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Evolution of multimodal fission with energy in 238Np populated by 6Li + 232Th
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Background: Nuclear fission is influenced by shell effects. Fission modes are a strong signature of the compound
nucleus formation in heavy ion induced reactions. The evolution of the relative strengths of the fission modes
with excitation energy is a matter of intense interest.
Purpose: We investigate the signatures of fission modes in 238Np populated by the 6Li + 232Th reaction through
the mass–total kinetic energy distribution.
Method: The mass–total kinetic energy distributions of fission fragments of the reaction 6Li + 232Th are
measured at four laboratory energies, Elab = 28.5, 40, 45, and 62.5 MeV. Mass–total kinetic energy distributions
of 6Li + 232Th are described by the multimodal random neck rupture model.
Results: Channel probabilities of different fission modes are obtained obtained through a two-dimensional
fitting procedure. The contribution of the standard 1 (S1) mode is found to become ≈2% at Elab = 40 MeV.
The heavy fragments of S1 and standard 2 (S2) modes are found to be associated with Z ≈ 52 and Z ≈ 55
shells, respectively. The slope of the asymmetric to symmetric fission yields ratio with the excitation energy of
6Li + 232Th is found to be similar to that of 18O + 208Pb (previously reported).
Conclusions: The analysis of mass–total kinetic energy distribution data reveals the presence of fission modes in
6Li + 232Th. The average kinetic energy release in fission obtained from Viola systematic matches well with the
one of the of S2 mode. The liquid-drop-like broad symmetric (SL) mode is found to peak at a lower energy than
predicted by Viola systematic. This is associated with the decrease of the total kinetic energy in the asymmetric
fission mode due to the fading out of shell effects with increasing excitation energy.
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I. INTRODUCTION

A compound nucleus (CN), formed by the complete fu-
sion (CF) of a projectile and a target nucleus may decay
by various paths. The CN can fission or cool off by emit-
ting γ rays, neutrons, or light charged particles to yield an
evaporation residue. If heavy enough, the CN can fission in
different channels/modes (i.e. symmetric and/or asymmet-
ric). Brosa et al. [1] developed the multimodal random neck
rupture (MM-RNR) model that can deconvolute the mass
distribution (MD) and/or mass–total kinetic energy distribu-
tion (M-TKED) into different fission modes, one symmetric:
“superlong” (SL) and/or “supershort” (SS) mode; and four
asymmetric modes: “Standard 1” (S1), “Standard 2” (S2),
“Standard 3” (S3), and superasymmetric (SA) mode. A de-
tailed description of different fission modes can be found
elsewhere [1,2]. The analysis of the multimodal fission at high
excitation energies (E∗) using M-TKED in heavy ion induced
reactions is rather scarce.

Beside the CF where all the charge of the projectile is
captured by the target, associated with the full momentum
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transfer (FMT) of the projectile, there are fusion processes fol-
lowing breakup of the projectile: (i) incomplete fusion (ICF)
and (ii) sequential complete fusion (SCF). In ICF, one of the
broken fragments of the projectile is captured by the target
[3–5], whereas, in SCF, all broken fragments of the projectile
are sequentially absorbed by the target [6].

There can be fission induced by the direct transfer of a
few nucleons to the target from the projectile, named transfer
fission (TF), in cases of reactions with actinde targets. Though
it is difficult to distinguish between breakup and TF due
to their similar energetics and final outcome (final residual
nucleus), there is a difference between these two processes.
The breakup process proceeds via the Coulomb or nuclear
excitation of the projectile nucleus in the field of the target
while the transfer process depends on the detailed structure of
participating nuclei [7–9].

Nuclei which have binding energies (BE) less than ≈ 3
MeV are classified as weakly bound nuclei (WBN). Examples
of such nuclei are 6Li and 7Li [10–14]. 6Li has a cluster struc-
ture and has no bound excited state. It breaks up into α + d at
1.48 MeV (α separation energy Sα = 1.48 MeV). In reactions
involving a WBN as the projectile and an actinide nucleus
as the target, fission fragments (FF) may originate from a
breakup/transfer induced fission which does not comply with
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FMT. Consequently the fission fragment folding angle distri-
bution includes events that do not correspond to FMT [9,15–
23]. In order to correctly identify the fission modes from the
CN those events should be identified and removed.

