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Abstract: Heavy-ion fusion reaction is relevant to a number of important issues not only in stellar environment but
also in the synthesis of new nuclides and superheavy elements. In this work, the role of Pauli blocking and isospin
effect in sub-barrier fusion reactions is investigated within the well established coupled-channels method. An
isospin-dependent Pauli blocking potential is proposed to better address the deep sub-barrier fusion hindrance prob-
lem. It is found that the Pauli blocking effect manifests itself strongly for isospin symmetric targets and is reduced
for targets with large isospin asymmetries. The agreement between experimental and theoretical fusion cross sec-
tions is improved for both ?C-target and 'O-target systems.
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I. INTRODUCTION

Fusion process at sub-barrier energy region is of cru-
cial importance for a number of interesting issues in both
nuclear physics and astrophysics [1, 2]. By clarifying the
details of fusion dynamics, the present understanding of
astrophysical process such as carbon burning and oxygen
burning, etc., could be further improved [3—5]. Fusion re-
actions also play an important role in the synthesis of new
nuclides and superheavy elements [6—8]. Although sub-
stantial progress has been made using the cold fusion and
hot fusion reactions, it remains a challenge to produce
heavier elements as the fusion process is, in general,
strongly blocked by both Coulomb barrier and Pauli re-
pulsion. One of the examples which has received particu-
lar attention is the hindrance of fusion far below the Cou-
lomb barrier [9—11], that is, the unexpected falloff in the
measured fusion excitation functions of systems
BNi+3Ni, Zr+2Zr, ONi+%Y, ®Ni+%Ni, etc., has
been observed, and thus brings new challenge for both
theoretical description and experimental observation
[12—14].

Fusion at deep sub-barrier energies provides an ef-
fective probe for the details of internal part of the nucle-
us-nucleus (NN) potential. Theoretical efforts have been
devoted to interpreting the fusion hindrance phenomena
by refining the internal part of the NN interactions. For
example, a large diffuseness parameter in the Woods-
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Saxon form of NN potential is employed to fit the experi-
mental data [15—17], indicating the necessity of refining
the inner part of conventional Woods-Saxon parametriza-
tion. Similarly, a calibrated repulsive core in the NN po-
tential was proposed in Ref. [18] in order to simulate the
effect of nuclear incompressibility in the inner region,
which yields a good agreement between the theory and
the fusion data. Moreover, the density-constrained time-
dependent Hartree-Fock theory has been applied to de-
scribe hindrance problem where the Pauli energy contri-
bution to the nucleus-nucleus interaction is taken into ac-
count [19, 20]. Recently, inspired by the inverse process
of a-cluster decay [21—23], a Pauli blocking potential de-
rived from microscopic in-medium wave functions has
been incorporated into the coupled-channels method to
better account the repulsive core and hindrance phenom-
ena [24, 25]. Both the a-induced and na-induced fusion
reactions are analyzed in detail, in which the shallow
“pocket" in the inner region resulted from Pauli block-
ing is found to play a non-trivial role in explaining the ab-
rupt decrease of quantum tunneling probability during fu-
sion process [24—27].

Despite much effort has been paid to hindrance phe-
nomena at extreme sub-barrier energies, the density over-
lapping process of the projectile-target system and the
Pauli blocking involved in fusion process are still not
fully understood. In addition, there is a clear experiment-
al observation of the dependence of sub-barrier suppres-
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sion on the structure of the interacting nuclei [10]. Espe-
cially, the nuclear isospin effect is considered to play a
role in the Pauli blocking process after two nuclei con-
tact and affects the onset of the sub-barrier fusion
hindrance [28—31]. A better understanding of nuclear
isospin dependence of the fusion hindrance for very neut-
ron-rich nuclei will be helpful for the synthesis of super-
heavy nuclei using radioactive beams [32]. In this work,
we propose an improved Pauli blocking potential Vp¢
with explicit isospin asymmetries and perform coupled-
channels calculations for a number of systems, namely,
160 +7274Ge,  927Zr, 42I4N{, 41485y, 208pp  and
2C+198pt, 28pp. The comparison between different
isospin asymmetric systems may shed more light on the
fusion hindrance phenomena and the isospin effect in
low-energy nuclear reactions involving exotic nuclei far
from the stability line.

