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Abstract. Two unexpected behaviors have been observed in heavy-ion fusion excitation functions at energies
above the Coulomb barrier. The first behavior is observed in overlapping excitation spectra. Fusion excitation
functions o(E) that have different entrance channels but fuse to the same compound nucleus appear to overlap
in the energy domain above the barrier. The overlap emerges after scaling the center of mass energy of each
excitation function by a constant scaling factor, SF. The second behaviour stems from the structure of the fu-
sion excitation curve. Contrary to descriptions from coupled-channels or other model calculations, heavy-ion
fusion excitation functions are not smooth near and above the Coulomb barrier. There appears to be weak but
noticeable oscillations or structures within the excitation functions that can be observed clearly in the represen-
tation d(0'E)/dE and in comparison with theoretical calculations o(E) — o,(E). Moreover, the corresponding
d(0E)/dE spectra for systems that form the same compound nucleus also overlap well in this energy range,
including their fine structures, but the uncertainty is large. It appears the two behaviors are correlated and the

reasoning behind these behaviors are yet unknown, but may be due to the compound-channel effect.

1 Introduction

The study of heavy-ion fusion began in earnest in the
1970’s from an interest in expanding the periodic table be-
yond what was possible with neutrons and light-charged
particles. Since then the data for over a thousand heavy-
ion fusion excitation functions has been accumulated, with
cross sections ranging nine orders of magnitude, from
barns to nanobarns. The data from these experiments led
to the discovery and study of several behaviors in the fu-
sion excitation function, including sub-barrier fusion en-
hancement, deep sub-barrier hindrance, and the barrier
distribution and its effect on reaction dynamics. These be-
haviors are the result of the nuclear structure of the col-
liding nuclei and compound nucleus as well as various as-
pects of nuclear reaction dynamics. Most of these behav-
iors have been discussed in depth in review articles [1-6].

Two behaviors of the heavy-ion fusion excitation func-
tion will be discussed in this proceedings, which were ob-
served from the systematic reanalysis of previously mea-
sured fusion reaction data [7, 8]. The first is the direct
influence of the compound nucleus on heavy-ion fusion
excitation functions, or the compound channel effect, and
the second is an oscillation phenomenon of the fusion ex-
citation function at energies above the barrier.

2 Compound Channel Effect

The fusion excitation function is shaped primarily by the
entrance channel, the character of the two colliding nuclei,
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and the compound channel effect, the resulting compound
nucleus. Present knowledge of fusion cross sections gen-
erally rely on the entrance channel, e.g. coupled-channels
(CC) calculations, where the direct influences of the com-
pound channel aren’t obviously displayed. In these cal-
culations, the compound channel effects are simulated by
an adjustment of the parameters from the entrance chan-
nels. Even in the quantum mechanical equation for the
fusion cross section as a function of center-of-mass en-
ergy o(E) = 5X/(21 + )T/(E), which is a direct counting
of each entrance channel with wavelength k, angular mo-
mentum /, and quantum mechanical coefficient T;(E), the
nature of the compound nucleus likely hides implicitly. A
re-evaluation of available experimental data has presented
new insights and may exhibit evidence of the compound
channel effect.

In a previous study of entrance-channel effects, the
fusion excitation functions of three fusion reactions,
VEL197 Ay, 12C+204Ph, and 3°Si+'80W were measured
[9, 10], and all three reactions formed the same compound
nucleus, 2°Ra. The fusion cross sections consisted of the
sum of the evaporation residue cross sections and the fu-
sion fission cross sections, measured separately. The re-
sults of the study are shown in Fig 1(a), where the fu-
sion cross sections are a function of center-of-mass energy
(solid) and compound nucleus excitation energy (open).
While qualitatively these curves look similar, it is diffi-
cult to make a direct comparison due to their differing
Coulomb interactions.

