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Measurement of mass and total kinetic energy distributions for the 12C + 175Lu system
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Fission fragment mass and total kinetic energy (TKE) distributions were measured for 12C + 175Lu system at
excitation energies down to 16.7 MeV above the saddle point. The overall mass and TKE distributions could be
fitted with single Gaussian functions. The observed width of the mass and TKE distributions agree well with the
systematics based on liquid drop (LD) behavior. The average TKE also shows parabolic dependence on fragment
mass, as expected from LD behavior. Small contributions due to microscopic corrections from Z ≈ 38 and 45
shells can be extracted, if the widths of the LD component are fixed from systematics. Contrary to the theoretical
predictions of substantial contributions from microscopic corrections, dominance of liquid drop behavior was
observed.
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I. INTRODUCTION

Nuclear fission is one of the most intricate processes of
nuclear decay, where a heavy nucleus splits into two or more
lighter nuclei having similar masses, releasing large amount
of energy. The fission process was explained using the liquid
drop model (LDM), which considers the nucleus as an incom-
pressible macroscopic liquid drop [1,2]. However, the LDM
could not explain the predominant asymmetric mass split at
low excitation energy in the actinide region. The incorporation
of microscopic effects such as shell corrections to the macro-
scopic liquid drop (LD) paved the way to understanding the
observed mass asymmetry [3]. The potential energy landscape
with multiple valleys created by the microscopic corrections
was found to strongly influence the characteristics, e.g., mass
split, total kinetic energy (TKE), and neutron multiplicities
in low energy fission of actinides. The concept of different
fission modes, i.e., “superlong” (SL) symmetric fission mode
and asymmetric “standard” fission modes (S1 and S2) was
introduced [4].

Over the years, a vast knowledge base of fission of
actinides has been created and is still being enriched exper-
imentally as well as theoretically [5–7]. However, the low
energy fission of preactinide nuclei remained less explored,
as the increase in liquid drop fission barrier height with de-
creasing fissility drastically reduces fission probability at low
energies. It also was expected that the liquid drop (symmetric)
fission will dominate in the preactinide region. In 1980s, se-
ries of measurements were carried out by Itkis et al. [8–10]
by bombarding p and α particles on stable preactinide tar-
gets. Symmetric fission was indeed found to dominate in this
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region. It was demonstrated that the yields of asymmetric
components (S1 and S2), which are very dominant in the
actinide region, diminish with decreasing N and Z of the
fissioning nuclei and vanish at 201Tl. Flattening or a slight dip
in the mass distribution around half the mass of the fissioning
nucleus (ACN ) was also observed in most of the cases. It was
interpreted in terms of positive shell corrections at ACN/2 in
contrast to negative shell corrections for S1 and S2. Later, the
flattening of the mass distributions at ACN/2 was attributed to
two strongly deformed neutron shells in the nascent fragments
with neutron numbers N1 ≈ 52 and N2 ≈ 68 [11].

Recent unexpected observation of almost exclusive asym-
metric fission in neutron-deficient 180Hg [12] at low energy
has put the focus back on this region. From the liquid
drop as well as spherical shell gaps perspective, splitting
into two symmetric doubly magic 90Zr fragments (N =
50, Z = 40) should have been the most favored. Several other
measurements [13–23] have firmly established the presence
of asymmetric fission in this region. However, it is still
not clear what drives the asymmetry in fission of preac-
tinides. Theoretical models based on different approaches,
e.g., Brownian shape motion on the macroscopic-microscopic
potential energy surface [24], the improved scission point
model [25], and the time independent microscopic model
[26], have interpreted these observations differently. The
macroscopic-microscopic model [27,28] attributed this to the
saddle asymmetry and predicted a region of asymmetry cen-
tered around 186Pt. Calculations based on the microscopic
energy density functional (EDF) framework [26,29] result
in shell gaps at N = 52–56 and Z = 34–38, 42–46 due to
quadrupole-octupole correlations. A recent systematic study
of the experimental results has demonstrated the dominance of
proton shells (Z ≈ 36) [29] in the light fragment in deciding
the asymmetric split in the preactinde region, in contrast to
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the actinide region, where the heavy fragment charge (Z ≈
52–56) determines the mass split. The role of deformed shell
gaps at Z ≈ 36–38 and 45–46 has been also observed in other
experimental studies [19,22,23].

