3 
r i v e n i n 
r n i 

1 . ^ 9 7 . ^ 1 2 . 7 0 1J18 

2h2 ( h ) 
( c ) 

ho 

- - - — j 

i f ! 

• > -• • 

0 . 7 6 18 ( i ) n . o t a k e n f r o m 
15 ( f ) 

i . n c a l c . f r o m 
( 0 ) 

0.669 M 3 1.76 0,966 



Table 111,1,2: Averare resonance paranotors for the odd nuclei investigated 

Isotope 
R Y 
/~rcY 7 M «• Reference S < F , 0 + ' T Reference 

5 V obs 
/"eV_7 Peferenco 

V * 

/"neV 7 Reference I Peference J ( A O ) J(A-1) 

?31Pa(h) UB 1 0.60 1 O.LIU 1 M> 3 
2* 1 1 ; 2 0; 1 ;2 j 3 

2 3 TU (h) 

23TIJp(h) 

2U 

uu 

average 
fronU23H, 
U236,U23B 

20 (i) 

1.0 

1.0 

assumed 
value fron 
systematic: 
of neigh-
bouring 
nuclei 

20 (i) 

only 
-J 

3 9.-0 

D*=1 
0.67 

taken fror 

15 (f) 

20 (i) 

1 
2 

1 
2 

19 

1 

0;1 

2; 3 

0; 15 2; 

2 U W h ) llO 1 1.1 21 0.81 1 0.21 2 5 
2 1 2;3 

Isotope 
DJl=1 / " e V 7 

J1 J2 " J3 Jk 

p ( 0 ) y- 1, 1 1 £=0 
r n * = l Z r ' e Y J | 6 j 

J1 V " J3 " |J1. J2 . 
e J - i 

J1 J2 J 3 J^ 

2 3 1Pa 

237u 
2 3 THp 

2U1 An 

1.09 0.7^ 

U U.7 

1.U5 1.25 

1.73 1.50 

3.07 1.09 0.7H 0.65 

1h fc.T 2.8 

2.13 1.1+5 1.25 1.25 

2.5f» 1.73 1.50 1.50 

0.0655 0,0>»2 

i . i io 0.1*70 

0.1U5 0,125 

0.100 0.165 

0.61U 0,218 0,1^8 0.13C 

2 ,80 0.9U 0,56 -

O .U26 0,29 0,25 0.25 

0.503 0,3^6 0.30 0,30 

, 3 5 
) v v 

1 3 
TT ~ 
5 L . 
12 12 
5 7 
12 12 

1 3 5 7 
T? tf 1 U 

1 3 5 
TT v ir 
3 5 7 
T2 12 12 12 
3 5 _ Y 9 
12 12 12 12 
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Cccren ts t o t h e t a b l e s 1 1 1 * 1 . 1 and I I I . 1 . 2 

( a ) U s i n g t h e t h e m a l f i s s i c a c r o s s s e c t i o n , a n d t i e s - v a v e s t r e n g t h f u n c t i o n 

t h e a v e r a g e f i s s i o n v i d t h s h a s b e e n c a l c u l a t e d f r o n t h e f o m u l a 

° f t h e r r . = " = = £ 0 ^ ( i l l . 1 . 1 ? ) 
t h e m 

o j | ^ ^ 

v a l i d f o r e v e n n u c l e i w i t h = 2 ( 2 T + 1 ) = 1 * 2 1 1 6 n e a n i n C o f i s 

e x p l a i n e d b e l o w . 
T h e r e l a t i o n c a n b e d e d u c e d b y c o n s i d e r i n g t h e f i s s i o n r e s o n a n c e s a s 

i s o l a t e d a n d d e s c r i b i n g t h e n b y t h e o n e - l e v e l f o r n u l a . T h e n It i s 

j y ^ r 

o J Z ) = fr*t / - £ 5. ( I I I . - . . 1 D 
r ^ (35-J2 ) " + ^ r 

w h e r e t h e i n d e x r r u n s o v e r t h e v a r i o u s s - w a v e r e s o n a n c e s . v.>0 c o n t r i -

b u t i o n s a r e c o m p l e t e l y n e g l i g i b l e b e c a u s e o n l y t h e c a s e I > 0 i s o f 

i n t e r e s t h e r e . 

U n d e r t h e c o n d i t i o n t h a t E<<Ji a n d r <<E It f o l l o w s 
r r r 

r
( 0 ) r rr 

a ( r ) = — s I - 2 - J L ( I I I . 1 . 1 9 ) 
1* r 

T h e e n e r g y r e g i o n a b o v e E~ i s now s u b d i v i d e d i n t o i n t e r v a l s i o f t h e 

l e n f r t h i E . , T h e r e s o n a n c e s i n s u c h a n i n t e r v a l a r e d e s i r n a t c d b'f r . . 

T h e i r nur iber i n t h e i n t e r v a l i i s c o n s e q u e n t l y riven b y _• , w h e r e 
— Dj_ 

D. i s t h e a v e r a g e v a l u e o f t h e l e v e l s p a c i n g s i n t h e i n t e r v a l i . T h u s 

y i e l d s 

r ( 0 ) r . p r . ^ r ( 0 ) 

a f 0 0 - - r I I n , < — ( H I . 1 . 2 0 ) 
/ I i r . E'- / e i D. L*" 

l r ^ x r 

B e c a u s e n o c o r r e l a t i o n s b e t w e e n TV, r and I- e x i s t , VQ c a n a s s u m e f n r 
f o r a l l t h e r e s o n a n c e s i n t h e i n t e r v a l i t o h a v e t h e s a n e p a r t i a l w i d t h s 

n a m e l y t h e mean v a l u e s o f t h e p a r t i a l w i d t h s i n t h e i n t e r v r l i 
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- ( n ) 
r - anfl r _ - . T h e n a t f o l l o w s m f i 

T < ? 5 AE. 

= I — p — - ( I T I . 1 . P 1 ) 
S E i E . 5 -z i 

I n o r d e r t o "be a l l o w c c i t o i n t r o d u c e e n e r g y i n d e p e n d e n t r e a c t i o n w i d t h s 

o n e h a s t o ^ a k e t h e a s s u r r ' t i o n t h a t - a l l t h e r e s o n a n c e s a b o v e } * h a v e 

t h e sar .e p a r t i a l w i d t h s and t h e r>n—e l e v o l spo.c5.nni The n e n n v a l u e s 

o f t h e r . a u t r o n a n d f i s s i o n w i c . t h s a n d t h e m e a n l e v e l srv&cinr o f a l l 

t h e s e r e s o n a n c e s h a v e "been a d o p t e d a s a p p r o p r i a t e q u a n t i t i e s . T h i s 

y i e l d s 

< r ( o ) T , a r . 
— ~ ( 3 1 1 . 1 , ? . ? ) 

^ ~ i EV 

I r t h e l i n i t i n - c . i s e t h i s I c a ^ s t o 
1 2. 

p —Co) — p 
K T - * * r 

A - ( E ) = — 2 f - V d r - = - - 2 r - n 4 ( i n . 1 . 2 3 ) 
v^T D i f E? 1 / E l 

f o r K<<E r 

Trie r . - n c c i a l i z a t i o n on t h e r m a l e n e r g i e s p e m i t s t h e d e t e r m i n a t i o n o f 

t h e r a t i o p^/E' f r o m t h i s f o r m u l a , p t h u s d e p e n d s on t h e p o s i t i o n 

o f t h e l o w e s t r e s o n a n c e . The l o w e s t e n e r g y a t w h i c h r e s o n a n c e s o f 

f i s s i o n a b l e n u c l e i a r e s i t u a t e d i s n o s t l y 0 . 3 e 7 . "Ue h a v e c h o s e n r a t h e r 

a r b i t r a r i l y a n e n e r g y o f 0 , 5 eV w h i c h c o i n c i d e : ; w i t h t h e c u t o f f e n e r g y 

( b ) I n t h e s e e a s e s t h e s - w a v e s t r e n g t h f u n c t i o n w a s o b t a i n e d b y m a k i n g 

u s e o f t h e i n f i n i t e d i l u t i o n f i s s i o n r e s o a n c e i n t e g r a l . 

The c o n t r i b u t i o n o f t h e r e s o n a n c e s o f t h e s - w a v c s e r i e s , a s s u m e d a s 

i s o l a t e d , t o t h e r e s o n a n c e i n t e g r a l i s g i v e n b y 

r r 

T .a 1 

w h e r e "r" r \ i n s o v e r a l l s - w a v e r e s o n a n c e s . 
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T-'?Ith r ^ ( w h i c h i s t h e c a s e f o r t h e i s o t o p e s t u d i e d ) i t f o l l o w s 

r ^ r ^ . I f o n e a s s u m e s t h e c o n t r i b u t i o n s o f t h e p - a n d h i g h e r { , -vs .ve 

n e u t r o n s t o t h e t o t a l r e s o n a n c e i n t e g r a l t o b e s n a i l c o m p a r e d t o t h a t 

o f s - v a v e n e u t r o n s — a c o n d i t i o n w h i c h i s g e n e r a l l y f u l f i l l e d 

f o . .. h e a v i e s t n u c l e i — o n e h a s t o a g o o d r . r>prox ira t ioJ i 

r ( 0 ) r 
oo -co O O ~ 4 n 

= H T f , = 0 = I ( i n . 1 . 2 5 ) 
r 

r 

A n a l o g o u s l y a s u n d e r ( a ) t h e e q u a t i o n ( I I J . 1 . 2 5 ) i s t r a n s f o r m e d i n t o 

oo b 2 

- •»» 2 n v dK 0 
~ — ^ S o ( m . 1 . ? b ) 

D i f f e r e n t f r o m c a s e ( a ) , jf* h a s h e r e t h e m e a n i n g o f t h e c a d n i i m c u t o f f 

c n e r r y . 

I f t h e f i s s i o n r e s o n a n c e i n t e g r a l a b o v e L' i s k n o w n f r o n e x p e r i n c n t , t h i n 

f o r m u l a g i v e s t h e p o s s i b i l i t y t o d e t e m i n e t h e s - v a v e s t r e n r t h f u n c t i o n 

T h i s h a s b e e n t h e e a s e f o r "Iln. 

( c ) The e v e r a r e f i s s i o n w i d t h h a s b e e r , cn lnu lr - . t e f ' f r o " , t h e a ^ n r o x i v ^ a t e f o r m i l r 

cv 
' r v ^ V 

PT r 
( 1 3 1 . 1 . ? 7 ) 

(•''J 7 h e i n r ^ c a t c d v t O v e f o r r f o f i s t h e o v c r f . r u o f t h e r ^ - v . i J u c f s f o r 

t h e c i ^ l i t known r e s c h a n c e r . b e t w e e n 5 . 9 7 eV a n d 7 5 . 1 e V , I t war. c h c c k c d 

w h e t h e r t h i s v a l u e c a n b e t o k e n a s a p p r o p r i a t e a v e r a g e a l s o s h o v e 7 5 c V . 

"For t h i s p u r p o s e t h e r e s o n n n c c i n t e r a - r J c o n t r i b u t i o n s o f t h e known 

c a - v t u r c and f i s s i o n r e s o n a n c e s u n t o 7 5 cV h a v e b e e n c a l c u l a t e d . T h e n 

t h e d i T e r e n c e b e t w e e n t h e r . car .urcd and t h o s e p a r t i a l r e s o n a n c e ; i n t c r r u l : 

f o r c a p t u r e an.-"1, f i s s i o n r c s - . c c t i v c l y r i v e s t h e c o n t r i b u t i o n s o f the: r e -

s o n a n c e s aho">'c 7 5 e ' r . The c h o s c n T and v a l u e s s h o u l d f u l f i l l t h e 
Y f 

a p v r o x i r . u t e r e l a t i o n ; 

- J i e V . ( I I I . 1 . 2 " ) 
• » — 

T.;T r 
f ' 7 5 c V f 
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T h i s v a s f o u n d t o "be a c t u a l l y - - the e a s e . 

( e ) " o r lac"!- c f a v a i l a b l e ciat-i t h e a v e r a r e r e s o n a n c e r > a r a n e t e r s o f Cm 
2 V ; 

h a v e beer: a s s u m e d t o b e t h e s s r e a s f o r Cm. T h i s c a n b e . j u s t i f i e d 

1;;- - t h e i r s i r - a l a r f i s s i o n b a r r i e r s a n d b i n d i c c e n e r g i e s . 

(r~) l e v e l c e n s i t : * c T 1 h a s b e e n o b t a i n e d f r c n p _ = O _ ( 2 J + 1 ) 

-.-There -J i n t h e t o t a l an f nj' lar momentum o f t h e l e v e l s c o n s i d e r e d . I n a 

r e p o r t " a r i t t e n b y " o o r c a n d S i r ^ s o n / 15 7 c n i s r i v e n f o r n u c l e i 

v i t h e v e n Z a s a f u n c t i o n o f t h e n e u t r o n b i - i d i n . - e n e r ~ , 

( h ) I f n o c o r . t r a r ; - c e m e n t i s r e p o r t e d t h e a v e r a r e r e s o n a n c e p a r a m e t e r s 

h a v e b e e r o b t a i n e d a s a r i t h m e t i c mean v a l u e s o f t h e r e s o l v e d r e s o n a n c e 

p a r a m e t e r s r i v e n i n t h e q u o t e d r e f e r e n c e "work. 

