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Strong neutron-transfer coupling effects in the reaction mechanism of the 18O + 64Zn system
at energies near the Coulomb barrier
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The precise quasielastic excitation function for the 18O + 64Zn system was measured at energies near and
below the Coulomb barrier at θlab = 161◦, from which its correlated quasielastic barrier distribution was derived.
The excitation functions for the two-neutron, α, and tritium transfer reactions have also been measured at
the same conditions. These data were well described by the coupled channel and coupled reaction channel
calculations. The comparison of the data with theoretical calculations shows the strong influence of three
inelastic channels in the coupling process: the quadrupole and octupole vibrational states of 64Zn, 2+

1 and 3−
1 ,

and the quadrupole vibrational state of 18O, 2+
1 . In addition, theoretical calculations indicate that the two-neutron

stripping is mostly due to a one-step process, which has a striking effect on the reaction mechanism of this
system.

DOI: 10.1103/PhysRevC.100.054608

I. INTRODUCTION

Direct reactions between nuclei are essential processes in
the synthesis of elements within stars, since they can be the
doorway to nuclear fusion at low collision energies. These
reactions can also act as intermediate steps in the complex
fusion process between heavy nuclei during the synthesis
of superheavy elements. Particularly relevant to these two
situations are neutron transfers, since the absence of electric
repulsion facilitates the passage of neutrons from one nucleus
to another. On the other hand, from experimental and theo-
retical points of view, direct reactions between nuclei have
been crucial instruments in the investigation of both nuclear
structure and reaction mechanisms [1,2]. As these processes
are strongly dependent on nuclear structures of the interacting
nuclei, it is difficult to extrapolate results from one system
to others. So, it is important to carry out systematic studies
to understand the dependence of each reaction channel as a
function of structural details of colliding nuclei in different
mass regions.

As more detailed and fundamental calculations are avail-
able, it has become possible to investigate the role of the pair-
ing interaction during transfer processes. For example, recent
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studies on two-neutron transfer reactions with the projectile
18O have shown that, while a one-step process dominates
when 12C, 13C, and 16O targets are involved [3–6], in the case
of heavier targets such as 28Si and 64Ni the sequential transfer
of two neutrons should also be invoked to explain some
experimental data [7,8]. Usually, the works in the literature
dedicated to this subject, including those mentioned above,
only analyze the angular dependence of the direct reactions
investigated. However, for a complete understanding of the
reaction mechanism of a system, it is also necessary to study
the dependence of its reaction channels on the bombarding
energy, and how each channel is coupled to other ones. In
recent decades, it has been demonstrated that barrier distri-
bution methods (fusion and quasielastic) are powerful tools
for investigating the energy dependence and couplings of nu-
clear and Coulomb processes that occur in collisions between
nuclei at energies around the Coulomb barrier. An interesting
feature of quasielastic barrier distributions (QEBDs) is that
they are obtained with simpler experiments than fusion barrier
distributions. In addition, as quasielastic and fusion are com-
plementary processes, both barrier distributions carry approx-
imately the same information about the reaction mechanism
at energies around the Coulomb barrier [9–13]. In particular,
QEBDs have been successfully used in describing reaction
channel couplings in systems involving both light and heavy
nuclei [9–21]. The sensitivity of QEBDs has even allowed the
precise evaluation of the nuclear matter diffusivity of nuclei
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such as 17O, 18O, and 48Ca [16,18,19]. The comparison of
large coupled reaction channel (CRC) calculations with the
experimental QEBD of the 48Ca + 120Sn system has indicated
that the pairing correlation has significant importance in its
reaction dynamics, indicating that barrier distribution methods
can be also used to investigate this phenomenon [19].

The present work is the conclusion of a comparative study
of the energy dependence of several direct processes that
occur in the 16,17,18O + 64Zn systems at energies around the
Coulomb barrier. For this purpose, a precise quasielastic ex-
citation function was measured for the 18O + 64Zn system at
backward angles, from which its barrier distribution could be
deduced. Excitation functions (EFs) for two-neutron, tritium,
and α transfers, at the same energies and angle, were also
measured.

The projectile 18O was chosen because its neutron pair
outside the 16O core is relatively easily transferred from
projectile to target even in collisions at energies around the
Coulomb barrier, and the pairing correlation can be tested.
Besides, the 16O core is very stable and, in principle, it does
not participate actively in the reaction mechanism at low
bombarding energies (the same has also been observed at
higher energies [3–6,16,18,19,22]). On the other hand, the
64Zn target was chosen because there is room in its outer
1 f5/2 neutron subshell to accept the two neutrons from the
projectile. The choice of this system will allow an interesting
comparison with the neighbor 18O + 63Cu system that we
have already studied, since the two targets have the same
configuration of neutrons [21].

The other two systems of this systematic study, 16,17O +
64Zn, have been studied previously [16,17], whereby it was
demonstrated that the barrier distribution method is sensitive
enough to investigate the relative importance of the reaction
channels in the collision dynamics of these systems.

