Eur. Phys. J. A (2025) 61:190
https://doi.org/10.1140/epja/s10050-025-01655-w

THE EUROPEAN ®
PHYSICAL JOURNAL A e’

updates

Regular Article - Experimental Physics

Fission product mass distribution studies in >*CI + 170Yb and 3°Cl

+ 1650 reactions

S. Kumar'?, R. Tripathi3, S. Patra'-3, A. Mhatre!, A. Kumar', K. Ramachandran?, T. N. Nag', S. Santra?-

1 Radiochemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, India
2 Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India

3 Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India

Received: 13 March 2025 / Accepted: 30 July 2025
© The Author(s) 2025
Communicated by Silvia Leoni.

Abstract Many studies on the fission fragment mass distri-
bution in the sub-lead and pre-actinide region have proposed
the presence of asymmetric components in this mass region,
primarily due to proton shells corresponding to Z =~ 36, 38.
Present studies have been carried out to investigate the mass
distributions in the 33Cl + '76Yb — 2!!Fr and *3Cl + '%Ho
— 200pg reactions in the mass region around ~ 200, a transi-
tion between the sub-lead and actinide region. Mass distribu-
tion studies have been carried out near the entrance channel
Coulomb barrier using the recoil catcher technique, followed
by off-line y-ray spectrometry of the fission products. The
broad Gaussian nature of the mass distribution in the 3>CI +
176Yb reaction indicates a dominant symmetric fission con-
tribution. The mass distributions for the 3>Cl + 70Yb and
33CI + '6°Ho reactions were found to be in gross agreement
with GEF (Schmidt et al. in Nucl Data Sheets 131:107, 2016;
Schmidt and Jurado in Rep Prog Phys 81:106301, 2018). The
GEF model predicts a dominant symmetric fission contribu-
tion along with the contribution from the asymmetric fission
mode corresponding to Z & 38. The most probable charge,
Zp was varied within a range of & 1.5 units with respect to
that obtained using the unchanged charge density hypothe-
sis to obtain the best agreement with GEF. However, a few
experimental mass yields in the mass regions correspond-
ing to Z =~ 50-52 and Z ~ 54-56 were observed to be still
higher (more than ~ 50%) compared to the GEF predictions.
A similar enhancement observed in the corresponding fission
product yields indicates possible contributions from the con-
ventional asymmetric fission modes, in addition to the shell
corresponding to Z ~ 38.
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1 Introduction

The fission product mass distribution is intimately connected
to the potential energy landscape of the fissioning nucleus.
Subsequent to the observation of asymmetric mass distribu-
tion in the beta delayed fission of '8TI [3], a large number
of studies have been carried out theoretically and experi-
mentally in the pre-actinide as well as sub-lead mass regions
[4-30]. The experimentally observed asymmetric mass dis-
tributions in the pre-actinide region have been explained
based on the states of the fissioning nucleus in the vicinity
of the saddle point [4-6] as well as of pre-formed fragments
near the scission point [7—12]. In the first approach, shell gaps
arising due to the interaction of [30A 2] and [41 A€2] levels of
the fissioning nucleus have been proposed to be the driving
force for the contribution from asymmetric fission [4]. On
the other hand, Wilkins et al. proposed fragment shell effects
near the scission point to be the dominant factor responsible
for the asymmetric fission in very early studies [7]. Recently,
different neutron and proton shells have been proposed in the
octupole deformed fragments near scission [11, 12]. Studies
in the mass region around A & 200 are crucial for observing
the transition from asymmetric fission in the sub-lead region
to that in the actinide region, via the intermediate pre-actinide
mass range. It might be possible to observe the role of the
neutron/proton shells operating in the sub-lead as well as in
the actinide region in the mass distribution of the fissioning
nuclei around A & 200. The low-energy fission studies car-
ried out by Schmidt et al. [13] over a wide range of nuclei
from 203 At to 23*U showed dominant symmetric charge dis-
tributions for lower mass fissioning systems around the lead
region. In contrast, significant contribution from asymmetric
fission was observed in the higher mass region, showing a
transition around 22’ Th. There have been a large number of
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studies in the recent past as well as some early studies span-
ning over a wide mass range around A ~ 176-210 [15-30].
Recently, detailed fission fragment mass distribution studies
have been carried out by Bogachev et al. [27] and Kozulin
et al. [28] covering fissioning systems !78Pt, 180:182.182,190 ¢
and 184192.202pp, Based on these studies, it has been proposed
that the asymmetric components in the multi-modal fission
in this mass region mainly arises due to the proton shells
corresponding to Z ~ 36 and 38 (referred to as Al mode),
45 and 46 (referred to as A2 mode) and 28/50 (referred to
as A3 mode) [27, 28]. The proton shell corresponding to
Z ~ 50, as observed in these studies, can also be related to
the conventional SI asymmetric mode [31]. In the study of
fission fragment mass distributions carried out by Itkis et al.
[15], contributions from conventional SI and SII modes were
observed in the fission fragment mass distributions in the
light fissioning systems 203-207.209; 208.210.212pg and 213 A,
In all these systems, mass distributions were observed to have
a flat-top nature near symmetry, which is now attributed to
the proton shell closure (Z ~ 36-38) [15, 30].'Morfouace
et al. [32] studied the charge distributions of fission frag-
ments for 100 exotic fissioning systems ranging from the
sub-lead to the actinide region. The study demonstrated a
transition to more asymmetric fission as we move towards
neutron-deficient systems. The study highlighted the dom-
inant role of deformed proton shell at Z = 36 of the light
fragment in the fission of sub-lead nuclei [32]. The fission
fragment mass distributions studies for !7¢13Pt at varying
excitation energies by >Duan et al. [33] inferred the role of
the proton shells corresponding to Z = 35 for the light frag-
ments and Z & 43 for the heavy fragments. In this study,
the presence of asymmetric fission mode was observed at
high excitation energies which was attributed to the contri-
bution from higher chance fission with low excitation ener-
gies. Similarly, heavy-ion induced fission mass distributions
for the even-Z fissioning nuclei ranging from '*4Gd to 2!>Th
studied by *Buete et al. [34] attributed the proton shell gaps
at Z = 34, 36 and Z = 44, 46 to be major guide for the fis-
sion mass distributions in the sub-lead region. However, the
study didn’t rule out the contribution from the proton shells
associated with asymmetric modes SI and SII fission [34].
The proton number of fragments can be estimated using the
unchanged charge density (UCD) hypothesis, which assumes
the same N/Z ratio for fragments and the fissioning nucleus
[35]. In a recent study on the fission of !78Hg, it was pointed
out that <N >/Z values may significantly deviate from calcu-
lations based on the UCD hypothesis due to charge polariza-
tion effects. However, the observed deviation for such a light
mass fissioning nucleus was in the opposite direction com-
pared to that observed in the actinide region [26]. Change
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in the direction of the deviation reflects the shift of the Zp
values towards the neutron-deficient region in the light mass
fissioning system. Based on these studies, strong roles of
Z = 28 and Z = 50 shells were also observed in govern-
ing the mass distribution. The study was carried out using
inverse kinematics at VAMOS++ where, mass and charge
identification of one of the fragments were obtained from
time-of-flight (TOF) measurement, while the fission partner
was detected by the second detection (SED) arm consisting
of a position-sensitive MWPC (PS-MWPC) backed with a
Si detector [26]. The information about Z of the fission prod-
ucts (mostly for products with even N and even Z) can also be
obtained using y-y coincidence measurement of the prompt
y-rays emitted near the end of the yrast decay cascade [36,
37]. Also, the information about the proton number of the fis-
sion products can be obtained using radiochemical methods,
which involves irradiation followed by off-line y-ray spec-
trometry of the radioactive fission products. Off-line y-ray
spectrometry is an alternative or complementary approach to
the on-line measurements and has been extensively used in
the recent past [38—44]. In this method, the fission product
of a given mass and proton number can be uniquely identi-
fied by identifying its characteristic decay y-rays as well as
following its half-life.

