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Abstract：The effect of neutron transfers on near- and sub-Coulomb-barrier fusion of heavy-ions is still

a complicated and controversial problem. This paper reviews the recent experimental results of the fusion

excitation functions of several typical systems, which have been measured by using an electrostatic deflector

setup at the HI-13 tandem accelerator of CIAE. Both the neutron pickup and stripping effects were studied.

Moreover, a self-consistent method to reliably isolate the transfer effect quantitatively based on the coupled-

channels calculation is proposed. These studies give a further support for the neutron transfer effect on

sub-barrier fusion of heavy-ions and its complexity. Further experimental and theoretical studies are needed

for clarifying the relevant reaction mechanisms.
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1 Introduction

Heavy-ion fusion reaction at the Coulomb-barrier

(VB) energy region has been widely studied
[1–7]

but is

still not yet completely understood. Fusion is a compli-

cated process that brings two separate nuclei to form a

single equilibrated compound nucleus (CN). This pro-

cess involves the complex mass rearrangement between

the two reacting nuclei and therefore the basic problem

of quantum tunneling. Besides the fundamental inter-

est in the reaction mechanism, the fusion reaction of

heavy-ions is also useful for the synthesization of super-

heavy elements (SHE)
[8–10]

and the nucleosynthesis
[11]

as well as X-ray superburst
[12]

in nuclear astrophysics.

For lighter heavy-ion reactions, the experimen-

tal fusion data can be well described
[7]

by the one-

dimensional barrier penetration model (BPM), stem-

ming from Gamow’s explanation
[13]

for the α-decay

of heavy nuclei, with transmission coefficients derived

from the Hill-Wheeler formalism
[14]

where the poten-

tial is the sum of repulsive Coulomb and attractive

nuclear potentials depending only on the relative dis-

tance. Wong extended this approach
[15]

to take into

account target deformation by adopting an approxima-

tion of inverted harmonic-oscillator potential, which is

usually called Wong model.

Later, the sub-barrier fusion enhancement

phenomenon
[16]

in comparison to the prediction of

one-dimensional barrier penetration model was found

for the heavier systems. The subsequently proposed

structured fusion barrier distribution
[17]

, which is ex-

tracted from the precise and smooth fusion excitation

function
[18]

, means that the dynamics of heavy-ion

reactions at energies near the Coulomb barrier is in-

timately linked to the structure of the two colliding

nuclei, which is usually described by using the coupled-

channels (CC) model
[19]

. This means coupling of the

relative motion of the colliding nuclei to several nuclear

intrinsic motions. The fusion barrier distribution
[17]

extracted from the high precision experimental fusion

data can more intuitively reflect the specific coupling

mechanisms. Thus the sub-barrier fusion of heavy-ions

offers a platform for clarifying the general problem of

quantum tunneling in the presence of couplings.

Usually, the major coupling factors that have been

identified are the permanent deformation
[16, 20]

, low-

lying collective excitation
[21]

and neutron trans-

fer
[22–25]

for the tightly bound systems. The present

hot topics for near-barrier fusion reaction of the

medium-mass systems mainly are the following three
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aspects: (1) The nucleon transfer effect, especially

for the neutron transfers
[22–24]

. The theoretical con-

sideration for the transfer effect is difficult due to

the complexity of the transfer reaction itself and of

the corresponding coupling to transfers. (2) The cou-

pling to the breakup states for the weakly bound sys-

tems, the experimental study is difficult and the cor-

responding conclusions are still inconsistent
[1, 4, 26–29]

and the theoretical descriptions are still premature and

conflicting
[30–32]

. The most powerful theory to calcu-

late fusion cross sections of the weakly bound sys-

tem is the Continuum-Discretized Coupled-Channels

(CDCC) method
[33]

. (3) The deep-sub-barrier fu-

sion hindrance
[34]

, compared to the CC calcula-

tion, which has great importance for the reaction

mechanisms
[35, 36]

and astrophysics
[37]

.

