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Examination of the different roles of neutron transfer in the sub-barrier fusion reactions
32Q 4 949671 and “Ca + 9% Zr
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The sub-barrier capture (fusion) reactions 328 4 90.94.967, 36g 4 90967, 40Cq 4 9094967 and 8Ca 4 9097
with positive and negative Q values for neutron transfer are studied with the quantum diffusion approach and the
universal fusion function representation. For these systems, the s-wave capture probabilities are extracted from
the experimental excitation functions and are also analyzed. Different effects of the positive Q,,-value neutron
transfer in the fusion enhancement are revealed in the relatively close reactions 32S + *+%Zr and *°Ca + *+%Zr.
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I. INTRODUCTION

The nuclear deformation effects are identified as playing
a major role in the magnitude of the sub-barrier fusion
(capture) cross sections [1,2]. There are several experimental
evidences which confirm the straightforward influence of
nuclear deformation on the fusion. If the target nucleus is
prolate in the ground state, the Coulomb field on its tips is
lower than on its sides. Thus, the capture or fusion probability
increases at energies below the barrier corresponding to the
spherical nuclei.

The dynamics of neutron-transfer-mediated sub-barrier
capture and fusion has not yet been revealed [2]. The cross
section enhancement in the sub-barrier fusion of ¥Ni 4 **Ni,
with respect to ®Ni+ %Ni [3], is interpreted in Ref. [4]
as a kinematic effect due to the positive @, value of
the ground-state-to-ground-state two-neutron transfer (2n-
transfer) channel. A correlation is observed between consider-
able sub-barrier fusion enhancement and positive Q,, values
for neutron transfer in the reactions “°Ca + 9+%Zr [5-7] and
4()Ca + 116,124,13281,1 [8,9]

The importance of neutron transfer with positive Q,,, values
in nuclear fusion (capture) originates from the fact that neu-
trons are insensitive to the Coulomb barrier and their transfer
starts at quite larger separations, before the projectile is cap-
tured by the target nucleus. It is generally thought that the sub-
barrier capture (fusion) cross section increases because of the
neutron transfer [5-20]. However, the reduced excitation func-
tions for the reactions %7180 +ASn (4 = 112, 116-120,
122, 124) [21], scaled to remove the effects of smoothly
varying barrier parameters, do not show any strong dependence
on the mass number of the target or the projectile. The
relative changes are within a factor of 2 and are not correlated
with the positive Q,, values of neutron-transfer channels in
these reactions. As shown in Ref. [22], the neutron-transfer
channels with positive Q,, value weakly influence the capture
(fusion) cross section in the ®°Ni 4 '"°Mo reaction at sub-
barrier energies. In the reactions “°Ca 4 '1¢124Sn (Q,, > 0)
and '328n,"30Te + 3864Ni (Q,, > 0) at energies above and a
few MeV below the Coulomb barrier, the effect of transfer
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channels on the capture (fusion) is demonstrated to be very
weak with no significant differences observed in the reduced
excitation functions [8,23]. In comparison with the 10 + 7°Ge
reaction [24], the fusion enhancement due to the positive Q,,
value is not revealed in the '80 + 7Ge reaction.

It is presently not clear why the neutron transfers
with positive Q,, values play a decisive role in the
fusion reactions “°Ca + “8Ca, 8Ni + %*Ni, 4°Ca + 9+%7Zr, and
40Ca 4 11612413261 and weakly influence the fusion reactions
S8.64N 4 132§, S8.64Nj 130T, 60N 100N, 180 + 4Ge,
and '80 + ASn [2,25]. Although the enhancement appears to
be related to the existence of large positive Q,, values for
neutron transfer, it is not proportional to the magnitudes of
those Q,, values, which are larger for °Ca + *Zr (*°Ca +
13281 or *°Ca + '**Sn) than for “°Ca + *Zr (**Ca + '*Sn or
40Ca + !15Sn). The sub-barrier enhancements are similar in
these reactions. So, the influence of neutron transfer on the
capture process is not easily explained.

