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The problem of a quantum-mechanical description of a near-barrier fusion of heavy nuclei, that occurs at
strong coupling of their relative motion to surface vibrations, is analyzed. To this end, an efficient finite-
element method is proposed for numerically solving coupled Schrodinger equations with boundary conditions
corresponding to total absorption. The method allows us to eliminate the instabilities in the numerical solutions
that appear at a large number of coupled channels in some reactions. To illustrate the validity of our approach,
the results of fusion cross section of the *Ni+ Mo and 3°S+ “®Ca reactions have been re-examined.
The obtained results demonstrate a remarkable agreement with the available experimental data. It is found
that experimental data can be reproduced with the use of the Woods-Saxon potential, without introducing the
repulsive cores. It appears that the fusion cross sections at deep sub-barrier energies are sensitive to the potential

pocket profile.

DOLI: 10.1103/PhysRevC.101.014618

I. INTRODUCTION

Nuclear fusion phenomena have attracted considerable
theoretical and experimental attention over several decades
[1-7]. Although basic notions of this phenomenon are rel-
atively well understood, there are still many hidden details
that require clarification. This is especially important, for
example, in light of synthesis of superheavy nuclei and eval-
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uation of boundaries of the nuclear drip line. According to
general wisdom, the latest problems are closely related to
intimate knowledge of various stages of astrophysical nu-
cleogenesis, from the Big Bang to creation of life on our
Earth.

Thanks to significant improvement of experimental sen-
sitivity in view of the remarkable development of semicon-
ductor detectors and computational capability, it becomes
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possible to systematically investigate stable and exotic nuclei
at energies well below the Coulomb barrier. In particular, the
fusion experimental data at deep sub-barrier energy have been
measured down to 10> mb [8]. Evidently, already available
experimental data require reliable qualitative and quantitative
interpretation. For example, the threshold anomaly problem
[9-11], diffuseness parameter anomaly problem [12,13], deep
sub-barrier fusion hindrance and its associated impact on
stellar evolution [14-16], subbarrier positive Q-value fusion
enhancement [17-22], and above barrier fusion suppression
phenomena, to name just a few, are challenges to the theory.
It is at once apparent that the degree of accuracy of theoretical
calculations may lead to different conclusions on the same
phenomenon [8,23-29].

The cross sections of near-barrier and especially sub-
barrier fusion of nuclei can be described within the coupled-
channels models that are based on various approximations
(e.g., Refs. [30-33]). In particular, the approach of di-
rectly constructing a numerical solution to the set of cou-
pled Schrodinger equations (see for details Refs. [6,34])
provides a convenient ground from which to calculate the
fusion cross sections. Note that colliding nuclei may de-
velop large dynamical deformations. Consequently, this prob-
lem requires the consideration of large number of coupled
channels (see, e.g., for discussion Refs. [35-37]). As a re-
sult, one needs to preserve the numerical accuracy of the
calculations, and this requires carefully treating boundary
conditions.

There are generally two approaches to construct the fusion
cross sections based on the solving of the coupled-channels
equations. The first one is to use the regular boundary con-
dition and the complex potential [5]. The fusion is defined
as the absorption of the incident flux due to the imaginary
part of the potential. The fusion cross section can be pre-
dicted accurately by the explicit integration of the imaginary
potential over the radial wave functions. The other approach
adopts the incoming wave boundary condition (IWBC). It
assumes that there is a strong absorption in the inner region
such that the incoming flux never returns. In this case, it
is enough to consider the real potential only [6]. Follow-
ing the same theoretical ideas as in Ref. [6], we develop a
new algorithm for solving a set of second-order differential
equations. We consider the boundary conditions with a strict
requirement of a complete absence of the reflected waves
from the intrinsic region behind the barrier. We calculate the
matrix elements of the interaction between colliding nuclei
explicitly.

The structure of the paper is the following. The theoretical
framework is briefly discussed in Sec. II. Results of numer-
ical calculations on two fusion reaction systems within our
approach are presented in Sec. III. A summary of our work is
given in Sec. IV.

II. THEORETICAL FRAMEWORK

In this section, for the sake of completeness, we review the
basic notions of the coupled-channels model (see for details,
e.g., Refs. [6,30,34-36,38]).