Up to now, many theoretical models
[38–44]

have

been proposed and applied to study the near-barrier

fusion process of heavy-ions. Here we focus on the

transfer effect in fusion. Neutral neutron transfer ef-

fect is expected to be important at the concerned sub-

barrier energies. Compared to the neutron transfer

effect, the effect of proton transfer at low energies is

expected to be minor due to the Coulomb repulsion

and can be ignored
[45]

. The +Q neutron transfer ef-

fect on sub-barrier fusion enhancement was proposed

by Broglia et al.
[46, 47]

by analyzing the fusion data of
58Ni+64Ni with a ground-state transfer Q-value (Qgs)

of Q+2n=3.9 MeV. Measurement of quasi-elastic neu-

tron transfer for 58Ni+58,64Ni
[48]

also confirmed this

suggestion. Afterwards this topic has been widely

studied
[2]
. Nucleon transfer was suggested

[49, 50]
as

an important doorway to fusion by studying the corre-

lation of the fusion and the transfer cross section ex-

perimentally. It was pointed out
[49]

that the transfer

reactions which occur at distances not so far from the

Coulomb barrier position are the natural candidates

to behave as a doorway to fusion.

A schematic model of the influence of transfer on

fusion was developed in the early period by Stelson
[51]

.

For the CC method, CCFULL
[19]

approach with a

macroscopic pair-transfer coupling
[52, 53]

between the

ground states is widely used and will be introduced in

the following. The refined CC approach that includes

the effects of nucleon transfers as an independent de-

gree of freedom was also developed
[54]

. A different

approach is the microscopic time-dependent Hartree-

Fock (TDHF) theory
[55–57]

. TDHF now can make

parameter-free predictions of heavy-ion fusion excita-

tion functions, where both the surface excitations and

nucleon transfer are automatically considered at the

mean field level. TDHF method also allows the re-

sponse of the reacting nuclei to change self-consistently

as the nuclei start to overlap. It is more promising for

a comprehensive description of the relevant reaction

processes. It should be pointed out that in this cal-

culation the neutron transfers for 40Ca+48Ca occurs

mainly inside the Coulomb barrier
[58]

. Very recently,

the first microscopic evidence of the fusion enhance-

ment due to coupling to transfer channels was given

by Godbey et al.
[59]

, where the effect of isospin (isovec-

tor) dynamics results in the thinning of the barrier

and thus enhances the sub-barrier fusion cross sections.

By the way, the novel superfluidity effect of hindering

fusion reaction was shown
[60]

within symmetry unre-

stricted time-dependent density functional theory very

recently.

The effect of neutron transfers is always inter-

esting since 1980 especially with the advent of the

more intense neutron-rich radioactive beams
[61–64]

in

recent years. However, in spite of a longstanding

debate
[2, 6, 65–67]

, the experimental conclusions are

still inconsistent and the relevance of transfer channels

to sub-barrier fusion is not yet clarified. One of the un-

expected experimental results is that the near-barrier

fusion of Sn+Ni shows a similar trend
[68]

in spite of

their very different neutron transfer Qgs-values.

In this contribution, some relevant experimental

studies performed at China Institute of Atomic En-

ergy (CIAE) and CC calculations by using the code

CCFULL
[19]

for near-barrier fusion of 32S+90,94,96Zr,
18O+74Ge and 18O+58Ni will be introduced in Sec. 2.

Further, a self-consistent method to reliably isolate the

neutron transfer effect quantitatively is given in Sec. 3.

In Sec. 4, summary and conclusions are presented.

2 Recent fusion experiments at CIAE

For the medium-heavy systems, the formed ex-

cited compound nucleus de-excites by evaporating

light particles and emitting γ-rays, without fission, at

the near-barrier energy region
[69]

. Therefore, the mea-

sured fusion evaporation cross section is equal to the

fusion cross section. The corresponding experimental

methods
[67, 70–72]

for measuring the cross sections of

the evaporation residues have been developed. Here,

the cross sections of fusion evaporation residues have

been measured by using an electrostatic deflector
[73]

at energies near the Coulomb barrier with the beams

of the HI-13 tandem accelerator of CIAE.

