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Abstract. Enhancement of fusion cross sections below the interaction barrier has been quite successfully ex-
plained by coupled-channels methods. However, extending the measurements to deep sub-barrier energies re-
vealed a steeper descent of the excitation function which could not be explained by standard coupled-channels
calculations. Though a large number of heavy-ion and light-ion induced reactions have been investigated to
understand the dynamics of fusion deep below the barrier, the phenomenon of fusion hindrance has been stud-
ied only for a handful of asymmetric systems. We report new measurements of fusion excitation functions for
the systems '®*O+'"°Cd and '°0+'%>Ce. We also present comparisons of the same with the data for existing
symmetric systems having nearly similar values of the { parameter, characterizing the size of the colliding
system. We extracted the logarithmic derivatives of the energy-weighted cross sections and the astrophysical
S -factors. Experimental results were reproduced well by coupled-channels calculations. We extrapolated our
results, following the systematics, beyond the threshold energy for fusion hindrance for both the systems. From
our investigation, we conclude that the present asymmetric systems, as well as the corresponding symmetric

systems, show fusion hindrance and this feature is independent of the entrance channel mass asymmetry.

1 Introduction

Heavy ion-induced fusion reactions have been studied
quite extensively over the last few decades. The measured
fusion cross sections span orders of magnitude in their ab-
solute value across the Coulomb barrier. The couplings of
various internal degrees of freedom and other direct reac-
tion channels with the relative motion between the nuclei
in the entrance channel have been quite successful in ex-
plaining the substantial enhancement of fusion cross sec-
tions below the barrier [1-4]. However, a steeper reduc-
tion of fusion cross sections at lower energies could not be
explained by standard coupled-channels calculations [5].
The phenomenon, termed as fusion hindrance, was first
reported by Jiang et al. [6] for the system °Ni+3°Y. Since
then, numerous heavy ion and light ion-induced fusion re-
actions have been studied to unravel the fusion dynamics
deep below the barrier [7].

Analyzing the data from a large number of systems,
major inferences on fusion hindrance have been drawn.
Onset of fusion hindrance has been observed to oc-
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cur at lower energies for the systems with open-shell
(“soft”) collision partners than the systems with closed-
shell (“stiff”’) nuclei in the entrance channel [8, 9]. The
effect of charge product of the participating nuclei (Z,2,)
on fusion hindrance [10, 11] shows that lighter systems
are less likely to exhibit fusion hindrance in comparison
with heavier systems. Studies on systems with small neg-
ative Q-value [12] and positive Q-value [13, 14] have also
revealed fusion hindrance. It was thus established that
heavy-ion fusion hindrance was a general phenomenon.
Studies on various Ca+Zr systems revealed that presence
of multiple PQNT channels could enhance fusion cross
sections even in the deep sub-barrier region [15, 16].
Two representations have been introduced to determine the
threshold energy at which fusion hindrance sets in [17]: (a)
the logarithmic slope of the energy weighted fusion cross
sections (discussed in Section 3.3) and (b) the astrophysi-
cal §-factor (discussed in Section 3.4). An empirical value
of the threshold energy (Egmp ) had been estimated from
the systematics, which is given as Eg " = 0.356£%3 [17].
Here, the parameter { = Z,Z, /u, where u is the reduced
mass in the entrance channel. This empirical relation sug-
gests that the energy at which hindrance sets in depends
on the mass and charge of the collision partners.

