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Fine structure dips in the fission fragment mass distribution for the 238U(18O, f ) reaction
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Fission fragment mass distribution has been determined in the 238U(18O,f ) reaction from the on-line
measurement of individual even-even fragment yields by analyzing the γ -γ matrix. Fine structure dips
corresponding to fragment shell closures at Z = 50 and N = 82 are observed, indicating the effect of nuclear
structure in the dynamical evolution of fissioning nucleus. The present results may suggest a new feature of shape
inhibition of closed shell nuclei at the scission point.
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I. INTRODUCTION

Nuclear fission is a complex process involving large scale
collective rearrangement of nuclear matter. The shape of
the fissioning nucleus evolves in the multidimensional space
of relative separation, neck opening, mass asymmetry, and
deformation of the fragments [1]. The fission fragment mass
and charge distributions are decided during saddle to scission
transition and are related to the scission configuration. Various
models have been put forward to describe the fission fragment
mass distribution as well as the shapes of the fragments
at scission [1–4]. Conventionally, fission fragment mass
distribution has been studied by measuring the energy and/or
the time of flight of the correlated fission fragments [5–8].
One of the limitations of these measurements is that one can
only achieve mass resolution of 4–5 units. On the contrary, by
carrying out fission fragment spectroscopy employing the γ -γ
coincidence technique, it is possible to identify the individual
fission fragments [9,10]. The spectroscopic studies of fission
fragments also provide direct information on the nuclear
excited states, which are related to the shape and structure
of the fragment nuclei [11,12].

Detailed fission fragment mass distribution studies provide
an opportunity to explore the interplay of the structure
and dynamics in the fission process [13]. Fragment mass
distributions have been reported earlier from the study of
fission fragment spectroscopy in various fissioning systems
[14,15]. The recent results on fragment mass distribution in
18O + 208Pb reaction [16], show overall good agreement of
the mass width with that obtained by other techniques [17].
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However, the mass yield distribution in this system showed
fine structure dips for certain masses, which was not explained
due to the lack of systematic information on the fragment
yields. In the present work, we report the results on fission
fragment mass distribution in 238U(18O,f ) reaction measured
from the γ -γ coincidence matrix. Similar features of fine
structure dips are observed in the fragment mass distribution
for both 238U,208Pb(18O,f ) reactions, implying some common
underlying effect of microscopic structure of the fragments on
the mass yields.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The present experiment was carried out at the 15UD IUAC
Pelletron accelerator facility, New Delhi, using 18O beam of
energy 100 MeV to bombard a self-supporting 238U target of
thickness ∼15 mg/cm2. The Coulomb barrier of the reaction
is 87.7 MeV (in the laboratory frame) and the fusion cross
section at 100 MeV is 540 mb, as obtained from the CCFUS

calculation [18]. The beam energy loss in the target is about
23 MeV and at the outgoing energy, the fusion cross section is
0.05 mb, which is negligibly small. The maximum excitation
energy of the compound nucleus, 256Fm is E∗ = 54 MeV.
Most of the fusion-fission reaction takes place in the first half
of the target and the range of the fission fragments produced in
this reaction is less than the half-thickness of the 238U target.
Thus, in the present setup, at least one of the fragments gets
stopped in the target, thereby reducing the Doppler broadening
effect on the energy of γ rays. The γ rays emitted by the
fission fragments were detected using the Indian National
Gamma Array (INGA) comprised of 18 Compton suppressed
Clover detectors, each having an intrinsic photopeak efficiency
∼0.2% [19]. The clover detectors were mounted at a distance
of 24 cm from the target with the accompanying anti-Compton
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FIG. 1. γ -ray energy spectra
obtained with gates on (a) 2+ →
0+ (Eγ = 743 keV), (b) 4+ → 2+

