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ABSTRACT 

An i n t e r f e r e n c e a n a l y s i s of tho о low-neutron f i s s i o n c r o s s - s o c t i o n s of 
U 5 and. Pu was oarriod. out . In i n t e r p r e t i n g tho data, use was made of л 
and t o t a l c r o s s - s e c t i o n measurements oarr iod out wi th a pul о о d- cyc lo t ron 
neutron spectrometer (l., 2 ) . 

Using the croBS-Hoction-analyaiB method devolopod i n (3)> tho authors 

obta ined a s a t i s f a c t o r y f i t botwoon the computed c r o s s - s e c t i o n trends and tho 

experimental r e s u l t s . Thanks to tho comparatively high spectrometer r e s o l u t i o n 

usod ( 0 . 3 цзес/m) i t was possj'blo to carry out tho a n a l y s i s i n a noutron range 
239 235 of up t o 20 «V f o r Pu " y and В eV f o r U . Information was obtained on the 

r e l a t i v e s i g n s of tho reduced width amplitudes and tho degreo of i n t e r f e r e n c e 

f o r tho s t r o n g l y i n t e r f e r i n g l e v e l s . A c o r r e l a t i o n v/as found between the 
s i g n s of the ampl i tudes . The number of e f f e c t i v e l y open f i s s i o n channels v/as 

239 235 found t o bo i n the reg ion of 1 f o r Pu and 2 f o r U . Various c o n c l u s i o n s 

-are drawn wi th regard to the s p i n s of s e v e r a l l e v e l s of plutonium and tho 
?35 

r e l a t i v e sp ins of tho resonances of U . Data were a l s o obta ined on the mean 
f i s s i o n v/idths of l e v e l s w i th var ious s p i n s . 

Various authors (4? 5 ) have drawn a t t e n t i o n to the f a c t that a n o t i c e a b l e 

resonance asymmetry - absent i n the case of 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 s -
235 239 

i s to be found i n the s low-neutron f i s s i o n c r o s s - s e c t i o n s of U and Pu . 
This asymmetry can bo accounted f o r i n terms of i n t e r f e r e n c e from nearby 
resonance l e v e l s . 

The i d e a of a p o s s i b l e i n t e r f e r e n c e between resonances der ives from the 
concept of f i s s i o n as a proces s which proceeds v i a a small number of open 
channels . By ana lyz ing the i n t e r f e r e n c e e f f e c t s i n the f i s s i o n c r o s s - s e c t i o n s , 
i t i s p o s s i b l e to a r r i v e a t a number of c o n c l u s i o n s wi th regard to the 
mechanism of the r e a c t i o n and a l s o to e s t a b l i s h the number of channels t h a t 
aro a c t u a l l y open:; i n some c a s e s sp ins can bo determined and other l e v e l 
parameters e s t a b l i s h e d . 

On the b a s i s of the data h i t h e r t o a v a i l a b l e i t has been p o s s i b l e to 

compare c r o s s - s e c t i o n s w i th i n t e r f e r e n c e , formulas only f o r the f i r s t resonance 

l e v e l s ? which has d e t r a c t e d from the va lue of the in format ion obta ined . In 



tho oaso of tho U 2 ^ o r o s s - s o c t i o n a n a l y s i s dosoribod in (6) and (7 ) , f o r 
example, i n v e s t i g a t i o n s wore oarr iod out up to a noutron onorgy of ~ 2 .5 0V5 
f o r highor e n e r g i e s , q u a l i t a t i v e r e s u l t s wore obtainod. The i n t e r f e r e n c e 

о 1Q 
a n a l y s i s of the Pu" f i s s i o n c r o s s - s e c t i o n doscribed i n (7 ) only covered tho 
f i r s t two resonance l e v e l s and even i n t h i s range tho r e s u l t s woro not о T T 

a b s o l u t e l y c e r t a i n . The ana lyses of the U ( r a d i a t i o n and f i s s i o n ) and tho 
P u 2 ^ ( t o t a l ) c r o s s - s e c t i o n s descr ibed i n (8) and (9) cover a somowhat broader 
enorgy range. 

A d e t a i l e d study has now been made of the f i s s i o n and r a d i a t i v e - c a p t u r e 
c r o s s - s o c t i o n trends with the he lp of data on r) and the t o t a l c r o s s - s e c t i o n s 

о "эк P 40 
of U and Pu obtained with a p u l s e d - c y c l o t r o n neutron spoctrometor ( 2 ) . 
In t h i s way i t has been p o s s i b l e to carry out an i n t e r f e r e n c e a n a l y s i s 
cover ing a broader neutron-energy range. D e t a i l s of t h i s a n a l y s i s are g iven 
below toge ther wi th a d i s c u s s i o n of the r e s u l t s . 