At energies around the Coulomb barrier, where deep in-
elastic collisions are less probable, quasielastic scattering
is defined as the sum of elastic scattering, inelastic scat-
tering, and all reaction processes with an exchange of a
small number of nucleons between the interacting nuclei.
It is well known that the QEBD is obtained from the first
derivative of the ratio of the quasielastic cross section (σqel)
to the Rutherford cross section (σRuth) with respect to energy:
d (−dσqel/dσRuth )/dE [10].

The theoretical approach of this paper is based on extensive
coupled channel (CC) and coupled reaction channel calcu-
lations in which the real interaction between projectile and
target is described by the double-folding São Paulo potential
(SPP) [23]. As described elsewhere, the crucial aspect of
our theoretical approach is that no imaginary potential at
the interaction barrier region is employed in the entrance
channel [9,16–21]. The fusion process is accounted for by
an inner (related to the nominal Coulomb barrier) imaginary
Woods-Saxon potential, in such a way that variations of
10% in its parameters do not affect the results significantly.
Our calculations can also be considered as being parameter
free in the sense that the SPP employs the two-parameter-
Fermi shape for which the radius and diffuseness parame-
ters are calculated, averaging hundreds of experimental and

theoretical values. Then, all the available reaction channels are
introduced into the coupling matrix, one by one, to investigate
their individual effects on the reaction dynamics. Therefore,
our purpose is not to fit data by varying potential parameters
but only to compare data with the theoretical results.

This paper is organized as follows. In Sec. II, the experi-
mental results are presented and discussed. The details of our
theoretical calculations and the comparison of their results to
data are given in Sec. III. Finally, the main conclusions are
presented in Sec. IV.

II. THE EXPERIMENT

The 18O beams employed in this experiment were deliv-
ered by the 8UD electrostatic accelerator of the Pelletron
laboratory of the University of São Paulo. The beams, in the
energy range of Elab = 30–45 MeV (in steps of 1 MeV and
intensities from 10–70 p nA), bombarded a self-supporting
target of 40 μg/cm2 of 64Zn isotope enriched to 99.9%. The
nuclei coming from the reactions were detected and identified
by means of �E -E spectra, where the �E signals were the
energy losses in the gas of a proportional counter placed at
θLAB = 161◦, which contained a silicon barrier detector in its
back to measure the residual energy, E . Three surface barrier
detectors were placed at forward angles (±30◦ and 45◦) for
normalization purposes. For most energies the statistical un-
certainties were below 1% and for the highest ones they were
around 3%. The background was properly subtracted. The
essential point of barrier distribution methods is the derivative
of experimental data with respect to the beam energy. So, to
get reasonable results it is crucial that the measurement of
bombarding energies, as well as the energy steps, be very
precise and coherent. That is why electrostatic accelerators
with a beam analyzing magnet are ideal tools for this kind
of investigation. However, the differential hysteresis effects
must be minimized by recycling the magnet as described by
Leigh et al. [24]. In the present paper, we followed the same
procedure described in that work with the method of recycling
the magnet by Spear et al. [25]. Our absolute beam energies
were defined to about 60 keV, and the coherence of data was
checked by repeating several measurements in the excitation
function.

Figure 1 shows �E -E spectra for the 16,17,18O + 64Zn
systems [panels (a)–(c), respectively], where we can qualita-
tively compare the most probable transfer reactions that occur
in them. As can be seen, the Z resolution is good enough
to identify the different reaction products. It is possible to
distinguish elastic and inelastic scatterings (Z = 8), transfers
of few nucleons (Z = 6, 7, 8, 9, and 10), and stripping of two
neutrons. It should be emphasized that this experiment was
designed for the inclusive measurement of the quasielastic
scattering. The spectra shown in Fig. 1 were taken at approx-
imately the same energies, and they have roughly the same
numbers of events in the quasielastic peak, which allows a
qualitative comparison of their reaction mechanisms. The ma-
jor difference between them is the absence in the 16O + 64Zn
system of events with energy above the elastic group, while in
the 17,18O + 64Zn systems we observe events in that region
corresponding to the one-neutron and two-neutron transfer
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FIG. 1. �E -E spectra for the 16,17,18O + 64Zn systems taken at
the same angle and approximately the same energies. These spec-
tra have approximately the same number of events in the elastic
peak to allow a direct and qualitative comparison of their reaction
mechanisms.

FIG. 2. Quasielastic excitation functions for the 16,17,18O + 64Zn
systems taken at θlab = 161◦. See the text for details.

reactions that have positive Qgg values equal to +3.8 and
+6.8 MeV, respectively. On the other hand, the events with
Z = 6, which mostly correspond to the α-particle stripping,
seem to be more favored in the case of the 16O projectile,
indicating that the presence of neutrons outside the 16O core
hinders this process. It is interesting to observe that some
pickup events with �Z = 1 and 2 are observed for the 17,18O
projectiles, while none of these events occur with the 16O
projectile. Also, the pickup events with �Z = 1 are more
probable when 18O is used as a projectile. As will be shown
in the following, these events correspond mainly to tritium
stripping processes.

