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Background: Couplings with various reaction channels are known to enhance sub-barrier fusion cross sections
by several orders in magnitude. However, a few open questions still remain. For example, the influence of higher
order static deformations on sub-barrier fusion cross sections is yet to be comprehensively understood.
Purpose: We study the role of hexadecapole nuclear deformation effect on sub-barrier fusion cross sections.
Also, this work aims to extract hexadecapole deformation (β4) in nuclei in the lanthanide region.
Method: The evaporation residue (ER) excitation functions for 16O + 174,176Yb were measured at laboratory
beam energies (Elab) in the range of 64.6–103.6 MeV. Measurements were carried out by employing the recoil
mass spectrometer Heavy Ion Reaction Analyzer (HIRA) at IUAC, New Delhi. Fusion barrier distributions (BDs)
were extracted from data. Results from the experiment were subjected to coupled-channels analysis, in which β4

was varied as a free parameter.
Results: Experimental fusion cross sections at energies below the barrier expectedly showed strong enhancement
compared to the predictions from the one-dimensional barrier penetration model. Data were satisfactorily
reproduced after inclusion of negative β4 for both the targets in the coupled-channels calculation.
Conclusions: The significant role of hexadecapole deformation was observed in the sub-barrier fusion of
16O + 174,176Yb. The proposed value of β4 reproduced the measured fusion excitation function reasonably well.
The BDs from these data were also extracted but no definitive conclusions could be drawn from them.

DOI: 10.1103/PhysRevC.93.054622

I. INTRODUCTION

Heavy ion-induced fusion reactions around the Coulomb
barrier have been pursued quite intensely for the past few
decades [1–4]. Fusion cross sections are found to be enhanced,
in some cases by several orders of magnitude, over the predic-
tion from the one-dimensional barrier penetration model near
and below the Coulomb barrier [5,6]. The coupling of internal
degrees of freedom such as transfer of valence neutrons, neck
formation, zero point motion, and static deformation have been
considered in order to explain observed enhancements of the
fusion cross sections. The coupling with intrinsic degrees of
freedom has an effect of changing the height of the barrier.
Barriers lower than the one-dimensional Coulomb barrier are
then responsible for the enhancement of fusion cross sections.

Deformation of one or both the reaction partners is known
to enhance sub-barrier fusion cross sections [7–10]. The extent
to which a particular degree of freedom (e.g., quadrupole
or hexadecapole deformation) contributes to the sub-barrier
fusion enhancement independently can be estimated by cal-
culating the asymptotic energy shift [11] associated with that
particular degree of freedom [12–14]. Besides, the idea that
a positive β4 could enhance sub-barrier fusion cross sections
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more, in comparison to what a negative β4 does, was put
forward for the reaction 16O + 186W [15]. On the other hand,
due to negative hexadecapole deformations, enhancements of
sub-barrier fusion cross sections have been measured for the
reactions 16O on 176,180Hf and 182,184,186W by Leigh et al. [16].
Also the same conclusion was drawn theoretically for the
16O + 184W system [17].

The barrier distributions (BDs) are known to be highly sen-
sitive to higher order nuclear deformations. The experimental
BDs can be obtained from the fusion cross sections [2,18] as
well as from quasielastic scattering data [19,20]. The shapes
of the experimental BDs extracted from the fusion excitation
functions [9] for 16O + 154Sm and 16O + 186W reveal that the
role of positive and negative β4 is evident in the qualitative
differences between the two BDs.

We performed an experiment to measure ER excitation
functions for the systems 16O + 174,176Yb forming compound
nuclei (CN) 190,192Pt near and below the Coulomb barrier.
Since 16O is a doubly magic spherical nucleus, effects of
nuclear shapes on fusion cross sections are expected to be
solely due to target nuclei. We investigated the role of β4

in reproducing fusion data with the help of coupled-channels
(CC) calculations. The experimental details are described in
Sec. II while analysis of data and results are presented in
Sec. III. We summarize our work and conclude in Sec. IV.
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FIG. 1. Schematic of the recoil mass spectrometer HIRA [21]. Q,
ED, M, and MD stand for magnetic quadrupole, electrostatic dipole,
magnetic multipole, and magnetic dipole, respectively.