Method Used f o r Cross -Sec t ion Analys i s 

In a t tempt ing s t r i c t l y to apply the theory of nuc lear r e a c t i o n s to the 
a n a l y s i s of c r o s s - s e c t i o n s , i t i s e s s e n t i a l to make a number of s i m p l i f i c a t i o n s . 
In i n v e s t i g a t i o n s (3) and (lO) two methods of a n a l y s i s are developed;, on the 
b a s i s of a matrix-R formalism, a p p l i c a b l e to cases of i n t e r s e c t i n g c r o s s -
s e c t i o n s . We have made use of an approximation, s t u d i e d i n de ta i l - by Vogt 
i n ( 3 ) , which takes account of i n t e r f e r e n c e between a small number of l e v e l s . 
The number of channels e f f e c t i v e l y open i s not l i m i t e d and can be a s s e s s e d on 
the b a s i s of the r e s u l t s of the a n a l y s i s . 

The f o l l o w i n g cons idera t ions can bo adduced i n support of t h i s approach. 
2 3 5 2 3 9 Prel iminary a n a l y s i s of the f i s s i o n c r o s s - s e c t i o n s of U ^ and Pu y show i t 

t 
t o be p o s s i b l e t o break down the c r o s s - s e c t i o n s i n t o a number of energy ranges 
i n such a way t h a t the i n t e r f e r e n c e between resonances i n d i f f e r e n t ranges i s 
sma l l . I t i s p o s s i b l e to represent the c o n t r i b u t i o n of ne ighbouring groups of 
l e v e l s as a s l owly changing term i n the c r o s s - s e c t i o n s , only tak ing i n t o 
account i n t e r f e r e n c e s wi th a small number of broad and s u f f i c i e n t l y s t rong 
l e v e l s . 

Reducing the number of l e v e l s analysed at one time cons iderably 
f a c i l i t a t e s the c a l c u l a t i o n s and has p r a c t i c a l l y no e f f e c t on the accuracy 
of the r e s u l t s . At the same t i m e ' t h i s method s u b s t a n t i a l l y i n c r e a s e s the 
r e l i a b i l i t y of the a n a l y t i c a l data o b t a i n e d . ' 
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In accordance with ( 3 ) j the s c a t t e r i n g matrix dotormining tho onorgy 

d i s t r i b u t i o n o f ' t h o c r o s s - s e c t i o n s сап Ъо w r i t t o n as f o l l o w s » 

If1 B Oi(?o + ? o O cc1 (1) 
A 

whore i s the root of tho observod p a r t i a l width of t r a n s i t i o n from 

l o v o l X i n t o channel nC", w i t h tho corresponding s i g n ( the matr ix has l o v o l s 

of ono sp in o n l y ) . i 8 obta inod from tho equat ion; 

whore E i s the resonance energy of l e v e l X. 

ÀX15 The non-d iagonal components of tho matrix (A which determine tho 

i n t e r f e r e n c e e f f e c t s i n the c r o s s - s e c t i o n s , can bo w r i t t e n as f o l l o w 

(А'ЪХХ. - cos 

The parameter cos - the i n t e r f e r e n c e phase - i s l i n k e d wi th the 

number of channels p a r t i c i p a t i n g in the r e a c t i o n and wi th the s i g n s of the 

reduced width ampl i tudes of tho l e v e l s . 

For the s e l e c t i o n of l o v o l and i n t b r f e r e n c e - p h a s e parameters , • s imultaneous 

use was made of energy-dcpondonce data f o r ' f i s s i o n ' a n d r a d i a t i v o - c a p t u r o c r o s s -

s e c t i o n s and the v a l u e t |-= v • The'value of v (number of secondary neutrons 
\ a . , 

per f i s s i o n ) was assumed to be -constant f o r a l l resonances (a "'and a r e p r e s e n t x а 
f i s s i o n and a b s o r p t i o n c r o s s - s e c t i o n s , r e s p e c t i v e l y ) . 

The f i r s t s t e p was to a n a l y s e the r a d i a t i o n c r o s s - s e c t i o n s . Because of 

the occurrence of a largo number of t r a n s i t i o n s which aro accompanied by the 

emiss ion of gamma quanta, i t i s not p o s s i b l e t o observe any- i -nter forence 

e f f e c t s i n the t o t a l r a d i a t i o n c r o s s - s e c t i o n s . Formally this ' i s d e s c r i b e d by 

tho v a n i s h i n g ' o f - tho non-d iagonal components of the matrix (A ..At the 

same time formula ( l ) becomes a sum of terms s i m i l a r to the .Brcit-Wignor 

s i n g l e - l e v e l formula. 

