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Background: Shell effects have been found to influence both the compound nuclear fission (CNF) and quasifis-
sion processes. Besides quasifission processes, which fission modes remain active at excitation energy (E*) as
high as 56 MeV should be investigated.

Purpose: We investigate the signatures of fission modes in ***Fm populated by '°0Q 4 233U through the mass
distribution (MD) and total kinetic energy distribution (TKED).

Method: The mass—total kinetic energy distributions (M-TKED) of fission fragments of the reaction 0 + 233U
have been measured at two laboratory energies Ej,, = 89 and 101 MeV. The spontaneous fission (SF) of 2*Fm,
one-dimensional (1D) fragment MD, and two-dimensional (2D) M-TKEDs of 'O + 23U have been described
by the multimodal random neck rupture (MM-RNR) model.

Results: Channel probabilities and the characteristics of different fission modes are obtained and discussed in
detail. The enhancement observed in the mass yield (1072 %) in the region 6070 u for the light fragments at
E* =~ 45 MeV goes away at the higher E* ~ 56 MeV. The heavy fragments of S1 and S2 modes are found to
be associated with Z ~ 53 and Z & 56 shells, respectively. The slope of asymmetric to symmetric fission yields
(when plotted against E*) of '°0 + 233U is found to be similar to that of previously reported 0 + 2%Pb.
Conclusions: Analysis of 2D M-TKED data by the MM-RNR model reveals the possible presence of fission
modes in '°0 +2**(U. The liquid-drop-like broad symmetric SL mode is found to peak at a lower energy
than predicted by the Viola systematic, which matches mostly with that of Standard 2 mode. No signature of
asymmetric quasifission is observed. The MD widths show a linear dependence with the measured energies.

DOI: 10.1103/PhysRevC.105.044614

I. INTRODUCTION

Two reacting nuclei after surmounting the interaction (fu-
sion) barrier, i.e., capture, form a composite system, which
can lead to several dissipative processes: fusion, quasifission
[1], and fast fission [2]. A compound nucleus (CN) [3,4]
is formed when two nuclei completely fuse after full mo-
mentum transfer and the composite system equilibrates in all
degrees of freedom. The CN can further yield a cold evap-
oration residue (ER) after emitting high energy statistical y
rays, neutrons, light charged particles, and/or splits (nearly)
symmetrically into two halves (compound nuclear fission =
CNF) under the influence of strong Coulomb repulsion. Un-
like in CNF, in quasifission, the composite system splits
before moving inside the fission saddle point, either without
significant mass transfer (asymmetric quasifission = AQF)
or with significant mass transfer (symmetric quasifission =
SQF). Quasifission occurs on a shorter timescale than fu-
sion but longer timescale than multinucleon transfer processes
(quasielastic and deep inelastic) [5,6]. The AQF is caused by
the influence of proton shells with Z = 28, 82 and neutron
shells with N = 50 and 126; it occurs in less than half a
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rotation of the composite system (sticking time of <10 zs),
as seen in mass-angle correlation, and resides at the lower
end of the total kinetic energy distribution (TKED) as the
asymmetric fragments have lower TKE than the symmetric
ones [7]. The SQF [8-10] occurs in a sticking time greater
than that required for the system to undergo one rotation [11].
It is mainly evident from the deviation of measured fission
fragment angular anisotropy (FFAA) from the (saddle-point)
transition state model (TSM) [12] calculations for CNF [8,13].
It resides at the higher side of the TKED due to not having
complete dissipation of the entrance channel TKE [7]. It is
determined by the shells with Z = 50 and N = 82 [7]. Both
the SQF and CNF can lead to the formation of symmetric
fragments. Often the separation of SQF from the CNF is
fraught with difficulties. While with increasing the projectile
mass Mp (or charge) and consequently the increasing angular
momenta brought in, the fusion barrier increases, and both
the fission and quasifission barriers decrease [14]. Fast fission
occurs at high angular momentum where there is no fission
barrier.

A CN may also choose among various paths to disin-
tegration upon leaving the compound state. Brosa et al.
[15] developed a model that can decompose the mass
distributions (MDs) and mass—total kinetic energy distribu-
tions (M-TKEDs) into different fission modes, namely, one
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symmetric “superlong” (SL) or “supershort” (SS) mode and
four asymmetric modes: “Standard 1” (S1), “Standard 2”
(S2), “Standard 3” (S3), and superasymmetric (SA). Nuclei
in the region >>Ra—??% Ac exhibit two fission modes, namely
symmetric and asymmetric, with a predominance of the asym-
metric fission mode in the case of energies near the barrier
[16-18]. The (TKE) of this asymmetric mode is 10 MeV
higher than that of the symmetric mode. For the nuclei with
mass ~220, three fission modes were observed [19]. The
asymmetric component here consists of two standard modes
with average masses ({(M;)) of =132 and ~139 with (TKE)’s
near X178 and ~168, respectively. In the nuclei near the line
of 3 stability in SF or low-energy induced fission and the
nuclei in the actinide region (mostly below Fm), the heavy
fragments are emitted predominantly with a mass Ay & 140
[20], and the distributions can show multimodal structures
[21-25]. The SF MDs of the Fm isotopes show a marked
transition from asymmetric (double humped) to symmetric
(single humped) as the mass number increases from 254 to
258 [26-29], along with a correlated increase in the fragment
TKE by ~35 MeV [30]. The transition of the asymmetric to
symmetric mode has been found to be due to the fact that the
symmetric mode makes a sudden transition from SL to SS
fission mode around 23*Es, as found recently by Usang et al.
using a four-dimensional (4D) Langevin calculation [31]. This
transition from SL to SS was observed earlier by Brosa et al.
[15]. Thus, not only the fissioning nuclei of or near mass 254
in this transition region need special attention, but also how
the probabilities of fission and quasifission processes would
change in heavy ion induced fission are yet to be explored.