There are common reduction methods to compare fu-
sion excitation functions for different systems [11, 12].
Since the influence of channel couplings at above-barrier

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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Figure 1. (a) The fusion excitation functions for three reactions
that lead to the same compound nucleus 2!®Ra. Solid points are
for cross sections as a function of center-of-mass energy, E, and
open symbols as a function of compound nucleus excitation en-
ergy E* (scaled by a factor 10). Solid curves are the results of
a least-squares fit from the single-Gaussian model, and dashed
curves are predictions from the classical model. (b) Scaled fu-
sion excitation functions for the same three reactions, where the
energies are multiplied by a scaling factor (SF).

energies is negligible, the barrier heights and radii can be
extracted from above-barrier fusion data and can then be
used in different reduction procedures to compare differ-
ent systems. An investigation of these reduction methods
for fusion found some to be reliable at above and below
energies [11]. A drawback of using these reduction meth-
ods is that the cross sections are reduced by the interaction
radius and some of the physical quantity becomes lost. In
this work, a new method is introduced that removes the
influence of the Coulomb interaction while preserving the
physical quantity of the cross section. In this method, the
fusion center-of-mass energies of the compared systems
are multiplied by a scaling factor (SF) such that all fusion
excitation functions overlap. In practice, one of the reac-
tions is set to SF=1 for one reaction, and the others are
adjusted accordingly to achieve maximum overlap. This
proposed representation, the scaled fusion excitation func-
tion, can be seen in Fig 1(b), where the scaling factors are
SF=1.000,1.413, and 0.693 for the "*F+!97 Au, 12C+2%Pb,
and 3°Si+'3%W reactions, respectively.

The single-Gaussian barrier distribution model was
used to extract the parameters from the data, V,, R, and
W,, the barrier height, interaction radius, and standard de-
viation of the distribution, respectively. This model has
been shown to reproduce the fusion excitation function
well across a large energy domain [13—17]. The cross sec-
tion for this model is represented as

2

R-W,
oy(E) = %[ VazZerfe(-2) + exp(-Z5] (1)

where Z = (E-V,)/ \/§Wg, and the barrier distribution

1 [B -V, ]2
—exp|- :
V27 W, V2w,

A least-squares fit of Equation 1 was applied to the
excitation functions and are represented as solid curves in
Figure 1, where they reproduce the data well. Also shown
is the classical model, represented by dashed curves, and
follows the equation

is

Dy(B) = : 2

o(E)E = nR*(E - V,), 3)

where R is the interaction radius and V., is the barrier
height. The parameters extracted from the single-Gaussian
method are shown in Table 1 from the publication of Jiang
et al. [8] in comparison with the Coulomb barrier V,, and
barrier radius Ry determined from the Winther model [18]
as well as the ratios of the classical barrier values to the
values from the two different models, represented as r, and
T

Figure 1(b) shows the scaled excitation functions of
the three systems all leading to the same compound nu-
cleus 2!°Ra, with the Coulomb barrier of the '"F+!°7 Au
reaction (SF=1) indicated by V,. The overlap between the
excitation functions is quite good, with the exception of
one data point from the '2C+2%Pb reaction around 0.1 mb.

Three additional comparisons using the scaled exci-
tation function are shown in Figure 2: 28Si + '*2Ce, 328
+ 138Ba, ¥Ti+!22Sn forming the compound nucleus '"°Hf
[19]; *°Si+!"°Er and "F+'8Ta forming the compound nu-
cleus 2°°Pb [20]; 3'P + 75176y and ?%%Si+!"8Hf forming
the compound nucleus 2°0297Rn [21]. It is clear from these
figures that, using the scaling excitation function method,
all systems forming the same compound nucleus overlap
in the energy domain above the barrier.

