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Background: The excitation energy dependence of the fission fragment mass distributions for heavy ion-induced
reactions on preactinides targets well above the Coulomb barrier energies has received limited attention due to
the lack of data. An extensive study is required to understand the reaction mechanism at high excitation energy
as it bridges our understanding of the mechanism of fission and noncompound nuclear reactions.

Purpose: The purpose was to understand the fusion-fission dynamics well above the Coulomb barrier energies,
particularly to address if the theoretical models that are valid near the Coulomb barrier can explain the fission
data at high excitation energies.

Methods: In the experiment, a pulsed heavy-ion beam from the cyclotron was utilized, and the resulting binary
fragments were detected using two position-sensitive multiwire proportional counters. By analyzing the time-of-
flight differences and position information (8, ¢) of the binary fragments, mass distributions were obtained for
the reactions '°0 + '81Ta, 7 Au, 2%T1, and ***Pb.

Results: The variance of the fission fragment mass distributions exhibits a smooth increase with excitation
energy, although values are smaller compared to the predicted values of the semiempirical calculation GEF. The
measured variation of the variance of the mass distribution with the fissility showed an exponential increase. The
contribution of fast fission have been identified at high energies with mass asymmetry value ~ 0.22.
Conclusion: Our systematic measurements over a wide range of excitation energy and target mass indicate that
the fission fragment mass distributions are consistent with statistical models up to ~2 times the Coulomb barrier
energies for the pre-actinides target nuclei when bombarded with '°Q. The result provides benchmark data to
test the new reaction models at high excitation energies.

DOI: 10.1103/PhysRevC.109.064620

I. INTRODUCTION

The growing worldwide interest in the study of the nuclear
fission process and fission products is due to the importance
in several applications, such as the transmutation of waste
produced in nuclear reactors, medicine, and network calcula-
tions in astrophysics. The fission fragment mass distributions
provide fundamental information for the development of new
generation reactors as well as for understanding the material
damage produced by the radiation of the reactor fuel. Fission-
fragment mass distributions, however, remain the key probe to
study the fission mechanism, allowing the basic study of the
dynamical process leading to nuclear fission [1-4].

For the spontaneous fission or fission at low excitation
energies, fission fragment mass distributions are manifested
by shell effects [5,6]. Indeed, the fission process is well
described by the statistical model that takes into account
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the collective effects of nuclear deformation during fission
through a liquid-drop model, and includes single-particle ef-
fects through microscopic shell-model corrections [7-9]. The
microscopic corrections actually create fission valleys in the
potential energy surface and each of these valleys correspond
to different fission modes. With the increase in excitation ener-
gies, the role of microscopic effects diminishes, and the fission
can be described by the liquid drop model (LDM). Several
statistical [10,11], dynamical [12,13], microscopic [14], din-
uclear system (DNS) [15,16], and semiempirical calculations
[17] have been developed to produce fission-related nuclear
data that are important for basic and applied nuclear physics.
However, until now, such calculations were limited to lower
excitation energy (<100 MeV) and angular momentum, and
there exist only a few measurements at high energies [18-26]
although seminal experimental studies were carried out near
the Coulomb barrier energies by Itkis et al. [27-29]. The ne-
cessity of precise measurement at wide excitation energies and
wide range of compound nuclei has been pointed out [35] for
the robust interpretation of the evolution of a nucleus from the
compact configuration into two fragments in a complicated
multidimensional potential energy surface.

One of the reasons that the data on the systematic mea-
surements of pure fission fragment mass distributions at high

©2024 American Physical Society
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TABLE 1. The entrance channel properties of the reactions '°0 + "1Ta, 1°0Q + 7 Au, '°0 + 2°T1, and '°0 + *Pb are presented. The
laboratory beam energy Ej,,, excitation energy E*, rotational energy E, [30], saddle point temperature 7Tsp, average angular momentum (¢)
[31], squared of average angular momentum (€2, critical angular momentum £, [32,33], the angular momentum at which the fission barrier
disappears £, maximum angular momentum £,,,,, and the fissility of the compound nuclei xcy [34] are tabulated.

