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ABSTRACT—' 

2 3 9 D i r e c t .count of the y - r a y s emitted, under slow neutron "bombardment of Pu 
was- made between i n c i d e n t neutron e n e r g i e s of 7 a nd 55° eT. Measurements were 
c a r r i e d out a l s o of the sample t r a n s m i s s i o n and number of f a s t neutrons per 
captured slow neutron.-• • -

The r e s u l t s of the measurements conf irm the p o s s i b i l i t y of o b t a i n i n g l e v e l 
2 3 9 

parameters f o r Pu by the s imul taneous count of secondary y - r a y s and f a s t -
n e u t r o n s . 

Values D'f ^ f / p are g iven f o r a number of l e v e l s . Spin ass ignments 
a • • 

were made f o r f i v e l e v e l s . 

SIBMART 

The method developed e a r l i e r f o r measuring т) and the c r o s s - s e c t i o n s of 

f i s s i o n a b l e i s o t o p e s (1-3) was supplemented by equipment f o r d e t e c t i n g the 

y - r a y s emit ted by the n u c l e u s a f t e r capture of a neutron . This made i t 

p o s s i b l e t o make independent measurements of the a b s o r p t i o n c r o s s - s e c t i o n , as 

w e l l as measuring the t o t a l and f i s s i o n c r o s s — s e c t i o n s . 

2 3 9 

The c r o s s - s e c t i o n s of the i s o t o p e Pu were measured i n the neutron energy 

range from 7 eV t o 550 the r e s o l u t i o n of the spectrometer was about 

0 . 0 2 Hs/m. 
I t i s concluded, on the b a s i s of t h e r e s u l t s , t h a t the r a d i a t i v e capture 

y - r a y y i e l d and the r a d i a t i o n w id ths vary l i t t l e from resonance t o r e s o n a n c e . 

This j u s t i f i e s use of the method c o n s i s t i n g i n measuring the y -ray y i e l d t o 
2 3 9 determine the .parameters of the l e v e l s of Pu at h igh neutron e n e r g i e s . 

In the energy'-range up t o 100 eVs most of the l e v e l s are r e s o l v e d . 
D e f i n i t e s p i n v a l u e s are a s c r i b e d t o a number of r e s o n a n c e s . Further ev idence 
i s g i v e n t o support t h e view t h a t the average f i s s i o n width of the resonances 
i s s t r o n g l y dependent on s p i n . 

^J Suppl ied i n E n g l i s h . 
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The normal method, of determining the parameters of the resonance l e v e l s 

of f i s s i o n a b l e n u c l e i i s to use the r e s u l t s of measurements of the t o t a l and 

f i s s i o n c r o s s - s e c t i o n s . Considerably more complete information may be obtained 

by carry ing out a t the same time independent measurements of -the r a d i a t i v e 

capture c r o s s - s e c t i o n or the absorpt ion c r o s s - ï e ^ + ̂ n . With t h i s aim i n np.nd, 

the method developed e a r l i e r for measuring p and the c r o s s - s e c t i o n s of f i s s i o n a b l e 

i s o t o p e s ( l - З ) was supplemented by equipment f o r d e t e c t i n g the y-rays emitted 
by a nucleus a f t e r capture of a neutron» Measurements of the y-ray y i e l d of 
the sample have been used i n a number of works (4?5) t o obtain the r a d i a t i v e 
capture cross—sect ions . The attempt to use t h i s method for measuring the 
c r o s s - s e c t i o n s of f i s s i o n a b l e i s o t o p e s comes up aga ins t a. number of d i f f i c u l t i e s , 
r e s u l t i n g from the f a c t that the t o t a l y -ray y i e l d on capture of a neutron by 
a f i s s i o n a b l e nuc leus c o n s i s t s both of r a d i a t i v e capture y-rays and of those 
accompanying f i s s i o n » 