Whero the c o r r e c t i o n s requ ired f o r the Dopplor broadening- of th'e l e v e l s 

and spectrometer r e s o l u t i o n are smal l , resonance e n e r g i e s and the t o t a l widths 

and s i z e s of tho c r o s s - s e c t i o n s i n the resonance peaks can bo obta ined 

d i r e c t l y from a graphica l a n a l y s i s of tho r a d i a t i o n c r o s s - s e c t i o n s . The 

p a r t i a l ( r a d i a t i o n and f i s s i o n ) widths can then be obta ined by making a 



combined a n a l y s i s of the f i s s i o n and capture c r o s s - s e c t i o n s . This procedure 
235 ' 

was adopted i n d e a l i n g with the c r o s s - s e c t i o n s of U ^ in tho neutron-onergy 
range of up to 4 eV. Experimental data and an approximation of the r a d i a t i v e -
capture c r o s s - s e c t i o n ' in t h i s rango are shown :}.n P ig . 1. Six resonance l e v e l s 
were included,", account was a l s o taken of tho c o n t r i b u t i o n of tho l e v e l below 
the b inding energy. 

At h igher neutron energ i e s use was made of the method for, obta in ing l e v e l 
parameters f i r s t proposed i n ( l l ) . Radiat ion widths are assumed to be constant 
f o r a l l l e v e l s and the f i s s i o n widths are obtained from the energy dependence 
of л. Once the c o n t r i b u t i o n of the n o n - i n t e r f e r i n g l e v e l s i s excluded., the 
va lue of i n the centre of the resonance can be s t a t e d , wi th s u f f i c i e n t 

a p 
accuracy, a t o be equiva lent to Г 'was taken to b e - e q u i v a l e n t t o 0 .04 eV" 
f o r the Pu" (12) as w e l l as f o r the' U 7 l e v e l s ( i n the case of the- l a t t e r 
i s o t o p e , t h i s was based on the r e s u l t s of our c r o s s - s e c t i o n a n a l y s i s a t neutron 
e n e r g i e s of up t o 4 eV ( 2 ) ) . The v a l u e s f o r Г̂  wore taken'from ( 1 2 ) . The 
inaccuracy caused by l a c k of knowledge about the sp in was small in the case of 
U2"^ ( I = 7 /2 )5 i n the case of Pu2"^ d e f i n i t e spin v a l u e s were as s igned to 
a l l l e v e l s i n c l u d e d i n the a n a l y s i s . 

In most cases the cho ice of the r e l a t i v e s i g n of the i n t e r f e r e n c e phase 
was made by a n a l y s i n g the v a r i a t i o n of r| as a f u n c t i o n of energy. The degree 
of i n t e r f e r e n c e ( the a b s o l u t e va lue of the phase) was a s s e s s e d by means of an 

-approximate formula, v a l i d f o r (E^ - E) » ' ° . . . 

of -чГЕ - a o X t <VT)* c o s (4) 

о Г 2 " • • 
where о. я ^ ^ . 

• Т " Е)* - Г,2 . ' 

The l e v e l parameters obta ined were used f o r s u b s t i t u t i o n i n equat ions 
( l ) and ( 2 ) . A f t e r c o r r e c t i o n s had been made f o r Doppler broadening of the 
l e v e l s and f o r r e s o l u t i o n , the computed r e s u l t s were compared wi th the 
experimental data? .the parameters were correc ted where neces sary . 
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Résulta of Analys i s 
235 F i g s . 2, 3 and. 4 i l l u s t r a t e three resonance groups i n the U ^ f i s s i o n 

c r o s s - s e c t i o n on which i n t e r f e r e n c e analyses were c a r r i e d out, and a l s o the 
r e s u l t s of the approximation of the c r o s s - s e c t i o n s . 