In the present study, measurements of fragment mass and
TKE distributions for 12C + 175Lu → 187Ir were carried out.
187Ir is situated around the center of the island of asymmetry
predicted by the macroscopic-microscopic model [27]. It also
has 2 × (Z ≈ 38, N ≈ 56) configuration. As discussed above,
the Z ≈ 38 and N ≈ 56 shells are identified to drive the asym-
metry in the preactinide region. In case of heavy fermium
isotopes, the fission characteristics change drastically while
approaching 264Fm (2 × 132Sn). Thus it would be interesting
to study the fission properties of the present system. More
measurements are also required to distinguish different con-
tributions to the mass distribution and to understand their
evolution across the preactinide region.

The paper is organized as follows. The experimental details
are given in Sec. II. In Sec. III, the results are discussed:
the experimental mass-TKE correlations, mass distributions,
and mass widths are discussed in Secs. III A, III B, and III C,
respectively. The various theoretical predictions are discussed
in Sec. III D followed by a summary and conclusion in Sec. IV

II. EXPERIMENTAL DETAILS

The experiment was performed at the BARC-TIFR
Pelletron-LINAC facility, Mumbai. A 250 μg/cm2 thick
175Lu target on 170 μg/cm2 thick Al backing was mounted
inside a 1.5 m wide scattering chamber. The target was
mounted such that the incoming beam was first faced by
the target. The bunched beam of 12C was bombarded on the
target at energies 58, 65, 70, and 75 MeV. The time interval
between the bunches was 106.7 ns. The time structure of the
bunch was monitored continuously by detecting γ rays in a
BaF2 detector placed at the beam dump. The typical width
(σ ) of the bunch was ≈0.6 ns. Two position-sensitive mul-
tiwire proportional chambers (MWPCs) [30] of active area
125 mm × 75 mm were used for detection of fission fragments
in coincidence. MWPCs were kept at angles 113◦ and −50◦
at a distance of 24 cm from the target. The time of flight
(TOF) with respect to the arrival of the beam pulse, position
(x, y), and the energy loss information of both the fragments
in the detectors were recorded event by event. The radio-
frequency (RF) signal from the beam buncher filtered by the
OR of the MWPC cathode signals was used as the arrival time
of the beam pulse. The target was kept at 40◦ with respect to
the normal to the beam axis to minimize the energy loss of
the fragment in the target. Two silicon surface barrier (SSB)
detectors were kept at angles ±20◦ to monitor the current.

III. RESULTS AND DISCUSSION

As shown in Fig. 1(a), the fission events could be separated
well from the quasi-elastic events using the correlation in
the TOFs (T 1 vs T 2). The velocity vectors of the fragments
were extracted using the position and TOF information. The
measured folding angle (θ1 + θ2) and the total azimuth an-
gle (φ1 + φ2) distributions are Gaussian in shape with peak

FIG. 1. Correlation plots for the (a) times of flight (T1 and T2),
(b) folding angle (θ1 + θ2) and total azimuthal angle (φ1 + φ2),
(c) parallel and perpendicular components of velocity (V‖ and V⊥),
and (d) mass-angle distribution (MAD) for the 12C + 175Lu system at
ELab = 65 MeV. The V‖ is normalized by the velocity of the center of
mass (VCN ). Plots (b)–(d) are generated for fission events.