Though the possibility of the fission asymmetry of the
preactinides had been predicted in the 1970s [32,33], it took a
decade to substantiate this prediction experimentally [34-36].
The search for SA fission has been receiving increasing
interest due to its possibility of producing exotic neutron
rich nuclei [37]. Recently, the superasymmetric mode due
to the influence of doubly-magic Ca (Z =20, N = 28) and
doubly-magic Pb (Z = 82, N = 126) has been observed at
mass yield levels of 1073 % and 107> %, in the fission of ex-
cited CN 2%°No, populated by the reactions '>C + ***Cm and
22Ne + 238U, respectively [38,39]. Lustig et al. [40] predicted
SA fission modes in >>*Fm(n, f) and in the SF of »*Fm.
Should there be any trace of such SA fission at higher excitation
of ®*Fm populated by a heavy ion?

The analyses of multimodal fission using both the 1D MD
and 2D M-TKED in heavy ion induced reactions are scarce.
The main interest of this work is searching for the possible
fission modes in the reaction 10 + 23¥U. As it populates the
CN 2*Fm with mass 254 which falls in the aforementioned
transition region, the reaction '°0 + 2**U makes it a nice
candidate for testing. This work would then further aid in
searching for quasifission modes in such reactions in future.

The experimental details are described in Sec. II. The
M-TKEDs are presented in Sec. III. The possible presence
of multimodal fission is investigated using the multimodal
random neck rupture (MM-RNR) model [15] in Sec. IV
and the widths of measured and calculated MDs are com-
pared in Sec. V, followed by a discussion and conclusions
in Sec. VL.

II. EXPERIMENTAL DETAILS

The measurements were carried out using the double-arm
time-of-flight (TOF) spectrometer CORSET [41] at the Flerov
Laboratory of Nuclear Reactions (Dubna, Russia). A beam of
160 was used from the U400M cyclotron with Ej, = 89 and
101 MeV. The energy resolution of the beam was ~1%. A
150 wg/cm? thick target of 2*8U sandwiched between 40
ug/cm? thick carbon backing and 10 pug/cm? thick carbon
capping was used. The target was placed at the center of
the reaction chamber, at an angle of 45° with respect to
the beam direction. Each arm of CORSET contains a start
and a position-sensitive stop detector based on microchan-
nel plates (MCPs). The carbon foils on the start detectors
were of thickness ~70 pg/cm?. The start and stop detectors
were placed at distances of 5 and 28.4 cm from the target,
respectively. The spectrometer arms were kept at angles of
+78° with respect to the beam direction. The position resolu-
tion of the stop detectors was 0.3°. The angular acceptance
of each arm was 10° in the reaction plane and 8° outside
the plane. The solid angle of each spectrometer arm was
~200 msr. The time resolution, determined using a 226Ra
alpha-particle source, was 180 ps. The uncertainty of energy
losses of the fission fragments in the target, the backing
material, and the converting foils of start detectors and the
characteristics of the CORSET spectrometer provide the mass
resolution of &2 u. The systematic error in measuring energy
was estimated to be =5 MeV. The times of flight for both
the fragments were measured, which allowed us to determine
the velocities. The mass and energy values of the fragments
were then determined from the measured velocities with the
double-velocity method. The use of detectors based on mi-
crochannel plates (MCPs) (time resolution *~180-200 ps)
offered a good mass and energy resolution.

III. M-TKED OF FISSION FRAGMENTS OF 60 + 3¢

Assuming standard two-body kinematics, the experimental
data were processed. With the assumption that the mass of the
composite system is equal to the sum of the masses of target
and projectile, the primary velocities, masses, energies, and
angles in the center-of-mass frame of the reaction products
were calculated from the measured velocities and angles in the
laboratory frame using the momentum and mass conservation
laws. Neutron evaporation before scission was not taken into
account. Considering the fact that even at the highest reaction
energies not more than four neutrons could be emitted and the
resolution of the spectrometer being 2—3 u, the neutron emis-
sion is not expected to put visible effects on the M-TKEDs.

In reactions with such actinide targets, transfer induced
fission also occurs, but at different folding angles. The bi-
nary products of the reaction were selected by putting a
circular gate of radius 5°around 180° in the fission-fragment-
folding-angle distributions [FFFADs) in the center-of-mass
frame (reaction plane (6., ) versus out of reaction plane
(¢¢.m.)]- This contour corresponds to the momentum transfer
of more than 90% [41,42] and helps to avoiding large angular
deviations due to post-scission neutron emissions from the
fragments which can wash out the kinematic correlations of
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FIG. 1. M-TKEDs of the reaction '°Q + 2*®U at two E*’s (a)
45 MeV and (e) 56 MeV. The events inside the black gates are
processed to obtain distributions in the next panels. Corresponding
MDs are fitted with single Gaussians (magenta curves) of fixed width
and shown in panels (b) and (f), respectively. The green dashed
line in panel (b) is the theoretical calculation [40] for the reaction
23Fm(n, f) populating the same CN *>*Fm. Corresponding (TKE)’s
are shown in panels (c) and (g) whereas the variances of the TKEDs
(U%KE) are shown in panels (d) and (h), respectively. The continuous
red curves in panels (c¢) and (g) represent the parabolic approximation
to the symmetric component.

the complementary fission fragments. This allows a reliable
determination of the M-TKEDs of binary reaction products.

M-TKEDs of the primary binary fragments obtained in
the reaction under investigation at CN E*’s of 45 and
56 MeV, MD of fission fragments, (TKE), and the variance
of the TKED (0'g;) as functions of fragment mass are shown
in Fig. 1. 2D matrices of M-TKEDs of fission fragments
are presented in the upper panels [(a) and (e)] of the figure.
The events within the black gate shown in those panels are
processed to generate the MDs, (TKE), and UTZKE, which are
shown in the consecutive panels.

