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Experimental evidence of shell effects in slow quasifission
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Mass distributions of fission fragments arising from the slow quasifission (SQF) process, derived by comparing
the measured data with theory for several reactions, show distinct features. Irrespective of fissioning systems, the
peak corresponding to lighter fragments in the SQF mass distribution is found to be always at A ≈ 96, whereas
the peak position of the heavier fragments increases linearly with the mass of the dinuclear system. Further, the
yield of quasifission events decreases with the increasing projectile energy. These observations within certain
model dependence provide clear evidences of shell effect in slow quasifission, where the lighter fragments are
possibly some closed-shell nuclei in the mass region A ≈ 96 (possibly 96Zr or 94Sr). Further, the results from
a model independent approach involving multi-Gaussian fit to the high energy data points reaffirm the above
conclusion.
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I. INTRODUCTION

While synthesizing superheavy elements (SHE) using
fusion reactions [1–6], a preequilibrium fission reaction mech-
anism, generically named as quasifission (QF) [7–9], has been
known since the mid-1970s as a cause for the suppression of
SHE formation. Since then many aspects of QF have been
explored experimentally by measuring fission fragment (FF)
mass and angular distributions [10–28] and theoretically by
developing many macroscopic and microscopic dynamical
models [29–33]. From the above studies, one can broadly
classify the QF process into two categories: fast and slow
quasifission. The fast quasifission (FQF) which is gener-
ally observed in reactions with heavy targets and projectiles,
having charge product (ZpZt ) more than 1500, is accompa-
nied by very asymmetric mass distributions, fast time scales
(≈10−20 s), and mass-angle correlation [13–21]. In contrast,
the slow quasifission (SQF) which is observed in reactions
involving much lighter projectiles such as 9Be, 11B, 12C, and
16O, with actinide targets, is characterized mainly by a time
scale intermediate to FQF and compound nuclear fission
(CNF), nearly symmetric mass distributions, absence of mass-
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angle correlations, larger mass width from the most symmetric
entrance channel populating the same compound nucleus, and
sudden enhancement in the mass width at lower incident en-
ergies [22–28].

Recently the microscopic shell effect has been invoked
to explain the mass distributions in the quasifission process
[34–38]. Theoretically, based on a recent time dependent
Hartree-Fock calculation on 50Ca + 176Yb reaction partners
[37] forming the 226Th composite system, it was found that
the same deformed shell with ZH ≈ 54 as that of the S-II
mode [39–43] in asymmetric fission of actinides is respon-
sible for stopping mass equilibration in the fast quasifission
process, without allowing the system to form a compound
nucleus. In another calculation on the 48Ca + 249Bk system
[44], the role of deformed shell closed nuclei with N = 56
on fast quasifission was reported. Experimentally also evi-
dence for the role of proton shell closure (Z = 82) in fast
quasifission reactions has been observed recently [38]. How-
ever, to date, there is no investigation on the role of shell
effect in the SQF reaction mechanism. Actually, in a slow
quasifission process, the nucleon exchange takes place from
heavier (T ) to lighter (P) colliding partners, in contrast to
the compound nucleus formation process, as illustrated in
Figs. 1(a) and 1(b). We can strongly anticipate that if one
of the fragments becomes shell closed during the mass equi-
libration process in the SQF process, the dinuclear system
breaks into two fragments resulting in a doubly peaked mass
distribution, while mass distributions in the compound nuclear
fission process are a superposition of several fission modes
(superlong, S-I, S-II, etc.) depending on the excitation energy
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FIG. 1. Illustration of (a) compound nuclear fission process,
(b) quasifission process, and (c) expected mass distributions in both
the processes

and angular momenta populated in the system [Fig. 1(c)].
However, experimentally it is impossible to distinguish the
fragments arising from CNF and SQF processes unless
we take help from theoretical models incorporating CNF
process.

In the present paper, FF mass distributions have been
measured in the 19F + 238U reaction and compared with the
theoretical model calculations. From the differences observed
between the measured data and the calculation, the mass
distributions and the probabilities corresponding to the QF
process have been obtained at different projectile energies
for the present system and the other systems for which FF
mass distributions are available in literature. From the derived
mass distributions of the QF process for different systems,
we attempt to search for the quantum shell effect in the slow
quasifission process, towards the development of complete
understanding of quasifission mechanism and to improve the

models in reaching reliable predictive capacities of SHE for-
mation cross sections.