( i ) The v a l u e s i n d i c a t e d h a v e b e e n c a l c u l a t e d b y t h e a u t h o r o f t h e c i t e d 

r e f e r e n c e h i m s e l f frcrc h i s o-.rn e x p e r i m e n t a l d a t a . 
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l i . R e s o n a n c e I n t e g r a l s 

I n t h e f o l l o u i n f t t a b l e m e a s u r e d a n d e v a l u a t e d d a t a o f i n f i n i t e d i l u t i o n 

r e s o n a n c e i n t e g r a l s f o r c a p t u r e a n d f i s s i o n h a v e "been l i s t e d . 

T a b l e I I I . 1 . 3 : I n f i n i t e d i l u t i o n r e s o n a n c e i n t e g r a l s f o r 

c a p t u r e a n d f i s s i o n 

I s o t o p e RI™/~"b 7 R e f e r e n c e C o n n e u t s 7 T t a f e r c n c e Comment: 

231. 

2 3 2 u 

23^ 1J 

?3o, 

i»D0 

220 

7 0 0 ± 7 0 

700 

3 3 2 + 1 R 

l»00± } i0 

3 1 0 

)|00 

'U17±25 

2 2 e v a l u a t i o n o f 0 
T3£.asurcd r e -
s o n a n c e i n t e -
g r a l s 

2 2 e v a l u a t i o n o f 3 2 0 
r c a s u r c d r e -
s o n a n c e i n t e -
g r a l s ; p r e f e r r e d 
v a l u e i n / ~ 2 2 7 

2 3 p r e f e r r e d v a l u e 
i n / ~23J7« c a l -
c u l a t e d ~ f r o n r e -
s o n a n c e p a r a -
n e t e r s 

2 r e c o n n e n d e d i n 0 
f 2 j 

c a l c u l a t e d f r o n 
p r e l i m i n a r y r e -
s o l v e d r e s o n a n c e 
p a r a m e t e r s u p t o 
2 7 2 . 0 eV 

1 r e c o n n e n r l e d i n 0 

f ' J 
2 e s t i m a t e d f r o n 

r e s o n a n c e p a r a -
m e t e r s 

2 r e c o m m e n d e d i n 

r v 
n e a s u r e r . e n t 
c a r r i e d o u t i n 
o r d e r t o r e s o l v e 
t h e d i s c r e p a n c i e s 
i n t h a t v a l u e 

n e g l i g i b l e s u b t h r e s -
h o l d f i s s i o n / » 7 

e v a l u a t i o n o f m e a -
s u r e d r e s o n a n c e 
i n t e g r a l s 

n e g l i g i b l e s u b t h r e s -
h o l d f i s s i o n /"*1 7 

n e g l i g i b l e s u b t h r e s -
h o l d f i s s i o n / 1 7 
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T a b l e I I I . 1 . 3 c o n t i n u e d 

CO 
I s o t o p e HI / b / ? . e f e r e n c e Comments RI_ f»/~b 7 P^eTerence C o n c e n t s 

^19—70 2U 

H19±25 

P r e f e r r e d 
v a l u e : 

U17 

o b t a i n e d b y t h e 
TJ23u a n d g o l d 
cadmium, r a t i o s ; 
r e l a t i v e t o 

t n e m 

e x p e r i m e n t a l 
v a l u e , d c t c m i n e d 
r e l a t i v e t o t h e 
v a l u e o f 1 5 5 0 b 
f c r n o l d 

m o s t r e c c r r t a n d 
d e c i s i o n m e a s u r - - -

nsrr ' • - i f 

237 . • n i ° 7 0 ± 1 3 0 

n l n 

500 

5 5 0 

9 UC 

P r e f e r r e d 
v a l u e : 

0^5 

c a l c u l . - J . c d *by a — 
m a n n e r n o t i n d i -
c a t e d i n d e t a i l 
i n r e f e r e n c e / ~ 3 7 

e x p e r i m e n t a l v a l u e , 
1 / v p a r t o f t h e i n -
t e g r a l n o t i n c l u d e d 

a d j u s t e d f r o m t h e 
n o n l / v - i t c a s u r e m e n t o f S 7 0 b 
o f r e f e r e n c e / " 2 5 7 

c a l c u l a t e d f r o m r e -
s o l v e d r e s o n a n c e p a r a -
m e t e r s , e x t r a p o l a t e d 
t o h i ^ h e n e r g i e s 

e : r p e r i r . c n t a l v a l u e 0 

t h e s i n g l e m e a s u r e - 0 
m e n t a v a i l a b l e o f 
O70b / " 2 5 _ 7 c o r r e c t e d 

i n " a m a n n e r n o t i n -
d i c a t e d i n ^ a r t i c u l a r ; 
p r o b a b l y f o r t h e l a c k -
i n g 1 / v p a r t o f t h e 
m e a s u r e d i n t c r r a l 

a v e r a g e o f t h e t v o v a l u e s 
f o r t h e r e s o n a n c e i n t o -
, T a l w h i c h i n c l u d e t h e 
1 / v - p a r t o f t h e i n t e g r a l 

u n k n o w n v a l u e , 
a s s u r e d t o b e 0 

t h e i n t e r r a l o v e r 
t h e r e s o n a n c e s b e t -
w e e n 0 . 5 e V a n d 1 h e \ 
h a s b e e n e s t i m a t e d 
t o b e 0 . 3 b ; a n a i n s t 
t h e c a p t u r e i n t e - ^ r r l 
i t r a y b e n e r l e c -
t e d 
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" a h l c T 7 T . 1 . ? » c o n t i n u e d 

J n o t o p e b J " e f e r e n c c C o r - r e n t s Til^/*"b 7 r e f e r e n c e C o n s e n t s 

' - ^ ' r u 

2l»1 
A n 

(u ) 

o n 

197 

150 

• c r> <? • ..i 

P r o f e r r e d 
v a l u e : 

l u n 

1600 

6 5 0 

Q\C 

6 7 0 

P r e f e r r e d 
v a l u e : 

670 

c a l c u l a t e d tSOO+SOO 
f r o n ( c ) 

c a i c u J a t e e l $ 6 0 
f r o r ( t ) 

2-S c o r p l e t e l y o u t -
s i d e e x p l a n a t i o n 
f r o n r e s o n a n c e 
p a r a r e t e r r . 

2 e s t i m a t e d f r o n 2 5 
r e s o n a n c e p a r a -
r . c t e r s 

7 , 3 c a l c u l a t e d f r o n 2 3 . 7 
r e s o n a n c e p a r a -
r e t e r s u p t o 1OOheV 

P r e f e r r e d 
v a l u e : 

a v e r a g e v a l u e o f 2h 
t h e t w o c a l c u l a t e d 
r e s o n a n c e i n t e g r a l s 

2 c a l c u l a t e d f r o n r e - 5 . 5 
s o l v e d r e s o n a n c e 
p a r a m e t e r s , e x t r a p o -
l a t e d t o h i g h e n e r g i e s 

2 c a l c u l a t e d f r o m r e -
s o l v e d r e s o n a n c e 
p a r a m e t e r s e x t r a -
p o l a t e d t o e n e r g i e s 

7 c a l c u l n t ' j v . r e - i f i 
s o n a n c e p a r a n e t e r s 
u p t o 1 0 0 k e V 

5 f r o n t h e m e a s u r e d 3 0 
a b s o r p t i o n i n t e g r a l 
( 7 0 0 b ) w i t h C a p t / A b s 
= 0 . 9 6 ( t h e l o w e r l i m i t 
v a l u e o f t h a t r a t i o a s 
e s t i m a t e d i n / " 0 7 ) 

P r e f e r r e d 
v a l u e : 

p r e f e r r e d b e c a u s e 3 0 
o f t h e e x p e r i m e n t a l 

b a s i c d a t a 

s i n g l e m e a s u r e m e n t 
a v a i l a b l e 

c a l c u l a t e d frca-j (r . ) 

m e a s u r e d v n l u e 

7 , 3 c a l c u l a t e d f r o ^ r e -
s o n a n c e p a r a m e t e r s 
urv t o 10OkeV 

o v e r a g e v a l u e o f 
t h e t w o a v a i l a b l e 
o n e s 

? c a l c u l a t e d f r o n . r e -
s o l v e d r e s o n a n c e 
p a r a m e t e r s , e x t r a -
p o l a t e d t o h i g h 
e n c r r i e s 

c a l c u l a t e d f r o m 
r e s o n a n c e p a r a m e -
t e r s u p t o 1OOkeV 

f r o m t h e m e a s u r e d 
a b s o r p t i o n i n t e -
g r a l ( 7 0 0 b ) w i t h 
C a p t / A b s = 0 . 9 6 

p r e f e r r e d b e c a u s e 
i t i s b a s e d o n a 
m e a s u r e m e n t o f t h e 
a b s o r p t i o n i n t e g r a l 
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( s ) " h e r e s o n a n c e i n t e g r a l h a s b e e n c a l c u l a t e d f r o m t h e a p p r o x i m a t e f o r m u l a 

ST 

3 1 

r 
_ Y -where the mean capture and fission vidths cf 

Table III. 1,1 have been inserted. 

( t ) T h e c a p t u r e r e s o n a n c e i n t e g r a l o f P u h a s "been o b t a i n e d u s i n g t h e 

f o r m u l a e o f D r e s n e r ( I I I . 1 . 3 , I I I . 1 . 8 ) w i t h t h e a v e r a g e v a l u e s o f 

F_ and r ^ as listed in table III. 1.1, There only the contri— f n 
b u t i o n o f t h e s - w a v e s h a p b e e n t a k e n i n t o a c c o u n t . 

( u j T o r "Cm t h e same r e s o n a n c e p a r a m e t e r s a s f o r Cm h a v e b e e n a s s u m e d . 

T h e n t h e v a l u e o f t h e a b s o r p t i o n r e s o n a n c e i n t e g r a l t o o , may b e t a l i e n 
2 W 

t o b e t h e s a m e a s f o r Cm. A l l t h e r e f e r e n c e s a n d d a t a r i v e n c o n -
2^2 2hh 

c e r m n g t h e r e s o n a n c e i n t e g r a l s o f Cm r e f e r t o Cm, 

I I I . 2 F a s t r e a c t o r 

I n t h e r e s o n a n c e r e g i o n t h e w e i g h t i n g o f t h e c r o s s s e c t i o n s w a s p e r f o r m e d 

b y u s i n g t h e ITAF-Core s p e c t r u m ( F i g u r e 2 ) , F o r t h e r e s o l v e d r e s o n a n c e 

r e g i o n t h i s h a s a n i m p o r t a n t c o n s e q u e n c e b e c a u s e t h e T I A P - s p e c t r u n g i v e s 

t h e g r e a t e s t w e i g h t t o t h e u p p e r p a r t o f t h e e n e r g y r a n g e o f g r o u p ^ I n 

t h a t r a n g e , h o w e v e r , t h e r e s o n a n c e s f o r t h e r . o s t p a r t a r e u n k n o w n and t h e 

known r e s o n a n c e s , a b o v e a l l t h e h i g h e s t o n e s , f r o m t h e f i r s t p a r t o f t h e 

e n e r r y g r o u p d o n o t p i n y a g r e a t p a r t i n t h e a v e r a g i n g s b e c a u s e o f t h a t 

s n e c i a l f o r m o f t h e w e i g h t i n g s p e c t r u n , T h e r e f o r e t h e c r o s s c e c t i o n r , f o r 

t h e r e s o l v e d r e s o n a n c e r e g i o n h a v e b e e n c o m p u t e d b y u s i n " t h e s t a t i s t i c a l 

m e t h o d o f t h e '^APJGX-Cocle / ~ 3 2 7« O n l y i r . t h a t c a s e , w h e r e c r o s s s e c t i o n s 

h a v e b e e n a l r e n d y c a l c u l a t e d -with r e s o l v o d r e s o n a n c e p a r a m e t e r s , t h e s e v a l v e s 

h a v e b e e n a d o p t e d . T h i s c o n c e r n s t h e f o l l o w i n g i s o t o p e s : 

C a l c u l a t i o n s - : i t h r e s o l v e d r e s o n a n c e 
I s o t o p e - j a r m e t e r s u"n t o P e f e r e n c e 

? 3 V a 1 0 0 cV /~2? 7 D r a k e a n d H i c - i o l s 
o-?? 

J 15 eV 
P3!-

?3M 
3 7 ^ oV 

3-n}! e 7 
f 3 « J D r c k e and I T i c h o l o 
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The c r o s s s e c t i o n s f o r t h e - u n r e s o l v e d r e g i o n h a v e b e e n t h r o u g h o u t c a l -

c u l a t e d w i t h t h e UEARSEX-Code. 

The r e s u l t i n g c r o s s s e c t i o n s h a v e b e e n c h e c k e d a t s e v e r a l e n e r g i e s f o r 
232 

U a n d t h e f o u r o d d n u c l e i i n v e s t i g a t e d . 

The a v e r a g i n g v a s c a r r i e d o u t a c c o r d i n g t o t h e f o r m u l a ( i l l . 2 ) . 