II. THE EXPERIMENT

The experiment was performed at the 15 UD Pelletron
accelerator facility of IUAC. A pulsed beam of 16O with
a pulse separation of 4 μs was incident upon isotopically
enriched 174Yb (99.99%) and 176Yb (96.63%) targets of
thickness 125 μg/cm2 and 170 μg/cm2, respectively, on
25 μg/cm2 natC backing. Evaporation residue (ER) excitation
functions were measured at laboratory beam energies (Elab)
of 64.6–79.6 MeV, in steps of 1 MeV, and 81.6–103.6 MeV,
in steps of 2 MeV (at the center of the targets). ERs were
separated from overwhelmingly dominant background events
using the schematic of recoil mass spectrometer Heavy Ion
Reaction Analyzer (HIRA) [21] in Fig. 1.

Two silicon detectors were placed inside the target chamber
at ±15.5◦ with respect to the beam direction in the horizontal
plane to record Rutherford-scattered beam particles for abso-
lute normalization of ER cross sections. To reset charge states
of the ERs, a 30 μg/cm2 thick natC foil was placed 10 cm
downstream from the target. A multiwire proportional counter
(MWPC), with an active area of 150 mm × 50 mm, was placed
at the focal plane of the HIRA to detect the ERs. A very thin
(0.5 μm) mylar foil was used as the entrance window of the
MWPC, which separated the gas volume (3 mbar isobutane)
of the MWPC from the vacuum inside the HIRA. Time of
flight (TOF) of the ERs, over the distance from the target to
the anode of the MWPC, was also recorded. The HIRA was
operated with 10 msr acceptance and at 0◦ with respect to the
beam direction.

IUAC’s in-house data acquisition software CANDLE [22]
was employed to record list-mode data, whereas analysis was
performed with the aid of CANDLE and ROOT [23].

III. DATA ANALYSIS AND RESULTS

The total ER cross section is given by

σER = YER

Ynorm

(
dσ

d�

)
Ruth

�norm
1

ε̄HIRA
(1)

where YER is the ER yield at the focal plane of the HIRA, Ynorm

is the number of Rutherford-scattered projectiles recorded
by any of the normalization detectors, �norm is the solid
angle subtended by any of the normalization detectors, and
( dσ
d�

)
Ruth

is the differential Rutherford scattering cross section
in the laboratory frame of reference. ε̄HIRA is the average ER
transmission efficiency through the HIRA.

There were two major challenges in extracting σER from
the experiment: (a) estimation of ε̄HIRA and (b) unambiguous
identification of ERs at the focal plane of the HIRA.

The transmission efficiency (εHIRA) is a complex function
of several reaction-specific and instrument-specific parame-
ters [24]. It is defined as the ratio of number of ERs reaching
the focal plane to the total number of ERs emerging from
the target. As measuring εHIRA for each exit channel at each
Elab was not practicable, we relied on the semimicroscopic
Monte Carlo code TERS [25] to calculate εHIRA. We further
followed the formalism presented in Ref. [24] to estimate
ε̄HIRA, the transmission efficiency of HIRA averaged over all
dominant exit channels at a given Elab. The relative population
of different ER channels in the reactions 16O + 174,176Yb was
estimated by the statistical model code PACE3 [26].

The next major challenge was to identify ER events unam-
biguously from background events. Simultaneous measure-
ment of energy loss (�E) and TOF of the ERs usually results
in clear separation of ERs from projectile-like background
events. Scatter plots of �E versus TOF at several Elab for the
reaction 16O + 174Yb are shown in Fig. 2. One can notice that
the strategy of identifying ERs based on �E and TOF works
rather well up to Ec.m.

VB
≈ 1. With decreasing Elab, unambiguous

identification of ERs becomes increasingly difficult. This is
because yield of ERs decreases (as σER falls exponentially)
and yield of background events increases significantly (with
increasing Rutherford cross section) overlapping with ER
events in the �E versus TOF plots.

One must note here that measured TOF was not absolute,
as the time delays between the start (arrival of a particle at the
focal plane) and stop (250 kHz rf) pulses were often adjusted
because of practical reasons during the experiment. Hence an
absolute and global calibration of the TOF spectra spanning
the entire range of Elab was not possible. We scrutinized those
�E versus TOF plots from both the reactions, which showed
clear separation between ER events and background events, to
look for any underlying correlation between the two groups of
events. We further projected the events in each spectrum on
the TOF axis and noted the centroid and FWHM (wherever the
peak could be fitted with a Gaussian) of each group of events.
We finally made the following empirical observations from
the projected spectra: (a) the difference between the centroids
increases linearly with decreasing Elab, (b) the FWHM of
the ER group increases linearly with decreasing Elab, and
(c) the peak of the ER group is approximately symmetric
about the centroid. The probable centroid and FWHM of
the ER group of events at Ec.m.