The quantum diffusion approach [26-30] was applied to
study the role of neutron transfer with positive Q,, value in
the capture (fusion) reactions at sub-, near- and above-barrier
energies. A good agreement of the theoretical calculations
with the experimental data was demonstrated. As found, the
change of the capture cross section after the neutron transfer
occurs due to the change of the deformations of nuclei [26-30].
Thus, the effect of neutron transfer is an indirect influence
of quadrupole deformation. As demonstrated in Ref. [27],
neutron transfer can weakly influence or even suppress the
capture (fusion) cross section in some reactions. Later similar
conclusions were pointed out in Ref. [31].

Applying the quantum diffusion approach [26-30]
(Sec. IV), the universal fusion function representation [32,33]
(Sec. II), and capture probabilities extracted from experimental
excitation functions (Sec. III), we try to answer the question
of how neutron transfer influences the sub-barrier capture
cross section in the reactions 32§ + 90:94.967; 365 4 90.967,
40Ca 4 90949671 and *8Ca + %%%Zr at near and sub-barrier
energies. We show why the influence of positive-Q,,-value
neutron transfer is completely different in the relatively close
reactions ¥2S + %+%Zr and 4°Ca + %+%°Zr.
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II. EXPERIMENTAL REDUCED CAPTURE
CROSS SECTIONS

To analyze the capture cross sections in the reactions
with different Coulomb barrier heights V;, and radius R,
calculated in the case of spherical nuclei, it is useful to
compare not the excitation functions, but the dependence of
the dimensionless quantities 2E¢ i Ocap(Ec.m.)/ (hawp Rﬁ) versus
x = (Ecm. — V) /(hawp) or (Ecn. — Vp) [32,33]. Here, w;, and
u are the frequency of an inverted-oscillator-approximated
barrier and the reduced mass of the system, respectively. In the
reactions, where the capture and fusion cross sections coincide,
the comparison of experimental data with the universal fusion
function [32,33] allows us to conclude about the role of static
deformations of the colliding nuclei and the nucleon transfer
between them in the capture cross section. Indeed, the universal
function disregards these effects. To extract the values of
Vi, Rp, and w;, (Table I), we calculate the nucleus-nucleus
interaction potential. The same potential is used within the
quantum diffusion approach [26-30] (see Sec. IV).

For the reactions “°Ca + Zr, *8Ca + °0%Zr, and 3¢S +
90.967;  with almost spherical nuclei and without neutron
transfer (the negative Q,, values), the experimental cross
sections are rather close and fall with almost the same rate
as the universal fusion function (Fig. 1). For the reactions
40Ca + 9497r with neutron transfer (the positive Q,, values),
one can clearly see that the reduced cross sections strongly
deviate from those for the reactions *°Ca + %9Zr, 3¢S + 90967,
#Ca + 20-%7Zr, where neutron transfer is suppressed.

In the reactions 328 + %497 with the strongly deformed
projectile 328, the deviations of the reduced excitation func-
tions from those in the reactions 3¢S + °%%Zr (Fig. 1) are
mainly caused by the static deformation effects. Despite the
Q., values for the neutron transfer range from negative
(*?S + Zr)to large positive values (32S + *+%7Zr), the re-
duced capture (fusion) cross sections appear to be almost
the same. So, we observe the strong and weak influence of
neutron transfer on the capture cross sections in the reactions
40Ca + 9497y and 328 4 9%7Zr, respectively. The universal
fusion function is mainly shown to discriminate the reactions
40Ca 4 9497r with neutron transfer from the reactions “°Ca +
07y, 48Ca + 2-%7Zr, and 36S + 29-%7Zr without neutron transfer
and to demonstrate the similarity of the fusion enhancements
in the reactions 32S + %+%7Zr and 32§ + %9Zr with and without,

TABLE I. The barrier parameters used in Fig. 1.

Reactions Vi, MeV) R, (fm) hwy, (MeV)
328 4 97r 79.6 11.1 3.35
328 4 %7r 77.0 11.2 3.35
328 4 %7r 76.5 11.3 3.36
368 + 97r 77.2 11.3 3.22
368 + %7Zr 75.2 11.5 3.36
0Ca+ NZr 96.2 11.3 3.34
0Ca+%Zr 95.2 11.4 3.31
0Ca + %Zr 94.2 11.5 3.25
BCa+Zr 94.5 11.6 3.12
BCa4 *Zr 92.9 11.7 3.07
40Ca+Ca 533 10.5 3.20
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FIG. 1. (Color online) The experimental reduced fusion excita-
tion functions 2Eem. Ocap(Ec.m.) (symbols) [5-7,18,20,34-36] and the

ﬁ,a);,Rz
universal fusion function Fy = In{1 + exp[27(Ecm. — Vi)/(hwp)]}
(solid line) vs Zem—Y for the reactions indicated.

hawy,

respectively, neutron transfer. The fusion enhancement or
hindrance in these reactions can be studied by the calculation
of the dynamic polarization potential including contributions
from inelastic excitations and nucleon transfer [1,37-39].