The r e l a t i v e s i z e of the e f f e c t s due t o the d e t e c t i o n of the f i s s i o n 
and capture y-rays w i l l depend on a number of f a c t o r s which i t i s d i f f i c u l t 
t o take i n t o account (shape of spectrum, counting e f f i c i e n c y , geometry of ' 
equipment), and must bé 'determined' experimentally» A l l that can be sa id i s 
that the average number of y-quanta emitted on f i s s i o n i s apparently a l i t t l e 
higher than during r a d i a t i v e capture (6)» The e f f i c i e n c y of d e t e c t i o n must 
t h e r e f o r e be higher f o r cases of f i s s i o n than f o r cases of r a d i a t i v e capture . 

Moreover, the' spec tra of the f i s s i o n and capture y-rays must exceed a 
c e r t a i n degree of complexity be fore the s i z e of the e f f e c t d e t e c t e d can be 
r e l a t e d v/ith- ce-rtainty to par t i cu lar c r o s s - s e c t i o n v a l u e s . In t h i s case the 
v a r i a t i o n s in i n t e n s i t y of i n d i v i d u a l l i n e s in the y - spec tra ( i n the t r a n s i t i o n 
from resonance to. resonance) are averaged out by the large number of t r a n s i t i o n s s 

and the t o t a l y-ray y i e l d w i l l not be subjec t to chance f l u c t u a t i o n s . The 
spec tra of the y -rays of resonance r a d i a t i v e capture of a neutron by f i s s i o n a b l e 
nuo le i are unknown, but i t may be assumed t h a t , f o r heavy n u c l e i f a r from magic 
(with c losed s h e l l s ) , they are c l o s e to evaporative (7)° In t h i s case the 
e f f e c t from the d e t e c t i o n of r a d i a t i v e capture y-rays w i l l bo proport ional 
t o the capture c r o s s - s e c t i o n » 
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The f i s s i o n y-ray spectrum has Ъееп obtained for the f i s s i o n of ^ by 
. a l neutrons ( б ) . I t i s p r a c t i c a l l y uninterrupted5 the average energy 

. ohe y-quanta i s about 1 MeV„ The complexity of the spectrum makes any 
marked change in i t s shape on pass ing from resonance to resonance u n l i k e l y -
There i s every j u s t i f i c a t i o n for assuming that the f i s s i o n y-ray spec tra v / i l l 
be of a s i m i l a r type f o r other f i s s i o n a b l e n u c l e i as well» 

I f these ideas are correc t , the s i z e of the e f f e c t recorded by the 
y - d e t e c t o r may be w r i t t e n in the form ( ignor ing c o r r e c t i o n s f o r the s c a t t e r i n g ) 

H ~ g n f + aPiiY ( l - T) 

where a a , 0 are the c r o s s - s e c t i o n s of f i s s i o n and r a d i a t i v e capture • . n f ' ny' t 
and the t o t a l c r o s s - s e c t i o n , 

Ef i s the dens i ty of the rosoir.nce neutron f l u x , 
T i s the t ransmiss ion of the sample, and 

• a i s the ratio of tho e f f i c i e n c y of d e t e c t i o n of e a s e s of r a d i a t i v e 
capturo t o t h a t of cases of f i s s i o n . 

Simultaneous measurements of the y i e l d of secondary f i s s i o n neutrons (N^) 
make i t p o s s i b l e to c a l c u l a t e v „ / v , whi le when the transmiss ion of the sample 

X cl 

i s a l s o known, other parameters of the resonance l e v e l s may a l s o be obta ined. 

The authors have measured the y i e l d s of f i s s i o n y-rays and secondary 
f i s s i o n neutrons from a sample of P u ^ ^ ( th i cknes s 0.001325 atoms/barn) in tho 
range of neutron e n e r g i e s from 7 to 550 eV.3 f o r neutrons with energ ies up 
to 100 eV the transmiss ion was a l s o measured» The measurements were made on 
a neutron spectrometer wi th a " f l i c k e r i n g beam" from an ITEF c y c l o t r o n ( l , 2 ) „ 
The r e s o l u t i o n of the spectrometer was ~ 0 .02 Hs/m. 