II. EXPERIMENT AND RESULTS

Fission fragments have been measured for the 19F + 238U
reaction using pulsed beams (full width at half maximum
≈1 ns) of energies ranging from 99.7 to 142.1 MeV at the
BARC-TIFR Pelletron-Linac facility, Mumbai. The details of
the experimental setup and analysis procedure are the same as
in Ref. [43]. The full momentum transfer events have been
selected using a tight gate on the v‖ − vcn versus v‖ plot
as shown in Fig. 2(a) and analyzed for the present paper.
The derived mass distributions are normalized to 200% as
shown in Figs. 2(e)–2(h) by black circles. Data from our
previous measurement on the same reaction at lower energies
are shown in Figs. 2(b)–2(d) by green circles. The measured
distributions were compared with the calculations (red solid
lines in Fig. 2) using a semiempirical model code GEF [45,46]
(a model well validated for light particle induced fission)
based on compound nuclear fission and found to be wider,
especially at lower beam energies. To rule out the fact that the
broadening of the measured data is due to the limited mass
resolution of the experimental setup, the calculated distribu-
tions have been broadened incorporating the mass resolution
of the experimental setup, σ ≈ 6 u, as shown by blue dashed
lines in Fig. 2. But, they failed to explain the much wider
measured data and hint at possibilities of having admixture of
quasifission along with the compound nuclear fission. Now,
the width of the FF mass distribution as a function of com-
pound nuclear excitation energy has been compared with the
GEF calculations as shown in Fig 2(i) where a large deviation
is observed at lower excitation energies, indicating significant
contributions of the quasifission at below barrier energies, and
it decreases with the increase in beam energy.

FIG. 2. (a) Typical “v‖-vcn” vs “v⊥,” obtained for 19F + 238U reaction at Ebeam = 142.1 MeV. (b)–(d) Previously and (e)–(h) presently
measured FF mass distributions, where data points are shown by symbols, the red solid lines represent the mass distribution obtained from
the model GEF, and the blue dashed lines represent the distribution obtained after broadening the actual distribution by experimental mass
resolution. (i) Width of the measured (circles) and calculated (solid line) mass distributions.
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FIG. 3. Typical mass-angle correlation obtained for the present
system at 98.7-MeV projectile energy.

Interestingly, neither a winglike structure in the asymmet-
ric mass region of the experimental data (see Fig. 2) nor
any mass-angle correlation (see Fig. 3) was observed for the
present system. These observations are found to be consistent
with several other systems available in the literature where
the mass-angle correlations were measured over wide angular
ranges [24]. This rules out the presence of fast quasifission but
confirms the presence of slow quasifission. Though evidences
for slow quasifission have already been observed by studying
the FF angular anisotropies in reactions involving projectiles
like 9Be, 12C, and 16O [24], the evidence of slow quasifission
has been obtained from the FF mass distribution in the present
paper.

The two contributions, i.e., compound nuclear and slow
quasifission processes, are then segregated from the measured
mass distributions using a theoretical model that calculates
the mass distributions following the compound nuclear fis-
sion process reliably. The quasifission is expected to produce
mass asymmetric fragments [37], whereas the mass symmet-
ric fragments are mostly originated from compound nuclear
fission. So, theoretical mass distributions based on compound
nuclear fission are normalized to the experimental mass yield
at fragment mass = 0.5 × compound nuclear mass and then
subtracted from the experimental data, resulting in the mass
distributions due to QF process alone. For illustration, the
measured data (filled rhombus), un-normalized theoretical
distribution (dashed line), and normalized theoretical distribu-
tion (solid line) are shown in Fig. 4(a) for 98-MeV projectile
energy. The QF mass distribution derived from the subtraction
of data (filled diamonds) and normalized calculation (solid
line) for the same 98-MeV data is shown by hollow diamonds
in Fig. 4(b). It may be mentioned that a similar procedure
was employed by Gupta et al. [47] showing that there is
a presence of quasifission in the 37Cl + 154Sm reaction, but
not in the 16O + 175Lu reaction forming the same compound
nucleus.

