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An attempt has been made to understand the effect of transfer channels
on reaction dynamics for the 16O+165Ho system through the measurement
of a quasi-elastic excitation function at backward angles, which was trans-
lated to the corresponding barrier distribution. The results were explained
in light of coupled channel calculations performed with the inclusion of dif-
ferent possible coupling schemes describing the structure of the projectile
and target nuclei. Analysis reveals that the rotational coupling of the tar-
get nuclei along with the coupling due to the 2n-transfer (pick-up) channel
satisfactorily reproduces the experimental data.
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1. Introduction

It is well known that the internal structure of the colliding nuclei has a
significant impact on the heavy-ion collisions at energies near the Coulomb
barrier [1, 2]. This is due to the fact that near the barrier, the interact-
ing nuclei have enough time to excite the intrinsic degrees of freedom from
the relative energy. Therefore, the single potential barrier (1BPM) is re-
placed by a collection of dispersed barriers due to the coupling of the relative
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motion to the intrinsic degrees of freedom. Generally, the coupling results in
redistributing of the cross section around the barrier, therefore, the fusion
barrier distributions are highly sensitive to the structure of the interacting
nuclei [1–3], which opens up the possibility to investigate their static and
dynamical properties [4]. Barrier distributions became one of the effective
probes which provide fingerprints of a change in the effective potential with
and without including structural properties and other degrees of freedom. In
order to get the experimental barrier distribution, a method was proposed
[4, 5] to extract it from the precise measurement of the fusion excitation
function by taking the second derivative with respect to the center-of-mass
energy of the quantity Eσf , where E is the center-of-mass energy and σf
is the fusion cross section. This method is quite effective in deriving the
shape of the fusion barrier distribution. Further, the same information has
been extracted through the quasi-elastic backscattering method [6, 7], us-
ing the first derivative of the ratio of quasi-elastic cross section σqel to the
Rutherford cross section σR with respect to the center-of-mass energy.

Further, this method has been validated by Timmers et al. [6, 7] by
showing that the quasi-elastic barrier distribution is indeed similar to that
of the fusion barrier distribution. From the experimental point of view, the
quasi-elastic barrier distribution is easier to measure than the fusion barrier
distribution, as it uses the first derivative rather than the second derivative,
and also requires a simple charged particle detector instead of a sophisticated
detecting set-up or recoil separator to measure the fusion cross section. In
addition, it allows to measure quasi-elastic cross sections at multiple effective
energies using a single incident energy and applying the centrifugal approxi-
mation [8]. Thus, these advantages help to get the experimental information
about the barrier distribution efficiently and effectively. A number of systems
has been analysed using the above method to identify the coupling effects
of various degrees of freedom in dynamics of heavy-ion reactions [9–13].

Among all other degrees of freedom, nucleon(s) transfer reactions are
of great interest [14–19] due to their wide application such as extraction of
exact spectroscopic factors, production of super-heavy nuclei, study of halo
nuclei, etc. At below-barrier energies, the fusion enhancement due to trans-
fer coupling can be related to positive Q values for the transfer processes.
Additionally, there are some cases where a less negative Q-transfer value
affects the fusion above the barrier [18, 19]. In the quasi-elastic scenario,
small error bars at above-barrier energies can be advantageous to see the
effect of transfer since barrier distributions reveal coupling more effectively.
Therefore, this can be used as a probe to see the effect of negative Q-value
transfer reactions on the barrier distribution and the effect of transfer can
be quantitatively estimated in terms of a form factor. An effort has been
made to study the role of transfer channels in the 16O+165Ho system.
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2. Experimental details

The experiments were performed with the General Purpose Scattering
Chamber (GPSC) using the 16O beam from 15UD Pelletron accelerator at
the Inter-University Accelerator Centre (IUAC), New Delhi. A target of
165Ho of thickness ≈ 373 µg/cm2 was prepared using the rolling technique.
The incident energy of the 16O beam was varied from 61 MeV (17% below
the barrier) to 85 MeV (16% above the barrier). The HYTAR detecting
setup was used to detect the scattered beam-like particles [20]. The setup
consists of 13 ∆E–E-type detectors. Four telescope detectors, each at angle
of 173◦, have been arranged in a symmetrical cone geometry to measure
the back-scattered quasi-elastic events. Nine telescopes, six at angles from
+60◦ to +160◦ with the angular separation of 20◦ from each other, three
telescopes at angles −110◦, −122◦, and −134◦ were used to measure the
scattered particles. Each detector had an opening diameter of 10 mm and
was placed at 70 cm from the target. Each ∆E chamber was backed by a
Si detector, which measured the residual energy. The combined informa-
tion from these ∆E–E detectors allowed for the identification of the atomic
number of the incoming nuclei. Two monitor detectors were used for beam
normalisation and to determine the absolute cross section. A CAMAC sys-
tem was used for on-line data acquisition in an event-by-event mode. The
CANDLE data collection and analysis software was used to analyse the data.
Numbers of quasi-elastic scattering events at a given beam energy and an-
gle were extracted from the two-dimensional (2D) correlation plot of ∆E
(energy loss) versus E (total energy). Using the quasi-elastic events rate,
the excitation function has been extracted which further translated to the
barrier distribution (BD).