The group of c l o s e l y spaced l e v e l s i n the reg ion of 3 eV (F ig . 2) i s the 
l e a s t c o n t r o v e r s i a l one. In the f i r s t p lace , only minor c o r r e c t i o n s f o r • 
r e s o l u t i o n and Doppler e f f e c t are invo lved and, secondly , there i s no uncer-
t a i n t y as a r e s u l t of the presence of и n e g a t i v e l e v e l . The energy dependences 
of the f i s s i o n and 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 s i n t h i s range a l s o provide 
tho c l e a r e s t evidence of the importance of tho i n t e r f e r e n c e e f f e c t s . The dip 
i n the f i s s i o n c r o s s - s e c t i o n curve at around 2 .7 eV (Fig . 2) can only "be 
accounted f o r i n terms of s t rong "negative" i n t e r f e r e n c e of a l e v e l "below the 
binding energy and wi th a resonance at E =. 2 . 8 0 eV. The asymmetry of the , 
resonance at E = 3 .60 eV l eads one to assume that there i s a " p o s i t i v e " i n t e r -
f e r e n c e on the part of t h i s l e v e l wi th the "negative" one. I f the experimental 
p o i n t s are compared wi th c a l c u l a t i o n s which take i n t o account the i n t e r f e r e n c e 
of these three l e v e l s , i t i s found that the c o n t r i b u t i o n of the resonance t o 
the c r o s s - s e c t i o n a t an energy of 3*13 eV i s we l l descr ibed by a s i n g l e - l e v e l 
Breit-Wigner formula. 

235 
F i g . 3 shows the f i s s i o n c r o s s - s e c t i o n of U " i n a neutron-energy rango 

of 4 .5 to 6 .5 eV. To account f o r the observed energy dependence of the c r o s s -
s e c t i o n , i t i s necessary to assume maximum i n t e r f e r e n c e of a "negative" l e v e l 
wi th a resonance at 6 .2 eV. I n t e r f e r e n c e wi th tho 5 .5 -eV l e v e l i s l e s s obvious5 
however, i f t h i s i s ignored, the width that has to be a s s i g n e d t o the 6 .2-eV 
l e v e l i s too l a r g e to f i t the c r o s s - s e c t i o n in the reg ion of 4-5 

The energy range up to 2 .5 oV has been i n v e s t i g a t e d in d e t a i l i n (6) and 
( 7 ) . In s p i t e of the very great care e x e r c i s e d i n performing the c r o s s - s e c t i o n 
measurements i n t h i s range ( 1 2 ) , there i s cons iderab le u n c e r t a i n t y about the 
r e s u l t s of the a n a l y s i s because of the proximity of a "strong" n e g a t i v e l e v e l . 
S a i l o r (6 ) obta ined tho b e s t f i t between computed and experimental data by 
assuming t o t a l i n t e r f e r e n c e between the 0 . 3 and 1 .15-eV l e v e l s and i n s e r t i n g 
two n o n - i n t e r f e r i n g l e v e l s a t e n e r g i e s of - 0 . 0 2 oV and - 1 . 4 5 oV. Vogt (7) 
found i t s u f f i c i e n t to in troduce one i n t e r f e r i n g n e g a t i v e l e v e l (E = - 0 . 9 5 eV). 
Gordeev (13) p o s t u l a t e d one s t rong i n t e r f e r i n g l e v e l i n the nega t ive reg ion and 
t o t a l i n t e r f e r e n c e of tho 0 .29-оУ and 1 .15-eV l e v e l s . 



Our measurements (2) y i e l d e d , r e s u l t s that wore somewhat d i f f e r e n t from 
the data quoted i n ( l 2 ) f o r noutrons with energ i e s of over 1 . 2 eV. Our 
experimental data provide a c l e a r i n d i c a t i o n of s trong i n t e r f e r e n c e between 
the I . I 5 - 0 V l e v e l and one or two "negative" l e v e l s . The 0 .29-eV resonance 
can be reasonably descr ibed as n o n - i n t e r f e r i n g . F ig . 4 shows the shape of 
t h i s résonance a f t e r subtrac t ion of that part of the c r o s s - s e c t i o n which i s 
a t t r i b u t a b l e to the c o n t r i b u t i o n of tho "negative" and 1 .15-eV l e v e l s (do t t ed 
l i n e ) . • 

2 3 9 

The i n t e r f e r e n c e a n a l y s i s of the c r o s s - s e c t i o n s of Pu was carr ied out 
i n the 7 ~ 24 eV energy range., 

F igs » 5' &nd 6 show the trend of the . f i s s i o n c r o s s - s e c t i o n f o r these 
e n e r g i e s . To e x p l a i n tho c r o s s - s e c t i o n r i s e between resonances, 10 .98 and 
11.95 eV ( d o t t e d l i n e i n d i c a t e s symmetrical part of c r o s s - s e c t i o n ) , one has 
'to assume maximum i n t e r f e r e n c e of those two l e v e l s between one another and 
wi th a broad, resonance a t 15 .5 eV. 