The main goal of this work is searching for the fission
modes in the reaction 6Li + 232Th and studying their evolution
with increasing excitation energy.

The M-TKED of fission fragments of the reaction
6Li + 232Th was measured at four laboratory energies, Elab =
28.5, 40, 45, and 62.5 MeV. The experimental details are de-
scribed in Sec. II. The M-TKEDs are presented in Sec. III. The
possible presence of multimodal fission is investigated using
the MM-RNR model [1] in Sec. IV followed by conclusions
in Sec. V.

II. EXPERIMENTAL DETAILS

This paper reports the reanalysis of data which was orig-
inally published earlier [15]. Measurements were carried out
using 6Li beams from the U400 cyclotron accelerator of the
Flerov Laboratory of Nuclear Reactions at the projectile ener-
gies Elab = 28.5, 40, 45 and 62.5 MeV. A 190 µg/cm2 thick
232Th layer, evaporated onto a 35 µg/cm2 carbon backing, was
used as the target. The double-arm time-of-flight spectrometer
CORSET [24] was used for the registration of fission frag-
ments that were subsequently mass identified by the method of
kinematics coincidences. Each arm of the spectrometer con-
sisted of start and stop detectors composed of microchannel
plates, which were used for registering the secondary elec-
tron emission produced in the interaction of fission fragments
with entrance foils of the detectors. Each start detector was
2.5 × 3.5 cm2 in size and was equipped with an electrostatic
mirror. The stop detectors, 6 × 9 cm2 in size, were position
sensitive (x, y sensitive).

The start detectors were positioned at a distance of 3.8 cm
from the target. The minimal flight path (the distance between
the start and the stop detectors) was 16.2 cm. The angular
resolution of the spectrometer was ≈0.1◦. Its mass resolution
was tested with the use of a 252Cf spontaneous fission source.
From the measured M-TKED of fission fragments the mass
resolution of the spectrometer was estimated to be at the
level of 3–5 u. For M-TKED measurements, in this particular
case, the spectrometer arms were positioned symmetrically at
the angles of ±85◦ with respect to the beam axis, and the
acceptances of each arm were 24.6◦ and 19.2◦ in and out of th
reaction plane, respectively.

III. M-TKED OF BINARY FRAGMENTS OF 6Li + 232Th

The experimental data were processed assuming standard
two-body kinematics. The analysis was carried out following
a well established method [2,15,24].

The separation angle between the velocity vectors of the
coincident fission fragment pairs serves as an indicator of the
linear momentum transferred from the incident projectile to
the struck nucleus [25–27]. The CNF fragments after fusion
having full momentum transfer are emitted with a unique sep-
aration angle (θCNF

fold ) in laboratory frame of reference defined
by the momenta of the projectile and the primary fragments.

FIG. 1. The 2D plots of FF folding angle distribution in the
reaction plane (θ fold

c.m.) versus out of that plane φfold
c.m. for two E∗s 30

MeV and 63 MeV of 6Li + 232Th are shown in panels (a) and (b).
Regions of small (X), medium (Y) and large (Z) angles are shown.
The projections of the whole data in panels (a) and (b) are shown in
panels (c) and (d), respectively (see text for details). Adapted from
Ref. [15].

The θCNF
fold for 6Li + 232Th calculated from the kinematics

which assumes symmetric mass division and the total kinetic
energy release in fission predicted by Viola systematics [28]
is 173◦ at Elab = 28.5 MeV. Thus for fusion-fission, the angu-
lar correlation centroid angle in the laboratory frame should
be centered around 173◦. In reactions with actinide targets,
transfer-induced fission (TF) also occurs, but at different fold-
ing angles. In few-nucleon transfer reactions, little momentum
is imparted to the fissioning nucleus, leading to separation
angles near θT F

fold ≈ 180◦ in the laboratory frame.
On the other hand, in the center-of-mass (c.m.) frame,

for a true binary process with FMT, the FF folding angle
distribution should be centered around θCNF

c.m. = 180◦. In TF,
a beamlike particle is ejected with much more momentum
than neutrons evaporated by the CN that are isotropic and not
focused as the nonfused part of the projectile. Since transfer
reactions occur at a limited range of angles around the grazing
angle (rather than isotropically), the FF folding angle distribu-
tion would also be asymmetric, having “shoulders.”