VB
< 1, where ERs are not

clearly separated from background, were then determined by
least-squares linear fit and extrapolation. The rectangular gates
to obtain ER yields, as shown in Fig. 2, were then positioned
by applying observations (a) and (b). Each rectangular gate
in Fig. 2 is divided into two equal halves by a dotted line.
Observation (c) ensured that ER counts in both halves are
nearly equal. This characteristic of the plots helped reduce
background further. We observed presence of background
events in the lower half of the rectangular gate at a few Elab

below the barrier. This was revealed by the fact that counts
in the upper half of the gate were much lower in comparison
with those in the lower half of the gate. We further confirmed
this observation by carrying out measurement with a blank
target.
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FIG. 2. Scatter plots between �E and TOF of the events recorded at the focal plane of HIRA for 16O + 174Yb at various Elab: (a) 101.6 MeV
( Ec.m.

VB
≈ 1.40), (b) 95.6 MeV ( Ec.m.

VB
≈ 1.30), (c) 87.6 MeV ( Ec.m.

VB
≈ 1.20), (d) 79.6 MeV ( Ec.m.

VB
≈ 1.10), (e) 76.6 MeV ( Ec.m.

VB
≈ 1.05), (f)

72.6 MeV ( Ec.m.

VB
≈ 1.00), (g) 69.7 MeV ( Ec.m.

VB
≈ 0.95), and (h) 65.7 MeV ( Ec.m.

VB
≈ 0.90). Here Ec.m. and VB are the projectile energy and

the Coulomb barrier, respectively, in the center-of-mass (c.m.) frame of reference. ERs are seen within the rectangular gate in each panel.
Projectile-like background events, one group of which is encircled within an elliptical gate, are seen at the top-left corner of each panel. See
text for details.

Figure 3(a) shows �E versus TOF plot for the reaction
16O + 176Yb at Elab = 66.6 MeV. Figure 3(b) shows a similar
plot with data taken with a blank target, keeping all other
experimental conditions unchanged. One can notice that the
lower half of the rectangular gate in Fig. 3(b) contain events
even though ERs were not produced in this case. Whenever we
noted a large difference between ER counts in the two halves
of the rectangular gate, indicating presence of background, we
considered double the count in the upper half of the gate to be
the ER yield.
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FIG. 3. Scatter plots between �E and TOF of the events recorded
at the focal plane of HIRA at Elab = 66.6 MeV: (a) with 176Yb as
the target and (b) with a blank target frame in place. Beam current
and HIRA settings were kept the same during both the runs. The
background data, with no target material in place, were collected
for a shorter duration, namely, ∼ one-eighth the duration of data
collection with the 176Yb target. See text for details.

Yield of ER and ε̄HIRA, thus obtained, were fed into
Eq. (1) to determine σER. Excitation functions for the reactions
16O + 174Yb and 16O + 176Yb are shown in Figs. 4 and 5,
respectively. We must point out here that isotopic or other
impurities with nearby mass numbers in the target may affect
deduced cross sections. The excitation functions show an
upward trend at the two lowest Elab for both reactions, which
might be caused by the presence of impurities in the targets.
This feature is particularly accentuated in data with the 176Yb
target, which is relatively of lesser purity (96.63%).
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FIG. 4. The experimental fusion excitation functions for
16O + 174Yb along with results from CC calculations using CCFULL.
The arrow indicates position of the Coulomb barrier.
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FIG. 5. The experimental fusion excitation functions for
16O + 176Yb along with results from CC calculations using CCFULL.
Data from Ref. [7] are also shown. The arrow indicates position of
the Coulomb barrier.