A. Basic equations

The fusion cross sections, decomposed over partial waves,
have the following form:

~E—nh20021 DP/(E 1
o ( >—2M—El§( + DP(E). (1

Here, E is the center-of-mass energy, u = ApAr/(Ap + A7)
is the reduced mass, Ap(r) is the mass of the projectile (target)
nucleus, [ is the orbital angular momentum, and P;(E) is
the barrier penetration probability. Our task is to find the
coefficients P;(E).

Consider a collision between two nuclei, taking into ac-
count the coupling of the relative motion between the centers
of mass of the colliding nuclei, r = (r, ) to a nuclear intrinsic
motion £. The system Hamiltonian has the following form:

2

H(r, §)= =924 V) + Ho®) + Vo .6, Q)
where Hy(&) describes the intrinsic structure, while the term
Veoup (1, &) describes the coupling between the relative motion
and the intrinsic structure. Note that the intrinsic degree of
freedom £ may have a finite spin /. In this case, for a fixed total
angular momentum J and its z component M of the system,
the channel wave function can be chosen in the following
form:

(R |(@DIM) = (Imymg | TM) Yo, ®)atm, (€). (3)

where Y, (t) is the spherical harmonics. The wave functions
of the internal motion ¢, (§) is subject to the equation

HO(& )walml (%-) = €alPalm, (S), (4’)

where o stands for quantum numbers associated with the
intrinsic motion and €,; is the corresponding eigenenergy.
Expanding the total wave function with the channel wave
functions as

J
U, 6=y ”°'+(r)<fs|(au>JM>, 5)

a,ld

one obtains the coupled-channels equations for ué ()

”od? 11+ DR
[_ﬂﬁ ur? +V(r)_E+€a,1}”£u(r)
+ Z Vajllga’l’l’(r)ué’l’l’(r) =0, (6)

o T
. . J .
where the coupling matrix elements V;; , ;... ;,(r) are given as

Ve (1) = (@IDIM Voo F, (@ T'TNIM). (T)

o

In solving the quantum problem in question, we employ
the so-called isocentrifugal approximation (see details in
Ref. [6]). In this approximation, the angular momentum of the
relative motion in each channel is replaced by the total angular
momentum. In this case, one ignores the change of the orbital
angular momentum due to intrinsic excitations. Such approx-
imation allows us to reduce several-fold the dimensionality of
the set of differential equations that should be solved.
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B. Vibrational coupling

To demonstrate all pros and cons of our approach we
analyze couplings of the relative motion to surface vibrations
of a target nucleus only, comparing our results with those well
known from literature. Hereafter, for the sake of convenience,
we consider the potential between the projectile and the target
as a function of the relative distance r between them:

V(r) = Vn(r) + V(). ®)

The potential contains the Coulomb term Vo = ZpZy e?/r and
a phenomenological nuclear potential Vi (r), that is chosen in
the Woods-Saxon form:

Vo

V) = el — RoYaol

®

Here, the parameters Vj, Ry, ag are the potential depth, poten-
tial radius, and diffuseness, respectively.

The nuclear coupling term of the Hamiltonian (2) can be
generated by changing the target radius in the potential to a
dynamical operator Ry + O [39]. The surface operator 0 is
defined as

0=y AP @ + o), (10)

Vax

where aio (ayp) is the creation (annihilation) operator of the
vibrational mode of the multipolarity A. In this representation,
the matrix element of the operator O has the following form:

B
Vax

where the n-phonon state of the multipolarity A is defined as

On/?l = Feoup A;"/S(\/%sn,mfl + \/E(Sn,m+1)s (11

| B
In) = ﬁ(aio)"lok

The deformation parameter §;, that defines the ampli-
tude of the zero-point motion, can be determined from the

J

Ve (1) = {

exXp (_ikn(rmin)r)];mna
Hl_ (knr)an,n(, - Hl+ (knr)Rnn(,a

experimental transition probability

_4n [BENT
P 2T A (12)

where R} is the radius of the spherical nucleus. In our con-
sideration, the variable r.qp is a free parameter, being slightly
varied around the mean value 1.2 fm. The nuclear coupling
matrix elements are then determined as

V@) = Ve (r, O)lm) = VLM, (13)

where Vy(r, 0) <= Vi (r, Ry + O), Vj\(?)(r) = Vy(r) (see
Egs. (3.52)—(3.59) in Ref. [6] for more details). The latter term
in Eq. (13) is introduced to counteract the coupling interaction
in the entrance channel [40].

