3 34 % 5 3 1 H ¥ & ¥ # iF ©» Vol. 34, No. 3
2017 E 9 A Nuclear Physics Review Sep., 2017

Article ID: 1007-4627(2017) 03-0539-06

Theoretical Study of the Coupled-channel Effects
in Fusion Reactions 46°0Ti+124Sn

WANG Bing!, ZHAO Weijuan!, ZHAO Enguang®?, ZHOU Shangui®3*?°

(1. Department of Physics, Zhengzhou University, Zhengzhou 450001, China;
2. CAS Key Laboratory of Frontiers in Theoretical Physics, Institute of Theoretical Physics,
Chinese Academy of Sciences, Beijing 100190, China;
8. Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator, Lanzhou 730000, China;
4. School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China;
5. Synergetic Innovation Center for Quantum Effects and Application, Hunan Normal University, Changsha 410081, China)

Abstract: The heavy-ion capture and fusion processes at energies near the Coulomb barrier can be treated
as a multi-dimensional barrier penetration problem. In the eigenchannel framework, the couplings to other
channels split the single potential barrier into a set of discrete barriers. Based on the concept of the barrier
distribution, we have developed an empirical coupled-channel (ECC) model and performed a systematic
study of capture excitation functions for 220 reaction systems. Recently, an experiment was reported in
which the capture excitation functions of reactions 4%5°Ti+'24Sn were measured. In this work, we review
the ECC model briefly and use this model together with the universal fusion function (UFF) prescription to
study the coupled-channel effects in fusion reactions *¢°°Ti+124Sn. The reduced fusion functions show that
the sub-barrier capture cross sections of °Ti+'24Sn exhibit an extra enhancement as compared with those
of 59Ti+'24Sn. The results from the ECC model reproduce the experimental capture excitation functions
successfully and show that this extra enhancement of the sub-barrier cross sections for *Ti+'24Sn can be
ascribed to the positive ) value neutron-transfer effect
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1 Introduction

During the past decades, many impressive pro-
gresses for the synthesis of superheavy nuclei have
been made in both experimental and theoretical
studies!" ¥}, The whole process of the synthesis of
superheavy nuclei can be divided into three stages:
(i) the capture process in which the projectile is cap-
tured by the target and then a composite system is
formed; (ii) the process of the formation of a com-
pound nucleus, which competes against the quasifis-
sion; (iii) the deexcitation process in which the ex-
cited compound nucleus cools down through emitting
neutrons and « rays. The experimental evaporation-
residue (ER) cross sections are nicely described by
most of the theoretical models within less than one

order of magnitude[g’ 12, 14] However, the calculated
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probabilities of formation of compound nucleus can dif-
fer by two or three orders of magnitude because of
some serious ambiguities in the mechanism of fusion
dynamics[g’ 12, 14] " This means that the capture and
deexcitation steps can accommodate the large discrep-
ancies between the calculated formation probabilities
and thus can reproduce the measured ER data prop-
erly. In addition, the discrepancies of the predictions
for the ER cross sections for synthesizing new elements
with Z > 118 from the theoretical models appear to be
quite large[w*lg]. Therefore, it’s necessary and very
important to examine carefully these three steps in the
study of the synthesis mechanism of superheavy nuclei.
In this work we only focus on the capture process.
Theoretically, the capture process is often treated
as a multi-dimensional barrier penetration problem
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because of the strong couplings between the rela-
tive motion and intrinsic degrees of freedom and the
coupling to the nucleon transfer channels. On one
hand, by solving the coupled-channel (CC) equations
to account for these couplings, the CC model has
been developed[20_22]. The CC model is very success-
ful in describing fusion excitation functions near the
Coulomb barrier?® However, for heavy systems, a
large number of channels have to be taken into ac-
count in the CC model which is not easy to realize.
Therefore, full CC calculations become intractable in
many cases including many fusion reactions leading
to superheavy nuclei. On the other hand, the cou-
plings to other channels split the original single bar-
rier into a set of discrete barriers®” ** 2%l These
discrete barriers distribute around the original single
barrier, each of them has a certain weight represent-
ing the probability of encountering the corresponding
barrier. Based on the concept of the barrier distribu-
tion, a barrier distribution was introduced to take into
account the coupled-channel effects in an empirical
way, thus several empirical CC approaches have been
developed[12’ 26239 The main differences of these em-
pirical CC approaches are the shape of the barrier dis-
tribution and the way of determining the parameters
of the barrier distribution. Actually, these empirical
CC approaches provide an alternative to the full CC
calculations, especially in the cases where the full CC
calculations become intractable.

