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Evaporation residue cross section measurements for the **Si 4+ '74Yb reaction
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Evaporation residue (ER) cross sections are measured for the reaction 308i 4+ °Yb, which forms the com-
pound nucleus 2°°Po*, over the excitation energy range from 47.68 to 113.73 MeV. Dependence of noncompound
nuclear reaction on entrance channel parameters such as charge product (Z,Z,), mass asymmetry («), defor-
mation (B;) of the target, and isospin asymmetry (A%) is explored. To analyze the experimental data the
coupled-channels and the statistical model calculations are used. The measured ER cross sections are compared
with the system,'2C + '**Pt forming the same compound nucleus and also with 2Si 4 1"°Yb, forming ***Po* in
the neighborhood. Observed suppression in the evaporation residue cross sections at higher energies may be

attributed to the presence of the noncompound nuclear process.
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I. INTRODUCTION

Investigation of nuclear reaction dynamics near the
Coulomb barrier is an active area of research even today.
In the case of the heavy ion induced reaction, the quantum
mechanical tunneling probability in the below barrier region
is dramatically modified by coupling with various internal
degrees of freedom leading to the enhanced reaction cross
section, than predicted by the 1-dimensional barrier penetra-
tion model (1DBPM). This enhancement is accounted for,
to a considerable extent, by exciting various internal degrees
of freedom due to the coupling of rotational and vibrational
excitations of the target and projectile in the presence of one
another as well as the neutron transfer [1,2]. In the case of
heavy ions with sufficient energy to overcome the Coulomb
barrier and small impact parameter, there may be a complete
fusion of the projectile with the target which results in the
formation of a completely fused compound system. But the
complete fusion of the projectile with the target is hindered
due to the involvement of many noncompound phenomena
such as quasifission, fast fission, and pre-equilibrium fis-
sion. These phenomena depend significantly on the entrance
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channel properties like mass asymmetry [3-6], deformation
[7-10], shell closure [11,12], and neutron excess of the col-
liding partners [13]. Signatures of these phenomena will be
reflected in evaporation residue (ER) cross section [3,7],
fission fragment angular distribution [14—16], and fission frag-
ment mass distribution [3,17-19]. As the ER cross sections are
the true signatures of compound nucleus formation, the re-
duction in the ER cross section is a clear indication of fusion
suppression in the mass region A =~ 200 and beyond.
Berriman er al. measured the ER cross sections for re-
actions '2C +2%Pb, F+ ! Au, and *°Si+ 8w forming
the compound nucleus 2'®Ra* over the excitation energies
27 to 90 MeV. A significant inhibition of fusion is reported
for '°F and *’Si induced reactions and it is attributed to
the presence of quasifission [3]. Tripathi et al. measured the
fission-fragment angular distributions for '"F+ %7 Au [20]
and 24Mg + 19205 [21] reactions and the extracted results are
consistent with the predictions of the statistical saddle-point
model (SSPM) [22,23] negating the contribution of quasi-
fission. Similarly, Tripathi et al. [24] measured the fission
fragment angular distributions for the reactions '°0 + '#80s
and 28Si+ '79Yb, which are consistent with the statistical
model, and hence no contribution from noncompound nuclear
fission is observed. However, the ER cross sections for the
same system, 288i + 170Yh, measured by Sudarshan er al.
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[25] observed significant fusion suppression. Shamlath et al.
[26] measured the fusion evaporation cross sections for the
reactions *%3°Si 4 189Hf and a significant contribution from
the noncompound nuclear process is reported for both re-
actions. A similar contribution of noncompound fission is
observed in the measurements of fission fragment mass distri-
butions for the system, *°Si + '8Hf, by the same authors [27].
Mohanto et al. [28] measured ER-gated spin distribution for
the 3°Si + !7°Er reaction forming CN 2*’Pb*. The results were
compared with those of two other systems, '°0 + 84w and
19F 4 181Tq [29], forming the same CN. The lowering of the
spin is observed for the more symmetric system and is at-
tributed to the presence of a noncompound nuclear reaction.
Rajesh et al. [30] measured the ER cross sections for the
reaction *®Ti + *®Ba and reported the presence of quasifis-
sion. Though considerable progress has been achieved on the
dependence of fusion suppression on various entrance channel
properties, the exact region from which the fusion probability
starts to deviate from unity is to be identified. Hence, more ex-
periments and systematic investigations of these results have
to be carried out to understand the dependance of entrance
channel parameters on fusion suppression and also to under-
stand the exact region from which the fusion probability(PcN)
starts to deviate from unity.