The rest of this paper is organized as follows. In
Sec.2, the coupled-channels formalism together with the
double-folding potential are presented, and the construc-
tion of the isospin-dependent Pauli blocking potential is
explained in detail. In Sec.3, we firstly display the Pauli
potentials in different fusion systems and then compate
the calculated total and partial fusion cross sections, the
astrophysical S factors, as well as the mean square devi-
ation from experimental data. Finally, the isospin effect
in different fusion systems is discussed. In'Sec.4, a sum-
mary is given.

II. THEORETICAL FRAMEWORK OF
COUPLED-CHANNELS (CC) METHOD

The well-established CC model has been widely ad-
opted in the calculations of fusion reactions [17, 33—35],
which addresses the coupling between nuclear intrinsic
motions and the relative motion of the colliding nuclei [1,
12]. By imposing the isocentrifugal approximation, the
angular momentum of the relative motion is replaced by
the total angular momentum J and the coupled-channels
Schrodinger equations can be written as

RE U
2u dR? 2uR?

+2 Van(Run(R) = 0,

2 2
{ n d +V(R) +6,— E | un(R)

M

where E is the bombarding energy in the center-of-mass
frame and ¢, is the excitation energy of the n-th channel.
J is the total angular momentum of the fusion system.
u,(R) is the radial wave function of the n-th channel of
the fusion system. V(R) is the total potential which con-
sists of Coulomb and nuclear interactions, i.e.,
V(R) = Vc(R)+ Vy(R). Ve(R) and Vy(R) are obtained by
double-folding procedure that will be discussed in sec-

tion.2.1. Matrix elements of the coupling Hamiltonian
V. are given by the sum of V¥ and V€ , which repres-

ent the nuclear and Coulomb components, respectively.
And the matrix elements will be discussed in section.2.2.

A. Projectile-target potentials and construction of Pauli
blocking potentials

The Michigan-3-Yukawa (M3Y) double-folding po-
tential [36] is suited for the description of fusion cross
sections, which incorporates the nucleon distributions of
the reacting nuclei [37]. However, the M3Y potential is
known to overestimate the experimental fusion cross sec-
tions at deep sub-barrier energies. A microscopic Pauli
blocking potential obtained by solving the in-medium
four-nucleon wave equation [21] can improve greatly the
exchange term in the standard M3Y potential. Here we
propose an isospin-dependent Pauli potential V7! based
on our previous calculations [25]. The M3Y-+Pauli
double-folding nucleus-nucleus potential Vy(R) and the
Coulomb potential V(R) are defined as follows,

Vy(R) = / drydryp; (r1) p2 (r2) g(s)) + Vi (R), )

82

Is|

VC(R):/drler P1p(X)P2p(12), €))

where R is the separation of the centers of mass of two
reacting nuclei and |s|(s=R-r;+r;) is the distance
between a nucleon in the target and a nucleon in the pro-
jectile. p; denotes the nucleon density distribution of the
target, i.e., the sum of proton and neutron density. And p,
is the nucleon density distribution of the projectile. pi,,
and p,, are the proton density distributions of the two
participants. The density-dependent nucleon-nucleon in-
teraction g(|s|) follows the form

exp(—4s) B
4s

exp(—=2.5s)
2.5s

g(sh = |1 &) F(p), 4)

where the multiplier F(p) is given by F(p)=C[l+
aexp(—Bp)] and the values of the parameters C, « and 8
are from Ref. [38]. We focus on the na + target fusion
systems, namely, '2C group and 'O group. For the 2C
group, the fitted strength of the Yukawa interactions is
c; =9989 MeV-fm and c, =3023 MeV - fm, respectively.
The fitted strength ¢y =2954.5 MeV - fm and
¢, = 1554 MeV - fm is used for the 'O group. The neut-
ron (k = n) and proton (k = p) density distributions of the
target nuclei are taken as the standard Fermi form [39],