Recently, we have developed an empirical coupled-
channel (ECC) model by performing a systematic
study of these capture excitation functions®. In
Ref. [31], the barrier distribution is taken to be an
asymmetric Gaussian form and we proposed empiri-
cal formulas to calculate the parameters of the bar-
rier distribution. We collected and compiled the mea-
sured capture (fusion) excitation functions of 220 reac-
tion systems. The comparison between the calculated
cross sections and the experimental ones shows that
the ECC model together with these empirical formu-
las works quite well at energies around the Coulomb
barrier and can give a reasonably adequate and sys-
tematic description of the capture excitation functions
of these 220 reaction systems. In addition, this model
has been used to study the CC effects in fusion reac-
tions 32S+24967; and 40Ca+24207:5% and extended
to describe the complete fusion cross sections for the re-
actions involving weakly bound nuclei at above-barrier

(331, Recently, the capture excitation functions

energies
of reactions #6:°Ti+124Sn were newly measured and

(34]
reported .

model briefly and use this model together with the

In this work, we will review the ECC

universal fusion function (UFF) prescription to investi-

gate the dynamical effects in reactions 4%5°Ti4+1248n.

The paper is organized as follows. In Sec. 2, we
review the ECC model briefly. In Sec. 3, the ECC
model and the UFF prescription are applied to analyze
the measured capture excitation functions of reactions
46,50i 4 1248y Finally, a summary is given in Sec. 4.

2 Empirical coupled-channel model

The capture cross section at a given center-of-
mass energy Fcm. can be written as the sum of the
cross section for each partial wave J,

J,
’/ThQ max
Ucapture(Ec.m.) = QMT E (2J+ 1)T(Ec.m‘,t])7
¢ j=0

(1)
where p denotes the reduced mass of the reaction sys-
tem and T denotes the penetration probability. Jmax
is the critical angular momentum.

In the ECC model[gl], a barrier distribution func-
tion f(B) is introduced to take into account the
coupled-channel effects in an empirical way. Then, the
penetration probability is calculated as

T(Ec-m-aJ):Jf(B)THw(Ec.mA,J,B)dB. (2)

Tiw denotes the penetration probability calculated by
the well-known Hill- Wheeler formula®®). Note that for
very light reaction systems and deep sub-barrier pene-
tration, the Hill-Wheeler formula is not valid because
of the long tail in the Coulomb potential. In Ref. [36],
a new barrier penetration formula was proposed for po-
tential barriers containing a long-range Coulomb inter-
action and this formula is especially appropriate for the
very light reaction systems and the barrier penetration
with incident energy much lower than the Coulomb
barrier.

The barrier distribution f(B) is taken to be an
asymmetric Gaussian function

— exp

B—Bm\?
Loo[-(2522)]. nes,
f(B)= BB\ - (3)
_<A2 ) , B>Bn

f(B) satisfies the normalization condition [ f(B)dB =
1. N is a normalization coefficient. A, Az, and By
denote the left width, the right width, and the central
value of the barrier distribution, respectively.