'Tcutrort c r o s s s e c t i o n s i n t h e f a s t . r e . r i o n 

T o r t h i s e n e r r y r a n r e e n e r . r ^ - d e p c n d e n t c r o s s s e c t i o n s c o u l d "be e x t r a c t e d 

f r o m t h e l i t e r a t u r e f o r a l a r n o n a r t o f t h e i s o t o p e s c o n s i d e r e d . T o r 

t h e i s o t o p e s f o r w h i c h n o c r o s s s e c t i o n d a t a w e r e a v a i l a b l e s i m p l e ivucJ .ear 

s y s t e m a t i c a h a v e "been a p p l i e d t o n e r c r a t e t h e d e s i r e d d a t a . 

T h e a v e r a r i n r ; o v e r t h e t w o f a s t e n c r ^ , ' " r o u p s h a s b e e n c a r r i e d o u t 

a c c o r d i n g t o 

"hy u s i n r a c o m p u t e r p r o g r a m o f M r s , K r i e g / ~ 2 7 7 • T h e t a b l e s 11 a n d 12 

n i v e l i s t s o f t h e m e a n v a l u e s f o r c a p t u r e , f i s s i o n , ( n , 2 n ) r e a c t i o n c r o s s 

s e c t i o n s a n d f o r t h e m e a n n u m b e r o f n e u t r o n s p e r f i s s i o n i n t h e f a s t 

c n e r p - y r e g i o n , 

I V . 1 . I v c i f f h t i n p s p e c t r a 

As f o r a t h e r m a l r e a c t o r t h e c r o s s s e c t i o n s w e r e w e i g h t e d w i t h t h e f l u x 

s p e c t r a d i s p l a y e d i n f i p u r c 1 / ~ 6 3 7 , 

F o r t h e f a s t r e a c t o r t h e f l u x s p e c t r u m o f a 1 0 0 0 IF.Je I J A 1 - t y p e p l o t t e d 

i n f i g u r e 3 w a s u s e d / ~ 6 H 7« n;ot i t i n t h e f o r m o f (Troup f l u x e s 

cf'i = J ^ ( l O d j . . 
Alh 

l 

I n o r d e r t o o u t r a n t h e c r o u p a v e r a g e d f l u x d e n s i t i e s t h e s e h a v e t o b e 

d i v i d e d b y t h e c o r r e s p o n d i n g e n e r g y i n t e r v a l s AE^. The r e s u l t i n g s t e p -

f u n c t i o n w a s a p p r o x i m a t e d b y a s m o o t h c u r v e , 

I V . 2 . R a d i a t i v e c a p t u r c c r o s s s e c t i o n 

M e a s u r e m e n t s o f t h e c a p t u r e c r o s s s e c t i o n i n t h e f a s t e n e r g y r a n ^ e f o r 
2 3 7 2 3 6 

t h e i s o t o p e s i n r e g a r d h e r e h a v e t i l l now o n l y b e e n p e r f o r m e d f o r i;pa n <3 U 

a t s e v e r a l energy p o i n t s . F o r s o m e o t h e r n u c l e i s t u d i e d h e r e c a l c u l a t i o n s 

h a d b e e n c a r r i e d o u t s o t h a t r a d i a t i v e c a p t u r e c r o s s s e c t i o n v a l u e s f o r 

t h e i s o t o p e s 2 3 1 P a , 2 3 2 U , 2 3 \ j , 2 3 6 U , S 3 C P u h a v e b e e n a v a i l a b l e p o i n t -

<a > . 
x 1 > w h e r e x. - y , f » 2 n 

i = 2 o r 1 

( I V . 1 ) 
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v i s e o v e r t h e e n t i r e e n e r g y r a a r e f r o m U 6 . 5 h e V u p t o 1 0 MeV a n d T o r 
2 3 7 

t h e i s o t o p e Hp o v e r a s u b r a n g e f r o n 0 . 1 5 '-'eV u p t o 1 . 5 I l e V . T h e 

r e f e r e n c e s a r e g i v e n i n t a b l e I V . 2 . 1 . 

T a b l e I V . 2 . 1 : I n f e r e n c e s f o r c a p t u r e c r o s s s e c t i o n d a t a i n t h e 

e n e r g y r a n g e f r o n i ; C . 5 k e Y u p t o 1 0 MeV 

C o n s e n t s 

c a l c u l a t e d f r o m u n r e s o l v e d r e s o n a n c e p a r a m e t e r s w i t h -
o u t t a k i n g i n t o a c c o u n t c o m p e t i n g p r o c e s s e s ; a b o v e 0 . 2 
•IeV a 1 / r - d e p e n d e n c e w a s a s s u m e d f o r c ( l i ) 

t h e r e s u l t s o f c a l c u l a t i o n s w i t h u n r e s o l v e d r e s o n a n c e 
p a r a m e t e r s h a v e b e e n e x t r a p o l a t e d a b o v e 1 k e V b y 
a s s u m i n g a s i m i l a r s h a p e a s t h a t m e a s u r e d f o r o o f 
'0230 b e c a u s e o f t h e r a t h e r s i m i l a r s - w a v e r e s o n a n c e 
p a r a m e t e r s 

1 k e V - 0 . 3 • 'e V c a l c u l a t e d f r o m u n r e s o l v e d r e s o n a n c e 
p a r a m e t e r s ; 0 , 3 - U ?'eV s m o o t h c u r v e t h r o u g h e x p e r i -
m e n t a l d a t a p o i n t s ; a b o v e b :ieV 1 / l C - d e p e n d e n c e a s s u m e d 

n e a s x i r e r . e n t s w i t h t h e a c t i v a t i o n t e c h n i q u e a t f? n e u t r o n 
e n e r g i e s b e t w e e n Or. 15 a n d 1 . 5 MeV; 

b e l o u 2 McV c a l c u l a t e d w i t h s t a t i s t i c a l t h e o r y w i t h t h e 
b a s i c v a l u e < F ^ / D > = 2 , • 1 ; 

above 2 "eV t h e o - s h a p e was o b t a i n e d by c o u g a r i n o n w i t ' " 
U?3r> y 

•"""or t h e i s o t o p e s 2 3 7 I J , , ^ V u , and 2 ) ' ? C r i , f o r w h i c h n v ( r ) _ V c . l u e r . 

have n o t been Measured h i t h e r t o , t h e a v e r a g e v a l u e s o f t h e c a p t u r e c r o s s 

s e c t i o n w e r e o b t a i n e d b y t h e approximate}.?- v a l i d r e l a t i o n 

<n >. = — < 0 " > . w-xth 1 = 2 rad 1 r e s p e c t i v e l y ( T V . 2 , 1 . ) 
Y l -U??>::- Y l 

r and J: d e n o t i n g t h e i s o t o p e s t u d i e d y 



25 -

T h i s f o r m u l a p r e s u p p o s e s a s i m i l a r i t y i n t h e r e s o n a n c e s t r u c t u r e o f 
2 3 n 

U a n d t h e i s o t o p e c o n c e r n e d . 

I n t h e f o r m u l a > m e a n s (*" a v e r a g e d o v e r t h e g r o u p s 2 

a n d 1 r e s p r e c t i v e l y "by u s e o f t h e " w e i g h t i n g s p e c t r a i n t h e s e g r o u p s a s 

d i s p l a y e d i n t h e f i g u r e s 1 a n d 3 . H e r e u s e w a s made o f t h e m i c r o s c o p i c 
nnQ 

ca.pt-are c r o s s s e c t i o n s o f U a s g i v e n on t h e K Z D A K - f i l e / ~ 6 5 7« A s 
2 3 0 - U 2 3 8 — ~~ 

a v e r a g e c a p t u r e w i d t h f o r U t h e v a l u e T^ = 2 3 meV was t a k e n w h i c h 

i s c o n s i s t e n t w i t h t h e m o s t r e c e n t c a p t u r e c r o s s s e c t i o n m e a s u r e m e n t s 

o f " o x o n r 2 8 J / . 

2 3 7 

F o r ~ Hp o v a l u e s w e r e a v a i l a b l e o n l y m t h e e n e r g y r a n g e f r o m 152 keV 

u p t o 1 . 5 MeV. An e x t e n s i o n Of t h e c a p t u r e c r o s s s e c t i o n c u r v e b e y o n d 

t h e s e e n e r g y l i m i t s b y a s s u m i n g t h e s h a p e o f c t o "be t h e same a s t h a t 

o f s i m i l a r i s o t o p e s d i d n o t s e e m r e a s o n a b l e b e c a u s e o f t h e v e r y f e w 

d a t a p o i n t s g i v e n . T h e r e f o r e t h e a v e r a g e v a l u e s o v e r t h e p a r t i a l g r o u p s 

2 ' - w i t h t h e e n e r g y U n i t s o f 1 5 2 keV a n d 3 0 0 k e V - a n d 1 ' - w i t h t h e e n e r g y 

l i m i t s o f 8 0 0 k e V a n d 1 . 5 MeV- o f t h e g r o u p s 2 a n d 1 r e s p e c t i v e l y h a v e 2 3 8 2 3 7 
b e e n d e t e r m i n e d f o r U a n d H p . The a v e r a g e c a p t u r e c r o s s s e c t i o n s 

o v e r t h e e n t i r e g r o u p s 2 a n d 1 h a v e t h e n b e e n c a l c u l a t e d f r o m 

IIp237 > # < ( J IIp237 > _ <CT - ">. <o 
y -1 Y w i t h i = 2 a n d 1 ( I V . 2 . 2 ) U 2 3 8 <cr > - <c1 >., ., _, j , i y l y i 1 l ' = 2 ' and 1 ' 

The a v e r a g e s a r e g i v e n i n t h e t a b l e 11 f o r a l l i s o t o p e s , 

I V . 3 . F i s s i o n c r o s s s e c t i o n 

F o r t h e i s o t o p e s 2 3 1 P a , 2 3 S j , 2 3 S f
 2 3 7 I I p , 2 3 G P u f i s s i o n c r o s s s e c t i o n d a t a 

b a s e d on m e a s u r e m e n t s i n t h e e n e r g y r a n g e f r o m U 6 . 5 keV t o 10 MeV h a v e 

b e e n g i v e n i n t h e l i t e r a t u r e . The r e f e r e n c e s a r e q u o t e d i n t a b l e I V . 3 . 1 . 

F o r t h e o t h e r i s o t o p e s n o e x p e r i m e n t a l i n f o r m a t i o n a t a l l h a s b e e n 

a v a i l a b l e . 
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T a b l e I V , 3 . 1 : R e f e r e n c e s f o r f i s s i o n c r o s s s e c t i o n d a t a i n t h e 

e n e r g y r a n g e from. h 6 % 5 k e V u p t o 1 0 ! leV 

Comments 

u p t o 3 I'eV s m o o t h c u r v e t h r o u g h m e a s u r e d d a t a p o i n t s ; 
a b o v e 3 MeV t h e a u t h o r s s a y t h a t t h e r e t h e y h a v e 
a s s u m e d t h e o ^ - s h a p e t o b e t h e same a s t h a t o f s i m i l a r 
i s o t o p e s 

m e a s u r e d f i s s i o n r a t i o s o f U 2 3 V U 2 3 5 h a v e b e e n / r i v e n , 
t h e r e v i s e d v a l u e s / ~ 3 3 7 h a v e b e e n t a k e n . 

R e c e n t l y m e a s u r e m e n t s o f t h e f i s s i o n c r o s s s e c t i o n f o r 
U 2 3 6 r e l a t i v e t o U235 i n t h e e n e r g y r a n g e f r o m 1 t o 5 MeV 
h a v e b e e n c a r r i e d o u t v e r y c a r e f u l l y b y S t e i n e t al,/~3hJ7» 
T h e r e f o r e h i s e x p e r i m e n t a l v a l u e s a r e r e c o m m e n d e d h e r e i n 
t h a t r a n g e w h e r e a s o u t o f i t t h e v a l u e s s e l e c t e d b y D a v e y 
/ ~ 3 3 7 h a v e b e e n a d o p t e d . I n f i g u r e H t h e p r e f e r r e d v a l u e s 
o f Davey 1 * a r e p l o t t e d a s w e l l a s t h e m e a s u r e d v a l u e s o f 
S t e i n a f t e r m u l t i p l i c a t i o n w i t h t h e U 2 3 5 f i s s i o n c r o s s 
s e c t i o n v a l u e s r e c o m m e n d e d b y D a v e y / 3 3 7* 

T h e same a s f o r U 2 3 ^ ; m o s t r e c e n t e x p e r i m e n t a l v a l u e s o f 
S t e i n e t a l . /~3k 7 a r e i n g o o d a g r e e m e n t w i t h t h e r e -
v i s e d d a t a of""Davey b a s e d i n t h e r a n g e f r o m 1 . 0 t o 
5 . 0 JleV on e a r l i e r m e a s u r e m e n t s o f S t e i n e t a l . T h e r e -
f o r e a r e v i s i o n w a s n o t n e c e s s a r y . 

E a s e d o n r e c e n t e : q > e r i m e n t s o f D . B a r t o n n o t m o r e 
s p e c i f i e d . 

F o r , D r n h c h a s a l s o p e r f o m e d an e v a l u a t i o n /~20 . B u t a b o v e 1 k e V 

e x p e r i m e n t a l , v a l u e s d o n o t e x i s t and t h u s c r u d e e s t i m a t e s n o t d e s c r i b e d 

i n d e t a i l h a v e b e e n m a d e . We h a v e t h e r e f o r e p r e f e r r e d t o x i t i l i z e a l s o 
? 3 2 • • 2 3 7 2 3 6 2U2 23^1 

f o r U t h e f i s s i o n s y s t e m a t i c a p p l i e d t o U , P u , Cm a n d ' H p . 