The a n a l y s i s of the 14-3 - I 4 . 7 ' - 15 .5 - '17-6 'eV group of l e v e l s was more 
complex. Tho approximation-shown i n ' t h e diagram was obta ined assuming maximum 
i n t e r f e r e n c e between resonances 1 4 , 3 - 1515 - 17-6 eV. The s t r o n g asymmetry-of 
the l e v e l at 17•6 eV can e a s i l y bo accounted f o r i n terms of i n t e r f e r e n c e ' w i t h 
the 15 .5 eV resonance. This means j jos tu la t ing i d e n t i c a l s p i n s f o r both l e v e l s . 
Direct measurement of the sp ins (14) y i e l d e d a va lue of .7 = 1 f o r the l e v e l a t 
I 7 . 6 e'V and 0 f o r 14«7 oV. These two resonances cannot t h e r e f o r e i n t e r f e r e 
w i th one another . The i r r e g u l a r i t y i n tho energy dependence of л observed at 
around 14 .5 eV seems to be due to i n t e r f e r e n c e on the part of the .14.3 and 
I5 .5 -0V levels-? i n t e r f e r e n c e between resonances 14»3- and 15-5 eV would be 
i n s u f f i c i e n t to account f o r t h i s . The sp in of l e v e l I 4 . 3 must t h e r e f o r e be 
equal to u n i t y . A f u r t h e r po in t i n favour of t h i s argument i s tha t i t ' seems 
f a i r l y improbable tha t two l e v e l s could be observed at a d i s t a n c e of l e s s than 
l / 2 0 of the average d i s tance f o r the sp in i n ques t ion , J = 0 ( 2 ) . 

2 3 9 ' ' 

The r e s u l t s of tho Pu c r o s s - s e c t i o n a n a l y s i s a t neutron energ ie s up 
t o '8-eV confirm the data obtained by Vogt (7)1 these, are t h e r e f o r e not 
d i s c u s s e d i n the present paper. ., 

2 3 5 2 3 9 

' Table 1 sums up the data obta ined from our U and Pu • cross-rsect ion 
analyses . ' Data are shown f o r l e v e l "widths, thé-value- of cos-.{h^t and. the 
r e l a t i v e s i g n s of the reduced amplitude-widths (P. Г . „ ) 2 . • ; 
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Table 1 

U' •235 

Л 
E 

eV 

Г 

MeV 
r f 

MeV 

Г 
r 

McV 
cos hx* 

R e l a t i v e 
amplitudo 

s i g n 
Remarks 

1 - 2 2 . 0 227 187 f 2 
( c o n v e n t i o n a l ) 

.2 - 0 . 1 . . . 
3 0 . 3 0 135 99 36 1 

4 1 . 1 4 150 112 38 COS 
* 1 . 4 -

- 0 . 4 0 + 0 .05 - I 

5 2 . 0 4 48 10 38 cos \ 6 = - 0 . 5 + 0 . 3 • • • 1 
6 2 . 8 0 200 160 cos 

*1.6 = 0 . 4 0 + 0 .05 + 1 . 2 

7 3 . 1 3 123 79 44 cos ^6.8 • = - 0 . 5 + 0 . 3 ... 1 
8 3 . 6 0 83 .43 40 cos v = - 0 . 5 0 + 0 . 1 0 - 1 

9 4 . 8 4 44 4 4 ... 1 . 2 
10 5 . 4 5 63 23 COS *1 .10 • + 2 
11 6 . 2 0 300 260 COS \ . l l = - C l " 0 ' 2 ) - 1 . 2 
12 6.4О .51 11 COS Э ю . 1 1 = - d " 0 ' 5 ) • • 2 

13 7 . 0 9 65 25 « • 2 

Pu 239 

E 
eV 

Г 
MeV cos -9 XX1 

R e l a t i v e 
ampli tude . 

s i g n 
Remarks 

1 
2 

3' 
4 

.5 

6 

7 
8 

9 
10 

0 
•0.30 

. 7 . 8 4 

10.9 
1 1 . 9 

1 4 . 3 

.14-7 

15-5 

17.6 
22 . 6 • 

. 35 
81 
23 
34. 
23 

1000 

29 

49 

1 
0 
1 

l 
1 

1 

0 
1 

1 
0' 

cos 91.3 
COS 

v 5 
COS CO 

cos *6.8 

COS *8.9 

-(l- 0- 2 

- ( 1 - о л 

- d - 0 ' 2 

- C L - 0 , 5 

- ( Г 0 ' 2 ) + 
( c o n v e n t i o n a l ) 