Following the same procedure, mass distributions from
the QF process for all the beam energies are obtained and
shown in Figs. 4(b)–4(d). The QF mass distributions are then
fitted using double Gaussian functions to extract the peak

FIG. 4. (a) Comparison of measured, actual, and normalized
calculated distributions. (b)–(d) Derived mass distributions corre-
sponding to QF process at different projectile energies. (e), (f) Peak
positions and width of the QF modes. (g) Quasifission probability for
the present system.

positions, their widths, and fractional contribution of QF to
total fission. Peak positions and widths of light and heavy
fragments are shown in Figs. 4(e) and 4(f) respectively. It
can be observed that for all the beam energies, the mean
centroids of the two peaks are located at A = 97 ± 1 and
A = 160 ± 1. It is also interesting to note that the peak heights
and hence the contributions from the QF process gradually
decrease with the increasing beam energies. Both these ob-
servations hint at possible shell effect in slow QF process. As
already discussed earlier, in a nuclear collision event, when a
dinucleus is formed after penetration of the Coulomb barrier,
mass flow can take place from the projectile to the target and
vice versa. The former lead to the formation of a compound
nucleus followed by the splitting of the nucleus into two
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FIG. 5. (a)–(k) Comparison of measured data with normalized GEF calculations for reaction systems available in the literature. (a′) − (k′)
Derived mass distributions for QF mode for respective systems. (l) Peak positions of light and heavy fragments of QF mass distributions.

fragments. Now if the initial mass asymmetry (α) is less than
the Businaro-Gallone parameter (αBG) [48], which is true for
the present case as α = 0.85 < αBG = 0.93, the mass flow
from the target to the projectile is possible. In such cases, dur-
ing the process of mass equilibration of the dinuclear system,
if one of the nuclei achieves the shell closed configuration,
the dinuclear system splits into two fragments without achiev-
ing the full mass-equilibration (compound nuclear formation)
process. But, if the projectile energy is increased, the nucleons
participating in the mass-equilibration process gain more ex-
citation energies which will result in reduction of the above
shell effect in the fragment and hence reduction in the QF
probability.

The QF probability (the ratio of the QF yield to total fission
yield) obtained as a function of compound nuclear excitation
energy has been shown in Fig. 4(g) by green solid circles
for the present system. It can be observed that the proba-
bility decreases with the increase in excitation energy. It is
also interesting to note that the QF probability is significant
even beyond the excitation energy of 80 MeV. It is worth
mentioning here that the excitation energy in the dinuclear
system is actually less than the compound nuclear excitation
energy as the kinetic energy does not get fully transformed
into excitation energy due to incomplete mass equilibration,
thus resulting in pronounced shell effect in the slow quasi-
fission process. It is really hard to calculate actual excitation
energy in the dinuclear system undergoing slow quasifission
process. The large deviations of angular anisotropy data as

compared to the statistical model calculations at below bar-
rier energies for several systems [49–52] suggest that the
preequilibrium fission contribution is dominant at low ener-
gies. An attempt on the determination of slow quasifission
probability has been made from the experimental angular
anisotropy [14]. However, the mass distributions have been
used to obtain the slow QF probability as an exponentially de-
caying function of compound nuclear excitation energy (E∗),
i.e., PQF(E∗) = Ce−mE∗

, where C and m are fitting parameters
with values of 51.97 and 0.023 MeV−1 respectively for the
present system. The fitted results have been shown by green
line in Fig. 4(g).

Similar analysis has been performed for the mass distribu-
tion data of other reaction systems involving heavy projectiles
and heavy targets available in the literature. The mass dis-
tributions corresponding to QF process have been obtained
for different reaction systems at different excitation energies.
The experimental FF mass distributions and the GEF calcu-
lations at excitation energies close to 50 MeV have been
shown for the reaction systems 9Be + 249Cf [24], 11B + 238U
[53], 12C + 238U [23], 12C + 248Cm [24], 16O + 238U [54],
16O + 244Pu [24], 18O + 232Th [23], 24Mg + 238U [14], and
37Cl + 206Pb [55] in Figs. 5(a)–5(k). The data shown in
Fig. 5(i) for the 18O + 208Pb [18] system correspond to the
compound nuclear excitation energy of 87 MeV. The cor-
responding QF modes for each system [Figs. 5(a′)–5(k′)]
derived using the same method have been shown just below
the respective mass distribution plots. It can be observed that
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the QF mass distributions are clearly doubly peaked for all the
systems.

