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Measurements of the fusion cross section of 253°Si+2426Mg have been made for energies ranging
from well below to above the Coulomb barrier. The fusion cross sections increased from about 40
ub at the lowest energy, to 400 mb or more at the highest energy measured. Surprisingly, a cross-
over in the excitation functions for *3°Si+ 2*Mg is observed at the lowest sub-barrier energies. The
data could not be reproduced by either a one-dimensional tunneling calculation or an approximate
coupled-channels calculation within the constant coupling scheme. However, the use of an exact
coupled-channels code, together with incoming-wave boundary conditions, led to good agreement
between the calculated and measured fusion cross sections.

I. INTRODUCTION

The study of reactions between medium-heavy nuclei
below the barrier provides a method to test the nuclear
potential on the inner side of the interaction barrier. In
addition, it might in this way be possible to gain informa-
tion on the influence of nuclear structure upon the behav-
ior of nuclear matter and the nuclear reaction dynamics,
especially for those energies where penetrability effects
are important. Thus, the study of heavy ion fusion reac-
tions at energies well below the s-wave interaction barrier
has attracted considerable theoretical and experimental
interest. For a large variety of systems studied, the sub-
barrier fusion cross section has been observed to present
an unexpected enhancement, as compared with conven-
tional models of tunneling through a one-dimensional po-
tential barrier, which successfully describe fusion above
the Coulomb barrier. Several attempts have been made
to account for this sub-barrier fusion enhancement, from
which it has become clear that inclusion of additional de-
grees of freedom besides the relative separation between
the two nuclei allows for a better comprehension of the
underlying physical process governing the cold dinuclear
system. A detailed review on this subject can be found in
Ref. 1. Among the theoretical approaches that have been
put forward in this respect, we can mention models based
on zero point fluctuations,? neck formation between reac-
tants,? and static deformations of the nuclei involved.*
Coupling of inelastic and/or transfer channels (especially
those with positive Q value) to the fusion channel may
also play an important role in the enhancement of the
sub-barrier fusion cross section.’ In spite of all the
theoretical and the experimental effort, however, the pre-
cise mechanism leading to sub-barrier fusion cross-
section enhancement in particular systems is still not ful-
ly understood. In order to further the understanding of
the theoretical and the experimental aspects of this open
question, it is necessary to extend sub-barrier fusion stud-
ies to other systems. It is in this perspective that we un-
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dertook the study of sub-barrier fusion cross sections for
the 28305j+2426Mg systems. These nuclei are known to
possess strongly collective first excited states with consid-
erable deformations.® It should thus be interesting to in-
vestigate the effects of coupling these states to the fusion
channel.

The experimental procedure is described in the follow-
ing section. In Sec. III, the data are presented and com-
pared in a first stage to calculations of a one-dimensional
barrier penetration model. Next, a simple coupled-
channel calculation performed using the approximate
code’ CCFUS is discussed, and finally full coupled-channel
calculations are presented. Section IV contains the con-
clusions.

II. EXPERIMENTAL METHOD

The experiments were performed using 2%3°Si beams
provided by the three-stage tandem Van de Graaf ac-
celerator at the University of Notre Dame. The beam en-
ergy ranged from 46 to 66 MeV, in steps of 1 MeV. The
%Mg and *Mg targets consisted of self-supporting metal-
lic Mg foils that were isotopically enriched to 99.55% in
the corresponding isotope. In order to verify the purity
of the targets, a particles of incident energy E,, =7.15
MeV were elastically scattered at 6,,,=45° and detected
at the focal plane of a magnetic spectrograph. No con-
taminants other than a small amount of C and O were ob-
served by this method. The thicknesses (128 ug/cm? for
Mg, 430 pg/cm? for 2*Mg), determined by measuring
the energy loss of a particles from an 2*' Am source, are
estimated to be accurate to £10%.