Within the ECC model[31], the barrier distribu-
tion is related to the couplings to inelastic excitations

1

N exp

(low-lying collective vibrational states and rotational
states) and the coupling to the positive @ value neu-
tron transfer (PQNT) channel. The vibrational modes
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are connected to the change of nuclear shape and nu-
clear rotational states are related to static deforma-
tions of the interacting nuclei. When the two nuclei
come close enough to each other, both nuclei are dis-
torted owing to the nuclear and the Coulomb forces,
thus dynamical deformations develop[lg’ 37 Consid-
ering the dynamical deformation, a two-dimensional
potential energy surface (PES) with respect to relative
distance R and quadrupole deformation of the system
can be obtained. Based on the PES, empirical formu-
las for calculating the parameters of the barrier distri-
bution were proposed to take into account the effect of
the couplings to inelastic excitations in Ref. [31]. Note
that such empirical formulas are connected with the
quadrupole deformation parameters predicted by the
finite-range droplet model (FRDM)[BS].

The coupling to PQNT channel was suggested to
explain the extra enhancement of sub-barrier fusion
cross sections of 8Ni+%4Ni system as compared with
those of ®®Ni+°8Ni and %*Ni+%*Ni systems[SQ]. Ex-
tra enhancements of sub-barrier fusion cross sections
have been also observed in most of other reaction sys-
tems with PQNT channel. For some of these systems,
the fusion excitation functions have been measured in
sufficiently small energy steps, which can be used to
extract the underlying barrier distributions to.study
the contribution from transfer channels. The exper-
imental barrier distributions are much broader than
those of the reaction systems with negative @ value
In this ECC model, the
effect of the coupling to the PQNT channel is simu-
lated by broadening the barrier distribution. When
the @ value for two-neutron transfer is positive, the
widths of the barrier distribution are calculated as
A; =gQ(2n)+A;, (i =1,2), where Q(2n) is the Q value
for two-neutron transfer. g is taken as 0.32 for all re-

neutron transfer channel.

actions with positive ) value for two-neutron transfer
channel !

3 Results and discussions

As mentioned above, the ECC model together
with the empirical formulas works quite well at near-
barrier energies and can give a reasonably adequate
and systematic description of the capture excitation
functions of these 220 reaction systems. In addition,
for the reactions involving weakly bound nuclei, the
systematics of suppression of complete fusion at above-
barrier energies have been investigated by using this
ECC model[33}, the results show that the suppression
factors are consistent with those obtained from the uni-

[40]

versal fusion function (UFF) prescription'™ . Recently,

the capture excitation functions of *6°9Ti+124Sn have

been measured®*. In the present work, we use this

ECC model to study the CC effects in these two reac-
tions. Furthermore, these two newly measured capture
excitation functions can also be used to check the pre-
dictive capability of the ECC model.

As we know, the capture excitation function is in-
fluenced by two types of features related to the struc-
ture of and the interaction potential between the pro-
jectile and the target. One is of a static nature, such
as the heights, radii, and curvatures of the barriers,
and the static effects associated with the excess pro-
tons or neutrons in weakly bound nuclei. The other
one is the dynamical effects of couplings to inelastic
excitations, the breakup channel, and nucleon transfer
channels. In order to study the dynamical coupling ef-
fects on capture cross sections directly, it is necessary
to eliminate the geometrical factors and static effects
of the potential between the two nuclei®’ 42,

For reactions %59Ti+!24Sn, we first investigate
the dynamical coupling effects on capture cross sec-
tions by eliminating the static effects using the UFF

[415,42] According to this prescription,

prescription
the capture cross section and the collision energy are
reduced to a dimensionless fusion function F'(z) =
2Fc.m.0capture/ R%hw and a dimensionless variable x =
(Fo.m. — VB)/hw. Here Ec.m. is the collision energy in
the center-of-mass frame, gcapture is the capture cross
section, and Vg, Aw, and Rp denote the height, curva-
ture, and radius of the barrier which is approximated
by a parabola. The barrier parameters Vg, iw, and Rp
are obtained from the double folding and parameter-
free Sdo Paulo potential (SPP)[43745].

