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First evidence of fusion hindrance for a small Q-value system
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Abstract

The excitation function for the fusion—evaporation reaction 285j 4 %4Ni has been measured down to a cross section of 25 nb. This is the
first observation of fusion hindrance at extreme sub-barrier energies for a system with a small, negative Q-value (—1.78 MeV). This result is
further proof that heavy-ion fusion hindrance, reported earlier only for systems with large, negative Q-values, is a general phenomenon. The
measured behavior can be reproduced by coupled-channels calculations with a modified ion—ion potential incorporating the effects of nuclear

incompressibility.
© 2006 Published by Elsevier B.V.

PACS: 25.70.Jj; 24.10.Eq; 26.30.+k

The phenomenon of sub-barrier fusion enhancement in
heavy-ion induced reactions at energies in the vicinity of the
Coulomb barrier has been well documented for many systems
[1-7]. In contrast, the unexpected hindrance of heavy-ion fu-
sion at extreme sub-barrier energies has only been discovered
more recently [8—12]. Indeed, it has been shown that the ex-
citation functions of such reactions exhibit an abrupt decrease
in cross section at the lowest beam energies and, as a result,
a maximum appears in the associated astrophysical S factor at
energy E; [9]. This behavior cannot be described by conven-
tional coupled-channels calculations. A new mechanism was
proposed in Ref. [13], which explains heavy-ion fusion hin-
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drance quite well for the fusion reaction ®*Ni + ®*Ni. In this
model, the steep falloff of fusion is related to the saturation
properties of nuclear matter which inhibit the large overlap of
the reaction partners, cause a change of the nuclear potential
inside the barrier and result in a hindrance of the quantum tun-
neling.

Thus far, the study of the sub-barrier hindrance phenom-
enon has focused solely on colliding systems with very negative
fusion Q-values. As a result, the S factor must always reach
a maximum at sufficiently low beam energies (corresponding
to an abrupt decrease in the measured cross sections) since the
final state phase space disappears when the center-of-mass en-
ergy, E, approaches —Q [9]. The systematic study of Ref. [14]
suggested, on the basis of a phenomenological analysis, that the
hindrance behavior might be a general phenomenon in extreme
sub-barrier fusion reactions, but this has not yet been demon-
strated convincingly for a system with either a small negative
Q-value, or even a positive one.
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In order to explore this issue, the fusion—evaporation exci-
tation function for the 28Si + %Ni system with a Q-value of
only —1.78 MeV has been measured down to 25 nb. This rep-
resents a qualitative difference from the well studied systems
mentioned above, where the Q-values ranged from —36.6 MeV
for 328 +39Y [15] to —157.4 MeV for *°Zr + *°Zr [16]. Fur-
thermore, the present study also represents an opportunity to in-
vestigate whether the ion—ion potential used in Ref. [13] is able
to describe fusion systems much lighter than the one discussed
in the earlier work. It should be noted that this 28Si 4 *Ni sys-
tem had been measured previously down to a cross section of
41 pb [17], i.e., down to an energy insufficient to investigate the
issue under discussion here.

The experiment was performed with 28Si beams in the en-
ergy range of 63-95 MeV delivered by ATLAS, the supercon-
ducting linear accelerator at Argonne National Laboratory. The
maximum beam current used was ~100 pnA. This relatively
high beam intensity does not represent a problem in terms of
target damage because of the high melting point of the highly-
enriched, metallic nickel material (which was evaporated on a
40 ug/cm? carbon foil). Thin targets with thicknesses of about
15 pg/cm? were used in order to reduce the correction for tar-
get thickness in the energy regime where the steep fall-off in
the excitation function occurs. The isotopic abundance of ®*Ni
was 98.02%, with the remainder coming from ®Ni (0.97%),
6ONi (0.57%), ®'Ni (0.05%) and ®*Ni (0.39%). Small conta-
minations from lighter isotopes did not interfere with the ac-
tual measurements since the associated barriers are all higher
than for *Ni. Two surface-barrier Si detectors, located at +43°
with respect to the beam direction, served as monitors. The ab-
solute cross sections for fusion—evaporation were determined
by using elastic scattering measured with these two coun-
ters.