From the spectrum analysis, a precise quasielastic EF for
the 18O + 64Zn system was measured. Figure 2 shows the
comparison between the EFs for the 16,17,18O + 64Zn systems.
As can be seen, at energies below 28 MeV and above 33 MeV,
the three EFs have similar behavior. However, between these
energies, the EFs for the 17,18O + 64Zn systems decrease faster
than that for the 16O + 64Zn system. But it is the structure of
the 18O projectile that produces a more remarkable effect. It
is interesting to note that the difference between these three
systems is more accentuated below their Coulomb barriers (32
MeV, approximately).

From the quasielastic EF for the 18O + 64Zn presented
before, its corresponding QEBD was deduced, which is shown
in Fig. 3 compared to the ones for the 16,17O + 64Zn systems.
All these QEBDs were deduced by using the point difference
method with the same energy step (2 MeV in the laboratory
framework) [10,11]. All theoretical calculations that will be
presented later in this paper were calculated in the same
way. In this figure, where the 16O + 64Zn system was taken
as reference, the influence in the reaction mechanisms of
the number of neutrons outside the 16O core becomes more
evident. As is well known [26], in the reactions between
heavy ions, several reaction channels are opened, which, by
quantum interference, can be coupled with each other. In the
framework of the barrier distribution models, this reaction
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FIG. 3. quasielastic barrier distribution for the 16,17,18O + 64Zn
systems. See the text for details.

channel interference replaces the single Coulomb barrier with
a barrier distribution. Coupling of reaction channels with
positive Qgg values produces new barriers in the distribution at
energies below the main Coulomb barrier, while the coupling
of channels with negative Qgg values has their barriers placed
at energies above the Coulomb barrier. The stronger the
coupling, the more intense the effect on the distribution will
be. Therefore, the simple and qualitative analysis of a barrier
distribution allows one to discover not only the presence of
strongly coupled channels but also some details of these chan-
nels. From this point of view, Fig. 3 shows that new barriers
were added to the QEBDs of the 17,18O + 64Zn systems at
energies below the Coulomb barrier, indicating that some
channels with positive Qgg values are strongly coupled in
these systems. It should be noted that the couplings produced
by the two extra neutrons of the 18O projectile are very intense
and produce a large flattening of the QEBD because, as the
total area of the distribution is unitary, the appearance of new
reaction barriers must be compensated with the decrease of
the main peak. As will be demonstrated by the calculations of
the next sections, the main reaction channels responsible for
the effects observed in Fig. 3 are the one- and two-neutron
transfers.

Several measurements of QEBDs have already been per-
formed and a lot of data are available in the literature. Cer-
tainly, a comparison of the present data with those previously
obtained becomes necessary. However, one should be cautious
when making such comparison because the present system is
lighter than others previously reported. Barrier distributions
may be multipeaked, which is usually associated with the
strong coupling of highly collective excited states of nuclei
involved. An example may be seen in Fig. 2 of Ref. [27]
for 20Ne + 90Zr. The same fingerprint of strong coupling was
verified in the 20Ne +58,60 Ni systems, as one may observe
in Fig. 4 of Ref. [28]. It is also well known that such
multipeaked behavior may be annulled by the coupling of
noncollective single-particle states to the coupling scheme, as

demonstrated in the 20Ne + 92Zr [27] and 20Ne + 61Ni [28]
systems. One may observe that the density of energy levels
in 92Zr and 61Ni nuclei is much higher than those present
in the previously mentioned isotopes. The same occurs with
63,65Cu isotopes [20,21,29,30] as well as with the present 64Zn
nucleus, explaining why only one peak is observed in these
QEBDs.

On the other hand, barrier distributions measured for heav-
ier systems have shown the importance of projectile excitation
to the coupling scheme (28Si + 154Sm of Ref. [31]) or became
important for studying superheavy elements (54Cr + 208Pb of
Ref. [32]). The present work may contribute to the study of
some of the same effects in a lower mass region which is
less investigated in the literature and is more accessible to
laboratories with limited bombarding energies.

As stated by Ref. [33], fusion barrier distributions and
QEBDs are both important (and complementary) to com-
pletely understand all the processes which a given nuclear
reaction may undergo. This way, the comprehension of the
QEBD and processes that define its shape may result in
valuable information when confronted with nuclear fusion
data for the same system [10]. Several structures observed
in low energy data of fusion barrier distributions are usually
associated with transfer reactions with positive Q values. The
32S + 110Pd fusion barrier distribution shows an extra struc-
ture when compared to 36S + 110Pd system, due to the high Q
value of the two-neutron pickup process of the former [34].
A similar effect has been reported for the 40,48Ca + 96Zr sys-
tems [11,35,36], where the fusion excitation function for the
40Ca projectile is well described only when neutron transfer
channels are coupled to the elastic channel. Such transfer
channels are suppressed in the 48Ca case. One may conclude
that, given the already proven importance of transfer processes
and their influence on fusion barrier distributions, studying the
same effects in QEBDs becomes highly desirable.