III. CAPTURE PROBABILITIES EXTRACTED FROM
EXPERIMENTAL CAPTURE EXCITATION FUNCTIONS

Shifting the energy by the rotational energy Eg(J) =
R2J(J+1)
ZMR[%
tum J dependence of the transmission (capture) probability

Peap(Ecm.,J) ata given E

Pcap(Ec.m.’-]) ~ Pcap[Ec.m. — Er(J),J =0]. ()

[40], one can approximate the angular momen-

If we use the formula for the capture cross section, convert the
sum over the partial waves J into an integral, and express J
by the variable £ = E.,, — Er(J), we obtain the following
simple expression:

2
TR}

Ecm,
Ucap(Ec.m.) = / dEPcap(EvJ = 0). ()
0

Multiplying this equation by E. . /(7 R?) and differentiating
over E. ., one obtains [40]

1 d[Ec.m.Ucap(Ec.m.)]
7R} dE.m.

One can see that w has the meaning of the s-wave
transmission in the entrance channel. Therefore, the s-wave
capture probability can be extracted with satisfactory accuracy
from the experimental capture cross sections ocyp(Ecm.) at
energies near and below the Coulomb barrier. Note that at the
energies considered the dependence of the Coulomb barrier
radius on the angular momentum is very weak.

The extraction method just described requires some pro-
cedure to smooth the experimental data since the values of

Pcap(Ec.m.nl =0)=

. 3)
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FIG. 2. The extracted s-wave capture probabilities for the reac-
tions indicated by employing Eq. (3) (symbols connected by lines).
The experimental capture (fusion) excitation functions used are from
Refs. [5-7,18,20].

Ecm.0cap(Ecm,) have error bars. We spline the experimental
points of E¢ y 0cap(Ec.m.) by the Bézier parametric curve [41].

In Figs. 2 and 3, the extracted capture probabilities
Peyp(E,J = 0) demonstrate the influence of nucleon transfer
on the capture (fusion) excitation function. In the reactions
40Ca + %7Zr and *8Ca + °%Zr with the negative Q,, values
for nucleon transfer, the capture probability exhibits a steep
falloff of the probability at low energies. However, the first
derivatives of P.,p(E,J = 0) are almost the same. Conversely,
the reactions “°Ca + *+%Zr have positive Q,, values for
neutron transfer. This leads to the smaller slope of probability
functions at sub-barrier energies. The capture probabilities in
the reactions *°Ca + *+%Zr are close to each other.

Because the nucleus **S is spherical, the slopes of functions
Peyp(E,J = 0) for the reactions *°S + °*%Zr are larger than
those for the reactions 328 + °+°Zr and 32S + *°Zr with the
strongly deformed *2S. The slopes of functions Pepy(E,J = 0)
are rather similar (Fig. 3) in the 32S + %°Zr reaction with the
negative Q,, values for neutron transfer and in the reactions
328 4 94967y (Fig. 2) with the positive Q,, values for neutron
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FIG. 3. The extracted s-wave capture probabilities for the reac-
tions indicated by employing Eq. (3) (symbols connected by lines).
The experimental capture (fusion) excitation functions used are from
Refs. [5,18,34,35].

transfer. Thus, the enhancement of capture probability in these
reactions has the same origin. It arises due to the large static
deformations of nuclei >34 S and the neutron transfer is not
responsible for the capture (fusion) enhancement.

As follows from the extracted capture probabilities, the
experimental normalizations of the cross sections are dif-
ferent in the reactions *2S 4 %09%7Zr and ¢S 4 %0%7r.
One should think about the experimental reasons for such
deviations.