3. Results and discussion

The experimental results have been interpreted with the aid of the scat-
tering version of the CCFULL code [8]. In this program, the nuclear potential
has real and imaginary components, which are assumed to have a Woods–
Saxon form. The interaction potential parameters were chosen in such a way
that the one-dimensional barrier height (Vb) was equal to the average exper-
imental barrier height (Ve). The potential parameters (V0 = 63.199 MeV,
r0 = 0.178 fm, a0 = 0.654 fm) were chosen in such a way that the cal-
culated cross sections matched well with the experimental data at lower
energies. The uncoupled calculation was carried out considering both the
projectile and the target to be inert. As can be seen from Fig. 1, the BD
without inclusion of coupling shows a single peak at Ecm = 64.17 MeV,
whereas the experimental BD shows a peak at 62.68 MeV with a small peak
at 59.90 MeV. The 165Ho target nuclei have a positive hexadecapole defor-
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mation, which suggests that the minor peak (at 59.90 MeV) could be the
result of the coupling to hexadecapole deformation, which would produce a
peak on the lower side of the barrier. The calculation does not reproduce
the experimental results, so it is clear that due to some coupling, scattering
is influenced, so there is an enhancement in the cross section which can be
seen also in the barrier distribution. The subsequent calculations were car-
ried out using different coupling schemes according to the structure of the
projectile and target nuclei.

Fig. 1. (Colour on-line) The experimental quasi-elastic barrier distribution for the
16O+165Ho reaction shown using blue/black filled circles. The CCFULL calculations
with different couplings are, also, plotted using different curve styles as indicated
in the figure.

The coupled-channel model [8] treats the nuclei as harmonic vibrators or
rigid rotors, but generally, nuclei do not possess a pure collective structure.
As 165Ho is lying in the lanthanides region, it may be a transitional nucleus
i.e. it can behave as both vibrational and rotational. The second excited
state of 165Ho is at 0.209 MeV and lies approximately halfway between the vi-
brational estimate (0.189 MeV) and the rotational value (0.317 MeV), based
on the experimental energy of the first excited state at 0.095 MeV. There-
fore, from this consideration, it is not clear which of the coupling schemes for
165Ho is more appropriate. The 16O nucleus can be considered as inert due
to its high octupole states around 6 MeV. Hence, only the coupling of states
of 165Ho can be responsible for the enhancement in the cross section around
the barrier. First, a rotational band with K = 7/2 and E∗ = 0.095 MeV and
E∗ = 0.210 MeV was considered. In this step of the calculation, the cou-
pling with the (7/2)−, (9/2)−, (11/2)−, and (13/2)− rotational states was
taken into account without considering any excitations of the projectile. It is
observed from Fig. 1 that the experimentally measured barrier distribution
is narrower than that obtained from the corresponding theoretical calcula-
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tion. For this reason, there was a necessity for the inclusion of other possible
coupling schemes. As 165Ho has two vibrational bands, further calculations
were carried out by the inclusion of a vibrational mode of excitation. The
peak-like structure of the obtained barrier distribution is matched slightly
better but not for the entire energy range. The barrier distribution due to
the coupling to rotational states along with the coupling to the 2n-pickup
with various values of the strength is shown in Fig. 1. It may be sum-
marised that coupling to the low-lying excited states of 165Ho could describe
all experimental data. However, coupling of the rotational states gives a
better agreement with the experimental barrier distribution as compared to
what it obtained by the inclusion of low-lying vibrational states into the
coupling. However, since data is not reproduced, there may be some other
coupling responsible for the enhancement of the cross section. In addition
to rotational and vibrational coupling schemes, there are choices to be made
regarding various neutron and proton transfer channels to be included in the
calculations. Only positive Q-value transfer channels and slightly negative
Q-value transfer channels are important in the coupling processes, and these
are known to play a role in fusion barrier distributions [21]. From earlier
experimental studies, the importance of coupling to positive and negative
Q-values transfer channels in determining the fusion barrier distribution is
now well established [3, 13].

For the 16O+165Ho system, experimental data can be well explained by
including rotational and vibrational coupling schemes but there was a large
ambiguity for the region above the barrier. There are mostly high negative
Q-value transfer channels other than the 2n-pickup channel which has a low
negative Q value for the transfer. It is expected that these channels may af-
fect the shape of the barrier distribution at energies above the barrier. Thus,
coupling due to 2n-pickup was included in the coupled-channel calculations
along with rotational coupling channels. From Fig. 1, it can be clearly seen
that the results reproduced experimental data even on the high-energy side.
Thus, transfer channels also play a role in enhancing sub-barrier fusion re-
actions for the 16O+165Ho system. The CCFULL treats the transfer form
factor as a free parameter. As a result, various coupling strengths have been
inspected to see how transfer coupling affects the system, as shown in Fig. 1.
The form factor has been varied in a wide range from 0.15 to 0.45. It can be
clearly seen from Fig. 1 that the form factor f = 0.36 reproduces well the
barrier distribution in the whole energy range from below- to above-barrier
energies.

4. Summary

The barrier distribution, extracted from the quasi-elastic scattering data,
can be used to probe the effect of nucleon(s) transfer at above-barrier en-
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ergies. It has been found that after inserting the structure parameters, the
barrier distribution was not reproduced, especially at above-barrier energies.
As the 16O+165Ho system has a negative Q value for the 2n-pickup transfer
channel, this was assumed to be the reason for the mismatch of the calcu-
lated and experimental barrier distributions at the above-barrier energies.
The form factor f = 0.36 for the 2n-pickup transfer channel reproduces
well the barrier distribution for energies around the barrier. Therefore, it
has been concluded that the transfer channel plays a significant role in the
mechanism of 16O+165Ho fusion, although having a negative Q value.
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