In the present set of measurements, evaporation residue
cross sections were measured for the system, 308i 4 170D,
over the excitation energy range 47.68 to 113.73 MeV. The
results are compared with those systems '>C 4 4Pt [31],
forming the same compound nucleus and also with that of the
system, 28Si + '7©Yb [25], forming a compound nucleus in the
neighborhood.

II. EXPERIMENTAL DETAILS

The experiment was performed using the 15 UD Pelletron
+ SC-LINAC accelerator facility at IUAC, New Delhi. Pulsed
beams of *°Si, with a pulse separation of 250 ns, were bom-
barded on the isotopically enriched '70Yb target of thickness
~170 j1g/cm? on a carbon backing of thickness ~35 j1g/cm?.
The target was positioned in such a way that the carbon
backing was facing the beam. The cross section measurements
were carried out at beam energies 203.02, 190.73, 180.45,
170.17, 159.85, 149.52, 144.45, 139.15, 136.16, 133.45,
131.94, 128.22, and 125.72 MeV. All these energies are the
effective energies at the center (half-thickness) of the target,
accounting for the energy loss of the incident beam at the en-
trance window foil of carbon with a thickness of 650 pg/cm?,
He gas of pressure 0.14 Torr between the window foil and
target (~35cm), 35 pug/cm? carbon backing facing the beam
and 65 pg/cm? half-thickness of '76Yb. In effect there is a
loss of approximately 10 MeV as the incident Si beam reaches
the center of the target. The ERs produced during the reaction
were separated from the intense beam background using the
hybrid recoil mass analyzer (HYRA) operated in gas-filled
mode. HYRA is a dual-mode, dual-stage separator with its
first stage capable of operating in gas-filled mode in normal
kinematics [32,33]. Due to the velocity and charge state focus-
ing, a gas-filled separator offers better transmission efficiency
than vacuum-mode recoil separators. The frequent collision of

ERs with the gas molecules changes the energy and the charge
state of the particles. In order to ensure better transmission
efficiency, the optimization of the field values of dipole and
quadrupole magnets and pressure of the gas used in HYRA
have to be carried out. The field values used in HYRA are
calculated using the simulation code developed in-house [34].
Helium gas at an optimized pressure of 0.15 mbar was used
in the energy range of the present measurements. The field
settings of HYRA magnets were optimized by scanning the
field values within a range of £10% of the calculated values
and the transmission through the separator was maximized at
each energy.

Two silicon detectors were used inside the target chamber,
placed at 6 = +26° to detect the elastically scattered beam
particles and these detectors serve as monitor detectors for the
absolute normalization of ER cross sections. A carbon foil of
thickness 650 pg/cm? was used to separate the vacuum in
the beam line and the gas-filled region in HYRA. The ERs
produced during the reaction were transported to the focal
plane of HYRA and detected there using a position-sensitive
multiwire proportional counter (MWPC) [35] of active area
15 cm x 5cm. The gas detector was operated with isobutane
gas of about 2.5 mbar pressure. A large area mylar foil of
thickness 0.5 micron was used to separate gas filled HYRA
electromagnetic section and the focal plane detector. The
MWPC counts were used for the measurement of ER cross
sections after proper normalization. The detector was operated
using isobutane gas at 2.5 mbar pressure and provided posi-
tion, energy loss (AE) and timing signals. The position signals
were processed through the constant fraction discriminator
(CFD) and were fed to the time-to-digital converter (TDC)
as a stop signal with an anode signal as the common start.
Energy loss and energy signals from the MWPC cathode and
monitors were fed to an analog to digital converter (ADC)
after processing the preamplifier pulses through the shaping
amplifiers. The logical OR of the timing signals from the
monitor detectors and MWPC anode pulse acted as a master
strobe for the data acquisition system. Data were collected and
analyzed using IUAC data sorting software CANDLE [36].