(Eγ = 754 keV), and (c) 6+ → 4+

(Eγ = 314 keV) ground-state tran-
sitions of 128Te. The labeled lines
belong to 128Te and some of the
unlabeled lines are due to comple-
mentary fragments and contamina-
tion from other fragments.

shields. These detectors were arranged in five rings viz., 32◦,
57◦, 90◦, 123◦, and 148◦ with respect to the beam direction
and each detector subtends an opening angle of 29◦ at the
target center. A Hit Pattern based data collection was done by
using the CANDLE software [20]. The Compton suppressed data
were collected in an event-by-event mode with the minimum
requirement of threefold prompt γ -ray coincidence, for which
the event rate was 1.6 K/s with the beam current ∼3 pnA. The
coincidence time gate for recording the data was set at about
350 ns. The overall energy resolution in the total projection
spectrum of the γ rays was found to be about 1.8 keV at Eγ =
200 keV.

In the data analysis, a total of ∼1.9 × 108 threefold events
have been considered and the Eγ -Eγ matrix is constructed
from the prompt γ -ray coincidence data. The data were ana-
lyzed using RADWARE software [21] to obtain the independent
yields of the fission fragments. As an example of the quality
of the data, the γ -energy spectra gated on the 2+ → 0+
(Eγ = 743 keV), 4+ → 2+ (Eγ = 754 keV), and 6+ → 4+
(Eγ = 314 keV) ground state (g.s.) transitions for 128Te are
shown in Fig. 1. In this figure we have labeled only the
transitions belonging to 128Te. Some of the unlabeled lines
belong to complementary fragments of 128Te and there are a
few peaks that appear as backgrounds due to some other nuclei
produced in nuclear fission. It is also observed from Fig. 1, that
the intensity of γ rays for 2+ → 0+ and 4+ → 2+ transitions
are almost equal for the gate on the 6+ → 4+ (Eγ = 314 keV)
transition, implying sequential cascade decays from a given
fragment. The total intensities of the 2+ → 0+ and 4+ → 2+
transitions observed in the de-excitation of even-even fission
products provide to a high degree of accuracy, the yield of the
fragment isotopes [9,10]. In the present work, the independent
yield of a particular fragment nucleus has been determined
from the coincidence of γ rays of 2+ → 0+ and 4+ → 2+
transitions. For some of the nuclei, the γ rays of 2+ → 0+
and 4+ → 2+ transitions are very close in energy and in
such cases their relative yield was determined by gating on
higher transitions. The yields of several even-even isotopes,
90–96Sr, 96–102Zr, 98–108Mo, 104–112Ru, 108–116Pd, 114–122Cd,

116–128Sn, 124–134Te, 130–138Xe, 136–144Ba, 142–148Ce, 146–152Nd,
and 150–158Sm have been determined from the γ -γ coincidence
matrix.

In compound nuclear fission at this excitation energy, light
charged particles (proton and alpha) are also emitted and their
cross section is less than 1% [22]. Thus, their contribution
to the total fission yield is negligible as compared to the
binary fission along with neutron emission, and the total
charge is conserved for the correlated fragments. In Fig. 2,
we have plotted the relative yield distribution of correlated
fragments (Sr-Sm, Zr-Nd, Mo-Ce, Ru-Ba, Pd-Xe, Cd-Te,
and Sn-Sn isotopes) produced in the reaction. It is observed
that the isotopic yield of the fragments follows a bell-shape
distribution, which implies that the yield of a particular
fragment depends on the N/Z ratio. From the correlated
yield distribution, it is also found that 8–10 neutron emission
channels have dominating yields and in the case of Sn-Sn pair,
the 12n emission channel has maximum yield. In fission
reactions, neutrons are emitted both in pre- and post-scission
stages during the decay of the compound nucleus to fission
fragments. In the case of the Sn-Sn fragment pair, a relatively
larger number of neutron emission implies a fissioning nucleus
of lower excitation energy, which may lead to a reduction in
the fission probability. However, we will discuss the results
on the fission fragment yields in more detail in the following
section.

