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Abstract: We introduce a new diffusion factor to describe the hindrance phenomenon in fusion reactions
at deep sub-barrier energies based on the Pauli blocking effect after the projectile and target overlap. In
this approach, the fusion cross sections are assumed to be the product of two parts: the tunneling factor to
overcome the Coulomb barrier and the diffusion factor after two colliding nuclei contact. The former is de-
scribed by coupled-channels approach and the latter depends on the colliding energies as well as the tem-
perature of system. In total, 21 fusion systems with hindrance phenomenon are analyzed in details and it
is found that the diffusion factor plays an important role near the experimental threshold energies of fu-
sion hindrance. In addition, taking negative-(@-value system 6INi+54Ni and positive- Q-value system
24Mg+3OSi as examples, not only fusion cross sections but also two important representations, namely, as-
trophysical S factor and logarithmic derivative, are found to be in good agreement with experimental data.
Key words: fusion hindrance; coupled-channels model; diffusion process
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1 Introduction

The fusion reactions of heavy nuclei have been
extensively investigated to understand the mechan-
ism of quantum tunneling in complex many-body sys-
tems. The analysis of fusion reaction data provide
very abundant information about the synthesis of new
elements or superheavy nuclei to extend the periodic
table. In heavy-ion fusion reactions, fusion takes place
when the projectile penetrates through the Coulomb
barrier, formed by the repulsive Coulomb interaction
and an attractive nuclear interaction. When the col-
liding energy is near and above the Coulomb barrier,
the one-dimensional potential model well reproduces
the experimental fusion cross sections!!). While at sub-
barrier energies, the strong enhancement of fusion
cross sections?) demonstrates the necessity of includ-
ing the coupled-channels (CC) effects which create a
multidimensional potential barrier owing to the coup-
ling of the relative motion to the nuclear intrinsic de-
grees of freedom of colliding nucleil. Several CC
codes have been successfully applied to achieve the de-

scription of fusion cross sections!478l,
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Recently, at the colliding energies far below the
Coulomb barrier, an unexpected steep falloff feature of
the experimental fusion cross sections in contrast to
the theoretical prediction has generated renewed in-
terest to further explore the fusion theory[g]. This
steep falloff feature in experimental data, also called
“fusion hindrance”, is hard to explain by the CC mod-
el To describe this fusion hindrance at the overlap-
ping region, two approaches with different assump-
tions have been proposed[n_w}. One is the sudden ap-
proach proposed by Misicu and Esbensen[llfw], which
assumes that the fusion reactions occur rapidly with
the fixed densities of two colliding nuclei and there is
a strong repulsive core at the overlapping region ow-
ing to the saturation properties of nuclear matter. The
other is the adiabatic approach proposed by Ichikawa
[14_15], which assumes that after the contact of
projectile and target, an elongated composite system
with the optimized density distribution is formed and
the CC effect gradually damps owing to the diminish-

ing of the excitation strengths of the target/projectile
[16-17]

et al.

vibrational states . By employing different poten-

tials and reasonable parameters, the fusion cross sec-
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tions calculated by these two models at deep sub-bar-
rier energies are in good agreement with the experi-
mental datal'Z 1%l In addition, other theoretical works
have also been devoted to investigating the density
overlap in fusion reactions!529,

In our recent work[ggﬂg], a microscopic Pauli
blocking potential due to the density overlap of two
colliding nuclei is introduced into the fusion reactions
and describes the fusion hindrance well for reactions
16Q +208Ph, ete. This Pauli blocking potential is ob-
tained by solving the in-medium four-nucleon wave
equation with a variational approachm] and has been
successfully applied into the radioactive «a-cluster de-
cay in heavy nuclei and superheavy nuclei® 33, In
literatures[30, 34], Ropke, et al. concluded that the «
particle is very sensitive to the Pauli blocking from
surrounding matter and at the density overlap region,
the a particle dissolves and its four nucleons diffuse
into single-particle states. Translated to the fusion
case, this means that two nuclei approaching each
other stay compact almost elementary particles until
their density overlaps. After overlap, the strong Pauli
blocking makes two colliding nuclei dissolve more or
less and diffuse to form the compound nuclei.