In the present study, the fission product mass distri-
bution of the 3Cl + 70Yb — 2!Fr reaction has been
measured using off-line y-ray spectrometry at Ejp =
167.1 MeV. Experimentally measured fission product cross-
sections were modified to obtain the corresponding mass
yields using the respective charge distribution parameters.
Results from the 3°Cl + 170Yb — 2!'Fr reaction have been
compared with the results obtained for the 3Cl + 19 Ho —
200pg reaction at 161.7 MeV beam energy from a separate
experiment, to obtain a comprehensive understanding of the
role of different shells in the pre-actinide region. A detailed
comparison of the experimental mass yields with those cal-
culated using the GEF code [1, 2] has been carried out for
both the fissioning systems.

2 Experimental details

The experiments were carried out at the BARC-TIFR
Pelletron-LINAC facility at Tata Institute of Fundamental
Research, Mumbai, India. For the 3Cl + 79Yb reaction, a
self-supporting 70Yb target (Yb target 96.6% enriched in
176D isotope) of thickness ~ 2.2 mg/cm? was mounted on a
target stand. A Pb foil of thickness ~ 17.5 mg/cm? was used as
aforward catcher foil to capture the fission products in the for-
ward direction. The energy of the 33CI beam emerging from
the target was much below the fusion barrier for lead, thereby
avoiding any possibility of fission products from 3>Cl + "Pb
reaction. For the collection of fission products recoiling out
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Pb (17.5 mg/cm?)

35C] beam

176Yb (2.2 mg/cm?)

Al (6.75 mg/cm?) foil mounted
on inner surface of the Al cone.

Fig. 1 Schematic diagram of the irradiation setup for the 3CI + 176Yb
reaction

in the backward direction of the beam, an Al foil of thickness
6.75 mg/cm? was placed on the inner surface of an aluminium
cone as the backward catcher foil. The aluminium cone had
a 5 mm diameter hole at the centre to allow the passage of
the beam. The !7©Yb target was irradiated with a 3CI beam
of energy 167.1 MeV for approximately 63 h. The excitation
energy and the Ecy/Ve value corresponding to the beam
energy were calculated to be 61 MeV and 1.04, respectively,
where Ecy is the beam energy in the centre of mass frame
of reference and Vc is the entrance channel Coulomb bar-
rier. Beam intensity was continuously monitored using flux
mapping [45] at every 30 s during irradiation to account for
the fluctuations, if any, during the irradiation. The schematic
of the experimental setup for the 3>Cl + 70Yb reaction is
shown in Fig. 1.

The target, along with the catcher foils (forward as well
as backward), was mounted on a single perspex plate after
irradiation and was subjected to off-line y-ray spectrometry.
Pre-calibrated high-resolution y-ray spectrometers coupled
to a PC based multi-channel analyzer (MCA) were used to
acquire the y-ray spectra of the fission products. Two high-
purity coaxial germanium (HPGe) detectors with a relative
efficiency of approximately 30% and energy resolution of
1.94 (D1) and 2.01 (D2) keV FWHM at 1332 keV vy-ray
energy of ®°Co were used for the y-ray spectrometry. A stan-
dard P?Eug y-ray source, counted at a distance identical to
that in the case of the sample, was used for the energy and
the absolute efficiency calibration of the HPGe detectors.
The dead time of the HPGe detectors was kept below 1% to
avoid the pile-up effect during the counting of the irradiated
samples. Several y-ray spectra of the fission products were
acquired covering a range of cooling periods from = 10 min
to &~ 70 days. The unambiguous identification of the fis-
sion products was carried out by matching their characteristic
decay y-ray energy, as well as by following their decay pro-
file to ensure half-life matching. The acquired y-ray spectra
at two different cooling times are shown in Fig. 2.

