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A Study of Some Fission Characteristics in the
a-Particle-<Induced Fission of Transuranium Nuclei

By using the angular correlation method consisting of

measuring the kinetic energies of paired fragments,

the mass distri-

butions of fission fragments formed in the a -particle-induced fis~
sion of 237N|) . 238y , 242py  and 2%3Am were studied in a wide
range of bombarding energies. An increase in the yield of sym-
metric fragments has been observed for the compound nucleus

Bk at excitation energies E* > 19 MeV, This

is interpreted

as being due to an enhanced probability of symmetric fission as
one approaches nuclei with Z 2100. Data on.the mass dependence
of the total kinetic energy are also presented. A statistical analy-

sis of the obtained data is made with the purpose

of finding the

potential energy difference between the symmetnc and asymmetric

deformations,

The investigation has been performed at the Laboratory

of Nuclear Reactions, JINR,
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The practical use of the fission process and the possi-
bility of producing fission fragments in unusual states
(e.g., neutron-rich nuclei, strongly deformed nuclei with
high angular momenta) have made the study of fission one
of the most intensively developing trends of nuclear physics.
The study of the fission characteristics of nuclei gives
valuable information about the properties of nuclear matter.
Important results have lately been obtained in experiments
to study the fission barriers of heavy nuclei. The exis-
tence of the so-called double-humped barrier determined
by the shell corrections to the liquid drop fission barrier,
has been confirmed experimentally. The knowledge of the
fission barrier heights for heavy and superheavy elements
allows one to predict their properties including their sta-
bility against spontaneous fission. The question of nuclear
stability is, in principle, very important for the synthesis
and search of new superheavy elements, whose stability
is entirely determined by the shell term in the fission
barrier. Information about the fission barrier structure
is usually obtained by studying the energy dependence
of the fission cross section, which in turn can be obtained
from the mass distribution of the fission fragments. The
mass distributions are usually the best known characte-
ristics of fissioning nuclei. The asymmetric form of the
mass distributions of fragments from spontaneous fission,
involving an increase of the yields of fragments in the mass
region A1 ~ 140 and in the region of the complementary
fragment mass (A =A_ Ar ), remains also in fission from
low excited states These ”two-humped” mass distributions
are interpreted as being due to the influence of closed
shells on the yields of fission fragments. An exception
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is the mass distribution of fragments from the spontaneous
fission of the fermium isotopes 288, 259 Fm which fission
mostly symmetrically. This fact is explained by a great
probability of fission to two fragments of equal masses in
the region of Z=50 and N=82 ! Another exception is the
nucleus *??6Ra, for which the symmetric fission contribu-
tion is quite significant even at low excitation energies,
which leads to the appearance of a third peak in the mass
distribution in the vicinity <A . y /2 (e.g./2/). The interpre-
tation of the character of the fission fragment mass dis-
tributions and their change with excitation energy is based
on the assumption of the existence of two modes of fission,
viz. symmetric and asymmetric ones. However, at present
there is no common opinion concerning the reasons why
the nuclei undergo one or the other mode of fission.

At present there exist two popular viewpoints concerning
the nature of symmetric and asymmetric fission. One is
based on the assumption of a difference in the barriers for
the two types of fission. Calculations of the nuclear po-
tential energy, taking the Strutinsky shell correction into
account, show that on the outer barrier there is a great
instability with respect to octupole deformations, leading
to a decrease of the asymmetric fission barrier.

Another interpretation assumes that the fission frag-
ment mass distribution is shaped after passing the saddle
point on the descent from the barrier to the scission point
and is determined by the final states, namely, the level
densities in the fragments at scission.

The presently available experimental results do not
allow one to make an unambiguous conclusion about the
mechanism of the formation of the fragment mass dis-
tributions at low excitation energies.