The electrostatic deflector setup deflects the dif-

ferent reaction products according to the difference in

electrical rigidity (η) by using the electrostatic field

first, mainly for suppressing the number of beam-

like particles to the following detectors. Then to

roughly identify the incoming reaction products by
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using time-of-flight (TOF) detectors of micro-channel

plate (MCP) and an energy detector of silicon (Si),

that is the usual TOF-E method for mass identifica-

tion. Usually, the focused beam intensity is about sev-

eral pnA and the target thickness is about 50 µg/cm2

with 25 µg/cm2 carbon backing for a good measure-

ment condition.

2.1 32S+90,94,96Zr

Sub-barrier fusion enhancement due to multi-

neutron pickup has been observed in many

systems
[22, 23, 74–77]

. One of the typical systems that

has been studied widely possibly relevant to neutron

transfer effect is 40Ca+94,96Zr
[77–81]

. The fusion exci-

tation function for typical 40Ca+96Zr shows additional

enhancement and it was ascribed to the strong influ-

ence of neutron transfer channels
[77]

. Large neutron

transfer cross sections are found for 40Ca+96Zr at en-

ergies near the Coulomb barrier
[78]

, which support the

argument of strong transfer coupling effect. And fur-

ther, Stefanini et al.
[79]

give a strong support for the

neutron transfer effect from a systematic purely exper-

imental comparison. Later, Zagrebaev
[80]

gives a good

description for the data by using a simplified semi-

classical model which considers the sequential multi-

neutron transfers. However, Pollarolo and Winther
[81]

ascribe the fusion enhancement to the strong 3− state

of 96Zr based on a semi-classical theory.
32S+90,94,96Zr were studied for further checking

this effect, in which 32S+90Zr without +Qgs multi-

neutron pickup channels was measured for a compar-

ative study (as a reference). The fusion excitation

functions
[74, 75]

measured at near-barrier energy re-

gion are shown in Fig. 1 and the strong isotopic effect

can be observed.

The coupled-channels code CCFULL
[19]

taking

into account the multi-dimensional quantum tunnel-

ing, due to the collective inelastic channels, is used for

the following theoretical calculations. For CCFULL,

a vibrational coupling in the harmonic limit and a ro-

tational coupling with a pure rotor are treated and

the finite excitation energies is considered. The fusion

process is predominantly governed by quantum tun-

neling over the Coulomb barrier was assumed. The

program CCFULL includes the couplings to full order

and thus it does not introduce the expansion of the

coupling potential. Therefore the no-Coriolis (isocen-

trifugal) approximation is employed to reduce the di-

mension of coupled-channels equations. The incoming

wave boundary condition inside the Coulomb barrier

is employed and a barrier penetrability is calculated

for each partial wave.

The single-channel (SC) and CC calculations con-

sidering only the inelastic couplings for 32S+90,94,96Zr

are shown in Fig. 1. Double-phonon excitations for the

reactants are taken into account. It shows that the CC

calculations only including the inelastic coupling effect

underestimate the sub-barrier fusion cross sections of
32S+94,96Zr, with many +Qgs neutron pickup chan-

nels, although it reproduces well for 32S+90Zr. This

gives a further evidence for the enhancement effect re-

lating to +Qgs neutron transfers. But, there is also a

diverse argument that the sub-barrier fusion enhance-

ment for 32S+96Zr is due to the increased deformation

of the intermediate reactants after two-neutron (2n)

pickup based on the quantum diffusion approach
[82]

.

The underlying physical mechanism still needs to be

confirmed.

Fig. 1 (color online)The experimental fusion data of
32S+90,94,96Zr, the CC calculations only include
the inelastic coupling effects.

Many other systems, such as 40Ca+48Ca
[83, 84]

,
40Ca+96Zr

[77]
, 124Sn

[85]
, 132Sn

[86]
, 46Ti+124Sn

[87]
and

58Ni+64Ni
[22]

, that the sub-barrier fusion enhance-

ment may be correlated with the positive Qgs-value

neutron pickup channels have been found. While

for some systems, such as 58Ni+124,132Sn
[68]

and
60Ni+100Mo

[88]
, it was claimed that the fusion cross

sections do not show additional enhancement at sub-

barrier energies relating to these channels.

