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crease significantly on changing the temperature 
from 20.4 to 4.2° K, the curves for the easy and 
difficult directions at 4.2° K lie considerably below 
the curves at 20.4° K and magnetic saturation re­
quires large fields. 

It should be remarked that the saturation fields 
at all temperatures are much smaller than the sat­
uration fields obtained earlier1•2 in polycrystalline 
specimens. Measurements of the coercive force 
He show that at nitrogen temperature for all crys­
tallographic directions it is fractions of an oersted, 
but at hydrogen temperature it is of the order of 
oersteds. This data differs greatly from the data 
obtained on polycrystalline specimens in which we 
obtained for He more than a hundred oersted at 
nitrogen temperature and a thousand oersted at 
hydrogen temperature. The main explanation for 
this probably resides in the fact that, because 
various types of structural distortions are present, 
polycrystalline specimens are much harder mag­
netically than single-crystal specimens of the same 
material. 

An analysis of the results obtained shows that 
the increase of saturation field with decreasing 
temperature - even for the easy direction of mag­
netization (see curves for the [111] axis at 77.8, 
20.4, and 4.2° K) -cannot be due to an increase 
in the magnetic anisotropy when the ferromagnetic 
alloy studied is cooled to a low temperature. A 
more reasonable assumption is that, at tempera­
tures below nitrogen in the disordered alloy Ni 3Mn, 
a transition is possible from a ferromagnetic to an 
antiferromagnetic state with comparatively low 
critical fields ( s 103 oe) at which magnetic satu­
ration is attained (parallel magnetizations of the 
magnetic sublattices). 

From what has been said follows the necessity 
for neutron diffraction studies and detailed meas-
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urements of the temperature dependence of the 
magnetic anisotropy constant, in order to resolve 
definitely the unusual magnetic properties of Ni3Mn 
alloys in the disordered state at low temperatures. 

The authors are grateful to Dr. R. Bozorth and 
Dr. K. Williams for kindly providing the single 
crystal for the investigation. 

1 Volkenshte1n, Turchinskaya, and Galoshina, 
JETP 35, 1312 (1958), Soviet Phys. JETP 8, 916 
(1959). 

2 Kouvel, Graham, and Jacobs, International 
Conference on Magnetism in Grenoble, June 2-6, 
1958. 

3 Kouvel, Graham, and Becker, J. Appl. Phys. 
29, 518 (1958). 

Translated by K. F. Hulme 
53 

ASYMMETRY OF URANIUM FISSION AT 
HIGH PROTON ENERGIES 

A. I. OBUKHOV 

Radium Institute, Academy of Sciences, U.S.S.R. 

Submitted to JETP editor August 28, 1959 

J. Exptl. Theoret. Phys. (U.S.S.R.) 38, 271-273 
(January, 1960) 

AT low bombarding-particle energies, the fission 
of uranium is mostly asymmetrical. The mass 
curve of the fission product yield has two maxima 
with a deep trough between them. As the particle 
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energy increases, the contribution of symmetrical 
fissions increases and at a certain energy the 
curve becomes a single-hump one (see, for ex­
ample, the survey article by Lavrukhina1 ). At the 
same time, a certain broadening of the mass curve 
takes place .1- 3 When uranium is bombarded with 
660-Mev protons, a relative increase is observed 
in the number of fission events which are asymmet­
rical in range with increasing nuclear excitation 
energy.4 

We have investigated the asymmetry of the 
ranges of fission fragments of uranium in P-9 ( ch) 
nuclear emulsions at proton energies of 460 and 
6 6 0 Mev. The asymmetry in the ranges of the fis­
sion fragments corresponds in general to the asym­
metry in the masses. 

Figure 1 shows the distribution of fission events 
as a function of the ratio of the ranges of the light 
and heavy fragments. The figure shows also the 
corresponding distribution for the case of fission 
of u235 by thermal neutrons.4 A comparison of the 
distributions shows that as the proton energy is in­
creased from 460 to 660 Mev, the fissions that are 
strongly asymmetrical in range make a relatively 
larger contribution. 
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FIG. 1 

According to the liquid-drop model, the lowest 
barrier for uranium fission is possessed by the 
symmetrical form of fission. 5 Calculations based 
on this model give a difference of ~ 6 Mev in the 
value of the energy of deformation for the asym­
metrical uranium fission (with dimensional asym­
metry of 1.5) and the symmetrical form. 6 If b.E 
= Ea- Es is the difference in the activation ener­
gies for the asymmetrical and symmetrical forms 
of fission, then, according to statistical theory, 
the ratio of their probabilities is 

W = a,,/cra ~ exp (t::..£;7'), (1) 

where T is the temperature of the nucleus. 

As the temperature of the nucleus increases, 
the relative contribution of fissions which are 
asymmetrical in ma.ss will increase at b.E > 0, 
in accordance with (1). We employ this expression 
to explain the increase in the contribution of the 
product of asymmetrical (A = 67) and approxi­
mately symmetrical (A = 115) disintegrations in 
the bombardment of uranium by protons of 70 - 340 
Mev. 7 We assume that these are all the fission 
products prior to the evaporation of the nucleons, 
since the yields of these products are vanishingly 
small at low excitation energies. We use as the 
nuclear fission temperature the temperature cor­
responding to average excitation energy of the nu­
clei. The average excitation energy was calculated 
on the basis of the laws of conservation of energy 
and momentum and the assumption that the momen­
tum of the cascade particles is carried away by a 
single particle in the direction of the incident pro­
tons. The values of the front component of the nu­
clear momentum necessary for this purpose were 
determined by interpolating the known experimental 
values at certain proton energies. According to (1), 
log W should depend linearly on 1/T at b.E 
= const. Figure 2 shows the experimental values 
of u115 /u67 vs. 1/T in a semilogarithmic scale. 
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FIG. 2 