Eyap E* E, Tsp (€) ) Ler Ly Linax Xcw
Reaction (MeV) (MeV) MeV) (MeV) (h) (h%) (h) (h) ()
1604181Ta 116 81.7 7.3 0.95 38 1444 54 68 54 0.699
123 88.2 8.4 0.98 41 1681 59 68 61
130 94.6 9.7 1.01 44 1936 62 68 65
135 99.2 10.6 1.04 46 2116 64 68 67
140 103.8 11.5 1.06 48 2304 66 69 70
150 113.0 12.9 1.11 51 2601 69 69 74
155 117.6 13.9 1.13 53 2809 71 69 75
160 122.1 14.4 1.15 54 2916 73 69 76
10+ Au 116 75.0 6.1 0.90 37 1369 53 61 56 0.744
123 81.4 7.1 0.93 40 1600 57 61 61
130 87.9 8.1 0.96 43 1849 61 61 65
135 92.5 8.9 0.98 45 2025 63 61 67
140 97.2 9.7 1.00 47 2209 66 62 70
150 106.4 11.3 1.03 50 2500 69 62 72
155 111.0 12.2 1.05 52 2704 71 62 75
160 115.7 12.6 1.07 54 2916 73 62 78
1604205T] 116 64.5 54 0.96 36 1296 52 58 54 0.750
123 71.0 6.7 0.99 40 1600 57 58 59
130 717.5 7.6 1.03 43 1849 61 58 63
135 82.1 8.4 1.05 45 2025 64 59 66
140 86.8 9.1 1.07 47 2209 66 59 69
150 96.1 10.7 1.10 51 2601 70 59 74
155 100.7 11.5 1.12 53 2809 72 59 76
160 105.3 11.9 1.14 54 2916 74 59 78
160+2%pp 116 61.2 5.3 0.98 36 1296 52 56 53 0.773
123 67.7 6.5 1.01 40 1600 57 56 58
130 74.2 7.5 1.04 43 1849 61 56 63
135 78.9 8.2 1.06 45 2025 64 57 66
140 83.5 8.9 1.08 47 2209 66 57 69
150 92.8 10.4 1.11 51 2601 70 57 74
155 97.4 10.8 1.13 52 2704 72 57 76
160 102.0 11.7 1.14 54 2916 74 57 78

energies is limited is that with growing excitation ener-
gies, several reaction channels open up [36,37]. Apart from
the compound nuclear fission, the reaction products are an
admixture of quasielastics, deep inelastic, fast fission, and
quasifission events. It becomes increasingly complicated to
separate fission events from other reaction products that are
generated in intermediate or high-energy nuclear reactions.
The purpose of our study is to explore the fusion-fission
mass distributions at excitation energies well above the
Coulomb barrier with the view of obtaining a clearer un-
derstanding of the dynamics of the process. In this work, a
systematic investigation was performed on the mass distri-
butions of the fission-like events following reactions of '°Q
beams with targets 181 197 Ay, 2951, and 2% Pb. The reaction
parameters are labeled in Table I. The seminal work by Toke
et al. [21] has established that in heavy systems (e.g, 2T Al
BCa, ®Ti + 28U) deep-inelastic scattering, quasifission, and
compound-nucleus fission may occur simultaneously. How-

ever, for lighter systems, as we have chosen in our work,
the saddle is more elongated than the contact configuration,
ensuring compound-nucleus fusion is likely to result when the
barrier is overcome. The entrance channel charge product is
much lower than the critical value (*1600) to set in quasi-
fission reactions. This provides the unique opportunity for
a comprehensive understanding of fusion-fission process at
higher energies. Our detection system was also tuned to detect
the fission-like fragments while the quasielastics and deep
inelastic events were transparent to the detectors. The analysis
technique presented in the work efficiently separated out the
noncompound (e.g., peripheral reactions like transfer induced
fission, etc.) nuclear (NCN) fission events and considered only
the symmetric fragments different from the projectile and
target masses. Our systematic study for several preactinides
nuclei and the results presented here provide benchmark data
to test the new fission models at beam energies well (2
times) above the Coulomb barrier.