The MDs are normalized to 200%. The experimental MDs
were fitted first with single Gaussians without fixing any pa-
rameter and the obtained x’s per degree of freedom of the fits
were 6.83 and 6.97, respectively. Fixing the width parameters
to the widths based on the liquid drop model (LDM) resulted
in worsening of the fits with x?’s per degree of freedom 9.81
and 9.49, respectively. The continuous magenta lines are the
fits after fixing the width parameter. The green dashed line in
panel (b) is the theoretical calculation of static fission mass
yields using a liquid-drop-model fission path and the two-
center shell model by the Greiner group [40] for the reaction
23Fm(n, f) populating the same CN 2*Fm at E* ~ 6.5 MeV.
An increase in the mass yield (1072 %) in the SA mass
region was obtained from the calculation. In the framework

of the LDM, the (TKE) has a parabolic dependence on the
fragment mass and practically does not depend on the E* and
angular momentum of the CN [43]:

MMcy — M)

TKE(M) = 4 x TKEvjola 2
MCN

, ey
where M is a fragment mass and TKEy;,, is the most probable
TKE estimated using the Viola systematics [44]. As can be
seen from Fig. 1, such behavior of TKE is confirmed by
experimental data. The continuous red lines are parabolas with
(TKE) fixed at 191.3 MeV (TKEy;o1.) [44]. The deviation of
the (TKE) data from the LDM expectation can be seen in the
asymmetric mass regions (e.g., heavy mass range 160-190).
The curve 03y, has humps in the symmetric region as well as
in the asymmetric regions (e.g., heavy mass range 160-190)
which confirms the co-existence of several other channels
in these regions. These point towards the presence of other
modes and call for a multicomponent analysis indicating the
effects of shell closures.

To know whether this reaction has pure CNF with multi-
modal structures or a combination of CNF and quasifission
(AQF and/or SQF), first the presence of multimodal fission
was investigated, followed by an attempt to look for quasifis-
sion.

IV. SEARCH FOR THE MULTIMODAL
FISSION IN 160 +238y

Characteristics of independent fission modes are generally
derived from the multicomponent analysis of fission fragment
MD, TKE, or M-TKED. These can be described by the super-
position of multi-Gaussians corresponding to different fission
modes prescribed by Brosa er al. [15] (e.g., SS, SL, S1, S2,
S3, and SA). The SF MD of 2>2Cf have all these except the
SS mode [15,45,46]. Though in most cases, MDs could be
described by three main components (SI, S1, and S2), the S3
mode was also accommodated in some works [21,45-48] The
presence of SA mode in heavy nuclei can also be found in the
literature [35,38,39,49].

The SL mode is a symmetric peak, which would be situated
at A% It is mainly defined by the macroscopic liquid drop
(LD) part of the potential energy, and only slightly distorted
by shell corrections. This mode is characterized by strongly
elongated scission shapes of fissioning nuclei. Both the frag-
ments formed in the SL mode are prolate. The symmetric
mode at A% makes a sudden transition from SL to SS fission

mode around >*Es [31]. However, this SS mode becomes
prominent from the mass region ~258 [31,40]. Here both the
fragments are oblate. If present at all, this mode would be
too weak in the mass region of the present work and in such
excitations [13] to change the final interpretations.

S1, S2, S3, and SA modes are asymmetric modes and
would be situated on either side of the symmetric peak. The
positions of these modes are determined by shell effects. The
S1 mode is due to the formation of spherical heavy fragments
close to proton number (Z) = 50 and neutron number (N) =
82 and mass number ((My)) ~132. But generally the heavy
peak of this mode is situated near mass number *135. This is
usually interpreted as joining of 2—3 nucleons from a neck to a
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FIG. 2. 1D fitting to the SF (a) MD [52], (b) TKED [29], and (c) (TKE)’s [29,52] of the 2%*Fm nucleus. The solid black circles are from
Ref. [52], and the solid black squares are from Ref. [29]. Different Gaussians representing different fission modes are shown by different colors
which are listed in the top. The total fits are represented by the continuous orange curves.

heavy prefragment with nucleonic composition that is as close
as possible to doubly-magic '*>Sn [48]. The predominant S2
mode comes around My =~ 138-143 and is due to the de-
formed shell closure at N & 88 [50]. With the change in mass
of the fissioning nucleus, these peak positions of the heavy
fragments, have been found to be stable [15]. The S3 and
SA modes are the results of the shell closures at N ~ 50 [51]
and Z =~ 28 with corresponding light fragment mass numbers
M;, ~ 84 and M ~ 60-70, respectively.

Before analyzing the MDs and M-TKEDs of 10 + 238y,
the effect of quantum shells on the fission from the ground
state, i.e., SF of 2*Fm, should be investigated, as shell effects
are expected to be the most pronounced at the lowest E*.

A. Spontaneous fission of >**Fm

The shell effects that might influence the MDs at the higher
E*’s relevant to the reaction '°0 + 2*®U populating the CN
23%Fm can be probed by fitting the SF of the same nucleus
24Fm. The data were taken from the literature [29,52]. The
MD data were fitted with the following function [15]:

i M — (M;))?
Y =3 ;)mz X |:eXP (——( 2(7([2 ) >
(M — Mcy + (Mi))z)]

2Gl.2

(@)

+ exp <—

where w; and o; are the weights and the widths of the Gaus-
sians centered at (M;)’s, corresponding to different fission
modes. My is the mass of the fissioning nucleus. Four modes
(SL, S1, S2, S3) were necessary to fit the data with good
accuracy. The SL mode is presented by continuous black lines
whereas S1, S2, and S3 modes are shown by dashed green,
blue, and magenta lines. The continuous red lines represent
the total fits. The mean mass of the SL mode and the width
of the S1 mode were fixed at @ and 3.0 u, respectively, in
order to avoid nonphysical convergence.

