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Isospin effect on first-chance fission probability
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A delayed fission due to nuclear dissipation results in a drop of first-chance fission probability (Pfy) with
respect to predictions by standard statistical models. Using the stochastic Langevin model, we calculate Py, as
a function of presaddle dissipation strength (8) for fissioning nuclei 22°U, U, 2*°U, and **°Cm. We find that
with decreasing the isospin of the U nucleus, the sensitivity of Py, to § is substantially enhanced, and that low-
isospin 2**Cm exhibits a significantly larger dependence on 8 than high-isospin 2*°U. Furthermore, it is shown
that Py, becomes more sensitive to 8 at low energy. These findings suggest that to accurately probe presaddle
dissipation properties with first-chance fission probability, on the experimental side, it is best to produce those
heavy fissioning systems with small isospin and low excitation energy.
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I. INTRODUCTION

Heavy nuclei generally decay via fission and first-chance
fission is their dominant decay channel. But with increas-
ing energy deposited into a compound system, other decay
channels, i.e., light particle emissions are opened. This leads
to a strong competition between fission and evaporation. As
a result, apart from first-chance fission, second- and higher-
chance fission appear when a hot heavy nucleus de-excites.

In the most recent two decades, an important experimental
finding associated with fission studies is that prescission parti-
cle multiplicities [1-6] measured at high energy significantly
deviate from those predicted by standard statistical models
(SMs). This discrepancy is ascribed to dissipation effects that
are not addressed in the SMs, as clearly demonstrated in
numerous calculations based on stochastic approaches [7-10].
In this approach, the interaction between the fission degree of
freedom and the large number of intrinsic degrees of freedom
(which constitute heat bath) generates a dissipative drag on
the dynamics of fission [11,12]. In addition, dissipation also
plays a crucial role in fusion, deep-inelastic scattering, and
the synthesis of superheavy elements [13—15]. Because of the
importance of dissipation in understanding a variety of phe-
nomenon in low- and intermediate-energy nucleus-nucleus
collisions, investigation of dissipation properties is the focus
of current many works [16-20].

Dissipation hinders fission, resulting in a rise of prescission
emission and, correspondingly, a drop of fission probabilities,
as has been observed in a number of the measured excitation
function of prescission particle numbers as well as fission
and evaporation residue cross sections for many compound
systems [21-24]. Additionally, experimental signals such as
excitation energy at saddle [25] and fission-fragment charge
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distributions [26] were recently proposed to constrain the
presaddle dissipation strength (8). Despite intensive experi-
mental and theoretical investigations using these probes, the
strength of presaddle dissipation is still quite uncertain and
controversial [27]. To make a further progress in stringently
constraining presaddle friction, identifying new and sensitive
observables becomes urgent and necessary.

Dissipation directly affects fission channels, fission proba-
bilities are thus considered to be the most fundamental and
key indicator of presaddle dissipation effects and, thereby,
they are widely employed to get information of 8 [22,28].
But heavy nuclei produced in current fusion reactions always
fission, implying that their fission probabilities are insensitive
to B. This limits the use of fission probability data from heavy
systems in exploring nuclear dissipation properties.

Due to multiple particle emission, fission probabilities are
actually composed of first-, second-, and higher-chance fission
probabilities. So, in essence, a change in fission probability of
a compound nucleus caused by dissipation originates from the
effects of dissipation on its first-chance fission probability as
well as on its second- and higher-chance fission probabilities.
This means that first-chance fission probability could be a very
sensitive signature of presaddle dissipation effects.

During a decay process, the competition between neutron
emission and fission can be expressed by the ratio of their
decay widths, ]E—; and the survival probability at each step
i of the de-excitation chain is given by (rr, " )i, where 'y =
I’y + I'y. The survival probability of a heavy nucleus is a
crucial quantity to characterize its destine and moreover, its
magnitude is a key factor for producing heavy evaporation
residue, especially for the synthesis of superheavy elements.
It is thus important to obtain precise information about IE—;