So in this paper, a phenomenological diffusion
factor due to the Pauli blocking after two colliding
contact is introduced to explore the fusion hindrance
at deep sub-barrier energies. In total, 21fusion sys-
tems in which the fusion hindrance has been observed
are analyzed in details. In order to better understand
the diffusion process, a systematic investigation of not
only the fusion cross sections but also the astrophysic-
al S factor and logarithmic derivative representations
is made for two typical fusion systems 6*Ni+ %Ni
(with negative @ value) and **Mg+3°Si (with posit-
ive @ value).

The rest of paper is organized as follows. In Sec.
2, we present the CC model and specify the expres-
sion of diffusion factor used in the calculations. In Sec.
3, a systematic comparison of the fusion cross section,
astrophysical § factor, and logarithmic derivative by
considering the diffusion factor are made with the ex-
perimental data. In addition, 21systems with fusion
hindrance are analyzed. The summary is displayed in
Sec. 4.

2 Theoretical framework

At above and sub-barrier energies, overcoming
the Coulomb barrier between two colliding nuclei
leads automatically to the formation of the
pound nucleus, i.e., the fusion occurs before projectile
and target touching each other. With the decrease of

com-

the colliding energies, the fusion reaction takes place
slowly and after contact the diffusion effect has a non-
negligible influence on the tunneling process. There-
fore, the fusion reaction is assumed to be consisted of
tunneling effect and diffusion effect. The fusion cross
section, oy, is then the product of the tunneling
factor to overcome the Coulomb barrier, o, , and dif-
fusion factor to form compound nucleus, Py,

Ofys = Oun X Pdif- (1)

We apply the CCFULL code to calculate the tun-
neling factor™ 9. In the calculations, the incoming
wave boundary condition (IWBC) is imposed and the
absorption radius is taken to be at the minimum of
the potential inside the Coulomb barrierl” 3. With
the IWBC, the CC equations can be given by[7’ 35]

R I+ )R
2u dR? 2uR?
> Vim(R)un,(R) =0,

+V(R) + e, — E|u,(R)+

(2)

where F is the incident energy in the center-of-mass
frame, €, is the excitation energy of the nth channel,
and u, is the radial wave function of the nth chan-
nel. The total potential V(R) is consisted of both
Coulomb and nuclear interactions between two collid-
ing nuclei, i.e., V(R) = VW(R) + Vc(R). In sudden and
adiabatic models, the mechanisms and potentials in-
volved after contact are totally different. Here, we
simulate the Pauli blocking by introducing the diffu-
sion factor, which is independent of the above two
models.

The nuclear interaction Vy(R) used in calcula-

tions is the Akyiiz-Winther nuclear potential given
by 36]
Vo
WR)=———"-"FF—, 3
W) =~ 0

where the depth of potential V; is obtained from 30l

Rp Ry

Vo =16m———-
0 WRP—I—RTFW’

(4)
and the radius R, is written as Ry, = Rp + Ry in
which the radius of colliding nucleus R; is given by[%]

R, =1.2A}% —0.09. (5)

The surface energy coefficient ~ and the diffuse-
ness parameter a are written by[%}

v =0.95(1 — 1.80p1), (6)

1
a = s
117[1 4 0.53(A; ° + A7 ®)]

(7)
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respectively, where I, denotes the relative neutron-
proton excess of projectile or target nuclei. The Cou-
lomb  interaction  Vo(R) is  obtained  from
Ve(R) = ZpZre?/R. The symbol V,,(R) denotes the
matrix of coupling Hamiltonian which is calculated by
the collective model with the Coulomb and nuclear
components (for more detailed information, see Ref. [35]
and references therein).

By solving the CC equations the penetrability P;
can be obtained and the tunneling factor oy, is then
given by[35]

ow(E) = 75 D (2] + )P (B), (8)
J
where k = +/2uE/R? is the wave number associated
with the energy E.

