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Introduction

The sub-barrier fusion hindrance has been
observed in the domain of very low energies
of astrophysical relevance. This phenomenon
can be analyzed effectively using an uncom-
plicated straightforward elegant mathemati-
cal formula derived presuming diffused barrier
with a Gaussian distribution. The mathemat-
ical formula for cross section of nuclear fusion
reaction has been obtained by folding together
a Gaussian function representing the fusion
barrier height distribution and the expression
for classical cross section of fusion assuming
a fixed barrier. The variation of fusion cross
section as a function of energy, thus obtained,
describes well the existing data on sub-barrier
heavy-ion fusion for lighter systems of astro-
physical interest. Employing this elegant for-
mula, cross sections of interacting nuclei from
16O + 18O to 12C + 198Pt, all of which were
measured down to < 10 µb have been ana-
lyzed. The agreement of the present analy-
sis with the measured values is comparable, if
not better, than those calculated from more
sophisticated calculations. The three param-
eters of this formula varies rather smoothly
implying its usage in estimating the excita-
tion function or extrapolating cross sections
for pairs of interacting nuclei which are yet
to be measured. Possible effects of neutron
transfers on the hindrance in heavy-ion fusion
have been explored.

Theoretical formalism

In order to replicate the dependence of
nuclear cross sections of fusion reaction on
the collisional kinetic energy, specifically mea-
sured at low energies near fusion threshold,

∗
Electronic address: vsingh@vecc.gov.in

the assumption of a fusion barrier height dis-
tribution becomes necessary to simulate the
effects resulting from the coupling to other
channels. In the coupled-channel calcula-
tions it is naturally achieved which involve,
in both colliding nuclei, the coupling to col-
lective states down to the lowest level. The
nuclear structure effects influencing the distri-
bution of potential energy barriers have been
considered negligible and hence ignored in this
work. A Gaussian form D(h) simulating the
shape of the diffused barrier has been concep-
tualized [1] for the fusion barrier height distri-
bution. Therefore, the distribution of barriers

is provided by D(h) = 1√
2πσh

exp
[
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2
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where for each individual reaction, the pa-
rameters h0 (mean barrier height) and σh

(width of barrier distribution) are to be de-
termined exclusively. A mathematical for-
mula for the cross section can be derived for
surmounting the barrier arising due to inter-
acting nuclei by folding the Gaussian distri-
bution for fusion barriers with classical nu-
clear fusion reaction cross section expression
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∀ h ≤ E, and 0 ∀ h ≥ E

where Rh marks, approximately, the position
of the barrier (effective radius corresponding
to the relative distance), which results in the
following expression
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where E0 = 0 for positive Q value reactions
and E0 = Q for negative Q value reactions,
Q value being the sum of the rest masses of
fusing nuclei minus rest mass of the resultant
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fused nucleus, ξ = E−h0

σh

√
2
, ξ0 = h0−E0
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√
2

and

erf(ξ) is the Gaussian error integral for argu-
ment ξ. The three parameters Rh, h0 and σh

have to be determined by a least square fitting
of Eq.(1) to the measured excitation functions
for fusion reactions. While deriving the for-
mula of Eq.(1), the quantal effects of barrier
penetration have not been taken explicitly into
account. The structure of a given excitation
function for fusion reaction is, however, influ-
enced by the sub-barrier tunneling which has
been included effectively through the param-
eter σh which describes the width of barrier
distribution.

Calculations and Results

In order to envision the conditions of over-
coming the potential barrier in nuclear colli-
sions and to have a systematic knowledge on
the essential characteristics, viz. h0 (mean
barrier height), σh (width) and Rh (effective
radius), of the interacting potential, a set of
accurately measured excitation functions of
fusion reactions has been studied for two col-
liding nuclei. The values of the essential pa-
rameters h0, σh and Rh are determined using
the method of least-square fit.

TABLE I: The extracted values of h0, σh and Rh,
obtained from the analyses of the measured fusion
excitation functions. Zi and Ai are the charge and
mass numbers of interacting nuclei, respectively,

A12 = A
1/3
1

+A
1/3
2

and z = Z1Z2/A12. The table
is arranged in order of increasing projectile mass.

Reaction z A12 σh h0 Rh

[Expt.Ref.] [MeV] [MeV] [fm]
12C+24Mg [2] 13.916 5.174 0.815 11.483 6.646
12C+30Si [3] 15.565 5.397 1.090 13.540 8.300
12C+198Pt [4] 57.650 8.118 1.749 55.140 11.179
16O+18O [2] 12.450 5.141 0.859 9.797 7.743
28Si+64Ni [5] 55.709 7.037 1.402 50.403 7.182
58Ni+58Ni [6] 101.269 7.742 2.275 98.278 8.550
64Ni+64Ni [6] 98.000 8.000 1.466 92.646 8.862

The one neutron and two neutron trans-
fer Q-values from projectile to target nuclei
Q1n and Q2n, respectively, and those from tar-
get to projectile nuclei (except Q2n of transfer
from target to projectile nuclei for 28Si+64Ni)
are all negative. The reactions studied in
the present work, the transfer effects are,

therefore, absent leading to fusion hindrance.
Hence the width σh of the distribution func-
tion is not enhanced due to any mixture of
transfer and deformation effects.

Summary and Conclusion

In the region of sub-barrier energies, the
fusion reaction cross sections have been es-
timated spanning a broad energy range. A
Gaussian distribution function for the barrier
heights is assumed to derive a simple diffused-
barrier formula. The values of the essen-
tial parameters h0 (mean barrier height), σh

(width) and Rh (effective radius) are deter-
mined by least-square fitting Eq.(1) to the
measured excitation functions. In the fu-
sion reactions studied here, the transfer effects
are absent leading to fusion hindrance. The
widths of the barrier distribution are not en-
hanced due to any mixture of transfer and de-
formation effects. Even for positive fusion Q-
values, the fusion hindrance remains because
of small σh. This effect may be attributed
to the saturation properties of nuclear matter,
which prevents substantial overlap of light nu-
clei participating in the fusion reactions caus-
ing hindrance in quantum tunneling.
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Phys. Rev. C 69, 024611 (2004).

[2] G. Montagnoli et al., Phys. Rev. C 101,
044608 (2020).

[3] G. Montagnoli et al., Phys. Rev. C 97,
024610 (2018).

[4] A. Shrivastava et al., Phys.Lett. B 755,
332 (2016).

[5] P. W. Wen et al., Phys. Rev. C 103,
054601 (2021).

[6] M. Rashdan, Phys. Rev. C 102, 055804
(2020).

Proceedings of the DAE Symp. on Nucl. Phys. 66 (2022) 747

Available online at www.sympnp.org/proceedings