[or (15[ . )i] of heavy compound systems.
Earlier works [29-31] focused on analyzing production
cross sections oy, of heavy elements formed in (HI, xn) re-

actions, and the parametric formulas were thus proposed to
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describe the average behavior of % in the entire de-excitation
chain of some No isotopes and transuranium nuclei in a
certain range of excitation energy. Predictions for the av-
erage values of ;—f (or %) of 28 No with these formulas
are an order of magnitude smaller than the measurement of
Ref. [32], where a value of (0.7-0.9) for ” was deduced,
though the value was evaluated by averagmg over the two
first stages of the >>*No compound nucleus de-excitation cas—
cades. Also, the extracted values of 0.058 and 0.065 for ( )1

and (

the 2+ 25 26Mg + 232Th reactions [33] were significantly lower
than that given in Ref. [32]. These works used experimental
Oxn which are more (less) dependent on the later (early) values
of " of an evaporation cascade. It is clear that to more

~)2 from the evaporation residue data measured in

accurately obtain the value of first-chance survival probability
( )1, it is better to be able to make a direct measurement
on first-chance fission, and not resort to a model analysis that
was needed in using evaporation residue data to get the value
of - [ in its initial stage.

At present, two different experimental avenues were ap-
plied to directly extract the value of (rlol )1, 1.e., measuring
prescission neutron multiplicities [34] or measuring fission
excitation functions [35] of two neighboring fission isotopes
under matched conditions of excitation energy and angu-
lar momentum. A previous work [35] used the observed
cumulative fission probabilities of two light neighboring
isotopes 2!!'Po and 2!°Po to extract first-chance fission prob-
abilities of 2!'Po. The cross bombardments method directly
measures neutron emission in the compound-nucleus de-
cay process, which is more sensitive to the first steps of
a de-excitation chain than those of the evaporation residue.
Loveland et al. [34] are the first to use the new technique
to investigate first-chance fission. In their experiment on
B.20Mg 4+ 22Th — 27:28No [34], they measured a value
of 0.840 £ 0.050 for the first- chance , which is currently

the only value obtained for >*No (E* = 61 MeV) by a direct
measurement. Furthermore, by applying the same experimen-
tal method to the case of superheavy nuclei, it was found that
nuclear dissipation effects are invoked to satisfactorily explain
the high value of 0.89 %+ 0.13 for (=), of superheavy “"*Hs
(E* = 63 MeV) that was first measured via two matched re-
actions 25'26Mg +28Cm [36].

On the theoretical side, in the framework of standard
statistical models, various systematics formulas (see, e.g.,
Refs. [29-31]) about were put forward, and they were fre-

quently applied to estimate the cross section for the production
of new isotopes of heavy and superheavy elements. It was
suggested in Ref. [30] that the systematic formula needs to be
extended to include the dependence of ;—f on nuclear viscosity

in order to describe fission of heated nuclei. In Ref. [34],
dissipation effects were first incorporated into the statistical
model aiming at analyzing measured ( ) 1 of superheavy nu-
clei. Stochastic approaches developed i in the last two decades
have been demonstrated to be a suitable framework to ad-
dress dissipation effects on the fission mechanism. Langevin
calculations [37] showed that first-chance fission probability
[a complementary quantity to the first-chance survival prob-

ability ( 1] of heavy nuclei is quite sensitive to presaddle
friction, in contrast with their total fission probability, whose
sensitivity to friction almost disappears. This contrast reveals
the value of first-chance fission probabilities in strongly con-
straining the presaddle friction.

Measuring production cross sections oy, of heavy elements
is a way to obtain rr = in the first steps of a de-excitation
chain [32]. But this way depends heavily on the statisti-
cal model used and the parametric formulas derived under
some assumptions. In contrast, in the cross bombardments
method [34], by fitting experimental neutron energy spectra in
coincidence with two fission fragments, prescission neutron
multiplicities associated with the compound nucleus source
can be extracted. Then using prescission neutron multiplicities
measured in two matched reactions, the experimental (rrl "
was obtained in a model-independent way. Although the cross
bombardments method has such a prominent advantage, the
neutron multiplicities it requires are more difficult to measure
than charged-particle multiplicities. Moreover, to measure
first-chance survival probabilities of superheavy nuclei, the
choice of the suitable projectiles and target nuclides is very
limited. Thus, the observation of the first-chance fission in
a highly excited parent nuclide is not so easy and there are
no detailed data available even now. In particular, there exist
difficulties in the experiment study on the first-chance fission,
as mentioned above.