An excited CN in the lighter mass region decays by
emission of γ photons and evaporation of neutrons and light
charged particles, yielding a cold ER. As the CN becomes
heavier, it decays by fission (CNF) besides the ER channels.
In the still heavier mass regions, fusion probability (PCN) itself
starts deviating from unity as non-CN fission (NCNF) channels
open up. In a recent work [27], a systematic study of fusion
probability in heavy nuclei, at energies above the Coulomb
barrier, was reported covering the mass region 170 to 220, in
which the authors pointed out approximate boundaries from
where NCNF appears to become significant. According to
the prescriptions suggested in Ref. [27], the present reactions
are expected to proceed via CN formation alone after capture
inside the potential barrier. Also, population of CNF channels
in the present reactions in the studied range of Elab is not
significant [28]. Because of these reasons, the measured ER
excitation function was taken as the fusion excitation function
for both reactions in the present work.

The CC calculations were performed by using the code
CCFULL [29]. The deformation parameters and excitation
energies of the participating nuclei are listed in Table I.
The Woods-Saxon parametrization of the Akyüz-Winther
potential [33] was used in CCFULL. The nuclear potential
was approximated by using the parameters V0 = 63.53 MeV,
r0 = 1.19 fm, and a = 0.66 fm for the 16O + 174Yb reaction
and V0 = 63.63 MeV, r0 = 1.19 fm, and a = 0.66 fm for the
16O + 176Yb reaction in CCFULL. There is a slight change in
the radius parameter (r0) and diffuseness parameter (a) of

TABLE I. The deformation parameters [30,31] and excitation
energies [30,32] of different nuclei used in the CC calculations.

Nucleus 16O 174Yb 176Yb

E2+ (MeV) 0.076 0.082
β2 (rot.) 0.332 0.304
E3− (MeV) 6.13 1.381 1.491
β3 (vib.) 0.733 0.051 0.024

the real nuclear potential to fit the experimental data. Hagino
et al. [6] mentioned that energy of the 3− state of 16O is very
high compared to the barrier curvature. Without affecting the
structure of the BD it only produces an adiabatic potential
renormalization. Therefore, this coupling was not considered.
Rotational as well as vibrational couplings of both the targets
were treated to all orders in the CC calculation. Due to
the minor effects in the lower energy region, the vibrational
couplings were not shown in CC calculation. We varied the
value of β4 to fit the experimental data, keeping all other
parameters fixed. The fusion excitation functions and results
of the CC calculations with different β4 are shown in Figs. 4
and 5, respectively.

The red dotted line in the figures is the prediction from the
one-dimensional barrier penetration model, which expectedly
underestimates data. The results of CC calculation have been
plotted in Figs. 4 and 5 respectively with a fixed value
of β2 and varying β4 as −0.020 (solid light-green line),
−0.050 (dashed blue line) and −0.080 (solid dark-green
line) to explain the fusion excitation function. Considering
coupling to rotational β2 = 0.332, β4 = −0.020 for 174Yb
and β2 = 0.304, β4 = −0.020 for 176Yb target nuclei gave
satisfactory fits to data from well above to the sub-barrier
region. But none of these values (−0.020 to −0.080) exactly fit
the sub-barrier fusion data. We also investigated the sensibility
of the CC calculations with slight change in above β4 range,
but no significant improvement was obtained. Therefore, we
proposed the hexadecapole parameter β4 = −0.020, which
gave at least satisfactory fit to sub-barrier fusion data for
both the systems. This extracted value may bring about an
uncertainty due to the noninclusion of additional couplings
like vibrational, transfer channels, etc., in the CC calculation.
The extracted new value of β4 for 174,176Yb agreed reasonably
well with available results as shown in Table II. The fusion
cross sections measured by Niello et al. [7] for the system
16O + 176Yb are also shown (solid squares) in Fig. 5, which
disagree with both the present data and the calculated cross
sections below as well as above the barrier. Matching of the
data of Niello et al. data with the present results demands an
arbitrary division of the former by a factor of 2 (solid triangle
as shown in Fig. 5).

We next extracted BD from fusion excitation functions
using the point difference formula. The second derivative of
Eσ with respect to energy [2] give rise to BD. This expression
at energy (E1 + 2E2 + E3)/4 is given by

d2(σE)

dE2
= 2

[
(Eσ )3 − (Eσ )2

E3 − E2
− (Eσ )2 − (Eσ )1

E2 − E1

]
1

E3 − E1
,

(2)

where (Eσ )i are evaluated at energies Ei . For data with �E =
(E2 − E1) = (E3 − E2), i.e., equal energy steps,

d2(σE)

dE2
= (Eσ )3 − 2(Eσ )2 + (Eσ )1

�E2
. (3)

The statistical error δ associated with the second derivative at
energy E was calculated using the equation

δ =
(

E

�E2

)[
(δσfus)

2
1 + 4(δσfus)

2
2 + (δσfus)

2
3

] 1
2 , (4)
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TABLE II. Measured/calculated hexadecapole deformation of 174,176Yb.