2.2 18O+74Ge

For simplifying the complex problem, we turn to

the simpler situation of only a +Qgs 2n stripping chan-

nel, which has been studied not so much and therefore

has no definite conclusion. The physical considerations

for studying this are the suggested pairing enhance-

ment of two-nucleon transfer
[89]

between heavy nuclei

and the expected shorter range for the pair-transfer

form factor
[2]
, which may lead to the largest influence

on fusion due to coupling to the pair transfer qualita-

tively.
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The most available fusion data, of 18O+92Mo
[90]

,
ASn

[91]
and 36S+ANi

[92, 93]
, tend to favor no sub-

barrier enhancement effect due to the +Q 2n strip-

ping channel. By the way, good quality experimental

fusion data for 18O+92Mo is still expected for study-

ing the fusion mechanism. An exception is 18O+58Ni

which claims strong sub-barrier fusion enhancement

due to 2n stripping
[80]

, without good experimental

data. Therefore, for further studying the +Q 2n strip-

ping effect on sub-barrier fusion, more lighter systems

with little inelastic coupling effect need to be studied.

As a first step, the system of 18O+74Ge with

+3.75 MeV 2n stripping +Qgs-value was selected. Fu-

sion of 16O+76Ge was also measured for a reference.

For the transfer of 18O+74Ge, the previous experimen-

tal study shows obvious 2n stripping channel to the

ground state
[94]

. Experimentally, the fusion of the two

systems 16O+76Ge and 18O+74Ge was measured for a

comparative study. Additionally, the near-barrier fu-

sion of 16O+76Ge has already been well measured
[95]

and can be also used as a check for our data.

The experimental fusion results for the two sys-

tems are shown in Fig. 2. The CC calculation only in-

cluding the inelastic coupling reproduces well the over-

all experimental trend for 18O+74Ge. While the CC

calculation result (short-dashed line), including a neu-

tron pair-transfer with Qgs-value of +3.75 MeV and

a nominal coupling strength (Ftr) of 0.7 MeV, devi-

ates from the overall experimental trend for 18O+74Ge.

According to the comparison with the CC calculation

result, it shows no sub-barrier fusion enhancement for
18O+74Ge at the measured energy region

[96]
.

Fig. 2 (color online)The fusion excitation functions for
16O+76Ge and 18O+74Ge.

2.3 18O+58Ni

As pointed out before, the near- and sub-barrier

fusion behavior of the lighter systems with higher

+Q−2n-value stripping channel is more intriguing.

Compared to 18O+74Ge, the typical system 18O+58Ni

has a more higher Q−2n-value of +8.20 MeV and

Q−2n/VB of 0.26, and therefore a strong sub-barrier

enhancement effect should be shown if it exists.

The near-barrier nuclear reaction of 18O+58Ni has

been widely studied
[97–100]

. The fusion of 18O+58Ni

has once been measured
[97]

and seems to show sub-

barrier enhancement. An extensive and consistent CC

analysis of the elastic, inelastic, one- and two-neutron

transfer, and fusion experimental cross sections was

also given
[98]

. Rossi et al.
[99]

found that for 18O+58Ni

the 2n stripping is strongly inhibited in relation to

1n stripping below the barrier. The experimental

quasi-elastic (QEL) scattering barrier distribution of
18O+58Ni shows some structure and was explained by

1n stripping coupled with the 2+ vibrational excitation

of 58Ni
[100]

. The structure of the barrier distribution

also should correspond to a sub-barrier fusion enhance-

ment.

But for a detailed study of fusion mechanism, a

good quality fusion data is still needed. To this end, we

remeasured the fusion excitation function of 18O+58Ni

near the Coulomb barrier energy region, which extends

to lower energies than the previous data. Fusion of
16O+58Ni was also measured for a reference.

The present preliminary experimental fusion exci-

tation function for 18O+58Ni is shown in Fig. 3. For

comparison, the previous experimental fusion data for
18O+58Ni measured by Borges et al.

[97]
is also shown.