The purpose of the present work was to measure the
mass distributions of the fission fragments formed in
the « -particle-induced fission of ®37Np, #3838y , R42py
and **3pp in the energy range of 24-36 MeV, so as to
be able to study the dependence of the symmetric and
asymmetric types of fission on excitation energy.
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EXPERIMENTAL PROCEDURE

The mass distributions of the reaction products were
obtained by the angular correlation method consisting
of simultaneously measuring the energies of paired frag-
ments. This method allows one to kinematically separate
the processes corresponding to a full angular momentum
transfer from the bombarding particle (complete fusion
reactions). To detect the fission fragments use was made
of two surface-barrier Si(Au) detectors, whose energy
resolution was not worse than 5%. The relative position
of these two detectors and their angular apertures were
calculated on the basis of the reaction kinematics so as
to permit detection of all fission fragments satisfying
the condition 0.2 < A}/A% <3.0. This condition corres-
ponds to the angular apertures of the first and second
detectors 2° and 10°, respectively. The calibration of
the detectors was performed using beams of the 10 ar ,
84x; and '%®Xe jons scattered elastically onto a thin
197Au target (evaporated onto a carbon backing 30 ug/cm®
thick) at different angles. This provided the possibility
of using the 197 Au recoil nuclei for calibration. Under
the assumption of a two-body mechanism of the compound
nucleus decay, the fission fragment masses were calcu-
lated from the measured kinetic energies using the con-
servation of energy and momentum laws. A more detailed
description of the processing of the experimental data has
been given in ref.’3/. In our case the accuracy of the
fission fragment mass determination was + 2.5 a.m.u.

The experiments were carried out on an external
a ~particle beam of the U-200 cyclotron of the JINR
Laboratory of Nuclear Reactions. The variation of the
a -particle energy was performed by means of the beam
extraction from different acceleration radii without wor-
sening the energy resolution, which was about 19. The
a -particle energies and the energy resolution of the
beam were measured with the help of a Si(Au) detector
located at 20° with respect to the beam direction and
used also as a projectile monitor. The focusing of the
beam on the target was achieved with the help of a colli-
mator made of three carbon diaphragms 2x9, 2x9 and
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3x9 mm?, respectively, located at a distance of 10 cm ' “CAm iHe E'=294Mev
from each other. The last diaphragm was at a distance
of 10 cm from the target. 200
EXPERIMENTAL DATA ON MASS DISTRIBUTIONS 150
Fz'gyres. 1 and 2 show contour diagrams of the total
c.m. kinetic energies (TKE) of fission fragments as func- 1001
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Fig. 3. Mass disstributions of fission fragments formed
in the reaction **8U(‘He,f) at three different values of
the bombarding energy.

of the compound nucleus increases, an increase of the
contribution of symmetric fission is observed in all cases.
In particular, in the case of the fission of the compound
nucleus **"Bk a peak corresponding to symmetric fission
is distinctly seen already at an energy E = 25.4 MeV
and remains as the excitation energy increases up to
E*< 30 MeV.

Figures 3-5 show the fission fragment mass distribu-
tions for four reactions. From fig. 5 one can see the

contribution from the symmetric fission of the nucleus
247Bk. In general, the behaviour of the fission fragment
mass distributions in the reaction Z2%*Am(*He.f) reminds
qualitatively of the picture observed earlier in the fission
of >%pR, induced by different particles, at various exci-
tation energies.

Similar regularities manifest themselves in the plots
of the average total kinetic energy as a function of mass,
shown in fig. 6. It is noteworthy that the experimentally
measured value of the total kinetic energy is somewhat
lower than the true one as a result of neutron evaporation,
which may change the initial direction of the velocity of
the fragments. The true value of the total kinetic energy
of the fragments can be obtained using the relation
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Fig. 4. Mass distributions of fission fragments formed
in the reactions **"Np(*Hef) and 2**Pu(* He f).
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Fig. 5. Mass distributions of fission fragments formed
in the reaction **3Am(%He,r) at six different values
of the bombarding energy. The full lines drawn through
the experimental points are calculated using the technique
of ref. 74/
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where Ag , A, , Agy are the masses of the complementary
fragments and the compound nucleus, respectively; vg and
174 are the average numbers of neutrons evaporated by
the respective fission fragments; and TKE® is the ex-
perimentally measured value of the total kinetic energy of
the fragments. If one assumes that the neutrons are eva-
porated by the fragments, the average number of neutrons
may be estimated from the energy balance of the reaction
using the method described in ref.’8/. The values of the
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total kinetic energy (TKE) obtained in this manner are
presented jn fig. 6. In the case of fission of the compound
nucleus Pu the maximum value of TKE corresponds
to asymmetric fission, when the mass of one fragment lies
in the vicinity of A; ~140. As the excitation energy in-
creases, the TKE of fragments from asymmetric fission
somewhat decreases, while no excitation energy depen-
dence of the TKE of fragments from symmetric fission
is observed. In the fission of the compound nucleus 247 Bk
the TKE values for fragments A ;~A  y/2 and A; ~ 140
show practically no difference and their changes with
excitation energy are similar, too. As is known the fission
fragment total kinetic energy, determined by the Coulomb
repulsion, depends on the rigidity of the fragments with
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Fig. 6. Average TKE gs fragment rglass Jor the fission of
the compound nuclei **?*Pu  and **"Bk  at different va-
lues of the bombarding energy.
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respect to deformation, which, in turn, as is well known,
depends on the degree of filling the nucleon shells. Thus,
within the framework of the shell representation, the ob-
tained result may be interpreted as due to a decreasing