Thus, in the isocentrifugal approximation, the coupled-
channels Schrodinger equation has the following form:

2 d> I+ 1)HR? 0 ZpZre®
A 7 A 5 V( ) - Vl_E nn,
|: 21 dr? 2ur? VD + r te :|1// ’
N
+ D Vi (10Wrm, (r) = 0. (14)

n'=1

In the above equation, ¢, is the excitation energy of the
nth channel or threshold energy, n = 1, ..., N, that is defined
by Eq. (4). The number n, is a number of the open entrance
channel with a positive relative energy E, = E —¢,, > 0,
n,=1,...,N, <N, and the wave functions {1//,,,,0(1’)}2’:1 are
components of a desirable matrix solution. The coupling
matrix elements (7) are transformed to the matrix element
V. (r) that consists of the Coulomb and the nuclear potentials
V/{f) )(r) in each entrance channel.

The solution of Eq. (14) is obtained under the IWBC.
Namely, it is assumed that there is a strong absorption inside
the potential pocket. The asymptotic boundary conditions of
such type are determined conventionally for components of
matrix solutions {w,,,,”(r)}fl\’: 1 in the open entrance channels n,
with a positive relative energy E,, by the following relations:

r g I'min, kn(rmin) > Oa

5)

r > Fmax-

The functions Hli(knr) = £iFy(ny,, kur) + Gi(ny, k,r) are the outgoing and the incoming Coulomb partial wave functions,
respectively. They are determined by means of the regular F;(n,, k,r) and the irregular G;(n,, k,r) Coulomb partial wave
functions [41]. Here, k,(r) is the local wave number for the nth channel

2 I(I + 1)R?
kn(r)z\/_l;[E_en_L_ ©
h 2ur

that depends on the excitation energy €, of the nth channel.
The asymptotic behaviors of the functions Hli (k,r) are de-
fined as

/
HE(k,r) — exp |::ti(knr— 7 I0(2ky )+ G — 7”)} (17)

where n, = k,Z;Zpe*/(2E,) is the Sommerfeld parameter;
o, = argl'(l + 1 4 in,) is the Coulomb phase shift in open

channels at k, = v/2u(E — €,)/h*> > 0.

ZPZT e2

N (r) - - Vnn(r)] (16)

On the other hand, for the components of ¥, (r) with
elements n =N, + 1,..., N, where n is restricted by the
condition E,, = E — ¢,<0, we have

r < Fmins

eXP(|kn(”min)|V)7

Vi (r) = {07 (18)

r 2 Fmax-

The conventional partial fusion probability P;(E) for the
incident channel ny is determined by summation over all open
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channels of intrinsic states at k,,(rmin) > Oforn =1, ..., N,:

20: ki (Fmin) |T
nyhy, k hn,

PE)=TY (E) = 2

, 19)

n=1

where the incident wave number k, = V2u(E — eno)/hz.
Finally, the total fusion cross section is expressed as a sum
over partial waves at the center of mass energy E, which is

o/ (E) = Za”’(E)- 2Z(21+1)P1<E> (20)

=0 ”010

C. Boundary conditions

Prior to proceeding to the numerical analysis, a few com-
ments are in order. In Eq. (15), ry,x is set as a large enough
distance where the interaction is weak, and the off-diagonal
elements of the coupled matrix tend to be zero. The minimal
point ryi, is taken as the minimum of the potential pocket.
The plane wave boundary condition at the left boundary ry;,
involves only the diagonal part of the coupling matrix element
ky(Fmin) from Eq. (16). This requires that the off-diagonal
matrix elements tend to be zero. However, at r,;,, the distance
between two nuclei is so short that the off-diagonal matrix
elements are usually not zero. As addressed in Ref. [35], there
can be sudden noncontinuous changes in the left boundary,
and this will cause the distortion for the total wave function in
the barrier region. To resolve this problem, we further develop
the approach proposed in a series of papers [37,42-48].