It can be seen that the CC calculation considering only

the inelastic coupling somewhat underestimates the ex-

perimental fusion data at lower energies, and the cou-

pling paraments used in the CC calculation are given

in Fig. 3. Zagrabev’s calculation
[80]

(not plotted in

Fig. 3 (color online)The fusion excitation functions of
18O+58Ni. The present preliminary experimental
fusion data (filled circles), previous experimental

data
[98]

(hollow circles) and CC calculation result
are shown.
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the figure) also supports the view of sub-barrier fusion

enhancement for 18O+58Ni, but gives a higher fusion

cross section prediction at lower energies based on the

previous fusion data above 10-mb by using a simplified

semi-classical model. That prediction is higher than

the present experimental fusion data at lower-energy

region.

Therefore, to solve this problem is still compli-

cated and continuing study will help to understand the

underlying reaction dynamics of heavy-ions at near-

barrier energy region. To this end, more measurements

for the fusion of the relevant systems are needed for

a systematic study. At the same time, more experi-

mental data for the final state population and angular

distribution of 18O-induced 2n stripping reaction at

sub-barrier energies, which have been measured very

scarcely up to now, are also needed.

2.4 Discussion

The above analysis shows a rough trend that the

effect on the sub-barrier fusion enhancement is more

effective for the +Qgs neutron pickup channels com-

pared to the neutron stripping channels. For explain-

ing the absent effect of 2n stripping channel on fusion,

Stefanini et al.
[101]

suggest a kinematic mechanism of

the importance of the optimum Q-value (Qopt) in ad-

dition to the Qgs-value itself in the comparative study

of 28,30Si+58,62,64Ni. At this point, to understand this

is still difficult and the reason is not clearly known.

But one fact is that after 2n stripping in the reac-

tion 18O+58Ni→16O+60Ni, the mass asymmetry in-

creases, and, thus the Coulomb barrier increases by

about 31.50−31.13=0.37 MeV and therefore the cap-

ture cross section should be hindered
[82]

only from this

point.

For clarifying the transfer effect on fusion by us-

ing the CC approach, the experimental correlation

study of both fusion and transfer was proposed and

has been widely performed
[85, 102]

. Besides the theo-

retical macroscopic pair-transfer form factor
[52, 53]

and

the parametrized transfer form factor
[103, 104]

, the mi-

croscopic transfer form factor was also given
[105]

. The

transfer form factor can be extracted
[106, 107]

from

the experimental transfer angular distribution by us-

ing a semi-classical approximation. Normally two-

nucleon transfer has a narrower form factor, or an-

gular momentum (l) distribution, than one-nucleon

transfer does
[108]

. That is two-nucleon transfer has a

more localized form factor. Moreover, the form factor

could be more localized for the the multi-step transfer

mechanism
[105]

.

One confusion should be pointed out is the two

different physical pictures of two-step process and

coupling-channels for explaining the nucleon transfer

effect on sub-barrier fusion. From the two-step picture,

Broglia et al.
[46]

explained originally the sub-barrier

fusion of 58Ni+64Ni by invoking the 2n transfer effect.

Later, Zagrebaev introduced a simplified semi-classical

model
[80]

which takes the intermediate sequential neu-

tron transfer channels into account and reproduced

some experimental data. For the explanation of trans-

fer reaction, Corradi et al.
[109]

ascribe the loss of trans-

fer flux of 32S+101Ru to feeding more complex chan-

nels and/or fusion. This means that the enhanced fu-

sion cross section exhausts part of the transfer cross

section that should be observed experimentally.

However, coupled-channels physical picture means

that more strong transfer may lead to more fusion

enhancement. Recently, a universal correlation be-

tween the fusion enhancement and the strength of to-

tal neutron-transfer cross sections for systems rang-

ing from light to heavy mass was shown
[110]

. The

correlation of fusion with transfer channels for 32S,
37Cl+98,100Mo, 93Nb

[49, 108, 111]
was also studied in

the CC scheme with the experimentally determined

transfer form factor and coupling strength, where the

deviation of the two positions of transfer and Coulomb

barrier was considered
[49]

in explaining the transfer ef-

fect.