The QF mass distributions for all the above systems have
been fitted with double Gaussian functions and the peak posi-
tions of the light and heavy fragments are plotted as a function
of compound nuclear mass ACN in Fig. 5(l). It is interesting to
note that the peak position corresponding to the light fragment
is more or less constant around A = 96, whereas the mass of
the heavy fragment increases with the mass of the fissioning
nuclei. This observation is very analogous to the one for
asymmetric fission in actinides where the mass of the heavy
fragment does not change with the mass of the fissioning nu-
clei, but the light fragment does [56]. The fixed position of the
peak of the heavier fragments in the asymmetric fission of ac-
tinides indicates the role of deformed shell closed nuclei with
ZH ≈ 52–56 [39,57]. Similarly, the fixed peak position of the
lighter fragments in the asymmetric fission of sublead nuclei
suggests the role of shell closed nuclei with ZL ≈ 34–38 [58].
Using the same analogy, the present observation of the fixed
position of the lighter mass peak in the SQF mass distribution
can be treated as a clear evidence of the shell effect in the
slow-quasifission process.

Before we predict the species of the lighter fragment, it
may be appropriate to recollect about the types of closed-
shell nuclei, either spherical or deformed, which have been
observed to play the key role in the processes of nuclear
fission and quasifission. In the actinide mass region, (1) the
standard-I mode of fission is observed due to the role of
the doubly magic spherical shell gap at Z = 50 and N = 82
[39,46], (2) the standard-II mode of fission is observed due
to the role of the octupole deformed shell gap at Z = 52–56
[40], and (3) the standard-III mode emerges due to the role
of the nearly spherical shell gap at N = 52 [59]. However,
in the fission of sublead nuclei, the deformed shell closure at
Z ≈ 34–38 and 46 is found to be responsible for the distinct
type of asymmetric fission mode [58,60]. On the other hand,
in the case of quasifission process, a proton shell closure
at Z = 82 (the corresponding nucleus is not exactly known)
[38], the octupole deformed shell closure at Z ≈ 52–56 (the
corresponding nucleus is around 139Cs) [37], and the oc-
tupole deformed shell closure at N = 56 (the corresponding
nucleus is 94Sr) [44] are shown to be playing important
roles in 48Ti + 238U, 50Ca + 176Yb, and 48Ca + 249Bk reac-
tion systems, respectively. Among all the closed-shell nuclei
discussed above, only 94Sr is the one whose mass number
matches closely with the observed mass number that seems to
govern the slow quasifission in the present paper. However, in
the same mass region A ≈ 96, there is another nucleus 96Zr
which qualifies to be a spherically shell closed nucleus as
described in both the theoretical [61] and experimental work
[62,63], which may also play an important role in the slow
quasifission process.

Now, the QF probabilities derived from the FF mass distri-
butions for other available reaction systems are also shown in
Fig. 6(a) by different symbols and colors, all of which show a
trend similar to the present system. The QF probabilities are
then fitted using the same expression for PQF(E∗) by keeping
the same value of parameter m as earlier but different values of
C for different systems and the results are shown by the solid

FIG. 6. (a) Quasifission probability obtained as a function of
excitation energy for different reaction systems where the fits for
each system are shown by solid lines with colors matching with
respective symbols. (b) Variation of the fitting parameter C with the
product of the charges of the projectile (Zp) and the target (Zt ) and a
linear fit (solid line) to the data points.

lines with the same color as that of the symbols in Fig. 6(a).
From Fig. 6(b), it was interesting to observe that the value
of C increases almost linearly with the product of target and
projectile charges ZpZt , i.e., C = a + bZpZt with a (≈ 3) and
b (≈ 0.05) as constants. Thus, for any reaction system with
given ZpZt value, one can estimate the probability of slow QF
which is one of the responsible processes for inhibiting the
SHE formation.