Lok

pu(r) = W,
1 +exp
Ay
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where C, and ¢, are the half-density radius and diffuse-
ness, respectively, and their values are taken from Ref.
[40]. pox is the normalization coefficient. The modified
Gaussian form is used for the density distributions of pro-
jectiles, where the parameters w and y are obtained by
fitting the corresponding root-mean-square (rms) radii
and pg, is determined by integrating the density distribu-
tion equivalent to the corresponding mass number [41,
42]

p2(r) = poa (1+wr?) exp (—yr?). (6)
In order to relate the density distribution of projectile
pp to that of the @ particle p,, an e-cluster distribution

function inside the nucleus, p.(r), was proposed [25]

pao(r) = /pc (") pa (I —x'Ddr’, (7

in which the distribution of « particle is described as the
widely used Gaussian form [43]

pa(r) = Poa €XP (_/1'2) . (8)

h2 ~intr
o [k +2k7, + 2k3, 1™ (K, K0, Kags P) +

= W(P)P" (k, k2, kss; P),

BK Pk, &K, -
(2n)* 2n)* (2n)?

Combining Eqs.(6), (7) and (8), by using the Fourier
transform technique [43], one can obtain the distribution
function of @ clusters

P(r) = poc (1 +,ur2) exp (—frz) , ©))
in which
2wA?
=A-y, &E=vya/n, =—. 10
n Y. &=y, u 20— 3w) (10)

From the above discussion one gives the na Pauli
blocking potential by utilizing a single folding procedure

Vi (R) = /pc(r')V[‘:i(R+l")dl", (1D

where V, is the isospin-dependent Pauli blocking poten-
tial between the target and a single « particle. For homo-
geneous systems, the Pauli blocking potential for a pro-
jectile (2n+2p) is microscopically obtained by solving the
in-medium Schrédinger equations [21—-23]. With the Jac-
obian momenta p; =P/4+Kk/2+K5,p; = P/4+Kk/2 -k,
p; =P/4—-K/2+K34,ps =P/4—K/2—Kk34, the in-medium
Schrodinger equation is given by

V(s K, Kags K, Ko, K @™ (K K, Ky s P)

(12)

where the centroid of a-cluster is considered to be at rest (P=0) in homogeneous nuclear matter. The effective in-medi-

um interaction V4(k,k,z,k34;k/,k;2,k’34;P) contains the external mean field VZX[ felt by the a projectile as well as the in-
. . . . /int . . .

trinsic nucleon-nucleon interaction Vi modified by the Pauli blocking

intr

v,

=0(p

with the nucleon-nucleon interaction defined as a Gaussi-
an form factor

/o2
_“’1'*’2)
2
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9 e 4y

Vn-n(P1,P2; P}, P5) = de

Xo(pr+p2—pi—py), (14

and the states below the Fermi sphere kr = (3n%05/2)'?
are blocked out. pp represents the baryon density, defined
as pp=p.+p,. The W®P) is decomposed into

ext intr

WP)=W"(P)+W" " (P). By performing the variational

(k k129k349k/ k’129k;,49P) - Vn (pl’p2,p3,p4,p1,p2’p3,p4) - V12 + V13 + V14 + V23 + V24
—kp)O(p2 —kp)Vy-_n(P1,P2; P}, P5)O(P3

intr intr intr intr intr intr

+V3,

—p3)d(ps — pyy) + five permutations, (13)

calculation for the intrinsic part, the in-medium equation
can be solved with a Gaussian ansatz

. 1
@™ (P1, P2, P3.Pa) = W‘pﬂ (P1)¢r, (P2)@r, (P3)¢r, (P4)