First, it is reasonable to assume that at r,,,,x the contribution
of closed channels is negligible small. Consequently, we can
use the conventional Dirichlet boundary condition at 7y, for
components of matrix solutions ¥, (rmax) = 0 of Eq. (14) for
[n=1,...,N;n,=N,+1,...,N] in closed channels [see
also Eq. (18)]. Second, at the left boundary we adopt the linear
transformation method [37]. The essence of this method is the
following:

Let consider the matrix W to be a symmetric matrix of our
problem [see Eq. (14)] of the dimension N x N

Wi = Wi
_2uf(ld+ A2 VO
TR 2ur?
ZpZTez
+ , + €1 )Sum + Vam(r) |, 2D

and the constant matrix in the vicinity of the left boundary

point 7 = rin. In the above equation, V,,,(r) = VM (r) +

V©(r), where V™(r) is obtained by Eq. (13) and V) (r)

is the Coulomb coupling matrix elements (see Eq. (28) in

Y, (1) = :

Here U(I + 1 4+ n,, 21 + 2, 2|k, |r) is Whittaker function [41],
Tnno and Ié,mo are desirable partial transmission and reflection

ﬁl_ (kn r)Sn,n” - ﬁl+ (kilr)Riln(77

Ref. [34] for more details). Here, the matrices A and W are the
matrix of eigenvectors and the diagonal matrix of eigenvalues
of the eigenvalue problem, respectively. Namely, we have

WA = AW, {W}nm = 5;1mema
Wip < Wap <+ < Wy, (22)

In this case, the linear independent matrix solution

{¢,,m(r)}fx ne1 Of Eq. (14) can be written in the form

Gum(r) = ApmYm (1), (23)
where functions y,,(r) are solutions of the uncoupled equa-
tions

2u

() + Kyu(r) =0, Ko = —E - W (24)

In open channels at K> > 0,m = 1, ..., M,
vm(r) have the form

< N, the solutions

exp(—iK,,r)
m == T 25
Ym(r) N (25)
while in closed channels at K,fl <0m=M,+1,...N
exp(|Kin|r)
ym(r) = P —. (26)

VK]

In this case, ¥, (r) is expressed by the linear combinations
of the linear independent solutions ¢y, (r)

M, M,
> bun ) on, = Ay () Ty,

m=1 m=1

7 = Fmin- 27

I/frm,, (r) =

In this way, the off-diagonal matrix elements have been con-
sidered in our calculations (see Sec. III). We consider the
following boundary conditions in two endpoints. At 7 = Fyin,
we have in terms of corresponding solutions A, n,m =
1,..,NatK, >0,m=1, ..., M, < N for open exit channels
and pure imagine K, <0, m =M, + 1, ..., N for closed exit
channels

l exp (—iK,,r)
Vi (1) = D A =" T,
nn, nm \/K_m mn

m=1

exp(lK |r) 7
+ E A, 1., = Fmin. (28
m=M,+1 " m e oo

At r = rmax, the asymptotic solutions are given in the terms

of normalized Coulomb functions H;"(k,r) = H;" (kyr)/~/kn,
k,>20, n=1,..,N, <N, and for components of
nm VYo, (rmax) = o(1)  with elements n=N,+1,...,N for
closed channels,
J

I = Tmax,
1/2 041 29

2|ky| 2yl CXP(—|kn|r)U(l + 147, 2042, 2lky|r), ¥ = Fmax.

(

amplitudes, and they are at n, = 1 desirable—from a ground
state |i,) = |n, — 1) = |0) of the intrinsic motion before the
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collision, T,fm are transmission amplitudes in closed channels
m=M,+1,..,N.
The third type or Robin boundary conditions for solutions

Yun,(r) of Eq. (14) follow from their asymptotic expansion
1ﬂnno(r )

N
dwnn(,(r)
(—dr - 2 Gnn/(rwnzn{,(r)) =0 00
where G,y (r) are solutions of algebraic problem
Yo (r)
( =t =Y G (DY, (1) =0. 3l
n'=1

T=Tmin, " max

In this case, at fixed orbital momentum / the partial fusion
probability
P(E) =T\ (E) (32)

is given by summation over all possible intrinsic states:

n(olyza(E) = Z ’Tmn

’

N,
A2
Rff,,L,,(E)=Z}Rmu , 33)
1 )
T (E) =1—R)), (E),

that we used P) (E) = Tn((frfo (E) in the conventional formula
for total fusion cross section (20). The above discussed ideas
have been transformed to the improved version of the program
KANTBP used in our calculations. This program is based
on the finite-element method and will be presented in the
forthcoming paper.