In what follows we focus attention on the Pauli
blocking term, i.e., diffusion factor describing the
evolution of composite system after contact. In the
synthesis of superheavy nuclei, such as cold fusion re-
actions, the strong overlap between two colliding nuc-
lei leads to an obvious hindrance effect by bombard-
ing 2°°Pb and 209B;i targets with “®Ca, 59Ti, **Cr,
58Fe, 6264Ni and 77n. To interpret this strong
hindrance effect in cold fusion reactions, Swiatecki, et
al. introduced a diffusion factor in fusion-by-diffusion
model®™40 to describe the diffusion process from the
contact of colliding nuclei to the formation of com-
pound nucleus. By considering this statistical diffu-
sion probability associated with the energy in units of
the temperature of fusion system, the experimental
cross sections with one neutron emitted from the com-
pound nucleus can be described well39,

Here, analogous to the diffusion process in the
synthesis of the superheavy nucleil®
ological diffusion factor is employed to describe the

7740], a phenomen-

hindrance phenomenon in fusion reactions at deep sub-
barrier energies. The diffusion factor is given by

1, FE > Ey,

) = { g (EZE) gl

T2

where FE; denotes the initial energy of diffusion pro-
cess given by E; =V (Ry), Ry is the diffusing radius
defined by Ry =re(Ay° + AY®), and 74 can be ob-
tained by fitting the experimental fusion cross sec-
tions. The symbol 7 in Eq. (9) is the temperature of
fusion system related to the compound nuclei excita-
tion energy Ef or the colliding energy F and the Q-
value in entrance channel(*! ™42

1
Ex=E+Q=jAT* - T, (10)

in which A = Ay + A; is the mass number of com-
pound nucleus.

3 Results and discussion

In Fig. 1, we give the fusion cross sections for
negative- @Q-value system S‘Ni-+%‘Ni and positive-Q-
value system 2*Mg+3°Si. All input parameters for
the CC calculations are the same as those in Refs. [17, 43].
The experimental data denoted by solid circles are
taken from Refs. [44—46]. The dotted and dashed lines
indicate the results calculated without and with the
CC effects, respectively. The solid line indicates the
results calculated by CC model with the diffusion
factor. The diffusing radius parameters ry are 1.23 and
1.40fm for fusion systems ®Ni+5Ni and 2*Mg+3°Si,
respectively. Note that the experimental data at the
deep sub-barrier energies are overestimated by the cal-
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Fig. 1 (color online) The fusion cross sections for the

(a) ®Ni+5Ni and (b) 2*Mg+?Si systems, The
solid circles denote the experimental datalt4-10],
The dotted and dashed lines indicate the results
calculated without and with the CC effects, re-
spectively. The solid line indicates the results cal-
culated by CC model with diffusion factor. The
inset gives the corresponding diffusion factor and
the shallow region denotes the experimental
threshold energy.
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culated cross sections only resulting from CC model.
By considering the diffusion factor after the overlap of
projectile and target, the calculated fusion cross sec-
tions have a rapid decrease at deep sub-barrier ener-
gies and describe the fusion hindrance well.

The insert in Fig. 1 shows the diffusion factors
versus the incident energies. At high incident energies
(E > 88.93 MeV for **Ni+%Ni and FE > 23.51 MeV
for 2*Mg+°2°Si), the compound nucleus is formed
automatically once the Coulomb barrier is penetrated
owing to the strong attractive nuclear force in the
classical allowed region. Thus, the influence of diffu-
sion process is week and the diffusion factor is as-
sumed to be 1. With the decrease of incident energies,
two colliding nuclei touch each other during the tun-
neling process and the diffusion process has a signific-
ant hindrance effect as shown in insert. In addition,
the experimental threshold energy, the onset of fusion
hindrance, is denoted by the shallow region. Notice
that the diffusion factor plays a main role near the
threshold energies.
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(a) T SNi+¥Ni
102 | ) 4
. @ a
> %'. o,
Q - L RN
S 103k "/ Y i
z : RN
g | o
8 o4k ® Exp. N ]
2 S
- T cc 9
o) — - — Adiabatic \.
sk Sudden \'\ ]
CC+Diffusion \.\\
1076 L 1 1 Il Il “
84 86 88 90 92 94 96
Energy E/MeV
1 03 T T T T
t (©) “Mg+°Si
10y e 1
~ YR
2 10'F baa 1T [ 1
S [
5 o
E 100} S ;
E .
2 e
S 107 ¢ ® 5
(/j \
® Exp. C\‘
102F —---- CC &
CC+Diffusion “
1073 ! 1 1 1 ’
18 20 22 24 26 28
Energy E/MeV