The two-dimensional (2D) plots of FF folding angle dis-
tribution in the reaction plane (θ fold

c.m.) versus out of that plane
φfold

c.m. for two E∗’s, 30 and 63 MeV (adapted from Ref. [15]) of
6Li + 232Th are shown in panels (a) and (b) in Fig. 1. Regions
of small (X ), medium (Y ) and large (Z) angles are shown.
The projection in the θc.m. shows the convolution of three
distributions corresponding to 6Li, α, and d [shown in panels
(c) and (d)].

At E∗ ≈ 30 MeV, the projectilelike nucleus recoils to back-
ward angles associated with a grazing angle of ≈180◦ in
the laboratory frame, then the folding angles between the
fragments are lower than the compound nuclear fission (CNF)
ones [i.e., the transfer fission events’ θT F

c.m. < 180◦; see panel
(c) of Fig. 1]. On the other hand, at E∗ ≈ 63 MeV, the
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FIG. 2. M-TKEDs of the binary fragments of the reaction 6Li + 232Th at E∗ = 30, 41, 46, and 63 MeV are shown in panels (a)–(d).
Corresponding gated MDs, 〈TKE〉, and the variances of the TKE (σ 2

TKE) are shown in panels (e)–(h), (i)–(l), and (m)–(p), respectively.

projectilelike nucleus recoils in the forward direction (grazing
angle <90◦ in the laboratory frame) and the folding angles
between the fragments are larger than the CNF ones [i.e., the
transfer fission events’ θT F

c.m. > 180◦; see panel (d) of Fig. 1].
The deflection angle and consequently the position of the peak
of α and d in the projection spectra on the θ fold

c.m. axis would
depend on the mass of the particle. At intermediate ener-
gies, the FF folding angle distribution would be intermediate
between those two extremes, having contribution from the
transfer-induced fission events at both forward and backward
angles [15].

The binary products of the reaction with FMT were se-
lected by putting a gate window of 3.5◦ centered at 180◦ in
the FF folding angle distribution. This excludes the asym-
metric mass distribution of region Z at higher energy and
of region X at lower energy. The M-TKED of the primary
binary fragments obtained in this way in the reaction under
investigation at CN excitation energies of ≈30, ≈41, ≈ 46,

and ≈63 MeV, mass distribution (MD) of fission fragments,
average total kinetic energy (〈TKE〉), and the variance of the
TKE distribution (σ 2

TKE) as functions of fragment mass are
shown in Fig. 2. The MDs are normalized to 200% consid-
ering the fact that the CN leads to two fission fragments. Its
clear from Fig. 2 that the MDs are not single Gaussian in
nature. A gradual transition from asymmetric to symmetric
structure can be seen with increasing E∗. Moreover, the multi-
ple humps in the MDs, 〈TKE〉, and σ 2

TKE call for a multimodal
analysis [35,36].

IV. SEARCH FOR THE MULTIMODAL
FISSION IN 6Li + 232Th

A. Calculation of the mass width of the SL mode

The search for the fission modes consists in finding the
mass numbers that contribute to the peaks and valleys of the
mass distribution and how their relative strength changes with
the excitation energy. This search is usually done empirically
and considering each single contribution, shaped according to
a Gaussian curve in the lack of any other information. System-
atics are also used as well as expectations of the liquid drop
(LD) model. This same ansatz is also extended to the TKE
distribution. In this paper, a 2D method is used instead. We
will try to fit the mass and TKE distribution simultaneously in
the same fit, contrarily to what is usually done.

Figure 3 deals with the extraction of the superlong (SL)
mass widths (σm). To gain reliability of the extraction of these
for 6Li + 232Th, first we adopted a procedure to match some
observables for the 6Li + 208Pb reaction having no quasifis-
sion and no transfer induced fission. By adopting the same
procedure and the same code, we extracted several quantities,
among which are the SL mass widths. These quantities, then,
would be assumed as the fixed parameters in the 2D fitting of
the M-TKE distributions.