influence of nuclear shells, as excitation energy increases,
on the fragment rigidity in the region of masses close
to the magic ones. Within this representation the obtained
results are very likely to be indicative of the fact that in
the symmetric fission of #?%’Bk the influence of the
closed Z=50 shell manifests itself to the same extent as
the N=82 shell does for asymmetric fission.

ANALYSIS OF EXPERIMENTAL RESULTS

In order to estimate the contributions from the sym-
metric and asymmetric modes of fission to the mass
distributions, use was made of the technique to describe
the mass distributions of spontaneous fission fragments,
proposed in ref.’*. Accordingly, the mass distribution
of the fission fragments can be described with a high
degree of accuracy by means of five Gaussians:

YA )= —L S N o7lexp | - (A ~Ai)2/2a;2},

T j=1

The parameters of the Gaussians were obtained by
a best fit to the experimental points. In addition, it was
assumed that one half of the mass distribution was the
mirror reflection of the other half. Fig. 7shows an example
of such an expansion of the mass distribution with the help
of five Gaussians for the double- and triple- humped
cases. The mass distributions calculated in this manner
are shown by full curves in figs. 3-5. Fig. 8 shows the
energy dependence of symmetric and asymmetrlc fission
cross sections for the compound nucleus Bk obtained
with the help of the described procedure. In the same
figure one can also see the energy dependence of the ratio
of these cross sections. It is clear that as the excitation
energy of the compound nucleus increases, the contribu-
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tion from symmetric fission grows faster than that of the
asymmetric one.

An analysis of the ratio of the symmetric to asymmetric
fission probabilities was carried out in terms of the sta-
tistical model, according to which the ratio US /0 =W /W
can be expressed by the equation

Wr /Wf =C exp{2\/as(E*-—Es) -2\/aa(ﬁ*~Ea)},

where C~1, depending weakly on energy; E* is the nuc-
lear excitation energy averaged over the evaporation cas-
cade;a, , E, a, ,E, are the level density parameters
of the nucleus and potential energies for symmetric and
asymmetric types of fission, respectively.

The calculations showed that the ratio Wf /Wi is weak-
ly dependent on the absolute values of the parameters
a; ,a, ,Eg , E_, but is very sensitive to the difference
(E;-E,) and, also, to the character of the energy depen-
dence of the level density parameters. The values of the
potential energy difference for symmetric and asymmetric
types of fission were calculated under the assumption that
the level density parameters did not depend on excitation
energy and provided that a, =a =1.1A/8. The values ob-
tained are presented in the table.