The total kinetic energy (TKE) is also an important ob-
served quantity in nuclear fission, from which the information
about the scission configuration can be obtained. As the M-

TKED of SF of 2>*Fm was not available, the TKED data were
fitted separately with the following function [15]:

200 \?
Y (TKE) =Zh,~ x (ﬁ)

(Z(dmax,i - dmin,i) Li
X exp —

ddec,i ddec,i

_ (dmax,i - dmin,i)2 (3)

Liddec,i ’

where
Z1Zye?
L; = d— dmin,i = ’LT;E - dmin,i
2

(M) (Mey — (M) (7%)"¢

~ TKE - - dmin,i' (4)

Here h; is the height of the distribution. The maximum
TKE is governed by a cutoff due to the Q value of the re-
action. The TKED is better represented by a skewed Gaussian
distribution. The parameter d,.; gives distance between the
fragment charges at the maximum of the yield distribution,
whereas dp;, ; is the minimum distance between the fragment
charge centers corresponding to an upper limit of the TKE,
and the parameter dy..; describes the exponential decrease
of the yield with increasing d (the approximated distance
between the two fragment charge centers). Z; (My), Zy (My),
Zcy (Mcy) are the charges (masses) of the light and heavy
fragments and CN, respectively. As charges are not measured,
one can assume an unchanged charge density, i.e., Z; /M ~
Zy /My =~ Zcy /Mcn [53]. The modes present in the MD were
accommodated in the TKE fit with the (M;) fixed at the values
obtained from the fit to the MD of SF.

The results of the fits are shown in Fig. 2 and the fit
parameters are presented in Table I. The S1, S2, and S3 modes
are peaking at mean masses 134.80, 141.95, and 154.92,
respectively, as expected. The observed differences in the
(TKE)’s of these modes actually reflect the differences in the
charge-center distances between the two fragments at scission

044614-4



SEARCH FOR POSSIBLE FISSION MODES AT HIGH ... PHYSICAL REVIEW C 105, 044614 (2022)

TABLE I. Results of the 1D fitting of the MD and TKED of the SF of 24Fm [29,52]. The distributions were fitted separately (see text). The
reduced chi squared (%) of both the fits are given along with the relative yield (Y), average heavy-fragment mass number ({Mpy)), mass width
(om), (TKE), and width of the TKED (o1kg) of the fitted fission modes. Values labeled 1 were kept fixed during the fitting. The (My), oy,
(TKE), and o1k values of the fission modes of SF of 22Cf reported by Brosa et al. [15] are also given in the last four columns, respectively.

(TKE) ome  (Mp)T 0" (TKE)TC olt
32 Mode Y (%) (My) (0) o, (W) (MeV) (MeV) (W [15] (u)[15] (MeV)[15] (MeV)[15]
0.64 (mass fit) SL  1.03e-06 127.0° 8.69 £ 3.55 127.0 11.6 180.0 7.7
1.46 (TKE fit) 0.05 184.11 +23.67 7.87 £ 16.73
(mass fit) S1 428 134.80 = 1.94 3.0° 135.0 32 200.0 7.4
(TKE fit) 6.41 134.80" 21395 +2.53 942 +1.79
(mass fit) S2 90.06 14195 £1.37 7.39 £0.80 143.0 5.0 188.0 8.3
(TKE fit) 88.96 141.957 194.96 + 0.88 12.16 = 0.62
(mass fit) S3 5.67 15492 +4.79 543 +1.48 149.0 7.1 176.0 9.5
(TKE fit) 4.58 154.927 172.53 £3.08 9.69 +2.18

for these modes. The SL mode is characterised by (TKE)
less than that of S1 or S2, which can be understood by a
strong deformation of both fission fragments at the scission
configuration. The large error in the (TKE) of the SL mode
is due to its very low intensity. This is in agreement with
the less/non-presence of the symmetric mode in SF of >*No
reported in Ref. [13]. The asymmetric modes S1 and S2 show
higher (TKE) [15,47,51,54], for having one spherical heavy
fragment and a deformed light fragment in the case of Sl
mode and for two moderately deformed fragments in the case
of S2 mode at the scission configuration. The values of the
(TKE) of SL, S1, S2, and S3 modes agree with the values
obtained from the multimodal analysis of the SF of 2>>Cf [15]
(see Table I).

B. One-dimensional fitting of MD of 1°Q + 233y

The 1D MDs of the reaction under investigation were fitted
with Eq. (2). Here, another SA mode was necessary to fit the
data properly (dashed orange curves in Fig. 3). This mode can
be explained by the influence of Z = 28 shell closure. The
expected LDM mass width [55] served as the initial parameter
for the width of the SL mode. Then the width was fixed at
a value where its contribution is maximized and the data are
reasonably fitted as well. The idea of maximizing the SL. mode
is supported by the expected major contribution of the same
at such high excitation energies. The uncertainty related to the
calculated width of this mode will be discussed in Sec. V.
The width of the S1 mode was fixed at 3.0 u. One thing
to notice here is that the mean mass of the heavy fragment
corresponding to the S3 mode comes out to be 163.61 £ 1.46
after fitting the MD at 45 MeV, whereas, from the fit to the SF
of 2*Fm, it was found to be 154.92 + 4.79. This seems to be
produced by the N ~ 100 deformed neutron shell in the heavy
fragment [34,51]. The considerable shifting of the average
mass in the heavy fragment ((Mp)) of the S3 channel from
148.8 to 158.6 was also observed earlier for fissioning nuclei
going from 2**Pa to 2Bk [56]. The broadening of the MDs
of the standard channels in comparison to the SF distributions
is due to the additional E*’s.

