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Structures in the heavy-ion fusion excitation function at and above the Coulomb barrier
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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 appear to be weak but noticeable oscillations
or structures within the excitation functions that can be observed clearly in representation d(c E)/dE and in the
comparison with theoretical calculations o (E) — oy (E). A rather similar phenomenon has been studied before
and can be explained in light symmetric systems as the influence of the centrifugal barrier penetration only
on even angular momentum, but it cannot be extended to heavier, more asymmetric fusion systems. A more
thorough investigation may be required to investigate this newly indicated behavior.
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The data for more than a thousand heavy-ion fusion exci-
tation functions can be found in the literature [1], and cover
nine orders of magnitude, from nanobarns to barns. This sub-
stantial range in cross sections stems from various aspects
of nuclear reaction dynamics under the strong influence of
the nuclear structure of both the two colliding nuclei and the
compound nuclei [2-7].

In this Letter we present a common phenomenon of heavy
ion fusion excitation functions which appears less known to
the community, and was observed by the systematic reanalysis
of previously measured fusion reaction data.

In a simplistic view, the Coulomb barrier between the two
colliding heavy ions produces a fusion excitation function that
is expected to be continuously increasing from low to high
colliding energies. It is interesting to know to what extent
these excitation functions are either monotonic or more com-
plex with underlying structures.

In the early 1960s, oscillation or resonance peaks were
observed for collisions of '>C + >C by Almquest et al. [8] at
first for elastic scattering, then for various reactions including
fusion. This phenomenon, appearing mostly for «-conjugated-
nuclei, has been studied for about two decades and was
summarized in a set of Treatise books edited by Bromley [9].

The excitation function, o (E), is commonly depicted in
either linear or logarithmic scales. However, because of the
steepness of the excitation function, it is often difficult to
recognize possible structures or deviations from theoretical
curves, especially in logarithmic plots. To alleviate this prob-
lem, representations other than o (E') are used for comparison
between measurements and theoretical calculations (e.g., see
discussion in Ref. [7]). A particular representation may em-
phasize the detailed behavior of the excitation function for
some energy range and a specific structure can be noticed
more evidently.
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It is well known that coupled channels (CC) calculations
can well explain the heavy-ion fusion excitation function
around and above the Coulomb barrier [10-12]. Especially
after the paper contributed by Rowley et al. [13], the reaction
dynamics involved have been acquainted in more detail by us-
ing the representation of d*(c E)/dE?. Rowley found, under
the classical approximation, the so-called barrier distribution
B(E) can be obtained from the representation of d*(c E)/dE?,
and evidence of structures has been seen in this representa-
tion as well. A few strong peaks in these structures at lower
energies can be well reproduced with the different coupling
effects between channels of the fusion and other reactions,
e.g., excitation and transfer reactions. While evident in the
d’*(o E)/dE? representation these structures are often difficult
to discern in either the o (E) or the o (E)E spectra.

Due to the double differentiation process used in Rowley’s
method to obtain the barrier distribution, there are weaknesses
to this method, including an ambiguity problem (depending
on the energy step size taken in the differentiation process)
and large uncertainties at high energies for the obtained barrier
distribution spectra.

Recently it was presented that barrier distributions of all
heavy-ion fusion excitation functions can be described very
well by a three-Gaussian spectrum (or a four-Gaussian spec-
trum for deformed systems, like '°0+ '>*Sm) [14,15]. The
corresponding cross section o(E) is an analytic function,
which reproduces the excitation function quite well, even
better than CC calculations.

The new indicated behavior is the appearance of structures
along the smooth excitation function which cannot be repro-
duced by CC and other calculations, and are most evident in
the representation of d(o(E)E)/dE. It is well known that
the first derivative of oE is related with the transmission
coefficient of the fundamental cross section expression [3].

Three representations, 0 E, d(cE)/dE, and [d*(c E)/dE?]
(B(E)) are shown in (a)—(c) of Figs. 1 and 2, for two sys-
tems, “°Ca+%Zr [16] and 0+ *Sm [17], respectively.
In these figures, symbols are either experimental data or
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FIG. 1. Various representations vs E plots of the fusion cross
sections for system **Ca 4 *°Zr [16]. (a) Barrier distribution B(E),
(b) d(oE)/dE, (c) oE, and (d) 0cy, — 0. Curves are calculations
from the three-Gaussian barrier distribution recipe.

deduced directly from the data. In panels (b) and (a), the
deduced results are calculated from the single-differentiation
and double-differentiation methods, respectively, where AE
are the energy steps used in the differentiation process. In
Figs. 1 and 2, black curves are obtained from the empirical
recipe: three-Gaussian (3G) or four-Gaussian (4G) barrier
height distribution. In Fig. 2(a)-2(c), the green curves are
obtained from CC calculations. In Figs. 1-2(c) the calculated
curves, either from CC calculations or from empirical, multi-
Gaussian recipes, reproduce the experimental results rather
well. In most cases, calculations from the empirical recipes
and the CC calculations are nearly the same at energies near
and above the Coulomb barrier which is the energy range dis-
cussed in this Letter. We do not give the comparison between
CC calculations and the empirical fittings here, but concen-
trate on the detailed comparison between the calculations and
the experimental data. Thus, since the multi-Gaussian fittings
reproduce the data well, further comparison to experimental
data will often be made with these fits.