Apart from the importance of the precise information about
( “)1 in the synthesis of superheavy elements [36], the new
observable was found to be very sensitive to presaddle fric-
tion [37] and thereby, it could place tight constraints on
presaddle dissipation properties. Actinides nuclei have a high
fission probability and hence, the number of their first-chance
fission events occupies a considerable part in the number
of their total fission events, facilitating to investigate first-
chance fission. However, experimental data available to date
on the first-chance fission of actinide nuclei are quite scarce.
Therefore to further advance studies on ﬁrst—chance ﬁssion,

especially needed. In addition, to hetter guide experimental
explorations on first-chance fission of heavy and superheavy
nuclei, more theoretical works are called for.

In these contexts, the present work is devoted to study-
ing under which experimental conditions, the sensitivity of
the first-chance fission probability to presaddle friction can
be significantly enhanced. To that goal, we will survey the
isospin effect on first-chance fission probability as a probe
of presaddle friction. For this, we will consider the stochastic
approach. Many works [7-10,38—43] have shown a successful
application of the Langevin model in reproducing a vol-
ume of experimental data on fission excitation functions and
prescission particle multiplicities for many fissioning systems
covering a broad range of excitation energy, angular momen-
tum, and fissility.

In our previous works based on Langevin models, our
calculated prescission neutron multiplicities from light 2°°Pb
up to heavy >'Es compound systems were shown to agree
well with experimental data [41]. In addition, backstream-
ing effects around the saddle point [44] were demonstrated
to increase presaddle emission. A recent investigation [45]
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exhibited that the fission probability of heavy nuclei with a
high neutron-to-proton ratio is a good observable of nuclear
dissipation. Langevin calculations [37] predicted an obviously
greater sensitivity of the first-chance fission probability of
heavy systems to friction than their total fission probability.
Using the same model as that in Refs. [37,41,44,45], we
will calculate first-chance fission probabilities of heavy nuclei
having different isospins as a function of friction, and the
emphasise is placed on the isospin effects on first-chance
fission.

II. THEORETICAL MODEL

To describe the driving force of a hot nuclear system, a
thermodynamic potential rather than a bare potential should
be used [8,10]. Free energy was considered and its derivative
with respect to the deformation coordinate at fixed temper-
ature gives the driving force [38,46]. Since temperature is
not constant during the evolution of a fissioning system, we
use entropy [47,48] to formulate Langevin equations in the
present work.

Symmetric fission is a crucial decay mode of a hot
compound nuclei. It has been further shown [34,36] that first-
chance fission probability associated with symmetric fission
can be extracted experimentally by measuring prescission
neutron multiplicities evaporated in the symmetric fission pro-
cess of two neighboring fissioning isotopes.

Because of these reasons mentioned above, we employ the
following Langevin equation to perform the fully dynamical
trajectory calculations for symmetric fission:

dp dq _p

Z=K—I3P+8F(I), T (1)

Here, g is the dimensionless fission coordinate and is de-
fined as half the distance between the center of mass of
the future fission fragments divided by the radius of the
compound nucleus, and p is its conjugate momentum. The
reduced dissipation coefficient (also called the dissipation
strength) B = y/m, as is usual in the literature (see, e.g.,
Refs. [1,5,8,16,17,22,24,26,27,48-50]), denotes the ratio of
the friction coefficient y to the inertia parameter m obtained in
the Werner-Wheeler approximation for the irrotational flow of
an incompressible liquid [51]. I'(¢) is random force satisfying
(C()) =0 and (C'()I'(t')) = 28(¢t — t’). The strength of the
random force is related to the dissipation strength through
the fluctuation-dissipation theorem and is g = /mBT with T
being the temperature.

The driving force K of the Langevin equation is calculated
in terms of derivatives of the entropy § at a constant excitation
energy:

ds
K(q) = Td—- @)
q

The entropy S(g) is calculated as
S = 2y/a(@IE* = V(q) — Ecal, 3)

where E* denotes the total excitation energy of the fission-
ing system, and E is the kinetic energy of the collective
degree of freedom. Equation (3) is constructed from the

Fermi-gas expression [47]. The deformation coordinate g is
obtained by the relation ¢g(c, h) = (3¢/8){1 + %[Zh + (c —
1)/2]c*} [8,52], where ¢ and h are the Funny-Hills shape pa-
rameters [53] and they correspond to the elongation and neck
degrees of the freedom of the nucleus, respectively. At the
spherical ground state, c = 1, h = 0, and their values change
in the fission process. They are determined by considering that
the system evolves to follow the bottom of the potential valley
in terms of the coordinates ¢ and A, which is similar to the
method used by Frobrich et al. [8].