064620-2



FRAGMENT-MASS DISTRIBUTIONS IN ...

PHYSICAL REVIEW C 109, 064620 (2024)

190
> C (a) %0 + "®'Tar (b) %0 + ""Auf(c) %0 + 2°°TI(d) 150 + 2%pp
) — E* = 81.7 MeV[ ~ E* =82.1 MeV[ E* = 83.5 MeV
5 —
= ~ ~ ~ —
e ~ [ B [
S 180 — — —
‘g - - - -
N 175__ [ [ [
< T FEETE FYTTI FYETE FYETE FETT1 FETT] FEPT PR PR FRTTE FTTTE FTRTE FTRTI FTT PR FRTT P PR FTTE FETH FETT1 FRTTI RRTTE RRT1 FRAT1 RAATI AT
Z 10g E A 3 N E
€ S ‘"" 2 S F §3 2 -'A
g 1 s 3 Do - LI E .
S - ° o - . . - . . o g )
S C . . C . % C : ° n . '._
-E 10_1_5 . .0’ E ' 4 E #f ”# E s .
E + - 1} - = S ¢
102TIIIIII|3III?II#IIIIIIIII:Illllllumllmlllilllllll:Illllmtlllllﬁlll IIIIIIIII_IIIIIIf#;IIII IIIII IIIIII

130 140 150 160 170

130140 150160 170

130 140150 160170 130 140 150 160 170 180

Folding angle (deg)

FIG. 1. The representative folding angle distributions of complementary fission fragments for the reactions '°0 + '81Ta, 10 + '”7Au,
160 + 29571, and '*Q + 2Pb at similar excitation energy of ~~81-83 MeV. We use a small rectangle gate at the center of these distributions to
separate out fusion-fission events to calculate the mass distributions. The upper panel shows the (6, ¢) distribution whereas the bottom panel
shows the folding angle distributions for the respective system. The solid red arrows in the folding angle distribution show the peak position

for symmetric distribution according to the Viola’s systematic [39].

II. EXPERIMENTAL DETAILS

The experiment was carried out at the K130 cyclotron
facility at the Variable Energy Cyclotron Centre (VECC)
in Kolkata, India. In the experiment '°0O beam of energies
ranging from 116 to 160 MeV were bombarded on '3!Ta,
197 Au, 205T1, and 2®Pb targets, of thicknesses 2300 ug/cm?,
230 ug/cm?, 300 ug/cm?, and 500 ug/cm?, respectively. The
targets were positioned at an angle of 45° degrees with respect
to the beam axis.

To detect the resulting fission fragments, two position-
sensitive multiwire proportional counters (MWPCs) of dimen-
sion of 20 cm x 6 cm were installed inside a general-purpose
scattering chamber on the two movable arms flanking the
beam axis [38]. One detector was placed at a fixed angle of
90° at a distance of 35.5 cm from the target, while the other
detector, kept at 29.9 cm, was rotated corresponding to the
folding angle during the change in beam energy. The detectors
were operated with isobutane gas at a 3 torr pressure so that
the quasielastic and majority of the deep inelastic particles
may pass through without producing a detectable signal. The
low gas pressure was helpful to ensure that the low mass deep
inelastic events were transparent and the clean identification
of the fusion fission events could be achieved.