XO(P1 +P2+P3+Ps) (15)
2
with ¢-(p) =% 0 [p—ki]. We have to evaluate the nor-

malization factor N of the trial function as well as the kin-
etic and potential energy. For each density pp, the minim-



Weiwen Deng, Kaixuan Cheng, Chang Xu

Chin. Phys. C 49, (2025)

um of the intrinsic energy W™ (o) has to be found with
the ansatz and the Pauli blocking for a projectile embed-
ded in nuclear medium is taken into account. Thus the
Pauli blocking potential is obtained for homogeneous
nuclear matter from

Wintr(pB) — E((y()) + WPauli(pB)’ (16)

where E =-28.3 MeV is the bound-state energy for «
particles in the zero-density limit. Here a fit formula is
given to simulate the result of microscopic calculation
within the variational approach,

W™ () = 4515.9p5 — 100935p} + 12025380, (17)

For imbalanced systems, it is rather difficult to per-
form variational calculations. Recently, we have per-
formed microscopic calculations for isospin asymmetric
systems [44]. It is found that Pauli blocking potential is
reduced for imbalanced systems. In the present work we
improve the Pauli blocking potential by including a new
term related to the isospin asymmetry of the target, i.e.,

Vii(o1(r)) = W oy (r))/ (1+6(r)?%), (18)

where &(r) is the isospin asymmetry defined as

6(7’) = (pln(r) _plp(r))/(pln(r) +p1p(r))~

B. Vibrational coupling matrix elements and coupling
parameters

Let us now discuss the explicit form of the coupling
Hamiltonian for heavy-ion fusion reactions. It has been
demonstrated that the low-lying collective excitations of
the colliding nuclei during fusion have a significant im-
pact on the fusion cross section by modifying the poten-
tial between the colliding nuclei, especially at sub-barrier
colliding energies [2, 45—47]. The surface vibration of the
colliding nuclei, as a type of collective excitations, is con-
sidered in our calculation. The Hamiltonian for the coup-
ling of the relative motion to the surface vibration of the
nucleus is introduced by considering the change of the
nucleus radius in the potential. Taking the target as an ex-
ample, the change of its radius considering the deforma-
tion during fusion can be expressed by a dynamical oper-
ator O,

RT—>RT+O. (19)

The surface vibration of the nucleus is approximated
by a harmonic oscillator, thus the dynamical operator is
given by

52_7(]37" (Cl;o + aw) ,

0= (20)

where A and B, are the multipolarity of the vibrational
mode and the corresponding deformation parameter, re-
spectively. a}, and a, denote the creation and annihila-
tion operators of the phonon, respectively. Hence the
matrix element of this operator between the n-phonon
state |n) and the m-phonon state |m) is obtained,

Onm = 52—”RT( Mén,m—l + \/E(Sn,m+l)~ (21)
By numerically diagonalizing the matrix O,

Ola) = A,]a), where 1, and |a) are the eigenvalues and ei-
genvectors of O, the nuclear coupling matrix elements are
evaluated as

Vou(R) =

nm

(n|Vx (R, 0.) [m) = V(RS
= (nlaXa|mVyR,A) = VyR)Sum  (22)

where Vy (R, OAA) =Vy(R- OA/I) .
The Coulomb coupling matrix elements VS, are cal-
culated by the linear coupling approximation [12]

B3, R

Ve (R) =
B = e aar 12741 s

nm

( Mén,m—l + \/ﬁén,m+l)~
(23)

Again, the total coupling matrix element is determ-
ined by adding the values of V¥ and V¢ . Detailed struc-

ture inputs for describing the excitation of low-lying
states in fusing partners are listed in Table 1.