All of the data presented in the figures thus far were
measured by the same authors with the same experimental
setup, reducing the systematic uncertainty. While this is
useful for the comparisons presented here, it is much more
likely that fusion data are measured in different facilities
with different setups. For instance, 58Ni + %Ni and 32S +
907Zr forming the compound nucleus '>*Ba [22, 23], %Ni
+ %Ni, 328 + %7Zr, 2Si+'%Mo, and '0+'"?Cd forming
the compound nucleus '*®Ba [23-26], and 2®Si+%*Ni and
308i+92Nj forming the compound nucleus 2Mo [27, 28],
all were measured at different facilities. The scaled exci-
tation function method was applied to these data and the
extracted parameters are shown in Table 1 from the pub-
lication of Jiang et al [8]. While they are not overwhelm-
ingly conclusive, there does not seem to be disagreement
to the proposed overlap observations.

To determine whether this overlap phenomenon as a
result of the scaled excitation function method is exclu-
sive to reactions forming the same compound nucleus, a
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Figure 2. Scaled fusion excitation functions for reactions that
form the compound nucleus "°Hf (a) 2°Pb (b) and 2°¢?’Rn (c),
each with their respective scaling factor.
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Figure 3. (a)Comparison of scaled excitation functions. Reac-
tions that form the same compound nucleus are color coded. (b)
Comparison of scaled excitation functions for reactions that form
the same compound nucleus (scaled by 150mb per differing com-
pound nucleus) to the single-Gaussian model fit of "F+!7Au
(solid lines).

comparison to reactions forming different compound nu-
clei must be made. Figure 3(a) shows such a comparison
for compound nuclei of mass A=108, 130, 136, 200, 216,
and 224, where each fusion excitation function is color
coded to the compound nucleus it forms.

While some of the differences are quite small, it is
clear that the shape of the fusion excitation function is
dependent on the compound nucleus formed. To illus-
trate the differences more clearly, several fusion excitation
functions from Figure 3(a) are shown again in Figure 3(b),
where reactions that form different compound nuclei are
separated by 150 mb. The single-Gaussian model fit for
19F+197 Au, forming compound nucleus '%Ra, is imposed
over each excitation function as a solid curve and serves
as a reference to guide the eye. Looking at each of these
comparisons, it is clear there is a difference in shape of the
scaled excitation function for reactions that form different
compound nuclei. In general, there seem to be larger dif-
ferences in scaled excitation function shape with increas-
ing difference in compound nucleus mass, but it is not ex-
act, and other factors should contribute as well.

This observation that each compound nucleus has a
distinct universal shape of the reduced excitation function
leads to the possibility of extracting information about the
compound-channel effect, which may be excluded from
descriptions of the fusion excitation function based on the
classical or incoming wave boundary condition approxi-
mations.

3 Oscillations or Resonance Phenomenon

The fusion excitation function, in a simplistic view, is pro-
duced by the Coulomb barrier between the two colliding
nuclei and is expected to continuously increase from low
to high bombarding energy. The structure of the excitation
function, whether it is monotonic or more complex, has
been a subject of interest. The first observation of com-
plex structure was in the 1960’s with the '2C + 'C reac-
tion [29], first with elastic scattering and then for various
other reactions, including fusion. Since then this struc-
ture phenomenon has been well studied and outlined in a
set of Treastises by Bromley [30]. More recently, struc-
tures in the excitation functions of 2°Ne + 2°Ne and 2Si
+ 28Si observed and discussed by Poffe [31] and Esbensen
[32]. The explanation in these cases was that the reactions
were symmetric and only incident waves with even angu-
lar momentum could contribute, yielding relatively large
separations in energy between successive angular momen-
tum barriers. Esbensen showed good agreement between
CC calculations and the fusion cross sections for these re-
actions.

The most common representation of the excitation
function, o (E), is in either linear or log scale as a func-
tion of center-of-mass energy. This gives the general shape
of the excitation over a broad energy range, but it is of-
ten difficult to discern more subtle structures or deviations
from theoretical predictions. Other representations have
thus been used to highlight these fluctuations, each em-
phasizing the detailed behavior of the excitation function
for a specific energy range [6].
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Figure 4. Various representations of the fusion excitation func-
tion for the '°0 + '>*Sm reaction compared to CC calculations
(green curve) and the four-Gaussian model fit (black curve).