In Figs. 1-2(b), it can be noted that in the low energy region
the calculations reproduce the data well, but near and above
the Coulomb barrier, at the high energy part of these plots,
they only give an average behavior of the data. It seems that
the experimental data of d(cE)/dE display oscillations or
structures in the higher energy region.
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FIG. 2. Various representations vs E plots of fusion cross sec-
tions for system '°Q + '**Sm [17]. Others are the same as in Fig. 1.

It should be noted that the experimental data in Figs. 1-2(a)
are obtained through double differentiation, yielding large
uncertainties. However, the experimental data in Figs. 1-2(b)
are obtained through single-differentiation with much less un-
certainty, which makes the oscillations/structures believable.
The shape and amplitudes of these oscillations are different,
and seem to depend on the system.

Since the appearance of oscillations/structures is difficult
to discern in a plot of the excitation function, as shown in
Figs. 1 and 2(c), Figs. 1 and 2(d) show the comparison be-
tween the experiment and the multi-Gaussian fits, oexp — 036
Or Ocxp — 04, Tespectively. Here, one can see distinct signs of
the oscillation/structure behavior.

The oscillation/structure at high energies appears also in
the representation of d?(cE)/dE?, see Figs. 1 and 2(a). It
must be indicated, similar d>(0 E)/dE? spectra have already
been shown in the original papers [16,17]. Esbensen and Al-
berto in a study of the fusion of ¥Ca + *°Zr, already showed
the spectra d(ocE)/dE [18]. Due to the large uncertainties,
negative barrier values given in the results, and CC calcula-
tions do not reproduce that part well, no detailed attention was
given to behaviors of that energy region in these papers.

Upon further investigation, we found that this oscillation
behavior indicated in the reactions *“’Ca+%Zr and
160 4+ 134Sm is not special but popular for heavy-ion fusion.
At least 20 more experimental measurements potentially have
the same behavior. They are: **Ca + '°20s [19], “°Ca + '**Pt
[19], *°Ca+%Zr [20], **Ca+Zr [21], '°O+2%Pb
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[22], “Ca+%Ca [23], **Ni+®Ni [24], ¥S+'"°Pd
[25], s+ ""°Pd [25], *S+'"Er [26], *Si+*Ni [27],
WCa+Ca [28], #*Ca+*Ca [29], "*O+'""Sm [17],
160+14SSm [17]’ 170+144Sm []7], 160+186W [17]’
12C 4+ %27Zr [30], 22S + %y [31], and **Ni + *Ni [32]. All of
these fusion excitation functions are measured and published
after Rowley’s paper in 1991, since then, many measurements
of the excitation functions have been performed with fine
energy steps in the studying of fusion barrier distributions.

In another example, five systems, '°0-+2%Pb [22],
345 + 18y [26], °Ca+'"20s [19], “*Ca+**Zr [16], and
#0Ca 4 %7Zr [21] are shown in Figs. 3 and 4, respectively.
Experimental results (black symbols), obtained from the
single-differentiation method, are compared with the 3G or
4G descriptions (black curve). It can be immediately ob-
served that this aforementioned behavior also appears and
cannot be reproduced by the multi-Gaussian recipe or CC
calculations (not shown). Also importantly, the structures in
the d(oE)/dE spectra are different in detail from system to
system. (In Fig. 4, system *“°Ca 4 °°Zr is shown repeatedly.
One may notice the interesting changes between the three
systems “°Ca +2994%7r [20]. But that is beyond the main
point of the present article and we do not want to discuss more
here.)

The newly indicated behavior in heavy-ion fusion col-
lisions, though shown often in experiments already, seems
unfamiliar and has not been explored and explained yet.
One possible reason is that the value of barrier distribu-
tion, B(E), must be positive, but in the d?(cE)/dE? spectra,
negative heights appear in the high energy region, where
multi-Gaussian model and also CC calculations (e.g., [16]
for system *’Ca+“Zr) cannot reproduce the structures in
the d>(cE)/dE?* spectra. Is it possible that in this region,
d*(cE )/dE2 contains not only the information of barrier
distribution, but also additional information of reaction dy-
namics. To our knowledge, it may need to be explored
further.

All systems discussed above, either mentioned or shown
explicitly in Figs. 1-4 are for medium or heavy mass. Os-
cillation behavior appears for light-mass systems as well and
has been studied, but that behavior is well known and can be
attributed to the resonance phenomenon or by the penetration
of centrifugal barriers of successive angular momentum which
are well separated in energy.

