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We have investigated the fission of uranium in P-9 fine-grained nuclear emulsions, soaked
in aqueous solutions of uranium salts and irradiated with 660 mev protons. The angular dis-
tribution of fission fragments relative to the direction of the proton beam was studied at ex-

‘ citation energies of the uranium nucleus ~ 75, 150 and 300 mev. The angular distribution of

the fragments can be described approximately by the function a + bsin* ¢. The anisotropy
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increases somewhat with increasing excitation energy.

INTRODUCTION

THE presently available experimental data on

angular distribution of fragments from the fission
of heavy nuclei show that there is an appreciable
anisotropy in the distribution of fragments relative
to the direction of the beam of particles producing
the fission. The character of this anisotropy de-
pends essentially on the type of particle interact-
ing with the nuclei.

Already in 1953 it was shown, in work carried out
in our laboratory *, that there is an appreciable an-
isotropy in the angular distribution of fragments
from fission of uranium by 460 mev protons. The
ratio of the number of fragments in the direction of
the beam and perpendicular to it is substantially
less than unity. Roughly the same type of aniso-
tropy was observed in the photofission of thorium?.
In this case the angular distribution can be ex-

pressed as
I (p)=a+bsin’ep

where @is the angle measured from the direction of
the gamma ray beam.

Later there appeared reports in the literature of
investigations of the angular distribution of frag-
ments from fission of uranium and thorium by neu-
trons from thermal energy up to 20 mev, and by 22
mev protons. It was shown® that for fission of
thorium by 22 mev protons the angular distribution
is satisfactorily described by a formula of the
type I (¢)=a + bcos? ¢ where the ratio b/a in-
creases with increasing ratio of mass of the fission

lv.L Ostroumov, Otch. RIAN (Report of Radium
Inst., Acad. Sci., USSR) 1953
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fragments. In addition, the dependence of the angw
lar distribution of fission fragments on the energy
of the incident neutrons was investigated®. For
fission by neutrons with energy 10°7; 2.5; 4.6; 7.5;
14.3; and 20.4 mev, the ratios of yields of fragments
at angles 0° and 90° were: 0.99; 1.02; 1.13; 1.36;
1.27; 1.11. Thus, as the neutron energy is in-
creased in this range, the anisotropy first increases
and then decreases, but for all energies in this
interval the angular distribution is described by
the formula

I(9) ~ (1 4+ acos? ¢ + bcosto).

In the present work we studied the angular dis-
tribution of fragments from fission of uranium by
660 mev protons.

EXPERIMENTAL DATA

The angular distribution of fragments from fission
by 660 mev protons was studied using thick-layered
emulsions. Fine-grained nuclear emulsions, type
P-9, (prepared in the laboratory of N. A. Perfilov),
were soaked in a solution of uranium salt and ir-
radiated with a beam of protons. The developed
plates were searched for cases of fission of U, and
the projected angles between the direction of
emergence of the fragments and the direction of the
proton beam were measured. Then, to separate
cases of fission with a definite excitation energy,
the number of charged particles accompanying the
fission was counted. As wasshown previously®,a
given number of charged particles from fission is
associated with a definite average angle between

4 J. E. Brolley et al, Phys. Rev. 95, 651 (1954)

5v.p. Shamov, Otch. RIAN (Report of Radium Inst.,
Acad. Sci., USSR) 1954
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the two fragments, and consequently, with a defi-
nite excitation energy of the fissioning nucleus.

Table I gives the results of measurement of the
angular distribution of uranium fission fragments
for high excitation energies.

TABLE [
Number of fissions accompanied by n
Angle charged particles
interval 0
n=0, n=A, »
(degrees) E~60 mev Ew~150 mev E.ﬁig)zmev
0—10 114 59 85
10—20 119 60 81
20—30 124 61 63
30—40 130 60 70
40—50 123 70 93
50—60 123 77 96
60—70 134 73 90
70—80 139 77 104
80—90 132 87 114

Figure 1 is a histogram of the angular distribu-
tion of all observed cases of fission.
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FI1G. 1. Angular distribution of uranium
fission fragments with respect to the direc-
tion of the 660 mev proton beam. The dot-

ted curve is the function Nq)/N0=1+0‘295i“4cP

DISCUSSION OF RESULTS

If we try to describe the angular distribution
shown in Fig. 1 by a function of sin ¢, then we see
that the function must contain at least the fourth
power of sin ¢. The dotted curve in Fig. 1 shows
the variation Ncp/No =1+0.29 sin* o.

With increasing excitation energy, the angular
distribution changes very slowly, and the aniso-
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tropy increases somewhat. If we express the anis-
otropy as the ratio of the number of fissions in the

interval 60-90° to the number of fissions in the
interval 0-30°, we get the following variation in the

anisotropy ( Table II).

TABLE II

E__ (mev) ~320
XC

e

~60 ~150

No>ete |1.1340.1 [1.3140.15 [1.3540.16

Anisotropy
N,
®<30°

All our statements refer to the distribution of pro-
jections of fission fragment tracks on the plane of
the emulsion. As for the spatial distribution of the
fragments, we should point out that the ansiotropy
of the distribution per unit solid angle, along the
beam and perpendicular to it, will be even some-
what greater than the anisotropy in the distribution
of the projections.

If we look at the whole range of nuclear excita-
tion energies for irradiation with nucleons, we can
plot the dependence of the anisotropy of the distri-
bution on excitation energy (Fig. 2).

We find it difficult at present to explain either
the shape of the angular distribution of fragments
or its dependence on excitation energy. There un-
doubtedly is some explanation for the fact that
there is a well-defined narrow range of energy
within which the anisotropy of the fission fragment
distribution reverses its character. We should men-
tion another important fact. As shown by other
work 6, there is a definite connection between the
excitation energy of the uranium nucleus and the
range distribution of the fragments. With increasing
excitation ener gy of the uranium nucleus, the asym-
metry in the distribution of fission fragment
ranges increases. Thus, simultaneously with the
increase in anisotropy of fission relative to the
direction of the incident proton beam there is an
increase in the contribution of the asymmetric
form of nuclear fission. This variation is clear

from Table III.

In conclusion, we should note that one may
speculate that the observed anisotropy in the
angular distribution of fission fragments and its

6 V. P. Shamov and O. V. Lozhkin, Otch. RIAN (Report
Radium Inst., Acad. Sei., USSR) (1955); J. Exper.

Theoret. Phys. USSR 29, 286 (1955); Soviet Phys. 2, 111
(1956)
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FIG. 2. Dependence of the anjisotropy in distribution

of fragments from fission of uranium on the excitation

energy of the nucleus. The initial part of the curve is
taken from the data of reference 4.

TasLE I

E ~ ~15 ~
exc (mev) 60 150 320

Anisotropy in angular distribution:
No>eor 1.13 1.31 1.35
Noc e

Asymmetry in range of fragments:

N(l 1 >1.45) 0.28 0.45 0.86
NG, 7, <1 -15)

relation to the asymme try of fission may be ful study.
directly connected with the very mechanismof the
fission process, and therefore deserves most care-
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