The experimental procedure was similar to that used in ear-
lier measurements of the fusion—evaporation excitation func-
tion for the system %*Ni + %Mo [11,18]. Briefly, the evapo-
ration residues were measured with the Fragment Mass Ana-
lyzer (FMA) [19] placed at 0° with respect to the beam direc-
tion. The instrument has been upgraded with the installation of
a split-anode in the first electric-dipole [20]. The background,
originating mostly from the beam scattered off the first an-
ode, is greatly suppressed as a result. The evaporation residues
were detected and identified behind the FMA with detectors of
the configuration PGAC-TIC;-PGAC,-TIC>,-PGAC3-IC de-
scribed in detail in Ref. [18]. Here, the symbol PGAC stands
for an x—y position sensitive, parallel-grid avalanche counter,
TIC for a transmission ionization chamber, and IC for a large
volume multi-anode ionization chamber. The first PGAC; was
mounted at the horizontal (x-direction) focal-plane of the FMA,
where the evaporation residues are dispersed according to their
mass-to-charge ratio m/q.

Only one charge state at the time could be measured at each
FMA setting. As a result, full charge state distributions were
obtained at five energies, while three to five charge states were
recorded for five intermediate points. Only one charge state was
measured for the six lowest energies because of the low cross
sections involved. These data proved sufficient to determine the
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Fig. 1. m/q spectra obtained at three of the lowest bombarding energies for
28 + 64Ni fusion evaporation residues. The corresponding fusion evaporation
cross sections were 25 nb, 150 nb and 8.3 pb, respectively. The peaks observed
in (a) are for m/q = 89/14 (low channel number) and 88/14, respectively.

charge state fractions of the detected evaporation residues with
the desired accuracy.

In order to establish the FMA transmission, it is neces-
sary to characterize the angular distribution of the residues. In
the present experiment this was achieved by determining their
velocity distribution. This method was developed at Argonne
previously [21] and relies on an accurate determination of the
time of flight of the reaction products on an event-by-event ba-
sis. For this purpose the flight time from the target to PGAC|,
and the flight time between PGAC; and PGAC3; were used.
The inferred angular distributions agreed well within the de-
sired uncertainty with that measured at Ejy, = 84.5 MeV in
Ref. [17], as well as with those calculated with the statistical
code PACE [22].

The separation between the evaporation residues and the
background was very good even at the lowest energy mea-
sured. Three position-spectra are given for the measurements
carried out at the lowest, 2nd-lowest and 4th-lowest energies in
Fig. 1. The peaks observed in Fig. 1(a) correspond to residues
with m/q = 89/14 (lower channel number) and 88/14, re-
spectively. At the lowest-energy, two evaporation residues with
m/q = 89/14 were observed. The fusion evaporation cross sec-
tions measured at these three energies were 25 nb, 150 nb and
8.3 ub, respectively.

The experimental cross sections, covering more than 7 or-
ders of magnitude, are presented in Fig. 2, as an excitation func-
tion in the center-of-mass system. Comparisons with the previ-
ous data [17] are provided as well. In the near-barrier region,
the two measurements agree within experimental uncertainties.
At lower energies, however, an energy shift A Ejyp ~ 1.2 MeV
between the two data sets appears; the situation is similar to that
found earlier for fusion in the ®*Ni+%*Ni system. In this case as
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Fig. 2. Excitation function for the fusion of 285 4 O4Ni. The solid circles are the
present results, while the open ones are taken from Ref. [17]. The dot-dashed
and solid curves are the results of coupled-channels calculations with a usual
Woods—Saxon potential and a shallow potential incorporating the effects of nu-
clear incompressibility, respectively (see text for details). The dotted curve is
the result of a one-dimensional, no-coupling calculation.

well, an energy shift AEj,,~1.5 MeV was observed between
the cross sections measured at Argonne [10] and those reported
in Ref. [23].