It is noteworthy that the condition T,\") (E) + R (E) —
1 = 0 fulfills in below calculations with ten significant digits.
This means that the calculated scattering S matrix is symmet-
ric and unitary with an accuracy of the same order [45]. The
reader can find details of the preceding version of the program
KANTBP in Refs. [43,44].

III. RESULTS AND DISCUSSION

In order to validate our approach, we calculate the tun-
neling probability and fusion cross sections for '°0 + **Sm
by means of KANTBP. We consider one incident channel and
one coupled channel. Only the low-lying collective 3~ vibra-
tional state of '“Sm with the excitation energy 1.81 MeV
is taken into account. Our results demonstrates a remarkable
agreement with those obtained by the modified Numerov
(MNumerov) method (employed in CCFULL) (see Fig. 1). The
potential parameters, used in this calculation, produce a very
steep potential pocket, with barrier height at 61.25 MeV and
pocket minimum at 8.94 MeV. The lowest incident energy is
55 MeV, which is far higher than the potential minimum.

For most fusion reaction systems, the results predicted
with the use of KANTBP and CCFULL are almost identical
when there are few coupled channels at near-barrier incident
energy. For example, we observe such the agreement as well

o |
08 |
06 |
04 |
02 |
00 |

0 (E)

Py

MNumerov
KANTBP ©

oo : : 1 o [
2
450 | 1 107 F

300

G (mb)

150 | 1. 1

55 60 65 70 55 60 65 70
E(MeV) E(MeV)

FIG. 1. The tunneling probability and fusion cross sections for
10 4+ Sm at linearization and logarithmic scale. The results
obtained with the use of CCFULL are connected by solid line; also
labeled as MNumerov. The results obtained by means of KANTBP are
denoted by open circles. The parameters used in both calculations
are taken from Ref. [34].

for 325, 40Ca+ 209497 reactions. The method introduced
in these cases does not gain so much. However, when the
number of coupled channels is increased considerably, the
differences become more evident. Besides that, at the deep
sub-barrier energy region, when the incident energy is close
to the potential minimum, the fusion cross sections are very
low and quite sensitive to the theoretical scheme.

In the following, we will consider *Ni+ Mo and
365 + “8Ca reactions and compare the results obtained by
means of our approach and with the use of CCFULL. These
two reactions have been both measured down to the deep
sub-barrier energy region. Because of the instability of the
modified Numerov method used in the CCFULL calculations,
the shapes of the cross section lines can be different by
connecting fusion cross section points at different incident
energies. In order to avoid the shape uncertainty, we perform
calculations at available experimental data except where there
is no experimental point at the lowest energy.

In Table I, the adopted structure properties including exci-
tation energies and deformation parameters for the nuclei used
in this study are listed [49,50]. The low-lying collective 2+
and 3~ vibrational states are considered. The radius parameter
Teoup in the coupling interactions of Eq. (10) is assumed as

TABLE 1. Adopted excitation energies E,, spins and parities
A", m = (—1)*, and deformation parameters B, of the low-lying
collective excited states for the indicated nuclei. The units of the
excitation energies are in MeV.

Nucleus 365 BCa %Ni 100010
E>+ [49] 3.291 3.832 1.346 0.536
B [49] 0.168 0.106 0.179 0.231
Ex- [50] 4.193 4.507 3.560 1.908
B3 [50] 0.376 0.230 0.201 0.218
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1.2 fm for both target and projectile in all the following
calculations. The numbers of target 3~ phonon, target 2%
phonon, and projectile 2* phonon are denoted as Nz, , Nz, ,
and Np, respectively. The total coupled-channels number
will be Neowp = (N7~ + D(Nr, + D)(Np,, + 1) — 1 when all
mutual excitations are included. It means that number of
coupled equations in Eq. (14) is N = Neoyp + 1.