In a separate experiment, a self-standing ' Ho target of
thickness 22 mg/cm? was irradiated with a 33Cl beam of
energy 165.7 MeV for approximately 36 h. As a different
approach, a thick target of '3 Ho was used to avoid the unde-
sired background in the y-ray spectra due to the products

arising from the interaction of the beam with the catcher foil.
However, there would be significant decrease in the energy of
the beam as it traverses through the thick target. The average
beam energy in the target, weighted over the fusion cross-
section, was obtained as 161.7 MeV. The fusion cross-section
was calculated as a function of beam energy using the code
CCFUS [46]. The uncertainty in the average beam energy,
arising due to the energy loss as it passed through the tar-
get, was estimated to be 3.3 MeV. The thickness of the target
effectively contributing to fission was obtained to be approx-
imately 1.3 mg/cm?. Fission products will be preferentially
forward-focused due to the large recoil momentum brought
in by the heavy beam. The 9 Ho target, after irradiation with
the 33ClI beam, was subjected to the off-line y-ray spectrome-
try as discussed above. The excitation energy and the Ecp/V e
value corresponding to the beam energy were calculated to
be 56.4 MeV and 1.03, respectively. The uncertainty in the
excitation energy was calculated to be 2.7 MeV.

To avoid any possibility of wrong assignment due to y-
ray spectral interferences, yields of only those fission prod-
ucts have been included, which satisfy the conditions regard-
ing matching of the characteristic y-ray energy as well as
expected decay profile based on the half-life. Decay data
such as half-lives, y-ray energies, and their abundances for
the fission products identified in the present study are given
in Table 1 [47-49]. A total of 47 and 30 fission products
were identified using their y-rays and half-lives for the 3>ClI
+ 176Yb and 33CI + '%3Ho reactions, respectively.

The acquired y-ray spectra were analyzed using the peak
area analysis software PHAST [50] to obtain the peak areas
corresponding to the characteristic y-rays of the fission prod-
ucts. The y-ray peak areas were used to obtain the ‘end of
irradiation’ activities, A of the fission products at different
cooling times using Eq. (1):

a=pax (<L AT
— x <ﬁ) / [ay &y - [exp (=M - Tepo1)]

. |:(1 —exp(;A-CT))]] M

where, PA denotes the peak area of the characteristic y-ray
of the fission products, CT and LT are the clock time and
live time of the spectra acquisition, respectively, a, is the
abundance (photons/disintegration) of the corresponding y-
ray, &, is the efficiency of the detector for the corresponding
y-ray, A is the decay constant of the fission product, and 7 ¢oo)
is the cooling time from the end of irradiation till the start
of the spectra acquisition. The formation cross-section (o)
of the identified fission products at different cooling times
was obtained from the ‘end of irradiation’ activities using
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the standard activation equation [45]:

A

0= ——y @)
N YL (1 = exp(—2AD)pkexp(=A(Tiy — Ti)

where, N is the number of target atoms per cm?, A is the decay
constant, T';; 1S the duration of irradiation, @ is the number
of beam particles incident per unit time in k™ time interval, Az
is the duration of the time interval, T is the clock time at the
end of k™ interval and M (= Ti/At) is the number of inter-
vals in the irradiation time. Beam intensity was continuously
monitored during irradiation to account for the fluctuations,
if any, during the irradiation. The beam intensity was mea-
sured every 30 s. The average beam intensity was found to be
(2.81 & 1.18) x 10° beam particles/s for the beam energy of
161.7 MeV for the 3>Cl + 170Yb reaction. The large standard
deviation in the beam current is due to the beam intensity
fluctuations as well as breaks during the irradiation, which
is taken care of by the flux mapping. The overall formation
cross-section of a given fission product has been calculated
by error-weighted average of the individual cross-sections
at different cooling times. The uncertainty in the measured
formation cross-section of the fission product includes the
uncertainty associated with the peak area of its characteristic
y-rays. It should be mentioned here that the fission prod-
ucts showing consistency in the formation cross-sections for
about 2-3 half-lives have been used for obtaining the mass
distribution. In the cases where the parent isotope decays to
the daughter isotope, which is in equilibrium with the par-
ent, the individual contribution of parent and daughter in the
overall calculated yield of the daughter isotope was obtained

@ Springer

using the parent-daughter decay-growth equation. Through
this method, the independent cross-section of the daughter
isotope and the cumulative/independent (if no precursor con-
tribution) cross-sections of the parent were obtained. In the
case of more than one radionuclide decaying through the
same y-ray energy (as in the case of '’In¢ and ''7Sb, both
decaying through 158.56 keV energy), peak areas at different
cooling times were fitted using the mixed activity equation to
obtain the individual cross-section of the contributing fission
products. The formation cross-sections of the fission prod-
ucts identified in the 3C1 + 170Yb reaction at 167.1 MeV are
given in Table 2.

Similarly, the y-ray spectra acquired for the 33CI + ' Ho
reaction at 161.7 MeV were analyzed using the software
PHAST [50]. The ‘end of irradiation’ activity of the fission
products at different cooling times identified in the 3Cl +
165Ho reaction was obtained using the peak areas of the cor-
responding y-rays, which was further used to obtain the fis-
sion product yields. Here, the absolute cross-sections could
not be measured due to the loss of fission products in the
backward hemisphere and the use of a thick target. For the
cases where the yields of a fission product were obtained
using more than one y-ray in the 3>Cl + !9 Ho reaction, the
overall yield of the fission product was obtained using the
error-weighted average of the yields. The uncertainty in the
measured yields includes the uncertainty associated with the
peak area of the characteristic y-ray.