The potential energy V(g) includes g-dependent sur-
face, Coulomb, and rotation energy terms, which are cal-
culated with a finite-range liquid-drop model [54]. The
shell-correction energy is obtained by applying Strutinsky’s
method [53,55] of shell correction to the nucleonic levels gen-
erated with the two-centered Woods-Saxon mean field [56],
and the BCS (Bardeen-Cooper-Schripffer) pairing is used
to take account of nuclear superfluidity [53,56]. The poten-
tial barriers calculated with this method are shown to be
in good consistent with the existing results [57]. We use
Ignatyuk’s [58] description to calculate the level density pa-
rameter a(q) which takes into account the dependence on
deformation and shell corrections.

In our calculation, the particle emission is taken into ac-
count via a Monte Carlo simulation technique. The emission
width of a particle of kind v (=n, p, @) is evaluated by Blann’s
parametrization [59] that was used in many studies [8,38,60].
After each emission act of a particle, the intrinsic excitation
energy, the potential energy, the entropy, and the temperature
in the Langevin equation are recalculated and the dynamics is
continued.

When the dynamic trajectory reaches the scission point,
it is counted as a fission event. The scission is considered
here to occur when the neck radius of the fissioning nucleus
is equal to 0.3Ry (Ro is the radius of the initial spherical
compound nucleus) [10,46]. Fission probabilities and particle
multiplicities are calculated by counting the number of cor-
responding fission and evaporated particle events. The present
calculation allows for multiple emissions of light particles and
higher-chance fission. So, the first, second, etc., chance fission
probability can be calculated [8] by counting the number of
corresponding fission events in which not a single presaddle
particle is emitted, only a presaddle particle is emitted.

The first-chance fission probability (Pr) is given by the
number of first-chance fission events (Ny) divided by the total
simulated trajectory numbers (N ), which reads

Py = “)

Nt

Like most Langevin calculations [7-9,44,61], in the
present study the initial conditions for the dynamical Eq. (1)
are assumed to correspond to a spherical compound nucleus
with an excitation energy E* and the thermal equilibrium
momentum distribution. For starting a Langevin trajectory an
orbit angular momentum value is sampled from the fusion
spin distribution, whose form is

do(0) 2 2041
dt k2 14exp[(£ —£.)/80]

&)
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The parameters ¢, and 6¢ are the critical angular momenta
for fusion and diffuseness, respectively. The final results are
weighted over all relevant waves; namely, the spin distribu-
tion is used as the angular momentum weight function. To
accumulate sufficient statistics, 107 Langevin trajectories are
simulated.

III. RESULTS

Three heavy fissioning nuclei 22015, 0y, and 2%y, which
have a marked difference in their isospin (defined as a ratio
of the neutron number of a compound system to its proton
number, N/Z), are chosen here as a representative for explor-
ing presaddle dissipation properties with first-chance fission
probability (Pro).

Light particles can be emitted in the entire presaddle
region, thus the dissipation strength deduced with experimen-
tal signatures [16,17,21,22,25-27,36,48-50] including fission
and evaporation residue cross sections that are proposed so
far to exploit the characteristics of presaddle dissipation rep-
resents the average strength of presaddle dissipation. In other
words, these observables are determined by the mean presad-
dle dissipation strength, and not by the dissipation strength at
a presaddle deformation point. Due to this reason, to better
reveal presaddle dissipation effects, here a fully dynamical
calculation of the fission process is carried out considering
different values of 8, which stands for the average strength
for presaddle dissipation.