III. THEORETICAL ANALYSIS

In this section, we study the dynamics of the 18O + 64Zn
reaction by including a different kind of coupling to the elastic
channels, step by step. First, we study the effect of collective
excitations of the projectile and target on the quasielastic EF
and QEBD by performing coupled channel calculations. After
that, we include different transfer channels, for which the
excitation function could be extracted from the experimental
spectrum, by performing CRC calculations. The rearrange-
ment channels included were the one-neutron, two-neutron,
tritium, and α transfers.

In all our calculations, the FRESCO code [37] was used.
For the real part of the optical potential, the double folding
SPP was used. This potential is a double-folding potential
calculated with the two-parameter Fermi shape for both the
nuclear and charge densities. Experimental and theoretical
values of these charge and matter parameters available in
the literature for a large number of nuclei have been ana-
lyzed and show systematic behaviors with little dispersion
around average values. In this sense, a SPP constructed with
these average parameters can be considered a parameter-
free interaction. Some exceptions depart from the systematic
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values of 0.56 fm obtained for the diffuseness of the two-
parameter Fermi-Dirac matter density distribution. This is,
for example, the case of the 18,17O isotopes. For 18O there
was obtained a value of 0.60 fm [18] while for 17O a value
of 0.62 fm [17] was found from the study of the QEBDs
for the 18O + 58Ni and 17O + 64Zn reactions, respectively.
The imaginary part included in our calculations was meant
only to account for the loss of flux going to the projectile-
target fusion. Any effect from direct reaction channels will be
included explicitly in the coupling scheme. So, no imaginary
surface potential will be added in any of our calculations to
account for any direct-reaction channel effect. To warrant this
property of the imaginary part of the nuclear potential, we
used a Woods-Saxon potential with parameters W = 80 MeV,
rw = 0.9, fm and aw = 0.2 fm for the depth, reduced radius,
and diffuseness, respectively. This methodology was recently
used to study the quasielastic excitation functions (EFs) and
QEBDs of the 18,16O + 63,65Cu [20,21,29,30]. We would like
to emphasize, nevertheless, that any change of the parameters
of this Woods-Saxon absorptive potential does not change
the results of calculations, as long as it remains located at
distances shorter than the position of the top of the Coulomb
barrier [17,18,20,21,29,30].

The SPP was also used for both the real and imagi-
nary parts of the nuclear potential in the final partitions in
all finite-range CRC calculations. The strength coefficients
(1.0 + 0.78i)VSPP were used. This procedure was also used
in all the transfer reactions previously cited above [3–6,16–
18,18–22,29,30]. These systematic studies correspond to the
situation when no couplings are considered among the states
in the final partition. It has been proved that this is a reason-
able approximation for describing the elastic scattering when
no strong couplings to these channels are expected [38]. In the
coupling matrix elements, a complex remnant was adopted,
and prior representation of the interacting potentials was
used.

To generate single-particle or cluster wave functions a
Woods-Saxon potential was used with a reduced radius equal
to 1.27 fm and diffuseness of 0.7 fm. The depths of the
potential were varied to fit the corresponding experimental
value for the separation of that particle (cluster). In the case
of the one-neutron and tritium transfer reactions, a spin-orbit
interaction was included, using the same geometrical parame-
ters, and a depth of 7 MeV was fixed.

A. Inelastic couplings

To study the effect of the projectile and target inelastic
channels on the quasielastic EF and QEBD we performed CC
calculations, including the first excited state of the projectile,
the 2+ at 1.98 MeV, and some excited states of the target,
shown on Table I. In this table, the reduced transition prob-
abilities used to couple different target states are also shown.
As the experimental values are used for the reduced transition
probabilities, one can say that our calculations are model
independent or a variant of the second-order anharmonic
vibrational model [39]. The transition potentials were taken,
as usual, as the derivative of the Coulomb and real part of the
nuclear potential.

TABLE I. States included in the coupling scheme of the CC
calculation and electric reduced transition probabilities used to derive
the coupling matrix element between states. π and n mean the parity
and order of appearance of the spin I . 〈M〉 are derived from the
B(Eλ).

Nucleus Iπ
n,i Iπ

n, f I f Energy (MeV) 〈M〉 Ref.