C. Calculation of fusion cross sections

The total fusion cross section is obtained by sum-
ming the partial fusion cross sections,

i (E) = 2 > (21 + DPA(E), (24)
0y
in which the penetrability P; is given by
_ kn (Rmin) 2
PoE) =) = I (25)

where k,(Rn,) is the local wave number for the n-th
channel at the minimum position of the Coulomb pocket,
and k, is that for the entrance channel. In CCFULL,
coupled-channels equations are solved by using the in-
coming wave boundary condition (IWBC), and integrat-
ing the equations directly with the modified Numerov
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Table 1.
states along with their corresponding excitation energies E,

The deformation parameters g, of vibrational

used in the coupled channel calculations for different nuclei.
A" denotes the multipolarity and parity of a state.

Nuclei T E,(MeV) Ba References
12¢c 2+ 4,440 0.590 [48]
160 3- 6.130 0.729 [18]

2+ 6.917 0.349 [18]

28si 2t 1.779 -0.407 [49]

3- 6.879 0.401 [49]

30si 2t 2.235 0.330 [50]

3- 5.488 0.275 [50]

2Ge 2% 0.834 0.240 [51]
74Ge 2+ 0.596 0.285 [51]
R27r 2+ 0.934 0.101 [52]

3- 2.340 0.174 [52]

10000 2+ 0.536 0.230 [49]
3- 1.908 0.220 [49]

142Nd 2+ 1.575 0.092 [53]
3- 2.084 0.127 [53]

144Nd 2+ 0.696 0.120 [54]
4+ 1314 0.060 [54]

1445m 2t 1.660 0.087 [52]
3- 1.810 0.151 [52]

1489m 2+ 0.555 0.140 [55]
3- 1.160 0.190 [55]

198pg 2t 0.407 0.110 [56]

3- 1.500 0.100 [56]

208pp 3” 2615 0.111 [18]
5= 3.198 0.059 [18]

method. The transmission coefficient 7, of the n-th chan-
nel satisfies:

where y,..(R) is the wave function of the m-th channel ob-
tained from u,(R).

III. RESULTS OF FUSION CROSS SECTIONS
AND DISCUSSION ON THE ISOSPIN EFFECT

We adopt '*0+7*Ge as a representative example.
The nucleus-nucleus potentials calculated with and
without the isospin dependent term, as well as the nucle-
on density distributions of targets are displayed in Fig.1.

For both the fusion systems, the isospin effect leads to
lower Pauli blocking potentials, in turn, the deeper pock-
ets and narrower barriers compared with the isospin-inde-
pendent ones. For the '°0 +7*Ge fusion reaction with lar-
ger isospin asymmetry, the variation of the minimum en-
ergy of the pocket, AV, = 1.96 MeV, is larger than that
for the '°0+72Ge system, AV, = 1.12 MeV. Note that
the Coulomb repulsion of the two systems is identical, so
the difference between the AV, is mainly originated
from the Pauli blocking potential.

Similar phenomenon can also be found in other sys-
tems, as shown in Fig.2. For all the '® O-target systems,
AV, as a function of the isospin asymmetry of the tar-
get I =(N-2Z)/A, is given in the insert. It is shown that
the isospin effect is more evident for the target with lar-
ger [, and the variation of the minimum pocket energy,
AV, increases linearly with /. For instance, '°0+2%Pb
shows the greatest variation of the minimum energy. Note
that the barrier penetration probability has an exponential
dependence on the barrier properties. A small change of
the pocket position by the isospin effect will result in a
non-negligible role in the theoretical fusion cross sec-
tions especially at sub-barrier energies.

Fusion excitation functions of !*0+"*Ge and
160 +144148 §m gystems are shown in Fig.3, performed by
the CCFULL [57]. It is found that the experimental fu-
sion cross sections can be reproduced well by including
the isospin effect in the Pauli blocking potential, whereas
the results calculated without this effect underestimate the
data at sub-barrier energies, especially for the '“+48Sm
targets. At near and above barrier energies, there is no ob-
vious difference between the isospin-dependent results
and the isospin-independent ones. This is because at high
incident energies, a compound nucleus is assumed to be
formed before the two colliding nuclei strongly overlap
[58], thus the Pauli blocking effect is relatively weaker.
As the incident energy decreases towards sub-barrier en-
ergies, owing to the large density overlap, the Pauli
blocking effect becomes increasingly important espe-
cially for isospin symmetric systems.