The microscopic origin of fusion hindrance is still a
matter of debate. Two models have been partly successful
in explaining the phenomenon. The sudden model [18, 19]
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considers a shallow potential, constructed from the double
folding model, with a short-range repulsive core. The re-
pulsive core originates from the incompressibility of in-
finite nuclear matter determined from the nuclear equa-
tion of state and Pauli principle. According to this model,
fusion happens so suddenly that the density is doubled
at the overlapping region of the two participating nuclei.
The adiabatic model [20-22] considers fusion to happen
slowly, smoothly transitioning under the influence of a
two-body potential to a one-body potential. The smooth
transition occurs due to damping of collective motions in
the entrance channel, quenching the enhancement in the
fusion cross sections. The Pauli exclusion principle has
also been applied in a microscopic approach using density-
constrained frozen Hartree Fock calculations [23], where
it decreases the tunneling probability inside the Coulomb
barrier, initiating fusion hindrance below the barrier. A
similar explanation was proposed by Dasgupta et al. [24],
in which the onset of gradual quantum decoherence could
lead to fusion hindrance at energies deep below the bar-
rier, rendering the coupled-channels (CC) formalism inad-
equate.

There exists a paucity of fusion cross section data in
the deep sub-barrier region for asymmetric systems. The
reasons stem from the difficulty in measuring such low
cross sections using recoil separators. Measurements per-
formed in normal kinematics at low projectile energies
lead to very small evaporation residue (ER) kinetic ener-
gies, causing their detection quite a difficult task. Sep-
aration of the background is also a formidable challenge
deep below the barrier. Study of fusion hindrance on
the system '°0+294208Pb [24] revealed that the standard
CC calculations were unable to predict the experimental
cross sections, at all energy regions around the barrier, us-
ing the same set of potential parameters. More asymmet-
ric systems with weakly-bound stable projectiles such as
67Li+198Pt [25] were studied where fusion hindrance was
not observed. As the mass of projectiles was increased,
as in case of '>C+'?8Pt [11] and very recently, '°0+'%Ho
[26], hindrance was observed. An weak signature of hin-
drance was reported for the system ''Be+'"Au [27]. The
effect of breakup channels in the deep sub-barrier region
was observed for the systems 8B+2%8Pb [28], where the
projectile was a proton-halo nucleus, and also in the sys-
tem '"F+!31Ta [29], where the a-particle breakup thresh-
old was lower than the projectiles '>C and '°0.

In this article, we report measurement of fusion cross
sections for two asymmetric systems, viz., '°0+'1°Cd and
160+142Ce. The systems do not have any positive Q-value
neutron transfer (PQNT) channels, which might enhance
the fusion cross sections in the deep sub-barrier region.
160, being a doubly closed-shell nucleus, has a rather high
a-particle breakup threshold of 7.162 MeV, hence the ef-
fect of break-up channels is least expected to affect the
fusion cross sections below the barrier. We also investi-
gated the effect of entrance channel mass asymmetry on
fusion hindrance by comparing the results of the present
systems with that of symmetric systems, obtained from
the literature, having similar values of . Thus, results of
the asymmetric system '°O+!''1°Cd (¢ = 1440) were com-

pared with results from the symmetric systems °S+*Ca
(¢ = 1451) [30] and *2S+*8Ca (¢ = 1402) [31]. Similarly,
results of '°0+!42Ce (¢ = 1760) were compared with that
of 28Si+%Ni (¢ = 1730) [32] and *°Ca+*Ca (£ = 1789)
[33].

2 Experimental Details

The experiment was performed using the Heavy Ion Reac-
tion Analyzer (HIRA) [34] at IUAC, New Delhi. A pulsed
beam of '°0O ions, with a pulse separation of 4 us, was
obtained from the 15UD Pelletron accelerator. Isotopi-
cally enriched ''Cd and '*?Ce thin films were used as tar-
gets. The ''8Cd target had a thickness of 20 pg/cm? with
a carbon backing of ~ 20 ug/cm? [35]. The '*?Ce target,
having a thickness of ~ 120 ug/cm?, was sandwiched be-
tween carbon backing and capping layers with thicknesses
of ~ 20 ug/cm? and ~ 5 ug/cm?, respectively [36]. Beam
energy (Ej.) was varied between 42 —76 MeV, in steps of
1 MeV.