IV. CALCULATIONS WITHIN THE QUANTUM
DIFFUSION APPROACH

In the quantum diffusion approach [26-30,42] the collisions
of nuclei are described with a single relevant collective
variable: the relative distance between the colliding nuclei.
This approach takes into consideration the fluctuation and
dissipation effects in collisions of heavy ions that model the
coupling with various channels (for example, the noncollective
single-particle excitations and low-lying collective dynamical
modes of the target and the projectile). We have to mention
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that many quantum-mechanical and non-Markovian effects ac-
companying the passage through the potential barrier are taken
into consideration in our formalism [26-30,42]. The nuclear
deformation effects are taken into account through the depen-
dence of the nucleus-nucleus potential on the deformations
and mutual orientations of the colliding nuclei. To calculate
the nucleus-nucleus interaction potential V(R), we use the
procedure presented in Refs. [26-30,42]. For the nuclear part
of the nucleus-nucleus potential, a double-folding formalism
with a Skyrme-type density-dependent effective nucleon-
nucleon interaction is used. The parameters of the nucleus-
nucleus interaction potential V (R) are adjusted to describe the
experimental data at energies above the Coulomb barrier corre-
sponding to spherical nuclei. With this approach many heavy-
ion capture reactions at energies above and well below the
Coulomb barrier have been successfully described [26-30,42].

Following the hypothesis of Ref. [4], we assume that the
sub-barrier capture in the reactions under consideration mainly
depends on a 2n transfer with a positive Q,, value. Our
assumption is that, just before the projectile is captured by the
target nucleus (just before the crossing of the Coulomb barrier),
which is a slow process, the 2n transfer (Q», > 0) occurs and
leads to the population of the first-excited collective state in the
recipient nucleus [43] (the donor nucleus remains in the ground
state). The absolute values of the quadrupole deformation
parameters 3, in the 27 state of even-even deformed nuclei are
taken from Ref. [44]. For the nuclei deformed in the ground
state, the B, in the first-excited collective state is similar to
that in the ground state. For the double-magic and semimagic
nuclei, we take 8, = 0 in the ground state.

The motion to N /Z equilibrium starts in the system before
the capture occurs because it is energetically favorable in
the dinuclear system in the vicinity of the Coulomb barrier.
For the reactions under consideration, the average change
of mass asymmetry is related to the 2n transfer. In these
reactions, (O, > ), and during the capture 2n transfer is
more probable than 1n transfer. After the 2n transfer the mass
numbers, the deformation parameters of the interacting nuclei,
and, correspondingly, the height V}, and shape of the Coulomb
barrier change. Then one can expect an enhancement or
suppression of the capture. If after the neutron transfer the
deformations of interacting nuclei increase (decrease),
the capture probability increases (decreases). If after the
transfer the deformations of interacting nuclei do not change,
there is no effect of the neutron transfer on the capture.
This scenario has been verified in the description of many
reactions [26-30,42].

In Fig. 4 one can see a good agreement between the
calculated and the experimental capture cross sections in the
reactions “°Ca + °+%Zr with the positive Q values for neutron
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FIG. 4. (Color online) The calculated capture cross sections vs
E..m. for the reactions (a) “°Ca + %°Zr (solid line), “°Ca + **Zr (dotted
line), and *°Ca + *°Zr (dashed line) and (b) “®Ca + °Zr (solid line)
and “8Ca + *°Zr (dashed line). The error bars are shown if they are
larger than the size of the symbols. The experimental data (symbols)
are from Refs. [5-7,34].

transfer and in the reactions *°Ca + °Zr and “8Ca + %%-%Zr
with negative Q values for neutron transfer. The theoretical
calculations describe the strong deviation of the slopes of
excitation functions in the reactions “°Ca 4 °+%Zr with
positive Q values for neutron transfer from those in the
reactions “°Ca + °Zr and “8Ca + 9%-%Zr, where the neutron
transfers are suppressed because of negative Q values (see
Fig. 1). This means that the observed capture enhancements
in the reactions “°Ca + °+%Zr at sub-barrier energies are

TABLE II. The configurations before and after two-neutron transfer and the Q,, values for two-neutron transfer in the different reactions.