Detailed coupled-channels calculations have been carried
out in order to account for the data. As a starting point, they
took advantage of the fact that the earlier data of Ref. [17] had
been analyzed in the coupled-channels approach [24]. Specifi-
cally, sensitivity to transfer reactions was found, in particular
to 2-neutron transfer, a process with a positive ground-state
Q-value of 2.59 MeV. The present calculations are similar to
those of Ref. [24] for the coupled-channels part. Thus, they
include the 2% and 3~ excitations in both 28Si and %*Ni, the
mutual excitations below 7 MeV and the two-phonon quadru-
pole excitations. All together, ten channels were coupled. Two
types of potentials were considered. The first was a conven-
tional Woods—Saxon ion—ion potential with a diffuseness para-
meter a = 0.63 fm. In order to reproduce the present data in the
cross section range above 0.2 mb, the radius parameter AR =
0.20 fm used in Ref. [17] had to be adjusted to 0.31 fm. The
coupled-channels calculations, together with a one-dimensional
penetration calculation (without couplings) can be seen in Fig. 2
as dot-dashed and dotted curves, respectively. As in previous
studies [8—12], the conventional coupled-channels calculations
(with a Woods—Saxon potential) reproduce the data well for
all cross sections above ~0.1 mb, but overpredict the measure-
ments at extreme sub-barrier energies.

As stated above, a new mechanism was proposed to explain
fusion hindrance at extreme sub-barrier energies by consider-
ing explicitly the incompressibility of the overlapping reaction
partners and estimating the ion—ion potential in a double fold-
ing model [13]. The inclusion of this compressional energy
results in a shallower potential and thicker barriers, that is ulti-
mately responsible for the fast fall-off of the excitation function
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Fig. 3. Spherical ion—ion potentials for 28 + 94Ni; the solid curve is the po-
tential employed in the present study. The dashed curve is the Akyiiz—Winther
potential. The horizontal solid and dotted lines are schematical plots of the tra-
jectories for incident ions at an energy E = Ej.

at the lowest beam energies. The same approach was adopted
to analyze the present experiment. The potential proposed in
Ref. [13] (M3Y + repulsion) is compared with a more con-
ventional Woods—Saxon one (Akyliz—Winther [25]) in Fig. 3,
where the schematic trajectories of particles of energy E = E;
is also indicated.

The coupled-channels calculation results with this shallow
potential are given by the solid curve in Fig. 2. The agree-
ment between the model and the data is satisfactory and of the
same order as in the *Ni + %Ni case. Thus, a consistent inter-
pretation is achieved for two systems with strikingly different
Q-values, as the rather small negative Q-value, —1.78 MeV,
for the fusion reaction 28Si + ®*Ni does not appear to affect the
ability to reproduce fusion hindrance at extreme sub-barrier en-
ergies.

The logarithmic derivatives L(E) and the S factor have also
been derived using the expressions given in Ref. [9]. These
two quantities are shown in Figs. 4(a) and 4(b), respectively.
In Fig. 4(a) the star symbols are obtained from a least squares
fit to three neighboring entries for the cross sections. The heavy
solid line in the figure is the so-called constant S factor ex-
pression, Ls(E) = %, derived in Ref. [9], while the dotted
line corresponds to a linear fit to the low-energy part of L(E).
The crossing point of these two lines determines the loca-
tion of the maximum in the S factor curve, which occurs at
E; =45.6MeV and Ly =2.78 MeV~! for the 28Si 4 %*Ni sys-
tem. It is worth noting that, from the previous data (Ref. [17]),
a value of E; = 47.3 MeV is obtained with the extrapolation
method described in [9]. The difference in the values extracted
from the two measurements is due to the combination of the en-
ergy shift in the excitation functions mentioned above and the
precise knowledge of the fall-off of the cross section that is now
available. The data for L(E) and S(FE) deduced from Ref. [17]
are given as open circles in Figs. 4(a) and 4(b) for comparison.