2 
1 
2 
2 . 
2 
2 
2 
1.2 

2 .-
2 

Re marks-s 1 . .Graphic a n a l y s i s of c r o s s - s e c t i o n s 
2. Constant r a d i a t i o n - w i d t h ' m e t h o d 
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Qsr-fc.ai.n...rgmarks .need .to be made i n connect ion with the l e v e l parameters 

quoted i n Table 1. I n t e r f e r e n c e ana lyses provide a r e l i a b l e means of d e f i n i n g 
the r e l a t i v e s i g n s of i n t e r f e r e n c e phases f o r ' s t r o n g l y i n t e r a c t i n g ' l e v e l s . The 

235 'exis tence of a s t rong "negative" U l e v e l made i t p o s s i b l e to dof ino r e l a t i v e 
amplitude., s i g n s .not .only f o r the c l o s e l y spaced l e v e l s but a l s o throughout the 

' ' " 239 
whole range of e n e r g i e s up t o 8 eV. The amplitude s igns f o r Pu were obta ined 
by a n a l y s i n g the i n t e r f e r e n c e of l e v e l s w i th a broad resonance a t . l 5 « 5 oV. 

. . 239 
The sp in assignments of the Pu l e v e l s were determined on the b a s i s of 

the r e s u l t s of (14) and a l s o by tak ing i n t e r f e r e n c e e f f e c t s i n account" 
( n e g a t i v e , 0 . 3 eV, I 4 . 3 eV and 15 .5 oV). Since l e v e l s having d i f f e r e n t momenta 
cannot i n t e r f e r e wi th one another, ' a va lue of J = 1 must be a s s i g n e d t o the 

1 4 ' 3 eV, 15«5 eV and n e g a t i v e resonances . • The va lue of J = 0, a s s igned to 
l e v e l 0 . 3 e"V, was determined on the b a s i s of the absence '-of i n t e r f e r e n c e wi th 
a n e g a t i v e l e v e l . While t h i s p o i n t i s not , . s t r i c t l y speaking, a b s o l u t e l y 
certain, , the f a c t tha t maximum i n t e r f e r e n c e i s found between a l l l e v e l s having 
an i d e n t i c a l sp in ( j = l ) makes i t extremely l i k e l y . 

D i scus s ion 

Taking account o f . i n t e r f e r e n c e , e f f e c t s r e s u l t s in comparatively s l i g h t 
d i f f e r e n c e s i n the va lues of tho l e v e l parameters as compared wi th the data 
obta inable w i t h c e r t a i n convent iona l methods. The a n a l y s i s of parameter 
d i s t r i b u t i o n s , which i s d e a l t w i th i n (15) , ( l 6 ) and (17)3 w i l l not t h e r e f o r e 
bo.. .discussed f u r t h e r . i n .the p r e s e n t paper.. I n s t e a d we s h a l l attempt t o ana lyse 
i n g r e a t e r d e t a i l the r e s u l t s of the phase a n a l y s i s of the i n t e r f e r e n c e e f f e c t s . 

Table 2 g i v e s data f o r the r e l a t i v e phases of cos obta ined from our 
• 235 239 

i n t e r f e r e n c e a n a l y s i s of the U and Pu l e v e l s , and a l s o v a r i o u s . r e s u l t s 
obta ined from ana lyse s of the c r o s s - s e c t i o n of U. and Pu (8 , 9 ) . ' 

The cases chosen, i n our view, are such as to enable unequivocal a n a l y t i c a l 
r e s u l t s t o be obta ined. Account was taker.-only of s u f f i c i e n t l y c l o s e l e v e l s 
where mutual i n t e r f e r e n c e was s t rong . A good c r i t e r i o n f o r the s e l e c t i o n i s 

A E „ , . 
tho va lue of лл ( r a t i o of the d i s tance oetwoen i n t e r f e r i n g l e v e l s t o the 

average d i s t a n c e between l e v e l s of the same s p i n ) . In the case of P u ^ ^ the 
• • ДЕ^. , . . 

a n a l y s i s i n c l u d e d a l l ;pairs of l e v e l s of the same sp in where AA- < 1 . In 
' ' TJ 

the case of the other isotope's the' Spins o f ' ^ h e - l e v e l s - were-unknown and - • 
d i f f e r e n t s p i n v a l u e s were a s s i g n e d to the hen-interfering. . . .pairs . 