Reactions with 2n transfer 07, MeV)
0 Ca(By = 0) + 2 Zr(B, = 0.09)—* Ca(B, = 0.25) + 2 Zr(B, = 0.1) 4.9
40 Ca(By = 0) + % Zr(B, = 0.08)—* Ca(B, = 0.25) + ** Zr(B, = 0.09) 5.5
28(By = 0.31) + % Zr(B, = 0.09)—* S(B, = 0.25) + 2 Zr(B, = 0.1) 5.1
28(By = 0.31) + 2 Zr(B, = 0.08)—* S(B, = 0.25) + ** Zr(B, = 0.09) 5.7
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FIG. 5. (Color online) The calculated capture cross sections vs
E.m for the reactions (b) *°Ca+ %Zr (solid line), *°Ca + **Zr
(dotted line), and *°Ca + *°Zr (dashed line) and (a) 32S + %Zr (solid
line), 328 + **Zr (dotted line), and *2S + *°Zr (dashed line). For the
reactions 32 8,*°Ca + %Zr and 3?S,%°Ca + *Zr, the capture cross
sections calculated without taking into consideration the neutron
transfer are shown by dash-dot-dotted and dash-dotted [it is matched
with the solid line in part (a)] lines, respectively.

related to the two-neutron transfer effect. After 2n transfer
in the reactions *’Ca + *+%Zr the deformation of the light
nucleus strongly increases (see Table II) and, thus, the height
of the Coulomb barrier decreases for some orientations and the
capture cross section becomes larger at smaller E. ., (Fig. 4).
In Fig. 4 one can see that the sub-barrier fusion (capture)
cross section falls down from 10 to 1 mb at ~1.5 MeV for
the reactions **Ca + 2%Zr and *°Ca + %°Zr and at about
3 MeV for the reactions #°Ca+ 9%%7Zr. So, because of
the neutron-transfer effect the reactions *°Ca + **°°Zr show
large sub-barrier enhancements with respect to the reactions
48Ca 4 20%7r and “°Ca + Zr (see Figs. 1 and 4). One can
see in Fig. 5 that with decreasing the sub-barrier energy the
cross sections calculated with and without 2n transfer strongly
deviate. The slopes of the excitation functions in the reactions
40Ca + 997 are rather close because in both cases after the
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FIG. 6. (Color online) The calculated capture cross sections vs
E. .. for the reactions (a) *2S + %Zr (solid line), *2S + **Zr (dotted
line), and *2S + 2°Zr (dashed line) and (b) 3°S + *°Zr (solid line) and
368 + %Zr (dashed line). The error bars are shown if they are larger
than the size of the symbols. The experimental data (symbols) are
from Refs. [18,20,35].

neutron transfer the nuclei have similar deformations. The
relative enhancement of the sub-barrier fusion cross sections
in the reactions *°Ca + %+%Zr with respect to those in the
reactions *¥Ca + °%7Zr and *°Ca + °°Zr is mainly related to
the deformation of 2 Ca in the 2% state. Thus, the observed
capture enhancement at sub-barrier energies in the reactions
40Ca 4 9*%7r is purely related to the transfer effects.
Because the sub-barrier enhancements are surprisingly
similar for the two reactions *“’Ca + *+Zr with different
positive Q values for neutron transfer, one can assume
that the absolute value of the positive Q value is rather
unimportant for the capture following transfer. If the transfer is
energetically favorable it occurs during the capture process. In
this case the transfer influences the capture (fusion) through the
change of the isotopic composition of interacting nuclei and,
correspondingly, through the change of their deformations.
Figure 6 shows the capture (fusion) excitation functions for
the reactions 328 + 209497 and 3°S + 2%-%7r. The Q,, values
for the 2n-transfer processes are positive (negative) for the
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reactions 328 +%4%7r (32S4+%Zr and 3°S 4 90%7r).
After the 2n transfer (before the capture) in the reactions
325 4 949%7r (Figs. 4 and 6) the deformation of S slightly
decreases (see Table II) and the values of the corresponding
Coulomb barriers slightly increase. As a result, the transfer
weakly suppresses the capture process at the sub-barrier
energies. This suppression becomes stronger with decreasing
energy. One can see in Fig. 5 that at energies above, near,
and below the Coulomb barrier the cross sections with
and without 2n transfer are almost similar in the reactions
325 4 949%7r. The relative enhancement of the sub-barrier
fusion cross sections in the reactions 32S + %+%7Zr with
respect to that in the reactions *°S + ?%-%Zr is mainly related
to the deformation of 3* S in the 2% state. With respect to