As the SL mode is due to the macroscopic liquid drop
(LD) part of the potential energy, and is not affected by shell
corrections, its mass widths were obtained from the LD model
(LDM) calculation first, before fitting the 2D M-TKED.
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FIG. 3. Comparison of measured fusion cross sections of
6Li + 208Pb [40,41] and 6Li + 232Th [15,30] with the CCFULL pre-
dictions (dashed orange line) are shown in panels (a) and (e),
respectively. The CCFULL prediction of 6Li + 208Pb is scaled by 0.62.
The total fission cross section of Ref. [30] is scaled by the factors
(σfusion/σfiss) reported in Ref. [15] to obtain the fusion cross section
of 6Li + 232Th. The data of 6,7Li + 238U [16,21] are also shown for
the sake of comparison. The FF angular anisotropy, mass widths,
and TKE widths of 6Li + 208Pb and 6Li + 232Th predicted by LDM
are represented by dotted maroon lines. Measured anisotropies of
6Li + 208Pb, 232Th are taken from Refs. [30,49]. The widths of mass
and TKE of the reaction 4He + 209Bi are taken from Refs. [1,45–48].
The widths of mass and TKE of n + 237Np are taken from [50,51]
(see text).

The mass widths of the SL mode were calculated using the
following equation [37]:

σ 2
m = M2

CNTsaddle

16

[(
d2V

dη2

)
η=0

]−1

+ ∂σ 2
m

∂〈	2〉 〈	
2〉, (1)

where ( d2V
dη2 )η=0 is the stiffness of a nucleus for symmetric

mass division (η = 0) and at zero angular momentum [37].
An example of the application of Eq. (1) is in Fig. 3(c).
Though the sensitivity of the variance to the angular momen-

tum is weak, it was still considered, and the term ∂σ 2
m

∂〈	2〉 was
taken from the theoretical calculation of Ref. [38]. Tsaddle is
the nuclear temperature at the saddle point. The methodology
of calculating Tsaddle can be found elsewhere [2,39].

To check the reliability of the calculated mass widths,
the reaction 6Li + 208Pb, having no transfer induced fission
or quasifission, was taken as a reference. To estimate the

mean square angular momentum 〈	2〉 for the different exci-
tation energies we used the measured fusion cross sections of
6Li + 208Pb [40,41] and 6Li + 232Th [15,30] and the CCFULL

code [42] [dashed orange line in panels (a) and (e), respec-
tively, of Fig. 3]. The CCFULL prediction of 6Li + 208Pb had
to be scaled by 0.62 to match the data. The total fission cross
sections at four energies of 6Li + 232Th from Ref. [30] had to
be scaled by the factors (σfusion/σfiss) reported in Ref. [15] to
obtain the fusion cross section of the same reaction. It can be
seen from Fig. 3(e) that the scaled points of 6Li + 232Th are
nicely matching with the fusion data of 6,7Li + 238U [16,21].
This provided the reliability of the calculation of the SL mass
width.

The Woods-Saxon parametrization of the Akyüz-Winther
potential [43] was used as initial values for the three in-
gredients of the nuclear potential used in CCFULL, viz., the
depth V0, the radius r0 and the diffuseness parameter a. As
CCFULL cannot handle shallow potentials, a deeper potential
was used. In the present scenario V0 = 128.0 MeV, which is in
agreement with the value used previously for the 6Li + 159Tb
reaction in Ref. [44]. The parameters r0 and a were slightly
modified to reproduce the fusion data of 6Li + 232Th prop-
erly. The values of r0 and a used were 1.118 fm and 0.621
fm, respectively, instead of 1.177 fm and 0.620 fm obtained
from the Woods-Saxon parametrization of the Akyüz-Winther
potential. Rotational coupling to the target 232Th (with β2 =
0.248 and β4 = 0.108) was taken into account. Thus, the
mean square angular momenta 〈	2〉 were obtained from the
matched cross sections using CCFULL [42] for both the reac-
tions 6Li + 208Pb and 6Li + 232Th.