It was assumed that T = 2.92-./U/A, where U is 
the excitation energy and A the mass number of 
the fissioning nucleus. If a straight line is drawn 
through the points, the slope of the line determines 
the difference in the activation energies. For the 
selected products, b.E ::::; 8 Mev. As the excitation 
energy is increased, this fission asymmetry will 
correspond to products with lower mass numbers. 
If A = 67 and 115 is invariably used for the fission 
products at the given asymmetry, this analysis 
will lead to approximately double the value of b.E. 
Consequently, and also in view of the roughness 
with which the nuclear temperature has been deter­
mined for symmetrical and asymmetrical fissions 
from the average excitation energy and in view of 
the possible contribution due to fission after emis­
sion of a certain number of nucleons, the value 
given for b.E is only tentative. 

At high particle energies the mass curve is a 
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result of superposition of fission products of ura­
nium nuclei before and after evaporation of the 
nucleons. The fission asymmetry of nuclei with 
small excitation energy is determined by the in­
fluence of certain factors, among which the shell 
effect can play a large role. At large excitation 
energy the influence of these factors apparently 
does not manifest itself during the instant of fis­
sion. If it is assumed that fission asymmetry of 
such nuclei is determined by Eq. (1), so that the 
most probable is symmetrical fission, and that the 
relative contribution of the asymmetrical form of 
fission increases with increasing excitation energy, 
then the change in shape of the mass curve of the 
fission products of uranium with increasing par­
ticle energy becomes understandable. Fairhall 
et al. 8 have shown that nuclear fission near bis­
muth at excitation energies up to ,..., 40 Mev occurs 
prior to neutron evaporation. The increase in the 
fraction of asymmetrical fission with increasing 
temperature, in accordance with (1), agrees quali­
tatively with the observed broadening of the mass 
curves of the fission products of bismuth with in­
creasing excitation energy.4•9 The broadening of 
the mass curve of the fission products with increas­
ing atomic number of the target, found in bombard­
ment by 450-Mev protons, 10 may be, in particular, 
the r~sult of the increase in the average excitation 
energy with increasing atomic number of the target. 

Among the experiments performed up to now on 
the fission of nuclei, two groups can be segregated. 
In accordance with the experiments of the first 
group, the fission of nuclei near uranium com­
petes successfully with the evaporation of neutrons 
over a broad range of excitation energies. 11 •12 The 
investigations of the second group13 are evidence 
that the fission of uranium bombarded with high 
energy protons occurs essentially after the exci­
tation energy has been removed by nucleon evapo­
ration. The "cold" nucleus can have a large angu­
lar momentum. Consequently, and also as a result 
of the change in the composition of the nucleons, 
the fission characteristics of such a nucleus, in­
eluding the asymmetry, may differ from the char­
acteristics of nuclear fission in the case of small 
particle energies. 

In conclusion, the author expresses his grati­
tude to Prof. N. A. Perfilov for interest in this 
work. 

1 A. K. Lavrukhina, Usp. Khimii 27, 517 (1957). 
2 Sugihara, Drevinsky, Troianello, and Alexander, 

Phys. Rev. 108, 1264 (1957). 

3 Bunney, Scadden, Abriam, and Ballou, Second 
UN Intern. Conf. on the Peaceful Uses of Atomic 
Energy, 1958, P-643. 

4 V. P. Shamov and 0. V. Lozhkin, JETP 29, 
286 (1955), Soviet Phys .. 2, 111 (1956). 

5 s. Frankel and N. Metropolis, Phys. Rev. 72, 
914 (1947). 

6 D. R. Inglis, Ann. Phys. 5, 106 (1958). 
7 Stevenson, Hicks, Nervik, and Netheway, Phys. 

Rev. 111, 886 (1958). 
8 Fairhall, Jensen, and Neuzil, Second UN Intern. 

Conf. 1958, P-677. 
9 A. W. Fairhall, Phys. Rev. 102, 1335 (1956); 

Murin, PreobrazhenskH, and Titov, Izv. Akad. 
Nauk SSSR, OkhN 4, 577 (1955); L. G. Jorda and 
N. Sugarman, Phys. Rev. 99, 1470 (1955). 

10 P. Kruger and N. Sugarman, Phys. Rev. 99, 
1459 (1955). 

11 Butler, Bowles, and Brown, Second UN Intern. 
Conf., 1958, P-6. 

12 Vandenbosch, Thomas, Vandenbosch, Glass, 
and Seaborg, Phys. Rev. 111, 1358 (1958); B. D. 
Pate, Canad. J. Chern. 36, 1707 (1958). 

13 V. P. Shamov, <l>K3KKa AeJJeHKa aToMHhiX »Aep 
(Physics of Fission of Atomic Nuclei), Atomizdat, 
M, 1957, p.129; G. N. Harding and F. J. Farley, 
Proc. Phys. Soc. A69, 853 (1956). 

Translated by J. G. Adashko 
54 

ON THE CROSS SECTION FOR COMPOUND 
NUCLEUS FORMATION IN THE INTERAC­
TION OF ATOMIC NUCLEI 

V. V. BABIKOV 

Joint Institute of Nuclear Research 

Submitted to JETP editor September 18, 1959 

J. Exptl. Theoret. Phys. (U.S.S.R.) 38, 274-276 
(January, 1960) 

THE available data1 on the nuclear reactions in­
duced by multiply charged ions indicate that one 
of the basic processes in these reactions is the 
formation of a compound nucleus with high energy 
of excitation and its subsequent decay. 

The cross section for compound nucleus forma­
tion, u ( E ) , can be calculated on the basis of a 
model in which the colliding nuclei have a sharp 