I t i s b a s e d o n t h e f o l l o w i n g c o n s i d e r a t i o n s o f Z a n y a t n i n / 35_7« 

The f i s s i l e i s o t o p e s may b e d i v i d e d r o u g h l y i n t o t w o g r o u p s : o n e f o r t h e 

i s o t o p e s b e i n g f i s s i o n a b l e b y t h e r m a l n e u t r o n s and t h e o t h e r f o r i s o t o p e s 

w i t h a f i s s i o n t h r e s h o l d a b o v e t h e r m a l e n e r g i e s , 

}{ • • • • « 
I n t h e m e a n t i m e D a v e y h i m s e l f h a s r e v i s e d t h e f i s s i o n c r o s s s e c t i o n v a l u e s 
f o r U 2 3 6 r e c o m m e n d e d i n 1 9 6 8 . H i s now p r e f e r r e d v a l u e s / ~ 7 0 7 a r e a l s o 
b a s e d on t h e e x p e r i m e n t a l d a t a o f S t e i n e t a l . i n t h e e n e r g y r a n g e 1 - 5 MeV. 
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T h e compound n u c l e u s t h e o r y o f B o h r / 6 6 7 d e s c r i b e s t h e f i s s i o n c r o s s 

s e c t i o n a b o v e s o m e t h r e s h o l d e n e r g y b y 

= a ' — ( I V . 3 . 1 
J o 0 r 

H e r e a i s t h e c r o s s s e c t i o n f o r t h e f o r m a t i o n o f t h e comoound n u c l e u s and 
r c 

y— t h e b r a n c h i n g r a t i o o f t h e p r o b a b i l i t y f o r t h e d e c a y o f t h e compound 

n u c l e u s b y f i s s i o n . T h i s y i e l d s f o r t h e r e l a t i v e f i s s i o n p r o b a b i l i t y 

f o f t h e compound n u c l e u s 

% r , 
t 0 - — - T f i ( r f . 3 . 2 ) 

C 

At n e u t r o n e n e r g i e s o f a b o u t Z t o 7 i leV a n e w r i s e o f t h e f i s s i o n c r o s s 

s e c t i o n s e t s f o r b o t h g r o u p s o f f i s s i o n a b l e i s o t o p e s , i . e . f o r t h e i s o -

t o p e s f i s s i o n a b l e b y t h e r m a l n e u t r o n s a s w e l l a s f o r t h e i s o t o p e s w i t h 

a f i s s i o n t h r e s h o l d a b o v e t h e r m a l e n e r g i e s . The e x c i t a t i o n e n e r g y b e c o m e s 

t h e n h i g h e n o u g h t o p e r m i t e v a p o r a t i o n o f o n e n e u t r o n w i t h o u t r e d u c i n g 

t h e e x c i t a t i o n e n e r g y o f t h e r e s i d u a l n u c l e u s b e l o w i t s f i s s i o n t h r e s h o l d . 

T h e s y s t e m t h e n g e t s a s e c o n d c h a n c e t o u n d e r g o f i s s i o n / 3 6 7« T h e t h r e s -

h o l d e n e r g y f o r t h e ( n , n ' f ) r e a c t i o n i s e q u a l t o t h e f i s s i o n b a r r i e r IC^A) 

o f t h e o r i g i n a l t a r g e t n u c l e u s A. The f i s s i o n c r o s s s e c t i o n a b o v e t h i s 

t h r e s h o l d s h a l l b e d e s i g n a t e d b y a ^ . A t n e u t r o n e n e r g i e s o f a b o u t 12 MeY 

a t h i r d c h a n c e o f u n d e r g o i n g f i s s i o n a p p e a r s due t o t h e e m i s s i o n o f a s e c o n d 

n e u t r o n . 

B e l o w t h e t h r e s h o l d f o r t h e ( n , n ' f ) p r o c e s s t h e f i s s i o n c r o s s s e c t i o n i s 

e q u a l t o t h a t f o r t h e compound n u c l e u s o f r a s s number A+1 . A b o v e t h i s t h r e s -

h o l d and b e l o w t h e t h r e s h o l d f o r t h e ( r . , 2 n ' f ) r e a c t i o n t h e f i s s i o n o f t h e 

compound n u c l e u s a s w e l l a s t h e f i s s i o n o f t h e e x c i t e d t a r g e t n u c l c u s o f 

m o s s number A c o n t r i b u t e t o t h e t o t a l f i s s i o n c r o s s s e c t i o n . The g e n e r a l 

f o r m o f t h e f u n c t i o n a ^ ( r i ) i s s h o i m i n t h e f o l l o w i n g f i g u r e f o r t h e t w o 

t - r n c s o f f i s s i l e i s o t o p e s . 

tffo 

L 

f\ 
Fip-ure I V . 3 . 1 ( from. Z a m y a t n i n / " 3 5 _ 7 ) 

a ) i s o t o p e s f i s s i o n a b l e b y t h e r m a l n e u t r o n s 

b ) i s o t o p e s w i t h a f i s s i o n t h r e s h o l d a b o v e 

t h e r m a l 

Ethr En 



T h e t h r e s h o l d e n e r g y E f o r t h e ( n , f ) p r o c e s s I s g i v e n "by 

E^( .A+l ) - TLpCA+1), i . e . t h e d i f f e r e n c e "between t h e f i s s i o n b a r r i e r 

a n d t h e n e u t r o n b i n d i n g e n e r g y o f t h e compound n u c l e u s o f m a s s n u m b e r A + l . 

T h e f i s s i o n p r o b a b i l i t y a f t e r e m i s s i o n o f o n e n e u t r o n I s o b t a i n e d "by 
A A 

( 1 - f g w h e r e f I s t h e p r o b a b i l i t y f o r f i s s i o n o f t h e compound n u c l e u s 

w i t h m a s s n u m b e r A . T h i s y i e l d s 

( ! < ' ) * * C I V . 3 . 3 ) 
C 

a n d f u r t h e r 

c ^ = 1 + - 3 i T — f o 

"0 0 

T h e v a l u e s o f t h e r a t i o c a l c u l a t e d i n s u c h a way s h o w a c c o r d i n g t o 

Z s a i y a t n i n s u f f i c i e n t l y g o o d a g r e e m e n t w i t h known e x p e r i m e n t a l v a l u e s o f 

t h i s r a t i o , s o t h a t o n e c a n e s t i m a t e \onknown f i s s i o n c r o s s s e c t i o n s i n t h e 

r e g i o n a b o v e 7 - i e Y , i f t h e f i s s i o n c r o s s s c c l i o n s f o r t h e s e i s o t o p e s a r e 

known i n t h e e n e r g y r e g i o n o f a b o u t 2 t o 5 TleV. 

I f t h e s e l a t t e r v a l u e s a r e unknown - a s i n t h e c a s e o f t h e i s o t o p e s i n s tudy-

h e r e - t h e r e e x i s t s a p o s s i b i l i t y t o p r e d i c t t h e m b y u s i n g an e m p i r i c a l 

c o r r e l a t i o n p r o p o s e d b y B a r s c h a l l and H e n k e l / ~ 3 7 7. T h e y p l o t t e d t h e f i s s i o n 

c r o s s s e c t i o n f o r f i s s i o n i n d u c e d b y 3 MeV n e u t r o n s a g a i n s t t h e p a r a m e t e r W 3 
Z / A o f t h e comoound n u c l e u s a n d f o u n d a l i n e a r r e l a t i o n s h i p . The t h e o -

1+/3 
r e t i c a l s i g n i f i c a n c e o f t h e p a r a m e t e r Z / A i n t h i s c o n t e x t i s n o t y e t 

know a t p r e s e n t . 

T h e s y s t e m a t i c v a r i a t i o n o f o ^ ( 3 MeV) w i t h Z and A i s b a s e d o n o l d e r 

m e a s u r e d a - - v a l u e s . I t h a s t h e r e f o r e b e e n c h e c k e d b y p l o t t i n g m o r e r e c e n t U / 3 
v a l u e s o f known f i s s i o n c r o s s s e c t i o n s a t 3 MeV a g a i n s t Z / A ( f i g u r e 5' 

and t a b l e 3 ) . 

The i s o t o p e s 2 3 2 U , 2 3 T U , 2 3 C P u , 2 ^ 2 C n t
 2 3 f V p , f o r w h i c h t h i s f i s s i o n s y s -

t e m a t i c h a s b e e n s t u d i e d , b e l o n g t o t h e f i r s t c a t e g o r y o f f i s s i l e n u c l e i 

i n t h e a b o v e d i s t i n c t i o n , t h a t i s t o t h o s e w h i c h a r e f i s s i o n a b l e b y t h e r m a l 
PKO 2 3 7 

n e u t r o n s . As f o r '"Cm and U t h e m a g n i t u d e o f t h e t h e r m a l f i s s i o n 

c r o s s s e c t i o n , h o w e v e r , i s v e r y s m a l l . 

The b e h a v i o u r o f a f ( E ) h a s b e e n a s s u m e d i n t h e a l r e a d y i n d i c a t e d manner 

( f i g u r e I V . 3 . 1 a ) , The unknown a f ^ - v a l u e s f o r t h e s e i s o t o p e s w e r e r e a d 
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h/3 f r o m f i g u r e 5 "with t h e c a l c u l a t e d p a r a m e t e r s Z / A o f t h e t a r g e t n u c l e i . 

I n a c c o r d a n c e w i t h Z a i s y a t n i n v e h a v e a s s u m e d o c = 3 b f o r a l l i s o t o p e s i n d e -

p e n d e n t o f t h e n e u t r o n e n e r g y . T h e n i t w a s p o s s i b l e t o c a l c u l a t e t h e f i s s i o n 

c r o s s s e c t i o n ;-it t h e s e c o n d p l a t e a u <j£\,. T h e r e s u l t s a r e s h o w n i n t a b l e h . 
2h2 

T h e c r ^ - v a l u e f o r Cm c r ^ = 2 . 9 9 b c a n b e c o m p a r e d w i t h t h e c r o s s s e c t i o n 

n e a s u r e m e d b y F o m u s h k i n f o r f i s s i o n i n d u c e d b y l U . 5 HeV n e u t r o n s 

= 3 . 0 3 b , a l t h o u g h a t e n e r g i e s o f a b o u t I1* IleV t h e ( n , 2 n ' f ) p r o c e s s 

c o n t r i b u t e s t o t h e t o t a l f i s s i o n c r o s s s e c t i o n w h i c h i s n o t t h e c a s e a t 

e n e r g i e s o f t h e s e c o n d p l a t e a u . O t h e r w i s e o n e c o u l d h a v e e m p h a s i z e d t h e r o o d 

a g r e e m e n t o f t h e t w o v a l u e s . 

T h e f i s s i o n c r o s s s e c t i o n b e t w e e n t h e p l a t e a u v a l u e s Of^ a n d c.p w a s a s s u m e d 

t o i n c r e a s e e x p o n e n t i a l l y a c c o r d i n g t o t h e 3 i i l l - Y J h e e l e r f o r m u l a d e r i v e d 

f r o m c h a n n e l - t h e o r y / " U p . 7 . 

= o + ( o „ - o x . 
f f Q ^ f Q j ( 

1 

U e g 

( I V . 3 . 5 ) 

E^ i s t h e f i s s i o n b a r r i e r e n e r g y o f t h e compound n u c l e u s . F o r t h e q u a n t i t y 
x O'ZQ 

Hid t h e v a l u e = 5 0 0 keY 7» w h i c h r e f e r s t o " ' I h i , h a s b e e n t a k e n . 

The f u n c t i o n s f o r t h e i s o t o p e s c o n s i d e r e d a r e p l o t t e d i n f i g u r e 6 a n d 

a r e l i s t e d i n t a b l e 5 . The 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 o v e r t h e e n e r g y 

g r o u p 2 c a n b e i n f e r r e d d i r e c t l y f r o m t h e f i g u r e s a s t h e v a l u e o f t h e 

f i r s t n l a t e a u . 2U1 I n o u r i n v e s t i g a t i o n o f f i s s i o n c r o s s s e c t i o n s i t i s o n l y An w h i c h now 

s t i l l r e m a i n s t o b e t r e a t e d . F o r * Am a f e w m e a s u r e r e n t s o f t h e f i s s i o n 

c r o s s s e c t i o n a r e a v a i l a b l e . T h e y a r e q u o t e d i n t h e f o l l o w i n g t a b l e . 