The LDM predictions for FF angular anisotropy, mass
width, and TKE width [dotted maroon line in Figs. 3(b)–3(d)]
for the reaction 6Li + 208Pb using a level density parameter
(little a) a = MCN/8.5 could reproduce the measured data
of the same reaction (and of 4He + 209Bi [1,45–48], which
populates a nearby CN 213At). This supports the choice of the
value of the parameter a.

Next, the FF angular anisotropy, mass width, and TKE
width of the reaction 6Li + 232Th were calculated with the
same level density parameter value a = MCN/8.5 [dotted ma-
roon line in Figs. 3(b)–3(h)]. The calculation reproduces the
measured FF angular anisotropy data for 6Li + 232Th [30,49]
and measured SL mass widths (obtained after fitting the mea-
sured MD) and TKE widths of n + 237Np [50,51], which
populates the same CN 238Np. The comparison with two σm

measured in the n + 237Np reaction, referring to the fission
decay of 238Np compound nucleus, provides an indication on
the reliability of the extracted values. The SL mass widths of
6Li + 232Th were kept fixed at these calculated values dur-
ing the 2D fitting of M-TKED. The reaction parameters for
6Li + 232Th are presented in Table I.

B. 2D fitting of M-TKEDs of binary fragments of 6Li + 232Th

It is important to fit both the MD and TKED simultane-
ously [52] to achieve a more accurate estimate of the location
in mass and energy of the fission modes as sometimes fitting
MD and TKED separately leads to results which do not match.
The 2D M-TKEDs were analyzed within the framework of
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TABLE I. The reaction parameters for 6Li + 232Th are presented. The center-of-mass energy (Ec.m.) is the mean energy in the middle of the
target. VB is the calculated capture barrier of Bass [29]. The critical angular momentum for fusion (	fus

crit) derived from the experimental fusion
cross sections [15,30] assuming the sharp cutoff approximation, the maximum angular momentum corresponding to the grazing angle (at the
distance of closest approach) (	graz

max) [31], and the angular momentum for which the fission barrier goes to zero (	B f =0) [32] are mentioned.
ZPZT , χCN, χeff , χm, η, αBG are the charge product, compound nuclear fissility, effective fissility, mean fissility [33], entrance channel mass
asymmetry, and Businaro-Gallone critical mass asymmetry [34], respectively. The experimental TKE widths (σ exp

e ) are also presented.

Elab Ec.m. Ec.m./VB E∗ 	fus
crit 	graz

max 	B f =0 ZPZT χCN χeff χm η αBG σ exp
e

(MeV) (MeV) (MeV) (h̄) (h̄) (h̄) (MeV)

28.5 27.8 0.84 29.9 2 0 12.1 ± 0.08
40.0 39.0 1.18 41.1 16 15 12.7 ± 0.0272 276 0.804 0.263 0.398 0.950 0.88945.0 43.9 1.33 46.0 19 20 13.7 ± 0.04
62.5 60.9 1.84 63.0 28 33 14.3 ± 0.07

MM-RNR model [1] using the following function:

Y (M, TKE) =
∑

i

wi√
2πσ 2

i

exp

(
− (M − 〈Mi〉)2

2σ 2
i

)(
200

TKE

)2

× exp

(
2(dmax,i − dmin,i )

ddec,i
− Li

ddec,i

− (dmax,i − dmin,i )2

Liddec,i

)
, (2)

where

Li = d − dmin,i = ZLZH e2

TKE
− dmin,i

≈ 〈Mi〉(MCN − 〈Mi〉)
( ZCN

MCN

)2
e2

TKE
− dmin,i, (3)

where wi and σi are the weights and the widths of the Gaus-
sians centered at 〈Mi〉’s, corresponding to different fission
modes. MCN is the mass of the fissioning nucleus. The mean
mass of the SL mode and the width of the S1 mode were fixed
at MCN

2 and 3.0 u, respectively, in order to avoid nonphysical
convergence.