Obviously, there is a significant, but broad maximum in the
S factor curve as a function of energy (see Fig. 4(b)). This be-
havior cannot be reproduced by the calculations based on the
Woods—Saxon potential (dot-dashed curves). On the other hand,
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Fig. 4. (a) The logarithmic derivative L(E) =d(Ino E)/dE, plotted as a func-
tion of the center-of-mass energy E for the fusion of 288 + %4Ni. The stars
are obtained from least squares fits to three data points. (b) The S factor
S(E) = o Eexp(2mn), plotted as a function of the center-of-mass energy E.
The solid circles are the experimental results. The L(E) and S(E) values ob-
tained from the data of Ref. [17] are shown as open circles. The heavy solid
line corresponds to a constant S factor. See text for details.

the new potential by using the recipe of Ref. [13] (solid curves)
follows the patterns exhibited by the data.

The extracted values for the parameters Ly and Es in the
reaction 28Si + ®Ni are described well by the empirical ex-
pressions given in Ref. [14]:

L™ =233 +500/(Z1 Z2/i8) (MeV™), )
and
ES™ = (0.495Z1 Z, /ii/LE™)? (MeV), )

within the desired accuracy. The derivatives (dL/dE)exp and
(dL/dE).s obtained at E; are —0.39 and —0.09 MeV 2, re-
spectively. The general trend exhibited by the ratio of these two
derivatives is also described well by another empirical equation
proposed in Ref. [14],

Ratio®™ =1+ 107%(2, Zo/i )", 3)

where u is the reduced mass number A; A /(A1 + A»).

All these observations confirm the conclusion proposed in
Ref. [12], that the systematic behavior of the hindrance phe-
nomenon is closely related to the properties of the entrance
channel of the colliding system.

As mentioned above the maximum of the S factor of the
fusion reaction 28Si 4 %*Ni is broad. Since

d*In(S(E)) dL(E) d(F

dE?  dE dE
the radius of curvature p of In(S(E)) vs. E can be expressed
as,

I dL(E) d(L(E))
p dE  dE ®)

“

Thus, p is determined by the difference between the derivative
of L(E) and that associated with a constant S factor (dL/dE)s
at E = E;. Expanding to second order around the S factor max-
imum we thus find

S(E) = S(Ey) x e =, (©)

as shown by the dashed curve in Fig. 4(b). It describes the
experimental S(E) values at energies E ~ E, rather well. It
should be mentioned that in comparison with the medium-mass
fusion systems where Q-values are large and negative, the ab-
solute value of % — % for the 28Si + %Ni reaction
is smaller, and the absolute value of p is larger, resulting in
a S(E) factor with a broader maximum. This observation also
holds for other systems with small negative Q-value, although
their S(E) maxima have not yet been explored as thoroughly as
is the case for the reaction under study here. Nevertheless this
behavior can already be seen by using the extrapolation method
developed in Ref. [10].

This work has reported on the first observation of sub-barrier
fusion hindrance, and a clear maximum in the S factor as a func-
tion of energy, in a colliding system with a near zero Q-value.
This result confirms the assumption made previously that the
sub-barrier hindrance is a general phenomenon in heavy-ion
reactions. Furthermore, the success of the comparison of the
new data with the model proposed in Ref. [13] can be viewed
as further evidence that the hindrance is a consequence of the
modification of the ion—ion potential inside the barrier origi-
nating from the incompressibility for total overlap between the
reaction partners. Because this phenomenon manifests itself at
the lowest energies, it is expected to impact stellar processes
significantly and should be incorporated in network calcula-
tions involving fusion of light heavy-ion reactions which are
of interest in astrophysics [26].
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