around the expected folding angle according to Viola system-
atics [31] and 180◦ for all the incident energies, respectively.
The azimuthal and folding angle distribution and the corre-
lation plots between parallel and perpendicular components
of velocity V‖/VCN and V⊥ [Figs. 1(b) and 1(c)] confirm the
two-body nature or the absence of incomplete momentum
transfer (IMT) events in the reaction. It should be noted here
that a significant presence of IMT events or incomplete fusion
(ICF) was observed in the measurement of cross section and
recoil range distribution of the evaporation residues [32,33]
in the same energy range for the present system. It was in-
terpreted that the IMT/ ICF events mainly originate when
8Be is captured by the target, forming 183Re∗, and α moves
as a spectator. The ICF product, 183Re∗, has lower fissility
and excitation energy as compared to the compound nucleus.
Thus IMT/ ICF is not expected to contribute significantly in
the fission channel. The preneutron mass of the fragment (M)
was calculated using the TOF difference method [34]. Small
corrections due to energy loss of the fragments in the target
and the backing foils (only for the forward moving fragments)
are obtained event-by-event in an iterative manner taking the
range-energy information from SRIM [35]. The nuclear charge
of the fragment was obtained under the unchanged charge
distribution (UCD) [36]. The typical correction in width of
the mass distribution due to energy loss correction is observed
to be about 5%. The mass resolution (σ ) of the setup was
estimated to be 3 u from the elastic peak. Typical mass-angle
distribution (MAD) is shown in Fig. 1(d). The MAD correla-
tion spectra do not show the presence of fast quasifission, as
explained in Ref. [37]. The rectangular cut shown in the MAD
plot is used to select the detector area, which is not biased
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FIG. 2. Left panels (a)–(d): The fragment mass-TKE correlations
along with TKE profile (black open circle). The black solid line
is the LD-predicted mass dependence of TKE [38].Right panels
(e)–(h): The experimental TKE distributions are compared with the
single Gaussian fits (solid line). To use the same color gradient, the
distributions are normalized to 200% and the normalization factors
are mentioned in the brackets.

towards a specific mass region. The rest of the analysis is done
for events that are within this gate. The error bars shown in the
measured mass and TKE distributions are statistical in nature.

A. Mass-TKE correlation

The mass-TKE correlations along with the TKE profile
(average as a function of fragment mass) are shown in
Figs. 2(a)–2(d). The liquid drop model of fission predicts a
parabolic dependence of TKE on fragment mass (M) follow-

ing an equation of the form [38]

TKE(M ) ∝ M(ACN − M )

M1/3 + (ACN − M )1/3
. (1)

Any deviation from the parabolic dependence indicates
the presence of a microscopic correction. The above equa-
tion describes the measured mass dependence of TKE
[Figs. 2(a)–2(d)] very well at all the energies. The TKE
distributions [Figs. 2(e)–2(h)] are found to be Gaussian in
shape. The mean TKE values are in good agreement with the
prediction of Viola systematics (≈131 MeV) [31]. The widths
of the measured TKE distributions are in the range from
10.7 to 12.0 MeV, which is in agreement with the observed
systematic behavior [23,39] for this region. A deviation from
Gaussian shape or from the systematics of width is expected
if microscopic corrections are present.

B. Mass distribution

The extracted preneutron mass distributions at different
excitation energies above the saddle (Esad) are shown in
Figs. 3(a)–3(d). The available experimental mass distribution
data for the p + 186Os [10] system populating the same com-
pound nucleus are also shown in Figs. 3(e) and 3(f). It can
be seen that the measured mass distributions are dominantly
symmetric and can be described well by single Gaussian fits.
However, at lower excitation energies slight deviation from
single Gaussian can be observed around the center of the mass
distribution. As discussed earlier, Z ≈ 38 and 45 shells are
expected to influence the mass distribution in this mass region.
For the present case (187Ir), Z ≈ 38 would correspond to sym-
metric fission in addition to LD symmetric fission. However,
the Z ≈ 38 component is expected to be narrower than the LD
component, as the microscopic corrections varies more faster
than the LD potential. The contributions of different shells are
weak compared to the LD contribution, hence it is not possible
to extract each of these components from an independent
free fit. However, the microscopic contributions (Z ≈ 38 and
45) can be extracted, if the width of the LD component is
fixed from its systematic behavior [39]. Further, the widths of
the microscopic components are varied 3–7 u depending on
the excitation energy. The Z of fragments are estimated from
the measured mass under UCD assumption. A similar ap-
proach has also been adopted in recent studies [22,23,29].
For the asymmetric fission, the light fragment (AL) and the
complementary heavy fragment (AH) peaks are considered to
have the same width and area. Further, the mean positions
of the light (ĀL) and heavy fragment (ĀH ) distributions are
constrained as ĀL + ĀH = ACN. As only the mass ratio can
be determined from the method adopted in the present mea-
surement, the counts in the lower and upper halves are strictly
correlated. Thus only the lower halves of the distributions are
considered while fitting. As shown in Fig. 3, such fits result in
about 88% LD component at the lowest energy, which gradu-
ally increases to 100% with the increase in excitation energy.