The Woods-Saxon potential parameters in Eq. (9) derived
from Akyiiz-Winther (AW) parametrization [53,54] are used
in the next step of calculations. This potential is obtained by
means of fitting large-scale experimental scattering data, and
has been successfully used in describing different kinds of
reactions. It is written as

Vo
VO = — , (34)
N 1 4+ exp[(r — Rp — Ry)/ao]
where
Vo = (16w yagR) MeV,
1
— = 1.17[1 +0.53(A;" + A7) ] fm ™",
ap
_ RpR
g ReRr
Rp + Ry
R = (1.24;” —0.09) fm, i=PT,
Np — Zp)(Ny — Z
y =095(1— 1 g We ZZDWNE = Z0) 4oy 2,
ApAr

Here Np(r) is the neutron number of the projectile (target) nu-
cleus. The fusion reaction ®Ni+ Mo had been measured
at the superconducting linear accelerator ATLAS of Argonne
National Laboratory [51]. The coupled-channel calculations
that adopted different vibrational properties and nuclear ra-
dius were unable to reproduce the experimental fusion cross
sections at deep sub-barrier energies. Hence, it was concluded
that this system exhibits a hindrance for fusion. In Ref. [29],
the CC calculations with the M3Y+ repulsion potential were
used to describe the experimental data. Later, it was reported
in Ref. [52] that the coupled-channel calculations, including
a much deeper well potential than the standard AW potential
[53,54] and a small radius parameter, will fit the experimental
data well. In Ref. [19], the authors reproduced the major part
of the experimental data by means of the coupled-channel
method [35,36]. In these calculations, the standard AW poten-
tial, and the phonon numbers Nr,_ = 2, N, = 2, and Np,, =
2, Np,_ = 1 are adopted. However, the slopes are deeper, and
the predicted cross sections are generally smaller than the
experimental data for energies £ < 125 MeV.

The results obtained by means of KANTBP repro-
duce the experimental data well (see Fig. 2), without
any special settings on the potential. In these calcula-
tions, 26 coupled channels are considered in the cal-
culations, taking into account the number of excited
states of the target: Nr,_ = 2, N, =2, and Np, =2.
The detailed channels are listed in Table II. The standard AW
potential [53,54] is adopted. Note that the above-barrier and
below-barrier fusion cross sections are described within the
experimental errors quite well. In contrast, the CCFULL results
fluctuate when the incident energy E < 130 MeV, and far

800 | LI I L L L | ]
I —— MNumerov ]
600 F KANTBP ]
[ D Exp ]
3 400 H 64Ni+100M0 1
g . ]
N 4
o r ]
200 i .
of ]
0’ f
ol
= 10F
= i ]
e 10 K- 3
10 o :
§ TE—T ]
% ? 124 128
10 o b0y
120 130 140 150 160

E (MeV)

FIG. 2. Fusion cross sections for %Ni 4 °Mo. The experimen-
tal data (open circles) are from Ref. [51]. The fusion cross sections
at the lowest two energies are the upper limits, which are indicated
with arrows. The comparison of results obtained by means of CCFULL
(solid line, also labeled as MNumerov), and by means of KANTBP
(dotted line). All calculations are performed at the experimental
incident energies except where there is no experimental point at the
lowest energy. The insert is an enlargement of the sub-barrier fusion
Cross sections.

from the experimental data at deep sub-barrier energy region.
We have also tested the predictions obtained with the use
of CCFULL + stabilization method (see Ref. [55]), which is
the same as the solid lines shown in Fig. 2. It should also
be noted that when the Coulomb potential is changed to a
spherical one, the instability at the low-energy tail will be
shifted downward according to the radius parameters because
the spherical Coulomb potential produces a deeper potential
pocket and lower threshold energy.

In these calculations for I = 0, the largest diagonal matrix
elements of the matrix #°W/2u in Eq. (21) is 130.98 MeV.
At the incident energy E < 130.98 MeV, the results of

TABLE II. The list of the 26 coupled channel for NT;— =2,
Nr, =2,Np_, = 2inthe form of |T;- Tr+ P,+) excluding the ground-
state channel |000).