III. RESULTS AND DISCUSSIONS

The fission fragment mass distribution is obtained by
adding the yields of various nuclei corresponding to a particu-
lar mass as shown in Fig. 3(a). It is found that the fragment mass
distribution is symmetric about 124Sn (half of the compound
nuclear mass is ACN/2 = 128 and the missing mass is due to
the evaporation of neutrons). We also observe some dips in the
mass distribution, corresponding to fragment masses A = 112,
124, and 136, where the yield is significantly reduced. In
an earlier measurement, Bogachev et al. reported the mass
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FIG. 2. Relative yield distribution of various fission fragments
produced in 18O + 238U reaction at 100 MeV. The dotted lines are to
guide the eye.

distribution of the fission fragments for the 208Pb(18O,f )
reaction at 85 MeV from the γ -ray spectroscopy studies [16].
An overall symmetric mass distribution peaking at a value
near half of the compound nuclear mass, ACN/2 = 112 was
observed. The mass distribution showed dips (at A = 84, 98,
124, and 136) and these data are also plotted in Fig. 3(b).
Comparing the mass distributions for 238U,208Pb(18O,f ) reac-
tions, it is observed that the dips at the closed shell nuclei for
A = 124 (Z = 50 shell) and for A = 136 (N = 82 shell) are
seen in both cases. The other dips at A = 112 in the present
work and at A = 84 and 98 for the 208Pb (18O,f ) system [16],
are due to the complementary fragment masses of A = 124
and 136. It is most likely that the structures/dips in the mass
distribution appear because of these A = 124 and 136 closed
shell nuclei.

The dips observed in the mass distribution at A = 124 and
136 (closed shell nuclei) can be partly accounted for, due to
the presence of isomeric states. Some of the nuclei in these
mass regions have long-lived isomeric states, e.g., 124Sn (10+
state, T 1

2
= 45 s and 7− state T 1

2
= 0.36 s), 136Xe (6+ state,

T 1
2

= 2.95 µs), 136Ba (7− lifetime, T 1
2

= 0.304 s). Many of
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FIG. 3. Fission fragment mass distribution obtained in
(a) 18O + 238U at 100 MeV (present work) and (b) 18O + 208Pb at
85 MeV [16].

these nuclei which are populated above these isomeric states
will not decay to ground state within the time gate of the
data acquisition. These isomeric states will cause a reduction
in the intensity of 2+ → 0+ and 4+ → 2+ γ -ray transitions
and will lead to an underestimation of the fragment yields. In
the present analysis, the effect of long-lived isomeric states
has been corrected from the known lifetime and intensity
data; except for the Sn isotopes due to the lack of detailed
spectroscopic information. For example, the 6+ state in 136Xe
has a half-life 2.95 µs and due to this, the intensity of the
6+ → 4+ transition is reduced by a factor of 3.5, which has
been estimated by analyzing the coincidence data above and
below this state. In a similar way, we have also incorporated the
contribution due to the isomeric states in 136Ba. In some nuclei,
the sidebands directly feeding to the 2+ state of the g.s. band
are populated with significant intensity and their contribution
is excluded in the yield determination, if we consider only
coincidence between 2+ → 0+ and 4+ → 2+ transitions. For
example, in 96Zr we observe that the 2+ state of the g.s. band
is fed by the 3− state sideband with significant intensity. The
yield determination has been carried out from the coincidence
of 2+ → 0+ and 4+ → 2+ of the g.s. as well as 2+ → 0+
g.s. and 3− → 2+ sideband transitions. Similarly, the yields
of 98Zr, 100Mo, 108–116Pd, etc., have also been corrected for the
contribution of the side-feeding.
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FIG. 4. Fission fragment mass distribution of various fission
fragments produced in 18O + 238U along with the calculations, using
mass width systematics of 16O + 238U [6], see text.