Detailed insights into fusion process can be obtained
from angular momentum dependence of fusion cross sec-
tions. Partial fusion cross sections of the reactions
160 4+ 7274Ge calculated at several specified experimental
incident energies, namely, 32.1 MeV, 31.3 MeV for the
2Ge target and 31.9 MeV, 31.1 MeV for the "Ge target,
are given in Fig.4. It is clearly shown that isospin effect
enhances the partial fusion cross sections. For example,
the maximum partial fusion cross section at 32.1 MeV of
the '°0+7>Ge system increases from 0.102 mb to 0.174
mb. Higher angular momentum components with J > 12
also contribute to the total fusion cross sections after tak-
ing into account the isospin effect.

To further explore the isospin dependence of Pauli
blocking potentials, we calculate fusion cross sections of
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Fig. 1. (color online) (a) Potentials of fusion reaction 0 +7?Ge and the nucleon density distributions of the target 7>Ge. The orange

dot-dash line represents the Pauli blocking potential, and the orange solid line represents the total potential, calculated by including the

isospin effect. The green dotted line represents the Pauli blocking potential, and the green dashed line represents the total potential, cal-

culated without the isospin effect. The nucleon density distributions are shown in the insert, in which the red dashed line denotes the

neutron density distribution, the blue solid line denotes the proton density distribution, and the violet dotted line is the sum of the neut-

ron density and proton density of the target. (b) Potentials of fusion reaction 0 +74Ge and the nucleon density distributions of the tar-

get "Ge.
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Fig. 2.  (color online) Variation of the minimum pocket en-

ergy after introducing the isospin-dependent term in the Pauli
blocking potential. The triangles and inverted triangles denote
the minimum energies of the pockets obtained by the isospin-
independent and isospin-dependent Pauli blocking potentials,
respectively. For all the calculated ¢ O-target systems, AV
as a function of the isospin asymmetry of the target,
I=(N-2Z)/A, is given in the insert.

more systems including '*O +%2Zr, '°0 +208Pb, '2C + 8Pt
and '2C +2%Pb. The best-fit global values of the Yukawa
interaction strength for the '* O- and '? C-induced reac-
tions and the mean square errors (MSE) are given in Ta-
ble 2. The MSE are used to get the goodness of fit for all
studied systems

1 a Texp (Ecm) —Om (Ecm) :
MSE =~ > { . @D

-1 Texp (Ecm)

where o, and o, respectively represent the theoretical
and experimental total fusion cross sections and N is the
number of experimental points used for fitting in each fu-
sion system. The values of mean square errors calculated
by isospin-independent and isospin-dependent Pauli
blocking potentials are compared in Table 2. The MSE
value of the system with the largest isospin asymmetry,
160 +2%8pb, improves most obviously among all the cal-
culated fusion systems. The total MSE-values with
isospin term for the '>C and '°O groups are found to be
smaller than that without isospin term, indicating that the
Pauli potentials “‘felt" by the target nuclei with larger
isospin asymmetries are effectively lower than the ones
with smaller isospin asymmetries.

Recently, an experimental study on the sub-barrier fu-
sion of 2Si+ 1Mo observed a tendency of the astrophys-
ical S factor to develop a maximum, which would be a
clear indication of hindrance [49]. It is pointed out in Ref.
[49] that CC calculations performed with the best-fit
Woods-Saxon potential are hard to reproduce the flat
trend of S at the lowest energy. Interestingly, in the
present work, it is found that the M3Y+isospin-depend-
ent Pauli blocking essentially improved the data fit. The
calculated fusion cross sections of *Si+!“Mo and the
conversion to the S factor are given in Fig.5 (a). It can be
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Fig. 4. (color online) (a) The partial fusion cross sections of '°0+7?Ge system calculated by using isospin-independent Pauli block-

ing potentials (blue lines with squares) and isospin-dependent ones (red lines with circles). (b) The partial fusion cross sections of
160 1+ 7Ge system. Experimental total fusion cross sections at specified sub-barrier energies are given in boxes [59].