Two silicon detectors were placed at i, = 15° for
beam monitoring and normalization at a distance of 100
mm from the target with a circular aperture of 1 mm diam-
eter. The HIRA was operated at 6},, = 0° with an accep-
tance of 5 msr. A thin (~ 10 ug/cm?) graphite charge-
reset foil was placed 10 cm downstream from the tar-
get. A Multi-Wire Proportional Counter (MWPC), with
dimensions 150 mm (horizontal) and 50 mm (vertical),
was placed at the focal plane of the HIRA. Pressure of
isobutane gas inside the MWPC was maintained at 3 Torr.
A Time-to-Amplitude Converter (TAC) was set up to ob-
tain a measure of the time-of-flight (TOF) of the ERs, trav-
elling from the target to the focal plane. The timing sig-
nal from the anode of the MWPC and the radiofrequency
(RF) pulse, used for beam pulsing, were respectively used
as the start and the stop of the TAC. The ERs produced in
both reactions were unambiguously identified by the en-
ergy loss, obtained from the cathode of the MWPC, and
the TOF signals.

We mention here that two more silicon detectors were
placed at backward angles of 6j,, = 138° and 150° inside
the target chamber to detect back-scattered projectile-like
ions. The HIRA was also used to measure the scattered
target-like ions in the focal plane. Results from measure-
ments of quasielastic events will be reported elsewhere.
Here, we report results from fusion measurements of the
systems '°0+!1Cd,'*2Ce.

3 Data Analysis and Results

Fusion cross section (o) was extracted from measured
yields, following the methodology prescribed in Ref. [37].
Transmission efficiency of the HIRA for ERs was calcu-
lated using the semi-microscopic Monte Carlo code TERs
[38]. The isotopic abundances of both the targets [35, 36]
were taken into account while calculating o-sys.

The fusion excitation functions of the systems
1604+116Cd and '0O+'“>Ce are shown in Figs. 1(a) and
1(b), respectively. The o of '°0+'4>Ce at the lowest
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Figure 1: Fusion excitation functions for the systems (a) '°0+!'%Cd and (b) '°0+'*>Ce. The theoretical cross sections
were calculated using the code ccruLL. Couplings included in the CC calculations are mentioned. The Coulomb barrier

for each system is shown by a red arrow.

energy is slightly enhanced (as observed in Fig. 1(b)),
possibly due to contamination of beam-like background in
the ER yield. Segregating background from the events of
interest became increasingly challenging with decreasing
E. 0pys could be measured down to ~ 14% below the
barrier in the present experimental setup.

3.1 Fusion Barrier Distributions

The fusion barrier distribution () was first extracted
from the experimental o, following the conventional
double-differential method [39], using the point-difference
formula. Taking the energy interval AE = 2 MeV
smoothened the data and reduced the error in D, since the
same depends inversely on the square of AE. The D for
160+116Cd and '°*O+!4>Ce are shown in Fig. 2(a) and Fig.
2(b), respectively. The D, in both systems, is fairly smooth

VAR2W,
\2E

ous(E) =

with Z = (E - V,)/ V2W,. Here, V, and W, are the
centroid and the standard deviation of the Gaussian barrier
distribution, respectively, and R, is the barrier radius. Erfc
is the complementary error function. A least-squares fit of
the fusion excitation functions by Eq. 1 resulted in V, =
47.108 MeV, W, = 1.171 MeV and R, = 10.396 fm with
the associated y> = 2.84 for the reaction '°0O+''°Cd. For
160+142Ce, the corresponding values were 56.413 MeV,
1.975 MeV, 10.671 fm and 2.04, respectively.

3.2 Coupled-Channels Calculations

CC calculations were performed for the systems
160+116Cd and '90+'*2Ce wusing the code ccruLL
[42] with the nuclear potential in the Woods-Saxon form.
For '0+!16Cd, the potential parameters were: depth (Vo)
= 58.4 MeV, reduced radius (ry) = 1.17 fm and diffuseness

[V Z erfe(-2) + exp(-Z7)].

and do not show any distinct feature which could be at-
tributed to specific coupling to low-lying excited states in
the entrance channel.