C. Mass widths

Since the mass distributions are dominated by the LD
contribution, we have analyzed the widths in terms of the
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FIG. 3. The experimental mass distributions (a)–(d) for the
12C + 175Lu reaction from the present measurement (filled circles)
and (e)–(f) for the p + 186Os reaction [10] (open circles) are plotted
with increasing excitation energy at the saddle point (Esad) from
bottom to top panels. The solid lines show the multi-Gaussian (MG)
fits to the data along with different fissioning modes corresponding
to macroscopic liquid drop component (violet shaded region) and
microscopic component due to Z ≈ 38 (yellow shaded region) and
Z ≈ 45 (red shaded region) shells. The dot-dashed line is the single
Gaussian (SG) fit to the data. The corresponding χ 2 and the number
of degrees of freedom (ndf) are also mentioned.

FIG. 4. The extracted mass widths from single Gaussian fits (σM )
are plotted as a function of temperature at the saddle point (T ) for
present measurement 12C + 175Lu (filled circles) and p + 186Os [10]
(open circles). The solid line is the description using Eq. (2).

statistical relation [39]

σ 2
MR = λT + κ

〈

2

fis

〉
. (2)

The temperature at the saddle (T ) and the 
2 average of
the fissioning nuclei 〈
2

fis〉 are tabulated in Table I along with
other relevant quantities. The fusion 
 distributions, calculated
using the CCFULL code [40] after fitting the fusion excitation
function for the 12C + 175Lu system [32], were used as an
input for the statistical model calculations using the code PACE

[41,42] to estimate the values of average angular momen-
tum 〈
fis〉, average square angular momentum 〈
2

fis〉, prefission
neutron multiplicity (νpre), and average energy removed by
prescission neutron emission (Eeva). The temperature at the
saddle point was calculated as T = √

Esad/a with a = A/8.5.
The effective excitation energy of the fissioning nucleus
at saddle is calculated as Esad = E∗

CN − B f ,〈
fis〉 − �Eeva −
Erot. The average 
-dependent fission barrier heights B f ,〈
fis〉
are calculated using B f ,〈
fis〉 = B f ,0 − �B f ,〈
fis〉, with B f ,0 the
value of fission barrier height at zero angular momentum
taken from Ref. [43]. The change in the fission barrier due to
rotation (�B f ) and the rotational energy at the equilibrium de-
formation (Erot) are taken from the rotating finite range model
(RFRM) [44]. Though the entrance channel mass asymmetry
parameters for p + 186Os (0.98) and the present system (0.87)
are very different, they are much larger than the Businaro-
Gallone critical mass asymmetry parameter (αBG = 0.81).
Thus both systems are expected to exhibit characteristics of
statistical decay of a fully equilibrated compound nucleus.
As shown in Fig. 4, experimental mass widths for p + 186Os
and the present system could be simultaneously fitted well
using the statistical relation given in Eq. (2), indicating
the absence of any significant entrance channel dependence.
The resulting parameters are λ = (3.12 ± 0.12) × 10−3 and
κ = (1.93 ± 0.24) × 10−6. These values are similar to the
values obtained for nearby systems 16O + 175Lu [18] and
16O + 186W [45]. The extracted value of the stiffness
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TABLE I. The laboratory energies ELab and respective compound nuclear excitation energies E∗
CN are listed in columns 1 and 2; columns

3 to 8 are the calculated values of average angular momenta 〈l〉fus (h̄), 〈l〉fis (h̄); prefission neutron multiplicity νpre; loss in excitation energy
due to evaporation of neutron, �Eeva; l dependent fission barrier height Bf ,〈lfis〉; and rotational energy of the compound nucleus, Erot . Column 9
is the effective excitation energy of the fissioning nucleus relative to the height of the fission barrier, Esad = E∗

CN − Bf ,〈lfis〉 − �Eeva − Erot; and
the last column is the temperature of the compound nucleus at saddle given by T = √

Esad/a, where a is the level density parameter taken as
ACN/8.5. All the energies and temperatures are in MeV.