Using a VME-based data acquisition system, the position
information (X, Y), energy loss in the detectors, and time of
flight of the binary fragments with respect to the pulsed beam
were recorded event by event. The complementary fragments
masses were determined using the time-of-flight (TOF) differ-
ence method. The X and Y coordinates of the MWPCs were

calibrated using a 2>>Cf source, and the emission angle for
each fragment was calculated using this calibration. Counts
from the Faraday cup were utilized for beam flux monitoring
as well as data normalization. The experimental setup had
a mass resolution (FWHM) of ~5 u. The procedure for the
determination of the fission fragment mass distribution is re-
ported in our earlier reports [38,40-42].

III. RESULTS AND DISCUSSIONS

From the measured time-of-flight difference and position
information, the fission-fragment folding angle and mass dis-
tributions were determined.

A. Folding angle distributions

The fission fragments originating from the complete
fusion-fission events can be separated [43] from the non-
compound nuclear fission (e.g., transfer fission) using the
distributions of polar (/) and azimuthal (¢) angles of
the detected fragments; as well as from the correlation of the
velocities of the fissioning system in the beam direction (Vpara)
and perpendicular to the reaction plane (Vperp). The typical
fission fragment folding angle distributions in the reaction
plane (0) vs. out of the plane (¢) is shown in Figs. 1(a)-1(d)
in the upper panel; the bottom panel of the figure shows
the projections of the folding angles onto the reaction plane.
The peaks of the folding angle distributions are found to be
consistent with the predicted values (as indicated by the solid
red arrow in the bottom panel of Fig. 1) for the complete
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FIG. 2. A representative plot of the correlation of velocity distri-
bution in the parallel and perpendicular to the beam axis. The gate at
the excitation energy E* = 81.4 MeV is shown by the black contour
for the selection of fusion-fission events from inclusive events in the
reaction 1°0 + 7 Au.

momentum transfer of the projectile. The folding angle dis-
tribution with the peak consistent with the calculated value
is indicative of a complete transfer of projectile momentum
and minimal absence of transfer fission events. Nevertheless,
the width of the polar and azimuthal angular correlations are
wider owing to the intricate interplay of fusion-fission reac-
tion kinematics, as well as admixture of fission like events
and the dispersion is also caused by post-scission neutron
emission from the fragments.

A representative correlation plot between parallel and per-
pendicular components of velocity distributions (Vpara, Vperp)
is shown in Fig. 2 at an excitation energy of 81.4 MeV for the
reaction '°0 4 "7Au. A clear distinction between complete
fusion (CF) fission reaction and NCN reaction is not promi-
nent in Figs. 1 and 2. Therefore, we select only the intense
peak at the center that corresponds to the CF events. We used a
narrow gate, as shown by black contours, to select the possible
CF events. It has been checked that a more narrow gate only
reduces the statistics but does not have effect on the mass
distribution width.

B. Mass-TKE distributions

Apart from the folding angle, the mass-total kinetic energy
(M-TKE) distributions provide information about the nature
of the reaction process. In the case of the pure fusion-fission
process, the TKE of fission fragments is independent of CN
excitation energy and follows a relationship on fragment mass
M):

MMcy — M)

TKE(M) =4 x TKEVioIa X )
MCN

; ey

where TKEy;o, is the most probable TKE estimated us-
ing the Viola systematic [39]. Figure 3 shows the M-TKE
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FIG. 3. The variation of average TKE with mass for the reactions
160 4 8ITq, 160 + 97Au, 160 + 25T, and "0 + 2°°Pb obtained
at excitation energy E* ~ 83 MeV. The parabolic dependency de-
scribed in Eq. (1) is represented by the solid red curve.

distributions of the selected (as shown by black boxes in
Figs. 1 and 2) binary fragments produced in the reactions
160 4+ 81T, 160 + 97 Ay, 160 + 295T1, and 160 + 2Pb at
a representative excitation energy of E* ~ 81-83 MeV. The
parabolic variation of average TKE with mass as shown in
Fig. 3, consistent with LDM, also indicates that the selected
events in our analysis follow fusion-fission path up to the
measured excitation energies, and there is no admixture of
noncompound nuclear fission.