It can be observed that experimental 9 became
poorly-defined with increasing energy (Fig. 2). In a
recent article, Jiang et al. [40] pointed out that fusion
D obtained from the “double-differentiation recipe” [39]
was susceptible to ambiguities because of its dependence
on the energy step size and large uncertainties in the
extracted results. An alternative method to extract the
experimental D from measured fusion excitation function
had been suggested by Siwek-Wilczynska ef al. [41]. In
this method, the barrier height distribution, as a function
of the energy available in the centre of mass (c.m.)
frame of reference (FE), is assumed to be a Gaussian and
Oys 18 expressed by a simple analytic function of the form

(D

(

parameter (ag) = 0.78 fm. The parameters for '°0+'*2Ce
were: Vo = 99.5 MeV, rg = 1.20 fm and a9 = 0.56 fm.
The spectroscopic information of the low-lying collective
excited states, A", of the heavier collision partner in each
case, with excitation energy, E,, and reduced deformation
parameter, 3,, are presented in Table 1.

Results of CC calculations, along with the fusion ex-
citation functions and the corresponding Ds for both sys-
tems, are depicted in Fig. 1 and Fig. 2, respectively. In the
calculations, when both collision partners were treated as
structureless, the results expectedly underpredicted mea-
sured excitation functions in both cases, as shown in Fig.
1 (a) and (b). Next, for '°0+''°Cd, we treated '°O as
inert while considering one-phonon excitation with mu-
tual excitations for both the quadrupole (2*) and the oc-
topole (37) modes in ''Cd. As a result, the theoretical
cross sections showed enhancement in the sub-barrier re-
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Figure 2: Experimental D for the systems (a) '°0+!'%Cd and (b) '*0+'4?Ce compared with results of CC calculations.

Table 1: Structural parameters of ''°Cd and 4>Ce [43, 44],
denoted by their total angular momentum and parity (47),
excitation energy (E,) and reduced deformation parameter

BY.

Nucleus A" E; MeV) Ba
2+ 0513 0.194
116
Cdvib. 5 190 0138
L2t 0641 0125
142
Cevib 5 1653 0um

gion (solid line in Fig. 1 (a)), which reproduced the data
quite well. The corresponding D is shown in Fig. 2
(a). In case of '°0+!*2Ce also, we treated '°O as inert
and incorporated vibrational coupling of '#?Ce in the CC
calculations. Initially, we considered one-phonon excita-
tions for both the quadrupole (2*) and the octopole (37)
modes in '*>Ce. This led to a significant enhancement of
cross sections in the sub-barrier region, though the the-
oretical result still underpredicted the experimental data.
We further increased the number of phonons in the cou-
pling scheme, including two-phonons with mutual exci-
tations of both the quadrupole and the octupole modes,
which caused marginal enhancement of theoretical cross
sections, represented by the solid line in Fig. 1 (b). The
corresponding Ds are shown in Fig. 2 (b). This cou-
pling scheme for '°0+'%2Ce reproduced both the exper-
imental excitation function and the experimental D rea-
sonably well. Thus no hindrance to fusion was observed
experimentally in both the systems down to the lowest Ej,p,
at which measurements were performed.