The sources of uncertainty in the measured yield of the
fission products arise mainly due to the uncertainty in the
peak areas of the characteristic y-rays of the fission prod-
ucts and the uncertainty in the efficiency calibration. The
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Table 1 The nuclear da.ta usc?d 35014 176y 3501+ 165Ho

for the fission products identified

in the present study [47-49] Nuclide Half-life  By(keV)  Abun. (%)  Nuclide Half-life Ey (keV)  Abun. (%)
Tl zpm 4.137h 386.37 89.0 697pm 13.756 h 438.64 94.85
727n — 72Ga® 46.5h 72 Ga 14.025h 629.97 26.13
72Ga 14.025h  629.97 26.13 T6As 26.24h 559.1 45.0
3Ga 487h 297.32 79.8 82pga 35.284h 554.35 71.7
T4 As 17.78 d 595.83 59 619.11 437
T0As 26.24h 559.1 45.0 698.36 28.4
71Ge 11211 h 264.45 53.3 776.5 83.6
82p;e 35284h 7765 83.6 1044.01 26.9
84Rbe 32.82d 881.60 68.9 1317.49 27.6
86RbE 18.671d 1077 8.64 87ym 13.37h 380.79 78.05
90ym 3.232h 202.53 97.0 90yma 3.232h 202.53 97.0
9lgr —» 9lymb 9.68 h 479.51 90.5
9lym 497min  555.57 95 9lgr — 91ymb 9.68 h
928y 2.61h 1383.93 90 9lym 49.7 min 555.57 95
93y 10.17h 266.9 74 92y 3.54h 934.47 13.9
957r — SNbeb  64.032d 957r > SNbeb  64.032d
95NbE 34991d 7658 99.81 95 NbE 34.991d 765.8 99.81
96Nb 2335h 778.224 96.45 96Nb2 2335h 460.04 26.62
977r — 9TNpe b 16.749 h 568.87 58
97Nbe 721 min  657.94 98.23 1091.35 485
98 Np™ 51.1min  787.363 13.0 1200.23 19.97
99Mo 65.936 h 140.5 89 977r — 9TNbED 16.749 h
18R e 39.247d  497.09 91.0 9TNbE 72.1 min 657.94 98.23
1041¢ 182min 358 89 99Mo — 99Tcm 65.936 h
105Ry 444h 7242 47.8 99Mo 65.936 h 140.54 90.74
105Rpe 35341h  319.23 16.9 101 14.02 min 306.83 89
106gpm 131 min 450.8 242 13Rue 39.247d 497.09 91
107Rn 21.7min  302.77 66 105Ry 4.44h 72421 47.8
11 Agg 7.421d 342.13 6.7 105Rhe 35341 h 319.23 16.9
Hlpgm 5.565h 172.18 46 106gpm a 131 min 429.4 133
127g 3.15h 617.517 43 450.8 24.2
H4m 4951d 190.27 15.56 717.2 28.9
L 54.1 min 1293.56 84.8 748.5 19.3
17gpm 13.94d 158.56 86.4 1046.7 304
118gpm 5.01h 253.678 99 1l ggm 48.5 min 2454 9
119em 4.69d 153.59 66 1125 3.15h 617.52 43
120gpm 5.76d 1023.3 99.4 114[m 4951d 190.27 15.56
121eg 19.17d 573.14 80.4 16yyma 54.1 min 1097.28 58.5
1241 4.1760d  602.73 62.9 1293.56 84.8
125xe 16.962 h 188.418 53.8 H7pge 43.2 min 158.6 87
1261 12.93d 388.633 34.1 17gpm 13.94d 158.6 86.4
127xe 36344d 2028 68.7 H7gpe 2.80h 158.56 85.9
129¢g 32.13h 371.918 30.6 119ema 4.69d 153.59 66
13148 11.52d 216.08 20.4 1212.73 66.1
132¢g 6.480d 667.714 97.59 120gpm a 5.76d 197.3 87
1321 4 458h 464.55 76 1171.7 100
133gam 38.87h 275.92 17.69 129¢¢ 32.13h 411.49 223

41n the case of multiple interference-free y-rays, the average value of the yield was used (see text for details)
bYield determined by fitting the parent-daughter decay growth equation to the decay profile of the daughter
“Yield determined by solving the equation for mixed activity source considering contributions from more than one radionuclide

dData on y-ray energy and abundance, based on Mo — PTcm equilibrium, taken from Ref. [49]