As an illustration, we plot in Fig. 1 the evolution of Py of
three U systems with 8 calculated at excitation energy E* =
50MeV and critical angular momentum ¢, = 40k. Two typi-
cal features are observed. First, one can see that the magnitude
of Pyy of 2°U is smaller than that of 2*°U, and **°U has the
largest Pyo. The cause is that **°U is a neutron-rich system, its
small neutron separation energy increases neutron emission.
In addition, fission barriers are a rising function of the mass
number of the U nucleus, i.e., the heavier the U system, the
higher the fission barrier. A high barrier suppresses fission,
favoring presaddle emission. As a result of the two factors,
240y evaporates more presaddle neutrons than 2*°U indepen-
dently of the friction strength, and presaddle neutrons are least
for neutron-deficient 22°U, see the solid lines presented in
Fig. 2.

Fission and evaporation competes with each other in the
decay process. An appreciable neutron emission results in a
small fission probability, including first-chance fission prob-
ability. Figure 1 thus indicates that dissipation effects on Py
are amplified for a low-isospin U system, demonstrating the
prominent role of isospin in probing presaddle dissipation
characteristics with first-chance fission probability.

Another feature is that the slope of the curve Py versus
B, which reflects the sensitivity of the first-chance fission
probability to presaddle friction, differs much for the three
U systems. It is evident that the small Py of ?*°U varies
slowly with a change in 8. A small Pyy decreases its sensi-
tivity to B. But for 22U, its greater Py leads to a quicker
drop with increasing 8. A drop of Pyg at a large friction is
because fission is retarded more severely at strong dissipation
and, correspondingly, a longer delay in fission provides more

751 _D_220U i
U
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FIG. 1. First-chance fission probability (Py) of 2°U, U, and
240yJ as a function of the presaddle dissipation strength (8) calculated
at excitation energy E* = 50 MeV, critical angular momentum for
fusion £, = 407 and diffuseness §¢ = 5h. Solid lines are Langevin
calculations starting at a spherical ground state, and dashed lines de-
note Langevin calculations to start at an initial deformation position
which is chosen as the midpoint of the ground state and the saddle
point.

time for neutron emission. A rise of neutron emission at a
large friction strength thus causes a decrease of Pyy with an
increase of 8. The comparison for the three fissioning nuclei U
clearly illustrates that the sensitivity of the first-chance fission
probability to presaddle friction is significantly enhanced with
decreasing the isospin of the U system. It suggests that to
more accurately determine the strength of presaddle friction
through the measurement of first-chance fission probability,
on the experimental side, it is best to yield low-isospin fis-
sioning systems.

To further reveal the isospin effect on first-chance fission
probability, we compare in Fig. 3 the calculated Pyy as a
function of A for 2*°U and >*°Cm, which have the same mass
number but have a different isospin. The most apparent feature
that can be seen is that Py of 24U shows a weak dependence
on B, exhibiting that first-chance fission probability of the
high-isospin 2*°U is not a good observable of presaddle dis-
sipation. In contrast, for low-isospin 2*°Cm, its Py depends
sensitively on 8. Specifically, Pry of 240Cm changes 46% as
B varies from 1.5x10%' s=! to 20x10%! s~!, which is much
larger than that of 2*°U, where the change is 12% only. The
obvious difference in Psy of the two nuclei with increasing
friction stems from the difference in their presaddle neu-
tron numbers. This demonstrates that producing low-isospin
fissioning systems in experiments can substantially enhance
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FIG. 2. Presaddle neutron multiplicities of 22°U, U, and >*°U
calculated at excitation energy E* = 50MeV and critical angular
momentum £, = 40k for different presaddle friction strengths (8).
Solid lines and dashed lines represent Langevin calculations starting
at a spherical ground state and starting at an initial deformation
position which is chosen as the midpoint of the ground state and the
saddle point, respectively.

the sensitivity of first-chance fission probability to presaddle
friction.

Presaddle emission is a function of excitation energy. The
effect of the excitation energy on Pry was calculated in
Ref. [37], where it was seen that with decreasing excitation
energy, the first-chance fission probability has a greater sensi-
tivity to friction. We note that the calculations of Ref. [37]
were performed for a fissioning nucleus only and they do
not involve the role of isospin of the fissioning system in
the effect of excitation energy. The new aspect is connected
with the goal of the present study. For that goal, here we
calculate the evolution of Py with 8 at two excitation energies
E* = 40MeV and 80 MeV for 22U and *°U systems which
have an obvious difference in their isospin.