Table 2 

I s o t o p e ЕЛ> 
Л Е*л . / ï ï 00s ô u , Remarks 

Pu 2 3 ? 1 0 . 9 - 1 ] . 9 0 .25 ' - 1 Present i n v e s t i g a t i o n 

14-3 - 1 5 . 5 0 . 3 0 " - 1 Present i n v e s t i g a t i o n 

15-5 - 1 7 . 6 0 . 5 2 - 1 Present i n v e s t i g a t i o n 

U2 35 2 . 8 - 3 . 6 0 . 4 8 - 0 . 5 Present i n v e s t i g a t i o n 

5 . 4 5 - 6 .2 0 . 5 0 - 1 Present i n v e s t i g a t i o n 

U 2 3 3 
1.75 - 2 . 3 0 , 3 3 - 1 (8) 

5 . 8 - 6 . 8 0 . 5 4 . - 1 ( 8 ) 

9 . 2 - 1 0 . 5 0 . 7 1 . - 1 ( 8 ) ' 

P u 2 4 1 • - 0 . 2 - 0 . 3 0 . 1 9 - 1 ( 9 ) 

• . -4-5 - 6 . 0 . 0 . 5 6 +1 (9) 

6 . 0 - 1 0 . 0 1 . 5 - 1 (9) . 

8 . 5 - 9 .5 0 . 3 8 - 1 (9) 

From normal s t a t i s t i c a l c o n s i d e r a t i o n s , i t f o l l o w s tha t cos must 

be equal to zero . I t should be noted that;; out of 11 p a i r s of resonances 

e x h i b i t i n g a n o t i c e a b l e degree of mutual i n t e r f e r e n c e , there i s only one case 

where the reduced amplitude s i g n s are i d e n t i c a l ( c o s > О), i . e . where the 

c r o s s - s e c t i o n between the resonances decreases . In the other eases , 
cos < 0 ( the c r o s s - s e c t i o n between resonances i n c r e a s e s ) . One way of 
d e s c r i b i n g th i s , phenomenon would be to assume, i n a d d i t i o n to the sp in , the 
presence of a ' f u r t h e r parameter d e f i n i n g phase s h i f t s of wave f u n c t i o n s . In 
t h i s case , i f l e v e l s e x h i b i t i n g the same va lue f o r t h i s .parameter have T/igner-
type d i s t r i b u t i o n s ( l 8 ) , then the overlap between the two systems of l e v e l s 
w i l l r e s u l t i n the predominance of amplitudes of a d i f f e r e n t s i g n f o r the 
nearby l e v e l s . This e f f e c t w i l l take p l a c e even i f there i s an ordered, 
a l t e r n a t i o n i n t h e , s i g n s of the reduced width ampl i tudes . The r e s u l t s obta ined 
from our a n a l y s i s would not be at var iance wi th t h i s assumptions i n the case 
of f i v e i n t e r f e r i n g l e v e l s o f - U 2 ^ (Table l ) there i s a r e g u l a r a l t e r n a t i o n 

. .i 
of p o s i t i v e and n e g a t i v e v a l u e s f o r ( l \ n ^ f ) ^ ' " 'Although the p r o b a b i l i t y of a 
sequence of t h i s s o r t occurr ing a c c i d e n t a l l y i s 'not' great ( l e s s than l&fo) s i t 
i s e s s e n t i a l , i n order to a r r i v e at d e f i n i t i v e c o n c l u s i o n s , to study the 
d i s t r i b u t i o n of amplitude s i g n s f o r a l a r g e r number of l e v e l s . 
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The very fact that there is noticeable interference is indicative of bhe 
small' number of open fission channels. Our interference analysis of the 
fission cross-section yielded a value of |cos ^iil* 1 for Pu23'3, which 

2 3 5 

corresponds to one effectively open channel. In the case of U the value 
obtained was |cos 1 - 0 , 7 and the number of open channels is around two. 

'• 2 3 5 ' ' 2 3 9 The fission-width distributions of the U ^ and Pu levels are also 
• •: t. 

indicative of a small number of channels. Furthermore, an approximation of 
the distributions based on Porter-Thomas curves (19) for a different number 

239 
of degrees of freedom of v yields values for. v in the region of 1 for Pu 
(20) and. 2 for U 2 3 5 (2). 

By using the values for spins and Г^ given in Table 1, it1 is possible to 
obtain average values of Г for the Pu^39 levels v/ith spins of 1 + and 0+. 
Obviously, the values of 44 MeV for T^" (j = 0) and 156 MeV for Г^ (J = l) can 
only be considered as a first approximation5 nevertheless they show that on 
average the fission width -is greater for levels where J = 1. 