T a b l e I V . 3 . 2 : F i s s i o n c r o s s s e c t i o n m e a s u r e m e n t s f o r 
2b 1 

Am 

A u t h o r s E n e r g y P.ange o f - v a l u e s / ~ h_7 
n e e g e r , N e m m c n d i n g e r , D i v e n / kh Y 2 0 e V - 1 ?IeV l i s t e d d a t a p o i n t s and 

p l o t s 

Bowman e t a l . / " U 3 7 5 5 0 k e V - G !<!eV p r e l i m i n a r y c u r v e 

P r o t o n c n o v e t a l . /"h5 7 
** mm mm 

1 U . 6 MeV ( 2 . 3 5 ± 0 . 1 5 ) 

K a z a r i n o v a e t a l . / U6 7 2 . 5 MeV 
1 U . 6 McV 

1 . 9 5 ± 0 . 2 
2 . 9 5 ± 0 . 1 5 

F o m u s h k i n e t a l . / ~U1 7 1 U . 5 MeV 2 . 3 0 + 0 . 1 5 
2 . 5 3 ± 0 . 1 2 



- 30 -

I n f i e e n e r g y r a n g e f r o m 3 0 k e V u p -to 5 0 0 k e V t h e a v e r a g e c r ^ - T a l u e s d e t e r -

m i n e d b y S e e g e r e±. s i * T o r s e l e c t e d i n t e r v a l s h a v e "been u s e d . 

F r o n £ 0 0 keY u p t o 3 !5eY - the f i s s i o n c r o s s s e c t i o n s h a v e b e e n r e a d f r c c i 

t i e c u r v e o f Bowman e t e l . I n t h e r a n g e f r o m 6 0 0 k e V u p t o 1 MeV c o v e r e d 

b y b o t h m e a s u r e m e n t s , t h o s e o f Bowman e t a l . a n d t h e P e t r e l m e a s u r e m e n t s , 

t h e a g r e e m e n t b e t w e e n t h e m i s v e r y g o o d * 

T h e e x p e r i m e n t a l d a t a p o i n t s o f Bowman a b o v e 3 MeV h a v e n o t b e e n a d o p t e d 

b e c a u s e t h e y d o n o t s h o w t h e t h e o r e t i c a l l y e x p e c t e d b e h a v i o u r : T h e t h r e s -

h o l d e n e r g y f o r t h e ( n , n * f ) p r o c e s s on -Am i s 6 MeV 7 » t h a t m e a n s 

t h e o _ - v a l u e c o r r e s p o n d i n g t o 6 l leV s h o u l d b e l o c a t e d o n t h e r i s i n g b r a n c h 

o f t h e O j . ( E ) - c u r v e o f Am. B u t t h e m e a s u r e m e n t s o f Bowman e t a l . d o n o t 

s h o w t h i s b e h a v i o u r . 

A b o v e 3 MeV t h e s h a p e o f t h e f i s s i o n c r o s s s e c t i o n h a s b e e n a d a p t e d t o t h a t 

g i v e n i n r e f e r e n c e / ~ 5 9 7 and a d j u s t e d t o p a s s t h r o u g h a o ^ - v a l u e o f 2 . 5 3 b 

o n t h e s e c o n d p l a t e a u . T h i s v a l u e h a s b e e n s e l e c t e d among t h e f o u r m e a s u r e -

m e n t s a t a b o u t 1 ^ . 5 HeV. 

The v a l u e o f o^. = 2 , 3 0 b o b t a i n e d b y F o n u s h k i n b y d e t e c t i n g t h e f i s s i o n 

f r a g m e n t s w i t h i o n i z a t i o n c h a m b e r s s h o w s a g o o d a g r e e m e n t w i t h t h e v a l u e 

o f P r o t o p o p o v , who h a s p e r f o r m e d h i s m e a s u r e m e n t s w i t h a g a s s c i n t i l l a t i o n 

c o u n t e r f i l l e d w i t h X e n o n . H i s o t h e r v a l u e o f 1 , 5 I leV) = 2 . 5 3 b h a s 

b e e n d e t e r m i n e d b y u s i n g g l a s s - p l a t e f r a g m e n t d e t e c t o r s i n s e n s i t i v e t o 

a - r a d i a t i o n . T h i s e x p e r i m e n t a l m e t h o d h a s t o b e p r e f e r r e d b e c a u s e o f t h e 
2U1 

h i g h a - a c t i v i t y o f Am. I n t h e c a s e o f i o n i z a t i o n c h a m b e r s t h e h i g h 

b a c k g r o u n d h a s t o b e t a k e n i n t o a c c o u n t a n d t h i s w i l l o f t e n b e d i f f i c u l t . 

T h u s o n e h a s o n l y t o come t o a d e c i s i o n b e t w e e n t h e t w o v a l u e s o f 2 . 5 3 b 

and 2 . 9 5 b . From t h e f o r m u l a o f Z m y a t n i n ( I V . 3 . ^ ) o n e c a n i n f e r t h e f i s s i o n 

c r o s s s e c t i o n o f t h e f i r s t p l a t e a u b y i n s e r t i n g t h e k n o v n v a l u e o f t h e 2^1 2h2 

s e c o n d p l a t e a u . T h e f i s s i o n p r o b a b i l i t y f o r Am a n d Am h a s b e e n d e -

t e r m i n e d b y u s i n g f i g u r e 5 and w i t h a c = 3 b . The r e s u l t i n g 0 f Q - v a l u e s 

a r e Oj.^ = 1 . 8 b f o l l o w i n g f r o m t h e a ^ - v a l u e o f F o m u s h k i n and = 2 . 1 b 

f o l l o w i n g f r o m t h e a - v a l u e o f K a z a r i n o v a . The v a l u e o f 1 .Ob i s i n g o o d 

a g r e e m e n t w i t h t h e p l a t e a u v a l u e m e a s u r e d b y Bowman e t a l . a n d i n m o d e r a t e 

a g r e e m e n t w i t h t h e v a l u e m e a s u r e d b y K a s a r i n o v a . T h e r e f o r e t h e v a l u e o f 

o _ ( l ' + , 5 McV) = 2 . 5 3 b g i v e n b y F o m u s h k i n h a s b e e n a s s u m e d t o b e a p p r o p r i a t e 

f o r t h e s e c o n d p l a t e a u . The p r e f e r r e d a ^ ( E ) - c u r v e f o r " Am i s shown i n 

f i g u r e 7 . 
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T 7 . U , ( n , 2 n ) c r o s s s e c t i o n 

T h e ( n , 2 n ) p r o c e s s c o m p e t e s w i t h t h e o t h e r p r o c e s s e s o n l y i n t h e e n e r g y 

g r o u p 1 , b e c a u s e t h e t h r e s h o l d e n e r g y f o r t h i s r e a c t i o n i s b e t v e e n a b o u t 

6 a n d 7 HeV f o r t h e i s o t o p e s s t u d i e d , " ' e a s u r e m e n t s a r e c o m p l e t e l y l a c k -
2 3 7 

m g f o r a l l i s o t o p e s m r e g a r d h e r e e x c e p t f o r l ip a t a s i n g l e e n e r g y 

p o i n t . C a l c u l a t i o n s o f t h e ( n , 2 n ) c r o s s s e c t i o n h a v e t i r e a d y b e e n p e r -

f o r m e d f o r t h e i s o t o p e s P a , ' " ^ U , U , ° ^ P i x . A u t h o r s a n d 

m e t h o d s a r e g i v e n i n t h e f o l l o w i n g t a b l e . 

T a b l e T V j f . 1 : R e f e r e n c e s f o r ( n , 2 n ) c r o s s s e c t i o n d a t a 

I s o t o p e T h r e s h o l d A u t h o r Comment 

? 3 1 
P a 

O-jo 1 

TJ 

6 . 6 H : i e v 
7 . 3 2 • teV 

D r a k e , " i c h c . l s 
f 2 9 j 

s t a t i s t i c a l m e t h o d , d e s c r i b e e ! 
b y T e a r l s t e i n / ~ 3 6 7 

23U 
r-J r 
2 3 6 -

C.CO "eY 
6,k3 MeV 

D r a k e , I T i c h o l s 
/~30_7 

e v a l u a t i o n b y P a r k e r / ~ 3 7 7 
b a s e d o n c r o s s s e c t i o n s f o r s i m i l a r 
n u c l i d e s a n d o p t i c a l m o d e l c a l -
c u l a t i o n s 

2 3 ? ' P u 6 . 9 3 'IeV D u n f o r d , A l t e r 
n i 

s t a t i s t i c a l m e t h o d / ~ 3 o _ 7 ; 
c u r v e s g i v e n 

~ ^ • • • - 2 3 7 t t 2 3 7 . , 2 3 3 „ 2 3 6 , . 2 U 1 . . 2 ^ 2 _ 
^ o r t h e r e m a i n i n g i s o t o p e s U , Hp, Tip, P u , Am a n d Cm 

( n , 2 n ) c r o s s s e c t i o n d a t a h a v e n o t b e e n a v a i l a b l e a n d h a v e b e e n c a l c u l a t e d 

w i t h t h e m e t h o d i n d i c a t e d b y P e a r l s t e i n / ;+7_7• F o r H p , c o n t r a r y t o 

t h e o t h e r i s o t o p e s m e n t i o n e d , e x i s t s a s i n g l e m e a s u r e m e n t o f t h e ( n , 2 n ) 

c r o s s s e c t i o n a t 1 U . 5 :.IeV w h i c h h a s s e r v e d t o f i t t h e ( n , 2 n ) s h a p e f r o m 

P e a r l s t e i n . 

P e a r l s t e i n u s e s t h e f o l l o w i n g r e l a t i o n f o r o n | 2 n 

0 _ = 0 . JIAM . ZAIISL ( IV.LT.1) 
n , 2 n n . e o ^ c ^ 

H e r e i s o t h e t o t a l n o n - e l a s t i c c r o s s s e c t i o n a n d a „ t h e sum o f t h e 
n , e _ n ,M 

c r o s s s e c t i o n s o f a l l t h e p r o c e s s e s , i n w h i c h t h e o n l y n u c l e o n s r e l e a s e d 

a r e n e u t r o n s 
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cr = cr , + a + cr _ + . . . . ( l V . l t . 2 ) n , K n , n ' n , 2 n n , 3 n 

The c o n t r i b u t i o n o f t h e s e r e a c t i o n s , i n w h i c h n o r e t h a n o n e n e u t r o n i s 

e m i t t e d ("below 10 1'eV t h i s c o n c e r n s o n l y t h e ( n , 2 n ) r e a c t i o n ) , t o t h e 
2n t o t a l n e u t r o n - p r o d u c i n g r e a c t i o n s i s g i v e n "by t h e r a t i o — 1 — . 

The r a t i o c a n h e obtained a s a f u n c t i o n o f t h e q u a n t i t y S = ( w h e r e 

Eg - b i n d i n g e n e r g y p e r n u c l e o n i n t h e t a r g e t n u c l e u s , E^ — i n c i d e n t 

n e u t r o n e n e r g y ) f r o m a c u r v e i n d e p e n d e n c e upon t h e -parameter p = kaE 
B 

( w h e r e a i s t h e l e v e l d e n s i t y p a r a m e t e r ) . T h i s p a r a m e t e r d e t e r m i n e s 

t h e i n c r e a s e o f a _ a b o v e t h e t h r e s h o l d . n , 2 n 
a n M 

The r a t i o n i n d i c a t i n g t h e c o m p e t i t i o n b e t w e e n n e u t r o n p r o d u c i n r 
n , e 

r e a c t i o n s and a l l o t h e r n o n - e l a s t i c p r o c e s s e s c a n b e r e a d f r o m t h e 

f i g u r e 3 i n r e f e r e n c e /"Vf 7 u s i n g t h e n e u t r o n e x c e s s f a c t o r 

(N - number o f n e u t r o n s , Z - number o f p r o t o n s , A - m a s s n u m b e r ) . 

F o r h e a v y n u c l e i l i k e t h o s e c o n s i d e r e d h e r e t h e r a t i o o f a , , t o o n , h n , e 

i s a l m o s t e q u a l t o u n i t y , b e c a u s e t h e c r o s s s e c t i o n s o f t h e c h a r g e d 

p a r t i c l e r e a c t i o n s a r e v e r y s m a l l and t h e f a s t n e u t r o n c a p t u r e c r o s s 

s e c t i o n c a n a l s o b e n e g l e c t e d . Then i t f o l l o w s 

o = a M + a _ ( I V . 1 + . 3 ) 
n , e n,M n , f 

Thus a b o v e t h e f i s s i o n t h r e s h o l d e x c e p t o , , o n l y t h e f i s s i o n c r o s s s e c t i o n 
n ,M 

c o n t r i b u t e s e s s e n t i a l l y t o t h e n o n - e l a s t i c c r o s s s e c t i o n . The n o n - e l a s t i c 

c r o s s s e c t i o n a a t 1U KeV i s g i v e n b y P e a r l s t e i n as a f u n c t i o n o f t h e 
n , e 

mass number A . ¥ e h a v e as sumed f o r a , a n a l o g o u s l y a s f o r t h e c a l c u l a t i o n 
I l |6 

o f unknown f i s s i o n c r o s s s e c t i o n s , a v a l u e o f 3 b . W i t h t h e f i s s i o n c r o s s 

s e c t i o n f rom c h a p t e r I V . 3 i t t h e n f o l l o w s f o r o „ n,M 

CT = a - - ( E ) ( I V . U . U ) 
n , K n , e n , f x 

° n 2n 
How t h e ( n , 2 n ) c r o s s s e c t i o n s c o u l d b e d e t e r m i n e d f r o m t h e r p t i o ——1— 

°n,M 

o b t a i n e d w i t h t h e c a l c u l a t e d p a r a m e t e r s p and s f r o m t h e c u r v e s o f 

P e a r l s t e i n . 
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P3T 
For ~ Up "the (n,2n)—cross section values from threshold up to 10 MeV 
have first also "been calculated like for the other isotopes regarded 
here according to the systematic given by Pearlstein with a^ = 3b and 
taking into account a_(E) in the manner described above. Then a„ n-
at 1^.5 J'eV was determined according to Pearlstein by taking into account 
the competition of the (n,3n) process, the threshold of which is at about 
12.5 MeV. The measurement of the (n,2n) cross section at- 1^.5 MeV gives: 
°n,2n ^ V ) = (0.39±0.07)b 
7or the adjustment to this value all the (n,2n) cross section values have 
been multiplied by the ratio 
a <1^.5 !IeV) 

p' Z n emer. 0.39 _ , 
(1U.5 KeV) ~ ~ 1 ' 4 T T 

n,<in _ calc. 