@ Springer



190 Page 6 of 14 Eur. Phys. J. A (2025) 61:190
Table 2 Formation cross-sections of the fission products measured in Table 2 (continued)
the present study in the 3CI + 7°Yb reaction at 167.1 MeV beam
energy S. no. Nuclide Type of yield Cross-section (mb)
S. no. Nuclide Type of yield Cross-section (mb) 35 118gpm 1 1.14 + 0.02
- 36 H9Tem I 0.23 +0.01
1 Zn™ I 0.29 £ 0.04 120
. 37 Sbm I 1.72 £ 0.01
2 Zn C 0.31 £0.11 121
7 38 Te$ CE 1.40 £ 0.02
3 Ga I 0.45+0.14 124
73 39 I I 2.38 £0.02
4 ° Ga C 0.87 + 0.04 125
» 40 Xe CE 0.68 £ 0.02
5 As I 0.31 £ 0.03 2%
7 41 1261 1 1.90 & 0.04
6 As I 0.77 £ 0.03 127
7 42 Xe CE 1.17 £ 0.02
7 Ge C 0.42 £ 0.04 129
& 43 Cs CE 1.02 £ 0.05
8 Br# 1 1.54 £ 0.02 131
o 44 Bat CE 0.52£0.05
9 Rb2 I 0.95 £ 0.03 13
% 45 32Cs I 0.64 £ 0.01
10 RbE I 371 £0.20 132
9% 46 La CE 0.27 £ 0.04
11 Y™ I 2.29 £0.03 3
o1 47 133 Bam I 0.53 4+ 0.07
12 Sr C 2.11+£0.14
13 9lym | 5.66 £+ 0.19 ‘C’” and ‘T’ stand for the cumulative and independent formation cross-
14 92g, c 0.80 + 0.03 sec.tions of th@ fission prod}lcts, respectiyely. ‘CE’ repres.ents the cumu-
0 lative formation cross-section of the fission products having the precur-
15 7Y C 3204032 sor contribution only from the neutron-deficient side of the B-stability
16 Sz C 3.86 +0.10 line. The uncertainty in the cross-section is due to the uncertainty asso-
17 N I 336 + 0.04 cigte{d with the peak area of the characteristic y-rays. /.\dditiona.ll uncer-
0% tainties could be present due to other sources like efficiency calibration,
18 Nb I 4.114+0.03 clock time, decay constant, and y-ray abundances
19 Zr C 1.16 £ 0.05
20 9TNbE I 9.48 +0.27
21 9BNp™ I 2.04 4+ 0.07 feasible, depending on the half-lives of parent and daughter
22 Mo C 6.57 £ 0.01 with respect to the cooling time. In such cases, the quoted
23 103R 8 C 8.24 + 0.03 uncertainty on the fission product yields is due to the fitting
24 1047¢ C 1.03 £0.14 error. . o 35
25 1SRy C 438 4011 176The measured fission prolquct crqss—sectlons 111.1 the.: Cfll +
26 105Rp c 10.55 4 0.18 Yb re.:actlon were norrpa ized us1.ng a norma 1zat10n. ac-
106 tor obtained from the ratio of experimental and GEF yields
27 Rh™ I 3.17 £ 0.18 . . . .
in the symmetric mass region, i.e., 98—106 mass range, for
28 107Rh C 5.19+£0.23 X . . .
comparison. Similarly, the measured fission product yields
29 1 pgm I 0.84 & 0.05 for the 33C1 + 1651 i lized usine the rati
A or the + o reaction were normalized using the ratio
. Ag ¢ Sl of experimental and GEF yields in the 95-99 mass region.
2 . . .. .
31 12Ag C 556 +£0.17 The yields obtained after normalization for both the fission-
32 Hm I 1.69 £0.10 ing systems have been plotted in Fig. 3.
33 H6ppm I 3.16 +0.10
34 17gnm I 3.10 +0.01

attenuation of y-rays may affect the efficiency calibration,
particularly in the case of low-energy y-rays. Uncertainty
due to the other sources, such as clock time, decay constant,
and y-ray abundances would be negligible compared to the
above-mentioned sources. An upper limit of the uncertainty
from sources other than the peak area was estimated to be
around 15%. For the cases where precursor contribution was
present, the decay profile of the daughter isotopes was fitted
using the parent-daughter decay-growth equation, wherever

@ Springer

3 Results and discussion
3.1 Calculation of the charge distribution parameters

It has been observed that a large number of fission products
identified for both the fissioning systems didn’t have contri-
bution in their yields from their precursors in the B-decay
chain. These independent yields are represented by hollow
triangles in Fig. 3. This is a consequence of the fissioning
system being neutron-deficient, resulting in the formation of
fission products near the beta stability line. The independent
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Fig. 3 Measured yields of the identified fission products in the 35C1+ 170Yb reaction (a) and, 3>Cl + 19Ho reaction (b). Yields have been normalized

with respect to GEF values for comparison (see text for details)

yields in a given isobaric chain can be represented by a Gaus-
sian distribution. The experimentally measured cumulative
(CU(A,2)) or independent (IN(A,Z)) yields should be cor-
rected for the charge distribution to obtain the corresponding
mass yields using the following Eqs. (3—6) [45, 51-61]

_ CU(A, 2)

Y(A) = ——2) 3
(A) FCA. Z) 3)
voay VA, 2) @
T FI(A, 2)
i Z+0.5
FC(A, Z) = f e~ Z=2p’/207 47 (5)
,/2710% s
Z+0.5
FI(A, Z) = e~Z=2p 20747 (6)

— |
2770% Z-0.5

where FC(A,Z) and FI(A,Z) are the fractional cumulative
and independent yields, respectively. Thus, obtaining the
mass yields using the measured fission product yields require
the two charge distribution parameters: the most probable
charge, Zp and the width parameter of the isobaric chain, o 7.
In an ideal case, the knowledge of the independent yields of
at least three members of a single isobaric chain is required
to calculate the charge distribution parameters, which is usu-
ally difficult to obtain experimentally. The most probable
charge, Zp for a mass chain with mass number A, based on the
unchanged charge density (UCD) hypothesis, can be given
as

A

Ip= —m——
(Acn —vr)/Zen

N

where, Acp and Z;, are the compound nucleus mass and pro-
ton numbers, respectively and vt is the total number of neu-
trons evaporated in the fission process. Equations (3—7) can
be used to determine the ratio of yields of any two mem-
bers of the isobaric chain, which would depend on the value
of oz and vr. As given in Table 1, parent—daughter decay-
growth equations were solved by fitting the measured activ-
ity of the daughter product at different cooling times. The
measured activity of the daughter isotopes for four parent-
daughter pairs, i) 7>Zn — 7%Ga; ii) *'Sr — 21Y™; iii) PZr
— PNb and iv) 77Zr — 9'Nb¢ was fitted in the case of
the 35C1 + 170Yb reaction, while the activity for three parent-
daughter pairs, i) °'Sr — 2'Y™; ii) %3Zr — 9 Nb¢ and iii)
977r — 9TNb® was fitted in the case of the 3Cl + %> Ho reac-
tion. This exercise gives cumulative (Yz_lc) and indepen-
dent (Y") yields of the parent and the daughter, respectively.
The ratio of the experimentally determined yields Y7!/Y7.,€
was compared with those calculated using the above set of
Egs. (3-7), and best agreement was obtained between the
experimental and calculated ratios by varying the value of v
and keeping the oz value as a free parameter during the fit-
ting process for both the fissioning systems. The comparison
of experimental and calculated values of the ratio Y /vY7,C
is shown in Fig. 4.