By the way, usually the sub-barrier fusion en-

hancement is considered to be correlated with the

ground-state transfer Q-value, while the real reaction

dynamics is that the population to the excited-states

for the transfer reaction and the softness of the reac-

tants should be also considered in a theoretical analy-

sis. Anyhow, continuing to study the role of neutron

pickup and stripping channels should help to provide

insight into the different effects in the fusion.

As pointed out before, the barrier distribution con-

tains information of the coupling mechanism. Besides

the barrier distribution extracted from the fusion ex-

citation function, Timmers et al.
[112]

also suggest an-

other method to obtain the barrier distribution from

the backward quasi-elastic excitation function, based

on the two complementary processes of transmission

(fusion) and reflection (QEL). But Zagrebaev
[113]

indi-

cates that the so-called barrier distribution obtained

from QEL is just the total reaction threshold distri-

bution. The difference of the peak positions indeed

shows for both the very-heavy systems
[114, 115]

and the

weakly-bound systems
[116]

between the two processes.

Therefore, the intensive comparison of the peak posi-

tion and sub-barrier shape between the two kinds of

barrier distributions should bear some information of

the coupling mechanism.

Also isospin equilibration
[59]

is another important
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factor that should be considered. The TDHF calcula-

tion suggests a fast charge-equilibration mode in reac-

tions of nuclei that have different values of N/Z
[117]

.

Recently a novel argument for fusion is Wolski’s sim-

ple energy scaling law
[118]

, that is the compound nu-

cleus nature of the heavy-ion sub-barrier fusion with-

out (strong) fusion enhancement. Therefore, the com-

plicated reaction mechanism is still awaiting a final

conclusion.

3 Reduction for the experimental fu-
sion data

Since the discovery of sub-barrier fusion enhance-

ment phenomenon, many different theories have been

proposed to try to explain the reaction mechanism

and the physical conclusions for explaining the ex-

perimental data are model dependent. At the same

time, some procedures for reducing the experimen-

tal fusion data were proposed to study the coupling

effects
[119–122]

. The usual reduction method for the ex-

perimental fusion data, to remove the so-called geomet-

rical effects (R2
B, RB is the barrier radius) and barrier

height effects
[119, 120]

, reflects the global effect of cou-

plings. More reduction methods can be found
[121]

. It

should be pointed out that all these reductions depend

on additional parameters. Therefore, a less model-

dependent method to reliably analyze the experimen-

tal fusion data is needed.

The aim here is for a reliable self-consistent

method to isolate the transfer effect on fusion inde-

pendent of the inelastic couplings
[76]

, what is called

residual enhancement (RE). RE is defined here as the

ratio of the experimental fusion cross section (σExp)

to the CC calculation result (σCC), that is RE =

σExp/σCC. In order to avoid the entanglement of

the strong breakup effect, the present study is only

confined to the tightly bound systems without strong

breakup effect at near-barrier energies. Only the exper-

imental data measured by using the same setup are

selected for such an analysis. Meanwhile, the same

analysis procedure is used for the different data set.

Usually the coupling to the collective inelastic

states can be well accounted for in the CC calcula-

tions. Therefore, the experimental fusion data of the

reference systems without +Qgs neutron transfer chan-

nels provide stringent constraints on the role of nu-

clear structure within a CC framework considering the

mutual excitations. Then the neutron transfer effect

for the relevant systems can be disentangled quantita-

tively based on the extracted coupling information.

The typical 40,48Ca+40,48Ca systems have been

studied widely. 40Ca and 48Ca have similar neutron

skins and therefore similar charge radii
[123]

. Therefore,

the systematic Akyüz-Winther (AW) potential
[124]

can

be reasonably used for these systems. The vibrational

approximation for the excitation of the reactants for

the magic ACa was used. Here, the 40Ca+40Ca and
48Ca+48Ca systems were used as a standard reference

for calibrating the inelastic coupling effect. The rele-

vant coupling parameters considered in the CC calcu-

lations, which give the best reproduction for the two

symmetric reference systems, are shown in Table 1.