As can be seen from the table, the quantity (E -E,)
exhibits no energy dependence, whereas it tends to dec-
rease with an increase in the mass of the fissioning nuc-
leus, thus enhancing the probability of symmetric fission.
In the analysis of the mass distributions and in the cal-
culations of the potential energy differences, made in the
statistical approach, for symmetric and asymmetric de-
formations, we naturally did not consider the question as
to where the mass distributions have been formed. If the
mass distribution is formed at the scission point, then
E . ) 1s directly connected with the difference in the
potentml energy surfaces of the nucleus at this point" /5-8/'
taking excitation energy into account. If, however, the
mass asymmetry is determined at smaller deformations
(at B ~08~1 )y je., in the region of the second
barrier’?:1%/  then the relative probability of symmetric
and asymmetric fission is actually determined by the
probability of one or another fission configuration pene-
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T a b 1l e

Compound E* E* E —-E E -E  *
s a Bg Ba
nucleus
MeV MeV MeV MeV
K-1.78 K-2.53
2410 20.0 19.6 2.7
30.2 29.6 3.1
242Pu 19.1 18.8 2.0
21.6 21.0 1.8 1.9 3.2
246 30.4 29.3 2.0
Cm 19.4 19.1 1.8 1.2 1.6
24.8 24.1 1.6
247Bk 18.2 17.9 1.7
19,2 18,9 1.5
19.8 19.6 1.7
22,2 21.7 l.06
26.4 25.0 l.06
29.6 28.2 1.5

trating to outer barrier. In the statistical approach these
probabilities can be described with the help of level den-
sities counted from different levels of the nuclear poten-
tial energy in the region of the second barrier. If this
consideration is valid, the difference (E;-E,), as seen
from the table, amounts to 1.5-3 MeV. It must be pointed
out that a similar effect has theoretically been predicted
by Moller/9/

Thus, the experimental study of the structure of the
mass distribution of fragments, formed in the @ -particle-

* The quantities (E5_—Ep_) were obtained in theoretical
calculations by Moller /97, made for the ground states of
even-even nuclei, for different values of the surface
symmetry constant.
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induced fission of heavy nuclei, confirms that the shell
effects play an important role in the formation of the
fragment mass distributions of the investigated nuclei at
excitation energies up to E*~ 30 MeV.

In the case of fission of the compound nucleus 247Bk
the yields of the fragments corresponding to the symmetric
and asymmetric modes of fission are almost equal at
excitation energies E* > 19 MeV and a quasitriple mass
distribution is observed, which is interpreted as an in-

4
2430 +“He (254 Mev)
L]

F
|

YIELD (rel units)

101

EO 86 . 1&]‘ I;OA 11:0‘ 1150.18‘0M
Fig. 7. An example of the expansion of mass distributions
with the help of five Gaussians.
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Fig. 8. The probabilities of symmetric and asymmetric
modes of fission and their ratio as a function of excitation
energy for the reaction *43Am(*He .f). In the lower part
of the figure the full line corresponds to calculations
made with E,-E )= 1.6 MeVand a,/a_=1.

crease of the symmetric fission probability as one ap-
proaches nuclei with Z =100.

The total kinetic energy of fragments from the asym-
metric fission of 2%Pu is about 10 MeV higher than the
TKE of the symmetric fission fragments, which is in agree-
ment with previously obtained results and data from measu-
rements of the kinetic energies of spontaneous fission
fragments. However, in the case of fission of the compound
nucleus 2%7Bk the total kinetic energies of fission frag-
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ments from the symmetric and asymmetric modes of fis-
sion only slightly differ. One can assume that the increase
of the average total kinetic energy of nearly symmetric
fragments is due to the Z =50 shell, which, in the case
of fission of the heavier nuclei (e.g., fermium isotopes)
significantly changes both the mass distribution and the
TKE.

The statistical analysis of the relative probabilities
of the symmetric and asymmetric modes of fission and
their change with excitation energy made under the as-
sumption that the mass distribution is determined by the

landscape of the nuclear potential energy surface has
shown that the quantity (E; —E ,) lies between 1.5 and
3 MeV and decreases with an increase of the mass of
the fissioning nucleus. If such a tendency remains in
the region of the heavier nuclei, this should result in
enhanced yields of symmetric fission fragments. This
has been confirmed by the studies of mass distributions
of fragments from the spontaneous fission of 258259 Fm "1/
where symmetric fission dominates.
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ming the present investigations. Thanks are also due to
H.Sodan, M.G.Itkis, V.V.Pashkevich, V.A.Rubchenya and
Yu.A.Selitsky for helpful discussions. The authors are
also grateful to the U-200 cyclotron crew for providing
the monochromatic « -particle beam of required para-
meters. The assistance of T.S.Salamatina, A.M.Rodin
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