C. Mass-angle correlations

At high excitation energies, several noncompound nuclear
processes are expected to contribute to the detected fragments.
Quasifission time scale is believed to be intermediate between
deep-inelastic scattering and fission of the fully equilibrated
compound nucleus. In the case of quasifission reactions, since
the composite system breaks before a full rotation is com-
pleted, there exists a correlation between the mass and angle
of the fragments [2]. In order to check if there are quasifission
events in the detected fragments, the mass-angle correlation
for the reactions '°0 + 8!Ta, 10 + 7 Au, 10 + 2°5T1, and
160 + 298pp obtained at a representative excitation energy of
E* ~ 81-83 MeV is shown in Fig. 4 for the selected events (as
discussed in Figs. 1 and 2) for which mass distributions have
been analyzed. No significant correlation of fragment mass
with angle was observed, indicating the absence of quasifis-
sion events in the selected events of our analysis.

D. Mass distributions

Figure 5 shows the typical mass distributions of fission
fragments for the selected events in the reactions 160 4 18Iy
160 + 197A4, 10 + 20571, and '°0 + 2%8Pb at different
excitation energies well above the Coulomb barrier. The distri-
butions exhibit a symmetrical nature, with peaks located near
half of the combined mass of the target and projectile, i.e.,
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FIG. 4. The mass-angle correlation for the reactions '°0 + '3!Ta,
150 4+ 7Au, 0 + 2%Tl, and 'O + 2%®Pb obtained at similar
excitation energy.

~ Acn/2. The solid (red) line represents a single Gaussian
fit that matches the experimental data well and indicates no
significant inclusion of asymmetric distribution.

In Fig. 6, the variation of standard deviation o,,(x) of the
fitted experimental mass distributions is shown as a function
of excitation energy. For all the reactions '°0Q + 81Ta, 1°0 +
197 Au, 100 + 299T1, and 'O + 2%8Pb, the standard deviation
o,(u) exhibits a smooth increase with excitation energy.

To gain further insights into the nature of the observed
mass distributions, we focus our attention on the width of
these distributions. The width of the mass distribution in the
statistical model of fusion-fission is determined by two fac-
tors: the saddle point temperature (7') and the mean squared
angular momentum (£2) of the fissioning system. The standard
deviation of the mass distribution in the statistical model of
fission can be described by the following expression:

om(u) = vaT + B(&), 2

where o =1/k; k is the stiffness parameter of the nucleus
along the mass-asymmetry, and B is a constant. The calculated
mass width is sensitive to the used temperature. Since the
saddle-to-scission path is short for the nuclei under study [44],
consideration of saddle point temperature is justified. The
temperature is calculated using the relation [10]

Emia — Bf(£) — E,\'?
Tsaddle=< d u ) , 3)

a

where Ejg = E* — Elf’:ft (£) is the excitation energy after sub-
tracting the ¢-dependent rotational energy of the nucleus in
the ground state EZ;"(¢) [30]. The initial excitation energy
E*(= E. . + Q) is the sum of the energy in the center of mass

(E..m.) frame of reference and the Q value for the formation of

the CN. B({) is the £-dependent fission barrier. B;(£) and
ES7(£) were calculated by the rotating finite range model
(RFRM) of Sierk [30]. The average energy removed by the
evaporated neutrons from the CN is denoted by E,,, which was
obtained by the following relation:

E, = (Vpre) X (B + (Ekin)), C))

where B, is the neutron binding energy, (vp.) were calcu-
lated from the systematics [10,45]. (Exin) = 2Tnig is the
average kinetic energy carried away by the neutrons [46].
Thia = ~/Emia/a is the temperature of nuclei at excitation
energy Eniq.- A level density parameter of a = A/8.5 was
used in the calculation [20,22]. The angular momentum ()
of the compound nucleus (CN) was determined using the
CCFULL code [31]. The Woods-Saxon parametrization of
the Akytiz-Winther potential [47] was employed for the three
components of the nuclear potential utilized in CCFULL. These
components include the depth V;, the radius ry, and the dif-
fuseness parameter a.