Nucleus β4 Method Ref. Nucleus β4 Method Ref.

174Yb −0.040, −0.052 α scattering [31,35] 176Yb −0.045, −0.059, −0.046 α scattering [31,35]
−0.041, −0.030 α scattering [31,35] 0.012, 0.011 Coulomb excitation [36]
−0.007, −0.007 Coulomb excitation [36] −0.037 theoretical [37]

−0.024 theoretical [37] −0.050 theoretical [38]
−0.050 theoretical [38] −0.032 theoretical [39,40]
−0.021 theoretical [39,40] −0.054, −0.054, −0.0875 electron scattering [41]
−0.053 quasielastic [20] −0.071 theoretical [42]
−0.059 theoretical [42] −0.350 α scattering [43]
−0.020 fusion excitation [this work] −0.020 fusion excitation [this work]

where (δσfus)i are the absolute errors in the cross sections. A
�E of 2 MeV (laboratory) was used for this work to obtain
the second derivative.

BDs obtained from the fusion excitation functions and CC
calculations for the reactions 16O + 174Yb and 16O + 176Yb are
shown in Figs. 6 and 7, respectively. In CC calculations, we
included the coupling to rotational β2, β4 of target nuclei. It can
be seen that the CC calculation with β4 = −0.020 gives good
reproduction for the barrier distribution at lower energies. The
BD can have a wide range that would be expected classically,
due to the random orientation of the deformed target nuclei.
The BDs are reasonably well defined at low energies, but
around the peak of the distribution and near the average barrier
the uncertainties were larger than the measured values. As
seen in Figs. 6 and 7, the BDs show a broad single peak
with large fluctuations at higher energies. It is quite obvious
that more precise data than what we had at hand would be
required to determine proper shape of the BD. The thickness
of targets in the present work was clearly not suitable for
measurement of BD. Consequently, it was not possible to draw
proper conclusions from BDs independently. The derived BDs
were not useful to determine the value of β4.

We must note here that experimental determination of β4

is difficult. Also, results are highly model dependent [20,34].
There are reported disagreements between measurements and
between measured and calculated values of β4 for a given

57075606
Ec.m. (MeV)

-1000

-500

0

500

1000

1500

2000

d2 (E
σ)

/d
E

2  (
m

b/
M

eV
)

Expt. (this work)

CC ( rot. β  = 0.332, β  = -0.02)

CC ( rot. β  = 0.332, β  = -0.05)

CC ( rot. β  = 0.332, β  = -0.08)

FIG. 6. Experimentally extracted BD for 16O + 174Yb. The results
from CC calculation are shown as indicated.

nucleus. Table II summarizes β4 for 174,176Yb, determined
either from data or calculation.

IV. SUMMARY AND CONCLUSIONS

We measured the ER excitation functions around the
Coulomb barrier for the reactions 16O + 174,176Yb using the
recoil mass spectrometer HIRA. Utmost caution was exercised
in identifying ERs, particularly at the lowest energies, so that
those are not contaminated with more abundant background
events. Since presence of CNF and NCNF in these reactions
are expected to be insignificant, measured ER excitation
functions were taken as the fusion excitation functions. CC
calculations were performed with the code CCFULL to interpret
data. Fusion barrier distributions were also extracted from the
cross sections. Coupling to rotational β2, β4 (−0.020 for 174Yb
and 176Yb) of the target nuclei explained the fusion excitation
functions satisfactorily. Our experimental results suggested
a new hexadecapole parameter (β4) value of −0.020 for the
present systems. Experimentally determined β4 are susceptible
to systematic uncertainties and also heavily dependent on
the model used in a particular work. Thus, more precise
measurements in this mass region using different experimental
techniques are called for to achieve convergence of the results
and overcome dependence on models.
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FIG. 7. The same as Fig. 6 but for 16O + 176Yb.
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