Fig. 2

Fig. 2 shows the astrophysical S factor and logar-
ithmic derivative representations of the fusion cross
sections for 94Ni-+%4Nil* and 2tMg+308i[4540] gyg
tems. The dashed and solid lines denote the results
calculated by CC model without and with diffusion
factor, respectively. In both systems, the results calcu-
lated with the diffusion factor have a significant im-
provement and are in good agreement with the experi-
mental data. For comparison, in Fig. 2(a) and (b), the
results calculated by using the sudden model from
Ref. [11] and the adiabatic model from Ref. [15] are
plotted by the dotted and dash-dotted lines, respect-
ively. Because of totally different assumptions, two
models have the diverse results at much deeper incid-
ent energies. For example, in Fig. 2(b) the logar-
ithmic derivative resulting from adiabatic model is
saturated below a certain incident energy and, con-
versely, the result of sudden model increases rapidly
with decreasing energies. Interestingly, a hybrid res-
ult, which indicates the density variation may be sim-
ultaneous with the fusion reactions, is presented by

[ ®)\: ® Exp. 1
4 e cC
3 - — Adiabatic
4 - — .......... Sudden
_3r ; CC+Diffusion
>
Q
= L
3 2f ]
3
1F S i
SNi+#Ni ‘ \,\
O .
0 Il Il Il m\ﬂ
84 88 92 96 100
Energy E/MeV
5 T T T T
(d ® Exp.
***** CcC
4r ® CC+Diffusion A
5> 3k 1
Q RN
; S~
S -1
27 N ; 1
| ; -
24M +3USi
N . A4
20 22 24 26 28

Energy E/MeV

(color online) Astrophysical S factor and logarithmic derivative representations of the fusion cross sections

versus colliding energies for the 64Ni+94Ni and 24Mg—i—30Si fusion systems. The solid circles denote the experiment-
al datal**%0]. The dashed and solid lines denote the results calculated by CC model without and with diffusion
factor, respectively. In (a) and (b), the dotted and dot-dashed lines are the results calculated by using the sudden

model™ and the adiabatic model2Y.
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combining the CC approach and the diffusion process
as shown in Fig. 2(a) and (b).

Next we extend the calculations to other 19fu-
sion systems in which the fusion hindrance phenom-
ena are also observed. Table 1 specifies these fusion
systems and summarizes all results of diffusing radius
and initial energy. The third column, Fi, is the exper-
imental threshold energy where the curve of S factor
shows a maximum. The @ values of the entrance
channel are listed in the fourth column. The symbols
rq, Ry and FE4 are the diffusing radius parameters
and the initial energies used in Eq. (9). Note that the
energies Fy indicating the onset of the diffusion pro-

Table 1

cess for total 21systems studied are almost consistent
with the threshold energies of fusion hindrance F;
and this suggests that the fusion hindrance is strongly
associated with the dynamic diffusion after the pro-
jectile and target overlap. The x? values calculated
by CC model without and with diffusing factors are
given in the eighth and ninth columns, respectively. It
is seen that a better fit is achieved by considering the
diffusing factors. The last column is the references
where the experimental fusion cross sections used in
calculations and the corresponding threshold energies
are taken.

The radius and energy used in diffusing factor for the systems discussed in Refs. [43, 47]. The symbol Acn de-

notes the mass number of the compound nuclei. The symbol Es in the third column is the experimental threshold

energies of fusion hindrance. The fourth column lists the @ value of the entrance channel. The symbols rq4, Ry and

Eqy are the diffusing radius and energy parameters used in Eq. (9). The eighth and ninth columns denote the x?2

values of fusion cross sections calculated by CC model without and with diffusing factor, respectively. The last

column is the references where the experimental fusion cross sections and threshold energies are taken.