The calculated value of o,(1) using Eq. (2) with a value
of the inverse stiffness parameter o(= 1/k) = (98.1 £ 15.1)
u?/MeV [44] is shown by the solid red lines in Fig. 6 and
was found to fit the experimental data well for all the sys-
tems in the present measurement. The same value of o were
found to explain the mass distribution data at low excitation
energies [48]. The parameter o characterizes the stiffness of
the nuclear potential and is predicted [49-51] to have de-
pendence upon nuclear temperature and angular momentum.
Our measurement indicate the weak dependence of the inverse
stiffness parameter up to the measured excitation energy range
(=120 MeV).

The calculations have been executed for all the systems
within the energy range under investigation, employing the
semiempirical code GEF [17]. This code has effectively elu-
cidated mass distributions of fission fragments for various
nuclei at lower excitation energies (< 60 MeV) [35]. We
have applied this code to contrast the experimental data from
our present measurements, conducted at higher excitation
energies and angular momentum. As shown in Fig. 6, the
calculation from GEF predict a significantly higher width
compared to the experimental values. This deficiency of the
calculation can probably be attributed to the restrictions of the
model and the parameters of the semiempirical code was not
benched marked at higher excitation energies.

Since the saddle point model calculation explains the data
well but not by GEF, which considers shell corrections at the
saddle, another analysis has been carried out as proposed by
Itkis et al. [24,27-29] where the transitional-state method
with shell correction is utilized in characterizing the mass
distribution. The fragment mass distributions can be expressed
as

We(M)

YM) ~ expd =2 — a2y — WD o
2T T

&)
where « is the stiffness parameter of the liquid-drop model
of the nucleus with respect to mass-asymmetric variations of
the saddle-point shape, T is the temperature of the nucleus
at the saddle point, and U is the energy at saddle. Here,
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FIG. 5. Experimental mass distributions of fission fragments for the four reactions '°0 + '3!Ta, '°0 + 7 Au, '°0Q + 2°T1, and '°0 + 2%*Pb
at different excitation energies. The distributions were fitted by a single Gaussian, shown by full (red) lines.
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A =0.064 MeV~! and 8W; is the shell correction, which is
localized in a rather narrow region M ~ A/2, can be written
as

SWy = SWy(A/2) expl—y (M — A/2)*]. ©6)

Here, y = 0.015-0.02 amu 2, Equation (5) contains two
parts; the first term originates from the liquid drop model,
while the shell correction is taken care by the second term.
The shell correction factor in Eq. (5) is calculated using
Eq. (6), with the value of §W;(A/2) is between +1 to —1.
All the measured mass distributions were fitted with Eq. (5),
and oy, (1) was calculated. While fitting the mass distributions,
the magnitude of the shell effect was found to decrease with
increasing excitation energy, as expected. As can be seen
in Fig. 6 that the variation of o,,(1) with excitation energy
(shown by dot-dashed line) is also consistent with experimen-
tal data.

E. Fissility dependence of mass variance

The variation of the variance of mass distribution (rn%(u)
as a function of fissility has been plotted in Fig. 7 for the
studied reactions at a fixed compound nuclear temperature
1.06 MeV. Apart from our present measurement, data existing
in the literature [42,52] have also been used. The data could
be well fitted by the two-parameter exponential equation as
shown by the dashed line in Fig. 7. The exponential depen-
dence of 0% (u) on fissility also supports the compound nuclear
behavior of the measured reactions. Similar kind of fissility
dependence of mass variance was reported by Sawant et al.
[52] and Oganessian et al. [53] at a saddle point temperature
of 1.5 MeV.