Figure 4 shows that for the two U systems, their different
isospins do not alter the conclusion; that is, low energy in-
creases the sensitivity of Py to B, as reached in Ref. [37].
However, by comparing Fig. 4(b) and Fig. 4(a), one can
observe the significant role of isospin in the effect of the
excitation energy. Specifically speaking, at high energy E* =
80 MeV, the Py of high-isospin 2*°U is almost independent
of B8, which is clearly different from the case of low-isospin
220y whose Py has an apparent drop with increasing 8. This
comparison exhibits the role that isospin plays in the effect of
excitation energy on the evolution of Py with 8. While de-
creasing E* can increase Pry and enhance its sensitivity to g,

75 F 240Cm—
240U

50 4
>
=)
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25+ 4

0 C 1 1 1 1 ]

0 5 10 15 20

B (10's™)

FIG. 3. First-chance fission probability (Py) of 20Cm and U
as a function of the presaddle dissipation strength (8) calculated
at excitation energy E* = 55MeV and critical angular momentum
L. = 45h.

the increased amplitude in Py and the enhanced amplitude in
its sensitivity differ much for the two U systems. Figure 4(b)
shows that for high-isospin 2°U, its Py varies rather slowly
with 8 even atlow E* = 40 MeV. But Fig. 4(a) reveals that for
low-isospin 22°U, not only its Py rise rapidly with decreasing
E* compared to the case of **°U, but also Py shows a quicker
drop with increasing B than that of 2*°U. Thus the effect of
excitation energy noticed in Ref. [37] has a strong depen-
dence on the isospin of the fissioning nucleus. We explain
the observation in the following way: With a decrease in E*,
neutron evaporation becomes weak, especially for the low-
isospin system, which increases the magnitude of first-chance
fission probability. A larger Pry can raise its sensitivity to f,
as pointed out previously. The results in Fig. 4 thus indicate
that experiments on the presaddle dissipation properties can
be substantially optimized by choosing low-isospin systems
at small excitation energies.

IV. DISCUSSION

We note that the conclusions drawn on the isospin effect
on first-chance fission probability in symmetric fission ap-
ply to the case of asymmetric fission as well. The physical
causes are as follows. Due to the competition among different
decay channels, an enhanced neutron evaporation suppresses
not only symmetric fission but also asymmetric fission. As
a result, the first-chance fission of a high-isospin system is
rather weak not only for the symmetric fission process but also
for the asymmetric fission process. It is seen from Fig. 1 that
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FIG. 4. Evolution of Py, with g for (a) °U and (b) *°U calculated at two excitation energies E* = 40 MeV and 80 MeV and at critical

angular momentum ¢, = 357.

the very small first-chance fission probability of a high-isospin
U system is responsible for a weak sensitivity to friction.
Thus for a low-isospin fissioning system, a larger first-chance
fission probability for asymmetric fission can be predicted
to exhibit a stronger sensitivity to friction, similar to that
observed for the case of symmetric fission (Fig. 1).

As mentioned previously, besides stochastic approaches
to fission, statistical-type models that are modified to con-
tain dissipation effects by correcting the fission width with
Kramers factor have been widely used to analyze the compe-
tition between evaporation and fission channels. Due to the
stochastic feature of the fission motion, there exists a back-
streaming around the saddle point. By backstreaming is meant
that because of thermal fluctuation, the decaying system has a
probability to return back inside saddle even if it has crossed
over the saddle point. In Ref. [45], it was shown that the
backstreaming affects postsaddle particle multiplicities and
increases presaddle emission.

Here we examine the backstreaming effect on the first-
chance fission probability. The calculated results are depicted
in Fig. 5. It is seen that the solid lines are below the dashed
ones, indicating that Pry becomes smaller for the case consid-
ering the backstreaming effect. A physical understanding for
this is as follows. The backstreaming effect enables the fis-
sioning system to stay a longer time inside the barrier, which
increases the presaddle neutron emission, as was pointed out
in Ref. [45]. As a result, the backstreaming effect decreases
the first-chance fission probability. While the backstreaming
effect does not alter the evolution trend of Py with 8 for
these U systems having different isospins, it reduces the rate
at which the first-chance fission probability changes with
friction, meaning that the backstreaming effect further de-
creases the sensitivity of Py of the high-isospin ?*°U to B.