18O 0+
1 (g.s.) 2+

1 1.98 6.71 [40]
0+

1 (g.s.) 2+
1 0.99 40.00 [40]

0+
1 (g.s.) 2+

2 1.79 1.91 [41]
64Zn 2+

1 0+
2 1.91 0.93 [41]

2+
1 4+

1 2.30 40.86 [41]
0+

1 (g.s.) 3−
1 2.99 184.39 [42]

In Fig. 4 the results of our CC calculations are compared
with the experimental data for the quasielastic EF [panel (a)]
and the corresponding QEBD [panel (b)]. The thin red line
represents a calculation when only the ground states of the
projectile and target were considered. By comparing to the
experimental data, one realizes the need for couplings of
different reaction mechanisms to obtain a better agreement
with the data. The dashed green line represents the effect of
the coupling to the first excited state of the target (including its
reorientation). The impact of the coupling of this state to the

FIG. 4. Effect of target and projectile inelastic couplings on the
quasielastic EF (a) and QEBD (b) for the 18O + 64Zn reaction. See
the text for details.
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FIG. 5. Excitation function of the 64Zn(18O, 16O)66Zn two-
neutron transfer reaction at near barrier energies.

elastic channel is quite relevant, due to the strong collectivity
of the target. The other collective states of the target have
a minor relevance to the quasielastic EF and QEBD. The
ones that have some cumulative effect (adding one by one
to the previous coupling scheme) were the 2+

2 (long-dash–
short-dashed blue line), the 0+

2 (short-dash–dotted magenta
line), and the first octupole state (dotted cyan line). The first
excited stated of the projectile also has some relevance in the
reaction mechanism. The effect of the coupling of this state
can be deduced from the thick black line in Fig. 4, which
represents the sum of all couplings. It should be noted that
the contribution of this projectile excitation is very relevant
at higher energies. The other states included in the coupling
scheme that do not affect the quasielastic EF and QEBD are
not shown in the figure.

The uncoupled barrier distribution represented by the red
line in Fig. 4(b) is associated with the single Coulomb barrier
generated by the bare potential. From the same figure, one
can see that the total effect of the inelastic couplings [black
line in Fig. 4(b)] was to shift the entire QEBD towards lower
energies. So, this result indicates that the excitation of the
inelastic channels can lead to an increase of the fusion cross
section in the investigated system, as expected [26,43].

Having exhausted the study of the effect of the collective
degrees of freedom, in the next subsections we study the
most relevant transfer channels observed in the experimental
spectrum.

B. Two-neutron transfer

We have measured the excitation function for the two-
neutron transfer process in the 18O + 64Zn system, and the
experimental results are presented in Fig. 5. We start the the-
oretical study of the rearrangement reactions on the reaction
mechanism by studying the effect of the two-neutron transfer
channel on the quasielastic EF and QEBD. It was recently
observed that for similar systems 18O + 63,65Cu [21,30] the
two-neutron transfer channel was the one that most affected

TABLE II. List of states of the residual
66Zn nucleus for which two-neutron trans-
fer cross section was calculated.

Iπ Energy (MeV)

0+ 0.0
3− 4.4720
4+ 4.5380
3− 4.5650
5− 4.5670
4+ 4.6100
4+ 4.6940
2+ 4.7300
5− 4.7800
7− 4.8140
8+ 5.2073
9− 5.4644
3− 5.6500
10+ 6.2926
8+ 6.8500

the EF and the QEBD, although the most relevant ones were
the excitation of collective states of the projectile and target,
as in the present study. This is quite understandable, since
the low-lying state wave functions of the 18O nucleus have
been proved to have a strong two-neutron component, and can
be considered in many reactions as an inert core of 16O plus
two neutrons bound to it [4–8]. In the 18O + 64Zn system, the
Q value of the two-neutron transfer reaction is very positive
(Qg.s. = 6.849 MeV). For this reason, it is expected that highly
excited states of the residual nuclei should also contribute to
the EF. At his high excitation energy, the state density of the
residual 66Zn is quite high, and the experimental spectroscopy
for states in this energy region is scarce. Many of the states
in this region do not have a correct spin-parity assignment
(being doubtful or even nonexistent). Considering this, we
included the particle transfer to a group of states of 66Zn
ranging from 4.5 up to 7 MeV of excitation energy for which
there exists more reliable spectroscopic information. The list
of 66Zn states for which the two-neutron cross section was
calculated is given in Table II.

Due to the high density states of the residual nucleus 66Zn
and the absence of experimental spectroscopic information
for most of these states, we did not perform microscopic
calculations to determine spectroscopic amplitudes for the two
neutron overlaps. Instead, we used the cluster model in which
the internal structure of the two neutrons is neglected, and they
are considered to be in the 1s wave configuration, i.e., antipar-
allel with total spin 0. In this case, the two-neutron transfer
becomes similar to the transfer of a single particle with a
mass of two units, and with quantum numbers determined by
their relative angular momentum to the core, L, and the main
quantum number N . These quantum numbers are determined
from the conservation of the total quantum number carrier
by each neutron, according to the single-particle orbital it is
occupying.