Four c r y s t a l s of Nal (Tl) 8 cm in diameter and 8-10 cm high were used as 
y-ray d e t e c t o r s . These were placcd symmetrical ly on two s i d e s of the sample 
of ?u 2 39, ins ide a l e a d s h i e l d i n g up to 50 cm th ick ( F i g s . 1 and 2 ) . For ' 
p r o t e c t i o n from the s c a t t e r e d neutrons the c r y s t a l s were covered wi th 1 cm of 
boron carbide . 

To reduce the background, the m u l t i p l i e r outputs were connected, up i n 
p a i r s f o r coincidence? to g ive maximum e f f i c i e n c y , every p o s s i b l e combination 



- 4 -

of tho p h o t o - m u l t i p l i e r outputs v/as 'used, ( s i x co inc idence schemes) « Y~q.uanta 
v/ith energ ies ox' more than ~ 700 keV wore detected^ the r e s o l v i n g time of the 
co inc idence schemes v/as ~ 0 . 1 Us. 

The f i s s i o n neutron counter c o n s i s t e d of tv/o T?EU-45 p h o t o - m u l t i p l i e r s 
coated v/ith a p a r a f f i n - z i n c sulphide mixture ( l ) , the pu l se s from the photo-
m u l t i p l i e r outputs, were added t o g e t h e r . • 

F i g . 3 shows some of the experimental curves for and N '(neutron 
e n e r g i e s 35~600 e"V) a f t e r s u b t r a c t i o n of the background. In s p i t e of the use 
of double co inc idences , tlje background l e v e l i n the curves v/as f a i r l y high- -
about 50$ of the e f f e c t . The background remained .constant up to neutron energ ies 
of ~ 50 "but gradual ly increased at higher"energies'""(by approximately 30$ 
at 200 eV)0 The background of the f i s s i o n curve N was s i m i l a r . 

The curves were normalized according to the f i r s t resonance's' of plutonium 
(В. = 7=8 eV and 15»5 eV), The va lue of Г / Г f o r these resonances v/as s e t , U i a 
on the b a s i s of the r e s u l t s of r e f e r e n c e ( 3 ) , a t О.465 and 0 . 9 r e s p e c t i v e l y . 
I t i s i n t e r e s t i n g to note that the r a t i o of the e f f i c i e n c y of d e t e c t i o n of 
cases of r a d i a t i v e capture to that of cases of f i s s i o n v/as a = 0*7 ± 0 . 1 , i n 
accordance v/ith the observat ions a lready made. 

Table I g i v e s the va lues of Г Д1 f o r resonances in the energy range up 
• - • •. • ' X *s, • • _ ,1 

to 90 eVj in t h i s range p r a c t i c a l l y a l l the l e v e l s are r e s o l v e d . -In the f i r s t 
column are given the r e s u l t s obtained by comparison of the normalized curves 
N and Ш , and in the'socond- the data of reference' ( 3 ) . 



Table I 

- ?Jo Present Reference (3) B0 Present Reference (3) и work и work 

7.84. 0,46+0 05" О.465 4 9 . 9 0 .65+0 .09 0.40+0.10 

10.95 0.67+0.06 .0.67+0 „05 52 .7 0.35+0.04 O.17+O.O5 
12.00 0.42+0.05 

0.90+0.15* 
O.37+O0O3 57«S 0 . 8 7 + 0 . 0 9 O.8O+O.15 

15 = 5 

0.42+0.05 
0.90+0.15* 0.90+0.10 59 .3 0.82+0.08 O.8O+O.I5 

17.8 0.43+0.05 O.42+P„03 ' 62 . 1 0.82+0.2 0 . 9 ± 0 . 1 
22.4 „0.54+0.05 . . 0 . 5 5 + 0 . 0 2 . • 65 .9 0.61+0.07 О.52+О.Ю 
26.3 0.59+0.12 0.. 39+0.02 75=0 0 .67+0 .07 О.55+О.Ю 
32.5 0.43±0 ° 2 - 81 .5 0 . 7 0 + 0 . 1 2 О.9О+О.Ю. 