III. DATA ANALYSIS AND RESULTS

The absolute ER cross section is given by

YER do 1
OER = oy QM, (1)
Ymon Ld2 {g nHYRA

where ogg is the ER cross section, Ygr is the ER yield at
the focal plane detector, Yyon is the yield of the elastically
scattered particles in the monitor detector, ngyra is the HYRA
transmission efficiency, [Z—g]k is the Rutherford differential
scattering cross section, and €2, is the solid angle subtended
by each of the monitor detectors. The differential Rutherford
scattering cross section in the laboratory frame is calculated
from the formula

d z,z 7T 1 Ap\?
a9 _ 1-296|: P l] |:'4_9 _2(_P> +...:|, )
d2 Eip sin (5) A,
where Z,, Z; and A,, A; are the atomic and mass num-
bers of the projectile and target, respectively. Ej,, and 6 are,
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FIG. 1. Normalized angular distributions of ERs simulated using
the TERS code. The angular acceptance of HYRA is 9.5° and is also
marked in the figure by a vertical line.

respectively, the energy of the incident projectile and scatter-
ing angle in the laboratory frame.

The transmission efficiency of HYRA is the ratio of the
number of ERs detected at the focal plane to the total number
of ERs produced at the target chamber. It depends on various
parameters such as the entrance-channel mass asymmetry, the
beam energy, the target thickness, the exit channel of interest,
the angular acceptance of HYRA, the magnetic field and gas
pressure settings of HYRA, and the size of the focal plane
detector [33,37-39]. In order to calculate the transmission
efficiency, the different possible ER channels and their relative
yields in the reaction *°Si 4 !7®Yb are obtained using the sta-
tistical model code PACE4 [40]. The ER angular distributions
for all channels (which contribute more than 1% of total ER
cross section) is simulated using the Monte Carlo simulation
code TERS [41] at each energy point. This semimicroscopic
code takes the actual input parameters during the experiment
such as the neutron, proton, and « separation energies, etc.
The interaction of the beam with the target is calculated event
by event and it generates the reaction distribution of ERs such
as angle, energy, and charge state in the output. Here, due to
focusing effects, the energy and charge state are assumed to
be nearly 100%, but practically the polar acceptance angle
of HYRA is 9.5°. The normalized angular distributions at
each energy are obtained by adding the individual ER angular
distributions with the proper weighted yield. The normalized
angular distributions obtained are shown in Fig. 1.

In the present set of measurements, the system *°Si + '7°Er
is used as the calibration reaction whose ER cross sections are
already reported [28]. A measurement of this reaction under
the same conditions of HYRA has been carried out at an inci-
dent beam energy of 160.5 MeV and has been compared with
the previously reported cross sections to obtain the efficiency.
From Fig. 1 a multiplication factor is obtained by taking the
ratio of area under the angular distribution curves up to 9.5°
for 3°Si 4 176Yb and 3°Si + '"°Er reactions. This multiplica-
tion factor is used to scale the ngyra obtained for 30gj 4 170E
to extract the transmission efficiency for *°Si+ '7°Yb. The
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FIG. 2. The experimental ER cross sections for the reaction
38i + 176YDb as a function of excitation energy.

transmission efficiency extracted for the system *°Si+ 7°Yb
in this manner is 4.5% =+ 0.6%.

The total ER cross section obtained for the reaction
308i + 175Yb as a function of excitation energy is shown in
Fig. 2. The measured ER excitation function shows a de-
creasing trend at higher beam energies. Here, the increased
contribution from fission limiting the population of higher
£ waves, dominates over particle evaporation. The detailed
theoretical analysis is included in the following sections.

IV. THEORETICAL ANALYSIS

The ER formation can be considered as a three stage
process: 1) capture, 2) fusion, and 3) decay through the en-
ergetically possible modes. Hence, in order to calculate the
Evaporation residue cross section the first step is the calcula-
tion of the capture cross section.