So far, the analysis and observations have been made based
upon the predictions of a compound-nuclear fission model.
In order to support the above observations another approach
involving single and multi-Gaussian fits has been adopted
following the work by Swinton-Bland et al. [64]. Here, we
have considered the mass distributions measured at the two
highest energies as the contributions from any asymmetric
compound-nuclear fission mode are expected to be negligibly
small at such high excitation energies. From Figs. 7(a) and
7(b) one can observe that, for both the energies, the single
Gaussian functions fail to fit the data well, which is also very
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FIG. 7. (a), (b) Fitting of the mass distributions using the single
Gaussian function and (c), (d) the residual values at 121.6 MeV and
142.1 MeV, respectively. (e), (f) Fitting of the mass distributions
using the three-Gaussian function and (g), (h) the residual values for
the same two energies.

clearly evident from the respective residual values shown in
Figs. 7(c) and 7(d). The observed structures in the residual
values of the single-Gaussian fits suggest the necessity of
multi-Gaussian fit. Therefore, the same set of data has been
fitted with three-Gaussian functions (out of which one repre-
sents the symmetric mode and the remaining two represent
the asymmetric mode) and shown in Figs. 7(e) and 7(f). It
is interesting to observe that the three-Gaussian fit explains
the data very well as evident from the residual plots shown
in Figs. 7(g) and 7(h). As already pointed out, here the asym-
metric mode must correspond to the slow quasifission mode as
any asymmetric compound nuclear fission mode is expected to
wash out at such high excitation energies. It is also interesting
to note that the peak positions of the asymmetric mode are
found to be at AL ≈ 96 and AH ≈ 161 for both the ener-
gies, which is in excellent agreement with the observations
made earlier in this paper for slow-quasifission modes. The
yields of the asymmetric mode are also comparable with the

ones obtained earlier in the present paper. Thus, the above
model-independent approach reaffirms the conclusions drawn
on the slow quasifission mode using the compound nuclear
fission model GEF.

III. SUMMARY AND CONCLUSION

In summary, the differences observed between the mea-
sured fission fragment mass distributions and the calculations
incorporating the compound nuclear fission process for sev-
eral reaction systems suggest that the measured data contain
contributions not only from the CN fission but also from the
slow QF processes. It is interesting to observe that, for a
particular reaction system, the peak positions of the doubly
peaked QF mass distributions do not change but the peak
heights decrease with the increase in beam energy. Most im-
portantly, it was observed that the peak position for the lighter
fragment remains unchanged around A = 96 whereas that of
the heavier fragment increases with the mass of the dinuclear
system.

All of the above observations can be treated as clear evi-
dences of quantum shell effect in slow quasifission process.
Therefore the present paper reveals the role of some shell
closed nuclei in the mass region A ≈ 96, governing the mech-
anism of the slow quasifission reaction. Our result is quite
close to the theoretical observation by Godbey et al. [44],
where the strong influence of the octupole deformed shell gap
at N = 56 (corresponding nucleus 94Sr) is observed to govern
the quasifission process. It is known from the literature that
96Zr is a spherical closed-shell nucleus which can also be a
possible candidate responsible for the observed shell effect.

Further, an empirical expression has been obtained from
the present systematics that can predict the contribution of
slow QF process for a given charge product of two colliding
partners. Thus the present results will not only enhance the
capabilities of the nuclear models for reliable predictions of
SHE formation cross sections but also trigger theoretical and
experimental investigations in the field of nuclear reactions,
structure, and superheavy element synthesis.

It may be mentioned here that the net contributions in the
measured mass distributions from the symmetric and asym-
metric modes of the fusion-fission events are estimated with
the help of the GEF model calculations and the conclusions
drawn in the present paper are made under the assumption
that the symmetric components in the mass distributions are
entirely due to the fusion-fission events, which may not be
entirely true as it may contain some quasifission component
as well. However, a model-independent approach involving
single- and multi-Gaussian fits to the high-energy data points
leads to the same conclusion on the slow quasifission modes
as obtained using the above model.
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