41 .7 0 .24+0 .05 О.14+О.ОЗ. 85.6 0.61+0.05 0.62+0.20 
44 = 6 O.II+O.O3 0 .09+0 .05 90.3 0.29+0.06 ' 0 . 2 0 + 0 . 1 0 
4 7 . 8 0 .59+0 .12 0.65+p.20 

* Normalized, value « 

. Comparison of the r e s u l t s of the .measurements- shows t h a t i n "the oases' when 
i t i s p o s s i b l e to d i sregard neutron width., the Г' / Г v a l u e s obtained by the x , a -
two methods agree (w i th in the l i m i t s of measurement error , i . e . - w i t h - u p t o 
10-15$ accuracy) . This confirms the v a l i d i t y of the assumption on which the 
method i s based, that there are comparat ive ly smal l changes in the shapé of 
the f i s s i o n and capture y-ray s p e c t r a on p a s s i n g from one l e v e l ' t o another . 
Constancy of the r a d i a t i o n width ( w i t h i n the i n d i c a t e d l i m i t s ) - a circumstance 
noted p r e v i o u s l y (8) - a l s o f o l l o w s from t h i s . 

In the neutron energy range from 100 to J00 eV the p o s i t i o n s of the 
s t r o n g e s t i n d i v i d u a l -resonances have Ъееп determined, and the average va lues 

obta ined . Strong l e v e l s (or p o s s i b l y groups of l e v e l s ) occur at the i a 
f o l l o w i n g energ ie s (eV) ; 9 5 . 7 , 1 0 6 . 2 , 118, 132, 143, 156, I63, 173, 185, 193, 
200, 260, 270 (F ig . J ) . The v a l u e s of а^/ст are g iven in Table I I , x cl 

Table I I 

IS 7-40 e1' 40-106 e ^ 106-210 елт - 7-210 ev 

Jv Г a 0 .57+0 .05 0 .63+0 .07 0.57+0.10 0 .59+0 .04 
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The error does not take into account the indeterminacy of the va lue of 
Г / Г taken f o r the 7 .84-eV resonance = oi465 (3) » 

X 3. 
S"xmûlTâhe^us"'mèasuremexit of the f i s s i o n and absorption., c r o s s - s e c t i o n s , 

toge ther with the data on transmiss ion of the sample, make i t ' p o s s i b l e to 

a s s e s s "in"certain"case's the sp in of the l e v e l s . 1?o± such a c a l c u l a t i o n . Г 3 n 
must c o n s t i t u t e a cons iderable part of the t o t a l resonance width. Table I I I 
g ive s the r e s u l t s of c a l c u l a t i o n s f o r some l e v e l s » 

Table I I I 

S 0 •• V r . r f " I' taken as 
..Present work •"' --1=0 1=1 

41.7 . 0 .86+0 .09 4.6+О.5 13 .0^81 0 .95 .. ( 0 )? 
44»6 . 0 . 9 2 + 0 , 0 9 • • 5»5+l»0 ^ 5 .5 Q.80 0 .93 .. (-I) 
52 .6 0 .69+0.07 8 .7+1.0 23 0 . 7 9 0 . 9 1 ... 0 
65 .9 0"»72+0710 Ï9Ô5+4.0 89' 0.77'o"..90 . . Q •• . 

75 .0 0 .97+0 .10 25+5 120 0 . 7 6 0 .90 I 

* Average va lues f o r the present work and r e f e r e n c e ( 3 ) . 