In the present study, in order to calculate the capture cross
section, coupled-channels calculations have been carried out
using the code CCFULL. The Woods-Saxon parametrization of
the Akyz-Winther [42] potential has been used in CCFULL with
parameters: the depth Vp, the radius ry, and the diffuseness
parameter ag. Proper rotational and vibrational couplings to
the target and the projectile have been taken into account.
The potential parameters (Vy, 7, and ag) are taken as —73.94
MeV, 1.179 fm, and 0.676 fm, respectively. Rotational levels
up to five states of !70Yb are accounted for in the calculations.
The effects of quadrupole (8, = 0.289) and hexadecapole
(Bs = —0.068) deformations of the '7°Yb nucleus are also
accounted for. The deformation parameters used in CCFULL
are taken from the standard tables [43,44].

The statistical model [45] calculations have been used to
analyze the ER cross sections in the above barrier region. The
emission of light particles (n, p, «), y rays, and fission are
the main decay mechanisms of the complex nucleus in these
computations. The Weisskopf formula [46] is used to calculate
the decay width of light particles and y rays. The fission decay
width and nuclear level density are important parameters in
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the statistical model. The Kramers’ fission decay width is
employed in the current calculations [47] and is given by

ho 2
KKramers = il: w%p + % — <g)i| (3)

Wsp
n is the dissipation coefficient, wg and w;, are the curva-
tures of the potential at the ground state and saddle point,
respectively. The Fermi gas model is used to calculate the
temperature 7. The excitation energy (U) dependent level-
density parameter a, by incorporating the shell effects, as per
the prescriptions of Ignatyuk is utilized and is given as [48]

- Ez[l + ww}, 4)
U
where
FU)=1-exp(—yU) (5
and
a = aA + BA*B,, (6)

where SU is the shell correction, which is the difference be-
tween the experimental binding energy of a nucleus and the
binding energy calculated using the liquid drop model and «,
B, and the damping factor, y are the coefficients in the level
density calculations [49]. The dimensionless quantity B(S,)
is the ratio of the surface area of the deformed nucleus, with
the quadrupole deformation parameter S, to the area of the
spherical nucleus having equal volume. The quantity Bs(f,) is
calculated for the deformation of the ground state (widths of
particle emission) and for the saddle point (fission width). The
values of the deformation of the nucleus at the saddle point are
calculated according to Ref. [50]. The ground-state properties
of nuclei (mass, shell correction, and deformation) are taken
from [44]. The ground-state masses for known nuclei are
taken from [51]. The fission barrier is calculated using the
formula

Bgis(U) = Bipm — 68U, @)

where By py is the liquid-drop fission barrier [52].

The survival probability was calculated using the Monte
Carlo method. At each step of decay of the excited nucleus,
one of the various outcomes, such as neutron, proton, o-
particle or y-ray emission, or fission, is chosen at random.
Ground state masses for known nuclei are taken from [51].
The relevant probability of each event is

Iy .
P = ,X=n,p,a,y,fission. ®)
FTot
ot =Tn + Fp + Ty + Fy + Tfission- 9

According to the statistical model approach, when a sta-
tistical equilibrium is reached, all open channels are likely
to be populated. After capture, the system forms the CN and
then de-excites by all energetically possible decay modes like
particle evaporation, y decay, and fission.

In the present case, statistical model calculations have been
performed to analyze the experimentally measured ER cross
sections. The capture cross sections calculated using CCFULL
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FIG. 3. The experimental ER cross sections for the reaction
12C + 9Pt compared with those from the statistical model calcu-
lation. The capture cross sections predicted by CCFULL and 1 DBPM
are also shown.