It is well established that with increasing E* the asymmet-
ric modes fade out due to the disappearance of shell effects,
making the decay multimodal to unimodal. Between two main
asymmetric modes, at first the S1 mode disappears, followed
by S2. The asymmetric modes S3 and SA are less intense
[56] and are often not considered in multimodal analysis. At
very high excitation the symmetric part would only be left
and the fission mechanisms would be described solely by the
liquid drop model. This is a signature of the fusion-fission
process.

Here, at the 45 MeV excitation, the contributions of S1, S3,
and SA modes are found to be small: ~0.39%, ~3.38%, and
~0.05%, respectively. And at 56 MeV excitation the contri-
butions of S1 and SA modes had to be fixed at zero, whereas
S3 mode shows a contribution of ~2.12% (see Table II). The
contributions of S1, S3, SA have decreased by 100%, 37%,

18042%8; E*=45 MeV E*=56 MeV
E —total @F ©
Py - i
3.5 2
3.0 2
. 2.5F 3
e 3
% 102_ ...................... E
. 0-5§ ..... 3
1
107'E
1072k
107°F : .
—4 LG | \ \ 1 1L L 1 1 -‘:‘-\ :::\ | | 4 -,
10776080 100120140160180 60 80 100120140160180

fragment mass (u) fragment mass (u)

FIG. 3. 1D fitting to the MDs of the reaction '°0 + 23*U at two
E*’s: (a), (b) 45 MeV, and (c), (d) 56 MeV. The panels (b) and (d) rep-
resent the same results as in panels (a) and (c), respectively, differing
only in the use of logarithmic scale in the Y axis for showing fission
modes with very low yields clearly. Different Gaussians representing
different fission modes are shown by different colors which are listed
in panel (a).
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TABLE II. Results of the 1D fitting of the MDs of *Q+2%U
at two energies. Corresponding E*’s of the CN are given. Values
labeled T were kept fixed during the fitting. The other symbols are
same as those described in Table 1.

E* Y (M;) Om
MeV) %2 Mode (%) (u) (u)
45 082 SL  59.94 127.00" 16.9%
S1 0.39 135.00° 3.0f
S2 3623 143.00 11.69 + 0.66
S3 338 16361 +£146 676074
SA 005  6358+1.03  2.054047
56 062 SL 6627 127.00" 17.61
S1 0.0"
S2 316l 143.00" 12.85 +£0.15
S3 2.12 163.617 7314037
SA 00

and 100%, respectively in going ~10 MeV higher in E*. The
rate of decrease of the S1 channel probability is faster than
others. Thus, this nucleus is an S1 decreaser [57].

C. Two-dimensional fitting of M-TKEDs of 1°Q + 23U

It is important to fit both the MD and TKED simulta-
neously [57] to get a more accurate estimate of the fission
modes, as sometimes fitting 1D MD and TKED separately
lead to results which do not match. The 2D M-TKEDs were
analyzed within the framework of the MM-RNR model [15]

using the following function, which is a combination of
Egs. (2) and (3):

_ w; (M — (M)* ( 200 \*
Y (M, TKE)_Z — exp <— 207 )(TKE>

<2(dmax,i - dmin,i) Li
X exp —
ddec,i ddec,i
_ (dmax,i - dmin,i)2> (5)
Liddec,i '

where the symbols represent the same values as described
before.

One fission mode in 2D distribution requires six parameters
to be fitted. Due to very low yields of very asymmetric and
superasymmetric regions, S3 and SA modes could not be
accommodated. The mean masses of different fission modes
were kept fixed at the values obtained from 1D fitting of MD.
The widths of the SL modes were fixed at the values taken
from the 1D fitting procedure. As done before, the width of
the Gaussian corresponding to S1 mode was fixed at 3.0 u.
As prescribed by earlier works [53,58,59], dmin,; were fixed
at 11.8 fm in order to avoid nonphysical convergence. This
value corresponds to an axis ratio of the deformed nucleus
beyond the second minimum [58,60,61]. Variation of dmin
mainly affects the value of the parameter dgec i, and has no
strong effect on the outcome of the fission mode weights [59].
The fits to the data of E*’s 45 and 56 MeV are shown in Figs. 4
and 5, respectively.

1804+28U: E*=45 MeV

(@) (b)) -

60 80 100120 140 160 180 100 150
fragment mass (u)

fragment mass (u)

@ s C)
- — total 2201
4 —sL
-8t
a-
---s2

Yield (%)

Il

1 . 1 AN 0

i - ~ L
100 150 200 250 140

TKE (MeV)

1 1 1
160 180 140 160 180 200
fragment mass (u)

fragment mass (u)

FIG. 4. (a) 2D fit to the M-TKEDs of '°Q + U at 45 MeV E*. (b) The modes which constitute the 2D fit are shown, along with their
projections to the (c) X axis (fragment mass) and (d) ¥ axis (TKE), and the mass dependence of () the (TKE) and (f) the o2 distributions.

The color code is the same as in Fig. 3.
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160.4+28; E*=56 MeV
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fragment mass (u)
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FIG. 5. Same as in Fig. 4 but at 56 MeV E*.

The increase in the probability of the SL, S1, and S2
modes in comparison to that obtained in the 1D fitting can
be attributed to the noninclusion of other asymmetric modes.
However, in both the 1D and 2D fits, the probability of the
S1 mode is observed to decrease, and that of the SL mode is
observed to increase with E*. The (TKE)’s of SL, S1, and S2
modes (X185, ~200 and ~193, respectively) are in agreement
with the values obtained from the multimodal analysis of the
SF of »*Fm in Sec. IV A and of 22Cf [15] (see Tables I
and III). Moreover, the (TKE)’s and their dispersions o2, of
the modes show a trend: (TKE)g; > (TKE)s> > (TKE)g; and
O%KE’ g1 < J%KE’ o < O%KE’ o1 respectively. These trends agree
with the findings of Refs. [56,62].