3.3 Logarithmic Slopes

One of the representations to clearly observe fusion hin-
drance is the logarithmic slope, which can be computed

from oy using the relation

1 d

—_— E) . 2
oE dE (ofusE) ()

d
L(E) = E In(oqsE) =

L(E) for the systems '°0+''°Cd and '°0+'#>Ce are shown
in Fig. 3(a) and Fig. 4(a), respectively. The logarith-
mic slopes at S -factor maximum (Lcs(E) = nn/E), where
n = 0.1575¢/ VE is the Sommerfeld parameter, are also
shown in the figures (dot-dashed line). We observe from
both figures that the experimental L(E) does not reach the
Lcs(E) curve. To extrapolate L(E) beyond the lowest Ejp,
a least-square fit was performed on the experimental L(E),
following the expressions [7]

B
Ap + —03, 0<0
L(E) = g o 3)
Ag + —, 0>0
E2

where Q represents the fusion Q-value of the system. The
quantities Ag and By, in Eq. 3, are free parameters, val-
ues of which were obtained from the least square fit. The
data point at the lowest energy was not considered in the
fitting procedure in case of '°0+'%>Ce because of proba-
ble presence of background events, as discussed earlier in
Sec. 3. Using the extracted values of Ag and By, L(E)
was extrapolated towards lower energy, which is shown
in Fig. 3(a) and Fig. 4(a) (solid line) for 1604116Cq
and '°0+'*2Ce, respectively. In both cases, the extrapo-
lated line intersects the Lcs(E) curve, which denotes prob-
able onset of fusion hindrance. The threshold energy (Es)
and the logarithmic slope at the threshold energy (Ls), at
which onset of hindrance occurs are given, respectively,
by the x and y-coordinates of the intersection point. These
values were compared with the empirical values E" =

(0.4952/L5™)" and L™ = 2.33 + 580/¢ [10, 15]. The
results of the symmetric systems with similar { that were
already reported, viz., 328+48Ca [31] and 3°S+*8Ca [30]
were compared with results of '°0+!'%Cd. L(E) for these
systems are shown in Figs. 3(b) and Fig. 3(c). Similar
comparisons were made between the results of symmetric
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in panel (a).

S T T T T T T T T T T T T
I 1 142 11 284 64y . [
- ®0+'**Ce 8Si+®*Ni
4 {=1760 1L {=1730 _ _
L —— Extrapolation L
—~ .0 --- Ce2",3, ®Oinert 10 ' Experiment
% 3_?, Ce (22 (3% "Oinert || L 7] 7]
=3
MR -
I 2r = ar N N
1 . iy . - -
L 3 1t
| (@) &, 1l ]
0....|...|...|.’:}1."’ﬁﬁ*.A-.Ar-r-. T . A T | .
45 50 55 60 65 40 45 50 55 60 45 65
E. .. (MeV)

Figure 4: Logarithmic slope for the asymmetric system (a) '°0+!42Ce, compared with the same of symmetric systems (b)
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in panel (a).

systems 28Si+%Ni [32] (Fig. 4(b)), **Ca+*°Ca [33] (Fig.
4(c)) and that of '°0+'*>Ce.

Parameters extracted from extrapolation i.e., Es and Lg
along with Eg" and Lg™ for all the systems mentioned
above are tabulated in Table 2. The threshold energy of
hindrance for the system '°0+!1°Cd is found to lie about 2
MeV below the lowest energy (E = 43.06 MeV), at which
measurement was performed. For the system '°O+'42Ce,
it lies about 1 MeV below the lowest energy (E = 50.33
MeV). The system 32S+*8Ca was reported to show ab-
sence of hindrance due to the presence of PQNT channels,
which is evident from the Table 2 where the estimated Eg
is much lower than the empirical value. The empirical re-
lation has been found to be quite accurate for systems with

closed-shell nuclei. The actual threshold tend to move to-
wards energy lower than the empirical threshold with in-
crease in number of nucleons beyond the closed shell.
Logarithmic slopes extracted from CC results for both
the systems are also shown in Fig. 3(a) and Fig. 4(a). The
curves run nearly parallel to the L¢g (E) curve above.

3.4 Astrophysical S-factor

The astrophysical S-factors were determined using the re-
lation

S(E) = Eo exp{[2n(n(E) — n(Es))]} “)
where n(E) is the Sommerfeld parameter. The variation of
S -factor with respect to E for the systems '°0+''°Cd and
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Table 2: Comparison between experimentally determined threshold energy (Es) and logarithmic slope at the threshold
energy (Ls) with their empirical counterparts Eg © and Lg, which are functions of the -parameter, for asymmetric and
symmetric systems with similar values of ¢.