The reduced capture excitation functions of the
reactions **Ti+'24Sn and °°Ti+'?4Sn are shown in
Fig. 1. The solid line represents the UFF. One can see
that the reduced capture cross sections for **Ti+124Sn
and %°Ti+124Sn are both larger than the UFF at sub-
barrier energies. Furthermore, the sub-barrier capture
cross sections of “6Ti+24Sn show an extra enhance-
ment as compared with those of °°Ti+24Sn. This im-
plies that the enhancement of the sub-barrier capture
cross sections due to the coupling effects in 5 Ti+124Sn
is much larger than that in 50Ti4+124Sn. The reason
is that the ) value of two neutrons transfer channel is
positive for “6Ti+'24Sn but negative for 5°Ti4+'24Sn.
The Q(2n)s are 6.072 MeV and —0.255 MeV for these
two reaction systems, respectively.

Next, we adopt the ECC model to investigate the
effects of the couplings to inelastic excitations and neu-
tron transfer channels. The comparison between the
calculated and measured capture excitation functions
for 46Ti+124Sn and *°Ti+'?*Sn is shown in Fig. 2. For
467i4+124Gn | the calculated parameters A, Ao, and
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Fig. 1 (color online) The reduced capture function for

reactions *6Ti+'24Sn and 5°Ti+'24Sn as a function
of x. The solid line represents the UFF. The data
are taken from Ref. [34]. The dotted (dash-dotted)
line shows the reduced fusion function calculated
for *Ti+'?*Sn (*°Ti+'2*Sn) with neutron transfer
(NT) effect not included.

Bm are 4.17 MeV, 8.41 MeV, and 124.25 MeV, respec-
tively, while for 5°Ti+'24Sn, the calculated parameters
Ay, Az, and By, are 2.15 MeV, 6.25 MeV, and 123.01
MeV, respectively, The dotted line denotes the results
with only considering the couplings to inelastic excita-
tions. Omne can find that the dotted line is in good
agreement with the data for *°Ti+'?*Sn, while the
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theoretical results underestimate the sub-barrier cross
sections considerably for 6Ti+'24Sn. This means that
the couplings to inelastic excitations are responsible for
the enhancement of the sub-barrier cross sections for
50Ti4124Sn. Moreover, the results with only consider-
ing the couplings to inelastic excitations are reduced
by using the UFF prescription, which are shown in
Fig. 1 by the dotted and dash-dotted lines. One can
see that the dotted line coincides with the dash-dotted
line. It implies that the effects of the couplings to in-
elastic excitations are almost the same in these two
reactions.

As discussed above, the extra enhancement of the
sub-barrier cross sections for “6Ti+'24Sn is ascribed to
the effect of the couplings to PQNT channels. Then
the results with the neutron transfer effect taken into
account are shown in Fig. 2 by the solid line. One
can see that, after considering the neutron transfer ef-
fect, the theoretical results are in good agreement with
the data for 4°Ti+'24Sn. These results show that the
ECC model reproduces the data of these two reactions
quite well. “Note that there is no free parameters in
these calculations. This implies that the coupling to
PQNT channel is very important and necessary to ex-
plain the experimental data and the positive @) value
of two neutrons transfer is very important to under-
stand and describe the PQNT effect. Up to now, the
role of the PQNT effect is still not very clear. Further
experimental and theoretical studied are needed.
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(color online) The capture excitation functions for *°Ti4'2*Sn and 5°Ti+'?*Sn. The solid line denotes the
calculated cross sections with the NT effect taken into account.

The dotted lines denote the calculated cross

sections with the N'T effect neglected. The arrow indicates the central value of the barrier distribution. The data

are taken from Ref. [34].
4 Summary

The ECC model combined with the universal fu-
sion function prescription is adopted to study the
coupled-channel effects in fusion reactions *°°Ti+

12481 which were recently measured. The reduced fun-
sion functions show that the sub-barrier capture cross
sections of “°Ti+'?4Sn exhibit an extra enhancement
as compared with those of *°Ti+'24*Sn. The results
from the ECC model are in good agreement with the
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data and show that the extra enhancement of the sub-
barrier cross sections for *®Ti+'24Sn can be ascribed
to the positive ) value neutron transfer effect. There-
fore, the predictive capability of the ECC model has
been checked to some extent by the reproduction of
the two newly measured capture excitation functions.
We expect that this ECC model can provide proper
predictions of capture cross sections for the synthesis

of superheavy nuclei.
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