have been used as the input to the statistical model calcula-
tions. In order to optimize, the parameters similar calculations
are performed for another system, with larger asymmetry,
namely, '2C + '%*Pt, producing the same compound nucleus.
The potential parameters are optimized by matching the ex-
perimental fusion cross sections with those obtained using
the CCFULL calculations [31]. To compare the experimental
ER cross sections with the theoretical predictions for the
12C 4 194pt system the statistical model code is used with the
dissipation coefficient 1 in the Kramers’ fission width and the
damping factor y in the level density as adjustable parameters.
Both total fusion cross sections and ER cross sections are
specifically reported using the assumption of true compound
nucleus formation. Statistical model calculations reproduce
the experimental ER cross sections for the system '2C + '**Pt
perfectly as shown in Fig. 3. Similar model calculations are
also performed for the *°Si+ '7Yb reaction using similar
values for the parameters 7 and y as used for the '2C + '**Pt
system and it is shown in Fig. 4. From Fig. 4 it is clear that
there is a remarkable shift in the measured ER cross sec-
tions and the cross sections calculated using statistical models
at higher incident energies.

V. DISCUSSION

ER production is the clearest indication of compound nu-
cleus formation. The comparison of the ER cross sections for
the two systems, forming the same compound nucleus, at the
same excitation energy, will provide an insight to the involve-
ment of noncompound nuclear reaction mechanisms such as
quasifission. In order to see the extent of the discrepancy in
the measured and calculated ER cross sections, in other words
the contribution of quasifission in these cases, the reduced
ER cross sections (Zgr) for 2C+ %Pt and °Si+ '"°Yb
systems, are plotted in Fig. 5. To deduce the reduced cross sec-
tions for the systems, the fusion function method [53] is used.
This method adopts the transformations for energy and cross
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FIG. 4. The experimental ER cross sections for the reaction

308i 4 170Yb compared with those of the statistical model calculation.

section as, E — € and ogr — XgRr:
E—Vp

€ P (10)
and
EER=J|: 2E :| (11)
an)Rlz;

In this method, the potential barrier is fitted with a parabola
with Vp, the barrier height located at Rg, and curvature param-
eter fiw, where Rp is the fusion radius. Fusion radius, Rp is
obtained from the CCFULL calculations. From Fig. 5, it can be
seen that the reduced cross sections for the presently studied
system, *°Si 4+ '7°Yb, are significantly lesser when compared
with those of '2C + '"*Pt, which is much more asymmetric
than the present system. The theoretical calculations repro-
duce the reduced cross section for the asymmetric system
satisfactorily over the reported range. According to Bohr’s
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FIG. 5. The reduced ER cross sections for the systems
12C + Pt and *’Si+ "7°Yb.

L1 1 | | - | 11 1 I L1 1 | - 11 1 L1 1 L1 1
10 1 L] " -
u
- - . -
4 L] i m L
] ° [
- ] -
[ ]
o
w
W L]
n 30Gj4176Y|h—206p
®  28Gj4176y|p—5204p
‘I —
l T T I L I T T | T T I LIS L N N U L L B N I
0 2 4 6 8 10 12 14 16
3

FIG. 6. The reduced ER cross section for the systems
Si+'"Yb and *Si+ 7°Yb.

hypothesis, once a compound nucleus is formed its decay
is independent of its past history. Hence the reduction in
the ER cross sections of the 3°Si+ !7®Yb reaction from the
statistical model calculations can be adduced to the presence
of noncompound nuclear process. In order to have a com-
parative analysis, the reduced ER cross sections reported by
Sudarshan et al. [25], for a neighboring compound nucleus,
204po* produced by the 28Si + "°Yb reaction, along with the
present measurement are plotted in Fig. 6. The authors have
also measured the average y ray multiplicities of the ERs
produced and concluded that £ waves populated close to the
entrance channel Coulomb barrier are not large enough to
cause a substantial reduction in the fission barrier. This high
fission barrier reduces the chance for the complete fusion fis-
sion and hence the increased fission contribution can be from
the noncompound effect. These two systems have almost the
same mass asymmetry with a difference of just two neutrons.
In Fig. 6 it is interesting to note that both the measurements
show similar trends with a discrepancy in the calculated values
of reduced ER cross sections in the high energy region.