The maximum TKE is governed by a cutoff due to the
Q value of the reaction. The TKED is better represented by
a skewed Gaussian distribution. The parameter dmax,i gives
the distance between the fragment charges at the maximum
of the yield distribution, whereas dmin,i is the minimum
distance between the fragment charge centers correspond-
ing to an upper limit of the TKE, and the parameter ddec,i

describes the exponential decrease of the yield with increas-
ing d (the approximated distance between the two fragment
charge centers). ZL (ML), ZH (MH ), and ZCN (MCN) are
the charges (masses) of the light and heavy fragments and
CN, respectively. As charges are not measured, one can as-
sume an unchanged charge density, i.e., ZL/ML ≈ ZH/MH ≈
ZCN/MCN [2].

One fission mode in 2D distribution requires six parame-
ters (wi, σi, 〈Mi〉’s, dmax,i, dmin,i, and ddec,i) to be fitted. The
fits to the data of E∗ = 30, 41, 46, and 63 MeV are shown
in Figs. 4–7, respectively. Three modes (SL, S1, S2) were
necessary to fit the data with good accuracy. The SL mode
is presented by continuous black lines whereas S1, S2 modes

are shown by dashed green and blue lines. The continuous red
lines represent the total fits.

Due to very low yields of very asymmetric (light fragment
mass ≈84) and superasymmetric (light fragment mass ≈70)
regions [53], and to avoid nonphysical convergence, the S3
and SA modes could not be accommodated. This explains the
deviation of the fits from the measured data at higher fragment
mass number. The reduced χ2 (χ̃2) obtained for each fit is
also mentioned in Table II. Moreover, the M-TKEDs at 46
and 63 MeV excitation energies could be fitted only with
two (SL and S2) modes. The contribution of the S1 mode
has already become little (≈2%) at the 41 MeV excitation.
Thus the component required, other than that representing
the SL mode, to fit the M-TKED in the case of the last two
high energies, may represent a superposition of the multiple
asymmetric modes (S1, S2, etc.), leading to an increase in the
〈TKE〉.

The 〈TKE〉’s of SL, S1, and S2 modes (≈166.4, ≈ 191,
and ≈176.6 MeV, respectively) are in agreement with the
values obtained from the multimodal analysis of the SF
of nearby nuclei 236U and 240Pu [1] (see Table II). More-
over, the 〈TKE〉’s and their dispersions σ 2

TKE of the modes
show a trend: 〈TKE〉S1 > 〈TKE〉S2 > 〈TKE〉SL and σ 2

TKE,S1 <

σ 2
TKE,S2 < σ 2

TKE,SL, respectively. These trends agree with the
findings of Refs. [54,55]. For the deformed nucleus at scission
in the SL channel, the distance between the charge centers of
the nascent fission fragments is greater than that for the S2
channel. Consequently, the average TKE of the SL channel is
lower than that of the S2 channel (〈TKE〉SL < 〈TKE〉S2) [1].
This is reflected in the 〈TKE〉 versus fragment mass plot. The
〈TKE〉 is minimum for symmetric and near-symmetric events
[see Figs. 2(i)–2(l)].

C. Asymmetric to symmetric ratio

The ratio of the asymmetric-fission yield (YA) to the
symmetric-fission yield (YS) versus excitation energy (E∗)
according to the decompositions of MD and M-TKED of
6Li + 232Th (in Figs. 4–7), is presented in Fig. 8. The
ratios of n + 237Np [57], 4He + 232Th [58], 16O + 238U [2,39],
18O + 238U [59], and 18O + 208Pb [60] are also presented
for the sake of comparison. It can be seen that the slope
of YA/YS of 6Li + 232Th (slope ≈ −0.07) is similar to that of
18O + 208Pb (slope ≈ −0.05). This nearly linear behavior of
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FIG. 4. (a) 2D fit to the M-TKEDs of 6Li + 232Th at E∗ = 30 MeV. (b) The modes which constitute the 2D fit are shown, along with their
projections to the (c) X axis (fragment mass) and (d) Y axis (TKE), and the mass dependence of (e) the 〈TKE〉 and (f) the σ 2

TKE distributions.
The continuous orange line represents the total fit. The continuous black, dashed green, and dashed blue represent the SL, S1, and S2 modes
respectively, as shown in the legend in panel (d).