For the spectroscopic amplitudes of the projectile and
ejectile and of the target and residual nucleus, the global value
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FIG. 6. Effect of rearrangement channels on the quasielastic
EF. The contributions of the various transfer channels are added
cumulatively, one by one, from the result of the inelastic channel
obtained in the previous section. See the text for details.

of 0.95 was assumed. These values guaranteed a quite rea-
sonable agreement with the experimental excitation function
for the two-neutron transfer processes, as shown in Fig. 5.
Although this calculation is approximate, the agreement with
the experimental data allows us to estimate the contribution
of the two-neutron channel to the quasielastic EF and QEBD.
This is shown in Fig. 6 for the EF and Fig. 7 for the QEBD by
the black dotted lines. It is important to mention that what
is represented by 2n in the legends of these figures is the
result of CRC calculation, including, besides the two-neutron

FIG. 7. Effect of rearrangement channels on the QEBD. The
contributions of the various transfer channels are added cumulatively,
one by one, from the result of the inelastic channel obtained in the
previous section. See the text for details.

transfer channels, all the inelastic channels discussed in the
previous subsection. In these figures, the cumulative effect of
the inclusion of other rearrangement channels is also shown.
The details will be given in the next subsections. One observes
from Figs. 6 and 7 that the two-neutron transfer channel has
a strong influence on the EF and QEBD. Similar results, as
anticipated at the beginning of this subsection, were recently
obtained for the 18O + 63,65Cu reactions [21,30]. Another
important conclusion that can be derived from Fig. 7 is that
this channel increases the effective barrier, as can be seen by
the small shift toward higher energies of the main peak of the
barrier distribution. The reason for that is that, although the
target and the residual nucleus have the same deformation,
the projectile is more deformed than the ejectile, which
is a spherical double-magic nucleus. As demonstrated in
Refs. [44–46], the transfer reactions enhanceS the fusion cross
section if, as a result of the rearrangement, the residual nuclei
are more deformed than the initial nuclei, the net effect of
which is to decrease the Coulomb barrier. As in our case
the residual nuclei are less deformed, an increment of the
Coulomb barrier is expected.

The effect of the low-lying states of 66Zn on the two-
neutron EF was verified, and a very small contribution was ob-
served. Other channels, like excitation of the projectile and/or
target followed by a two-neutron transfer, might influence
the two-neutron excitation function [5,8] and consequently
the global value of the spectroscopic amplitude that fits it.
However, as the present data are inclusive, it is not possible
to perform such a microscopic study of the individual mecha-
nisms of reaction for each channel. Nevertheless, the amount
of flux that goes to this two-neutron channel was correctly
described, as it is dictated by the experimental EF.

C. One-neutron transfer

The ground state Q value of the reaction
64Zn(18O, 17O)65Zn is equal to −0.066 MeV, indicating
that the probability of this reaction mechanism should not
be very high at energies around the Coulomb barrier. At low
energies, only the low energy states of the residual nuclei
should contribute to the cross section of this reaction. When
the incident energy of the projectile increases, more channels
could be opened. Nevertheless, their contribution to the
barrier region should be small, although there might be some
contribution at the higher energies. The 17O ejectile is in the
same Z line of the elastically scattered 18O. Therefore, the
reaction products are under the quasielastic peak, and it is
not possible to directly measure this reaction cross section
in our experiment. On the other hand, as the states that
should have the larger cross section are the lower ones of
the 65Zn, it is possible to perform shell-model calculations to
determine the spectroscopic amplitudes of the projectile and
target overlaps. For this purpose, we performed calculations
using the NUSHELLX code [47] to derive the spectroscopic
amplitudes of the 〈64Zn|65Zn〉 overlaps. In the shell-model
calculations, the model space bjuff [8] and the effective
phenomenological interaction of Ref. [48] were derived from
the CD-Bonn NN potential renormalized by the so-called
Vlow-k approach [49,50]. This interaction was developed for
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TABLE III. Spectroscopic amplitudes used in the CRC calcula-
tions for one-neutron transfer reactions, where j is the spin of the
neutron orbitals.

Initial state j Final state Spect. ampl.

18Og.s.(0+) (1d5/2) 17Og.s(5/2+) 1.305
18Og.s.(0+) (2s1/2) 17O0.807(1/2+) −0.561
18Og.s.(0+) (1p1/2) 17O3.055(1/2−) −0.929
18O1.982(2+) (1d5/2) 17Og.s(5/2+) 0.929

(2s1/2) 0.666
18O1.982(2+) (1d5/2) 17O0.807(1/2+) −0.652
64Zng.s.(0+) (1 f5/2) 65Zng.s.(5/2−) 0.690
64Zng.s.(0+) (2p3/2) 65Zn0.115(3/2−) −0.198
64Zng.s.(0+) (2p3/2) 65Zn0.207(3/2−) 0.419
64Zng.s.(0+) (1 f5/2) 65Zn0.768(5/2−) 0.059
64Zng.s.(0+) (2p1/2) 65Zn0.866(1/2−) 0.458