The observed reduction in the reduced ER cross sections is
an indication of fusion suppression for the more symmet-
ric system. This result is consistent with the fact that mass
asymmetry dependence of the potential energy surface can
influence the fusion probability [3,6]. The mass asymmetry
can be defined as

Ar — Ap
o= —,
Ar +Ap

where A7 and Ap are the target and projectile masses, re-
spectively. For the 120+ 194p¢ reaction, @ = 0.883, which is
greater than agg, the Businaro-Gallone mass asymmetry [54]
(apg = 0.846). Hence the driving force due to the nuclear
potential favors a compact CN with high survival probabil-
ity [7]. However, for mass symmetric reactions, for which
o = 0.706, which is less than agg, the system breaks without
forming a completely equilibrated CN. The comparison also
shows the clear dependence of quasifission on the entrance

12)
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channel charge product (Z,Z;). Earlier dynamical models
[4,5,55] predicted the onset of quasifission for very heavy
systems with the Coulomb factor Z,Z;, > 1600, where Z,
and Z; are the atomic numbers of the projectile and tar-
get, respectively. However, quasifission was reported in many
asymmetric reactions using deformed targets at sub- and near-
Coulomb barrier energies, even though the Z,Z, values were
much lower than 1600 [17-19]. The fusion hindrance can
also be observed in terms of the static deformation of the
target nucleus and also the orientation of the colliding nuclei
[9,10]. The static deformation (8, = 0.289) is more for '"°Yb
than %Pt (B2 = 0.13) and hence the elongated configuration
favors the noncompound process.

In Fig. 6, the measured ER cross sections for *°Si are com-
pared with the cross section for the 2Si + '70Yb, reaction. The
difference in the measured cross sections could be due to the
reduced compound nuclear fissility of >°°Po* nuclei with an
increase in neutron number. The neutron binding energy de-
creases with an increase in neutron number, which also favors
neutron evaporation in the heavier CN compared to 2**Po*.
The presence of quasifission can also be explained in terms
of isospin asymmetry (A%) in the entrance channel. Studying
mass angle distributions for different systems Simenel et al.
[11] have reported the increased contribution of quasifission
for systems with large entrance channel isospin asymmetry. In
the present case too the increased contribution to the measured
cross section could be due to the lower isospin asymmetry in
the entrance channel for the *°Si 4 '7°Yb reaction.

The ER cross section can be generally represented as

OER (Ec.m.)) = OcapturePCNPsurvival(Ec.m.), (13)

where Ocapure 18 the capture cross section for the formation of
the dinucleus system and E. . is the total entrance channel
kinetic energy in the center of mass frame or the available
initial energy in the center of mass frame. Pcy is the probabil-
ity of the complete fusion of the dinuclear system to form the
compound nuceus, Pyyvivar 1S the fission survival probability of
the CN to form ER at a given energy. The probability of true
compound nucleus formation is represented by Pen Peurvival- In
order to see the effect of the entrance channel and the excita-
tion energy, PonPeurvival 18 calculated for the present analyzed
systems as a function of reduced energy and is plotted in
Fig. 7. The ER formation probability is calculated using the
equation

OER

PenPourvival = (14)

Ocapture ’
As can be seen from Fig. 7, ER formation probability de-
creases considerably with decreasing mass asymmetry of the
system. Further, the ER formation probability is found to
decrease with the excitation energy. It is also noted that a
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FIG.7. The ER formation probabilities for the
3085 4 176y, 288i + Y, and 120C + 9Pt

systems

significant effect of isospin asymmetry has also been observed
in the reference system.

VI. SUMMARY AND CONCLUSIONS

ER cross sections have been measured for the system
308i + 1"5Yb forming the compound nucleus 2**Po*. A com-
parison of the ER cross sections for two reactions populating
the same CN with the statistical model calculations, for the
same set of parameters, shows a reduction in ER cross sec-
tions for more symmetric reactions with larger ZpZ; and
increased deformation of the target. This reduction is a direct
signature of fusion hindrance due to noncompound nuclear
process in heavier systems and its dependence on entrance
channels. Another comparison with a similar system, forming
a neighboring nucleus as the compound nucleus, shows that
the ER cross sections are larger for the system with larger
neutron number. As the compound nucleus’ neutron number
increases, the neutron binding energy and compound nuclear
fissility decreases and hence the compound nucleus with
larger neutron number becomes more stable against fission.
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