F. Fast fission

Since the measurements were carried out well above the
Coulomb barrier energies, we critically examined the presence

160 (116 MeV) + 197Au

TyTT T o

o
o
L
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=1
T T

1

1

{

1

FIG. 8. A representative correlation plot of the simulated polar
angle distributions of the events produced in the reaction '°Q +
197 Au at the lowest (116 MeV) and highest beam energy (160 MeV)
measured in the experiment. The shaded area indicates that the sym-
metric and asymmetric (up to a ratio of 3 : 1 in mass) fusion-fission
events are expected to be contained in this region. The elastic events
are expected to be in the hatched region, while the less dissipative
events (like deep inelastic collision, fast fission, or quasifission, etc.)
should lie above hatched region. The detector coverage is shown by
the green rectangular box. The measured events are shown by the
black dots.

of any events other than the complete fusion-fission reactions.
The angular correlation between the detected fragments can
also be used as a tool to study the reaction mechanism. The
emission angle of the fragments is influenced by their kinetic
energies and reflected in the actual angular correlations of the
fragments. The kinetic energies of the fragments are decided
by the dissipation of energies during the passage from the
contact configuration to scission.

Figure 8 shows the simulated polar angle correlation of the
typical fusion-fission, deep-inelastic, fast fission, quasifission,
and elastics events at the lowest (116 MeV) and highest (160
MeV) energies of our measurements for the reaction '°Q +
197 Au. The shaded region shows the expected fusion-fission
events following the complete transfer of momentum from the
projectile to the target. The folding angle was calculated for
symmetric and asymmetric (up to a mass ratio of 3 : 1) fission
events using Viola’s systematic [39]. The detected events in
the experiment are shown in the figure by black dots. The
elastic events should lie in the hatched region while the events
originating from the less dissipative events (e.g., deep inelastic
collision, fast fission, or quasifission) are expected to be con-
tained above the hatched region, as indicated in the figure. The
large angular coverage of the detector used in the experiment,
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FIG. 9. Partial capture cross sections as a function of angular
momentum for the '°0 + 7 Au reaction at 116 MeV and 160 MeV.
The critical angular momentum (/.,) and the values of the angular
momentum (/;;) at which fast fission appears at the respective ener-
gies are indicated in the figure.

shown by the solid green rectangular contour, ensured the
detection of all the fission-like fragments. It is interesting to
observe that the data from the reaction at a laboratory energy
of 116 MeV falls well within the region of the predicted
fusion fission events. However, for the Ep ,, = 160 MeV data,
a number of events were observed outside the predicted range
of fusion-fission and lie in the region that corresponds to less
dissipative events (e.g., deep inelastic collision, fast fission,
or quasifission) for which the total kinetic energy of the frag-
ments are different from that following Viola’s systematic.

Figure 9 shows the representative partial capture cross
sections as a function of angular momentum for the '°0 +
197 Au reaction at 116 MeV and 160 MeV. The partial capture
cross sections were calculated within the coupled channels ap-
proach. The critical angular momentum (/) at which fusion
pocket vanishes and the value of the angular momentum (/;;)
at which fission pocket disappears are indicated in the figure.
According to the conventional picture of heavy ion reactions,
compound nuclear reaction occurs for 0 < [ < lyr. Deep
inelastic events are observed for [ > [, and for I > I
fast fission is expected to contribute in the reaction process.
The figure suggests that deep inelastic events may contribute
both at the 116 MeV and 160 MeV energies, but fast fission
will contribute at 160 MeV. As the detectors were operated
at low gas pressure, low mass deep inelastic events were not
observed in the measurements. However, fast fission events
that are similar to fusion fission events in mass could be de-
tected. Quasifission are unlikely for systems under study with
low entrance channel charge product and mainly contribute to
the capture cross section at energies near the Coulomb barrier
[5]. Thus at 116 MeV the observed events are fusion fission
events and there could be the presence of fast fission events at
160 MeV.