ELab E∗
CN 〈l〉fus 〈l〉fis νpre �Eeva Bf ,〈lfis〉 Erot Esad Tfis

58 38.7 11.4 16.1 0.18 1.9 18.6 1.5 16.7 0.87
65 45.2 15.2 21.9 0.38 3.9 17.8 2.8 20.8 0.97
70 49.9 18.9 26.0 0.53 5.7 17.1 3.8 23.3 1.03
75 54.6 21.5 29.4 0.77 8.6 16.5 4.7 24.8 1.06

parameter q using the relation q = (A2λ)−1 is equal to
0.0092 ± 0.0003, which is in good agreement with the value
reported by Itkis et al. [10]. Thus the behavior of the widths
also suggests the dominance of the LD mode.

D. Theoretical predictions for 187Ir

Several theoretical predictions are available for fission of
187Ir at low excitation energies. The peak positions of the
different contributions, the underlying neutron-proton shells,
are not expected to change with excitation energy. Further, the
relative intensities are also not expected to be drastically dif-
ferent with the difference in a few MeV of excitation energies.
Thus, the experimental and theoretical results at similar exci-
tation energies can be compared qualitatively. The predictions
of different theoretical models are shown in Fig. 5. The im-
proved scission point model predicts asymmetric contribution
peaking at AL(H ) = 85 (102) u [47], where AL(H ) is the mass
of the light (heavy) fragment. A calculation based on random
walks over a five-dimensional (5D) macroscopic-microscopic
potential-energy surface [27], has yielded asymmetric peak

FIG. 5. Comparison of the available theoretical predictions for
fission fragment mass distribution of 187Ir. The predictions of
the macroscopic-microscopic model (M-M) [27], GEF (Version
2021/1.1) [46], and improved scission point model (ISP) [47] are
shown in dot-dot-dashed, solid, and dashed lines, respectively. The
numbers in the brackets represent the excitation energy above the
saddle point.

at mass AL(H ) = 78 (110) u. The authors of [27] attribute the
origin of asymmetric fission in this region to the mass asym-
metric saddle point. The general fission model (GEF) [46],
which is based on a semiempirical approach, has also been
employed to explain the observed mass distributions in the
preactinide region [29]. As can be seen from Fig. 5, the dis-
tributions predicted by different models differs significantly.
However, all the theoretical models predict a substantial mi-
croscopic contribution, which is not in agreement with the
experimental observations. Further theoretical investigations
are required to understand the experimental mass distributions
for the light preactinides.

IV. SUMMARY AND CONCLUSION

To study the shell effects in the newly discovered asymmet-
ric island which belongs to the sub-Pb region, we performed
an experiment to populate the 187Ir nucleus. The fission frag-
ment mass and TKE distributions were used as a probe and
the measurements were done at four laboratory energies 58,
65, 70, and 75 MeV. The experimental mass distributions were
extracted using the time-difference method. Single Gaussian
fits provide reasonably good description of the experiment
mass and TKE distributions. The widths of the measured
TKE distributions agree well with the systematic LD behav-
ior. The observed widths of the mass distributions can also
be explained using a statistical relation. These observations
suggest the dominance of LD fission mode in the present
case. Small contributions due to microscopic corrections from
Z = 38 and 45 could be extracted when the widths of the LD
component were fixed from the systematic behavior. However,
the theoretical models predict substantial contributions from
microscopic corrections. More studies are required to under-
stand the evolution of the different contributions to the mass
distribution across the preactinide region, especially in case of
lighter preactinides.
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