One example is the second derivative of the energy
cross section d’(o(E))/dE?, introduced by Rowley et al.
[33], which was used to show evidence of structure in the
fusion excitation function near the fusion barrier. Under
the classical approximation, this structure, or barrier dis-
tribution, could be obtained and reproduced by different
channels coupling effects in coupled channels (CC) calcu-
lations.

It has been recently shown that barrier distributions
of heavy-ion fusion excitation functions can be well de-
scribed by fitting a three- or four-Gaussian spectrum
[14, 17]. The resulting cross section curve obtained from
this fit is an analytic function that reproduces the excitation
function well, sometimes even better than CC calculations.

Using the multiple representations of fusion cross sec-
tion and the multi-Gaussian fit method, a re-evaluation
of available data shows evidence of an oscillation phe-
nomenon at energies above the barrier that may be at-
tributed to resonance phenomenon and cannot be repro-
duced by CC calculations.

Four representations of the fusion cross section, o'E,
d(oE)/dE, d*(cE)/dE?, and Oexp — 0 are shown in Fig-
ure 4 for the reaction '°0+'34Sm [35] and are compared
to the Gaussian barrier distribution method and CC calcu-
lations. The data in panels (a) and (b) are deduced from
previous results and are calculated from the single- and
double- differentiation methods, with AE representing the
energy steps used.

A comparison of CC calculations and the Gaussian
barrier distribution method in Figure 4(c) shows good
agreement with the experimental data in the o (E)E rep-
resentation across the full energy range, but as previously
discussed, this representation does not show the more sub-
tle structures within the excitation spectrum. The first and
second derivative representations in Figure 4(a) and (b) be-
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Figure 5. Various representations of the fusion excitation func-
tion for the *°Ca + *°Zr reaction compared to the three-Gaussian
model fit (black curve).

gin to highlight these structures. In these representations,
CC calculations and the Gaussian distribution method re-
produce the experimental data well at lower energies, but
only give an average behavior at higher energies. That is
to say, the experimental data displays oscillations or struc-
tures in the higher energy region not reproduced by either
theoretical method. This phenomenon is highlighted even
further in Figure 4(d), which shows the residuals of the
experimental data and the four-Gaussian method.

Figure 5 shows the same representations for the “°Ca
+ 90Zr [36] reaction. In this data as well, while there is
no indication of underlying structure in the o (E)E repre-
sentation of the fusion cross section, oscillations or struc-
tures begin to appear at higher energies for the d(cE)/dE,
d*(cE)/dE?, and o,,, — 0 representations that cannot
be reproduced by the multi-Gaussian method. The shape
and amplitude of the oscillations are unique for both sys-
tems and seem to depend on the reaction. It must be noted
that similar single- and double- differentiated spectra were
shown in the original papers [34—36], but due to the large
uncertainties and negative barrier values, a detailed study
was not given to these behaviors.

A subsequent investigation found that this oscillation
behavior is not unique to these two reactions, rather it
seems to be common for heavy-ion fusion. Five more re-
actions, 100 + 208Pp [37], 3*S + 108W [38], “°Ca + 19205
[39], “°Ca + °*Zr [36], and *°Ca + %°Zr [40] are shown in
Figures 6 and 7 with the single-differentiation and resid-
ual representations (plots of *°Ca + “Zr are repeated to
show the systematic changes of the three fusions of Ca +
Zr), and the excitation function for each system shows a
unique oscillatory structure that cannot be reproduced by
the multi-Gaussian method. While at the moment not yet
explored in this paper, at least 15 more previously mea-
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Figure 6. Single-differentiation (a) and residual representation
(b) of the fusion excitation function for three different reactions
compared to the multi-Gaussian fit method. DN is the step num-
ber used in the differentiation process.

sured reactions potentially have the same behavior: *°Ca
+ 194Pt [37], 90Ca + “OCa [41], °Ca + *8Ca [42], ¥Ca +
4BCa [43], ®Ni + ONi [44], *8Ni + *Ni [45], 32S + 1OPd
[46], 3S + '10Pd [46], 34S + '68Er [38], 28Si + *Ni [27],
160 + 1%Sm [35], '°0 + '¥Sm [35], 170 + *4Sm [35],
12C + 22Zr [47],32S + 37Y [48].