As seen from Fig. 4, good agreement has been achieved
among experimental and calculated values of the ratio
Y7'/Y7.1€ for both the fissioning systems. The correspond-
ing values of vt and o7 for the 3CI + 17Yb fissioning sys-
tem were obtained to be 6.7 & 0.1 and 0.56 + 0.01, which
were found to be in agreement with those obtained using
GEEF calculations as 6.5 & 1.1 and 0.63 % 0.10, respectively.
Similarly, the values of vt and o7 for the 35C1 + 195Ho reac-
tion were obtained to be 6.5 = 0.5 and 0.74 + 0.01, which
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were found to agree with the values obtained using GEF cal-
culations as 5.6 £ 1.0 and 0.75 % 0.07, respectively. The
measured fission product yields were converted into the cor-
responding mass yields using the above-mentioned charge
distribution parameters. The experimental mass yields have
been normalized by the ratio of the sum of experimental
mass yields to the sum of corresponding GEF predicted mass
yields. The mass distributions along with the GEF predic-
tions have been plotted for both the fissioning systems in
Fig. 5. The uncertainty in the experimental mass yields of
the fission products comprises of the uncertainty associated
with the measured fission product yields and that with the
most probable charge, Zp, arising from the uncertainty in the
vt. The effect of uncertainty in the oz was observed to be
comparatively negligible. It should be mentioned here that,
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for fission products having one or more isomers that didn’t
contribute to the experimentally measured yield, correction
was performed using the isomeric yield data obtained from
GEF calculations (‘GEF’, version, 2021/1.1). In the 33CI +
176Yb reaction, such corrections were less than 10% except
in the case of 2°Y, 121 Te, and !32La for which it was ~ 16%,
~ 16%, and ~ 22%, respectively. Similarly, in the 3CI +
165Ho reaction, such corrections were less than 10% except in
the case of 20Y for which it was = 20%. Further, because of
the neutron-deficient light mass fissioning systems, a peculiar
situation arises where a few measured fission products have
precursor contributions from the neutron-deficient side of the
B stability line. In the 3C1 + 17©YDb reaction, such products
were 121Te8, 125Xe, 127Xe, 129Cs, 131Bag and '32La, while
in the 3Cl + '%Ho reaction, the products having precursor
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contribution only from the neutron-deficient side of the B
stability line were found to be 87ym 117gh and 2°Cs. For
such fission products, the integration limits during the charge
distribution correction were accordingly modified to obtain
the mass yields.

It can be seen from Fig. 5a that the mass distribution in the
33C1 + 76YD reaction obtained after charge distribution cor-
rection shows a broad Gaussian behaviour, indicating a dom-
inant contribution from symmetric fission. However, signif-
icant deviation was observed from the symmetric behaviour
in the mass region around 124-126, 132—-133, and its com-
plementary fission products in the lower mass region around
84-86 and 72-74. The low-energy fission studies by Schmidt
et al. [13] proposed a symmetric fission mode contributing to
the yields of fission products for the 2! Fr fissioning system.
However, the charge distribution study of 21>Fr at 61 MeV
excitation energy by Miernik et al. [14] showed a signifi-
cant contribution from the asymmetric fission mode (11.6
4 2.9%) corresponding to Z & 54-56 along with dominant
symmetric fission. The GEF (Version 2021/1.1) calculation
for the 3Cl + 179Yb reaction at 167.1 MeV beam energy,
predicts symmetric fission along with approximately 10%
contribution from asymmetric component corresponding to
Z ~38. The GEF predictions were found to be in gross agree-
ment with the experimentally obtained mass distribution for
the 3°Cl + '7Yb reaction.

The nature of the mass distribution obtained in the 33CI
+ 165Ho reaction at 161.7 MeV (Fig. 5b) couldn’t be con-
clusively established as Gaussian or flat-top nature, mainly
due to the large contribution from symmetric fission. As seen
from Fig. 5b, the GEF predicted mass distribution (solid line),
having ~ 16% contribution from asymmetric component
corresponding to Z ~ 38 along with the symmetric compo-
nent, grossly agrees with the experimental mass distribution
in the 33CI + 9 Ho reaction. The asymmetric nature of the
mass distribution has been observed in the fission of sev-
eral nuclei in the pre-actinide region, including 208-210212pg
at an excitation energy of ~ 10 MeV above the barrier by
Itkis et al. [15]. The study in ref. [15] was mainly focused
towards investigating the contribution from asymmetric SI
and SII modes, discovered earlier in the asymmetric fis-
sion observed in the actinide region. Recently, Mahata et al.
[12] attributed the asymmetric fission contribution in the pre-
actinide region to the proton shell closure around Z ~ 36 of
fragments with octupole deformation at scission. Earlier cal-
culations by Wilkins et al. also predicted the deformed pro-
ton shells around Z =~ 36 and ~ 38 [7]. Recently, Bogachev
et al. [27] measured fission fragment mass and total kinetic
energy (TKE) distributions in the fission of '8%1%0Hg and
184,192,202 pp, ysing 39 Ar and *%*8Ca beams in the compound
nucleus excitation energy range of 34.1-57.2 MeV. Based
on these studies, it was concluded that the three asymmet-
ric fission modes, which are associated with the fragment

proton shells corresponding to Z =~ 36, 38; =~ 45, 46 and
~ 28/50, may be present in the mass distribution in the pre-
actinide region. The variation in the proton number for a
given asymmetric mode, for example, 36 and 38 or 45 and
46, is related to the neutron number of the fragments arising
from different fissioning systems. Similarly, in another recent
study of the fission fragment mass distribution in the fission
of 178Pt and '80:182.183Hg in the compound nucleus excita-
tion energy range of 34—71 MeV using 3 Ar and *°Ca beams,
proton shells corresponding to Z &~ 36 and ~ 46 have been
proposed to be responsible for the contribution from asym-
metric components [28]. The charge distribution studies of
fission fragments in the sub-lead region by Morfouace et al.
[32] highlighted the role of deformed proton shell of the light
fragment at Z = 36. The fission fragment mass distributions
studies for 76186pt studied at various excitation energies
by Duan et al. [33] proposed the dominant role of the pro-
ton shells corresponding to Z & 35 for the light fragments
and Z =~ 43 for the heavy fragments. Similarly, heavy-ion
induced fission mass distributions studies by Buete et al. [34]
attributed the proton shell gaps at Z = 34,36 and Z = 44,46 to
be major guide for the fission mass distributions in the sub-
lead and the pre-actinide region. Thus, the mass distribution
observed in the present study by y-ray spectrometry of fis-
sion products formed in the 3Cl + 1Ho — 2%0Po reaction
is in line with the recent studies on the mass distribution in
the pre-actinide region.