J
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the reactions ¢S + *Zr the enhancements of cross sections
in the reactions 32S + °4%7Zr and %S 4 °Zr are similar
because of the close deformations of interacting nuclei after
neutron transfer. Therefore, the observed capture enhancement
at sub-barrier energies in the reactions 32S + %+%Zr and
328 + 97 is not related to the transfer effects but rather to
the direct static deformation effects.
The barrier distribution is defined as

D(Ecm) = d2[Ec.m.O'cap(Ec.m.)]/dEg,m.‘ )

In Fig. 7, the distributions D are extracted from the exper-
imental and theoretical excitation functions employing the
point-difference approximation [5]:

D(Ecm) ~

It is clear that with a small energy step AE., one can
approximate the analytical derivative better. However, a large
AE. 1, reduces the experimental uncertainty of D [5]. InFig. 7,
the barrier distribution is extracted with Eq. (5) for two values
of AE. ., 1.75 and 4.9 MeV.

In Fig. 7, the calculated barrier distribution D has one
well-pronounced maximum at E.,, = V), like in the exper-
iments [45] and perfectly fits the experimental data. Without
neutron transfer we obtain a narrower barrier distribution
for the 4°Ca + %°Zr reaction. After the 2n transfer (before
the capture) in the *°Ca + %Zr reaction the deformations of
the nuclei increase and, correspondingly, the width of the
barrier distribution increases. This leads to the decrease or

500 [ —r————
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D (mb MeV ™)

-100
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R
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[02)
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E _ (MeV)
c.m.

FIG. 7. (Color online) The calculated (lines) and experimental
(symbols) fusion barrier distributions D [Eq. (5)] for the **Ca + %°Zr
reaction. The solid (dashed) (the energy increment is 1.75 MeV) and
dotted (dash-dotted) (the energy increment is 4.9 MeV) lines show
the values of D calculated with (without) taking neutron transfer into
consideration. The solid (the energy increment is 4.9 MeV) and open
(the energy increment is 1.75 MeV) circles are extracted from the
experimental excitation function [5].

2Ec.m.ocap(Ec.m.) - Ec.m.acap(Ec.m. +AEcqn) — Ec.m.acap(Ec.m. —AEc.n)
(AEcm)? .

&)

(

increase of the Coulomb barrier for the mutual orientations
of deformed interacting nuclei. The tip-tip collision has the
lowest Coulomb barrier, while the side-side collision results in
its highest value. However, the average height of the Coulomb
barrier remains the same and approximately corresponds to the
Coulomb barrier for the spherical nuclei. Thus, the increase
of the deformations of colliding nuclei causes a larger width
of barrier distribution. If E_p, is lower than the height of
the Coulomb barrier at any orientation of colliding nuclei,
an increase of their deformations due to the neutron transfer
could result in the Coulomb barriers for some orientations that
are lower than E. ,, . This leads to fusion enhancement at this
Ecm..

Note that the extracted values of D are very sensitive to
the error bars in o.,p. These error bars and their dependence
on energy perhaps create random deviations of experimental
points from the calculated curves at E. , > V,, in Fig. 7.

V. SUMMARY

The quantum diffusion approach, the universal fusion
function representation, and the extracted capture probabilities
from the experimental excitation functions are applied to study
the role of neutron transfer with positive Q,, values in the
capture (fusion) reactions 40Ca 4 9497 and 328 4 2497
We found that the change of the capture (fusion) cross
section after the 2n transfer occurs due to the change of
the deformations of nuclei. When after the neutron transfer
the deformations of nuclei strongly (weakly) change, the
neutron transfer strongly (weakly) influences the fusion cross
section. We clearly showed that the neutron-transfer effects
on the excitation functions in the reactions *’Ca + %+%7Zr
and S 4 *+%7Zr are completely different. The calculations
pointed to a strong increase of the fusion enhancement due
to the neutron transfer for the systems with the spherical
acceptor nuclei like in the case of the reactions “°Ca 4 *+%Zr.
In the reactions 328 + *+%Zr with the well-deformed acceptor
nucleus ¥ S, the strong fusion enhancement arises due to the
static deformation effects.
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