This oscillation behavior, although already shown of-
ten in experiments, has not been thoroughly explored and
explained. While it resembles the behavior described by
Poffe and Esbensen for light-mass, symmetric systems, all
the systems shown above are in the medium- to heavy-
mass regions and are mostly asymmetric. Therefore those
arguments cannot be applied. CC calculations seem to re-
produce the excitation functions for these reactions well at
energies near and below the Coulomb barrier, but not for
higher energies.

CC calculations in general were developed for the
study of sub-barrier enhancement, where transfer and ex-
citation reaction cross sections dominate the fusion excita-
tion function. Therefore it makes sense these calculations
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Figure 7. Single-differentiation (a) and residual representation
(b) of the fusion excitation function for three different reactions
compared to the multi-Gaussian fit method. DN is the step num-
ber used in the differentiation process.

reproduce the experimental data well at low energies. In
these calculations, the transfer and excitation reactions are
treated approximately, and it may be this treatment does
not work well at higher energies where channel compe-
tition becomes more important than channels coupling.
There could also be other factors, including the possibility
that the application of the incoming wave boundary con-
dition (IWBC) used in the CC model removes these oscil-
lations. A more complete theoretical model that describes
well the fusion excitation function at energies above the
barrier is needed to explain this phenomenon.

One step further in the investigation is the combina-
tion of the reanalysis tools from both the compound chan-
nel observation and the oscillation observation. Mathe-
matically, if the scaled excitation functions for systems
forming the same compound nucleus have the same shape,
then those same systems should also have the same oscil-
lation phenomenon. Figure 8 shows the first differentia-
tion of the scaled fusion excitation function for systems
forming the same compound nucleus 2'°Ra (a), 22°Pb (b),
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and '"Hf. While these experiments were performed with
much larger energy steps yielding larger uncertainties, the
oscillation structures can still be recognized. The results
in Figure 8(a-c) show not only overlap in the average val-
ues of the excitation function above the barrier, but also
in the structures. The dashed blue lines in these plots are
to guide the eye for evident "jumps” in the data. Another
method to show these overlapping structures is with the
scaled residual representation of the fusion cross section,
shown in Figure 8(d). Again it appears that both excita-
tion functions exhibit a similar structure with significant
overlap, although the uncertainties are large. It may be the
oscillation structure is due to the compound channel effect
as well.

Considering this phenomenon, further investigation
should be taken to explain these structures. Measurements
for some of the systems mentioned above should be re-
done in finer detail, specifically with smaller energy steps
and extended to higher energy, so that the structures can be
resolved to a better degree. Additionally, an investigation
in the experimental gap in the mass range between 28Si +
28Si and “°Ca + *°Ca, again with small energy steps and a
large energy range, will determine if this behavior persists
between the light- and medium-mass range.

4 Conclusion

In the reanalysis of previously measured fusion reaction
data, two unfamiliar phenomena were observed in fusion
excitation functions. The first is a direct influence of the
compound nucleus on heavy-ion fusion, where the fusion
excitation function shape is unique for reactions that form
the same compound nucleus. The second is the observa-
tion of oscillatory structure in fusion excitation functions
at energies above the barrier that cannot be explained or
reproduced by CC calculations. It also appears that these
two behaviors are correlated and may be due to the com-
pound channel effect.

Further investigation is suggested, from more exper-
iments with smaller energy steps and to higher energy
ranges to more complete theoretical calculations of the ex-
citation function above the barrier that include entrance
channel competition and compound channel effects.
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