Asseen from Fig. 5, though, the nature of the experimental
mass distribution is in gross agreement with the GEF calcu-
lations, some of the experimental mass yields show large
deviation from the GEF calculations without any specific
trend. This may be a consequence of several factors, like the
deviation of Zp values from those estimated based on the
UCD hypothesis (Zycp) due to the charge polarization [62],
secondary de-excitation, or due to shell effects in addition to
those considered by the GEF. In a recent study by Schmitt
et al. [26], measurement of the average neutron to proton
ratio <N>/Z of the fission fragments in the fission of '"Hg
showed a strong charge polarization effect resulting in a sig-
nificant deviation of measured <N>/Z values from those
based on the UCD hypothesis. The deviation of <N >/Z val-
ues, if translated into Zp values, would become more than ~ 2
units for the masses at the extreme ends of the mass distribu-
tion. To identify the mass yields with deviations beyond the
possible variation caused by charge distribution correction,
Zp values were varied in the range of & 1.5 units from Zycp
while obtaining the corresponding mass yields. The variation
in Zp within £ 1.5 units from those estimated using the UCD
hypothesis was done to achieve the best agreement between
the experimental and GEF calculated mass yields. Compari-
son of GEF normalized experimental mass yields with those
obtained with the GEF calculations for both the fissioning
systems has been shown in Fig. 6a, b, and the corresponding
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Fig. 6 Normalized mass yield distributions for 33CI + 170Yb reaction
at the beam energy of 167.1 MeV (a) and, 3Cl + % Ho reaction at
the beam energy of 161.7 MeV (b), after allowing the variation of Zp
values obtained using UCD hypothesis within & 1.5 unit to achieve best

values of Zp-Zycp has been shown as a function of mass
number in Fig. 6¢, d.

For some of the independent fission product yields in the
3501 + 165Ho reaction, two Zp values could match the GEF
calculated mass yields. In such cases, Zp values giving pos-
itive (negative) deviations for the fission products having
mass below (above) the symmetric mass i.e., 97 were con-
sidered. It can be seen from Fig. 6 that the best agreement
between the experimental and the calculated mass yields can
be achieved for most of the masses by varying the Zp val-
ues with respect to the Zycp values. These variations can be
considered reasonable as they are within the limits expected
based on the charge polarization effect observed by Schmitt
et al. [26]. In addition to the charge polarization, the sec-
ondary de-excitation effect would also be present. There was
no specific trend observed for the deviation of the Zp val-
ues from Zycp in the 3°Cl + 170Yb reaction. However, the
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Mass Number

possible agreement between experimental and “GEF, Version 2021/1.1”
predicted mass yields. The corresponding plot of (Zp-Zycp) versus the
mass number for 33Cl + 170Yb (¢) and, 3Cl + 165H¢ (d) reactions

direction of the deviation of the Zp values from Zycp in the
33CI + 1%5Ho reaction was found to be the same as observed
in the actinide region. This observation suggests that the fis-
sion products formed in the present study are not sufficiently
neutron-deficient to reverse the direction of the deviation as
observed by Schmitt et al. [26] for the compound nucleus
178Hg. As seen from Fig. 6, some experimental mass yields
still deviate from the GEF calculations for both the fission-
ing systems. It is interesting to note that the deviations are
observed only in the positive direction. In order to observe
the magnitude of these deviations, the ratio of GEF normal-
ized experimental to the GEF calculated mass yields has been
plotted in Fig. 7a, b as a function of mass number. The ratio
of the normalized experimental to GEF calculated fission
product yields for the corresponding masses showing devia-
tions from GEF has been plotted in Fig. 7c, d. It can be seen
from Fig. 7a, b that, for some of the fission products, these
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Fig. 7 Plot of the ratio of GEF Normalized experimental mass yields
to GEF calculated mass yields for the 35C1 + 176YD reaction (a) and,
the 33Cl1 + 195Ho reaction (b) for the mass chains for which agreement
between experimental and calculated values could not be achieved even

deviations are more than 50% and cannot be attributed to
any possible uncertainty arising from experimental measure-
ments or theoretical calculations. Such products are 72Zn,
1241 1267 1325 and !33Ba in case of the 3°Cl + 170Yb reac-
tion, whereas, in the 33Cl + 9°Ho reaction, ®*Zn, !17Sn, and
129Cs were found to have the deviations greater than 50%
from the GEF predicted values. It can be seen from Fig. 7c,
d that the fission products that exhibited deviations in mass
yields also showed deviations from the GEF calculations in
their product yields.