Poffe et al. [33] and Esbensen [34] discussed structures in
the excitation functions for 2°Ne + 2°Ne and 28Si + 28Si, and
attributed them to the penetration of centrifugal barriers. Since
these reactions are symmetric, only incident waves with even
angular momentum can contribute to the fusion reactions, and
the separations in energy between successive angular momen-
tum barriers are relatively large. The structure for 28Si 4 28Si
was also reproduced with CC calculations by Esbensen. But
he emphasized, “Since many reaction channels are expected
to open up at high angular momentum and high energies in
heavier systems, the effect of couplings to these channels may
smear out the peak structure.”

The new phenomena for the medium- and heavy- mass
fusion reactions are all asymmetric systems, excluding
0Ca+4Ca, with some systems like 0+ 2%Pb, being
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FIG. 3. d(cE)/dE and o — oy, spectra for fusion systems
160 +2%pb [22] in upper part, 3*S + '8 Er [26] in middle part, and
0Ca+ 1205 [19] in lower part, respectively. DN is the step number
used in the differentiation process.

extremely so, therefore the arguments given by Poffe and
Esbensen cannot be applicable.

CC calculations developed a great deal during the period
of studying fusion enhancement, which appears significant in
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FIG. 4. d(cE)/dE and o — oy, spectra for fusion systems
“0Ca 4 Zr [16] in upper part, **Ca +°*Zr [20] in middle part, and
40Ca 4 7r [21] in lower part, respectively. DN is the step number
used in the differentiation process.

the sub-barrier energy region, where the cross sections of ex-
citation reactions and transfer reactions are all much stronger
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FIG. 5. Excitation functions of fusions and transfer reactions
for some systems of Ni + Mo. Data come from Refs. [35-37],
respectively.

than the ones for fusion, the channel coupling induces the
enhancement. The unknown behavior discussed above is lo-
cated around and above the energies of the Coulomb barrier,
where cross sections of fusion, transfers, and excitation are
all strong. In this region competitions may become more
important than enhancement. In addition, some new reac-
tion mechanisms may open successively, like deep inelastic,
incomplete fusion, or breakup, etc. It may be worthwhile
to mention, in the fusion systems discussed in Fig. 1, the
entrance channel “°Ca + °Zr, does not have strong transfer
reactions involved (there is no transfer channel with positive
Q value). Therefore it may be more favorable to exhibit some-
thing else.

At present, CC calculations treat transfer reactions rather
approximately and the competition between reaction chan-
nels implicitly. Due to the approximations taken, we do not
expect the present CC model calculations to treat the com-
petition effect well at high energies. We do not know yet,
whether competition has important relations with the present
‘oscillation/structure’ discussions, or if there are other factors
that influence CC calculations, e.g., the application of IWBC
(incoming wave boundary condition) in the CC model elimi-
nates possibilities to see structures.

Heavy-ion transfer reactions have been measured for a
long time. Most of these experimental measurements were
performed only at one or two colliding energies. For illus-
trating the competition between fusion and transfer reactions,
Fig. 5 shows an example for collisions between Ni and Mo
[35-37]. One can see that, for collisions of **Ni+ ?>Mo
and ®*Ni + °*Mo, for increasing bombarding energy, the total
cross sections of transfer reaction become gradually weaker
than the fusion reactions. The influences of transfer on fusion
must be treated better than in the present CC calculations.

In light of this phenomenon, there are steps that can
be taken to further the investigation. First, there are some
measurements that might need to be refined. There are differ-
ences between what appear in '°0 4 **Sm and '°0 + '**Sm,
0Ca +Zr and *°Ca + %7Zr, “°Ca + '20s and *°Ca + P,
etc. Repeating these experiments in finer detail is needed
to determine if these differences are real and understand-
able. Second, for some colliding systems mentioned above,
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measurements should be extended to higher energies and per-
formed in smaller energy steps. Third, there is an experimental
gap in the mass range between *8Si +28Si and *°Ca +%°Ca.
Investigation of this area will determine if similar behaviors
appear in between these systems. It would be preferable that
measurements are done with the same experimental setup and
analysis for a more systematic comparison.

In summary, there is an unfamiliar phenomenon observed
in fusion excitation functions above the barrier that has
not been formally addressed. Currently there is no substan-
tial explanation for this phenomenon and calculations like
CC cannot reproduce it. This behavior newly indicated for
heavy systems is somewhat similar with the previous known
resonance phenomenon observed for fusions between nu-
clei >C and '®Q. We suggest further investigations for
more experiments, and for developments of more complete

and exact theoretical calculations of the fusion excitation
function above the barrier, which can incorporate contri-
butions from all competing channels, including both the
entrance and compound channels, etc. The choice of fu-
sion systems might also address simultaneously a second
recent observation [38], namely an unexpected, near perfect
overlap of scaled fusion excitations at the energies above
the barrier including oscillations/structures behavior for sys-
tems leading to the same compound nucleus, but not to
different ones.
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