Configuration Channels

Projectile [001), 1002)

Target [100), |200), [010), |020), |110), [120), |210), |220)

Mutual [101), |201), |011), |021), |111), [121), |211), |221)
[102), |202), |012), 1022), [112), |122), |212), |222)
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1200 A T T T T L T T T T ]
1000 , —— MNumerov A
E ........ KANTBP E
800 | O Exp 3
5 36Q 48 ]
600 : S+*°Ca A:

o (mb)

400 |

o (mb)

E (MeV)

FIG. 3. Fusion cross sections for °S 4+ “®Ca. The notations are
the same as in Fig. 2. The experimental data (open circles) on fusion
cross sections are from Ref. [15]. The calculations are performed at
the experimental incident energies except where there is no experi-
mental point at the lowest energy. The insert is an enlargement of the
sub-barrier fusion cross sections.

calculations should be influenced heavily by the nondiagonal
elements. However, this effect is not considered in CCFULL.
This observation explains the reason why the calculation start
to fluctuate below this energy. The linear transform procedure
introduced in this study changes not only the threshold energy
by diagonalization, but also the number of open channels and
closed channels. As a result, the final transmission matrix,
and the cross sections will be affected. By considering the
nondiagonal element in the W matrix at the left boundary,
the calculation by KANTBP produces more stable results below
about 130 MeV.

The fusion reaction 3¢S+ “®Ca was performed at the ac-
celerator of the Laboratori Nazionali di Legnaro of INFN [15].
A deep sub-barrier fusion hindrance feature of this reaction
system had been reported. A large diffuseness parameter of
a = 0.95 fm was used to reproduce the data above and below
the barrier, which may actually mimic the presence of the deep
inelastic reactions [12]. In Refs. [56] and [16], the double-
folding ion-ion potential from different parametrization plus
a repulsive contact term was adopted to describe the exper-
imental cross sections. A weak and short-ranged imaginary
potential is also used in Ref. [16] in order to remove some
unwanted fluctuations in the theoretical calculation.

The results of fusion cross section calculations for

365 4+ *Ca are presented in Fig. 3. In KANTBP, we use the
same standard AW nuclear potential and the 26 coupled chan-
nels are considered, since there are the following excitations:

TABLE III. Woods-Saxon potential parameters Vy (MeV), ag
(fm), Ry (fm), fitted at different combinations of the vibration phonon
numbers NTr s sz . NT2 . for fusion excitation function of the

38 4 “8Ca reaction. The standard AW-type potential parameters are
listed in the second column for comparison.

AW Ch-0 Ch-1 Ch-17
Nr,_ 0 0 1
Nr, 0 0 2
N, 0 1 2
Vo (MeV) 61.338 72.325 61.355 55.911
ap (fm) 0.654 0.636 0.652 0.676
Ry (fm) 8.143 8.272 8.298 8.167
Vs (MeV) 42.706 41.885 42.041 42,617
Ry (fm) 10.052 10.296 10.228 10.042
fiw (MeV) 3.285 3315 3.249 3.196

Nr,_ = 2, Nr,, = 2, and Np,, = 2. The results demonstrate
good agreement with the experimental data near the barrier
energy region. At the deep sub-barrier energy region, KANTBP
results are slightly higher than the experiments, which may
indicate the fusion hindrance feature for this reaction system.
In contrast, CCFULL results manifest large fluctuations at the
deep sub-barrier energy region. The reason of this fluctuation
is the same as for the above discussed case (see Fig. 2).
Namely, at [ = 0 the largest diagonal matrix elements of the
matrix *W /2 in Eq. (21) is 38.13 MeV. For the incident
energy E < 38.13 MeV, there is a contribution of nondiagonal
elements that are non-negligible. They are missing in CCFULL
calculations.

Despite the many previous calculations mentioned above, it
is of great interest to see whether the experimental fusion data
can be explained by a simple Woods-Saxon-type potential
model. In the following, we will try to find out that whether it
is possible to describe well the experimental data by fitting the
three parameters of the Woods-Saxon potential. The stability
of the numerical method KANTBP is advantageous for fitting
under some extreme parameters. The three Woods-Saxon
potential parameters V, Ry, and a( are fitted to reproduce
the fusion cross sections of 3°S + “8Ca under different kinds
of collective vibrations. The fitting parameters are shown in
Table III, and the corresponding calculations under different
conditions are given in Fig. 4. Different lines in the figure
are denoted by the number of the coupled channels used.
Three cases are examined here: 0, 1, and 17 coupled channels.
The results of fitting demonstrate a good agreement with the
experimental data for all three cases, in the above barrier
energy region and below barrier energy region. The calcu-
lations under different collective vibrations are also almost
overlapped.