It should be mentioned here that these deviations corre-
spond to mass yields which were obtained with minimum
charge distribution correction to the experimental yields. For
independent yields, this would be a natural consequence of
the Zp variation procedure, which would make the Zp value
coincide with the Z of the measured fission product to keep
the charge distribution correction minimum (see Eq. 6). This

Mass Number

after allowing the variation in the Zp values based on UCD hypothe-
sis. Plot of the ratio of GEF Normalized experimental fission product
yields to GEF calculated fission product yields for 3Cl+170Yb reaction
(¢) and, 3°Cl + '©5Ho reaction (d)

approach applies particularly to yields that are unusually
high and cannot be matched with the theoretical value under
any condition. Thus, actual deviation may be even higher
and the deviations shown in Fig. 6 should be considered as
lower limits. The large deviations of these data points from
GEF calculations need to be explained. Any modification
of the isobaric yield distributions corresponding to differ-
ent mass chains due to the possible presence of quasifission
causes change in the charge distribution correction parame-
ters. Such changes would increase the correction factor and,
consequently, further increase the deviations. It should be
mentioned here that fragment shell effects near scission can
be present in the case of quasifission also, or even may be
driven by quasifission [63, 64]. Thus, the charge distribution
correction procedure provides an opportunity to look into the
role of specific nucleon shells irrespective of the presence or
absence of quasifission. The observed deviations may be due
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to the presence of shell effects in addition to those consid-
ered in the GEF calculations or the secondary de-excitation
effects. The GEF considers the contribution from the asym-
metric fission mode corresponding to Z = 38, along with
symmetric fission in this mass region. However as observed
in the present studies, the large deviations in the higher mass
region correspond to the measured yields of fission prod-
ucts 1241, 12T (Z = 53) and '32Cs (Z = 55), '¥Ba (Z =
56) in the 3Cl + 70YDb reaction and, ''7Sn (Z = 50) and
129Cs (Z = 55) in the 3CI + 1%Ho reaction along with sim-
ilar deviations in the complementary lighter mass region.
The present observations indicate the possible role of con-
ventional SI (corresponding to Z ~ 50-52) and SII (corre-
sponding to Z &~ 54-56) modes as observed in the actinide
region [31]. This is consistent with the observation of the
presence of SI and SII modes by Itkis et al. in similar fission-
ing systems [15]. A similar observation of the presence of an
asymmetric fission mode corresponding to Z & 5456 along
with the dominant symmetric fission for 2!3Fr at a similar
excitation energy was reported by Miernik et al. [14]. The
heavy-ion induced fission mass distributions studies for the
even-Z fissioning nuclei by Buete et al. [34] didn’t rule out
the contribution from the proton shells associated with asym-
metric SI and SII fission modes. Further studies involving the
measurement of more yields of charge and mass identified
fission products/fragments around Z ~ 50-52 and Z &~ 55-56
are required to confirm the contribution from specific asym-
metric fission modes operating in the pre-actinide region.
The asymmetric components would mainly arise from the
higher chance fission. Based on the GEF calculations, 4th
and 5th chance fission together constitute 38.0% and 34.3%
of the total fission in the 3CI + '7©Yb and the 3C1 + ' Ho
reactions, respectively. It is important to note that the proton
numbers corresponding to SI and SII modes remain nearly
constant over a large change in the mass of the fissioning sys-
tem from the actinide region to the pre-actinide mass region
~ 200, though mass numbers change significantly.

The overall fission cross-section at a beam energy of
167.1 MeV for the 3Cl + 176Yb reaction was obtained by a
4th order polynomial fitting of the experimental mass distri-
bution and was found to be 185 & 12 mb. The overall fission
cross-section includes the correction due to loss of fission
products through the 5 mm diameter hole in the cone on
which the backward catcher foil is mounted. The uncertainty
quoted on the overall fission cross-section was obtained by
fitting the lower and upper limits of the measured yields
obtained using the uncertainty on the individual mass yields.
The overall fusion cross-section for the 3CI + 70Yb reac-
tion calculated using the code CCFUS [46] was obtained
to be 188 mb. However, in the neutron-deficient light mass
fissioning systems, there could be a significant contribution
present from the evaporation residues along with the fission
events. The fission percentage was calculated using the code
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PACE4 (Version 4.2) [65-67], which was found to be 87.1%
for the 3Cl + 170Yb reaction at 167.1 MeV beam energy.
Therefore, the calculated fission cross-section for the 3Cl +
176} reaction was found to be 164 mb, which was found to
be close to the experimental value.

4 Conclusions

Mass distributions were measured for the 3CI + 70Yb and
33C1+ 16Ho reactions at 167.1 and 161.7 MeV, respectively,
using the recoil catcher technique followed by off-line y-ray
spectrometry. The yields of 47 and 30 fission products were
measured for the 3°Cl + 17Yb and the 3°Cl + 1 Ho reactions,
respectively, which were converted into the corresponding
mass yields using the respective charge distribution param-
eters. A broad Gaussian mass distribution was observed for
the 35C1 + 170Yb reaction, which indicates a dominant contri-
bution from the symmetric fission mode. However, the nature
of the mass distribution obtained in the >CI + !9 Ho reaction
at 161.7 MeV couldn’t be conclusively established as Gaus-
sian or flat-top nature, mainly due to the large contribution
from symmetric fission. The mass distributions obtained in
both the fissioning systems were found to be in reasonable
agreement with the GEF calculations predicting the contri-
bution from the Z ~ 38 asymmetric component. Some of the
fission products showed large deviations from the GEF cal-
culations without any specific trend. These deviations could
be minimized by allowing variation in the charge distribution
parameter Zp (most probable charge for an isobaric chain) in
the range of &= 1.5 units compared to the values obtained using
the unchanged charge density (UCD) hypothesis. Strong pos-
itive deviations from the GEF calculations were still observed
in the mass region 124—126 and 132-133, and in the comple-
mentary lower mass region around 84—86 and 72—74, respec-
tively, indicating the contribution from asymmetric fission
modes. These deviations indicated the additional shell effects
beyond that considered in GEF at Z ~ 38. Incidentally, the
large deviations observed in the higher mass region corre-
spond to Z ~ 50-52 and Z & 54-56, along with similar
deviations in the lighter mass region which correspond to the
conventional asymmetric modes SI and SII observed in the
actinide region. Further studies in nearby systems would help
to confirm these observations.
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