The (n,2n) cross section values for the various Isotopes are given in 
table 6 and displayed in figure 6a and 3b. 

IV.5. 'lean number of neutrons per fission 

The averages of the mean number of neutrons per fission v over the five 
energy groups are here given as the average values of the quantity 
At low energies up to the upper limit of group 3, v does not change 
with neutron energy. Thus yields 

<~°f>i = ^i <°f>i» vhere i=3,U,5 (IV.5.1) 

Over the energy range of group 2 v is still almost constant and the average 
has been determined as arithmetic mean value of the v-values at the two 
energy limits of the group 

v ( F . )+v(E ) 
<"ar>2 5- <af>2 (IV.5.2) 

The mean numbers of fission neutrons in the range of the energy groups 2,3,^ 
and 5 are given in table 7 for all the isotopes in regard. As for group 1 
first of all the products v(E)af(E) have been calculated and then the average 
values have been determined from equation (IV.1) setting = v(E)a^(E). 
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The 5-croup values of vo^, are summarized in -the -tables 11 and 12. 

1-Tith regard to the isotopes studied here the mean number of neutrons per 
- - 23^ 237 fission v has hitherto been measured only for U and Up at single 

energy points. 
231 232. — For Pa and Tirake /**29 7 has investigated the variation in v as a 

function of the neutron energy. The procedure, according to which V(E) 

has been determined, is not described in the report. As for 232u the 
values have not been adopted for the same reason as indicated studying 

231 
the fission cross section. For Pa ve have taken the values given by 
Drake as a basis for averaging, 

2̂ 2. _ Among the U-isotopes it was U for which Fillmore / 50 7 has given a 
review of available experimental data for v, the mean number of prompt 
neutrons. The measured data points obtained bjr Mather et al. / 51 7 
covering the energy range up to about U MeV have been fitted in that 
evaluation by 

v (E) = 2.371 + 0.1353 E (l!eV) (IV.5.3) P 

— . . 252 — ?52 with normalization to the v for spontaneous fission of ^ Cf v ( y Cf) p p 
= 3.732. This relationship for the dependence of v on the energy of the 
neutrons inducing fission was used for the determination of v(E) for 
23h 

U in the whole energy range above the fission threshold. 
To the other U-isotopes and the Pu-isotopes the systematics of Schuster 
and Ilowerton /**52 7 were applied, as the calculated results of these authors poc poP,™ ~~ pnn 
for U, U and U compare favourably with experimental data. 
The variation in C as a function of the energy of the neutrons causing fission 
has been described by Leachnan /"~53 7 in the following manner: 

v(E) = vQ + v ^ E ) (IV.5.U) 

where VQ and v^ depend upon the fissioning isotope concerned. Schuster and 
Koverton have modified this equation by taking Into account the various 
fission modes, that is the standard (n,f) process, the (n,n'f) fission above 
ah out 6"!eV and the (n,2n'f) fission above about 12 MeV. 
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Instead of Vq» the v-value at thermal neutron energy, they have introduced 
v.. , -the v-value at "the fission "threshold energy. For v., Schuster and tnr* tnr 
Howerton have deduced the following systematic for U-i sot opes. 

v t h r(A) = a + S (A-235) + <S(-l)A (IY.5.5) 

where c = 2.39, £ = 0.02 and 5 = 0.0£» 
2^5 The constants have "been obtained by fits to the U-data. If one ignores 

— 235 
the odd-even effect, then a is identical with the value of v for U at 
threshold. The second term gives the change in with mass number A 
of the uranium isotope. The third term takes account of the fact that 
a nucleus with an even number of neutrons tends to r-plit into two frarrents 
with also even numbers of neutrons. 
For the determination, of the slope v1 of the linear relation for v(F5 a 
second systematic equation has been given by Schuster and llowerton for 
U-isotopes. 

v,(A) = y + A (A-235) (IV.5.C) 

where y = 0.13C and A = 0.006. 

X takes into account that the slope v increases by U.5^ per additional 
nuclcon in the U-isotope studied in comparison to J U, a fact which has 
been inferred by Schuster and Howerton from the measurements of v(E) for 

v'lJ, ^J and "J u. According to Schuster and Kowerton this behaviour 
has to be expected because v^ varies inversely with the neutron binding 
energy and this decreases by about 3% for each additional nucleon. 
Above the threshold of the (n,n*f) and (n,2n'f) reaction the branching ratios 
between pure (n,f) and the other fission modes have to be estimated at each 
energy point. At energies up to 10 MeV only the (n,n'f) process competes 
with the standard fission mode. Then the general equation for v(A,E) deduced 
by Schuster and Howerton obtains the following form: 

v(A,E) = H(n,f)/"vthr(A)+v1(A) ( E - E ^ n . f ) ^ + 
(IV.5.7) 

+ R(n,n'f)/_1+vthr(A-1)+v1(A-1) ( E - E ^ n . n ' f J J 
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R(n,f) and R(n,n'f) the contribution of the two fission nodes, 
being considered here, to the total fission. 
The calculations for the Pu-isotopes have been performed by using also 
the above formula with the only difference that the equations for v^ 
anci Y ^ found by Schuster and Kowerton are the following ones: 

v.. (A) = 2.77 + 0.02 (A-239) + 0.06(-l)A (IV.5.8) thr 
v1 (A) = 0.12U+ 0.C06 (A-239) (lV.5.9) 

238 The mngnitudesof R(n,f) and R(n,n'f)have been obtained except for Pu 
from the cL-plots in figures U and 6, where the dashed curves are the 

. . . . 238 
assumed extensions for the various fission modes. For Fu these values 
have been taken from the corresponding plot in the evaluation of Dunford 
and Alter / 32 7 with the assumption that the first plateau is fixed at 
1 IleV. They are summarized in table 9 for all the uranium and plutonium 
isotopes investigated. 
The threshold energies for (n,f) and (n,n'f) fission according to chapter 
III.3 have the following meaning: 
Ethr(n,f) = E f ( A + l ) - E B ( A + 1 ) 

Ethr(n,n'f) = Ef ( A ) 

where A is the mass number of the target nucleus. 
The threshold energies for the two fission modes as well as the values 
and v.| for the uranium and plutonium isotopes are given in table 8. 
The cnange of " with neutron energy is shown for these isotopes in table 10 
and in figure 9. 

For the Hp-, Am- and Cm-isotopes it was impossible to derive similar sys-
tematics because ot the lack of data. Therefore the linear energy dependence 

— 237 238 of v given in equation (lV.5«^) has been assumed to be valid for Np, J Up, 
p i . 1 pk2 

Am and Cm. The constants vQ and v^ for the four isotopes have been 
determined as follows. 
v^ is the average number of neutrons for thermal neutron-induced fission. 
A general correlation for these values is given by Gordeeva and Smirenkin 
/"5U 7 for the isotopes with Z > 90 
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T = 0.189^Z + O.OOTA - 1 6 . 6 0 + 6 (TV.5.1'. tneraal v 

whre = 0.09 5 with £ = 
f+\ for odd-odd 
-1 for even-even target nuclei 
0 for oficI-A 

The formula may he applied only to those nuclei far reroved from the range 
of closed shells and sub-shells. It is based on the representation of the 
number v of prompt neutrons emitted per fission by linear functions of Z 
arid A } that is for a fixed neutron energy 

% = °1Z + V + c3 
C_ takes accoxmt of the odd-even effect. The coefficients C. have been d 1 
determined by least-square fits to experimental datp. on thermal fission 

- 2 2 9 2 3 3 ? 3 5 2 3 d 2 ^ 1 of the six target nuclei "̂ Th, co:>U, ^ U , "'Pu, ~ Pu, Am. ™or 
the fit these experimental values have been renornalized by the authors 

— o *3cr 
to v.. .C" U) = 2.^3. The formula r>redicts the values of v for neutron-thermal ~ p 
induced fission for nuclei with Z >_ 90 and II > 152 to within about 3/>. The 
contribution of the delayed neutrons, however, to the total number of neutron 
emitted is less than Therefore it has not been considered worthwhile 
to take their number into account here especially also because of the lack 
of information about it. The above formula (IV.5.10) yields the quantities 
VQ given in table IV-.5.2 for the four isotopes being considered. 
The quantity v^ in equation (IV.5.H) indicates the increase of v with in-
creasing energy. 
Almost all of the excitation of the fissioning nucleus, increasing with 
increasing incident neutron energy, appears as excitation of the fragments. 
This leads to 

dv 
dE " " " 0 1/E_ ( I V . 5 . 1 1 ) 

where E is the incident neutron energy and the average energy required 
to release a neutron. Terrell has quoted a value of 6.7 HeV for E and 
with that it follows v1 £ 0.15 JleV / 55 7. This value has been adopted 

237 ~ ~ 
for the isotopes except for Hp, for which the existence of measurements 
has offered another way for the determination of v^. 
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237 Eor Hp the following experimental data information for v(E) has been 
available. 

Table IV.5.1 

Average 
neutron energy V Reference 

2 . 8 1 ± 0 . 0 Q f 5 G J 

2.90±0.0L* n e j 

2.96±0.05 r s i j 

2 . 7 2 ± 0 .15 /~53_7 

Consent IBenormallzed value V 
1.1*0 HeV 

1.67 J-feV 

1.8 MeV 

2.5 MeV 

indirect method 
on "Topsy" and 
"Jezebel" cri-
tical assem-
blies 
relative to 
U235, "but 
standard 
value not 
given 
normalized 
to v! 
=2.1+7 
prompt neu-
trons; nor-
malized to 

=2.1*7 

2.91 
renormalized bv us to 
\ h e m C U 2 3 5 ) = 2 - U 3 

2.67 renormalized to v 
= 2.1*3 the: 

The experimental value of ICuz'minov / 58 7 has been excluded, because after 
** *m M 

renornalization it has become equal to the thermal value obtained by for-
mula (III.5.10). The other three experimental data points and the calculated 
thermal value of v have proven as appropriate to a linear fit with slope 
v = 0.13. 
The following table gives a survey on the used values for v^ and 

Table IV.5.2: Straight-line functions V(E) for 23TIIp, 2 3 8Kp, ^Jta1, 2ll2Cm 

Isotope UO V1 V(E) 

23T:ir> 
238I7n 

2U2CM 

2 . 6 7 

2 . 7 7 

3 . 0 8 

3 . 1 9 

0 . 1 3 IfeV*"1 

0 . 1 5 MeV"1 

0 . 1 5 MeV"1 

0 . 1 5 MeV""1 

V ( E ) = 2 . 6 7 + 0 . 1 3 E 

V ( E ) = 2 . 7 7 + 0 . 1 5 E 

V(E)=3.0P,+0.15E 

V ( E ) = 3 . 1 9 + 0 . 2 5 E 

The change in v with neutron energy is shown in the plots of figure 10 for 
the above isotopes. 
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V, final consideration 

In the final phase of the invest!rations reported here an evaluation of 
237 

cross section data for Hp carried out by the Idaho Tluclear Corporation 
has been published /~6o 7 which has not been regarded. 
In the resolved and unresolved resonance region the computation of cross 
sections in this report is based completeHy on the resonance data of 
D. Paya. The Idaho evaluation uses a. great part of the Fnya data, but 
also older ones. They intend, however, to incorporate fully the Paya pTf 
data in their next major re-evaluation of the - Hp file. In the fast region 
for the capture cross section the measurements of Stupegia et al. /~31 7 
have been taken as a basis in the Idaho report as well as in this work. 
As for the fission cross section of " T!p the Idaho evaluation is based 
on the results of Perkin and White at low energies, and in the fast region 
the greatest weight is given to the cata of Vhite, The same basis have the 
recommended fission data of Dsvey used in this report. The (n,2n) cross 
section values have been determined in the two reports according to the 
procedure given by Pearlstein. In the Idaho evaluation, however, the shape 
of a „ has not been fitted to the experimental value at 1^.5 MeV /~h9 7» n, £?n — — 
If the adjustment of the curve would be performed, one would obtain o^ 
values larger by a factor of about 2.6 and these would be in better agree-
ment with our results than the original values reported in the Idaho eva-
luation, Strictlv the same values would yield only with identical a -CTn M . n , S 
and - values (we have assured a to be 3b in accordance with the n,e . . n» e * v value used m the fission syster.atics and * = 1, whereas the Idaho ° n J*T n,e 
evaluation uses a = 2.85b and 1 * = 0.98, both vnlues derived from 

. n , e . n.e 
the corresponding Pearlstein curves;. 