(1 f5/2) −0.411
64Zn0.991(2+) (2p3/2) 65Zng.s.(5/2−) −0.101

(2p1/2) 0.059
(1 f5/2) 0.770

64Zn0.991(2+) (2p3/2) 65Zn0.115(3/2+) 0.412
(2p1/2) −0.396
(1 f5/2) 0.611

64Zn0.991(2+) (2p3/2) 65Zn0.207(3/2−) −0.235
(2p1/2) 0.247
(1 f5/2) 0.396

64Zn0.991(2+) (2p3/2) 65Zn0.768(5/2−) −0.134
(2p1/2) −0.365

64Zn0.991(2+) (1 f5/2) 65Zn0.864(7/2−) 0.040
(2p3/2) −0.266

64Zn0.991(2+) (1 f5/2) 65Zn0.866(1/2−) 0.347
(2p3/2) −0.750

nickel isotopes with mass and charge near the ones of 64Zn.
So, it is expected that it will be possible to reproduce the
structure characteristics of the 64,65Zn isotopes as well. This
model space allow us to describe the experimental energy
spectra of the 64,65Zn isotopes with good agreement with
differences lower than 300 keV up to the excitation energies
of 0.991 MeV (2+) for the 64Zn nucleus and 0.115 MeV
(3/2−), 0.768 MeV (5/2−), and 0.864 MeV (7/2−) for the
65Zn nucleus. In this model space, the valence particles
can populate the 1 f7/2 and 2p3/2 orbitals for protons and
the 2p3/2, 1 f5/2, 2p1/2, and 1g9/2 orbitals for neutrons. The
spectroscopic amplitudes for the target overlaps needed for the
one-neutron transfer cross section calculations, using the 48Ca
as core, are listed in Table III. The spectroscopic amplitudes
for the 〈18O|17O〉 overlaps were taken from Ref. [8].

In Figs. 6 and 7 the result of the CRC calculation including
the collective, two-neutron-, and one-neutron transfer chan-
nels for the quasielastic EF and QEBD are shown by blue
dashed lines. One realizes from these calculations that the ef-
fect of the one-neutron transfer channel on the reaction mech-
anism is very small. The same result was recently observed
in the case of 18O + 63,65Cu reactions [21,30]. This might be
an indication of the relevance of the pairing correlation in the
two-neutron transfer reaction, as this reaction mechanism was
the most important in all the mentioned reactions. Moreover,

TABLE IV. List of states of the resid-
ual 67Ga nucleus for which tritium transfer
cross section was calculated.

Iπ Energy (MeV)

3/2− 0.0
1/2− 0.167
5/2− 0.359
3/2− 0.828
5/2− 0.911
1/2− 1.082
7/2− 1.202
7/2− 1.412
5/2− 1.554
3/2− 1.639
3/2− 1.809
5/2− 2.04
3/2− 2.141
3/2− 2.172
7/2− 2.176
7/2− 2.281
7/2− 2.651
3/2− 2.73
3/2− 2.942
3/2− 3.036
3/2− 3.225

the one-neutron transfer is the first step in the sequential
two-neutron transfer mechanism, and it was found to be a very
weak channel.

D. Other rearrangement reactions:
Tritium and α transfer reactions

Among the charged-particle rearrangement reactions that
might affect the quasielastic EF and QEBD are the transfer
of a proton, deuteron, tritium, or α particle. The spectra in
Fig. 1 shows that in our measurements we detected events
with Z = 7, which could correspond to the proton, deuteron,
or tritium stripping processes. As the proton and deuteron
stripping have very negative Q values (Q = −11.999 and
−8.747 MeV, respectively), the events with Z = 7 were con-
sidered as mainly produced by the tritium stripping that has a
nearly zero Q value (Q = −0.09 MeV). In Fig. 1, we can see
stripping events with Z = 6, which were considered as having
been produced by α stripping reactions (Q = −2.564 MeV).
So, the experimental excitation functions for these stripping
processes were measured and are shown in Figs. 8 and 9.
Nevertheless, as these are massive particles and the Q values
are negative, the cross sections of these reactions are expected
to be small.

We performed, first, CRC calculations, including the cou-
pling to the tritium channel. As in the case of the two-
neutron transfer reaction, the cluster model was used, and
only transfers from the ground state of the projectile and
target were considered. The reason is the same as before. We
are interested in determining the correct amount of reaction
flux that goes to this channel by fitting the experimental data
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FIG. 8. Excitation function of the 64Zn(18O, 15N)67Ga tritium
transfer reaction at near barrier energies.