To further clarify that the events located outside the fusion-
fission region as indicated in Fig. 8 at 160 MeV are originated
from the fast fission process, we carried out the following

~
g 10 = —_ (a) 160 + 197Au
= 8 N m E =160 MeV
= i 8= ® E, =116 MeV
S 6 .
= ~ o
N’ B i
% 4 N -
>- 2 - —a—+—
L | T
0 @ <
1.5 |- (b)l Difference
- A 1=022 A
1.2 — | |
| |
8 0.9 | |
5 ’ [ ]
5 06 ;
£ |
a 03 l
|
0.0 110 120 130 140 150
Mass (u)

FIG. 10. (a) The fission fragment half-mass distributions at the
lowest (116 MeV) and highest (160 MeV) energies of our mea-
surement for the '°0 + !’ Au reaction. (b) The extracted difference
between the mass distributions are found to peak at the mass asym-
metry n = My — Mp)/(My + M) =~ 0.22.

analysis. In Fig. 10(a) we show the representative plot of
the half-mass distributions for all the events measured in the
100 + 197 Au reaction at 160 MeV and 116 MeV beam energy.
The difference of these distributions, as shown in Fig. 10(b)
indicates an asymmetric component with the mass asymmetry
n=My — Mp)/(Myg + M) =~ 0.22. Previous studies [54]
suggested that this component with the observed mass asym-
metry value is manifested in the fast fission process.

It is known that the width of the mass distribution for
fast fission are wider compared to the fusion fission pro-
cess. In Fig. 11 we show the standard deviation of the mass
distributions for all the measured systems at 160 MeV. The

24 - Elab = 160 MeV

;
Sl o ¢ !

PR

160+181Ta 160+197Au 160+205TI 160+208Pb

FIG. 11. The open symbols shows the standard deviation of the
fragment mass distribution for the less dissipative events and the
solid points are for the events contained in the fusion-fission region
at 160 MeV for the all four reactions studied in this work.
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hollow points indicate the standard deviation of mass dis-
tributions of the events outside the shaded (fusion-fission)
region as shown in the representative Fig. 8 for the '°0 +
197 Au reaction. It can be observed that the observed standard
deviations are significantly higher than the standard deviations
of the fragment mass distributions for the events contained in
the fusion-fission region. The above analysis clearly suggests
the presence of fast fission events at 160 MeV.

IV. SUMMARY AND CONCLUSION

To sum up, we have presented systematic measurements of
fission-fragment mass distributions in the large entrance chan-
nel mass asymmetric reactions '°0 + '3!Ta, 17 Au, 2°T1, and
208ph over a wide energy range, well above the Coulomb bar-
rier, providing insight on the dynamics of the fission process.
The fission fragment mass distributions for all the systems
studied from the carefully selected events, were found to be
predominantly symmetric Gaussian, with peaks located near
half of the combined mass of the target and projectile. The
variance of the mass distributions monotonically increase with
excitation energy, consistent within the framework of statisti-
cal model predictions, though significantly deviate compared
to semiempirical calculation. The variation of average total
kinetic energy with mass showed a parabolic dependence

supporting the liquid drop model behavior in the measured en-
ergy range. The measured variation of the variance of the mass
distribution with the fissility showed an exponential increase
is consistent with liquid drop model behavior. The results
demonstrate that fissioning nucleus distributions are consis-
tent with statistical model predictions for reactions well above
the Coulomb barrier energies. Our measurements indicate the
weak dependence of the inverse stiffness parameter up to
the measured excitation energy range. The analysis has shown
the presence of fast fission events at the higher excitation
energy characterized by a mass asymmetry 0.22. The system-
atic measurement presented in this work for a wide range of
energy and several preactinide target nuclei provides bench-
mark data to test the new reaction models above the Coulomb
barrier energies.
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