FIG. 5. Same as in Fig. 4 but at E∗ = 41 MeV.
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FIG. 6. Same as in Fig. 4 but at E∗ = 46 MeV.

FIG. 7. Same as in Fig. 4 but at E∗ = 63 MeV.
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TABLE II. Results of 2D fitting of the M-TKEDs of 6Li + 232Th at four energies. Corresponding E∗’s of the CN are mentioned. Values
labeled with † were kept fixed during the fitting. The reduced χ2 (χ̃ 2) for each fit is mentioned. The average kinetic energy release in fission
(〈TKEfiss〉) for this reaction obtained from Viola systematics (TKEViola) [28,56] and the prescription of Denisov et al. [63] are also mentioned.
The 〈MH 〉 and 〈TKE〉 values of the fission modes of SF of 236U and 240Pu (from Ref. [1]) are also given in the last four columns for the sake of
comparison.

E∗ χ̃ 2 Modes Y 〈Mi〉 σm 〈TKE〉 〈TKEfiss〉 σTKE 〈MH 〉236U
SF 〈MH 〉240Pu

SF 〈TKE〉236U
SF 〈TKE〉240Pu

SF

(MeV) (%) (u) (u) (MeV) (MeV) (MeV) (u) [1] (u) [1] (MeV) [1] (MeV) [1]

30 1.3 SL 28.9 ± 0.3 119.0† 12.31† 164.6 ± 0.20 11.8 ± 0.14
S1 4.80 ± 0.2 134.4 ± 0.11 3.0† 190.1 ± 0.30 7.4 ± 0.21
S2 66.3 ± 0.5 141.5 ± 0.07 7.3 ± 0.04 172.1 ± 0.11 10.4 ± 0.08

171.7
41 2.9 SL 45.3 ± 0.1 119.0† 13.14† 165.8 ± 0.05 [28] 12.3 ± 0.03

S1 2.2 ± 0.03 134.0† 3.0† 191.8 ± 0.13 8.2 ± 0.09
173.2 ± 3.04

S2 52.5 ± 0.1 140.0† 8.3 ± 0.01 173.4 ± 0.04 [56] 11.3 ± 0.03 118.0 − 157.0 −
46 2.8 SL 53.8 ± 0.1 119.0† 13.45† 166.6 ± 0.06 12.6 ± 0.05 134.0 134.0 187.0 192.0

S1 0.0† − − − 166.7 − 141.0 140.0 167.0 175.0
S2 46.2 ± 0.1 138.3 ± 0.02 8.3 ± 0.01 177.2 ± 0.07 [63] 12.3 ± 0.05

63 2.5 SL 81.6 ± 0.2 119.0† 14.34† 168.5 ± 0.11 13.5 ± 0.08
S1 0.0† − − − −
S2 18.4 ± 0.2 136.2 ± 0.08 8.03 ± 0.06 183.57 ± 0.20 11.9 ± 0.14

YA/YS in the measured energy range (on a logarithmic scale)
indicates that the shell effects are damped exponentially with
increasing excitation energy.

V. DISCUSSIONS AND CONCLUSIONS

The M-TKED of fission fragments of the reaction
6Li + 232Th at excitation energies E∗ = 30, 41, 46, and 63
MeV have been analyzed with a 2D ansatz based on the
multimodal random neck rupture model. The 〈TKE〉 is found
to follow the same trend observed by Brosa et al. [1] in neigh-
boring nuclei 236U and 240Pu. The fission channel probabilities
and the characteristics of different modes are obtained and

0 20 40 60 80
E* (MeV)

10
-3

10
-2

10
-1

10
0

10
1

10
2

Y
A

/Y
S

6
Li+

232
Th⇒238

Np (Present work)

n+
237

Np⇒238
Np (Hambsch et al.)

4
He+

232
Th⇒236

U (Dey et al.)
16

O+
238

U⇒254
Fm (Banerjee et al.)

18
O+

238
U⇒256

Fm (Pal et al.)
18

O+
208

Pb⇒226
Th (Rusanov et al.)