Another important thing to observe is that the TKEy;,, for
this reaction (191.3 MeV [44], 195.1 & 3.2 [63]) matches well
with the average TKE of the asymmetric standard S2 mode,
(TKE)s> (193 MeV), not with that of broad symmetric SL
mode (185 MeV).

The ratio of the asymmetric-fission yield (Y4) to the
symmetric-fission yield (Yy) versus excitation energy (E™)
according to the decompositions of MD and M-TKED of
160 + 238y (in Figs. 3-5), is presented in Fig. 6. The ratios
of 80 + 28y [64], *He + 2*2Th [65], and '30 + 2%Pb [66]
are also presented for the sake of comparison. It can be seen
that the slope of Y,/Ys of 160 4+ 238(J is similar to that of
180 + 298pb. This almost linear behavior of Y4/Ys (in the

TABLE III. Results of 2D fitting of the M-TKEDs of '*0+2%U at two energies. Corresponding E*’s of the CN are given. Values labeled
1 were kept fixed during the fitting. The average kinetic energy release in fission for this reaction obtained from Viola systematics (TKEy;o,)
[44,63] is also given. The (Mj) and (TKE) values of the fission modes of SF of >*Fm (from Table I) and >*>Cf (from Ref. [15]) are also given
in the last four columns for the sake of comparison. The other symbols are as described in Table I.

E* Y (M) O (TKE)  TKEyig, OTKE (M) ge B (My)e®" (TKE)gpt™  (TKE) g Cf

(MeV) 5(2 Mode (%) (w) (u) (MeV) (MeV) (MeV) (w) (u) [15] MeV) (MeV) [15]

45 1.01 SL 58.64 127.0% 16.97 185.3 + 0.39 191.3 23.24+0.28 127.0 127.0 184.11 £+ 23.67 180.0
S1  1.29 135.0f 3.0f 199.6 + 1.65 [44] 144+ 1.17 134.80 = 1.94 135.0 213.95+2.53 200.0
S2  40.07 143.0" 12.9 +0.14 192.8 + 0.34 195.1 3.2 16.8 £ 0.24 141.95+ 1.37 143.0 194.96 +0.88 188.0

[63]

56 1.03 SL 69.34 127.0F 17.6" 186.4 + 0.27 23.34+0.19 127.0 127.0 184.11 £ 23.67 180.0
S1 of 134.80 =194 1350 213.95+2.53 200.0
S2  30.66 143.0F 12.9F 194.5 + 0.28 16.3 +0.20 141.95 4+ 1.37 143.0 194.96 4+ 0.88 188.0
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FIG. 6. Ratio of the asymmetric-fission yield Y, to the
symmetric-fission yield Ys vs excitation energy (E*) according to the
decompositions of MD and M-TKED of '°0 + ?*®*U in Figs. 3-5.
The ratios of 30 + 28U [64], “He + **2Th [65], and 30 + 2®Pb
[66] are also presented.

measured energy range) indicates that the shell effects are
damped exponentially with increasing excitation energy.

V. COMPARISON OF MASS WIDTHS

The possibility of fast fission in this reaction at both the
measured energies is ruled out, as the range of partial waves
for fusion at the present energies are well below the angular
momentum (see Table I'V) at which the fission barrier vanishes
(€5,~0) [67].

The measured fission fragment mass distribution widths of
160 + 2387 (or 28U + !9Q) from this work (solid red circles)
and the data taken from literature [1,68—73] are presented in
Fig. 7(c). The experimental mass widths for '°0 + 233U from
different groups show variation of ~2-3 u, which might be
due to different mass resolutions of different experimental
setups. Except for the data from Ref. [71], all other data
of %0 + 23y show mass widths linearly decreasing with
decreasing energy (in the c.m. frame) with respect to the Bass
barrier [74] (E;,n./Vg). The mass widths were then calculated
using the following equation [55] and are shown in Fig. 7(c):

M2, T, d*v g2
2 CN 1saddle m_ 2
— Cn-saddle | [V 02y 6
m 16 |:<dn2 ),7:0] 8(€2)( ) ©

where (£2) are the mean squared angular momenta which were
obtained after matching capture cross sections (from CCFULL
[75]) with the respective experimental data of '°0Q + 2%y
and 28U + '°Q [1,68,76-78] [Fig. 7(b)]. The Woods-Saxon
parametrization of the Akyliz-Winther potential [79] was used
for the three ingredients of the nuclear potential used in CC-
FULL, viz., the depth Vo, the radius ry, and the diffuseness
parameter a. Rotational coupling to the target 2*U and vibra-
tional coupling to the projectile '°0 were taken into account.
The rp and the a were slightly modified to reproduce the
fission data of '°0 + 23U properly. (‘57‘2/),,:0 is the stiffness
of a nucleus for symmetric mass division (n = 0) and at zero
angular momentum, which is taken from the systematics of
Ref. [55]. Though the sensitivity of the variance to the angular
momentum is much weaker, it was considered, and the term
63&’2’2’) was taken from the theoretical calculation of Ref. [80].
Tiadate 1s the nuclear temperature at the saddle point.