** Г = - 40 ' 'Met'; F i s -taken as 40 MeV. '' f Г /Г - 1- . . . . . Г . . • 
' a • f 

The sp in v a l u e s obtained can of course only Ъе regarded, as approximate. . 
I t i s i n t e r e s t i n g bo compare the. a s s e s s e d va lues w i t h . a consideration- of-
i n t e r f e r e n c e e f f e c t s at these , energies». The energy dependence of the . f i s s i o n 
cross—section in the range 55—80 eV i n d i c a t e s the e x i s t e n c e of a l e v e l . o f 
very great width (of the order of s e v e r a l e l e c t r o n v o l t s ) s i t u a t e d at 
EQ = 6 2 eV. The- 65.9-eV resonance, on the edge of t h i s l e v e l , i s of symmetric 
form, and 'does not apparently i n t e r f e r e with the l e v e l . The next l e v e l 
(Е^ = 75 eV) i s markedly asymmetrical» Tho asymmetry may be expla ined by 
assuming that t h i s resonance i n t e r f e r e s with the wide (E = 62 ëV) l e v e l . 

The r e s u l t s of r e f e r e n c e (9) show that i n t e r f e r e n c e between l e v e l s of 
Pu ^ with the same sp in value i s almost maximal. We should consequently 
a scr ibe i d e n t i c a l s p i n to the resonance with E^ = 62 eV and. J5. eYs .An_4. opposite 
sp in t o the l e v e l at 65«9 eV„ This conc lus ion agrees with the r e s u l t s of Table I I 
thus i t i s log ica l" to'tâke" I = 0 f o r "the resonance a t 65»9 eV, and 1 = 1 f o r 
the l e v e l s a t 62 ©V and 75 eV» 
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The d i f f e r e n c e i n the average f i s s i o n widths of systems of l e v e l s of 
n-z Q 

Pu v/ith d i f f e r e n t sp in va lues lias a lready Ъееп noted (9 , l o ) . This 
c o n c l u s i o n v/as determined "to a cons iderable extent Ъу the spin of one l e v e l 
(Eq = 15 .5 'eV, r f я 1 eT, I = 1 ) . ' " 

I f we take in to cons idera t ion another three resonances(E = 65°9 eV, 
Г\, я 60 MeV, 1 = 05 Eo = 75 eV, Г « .75 HoV, I = 13 and EQ = 62 eV, 
Г s 2 eV, I = l ) 9 we obtain va lues of Г ж 350 MeV and ~ 50 MeV f o r the 
systems of l e v e l s v/ith 1 = 1 and 0 r e s p e c t i v e l y . 

In conc lus ion the authors wish t o express t h e i r gra t i tude to the 
operat ing team of the ITEP cyclotron., who ensured uninterrupted. f u n c t i o n i n g 
of the equipment, to E.P. Borunova, V.V. Pavlov, A.N. Rotman and A.D. Kharitonov, 
who took part in preparing and conducting the experiment, and'to P.N, Belyaev, 
who k ind ly made a v a i l a b l e the equipment he had assembled. They a l s o thank 
S . I . Suklioruchkin f o r much va luab le advice and f o r h i s a s s i s t a n c e i n a s s e s s i n g 
the r e s u l t s obtained. t ' 

Received by p r i n t e r 3 September -1964» 
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Fig. 3. Yields of secondary fission neutrons (Nf) and у rays (Nv) 
from sample 

Abscissas: Neutron energy (eV) 

Ordinates: Nf (arbitrary units) Nv (arbitrary units) 
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Fig. 1. Layout of experimental equipment 
1 - cyclotron chamber 2 ~ B4C shielding 
3 - paraff in r e t a r d e r 4 - col l imator 5 - sample 
6 - detectors 7 - B4C shielding 8 - lead shielding 
9 - cyclotron shielding 10 - cyclotron magnet 

Fig . 2. Arrangement of scintillation counters in relat ion to sample 

Top left: Output cascade of photomultiplier 

Middle left (on diagram): FEU-13 