These results show that on the theoretical side, to more pre-
cisely describe first-chance fission, it is rather necessary to
fully take the backstreaming effect into account in the model

100 T T T T
220
" 230U
75F .
X
~ 50} -
=]
o
25} 8
A~~
O C 1 1 1 -
0 5 10 15 20

B (10%'s™)

FIG. 5. First-chance fission probabilities Py as a function of the
presaddle friction strength § calculated at E* = 45MeV and ¢, =
35 h for 2y, 2%y, and *°U systems. The dashed lines and solid
lines correspond to Langevin calculations without and with account
of backstreaming around the saddle point, respectively.
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TABLE I. Proposed experimental reactions. From left to right,

100

100

the symbols denote incident energy (Ej), reaction system, com- (a) (b)
pound nucleus (CN), and excitation energy (E*). .
751 \D 238Cf 751 234Cm |
Ei, MeV) Reaction CN E* (MeV) \D
193.2 2 +2%Pp ey 60.0 S \”\D
181.1 328 4 25pp 21Cf 48.6 o 50 N 501
179.1 308i + 2°Pb 26Cm 60.0 o ~
167.2 08i 4 2°Pb 5Cm 49.2
172.6 *8i 4 2Pb *Cm 60.0 25 25|
160.6 *Si+"Pb 3Cm 48.8
155.8 Mg + 2%Pb Bpy 60.0
143.9 Mg +2%Pb Blpy 495 0 0
155.9 Mg +2%Pb 20py 60.0 100 100
139.9 Mg + 2Pb 29py 48.9 © (d
202.6 OAr + 1w 2y 60.0 230py, 2041
186.7 YAr+ 8w =y 49.2 751 1 751
S \“\]
calculations and that, experimentally, to better probe the a” %01 1 Sor \D\
presaddle friction with Py, it is preferable to populate low- S~
isospin heavy systems. | | | T
Excited heavy nuclei produced in fusion reactions are gen-
erally not spherical at their ground state, which could be
caused by the entrance channel effect. It implies that the 0 ‘ ‘ ‘ ‘ o ‘ ‘ ‘ ‘
fission process of a hot nuclear system may not start from 0 5 10 1520 0 5 10 15 20
the spherical equilibrium ground state, but starts to decay at a B (10%'s™) B (10%'s™)

position with an initial deformation. Due to a shorter distance
between the deformed ground state and the saddle point, the
transient time required for the decaying nucleus to cross the
saddle point becomes short, increasing the total fission prob-
ability [45] and decreasing presaddle neutrons (see Fig. 2).
Consequently, the initial deformation could increase the first-
chance fission probability. This expectation is confirmed by
our calculations, see the dashed lines presented in Fig. 1.
We further note in Fig. 1 that the initial deformation effect
does not alter the conclusion that under the condition of low
isospin, Pro shows a greater sensitivity to 8.

Our calculated results suggest that low-isospin heavy
systems favor to probe presaddle nuclear dissipation with
first-chance fission probability. Heavy-ion-induced fusion
reactions are an efficient experimental approach for the
production of neutron-deficient nuclides. To guide further ex-
perimental researches on first-chance fission of heavy nuclei,
based on presently available stable projectiles (e.g., 2>-*°Mg,
28,308, 325, “0Ar) and target nuclides (e.g., 204:205:206.207.208 py,
and 180’182'183*184’186W), suitable combinations between these
projectiles and targets are proposed to produce low-isospin
heavy nuclei (Table I).

In Table I, excitation energies E* of compound nuclei
(CNs) 27Cf, 23Cm, 2¥Cm, *'Pu, 2*Pu, and 22°U, respec-
tively correspond to those of residual nuclei generated by
emitting a neutron from their parent nuclei Z8¢f, 230Cm,
24Cm, 22Pu, 2Py, and 2**U, whose E* are uniformly set
as 60 MeV. Incident energies Ej,, of various projectiles are
determined according to reaction systems and E* of CNs they
produce.