The calculated mass width values are very sensitive to
the used temperature (7). Whether the temperature is cal-
culated considering (1) neutrons (v) are not emitted before
reaching the saddle point (T = Tyiq), (2) all the neutrons
(Vpre) for any nucleus are emitted before reaching the saddle
(T = Tyqaie), (3) only a certain number of neutrons is emitted
before reaching the saddle (this depends on the fissility), or
(4) mass distribution is formed at the scission point (Ticission)s
can change the calculated mass widths significantly leading to
different interpretations. Here, the temperature 7 was calcu-
lated assuming that all the neutrons were emitted before the
saddle point (Tgqqie) [19], using the relation

1
Emid —B (Z) - En 2
Toddie = ( ;‘ : €

where Enig = E* — Erg(ft (¢) is the excitation energy after sub-
tracting the £-dependent rotational energy of the nucleus in the
ground state [ES, (€)]. E* = E,,, + Q is the initial excitation
energy. E. . is the energy in the center of mass (c.m.) frame
of reference and Q is the Q value for formation of the CN.
By(£) is the {-dependent fission barrier. By(£) and E;(£)
were calculated by the rotating finite range model (RFRM)
of Sierk [67]. The average energy removed by the evaporated
neutrons from the CN is denoted by E,, which was obtained
by the following relation:

En = (Vpre> X (Bn + <Ekin>)v (8)

TABLE IV. The reaction parameters for '°0+23¥U are presented. The center-of-mass energy (E,,.) is the mean energy in the middle of
the target. Vj is the calculated capture barrier of Bass [74]. Also shown are the critical angular momentum £ for fusion derived from the

crit

experimental fusion cross sections [69] assuming the sharp cutoff approximation, the maximum angular momentum ££7* corresponding to
the grazing angle (at the distance of closest approach) [89], and the angular momentum £z =0 for which the fission barrier goes to zero [67].
ZpZr, XCNs Xeffs Xm» T, and o are the charge product, compound nuclear fissility, effective fissility, mean fissility [90], entrance channel mass
asymmetry, abd Businaro-Gallone critical mass asymmetry [91], respectively. The experimental mass widths (o,>?) are also presented.

E]z\b Ec.m. E* Zg};[ Z%{;)Z( er=0 G,;Xp
MeV)  MeV)  E../Vg MeV) () (D) (m) ZpZr  Xen Xeft Xom n oG (amu)

89 83.39 0.99 45.06 15 13 60 736 0.842 0462 0557 0874 0.903 19.02 £ 0.059
101 94.64 1.12 56.31 33 38 19.16 &+ 0.044
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FIG. 7. The comparison of the fusion cross section of
160 + 2%ph [83] with the calculated capture cross sections from
CCFULL [75] is shown in panel (a). (b) Fission cross section data of
190 4 2387 (and 28U + '°0) [1,68,76-78,82] are compared with
the calculated capture cross sections, and (c) mass width data of
190 + 287 (and 28U + '°0) taken from the Refs. [1,68—-71] along
with the values from the present work (solid red circles) and data
of 1°0 + 2%Pb (and ***Pb + '°0) [84.85] are presented. The LDM
mass widths [55,87] for '°0 + 28U and 'O + 2%Pb are also shown
(see text). The continuous maroon line and the dot-dashed magenta
line are the LDM predictions using the temperature at the sad-
dle point but with level density parameters a = Mcy /8.5 and a =
Mcy /12, respectively. The dotted red line represents the calculation
with scission temperature. The dashed green line for '°0 + *Pb is
the LDM prediction using the temperature at thes saddle point with
level density parameter a = Mcy/8.5. Vp is the calculated capture
barrier of Bass [74].

where B, is the neutron binding energy. (vp) were calculated
from the systematics of Kozulin et al. [55,81]. (Exin) = 2Tmid
is the average kinetic energy carried away by the neutrons
[19]. Thia = ~/Emid/a is the temperature of nuclei at excita-
tion energy Eniq. A level density parameter of a = M¢y /8.5
[68,82] was used in the calculation.

The reaction '°0 + 2**Pb, having no transfer induced
fission or quasifission, was taken as a reference. The (£?)
were obtained matching the measured fusion cross section of
16 4 204pp [83] [Fig. 7(a)]. The LDM predictions [dashed

green line in Fig. 7(c)] of the reaction '°0 + 2**Pb was
first matched with the measured widths of 0 + 2%Pb (and
204pb + 190) [84,85]. This provided the reliability of the
calculation. Next the mass widths of the reaction '°0 + 3%y
were calculated. Larger widths for 10 + 23¥U in comparison
to those of 10 + 2%*Pb at the same E,,, /Vp, are expected
due to larger (£%) and/or excitations in the former and/or
quasifission.

Next, the mass widths of the reaction '°0 + 233U were
calculated with the same a = M¢y/8.5 [continuous maroon
line in Fig. 7(c), curve (i)]. The calculation underestimates the
data. It can be seen that the present data and the data from
Hinde et al. [69] of 0 4+ 238U coincide and are relatively
closer to the calculated values [dot-dashed magenta line in
Fig. 7(c), curve (ii)] only when a = My /12 is used.

Keeping in mind the fact that, for the actinide nuclei, MD
is formed at the scission point [68], the mass widths were also
calculated with the scission point temperature (7icission) USINg
the following formula:

0,2 — 1 8 SESeCflfsslon + 807721 (Z2> (9)
"k Mcn 9(£2) ’
where EST . is the effective E* at the scission point and is
given by
Esecflfssmn E* + stm - TKEViOld E Er(ft Edef’ (10)

where Qgym is the Q value for symmetric fission of the CN.
E} is the rotational energy at the scission point obtained
following Ref. [55], and Eget is the deformation energy at
the scission point which was set to 12 MeV, a value used for
actinide nucleus fission [82,86]. k is the stiffness parameter
for the mass asymmetry degree of freedom and is taken to
be 0.0048 MeV/u?, which was determined from MDs for
the reactions '2C, 1°0 + 2°°Pb [87,88]. The dotted red line in
Fig. 7 (c), curve (iii) represents the calculation with scission
temperature. Again it fails to reproduce the data. Thus, solely
by comparing the experimental MD widths with the calculated
ones, no firm conclusion can be made.