After incorporating the above corrections the mass distribu-
tion obtained for the even-even fragments is shown in Fig. 4.
It is seen that even after correcting for the isomeric and side-
feeding effects, the dips at A = 136 and its complementary
fragment (A = 112) still persist. These results indicate the
reduced production of 136Xe as well as 136Ba fragments, near
the neutron shell closure (N = 82). Accordingly, the yield of
A = 112 is also less since it is complementary to A = 136. A
similar conclusion may also be drawn for the case of A = 124
(Z = 50) fragments, although we have not carried out the
corresponding corrections for the isomeric states in this case.
The average behavior of the mass distribution is found to be
in agreement with the systematics of the energy dependent
mass width measured for the 16O + 238U system [6]. The
calculations were done by taking the weighted average of
the mass distributions over the energy range from the cross
sections obtained using the CCFUS code [18]. The width of
the theoretically calculated mass distribution is obtained to be
about σM ≈ 20.5 amu, which compares well with the overall
experimental mass distribution as shown by the dashed line in
Fig. 4.

The reduction in the yields for closed shell nuclei could also
be due to the variations in the level density with the fragment
mass. This will cause a change in the neutron-evaporation
widths for the fission fragments at the shell closure and will
influence the fission fragment mass distribution. However,
from the results of Bogachev et al. and the present work,
it is observed that irrespective of the compound system, the
dips in the fragment mass yields occur for A = 124 and 136
and their complementary fragments. This is a new feature
and may be explained if one invokes ‘shape inhibition’ of the
closed shell nuclei in the fission process. This can be visualized
from the shape evolution of the compound nucleus from the
saddle to scission configuration. When the fissioning nucleus
evolves toward an elongated shape for undergoing fission and
if one of the fission fragment partners has the closed shell
configuration, its contribution to fission gets reduced as it has

to overcome relatively higher barrier in the multidimensional
potential energy surface. Since in the composite system, the
partner having closed shell configuration cannot be easily
deformed, only the complementary partner has to attain larger
deformation for moving toward the scission configuration. In
the fission fragment mass distribution, the yield corresponding
to these mass channels is thus expected to be less. In the
present work, the dip at A = 136 is related to the N = 82 shell
closure of the heavy fragment. Again, for the symmetric split in
18O + 238U system, where the Sn-Sn correlated fragments are
formed, the proton closed shell (Z = 50) fragment production
probability will be much smaller because of a similar hindrance
due to the shape inhibition. In this case the reduction is twofold
as both the fragments have compact shape and will see a very
large potential barrier during the shape evolution. Although
there are theoretical model calculations to understand the
fission yield distribution, the role of shell structure of the
fragments on the mass distribution has not been fully under-
stood and more investigations are required to explain these
results [1,2].

IV. SUMMARY

In summary, the fission fragment yield distribution in the
238U (18O,f ) system has been measured by employing the
γ -γ coincidence technique. The mass distribution is found to
be symmetric around A = 124, corresponding to an average
of eight neutrons evaporated from the compound nucleus and
the excited fission fragments. The fitted mass distribution,
shown by the dashed line in Fig. 4, is symmetric with an
overall width of σM = 20.5 amu, which is similar to other
heavy systems obtained by employing the time of flight
technique [5,6]. Fine structure dips are observed in the mass
distribution, which seem to be related to the shell closure of
the individual fission fragment nuclei for Z = 50 and N = 82
shells, where the yields are depleted. Similar fine structure
dips have been observed Bogachev et al. in the 18O + 208Pb
system. In both these experiments, there is a clear indication
of nuclear structure effects in the fission fragment mass
distribution. We interpret the fine structure dips in the mass
yields to be due to “shape inhibition” of close shell fragment
nuclei at the scission point. The present results provide
important new insight into the understanding of the dynamical
behavior fragment formation in the fission process. More
systematic experimental data as well as theoretical calculations
will be required to clearly understand these experimental
observations.
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