Table 1 The parameters used for the considered low-
lying collective excitation states in the CC cal-
culations.

Nucleus λπ Eλ/MeV βλ

40Ca 3− 3.737 0.271

2+ 3.904 0.119

48Ca 2+ 3.832 0.104

3− 4.507 0.175

The result for RE of 40,48Ca+40,48Ca is illustrated

in Fig. 4. The insert shows the Qgs-values of the

neutron transfer channels, where ‘N ’ represents the

number of transferred neutrons. It shows that only
40Ca+48Ca has positive Qgs for the 2n and 4n pickup

channels. The RE for the two symmetric systems are

almost unity for the whole energy region. The re-

production for the deep-sub-barrier experimental data

means that AW potential is also suitable for the deep-

sub-barrier energy region, at least for the two analyzed

systems. It shows that the RE of the asymmetric
40Ca+48Ca deviate from unity with decreasing energy,

then decrease at still lower energies. By the way, the

sub-barrier fusion enhancement for 40Ca+48Ca due to

transfer coupling was also supported
[59]

by the micro-

scopic approach. This means that one is able to quan-

titatively isolate the effect of transfer on the fusion

cross section by using such a procedure. More systems

Fig. 4 (color online)RE for 40,48Ca+40,48Ca.
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of S,Ca+Zr,Sn have been analyzed
[76]

. Therefore, RE

should offer a quantitative test for the different theo-

retical models.

Meanwhile, the RE method for the symmetric sys-

tems proposes a problem for the inelastic coupling.

Here, a smaller β3=0.27 was obtained by reproduc-

ing the experimental fusion data of 40Ca+40Ca. The

smaller β3 of 0.27 for 40Ca was also used
[77, 125]

for reproducing the experimental fusion data of
40Ca+90Zr,192Os,194Pt. The underlying reason is still

unknown and should be studied further. Anyhow, the

coming dynamic description is needed to understand

the reason for the smaller β3 value of 40Ca and the

complex neutron transfer effect.

4 Summary and conclusions

In summary, the study for near-barrier fusion of

heavy-ions keeps a hot topic attracting intense re-

search. The near-barrier fusion studies relevant to

the neutron transfer effects at CIAE have been shown.

It seems that the +Qgs 2n stripping channel does en-

hance sub-barrier fusion cross sections for 18O+58Ni,

but the enhancement is minor compared to the effect

of the 2n pickup channel. Moreover, we propose a new

benchmark to isolate the +Qgs neutron transfer effect

on fusion by using the extracted inelastic coupling ef-

fect from the experimental fusion data based on the

CC calculations.

The present study further proves the importance

of transfer channels in sub-barrier fusion enhancement

in a favorable condition. At present only the static

and ground-state Q-value was considered in our study,

while the dynamic analysis should give deep under-

standing for the underlying reaction process in future.

More comprehensive experimental data of both fusion

and transfer will be in favor of this kind of study, es-

pecially for the effect of neutron stripping with +Qgs-

value. At the same time, a comprehensive theory that

can reliably describe the time-dependent dynamics of

the fusion process is highly anticipated.
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近垒重离子熔合反应中的中子转移效应

贾会明
1)

，林承键，杨 磊，徐新星，杨 峰，马南茹，孙立杰，王东玺，刘祖华，张焕乔

(中国原子能科学研究院核物理所，北京 102413 )

摘要: 近势垒及其以下能区重离子熔合反应中的中子转移耦合道效应是一个复杂且有争议的问题。简要介绍了

近年来在中国原子能科学研究院的HI-13串列加速器上，基于静电偏转板装置完成的32S+90,94,96Zr, 18O+74Ge

和18O+58Ni 等几个典型体系的熔合反应研究情况，并结合耦合道理论对实验数据进行了分析。选取反应体系时同

时关注了正Q值的中子拾取和削裂道。另外，基于完全耦合道理论计算，提出了一种能够定量提取熔合反应中中子

转移效应的自洽方法。这些研究进一步证实了垒下重离子熔合反应中的中子转移效应，同时指出了其复杂性。需要

进一步的实验和理论研究来澄清相关核反应机制。
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