237 
For the mean number of neutrons per fission of Np the Idaho evaluation 
gives 

v(E) = 2.61 + 0.16E 

This energy dependence has been determined by assuming a slope of 0.16 MeV-'' 
and passing through the average of the two measurements of Hansen /~56 7« 
In this report the two measurements of Hansen have been used together with 
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a This si an measurement to fix the slope of the straight-line function v(E), 
whilst the themal v-value has "been taken from a systematic formula (see 
chapter IV.5.). The last procedure for the deduction of v(E) has to he 
preferred, because the slope for v(E) as assumed in the Idaho evaluation 

2 3 7 for Hp is not characteristical for this isotope (the assumed slope has 
"been derived in /"68 7 for a universal curve v(E) for neutron energies above 

2 3 ° "" 2 3 5 2 3 9 

1 .b IleV for "U, U, " Pu by adding a constant energy to the incident 
neutron energy for each nuclide). Both functions v(l.) have been displayed 
in figure 10. 
It would be just as well mentioned here that C.L. Dunford and K, Alter / 7_7 

p oO __ """ 
have given for 'lPu a straight-line function for v(E) 

v(E) = 2.75 + C.118E (MeV) 

which has not been adopted in this report. In this formula the multipli-
cities of fission modes have not been taken into account as postulated by 
Schuster and Howerton and carried out in this work, Both functions v(E), 
that of Dunford and Alter and that one derived here, are displayed in figure 
9_. The differences in v are of about k?> at maximum, 

236 
Concerning " 1J the average resonance parameters used in this report 
have been based 0:1 preliminary results of Carlson (referenced in CIIIDA C?>) 
obtained from 17 positive resonances between 5«^5 eV and 272.80V. His 
finally published results /~lh, not referenced, in CIIIDA 69 7 based on 
resonance measurements for a single negative resonance at -9.7 eV and 
23 positive resonances up to exi energy of ^15 eV have not been taken 
into account. These results show that we have assumed too large values 
for and D , and too small values for f one C„. In a later re-0 obs y 1 
evaluation this defect has to be corrected. A comparison of the 
parameters is given in table V,1 below. 
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Table Y.I: Average resonance parameters for 236, U 

Resonance 
naraneter 

Values preferred 
in this report 

Values given "by A.D. Carlson et al. 
(C-A9057) 

S Q x 10 +U 

+1* C^ x 10 
Tv fvu&J 

5 /"eV 7 

n -

1.3 

2.0 
23 
17.3 

R ( 0 ) /~neV 7 2 . 2 5 

1.35±0.3 calculated from measured average 
^ capture cross sections 

2 . 3 ± 0 . 6 

23 .9±1 

, r+o.6 
- 0 . 3 

calculated from resonance para-
meters 

Certainly these resonance measurements of Carlson can give a decision con-
cerning the thermal capture cross section determined by McCallum / 69 7 

by subtraction of a calculated scattering cross section^value from a measured 
rr. . _ . This value differs by a large amount from the 0 -values resulting total ^ Y 
from activation measurements. It may be that this discrepancy is due to 
a wrong scattering cross section value which has been obtained by McCallum 
from parameters of the two lowest resonances at -8eV and +5.̂ +8 eV. There-
fore it would be important to calculate again this value with the recent 
parameters of Carlson. 
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Table 1: Thermal neutron cross sections at 0.025 eV 

Isotope Reference â /""b 7 Reference Comments 

231 
91 Pa 

232. 
92 ;u 

23k 
92 .U 

236. 
92 u 

200*10 
200 

preferred: 
200 

78±1+ 

76.8 

preferred: 
78 

95±7 

95±10 
preferred: 
95 

6.0+1 
6.1 

5.6 

5.6±0.7 

1 0 
29 0.001+5 

23 

1 

30 

1(curve) values at 0.025 eV; o^ recommended in /~1 7 
29 in /"29 7 recommended values at 0.025 eV; 

o from available measurements (the same 
Y 

ones are considered as in /"~1 7); a^ cal-
culated from resolved resonance parame-
ters. 

preferred: 
0 

1 77± 10 

29 81 .2 

preferred: 
77 

preferred: 
0 

11+ 

The small subthreshold fission was neg-
lected. 

1 in /~1_7 recommended values, a for ther-
mal spectrum, CT^ for thermalized spectrum 

29 calculated from resolved resonance para-
meters 

the a .-value in /**1 7 is based on two i — — 
measurements: 
1.8l±15b Elson etal.Phys.Rev.89,320,1953 
2.70+10b Seaborg etal.CS-3VT1 ,p.2,19l+6; 

- with the value from /~29 7 one obtains o^ 
as arithmetic mean of the three values. 

2 in /"1 and 2 resp, 7 recommended values 
at 0.025eVj a based on measurements; 
ô . is expected to be about 0.006b / 2_7 
value preferred in /"23_7 

in /I,2 and 30 resp7 recommended values at 
0.025eV; o^ based on several activation 
measurements 
in /~3_7recommended values at 0,025eV; o^ 
=6.0±0.Vbobtained in resonance integral 
measurements 
obtained from preliminary admeasurements 
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Table 1: continued 

Isotope Reference Reference Comments 

2 3 7 
9 2 

U 

237 
93 

Np 

238 
93 

236 
9V 

238 
9* 

;Np 

'Pu 

Pu 

2U1 
95 

preferred: 

1J80 

1 7 0 

169 

preferred: 

1 7 0 

U3 

33 

500*100 

5U6.5 

5^6.7 

preferred: 
5^7 

6 
3 

calcu-
lated 
from 
( I I . 1 ) 

1 

Am 582 

preferred: 
5 8 2 

preferred: 
0 

0.01$ 
0.02 

preferred: 

0 

220Q+200 

162 

16.3 

16.3 

preferred: 
16 

3.13+0.15 

preferred: 
3 

The first tvo a^—values quoted here are 
averages over the same available measure-
ments "both taking into account the o -value 

_ Y 
of 8.1b / 6q_7 obtained from a measurement 
of a ^ Without that value an unweighted 
average of 5.6b would follow from the basic 
measurements. Also most recent measurements 

7 show the tendency to lower values. 

3 values at 0.025eV, obtained from measure-
ments of the corresponding effective cross 
sections 

6 e x p e r i m e n t a l v a l u e s a t 0 . 0 2 5 eV 

3 in /~3_7 preferred values at 0,025 eV, ob-
tained from measurements 

the small subthreshold fission neglected 

3 af-value at 0.025 eV from measurement 

5 measured in the thermal column of the 

xn*V~1 7 recommended value at 0.025eV, 
based on measurements 

7 values at 0,025eV calculated from single-
level resonance parameters 

3 preferred values at 0.025eV; o^ from 
563b 

values at 0.025eV:o from a measured a., -
Y Abs 

values with 0^=3^ 

c_ measured in the thermal column of the 
MTR relative to o f (Pu239)=8o6b ; 
renormalized to a„(Pu239)=7^0,6b /"1 7 1 - — 
it follows of(Am2Jt1 )=2.88b 
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Table 1: continued 

Isotope o n> 7 Reference o R e f e r e n c e Comments 

20±10 6 0.8 8 a measured for pile neutrons; c _ calcu-96 "y f 
lated from 0 T tj i e r m "under the assumption 
that the value estimated in 7 for 
the ratio a /a., =0.96 for Cm2lA can be y Abs 
taken also for Cm21t2 



Table 2: Preferred microscooic values of the fission cross section 
of 2 3 6 U 

Ileutroa energy /~MeV_7 o(n,f) /~b 7 

0.550 0.0 
0.608 0.0 
0.672 0.017 

0.7^3 0.Q1+8 
0.821 0.1U2 

0.907 0 .290 

1 .00 0.331 
1.25 0.567 
1.50 0.61+9 
2.00 0.782 
2.25 0.837 
2.50 0.81+0 
2.75 0.806 
3.00 0.790 
3.25 0.797 
3.50 0.810 
3.75 0.816 
i+.oo 0.806 
U.25 0.802 
U . 50 0.807 
J+.75 0.786 
5.00 0.779 
5.^9 0.80 
6.07 0.93 
6.70 1.27 
7.^1 1.55 
8.19 1.72 
9.05 1.73 

10,00 1.6I+ 
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Table 3: Variation of-fche fission cross section 
(see flgure5)at 3 MeV vith Z^ 3/A 

(A mass number of the target nucleus) 

Target nucleus Z^ 3/A af(3MeV) 
T b 7 

Reference 

226 
86 

232, 
90 

231 
91 

92 
23k 
92 

235 
92 

236, 
92 

238. 
92 

237. 
93 

239. 
9U 

Ra 

(Th 

Pa 

P 

U 

iu 

U 

Pu 
2U0. 
9V Pu 

.732 

.738 

.772 

.782 

.775 

.767 

.760 

.7^5 

.778 

.788 

.781 

0. 

0 . 1 3 0 Davey /~33_7 

1.30 Drake, Nichols /~29_7 

1.71 Davey /~33_7 

1 .Uo Davey /~33_7 

1.18 Davey /"33_7 

0.790 Stein et al. /~31»_7 

0.500 ) 
1.59 V 

kDavey /~33_7 kDavey /~33_7 
1.82 

1.57 ) 
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Table Plateau values of the fission cross section 
for the isotopes 2 3 2U, 2 3 TU, 2 3 8Hp, 2 3 6Pu, ^ Q n 

Target nucleus 
A 

Fission barrier 
r i » o 7 
~ Ef" A fev_7 

Eg(A+1) 

/"l-teV_7 

first plateau 
% P>J 

f 0 second plateau 
% Z~b_7 

232^ 

2 3 1 u 

5.^9 
experimental 
1+.966 (a) 

5.93 1.86 

2.13 

0.62 

0.71 

2.67 

2 3 7u 5.80 exp. 6.07 0.67 0.223 1.325 
236u 6.U0 exp. 0.8UU 0.281 

2 3 8H P 5.J+27 (a) 6.23 1.2U 0.1*13 2.12 
2 3 7Hp 6%0b exp. 1.50 0.500 

2 3 6Pu 5.078 (a) 6.05 2.51* O.8U6 2.96 
2 3 5Pu It .70 exp. 2.79 0.93 

2lt2Cn It.81+7 (a) 5.69 2.70 0.90 2.99 
2 ^ C m Jt.Uo exp. 2.96 0.986 

Among the fission barriers reported by Prince 0_7 those which have been 
determined by experiment or, if nonexistent, which have been calculated from 
(a), were selected* 

« (0 even-even 
(a) E-(M*V) = (19.0-0.36 Z /A+e) e «{0.U odd 

Vp.7 odd-odd 
R.Vandenbosch, G.T. Seaborg, Phys. Rev. 110 (1958) 507 
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Table 5: Fission cross section data in the fast region 
for the isotopes 2 3 2D, 2 3 7U, 2 3 8Hp, 23^Pu, 

(see also figure 6) 

1. Average fission cross section values over group 2 from ^6.5 keV to 800 keV 

Isotopes U232 U237 Hp23B PU236 Cm2l»2 

<<Jf>2 
/"b_7 

1.86 0.67 1.2U 2.5U 2.70 

2. Fission cross section values in the energy range of group 1 from 800 keV 
up to 10 MeV 

U232 U237 Np238 Pu236 Cm2U2 
E/MeV_7 E/ MeV_7 V f E/ MeV_7 °n.f E/"MeV_7 E/~HeV_7 , f 

£V / W f h j /~b_7 

0.80 1.86 0.80 0.67 0.80 1.2U 0.80 2.5U 0.80 2.70 
fc.5 1.86 5.9 0.67 5.5 1.2U h.2 2.5U 3.9 2,70 
^•75 1.90 6.15 0.69 5.75 1.28 2.56 M 5 2.71 

2.0U 6.3 0.81 5.9 1.U U.6 2.63 U.3 2.76 
5.0 2.27 6.k 1.0 6.0 1.68 U.T 2.75 u.u 2.85 
5.1 2.50 6.5 1,18 6.1 1.92 U.8 2.87 2SQ3 
5.25 2.6U 6.65 1.30 6.25 2.08 ^•95 2.9^ 1*.65 2.98 
5.50 2.67 6.9 1.325 6.5 2.12 5.20 2.96 2,99 
10.0 2.67 10.0 1.325 10.0 2.12 10.0 2.96 10.0 2.99 
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2able 6: (n,2n) cross sections for the isotopes U, ftp, 
23C„ 236^ 2JH. 2U2_ Sp, Pu, An, Cn 
(the -underlined energies indicate the threshold of the (n,2n) 
process for the nucleus considered) 

U2: 57 Np237 Np238 
E/"MeV_7 o(n,2n) E/ Me\W o(n,2n) E/~MeV7 a(n,2n) 

y f W /~b_7 

0.80 0. 0.80 0. 0.80 0. 
5.M* 0. 5.39 0. 
6,0 0.1*66 5.5 0.035 
6.5 0,827 6.0 0.303 
7.0 1.072 6.79 0, 6.5 0.1*23 
7.5 1.273 7.0 0.01*57 7.0 0.581 
8.0 1.1*1* 7.5 0.271* 7.5 0.686 
8.5 1.525 8.0 0.1*1*1 8.0 0.756 
9.0 1.575 8.5 0.576 8.5 0.805 
9.5 1 .61 9.0 0.675 9.0 0.831 
10.0 1.63 9.5 0.821 9.5 0.81*9 