seen that the M3Y+isospin-dependent Pauli blocking
yields a good agreement with the experimental flat trend
of S factor, especially at deep sub-barrier energies [49].
Similarly, in a lighter fusion system 28Si+3Si, large de-
viations from the experimental fusion cross sections and
the optical model predictions have been observed [66].
By introducing the isospin-dependent Pauli blocking, the
experimental fusion cross sections and S factors are re-
produced fairly well, as shown in Fig.5 (b). We also pre-
dict the maximum of the S factor at 25.10 MeV for the
BSi+%Si system, and 65.44 MeV for the 2Si+ %Mo

system, whereas the isospin-independent results predict
earlier onsets of the hindrance. This could be verified by
future precise measurements of fusion cross sections
down to deeper energies which allows locating the
hindrance threshold energy.

IV. SUMMARY

We investigate the effects of Pauli blocking and
isospin asymmetry on the cross sections of fusion reac-
tions, especially at deep sub-barrier energies. The micro-
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Fig. 5. (color online) (a) Excitation function and astrophys-

ical S factor of 28Si+ 1Mo system. The red solid lines are the
isospin-dependent results, compared to the isospin-independ-
ent ones (blue dotted lines). (b) The same as (a), but for
283i +39Si system. Experimental data are taken from Refs. [49,
66].

scopic treatment of density overlapping process and Pauli
blocking of isospin asymmetric fusion systems is rather
difficult and should be tackled by solving complex in-me-
dium equations. In this work, by incorporating the isospin
effect, the Pauli blocking effect is found to be significant

Table 2.
culated with and without isospin term. For the '°0 group, the
best-fit global values of c¢; and ¢, are c¢; =2902 MeV-fm,
¢y =1575MeV-fm for the isospin-independent calculations,
whereas ¢y =2954.5MeV-fm, ¢, =1554MeV-fm for the
isospin-dependent ones. For the '2C group, the best-fit values
are ¢; = 10015.5MeV -fm, ¢, =3109 MeV -fm for the isospin-in-
dependent case, and c; = 9989 MeV - fm, c; = 3023 MeV-fm for
the isospin-dependent case. The last column is the correspond-

Comparison of the mean square errors (MES) cal-

ing references where the experimental data are extracted from.

MSE values MSE values

Systems (Isospin-independent)  (Isospin-dependent) Ref.
160 +72Ge 0.3649 0.3165 [59]
160 4+ 74Ge 0.0520 0.0565 [59]
160 4 927y 0.2168 0.2428 [61]

160 4 142N(g 0.2739 0.2575 [54]
16 4 144Ng 0.8545 0.7659 [62]
160 4 144g 0.2490 0.2107 [60]
160 4 1485 0.2843 0.2437 [55]
16() 4 208y, 0.8256 0.2983 [63]
1204 198py 0.0123 0.0087 [64]
1204 208py, 0.1443 0.1364 [65]
Total 3.2776 2.5370

for isospin symmetric targets and slightly reduced for tar-
gets with large isospin asymmetries. For fusion systems
16O+72’74Ge, QZZI.’ ]42’144Nd, 144’148511'1, 208Pb and SyStemS
12C + 198pt, 208pb, the involved potential pockets get deep-
er, and lead to enhanced fusion cross sections as com-
pared with the isospin-independent results. The agree-
ment between the calculated fusion cross sections and the
experimental data is largely improved by considering the
isospin effect. The total mean square error is reduced
from 3.2776 to 2.5370 for '® O-target and '> C-target sys-
tems. Moreover, the calculated astrophysical S factors
agree well with the data for both 2Si+!“Mo and
28Si+30Si systems and the onset of hindrance down to
lower energy region is predicted with the isospin-depend-
ent Pauli blocking.
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