235 ' 
In the case of U J no data are available for determining the spins of 

the levels directly. It is, however, possible, on the basis of our analysis, 
to break down into two groups all le^e] s up to 8 eV. The first is made up of 
resonances which interfere with a negative level and with one another 
'( E^s - 2 eV, 1.13 eV, '2.80 eV, 3-60 eV, 5-45 eV and 6.20 eV), the second 
includes non-interfering resonances, with E^ equal to 0-. 30 eV, ' 2.04 eV, 
3.14 eV, 4 . 8 4 eV, 6.37 eV and 7.09 eV. The level E^ s - 0.1 was not used 
in the' interference analysis because of the arbitrariness' of the parameter 
selection. The natural explanation for this breakdown is thatc'there must be 
different values for J for the levels in these groups. The number of levels 

in each group (six and six) would also fit in with an estimate based on the 
expression UT~2J+1 (where J = I + -§-) and the value of- the target-nucleus spin 

7 235 о — (lQ = for ÏÏ . The average values for 1?he fission widths of the two groups 

will be ÏÇ" = 160 MeV and = 37 MeV, respectively. The values 'of Г^ for U 2 3^ 
are different from those quoted in ( 2 ) (116 and 20'MeV). However, it should 
be borne in mind that the number of levels averaged out was small (six), and 
also that considerable uncertainty attàchee to the Porter-Thomas fission-
width-distribution plots contained in ( 2 ) . 

The small number of open channels would fit in well with the concept of 
the "quasi-cold1.1 fissioning nucleus, first put forward by Bohr (2l). This 
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i n v e s t i g a t o r sugges ted that tho p r o b a b i l i t y of f i s s i o n ( f i s s i o n width) might 
bo s t r o n g l y dependent on the magnitude of the momentum ( s p i n ) of the i n t e r -

2 3 9 

mediate l e v e l s . However, i n the case of Pu tho observed spin-dependonoe 
proved to be at var iance wi th tha t p o s t u l a t e d by tho' theory.' 

This d iscrepancy can be obviated by assuming a negat ive p a r i t y in tho 
2 3 9 casо of tho Pu nuc leus . 

The c o r r e l a t i o n occurring between s i g n s of the roducod width amplitudes 
of the l e v e l s (phases ) cannot be accounted f o r i n term's of e x i s t i n g nuc lear 
models . This c o r r e l a t i o n may be bound up wi th the important r o l e playod by 
s i n g l e - p a r t i c l e s t a t e s a t medium e x c i t a t i o n e n e r g i e s . C l e a r l y , . т о г о e x p e r i -
mental data and f u r t h e r t h e o r e t i c a l vrork are needed. 

In conc lus ion , we should l i k e to express our s incere ' a p p r e c i a t i o n f o r 
the va luable a s s i s t a n c e we havo r e c e i v e d from our mathematics c o l l e a g u e s , 
S. Borovlev and L . I . Panova, i n connect ion wi th the a n a l y s i s of our measure-
ment data. 

Received by p r i n t e r - 15 Apri l 196З 
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Diagram» 

? V5 
1 Captions Radiat ion c r o s n - s o c l l o n of up to 4 оV, 

A b s c i s s a s 1 Noutron onorgy (oV). 

P3P5 P i g . 2 Caption?, F i s s i o n c r o n a - s o c t i o n of U" . Noutron e n e r g i e s : 

2 . 5 - 4 oV. 
A b s c i s s a s s ïïoutron on or g,y (oV). 

To;? l o f t : barn. eV'J. 

23'5 

P i g . 3 Caption: Pi и» i on сгогш-oeot ion of TJ . 1/outron enorgios? 

4 . 5 - oV. 

Abaci H H art : ïïeutron onorgy (oV). .1. Top l o f t : barn, оVй. 

P i g . 4 Caption: F i s s i o n c r o s s - c o c t i o n and r a t i o . Neutron energies ' . 
a 

0 . 0 3 - 1 . 7 oV. Resu l t s of measurements w i t h d i f f e r e n t 

r e s o l u t i o n arc p l o t t e d . 

A b s c i s s a s : Houtron energy. 

239 P i g . 5 Caption: F i s s i o n c r o s s - s e c t i o n of Pu . ïïeutron onorg ioss 

9 - 1 3 oV. 

A b s c i s s a s s 10, 11 and 12 cV. 

239 P i g , б Ca£t ion: F i s s i o n c r o s s - s e c t i o n of Pu . Ïïeutron energaoss 

1 3 . 5 - 1 8 aV. 

A b s c i s s a s г ïïeutron energy (oV). 
X 

Top l e f t s barn. oV53". 