10.0 0.973 10.0 0.863 

Pu236 An2l*1 Cm2l*2 
E/MeV_7 o(n,2n) E/"MeV_7 c(n,2n) E/~MeV_7 °(n,2n) 

n> 7 m mm £>J r b 7 mm w 

0.80 0. 0,80 0. 0.80 0. 
7.*H 0. 5.82 0. 0. 
7.8 0.0032 6.0 0.0289 7.0 0. 
8.0 0.0062 6.5 0.171* 7.5 0.0017 

8.5 0.011*8 7.0 0.282 8.0 0.0039 
9.0 0.0228 7.5 0.31*7 • 8.5 0.0059 
9.5 0.028U 8.0 0.367 9.0 0.0072 
10.0 0.0320 8.5 0.1* ol* 9.5 0.0081 

9.0 0.1*28 10.0 O.OO875 

9.5 0.1*1*2 
10.0 0.U52 
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Table Jz Average values of "the mean number of neutrons per fission 
for the energy groups: 5 : 0.025 eV 

h; 0.5 eY - 1 keV 
3: 1 keV - 1*6.5 keV 
2: 1*6.5 keV - 800 keV 

Isotope W * 3 ^2 

^ P a • 2.55 
2 3 2 u 2.1*1* 2.1*9 
23UU _ 2.1*3 
236u - 2.1*0 
237U - 2.U65 
2 3 TNp — 2.73 
2 % p 2.77 2.83 
2 3 6Pu 2.87 2.92 
2 3 3Pu 2.83 2.88 
21*1 , Am 3.09 3.15 
2 U 2 c m 3.19 3.25 
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Table 8: Mean number or neutrons per fission for the isotopes 
23%, 236a$ 237Uf 2 3 6 ^ 2 3 8 ^ 

Isotope vthr V1 Threshold /"MeV_7 

(n,f) process (n,n*f)process 

U232 2.39 0.112 -0.1*1* 1*.966 
U236 2.1*7 0.136 •0.96 5.80 
V237 2.37 0.11*2 -0.27 6.1*0 
Pu23 6 2.77 0.106 -0.97 U.70 
Pu238 2.81 0.118 -0.16 1*.90 
Pu235 2.63 0.100 

2.67 0.112 

U23i 2.25 0.106 
U235 2.33 0.130 

232u 

v(E) = R -(2.39+0.112(E+0.1*1*))+R »-(l+2.25+0.106(E-l*.966)) n,x n,nr 
2 3 S 

v(E) = R -(2.1*7+0.136(E-0.96) )+R _(l+2.33+0.130(E-5.80)) n,r n,n'r 
237U 

v(E) = R ,(2.37+0. ll*2(E+0.27))+R .-(1+2.1*7+0.136(E-6.1*0)) n,i n,n'x 
2 3 6Pu 
v(E) = R -(2.77+0.106(E+0,97) )+R ,-(1+2.63+0.100(E-1*,70)) ntx n,n'r 
238 Pu 
v(E) « R -(2.81+0.118(E+0.16))+R ,-(1+2.67+0,112(E-U,90)) n,r n,nr 



Table 9» Branching ratios for v 

E/"MaV 7 
m m 

U232 

Rn,f Rn,n'f E/"*MeV 7 
m 

U236 

R„ r Rn,n'f E/"MeV 7 

II237 

n,f Rn,n'f E/~MeVj7 

Pu236 
R -

n,f Rn,n'f 

Pu238 

E/~MeV 7 R -n t f Rn,n'f 

0.8 1.0 0 . 0.8 1.0 0 . 0.8 1.0 0 . 0.8 1.0 0 . 0.8 1.0 0 . 

1.0 0 . 5 . 7 1.0 0 . 5 . 9 1.0 0 . 1+.2 1.0 0 . 1.0 1.0 0 . 

0 . 9 7 0 0 . 0 2 2 6.07 0 . 8 6 0.11+ 6 . 1 5 0 . 9 7 0 . 0 3 1+.1+5 0 . 9 9 2 0 . 0 0 8 1 . 2 0 . 9 5 0 . 0 5 

5 . 0 0 . 8 2 0 . 1 8 6.70 0.63 0 . 3 7 6 . 3 0 . 8 3 0 . 1 7 1+.6 0 . 9 6 5 0 . 0 3 5 1.5 0 . 9 1 0.0 9 

5 . 1 0.7*+ 0 . 2 6 7.1+1 0 . 5 1 5 0.1+85 6.1+ O.67 0 . 3 3 1+.7 0 . 9 2 0 . 0 8 2 . 0 0.91 0.09 

5 . 2 5 0 . 7 0 5 0 . 2 9 5 8.19 O.U65 0 . 5 3 5 6 . 5 0 . 5 6 8 0.1+32 1+.8 0 . 8 8 0.12 3 . 0 0 . 8 0 0 . 2 0 

5 . 5 0 O.696 0.301+ 9 . 0 5 0.1+6 0.5I+ 6.65 0 . 5 1 5 0.1+85 k . 9 5 0 . 8 6 0.11+ 1+.0 0 . 7 5 0 . 2 5 

10. O.696 0.301+ 10. 0.1+9 0 . 5 1 6.90 0 . 5 0 5 0.1+95 6 . 0 0 . 8 6 0.11+ 6.0 0.7!+ 0 . 2 6 

10. 0 . 5 0 5 0.1+95 10. 0 . 8 6 0.11+ 8 . 0 0 . 7 7 0 . 2 3 

10. 0 . 7 7 0 . 2 3 
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Table 10: v-values as a function, of the neutron energy 
fur several U- and Pu-isotopes 

0232 U236 U237 PU236 Pu238 

E/~MeV_7 V E/~MeV_7 V E f l t e V j V E/~MeV_7 V E/~MeV_7 V 

0.8 2.53 0.8 2.1*5 0.8 2.52 0.8 2.96 0.8 2.92 
2.9U 1.0 2.1*6 1 .0 2.55 1.0 2.98 1.0 2.95 

^.75 2.98 2.0 2.61 2.0 2,69 2.0 3.08 1.2 2.98 
5.0 3.05 3.0 2.75 3.0 2.83 3.0 3.19 1.5 3.0* 
5.1 3.08 i*.o 2.88 fc.o 2.98 1*.2 3.32 2.0 3.10 
5.25 3.11 5.0 3.02 5.9 3.2U6 1*.1*5 3.3* 3.0 3.23 
5.50 3.1U 5.7 3.11 6.15 3.31 1*.6 3.37 U.O 3.36 
6.0 3.19 6.07 3.19 6.3 3.33 fc.7 3.39 6.0 3.60 
7.0 3.30 6.70 3.32 6.1* 3.36 1*.8 3.1+1 8.0 3.83 
8.0 3 .Ut 7.U1 3.1*5 6.5 3.39 1».95 3.1*3 10.0 fc.07 
9.0 3.52 8.19 3.55 6.65 3.U3 5.2 3.1*6 

10.0 3.63 9.05 3.67 6.9 3.U6 6.0 3.55 
10.0 3.79 8.0 3.62 7.0 3.6U 

9.0 3.75 8.0 3.75 
10.0 3.89 9.0 3.86 

10.0 3.96 



Tablo 11J 5-^roup avoracod values of a(n,f), a(n,y), a(n,2n) 
and vo(n,f) for the ease of n thermal reactor spectrun 
(cross sections in barn) 

RnorGy Group 

lootopo 

5 
thernal aroup 

<fy> <of> <var> 

r 

0. 
V 

)| 
JJOV -
<0f> 

IkeV 
<vaf> 

3 
iJ:oV 

<a > Y 
- iiC. 

' V 

5kcV 
<vof> 

2 
W.^keV - oOOkeV 
<0 > <ô > <vaf> 

1 
flOOkeV -

<0 > <o_> Y f 
10 MeV 
<vaf> <o_ > 2n 

I'a231 200 0 „ 61 0 m 3.5 0 0.1»3 0.13 O.hS 0,05 1.2 h.2 2.96 io~2 

U232 YO 77 180 20 39 95 0.7 5.0 12 0.16 1.9 I+.6 0,06 1.9 7.3 1.U9510"3 

S.87510"1* VS3h 95 0 91 0 - l.fc 0 - 0.31 0.29 0.70 o.ii* 1.3 h.9 

1.U9510"3 

S.87510"1* 
U83C 0 - 5'» 0 mt 0 - 0.31 O.OOh 0.01 0.l!» O.69 3.5 6.01 10~3 

VR37 J»B0 2 h.o 37 0 - 2.2 0 - O.lC 0.67 1.7 0.07 0.6O 3.1 2.85 10"2 

Jlp237 170 0 tm 122 0 - 0 - 0.96 0.2?, 0.76 0.17 1.57 6.2 >>.79 10"3 

J»3 2200 CopK 3.7 191 523 0.1C B.1 00 * 0.30 1.2 3.5 0.12 1.3 6 . 0 1.58 io~ 2 

PU236 33 hC$ 123 353 1.0 1H 0.30 2.5 7.2* 0.12 2.6 9.7 6.66 10"5 

3.1*8 10"1* RN230 1/5 h5 2.0 7.9 2.h o.6h 1.2 o.ii* 1.1 3.0 0.03 2.3 9 . 0 

6.66 10"5 

3.1*8 10"1* 
An2M 582 3 9.3 20fl 1.1 H.5 0.02 0.07 0.30 0.07 0.22 0.12 1.5 C.1 5.81 10"3 

3.21 10 0m2l»2 £0 o . r . 8 .6 37 3.9 12,H 2.9 0.13 0.1+1 0.30 2.7 p, r ».. 0.12 2.7 11.6 
5.81 10"3 
3.21 10 



Table 121 5~r,roup averaged values of o(n,f), cf(n»Y)i ff(n,2n) 
and vo(n,f) for the case of a fast reactor spectrum 
(croos aoctiona in barn) 

L'nerpy Group 

Isotope 

5 
thermal group 

<oY> <af> <va f> 

h 
O.W^eV - 1koV 

<°Y> <va f> 
1kcV 

<0 > 
Y 

3 
- W.SkoV 

<vo f> 

2 
J(G;5keV -

<0 > <a > 
Y f 

POOkcV 
<va f> 

1 
SOOkeV - laieV 

<0 > <o f> <va f> <02n> 

Pa231 200 0 m 10.6 0 3 . 0 O • 0 ,53 0,11 0 ,28 0,07 1,1 1*,2 9 .^0 10J» 

U232 70 77 100 3 .7 10,3 25 O,0 2.2 5 . 3 0 ,10 1.9 U.7 0,07 1.9 7 . 3 U.6U )0"k 

U23^ 95 0 5 .0 0 - 0 ,9 0 - 0 ,33 0 ,19 o,li6 0 ,18 1 .3 U.9 2,81* 

U236 5 .6 0 to li.9 0 to 0 .9 0 to 0 ,33 0,0015 0,0036 0 ,18 0 .62 3 .5 1.95 10-3 

U237 UOO 2 l».8 16 0 m 3 .9 O - 0,07 0 .67 1.7 0,18 0 .69 3.1 9.91 10- J 

Ilp237 170 0 to 15.3 0 - 3 .3 O to I.1I4 O.10 0.1*9 0 ,22 1.5 6 , 2 10 - 3 

Hp230 '»3 2200 609^ 2 .1 10.3 51 0.5'f 7 .0 22 0,12 1,2 3.n 0 ,30 1 .3 6 , 0 5.51 10- J 

PU236 33 162 l»65 M 0,0 25 1 .0 2 . 0 5 . 0 0,12 2 ,5 7 . 3 0,30 2.6 9 . 7 2.O0 10"* 

JM230 3'»7 16 '»5 6,9 1.6 1.2 O,20 O,70 0,16 O.00 2 .5 0 ,03 2 , 2 9 . 0 1,10 10-11 

An2'H 502 3 9 . 3 15.7 1.J» k,h 3.1 0 .59 1.C 0 ,12 0.05 0,1C 0,30 1.'» 0,1 1.97 1 0 _ i 

Cm2l»2 20 O.fl 2 , 6 7 .5 0 ,32 1.0 1.6 0,066 0,21 0,12 2 ,7 8 , 8 0,30 2,7 11.6 1.02 i t f * 
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Figure captions 

1 Flux spectrum of a thermal reactor 

Fig. 2 HAP-core spectrum 

Fig, 3 Flux spectrum of a fast reactor 

po/t 
Fig. 3+ The fission cross section for U 

Fig. 5 Correlation of a^ (3* TeV) vith Z^ 3/A 

Fig. 6 The fission cross section in the fast region for 
232^ 237Ut 2 3 6 ^ 2 3 8 ^ 

Fig. 7 Preferred shape of for Am 

p-5-T 
Fig. Ba The enerry dependence of cr(n,2n) for "^'U, Pu, ^ An, 

233.. 231,. 25+2 „ Fig. ob Jp, Mp, Cm 

"» 232 236 Fig. 9 v as a function of the neutron energy for U, " U, 
23Tn, 23'°'Pu 

_ 237 23? 
Fig. 10 as a function of the neutron enerfy for 'Up, 'lip, 

Am, Cn 
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Fig.9 y as a function iof the neutron4nergy T .K: -rfor the isotopes 
j U 232. U 236;rU 237.' Pii 236. 
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