VI. DISCUSSION AND CONCLUSIONS

The M-TKEDs of fission fragments of CN 2>*Fm formed
in the reaction '°0 + 23U have been measured at two lab-
oratory energies, E;,, = 89 and 101 MeV. The 1D MDs and
2D M-TKEDs of the reaction '°Q + 233U are well described
with the aid of the MM-RNR model [15] in this work. The
(TKE) and GTZKE are found to follow the trend observed by
Brosa et al. [15] in a nearby nucleus 232Cf. At an energy close
to the Coulomb barrier (89 MeV), evidence of SA mode with
a yield of 1072 % is found through 1D fits, but for the same to
be observed in the 2D M-TKED may require larger statistics
in that region. This signature of SA fission becomes zero at
the higher E*. Probabilities and characteristics of the fission
modes are obtained and discussed. It should be mentioned
here that these probabilities may vary with the initial condition
imposed during the fitting procedure with no or little change
in the mean mass and TKE of different fission modes. In the
SF-MD and -TKEDs of »*Fm and the distributions of the
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reaction '°0Q + 238U, the high energy symmetric SS mode has
not been observed.

The most probable kinetic energy (TKEvyio, = 191.3
MeV) release in fission (in other words the average of the
(TKE)’s of all the fission modes) is found to be closer to
(TKE)s> (193 MeV), which is similar to the findings of
Refs. [31,92]. TKEvyjo. does not match with the ({TKE)’s of
the broad symmetric SL mode (=185 MeV). This may be due
to the reduction of (TKE) of the fission fragments with the
rising excitation energy, as reported in Refs. [93-97]. We must
mention here that the systematic error in measuring energy
of +5 MeV may add additional uncertainty to the obtained
values.

The effects of shells can be present in both the fragmen-
tation of CNF and quasifission. Then certainly a question
arises: How does one distinguish between multimodal fis-
sion and quasifission? One good thing is that, in fission,
the effects of shells fade away with increasing E*. However,
even at E*’s of 50-60 MeV, asymmetric fission modes were
found to be present [66,98—100]. The signature of AQF on
the MD would be associated with a sharp increase in the
yield of asymmetric fission products in the light fragments
with masses 60 < M < 90 (and complementary heavy frag-
ments), as was observed in **Ca + '%Er, 2%8pp, 365 + 238y,
and Mg + 2*Cm [25,101]. The fission fragment angu-
lar distribution for such a “shoulder” showed a pronounced
forward-backward asymmetry, which is one of the distinctive
features of the quasifission process [102]. Such a prominent,
wide asymmetric shoulder is absent in the present data.

Slightly higher (TKE) in the asymmetric mass region com-
pared to the parabolic dependence expected from the LDM
(see Fig. 1) indicates this enhancement to be linked to shell
effects. Here confusion may arise about the cohabitation of
fission products of SA and S3 modes with the AQF wing in the
same mass window: the 60 < My < 90 (and complementary
heavy fragments) region. Both of these [(SA+S3) and AQF]
disappear toward higher £* without much change in their re-
spective (M) values [103]. How does one distinguish between
the AQF shoulder and very asymmetric fission? Although
mass-angle distribution (MAD) [11] and neutron multiplic-
ity (NM) [71] measurements have disproved the presence of
AQF in this reaction, it is also true that something of much
less intensity cannot be distinguished clearly. If it is coming
from AQF at all, then with increasing excitation the peak
position and the width of this part would increase and drift
toward more symmetric masses, respectively [104]. Further
precise measurements at lower and higher excitations can
resolve this. In reactions with a uranium target, the AQF
peak shifts towards more asymmetric masses with decreas-
ing entrance channel mass asymmetry (1) in the MD. This
trend was found to be similar for reactions populating the

same heavy CN [105] also. In contrast to that, in multimodal
fission, the position of each mode determined by the nuclear
shells is constant for specific CN and only the relative con-
tribution of each mode varies with E* [15]. Moreover, the
similar slope of Y, /Ys of 0 + 23U compared to that of
130 4 2%8Pb in Fig. 6 also proves the absence of asymmetric
events from AQF in 0 + Z3¥(U. Thus, it can be concluded
that within the measured energy range of the present reaction,
AQF is absent.

Assuming unchanged charge density, the heavy fragments
of S1 and S2 modes are found to peak at Z &~ 53 and Z ~
56, respectively, in this work. This is in agreement with the
finding of Bockstiegel ef al. [106], who found those values
stable at Z &~ 53 and Z = 55, respectively, after systematically
investigating the characteristics of multimodal fission of 15
nuclei around *°Th.

The fission fragment MD widths show a linear dependence
with the measured energies. The anomalous FFAA reported
earlier for this reaction [69] in comparison to the LDM pre-
dictions, and the usual, linear behavior of fragment MD width,
at below barrier energies can be explained by simultaneously
considering that the change in the distribution of the orienta-
tion of the nuclear symmetry axis relative to the total angular
momentum at the saddle point does not seem to affect the
mass split, as was concluded in Ref. [70].

Recently, it was shown [9,13] that MD spectra are sensi-
tive to the presence of SQF. Since SQF should occur before
any neutron evaporation, unlike fusion-fission, it is therefore
expected to occur at a higher E*, equivalent to that for first-
chance CNF. Shell effects in the MD spectra should be more
attenuated for SQF than for (multichance) CNF. The presence
of SQF is expected to attenuate structure in the MD result-
ing from shell effects in the nascent fragments, rapidly. Very
recently Simenel et al. [107] found that a few fission modes
can be replaced by quasifission, having been influenced by
similar proton/neutron shell closures. Having done a quantita-
tive analysis of fission multimodes, and with the knowledge of
their corresponding mean masses, widths, and TKE positions,
further work is necessary to look for the interplay among the
fission multimodes and quasifission and to distinguish SQF
and find a connection with the anomalous sub-barrier FFAA
of such reactions.
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