The fitted Coulomb barrier properties, including barrier
height Vg, barrier radius Rp, and the barrier curvature /iw, are
listed in Table III. It can be seen that all fitted parameters
in the last three columns are not very far from the stand
AW parameters in the second column. It is not necessary
to use very deep sub-barrier depths or very large diffuse-
ness parameters to agree with the experimental data, like
Vo = 165 MeV and ay = 0.95 fm in previous study [15].

014618-7



IV. SUMMARY

One of the standard methods to predict the fusion cross
sections of light nuclei and capture cross section of the mas-
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1200 ——4/———————————— potential shallower and use more reaction channels. However,
. ] this reaction system can still be described well by using
1000 ; g the simple Woods-Saxon potential. Comparing the lines AW
300 ] and Ch-17, the Coulomb barriers are almost not changed,
_ f ] but the shapes of the potential well are quite different. This
".é 600 demonstrates that the deep sub-barrier fusion cross sections
g 400k ] are very sensitive to the inner shape of the potential well,

; ] which have also been discussed in Ref. [25].

200 f 1
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FIG. 4. Fusion cross sections for S+ “8Ca. The experimental
data (open circles) on fusion cross sections are from Ref. [15]. The
calculations with standard AW potential and O coupled channels are
denoted by the solid lines. The fitted calculations performed with 0,
1, 17 coupled channels are represented by the dashed lines (Ch-0),
dash-dotted lines (Ch-1), and dotted lines (Ch-17), respectively.

Corresponding fitted Woods-Saxon potentials are plotted in
Fig. 5. The results obtained by the different methods show the
different fitting the experimental data. However, the changing
trends of the potential barrier can be seen from this figure.
The fitted potentials reflect two tendencies in order to describe
well the experimental fusion data theoretically, especially at
the deep sub-barrier energy region. On the one hand, one can
include fewer reaction channels and deeper potential inside
the barrier pocket. On the other hand, one can make the

60'I"'I"'I"'I"'I'

r (fm)

FIG. 5. The Woods-Saxon potentials calculated by different pa-
rameters listed in Table III. The notations are the same as in Fig. 4.

sive nuclei is to solve the set of coupled-channel differential
equations with the use of the Numerov method. It is the heart
of the full order coupling code CCFULL [34]. However, the
CCFULL code, taking into account a large number of coupled
channels, exhibits characteristics instabilities of the fusion
excitation functions for some reactions. In the present paper,
we developed a new algorithm for solving a set of second-
order differential equations with the use of the finite-element
method. To attack this problem, we further developed the
approach proposed in series of papers [37,42—-46,48]. Guided
by our approach, we constructed the program KANTBP that
was used for analysis of the fusion cross section of the
4Ni+ Mo and 3°S 4 “Ca reactions. We demonstrated
that our approach allows us to eliminate successfully the in-
stabilities in the numerical solutions of the coupled-channels
differential equations for these reactions.

In previous studies, special treatments of the potential, such
as a large diffuseness parameter [15], a very deep potential
plus a small radius parameter [52], or a repulsive core are
needed to explain these experimental data related to the
considered nuclei [16,29,56]. By means of our approach, we
found that the fusion cross sections can be still described well
with a simple Woods-Saxon-type potential. In particular, the
fusion excitation function of the Ni+ '®Mo reaction is
remarkably well described with the use of the standard AW
potential. On the other hand, the fusion excitation function
of the S+ *3Ca is described well by fitting of the Woods-
Saxon potential parameters, without introducing the repulsive
cores. It is demonstrated that the deep sub-barrier fusion cross
sections are very sensitive to the potential pocket profile. The
deep sub-barrier fusion cross sections can be used as a sensi-
tive probe to explore the inner shape of the potential pockets.
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