(that are inclusive). The list of the states of 67Ga that were
summed in the EF of the tritium transfer reaction is shown in
Table IV. The 17N was assumed to remain in its ground state.
The overall spectroscopic amplitude for all the target overlaps
that yielded a good agreement of the theoretical calculation
with the experimental data was 0.3. In Fig. 8 the results of our
calculations are compared with the experimental data of the
tritium EF.

In Figs. 6 and 7 the results of the CRC calculation including
the collective, two-neutron, one-neutron and tritium transfer
channels for the quasielastic EF and QEBD are shown by
green long-dashed lines. From these figures, one observes that
the effect of the tritium transfer channel on the quasielastic EF
and QEBD is very small.

FIG. 9. Excitation function of the 64Zn(18O, 14N)68Ga α transfer
reaction at near barrier energies.

TABLE V. List of states of the residual
68Ga nucleus for which the α transfer cross
section was calculated.

Iπ Energy (MeV)

0+ 0.0
2+ 1.015
0+ 1.754
2+ 1.777
4+ 2.267
2+ 2.457
3+ 2.648
4+ 2.831
2+ 2.947
2+ 3.023
4+ 3.182
0+ 3.204
2+ 3.4

To finish our study of the reaction mechanism for the
18O + 64Zn at energies near the Coulomb barrier, we included
in our previous CRC calculation the α transfer channel. Again,
the cluster model was used, which in this case is the more
natural model to be used. Only transfers from the ground
state of the projectile were included, and the ejectile was
considered to be formed only in the ground state. The list of
the states of 68Ga that were incorporated in the theoretical α

EF using a global spectroscopic amplitude of 0.28 is shown in
Table V. The comparison of the theoretical and experimental
EFs for the α transfer channel is shown in Fig. 9. A very good
agreement with the experimental data is observed.

A comparison of the results of the full CRC cross section
(full red line) with the experimental data of the quasielastic
EF and QEBD is shown in Figs. 6 and 7, respectively. One can
see that the agreement of the theoretical results and the exper-
imental data is good. Also, one clearly sees that the effect of
the α transfer channel is very small. This result is in agreement
with the results for the of 18O + 63,65Cu reactions [21,30], for
which the effect of the transfer of charged massive particles
on the EF and QEBD was also found to be very small.

IV. CONCLUSIONS

In the context of a large systematic study that we are
undertaking, we reported new experimental data for the sys-
tem 18O + 64Zn at energies around the Coulomb barrier. The
experimental quasielastic barrier distribution for this system
was deduced from a high precision quasielastic excitation
function measured at the backward angle of θlab = 161◦.
Excitation functions for the two-neutron, tritium, and α-
stripping processes were also measured at the same angle and
energies. We compared the new data obtained in this work
with the neighbor systems 17O + 64Zn and 18O + 64Zn, which
we measured previously. The simple qualitative comparison
of the �E -E spectra with similar statistics of these three
systems allowed us to observe the main differences of their
reaction mechanisms. The major difference between them is
the absence in the 16O + 64Zn system of events with energy

054608-9



E. CREMA et al. PHYSICAL REVIEW C 100, 054608 (2019)

above the elastic group, while in the 17,18O + 64Zn systems we
observe events in that region corresponding to the one-neutron
and two-neutrons transfer reactions that have positive Qgg

values, equal to +3.8 and +6.8 MeV, respectively. On the
other hand, the events with Z = 6, which mostly correspond
to α particle stripping, seem to be more favored in the case
of the 16O projectile, indicating that the presence of neutrons
outside the 16O core hinders this process. It is worth noting
that few pickup events with �Z = 1 and 2 are observed for
the 17,18O projectiles, while none of these events occurs with
the 16O projectile.

The qualitative comparison between the quasielastic ex-
citation functions and the quasielastic barrier distributions
for the three systems has permitted us to conclude that the
extra neutrons in the 17O and 18O isotopes, compared to the
16O one, have a strong influence on the reaction dynamics
of these systems. This effect is much more important in the
18O + 64Zn system, which presents a very flat quasielastic
barrier distribution that is characteristic of systems with strong
coupled channels. It is also interesting to observe that neigh-
bor systems that we have measured, such as 18O + 63,65Cu,
have less flattened distributions.

The experimental quasielastic EF and the corresponding
QEBD were compared with CRC calculations that included

collective excitations of the projectile and target (including the
reorientation of the first excited states of both nuclei) and the
one-neutron, two-neutron, tritium, and α transfer channels. A
quite good description of both quasielastic EF and QEBD was
obtained, allowing us to state that the main ingredients of the
reaction mechanism were considered in the CRC calculations.
It was observed that the channels that produce a stronger
effect on the quasielastic EF and QEBD were the collective
excitations of the 18O and 64Zn nuclei plus the two-neutron
transfer channel. As the one-neutron transfer channel was
found to be of minor relevance for the reaction mechanism, we
suggest that the two-neutron transfer might be dominated by
direct (one-step) transfer enhanced by the pairing correlation
between the two transferred neutrons.
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