System 4 Es Es Is Ls "
(MeV) (MeV) (MeV~l) (MeV)
60+16Cd 1440 4134  40.85 2.68 2.73
2g44Ca 1402 3255 40.03 3.74 2.74
365448Ca 1451 3671  41.06 3.23 2.73
0+2Ce 1760 48.89 47.41 2.55 2.66
BSi+#Ni 1730 45.60  46.97 2.78 2.66
OCa+40Ca 1789  49.03  48.16  2.58 2.65
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Figure 6: S -factor for the asymmetric system (a) '°0+!4?Ce, compared with the same of symmetric systems (b) 28Si+%*Ni
and (c) *°Ca+*°Ca having similar values of . S -factor extracted from the CC calculations have also been shown in panel

(a).
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1604+142Ce are shown in Fig. 5(a) and Fig. 6(a), respec-
tively. It is observed from the figures that the §-factors,
extracted from experimental o, and CC calculations, rise
monotonously. Thus presence of fusion hindrance cannot
be inferred in the absence of a maximum for both systems.

|

o(E) = 0'5% exp{[Ao (E - E,) —

The S -factors calculated from the empirical fusion cross
sections are shown in Fig. 5(a) and Fig. 6(a) (solid line)
for '°0+'1°Cd and '°O+!42Ce, respectively. The quan-
tity o in Eq. (5), which is a normalization factor, was
calculated using the oy value at the lowest Ep,. For
160+142Ce, the data point at the second lowest energy was
used for this purpose. The maxima in the extrapolated S -
factors are observed at E ~ 41 MeV and E ~ 49 MeV
for '°0+!1°Cd and '0+'42Ce, respectively, which match
quite closely with the values of Eg mentioned in Table 2.
Fig. 5 also includes the S -factors extracted via extrapola-
tion of data points for 32S+*Ca and 36S+*8Ca. Similarly,
Fig. 6 shows comparison of the system '°O+!4?Ce with
the symmetric systems 28Si+%Ni and “°Ca+*°Ca.

4 Conclusions

Fusion excitation functions were measured for the asym-
metric systems '°0+!'1°Cd and '°0+'4>Ce down to ~ 14%
below the barrier. CC calculations, with couplings to low-
lying excited states of the heavier collision partner in each
case, were able to reproduce the measured o, fairly well
in the range of Ej,, explored in this work. Experimental
Ds, extracted from the data by two different methods for
both systems, had a smooth form with a single peak. Ds
obtained from CC results also had similar structure. We
further extracted the logarithmic slopes from the experi-
mental ogs. Upon extrapolation of L(E) beyond the lowest
Eyp at which measurements were performed, an intersec-
tion with the Lcg(E) curve was observed. The threshold
energy for onset of fusion hindrance, indicated by the in-
tersecting point, matched with the empirical value of the
threshold energy for both the asymmetric systems. Astro-
physical S-factors were calculated for both systems and
the same were extrapolated to lower energies. A maximum
was observed in each case. These observations pointed to
the likely presence of fusion hindrance in both reactions.
Additionally, our results for the asymmetric systems were
compared with the same from symmetric systems having
similar values of the system parameter {. Our systematic
investigation led to the conclusion that fusion hindrance
was a common feature in all these systems, irrespective
of the entrance channel mass asymmetry. However, ex-
tending the measurements towards lower energies would
be crucial to assert our conclusions.

In order to extrapolate the S-factor to en-
ergies beyond the lowest Ej, empirical fusion
cross-sections, for systems with a negative Q-
value, were calculated wusing the relation [7]

2By ( [E;+ O ~ 1]]} )
VE;+ O E+Q
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