FIG. 8. Ratio of the asymmetric-fission yield (YA) to the
symmetric-fission yield (YS) versus excitation energy (E∗) according
to the decompositions of 2D M-TKED of 6Li + 232Th in Figs. 4–7.
The ratios of n + 237Np [57], 4He + 232Th [58], 16O + 238U [2,39],
18O + 238U [59], and 18O + 208Pb [60] are also presented.

discussed in detail. It should be mentioned here that these
probabilities may vary with the initial condition imposed dur-
ing the fitting procedure but with no or little change in the
mean mass and TKE of different fission modes.

The average kinetic energy release in fission obtained
from the Viola systematic (TKEViola = 173.2 ± 3.04 MeV
[56]) matches with that of the Standard 2 mode 〈TKE〉S2

(≈176.6 MeV). This is in agreement with the findings of
Refs. [2,61,62]. TKEViola does not match with the 〈TKE〉 of
the broad symmetric SL mode (≈166.4 MeV). But, the most
probable kinetic energy obtained from the prescription of
Denisov et al. [63] (≈166.7 MeV) matches well with the value
obtained in the present analysis for the SL mode. It should be
noted here that in the systematic of Viola no dependence on
the excitation energy of the fissioning nucleus is taken into
account. At the ground state the S2 channel overpowers the SL
channel. With increasing excitation the contribution from SL
increases, and asymmetric fission decreases with the fading
out of shell effects. Thus the total kinetic energy associated
with asymmetric fission decreases with increasing excitation
[2,51,63–67].

The 2D fitting method allows one to highlight the
correlation between the fission modes in mass space with
the fission mode in TKE space. The most important result of
this application is summarized in Fig. 9. At every excitation
energy, we notice that there is a transition from the S2 mode
(more compact) to SL mode (more deformed) when fission
becomes more asymmetric. In other words, in order for the
nucleus to fission symmetrically, the fission point shape must
be more deformed than in the case of asymmetric fission.
This is an interesting clue that is substantially independent
of the method used for fitting and possible biases due to the
initial conditions. With increasing deformation at scission,
the distance between the charge centers of the nascent
fission fragments increases, which consequently provokes the
decrease of the associated 〈TKE〉. The two-dimensional fit
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FIG. 9. 〈TKE〉’s against the mass of the binary fragments of the reaction 6Li + 232Th at E∗ = 30, 41, 46, and 63 MeV are shown in panels
(a)–(d). The color scheme for different fission modes is same as in Fig. 4–7 and is shown in the legend in panel (a).

highlights the dependence of TKE on mass and deformation
of the fragments at the scission point. From Fig. 9 (which is
a compilation of the 〈TKE〉 versus fragment mass plots from
Figs. 4–7), it can be seen that in the symmetric mass region
(≈120) 〈TKE〉SL is the one which is contributing most to the
total 〈TKE〉. In other words, SL is the most probable mode
for fission in the symmetric region. There is no presence of
SS mode in this reaction. From the fragment mass ≈140,
S2 becomes the most probable mode for fission. There is
a gradual transition from lower 〈TKE〉 at fragment mass
≈120 to higher 〈TKE〉 at mass ≈140. As mentioned earlier,
the component required other than the SL mode to fit the
M-TKED in the case of last two high energies may represent
a superposition of the multiple asymmetric modes (S1, S2,
etc.), leading to an increase in the 〈TKE〉.

The slope of asymmetric to symmetric fission yields (when
plotted against E∗) of 6Li + 232Th in the measured energy
range (slope ≈ −0.07) is found to be similar to that of
previously reported 18O + 208Pb (slope ≈ −0.05). This proves
the absence of asymmetric quasifission in 6Li + 232Th.

Assuming unchanged charge density, the heavy fragments
of S1 and S2 modes are found to peak at Z ≈ 52 and Z ≈
55, respectively, in this work. This is in agreement with the
finding of Böckstiegel et al. [68], where the authors found
those values stable at Z ≈ 53 and Z ≈ 55, respectively, after
systematically investigating the characteristics of multimodal
fission of 15 nuclei around 226Th. The measurement of the
atomic number of the fission fragments would aid in deeper
understanding.
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