System AcN Es /MeV Q /MeV rq /fm Ry /fm E4 /MeV x3/N x3/N Refs.
N7y 4+927r 182 170.741.7 ~153.7 1.14 10.26 171.16 2145 11.92 48]
9071907y 180 175.2+1.8 157.3 1.183 10.60 175.46 450.1 25.01 [48]
07489y 179 170.841.7 -151.5 1.18 10.56 170.41 152.7 10.18 48]
0N+ 8%y 149 122.94+1.2 90.5 1.212 10.16 123.48 105.0 9.55 [9]
BCat%7y 144 88.1+1.3 —45.9 1.25 10.27 90.63 60.96 59.17 [49]
64N 04N 128 87.5+0.9 48.8 1.23 9.84 88.93 49.37 3.09 [44]
58Ni4-98Ni 116 94.040.9 —65.8 1.238 9.58 93.69 413 1.77 [50]
Dca+M7r 130 91.9+0.9 57.0 1.225 9.68 92.48 179.0 178.8 [51]
YPe+-58Ni 112 86.7+0.9 ~56.5 1.24 9.48 87.04 14.22 2.07 [52]

351 89y 123 72.640.7 36.6 1.265 9.75 73.89 1374 42.97 53]

329489y 121 73.140.7 -36.6 1.265 9.66 74.56 759.3 33.01 [53]
160 4-208pt, 224 69.0+2.0 46.5 1.25 10.32 67.87 1155 18.42 [18]
BCat+8Ca 96 48.2+41.0 —2.98 1.31 9.52 48.60 9.59 5.41 [54]
0Ca+18Ca 88 47.040.5 4.56 1.285 9.06 48.31 90.75 90.65 [55]
0Ca+1Ca 80 48.0+1.0 -14.2 1.275 8.72 49.97 1.62 1.61 [56]
28814-64Ni 92 45.6+0.5 1.78 1.281 9.01 47.33 273.4 19.89 [57]
1204 198py 210 48.2+41.0 -14.0 1.218 10.06 48.27 14.20 10.39 [58]
HB4197Ay 208 40.0+1.5 5.0 1.252 10.07 40.73 9.95 9.03 [59]
285143083 58 24.2+3.6 14.3 1.37 8.42 26.62 5.25 3.85 [60]
Hpg+305; 54 20.840.7 17.9 1.40 8.39 23.51 11.00 4.65 [45]
1204 30g4 42 10.540.75 14.1 1.38 7.45 10.38 6.98 5.31 [61]

In Fig. 3, the radius parameters in the diffusion
factor versus the mass numbers of the compound nuc-
lei are displayed. The circles denote the values of dif-
fusing radius extracted from 21 fusion systems with @
value ranging from —157.3 to 17.9 MeV. The diffus-
ing radius parameters rqy and Ry versus the mass
number of compound nuclei are shown in Fig. 3(a)

and (b), respectively. A good linear relationship
between the diffusing radius and the mass numbers of
compound nuclei is shown and the dashed line de-
notes the fitting result of all diffusing radius values
obtained here. In addition, the stars are the distances
of the closest approach evaluated with the time-de-
pendent Hartree-Fock (TDHF) method and then the
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dynamic diffusion process plays an important role in
the synthesis of superheavy nucleil®. Note that the
calculated results of our method agree with the pre-
diction of TDHF method for superheavy nuclei.

14} o@ .
£ T o
NE ® [ ) o 4
o
(a)
1.0 t t t t t t
[ Results of TDHF calculations |———> “: B
12 ¢ oA
g ‘ Lo
& - [}
> 10} L B ® -
a o R
@ -«® R, = 0.0164.,+7.58 fm
8 — -
.I 1 1 1 1 I(b)
50 100 150 200 250 300
Mass number 4
Fig. 3 (color online) The radius parameters in the dif-

fusion factor versus the mass numbers of the com-
pound nuclei for the systems listed in Table 1.
The dashed line is a linear fitting result of all val-
ues obtained. The stars indicate the results of
TDHF calculations in Ref. [62].

4  Summary

In summary, the influence of Pauli blocking ef-
fect on the fusion hindrance at deep sub-barrier ener-
gies is explained from the perspective of diffusion.
After two colliding nuclei contact, there exits a strong
blocking effect on the diffusion process to form the
compound nucleus. By introducing a simple diffusion
factor relied on the incident energy and the temperat-
ure of fusion system, the hindrance of fusion cross sec-
tions at deep sub-barrier energies for 5*Ni+%Ni and
Mg +39Si systems is described well. The astrophys-
ical S factor and logarithmic derivative resulting from
the tunneling and diffusion processes are also in good
agreement with the experimental data. In addition,
21 fusion systems with fusion hindrance are analyzed
and there is a consistency between the initial energies
of diffusion process and the experimental threshold en-
ergies. This suggests that the diffusion process plays
an important role near the threshold energies.
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