Figure 6 shows the calculated Pyy as a function of B
for parent nuclei 28¢f, B4Cm, PPy, and 224y, which are

FIG. 6. First-chance fission probabilities (Pfy) as a function of
the presaddle friction strength (8) calculated at excitation energy
E* = 60MeV for nuclei (a) 22Cf, (b) 2**Cm, (c) »*°Pu, and (d) 2*U,
which are formed by reaction systems suggested in Table 1.

formed by the corresponding reaction systems and incident
energies given in Table I. The spin distributions of these parent
nuclei generated via fusion are obtained with the methods
of Refs. [8,62]. Projectiles >>?®Mg were used in previous
cross bombardments experiments [34,36] to yield 2¥No and
274Hs by fusion mechanisms aiming at directly observing first-
chance fission of superheavy nuclei.

The most prominent feature seen in Fig. 6 is that Pry drops
quickly with increasing . Overall, this figure reveals that
first-chance fission probabilities of low-isospin actinides nu-
clei produced via stable nuclear beams are a good observable
of exploring presaddle dissipation properties. Thus, measure-
ments on Py, of these heavy systems can put a strict constraint
on f.

With the establishment of many radioactive beam facilities
around the world and with the development of techniques in
producing radioactive nuclear beams (RNBs), a number of
RNBs may be used in the future experiments. In this context,
apart from stable-projectile beams, RNBs could provide an
alternative approach to generating low-isospin heavy nuclei.
More details and discussions about the intensities and types
of available RNBs can be found in Refs. [63,64].

As an illustration, radioactive-projectile beams 2°3°S and
23.268i may be employed to produce low-isospin heavy sys-
tems 233234Cf and 2**2°Cm by hitting the **Pb target. We
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FIG. 7. First-chance fission probabilities (Pr) as a function of
the presaddle friction strength (8) for heavy nuclei (a) 2**Cf and
(b) »°Cm, which are populated to have an excitation energy of
55 MeV by reaction systems S (E, = 174.2MeV) + 2*Pb and
%8i (B, = 151 MeV) + 2*Pb, respectively.

calculate the evolution of first-chance fission probabilities
with friction for excited parent nuclei 2**Cf and **°Cm formed
by radioactive beams channels *S (Ej, = 174.2MeV) +
204pp and 2Si (Ep, = 151 MeV) 4 2%Pb. The results are dis-
played in Fig. 7.

It is seen that Py of the two heavy fissioning nuclei are a
quite sensitive function of B, indicating that RNBs induced
reactions could provide an experimental way to investigate
presaddle friction.

Currently, there exist some choices of stable projectiles
that can be applied to produce two low-isospin neighboring
isotopes of a heavy element required in the cross bombard-
ments experiment. While the intensity of RNBs is weaker
than that of stable nuclear beams, RNBs can expand the type
of projectiles and the range of their isotopes that may be
used in reaction experiments. Thus, RNBs may offer new and
intriguing opportunities to study nuclear dissipation with first-
chance fission probabilities by producing more low-isospin
neighboring isotopes of heavy elements.

We note that different experimental suggestions are given
for using first-chance fission probabilities and using the total
fission probability to probe presaddle friction. Fission proba-
bilities of heavy nuclei are generally close to 100%, resulting
in their insensitivity to a change in friction. It was shown
in Ref. [45] that populating neutron-rich heavy fissioning
systems can affect the competition between evaporation chan-
nels and fission channels and hence, obviously enhance the
friction effects on the total fission probability. In contrast,
the present work shows that decreasing the competition of
neutron emission with fission can significantly raise the sen-
sitive dependence of the first-chance fission probability on
friction (Fig. 1). So the experimental suggestion given for
first-chance fission probability is different from that for the
total fission probability; that is, to strongly constrain friction
with the first-chance fission probability, either conventionally
stable nuclear beams or RNBs that are combined with Pb and
W target nuclides could be used to yield low-isospin heavy
fissioning systems.

V. CONCLUSION

In the framework of the dynamical Langevin equation cou-
pled to a statistical model of particle emission, we have
explored the influence of isospin on probing presaddle dissi-
pation properties with first-chance fission probability (Pyg) of
heavy systems. It has been found that a low isospin increases
Py and substantially enhances its sensitivity to presaddle fric-
tion (B). Moreover, it has been demonstrated that low energy
can raise the sensitive dependence of Py on . These results
suggest that to tightly constrain the strength for presaddle
dissipation by measuring first-chance fission probability, ex-
perimentally, it is optimal to generate those heavy fissioning
systems with a small isospin and a low excitation energy.
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