The evaporation residues (ER) from fusion are emitted
in a narrow cone within a few degrees around the beam
axis, and their cross section is relatively small at energies
below the barrier. Therefore, direct detection of residues
becomes difficult in the presence of a large background
arising from slit scattering and other similar types of
events. To accomplish the separation, the evaporation
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residues emerging from the target were deflected out of
the direct beam by means of an electrostatic deflector.
The value of the potential applied to the electrode plates
was selected so as to maximize the yield from each target.
The separated residues were then identified in a time-of-
flight (TOF) and energy spectrometer, which consisted of
a microchannel plate and a silicon surface barrier detec-
tor (SSB) which together defined a 1 m flight path. The
whole apparatus (TOF arm, electrostatic deflector, and
target chamber) was rigidly attached and designed to ro-
tate as a unit, making it possible to measure the angular
distribution over +10° with respect to the beam. A more
complete and detailed report on this spectrometer will be
the subject of a future publication. As can be seen in Fig.
1, the yield of ER can be obtained, essentially free of
background, from the time of flight versus energy spec-
trum, which shows three well-separated islands of events.
The lowest corresponds to the ER from Si+Mg reac-
tions, while the two small groups in the middle are due to
fusion of Si on carbon and oxygen in the target.

The transmission probability of the ER through the
recoil velocity spectrometer was determined empirically
by elastic scattering of ions of similar atomic and mass
numbers, and kinetic energy. To accomplish this, we
measured Rutherford scattering of *®Ni ions on the mag-
nesium targets at a laboratory energy E=72 MeV. We
define the transmission probability as the ratio of the
number of particles detected at the SSB detector to that
initially traveling within the solid angle determined by
the entrance slit of the TOF arm. Four silicon surface-
barrier detector monitors placed inside of the target
chamber symmetrically at 15° with respect to the beam
axis gave a precise determination of the beam position on
the target, as well as the product of the number of in-
cident particles times the target thickness. This provided
the absolute normalization for all cross sections. The ex-

perimental value of the transmission probability,
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FIG. 1. The TOF/energy spectra for Si+*Mg at 6,,,=3°
and E,,, =60 MeV. For details see the text.

41 SUB-BARRIER FUSION OF 3% WITH Mg 989

3
lo 3 T T T T ki T T
- 32 24 3
C S+ Mg ]
|02§ ot ’ 3
C ’ 3
C ’ ]
a | . ]
Ew'tL F E
b F - ]
-, * + Present work -
10° = * Ref. 8 4
|0'I | 1 | 1 1 | |
26 28 30 32
Ecm. (MeV)

FIG. 2. Comparison between the total fusion excitation func-
tion of the 3?S+2*Mg system, obtained in the present work and
in Ref. 8.

T =0.70%0.04, was theoretically confirmed by a calcula-
tion using a Monte Carlo code. It has also been checked
experimentally by additional measurements of sub-barrier
fusion in the 32§+ 2*Mg system, which has been previous-
ly studied by Berkowitz et al.® Excellent agreement is
observed between the two data sets, as illustrated in Fig.
2, except at the very lowest energies where background
events may become important.

Excitation functions for all systems were measured at
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FIG. 3. Angular distributions of Si+ Mg systems at E,, =60
MeV, and the corresponding Gaussian fit (solid curve).
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TABLE I. Total fusion cross sections for Si+Mg systems.

System E .. (MeV) oy, (mb) System E. . (MeV) Oy, (mb)
#Si+ Mg 20.9 0.078(25) #i+ Mg 21.7 0.13(2)
21.4 0.21(41) 22.2 0.39(8)
21.8 0.45(89) 22.6 1.08(12)
22.3 1.10(18) 23.0 2.00(20)
22.8 2.18(25) 23.6 5.00(41)
23.2 6.13(52) 23.9 11.8(9)
23.7 13.4(12) 24.3 21.9(18)
24.1 25.9(18) 24.7 33.5(25)
24.6 41.5(30) 25.1 52.6(36)
25.1 67.2(46) 25.5 79.8(61)
25.5 87.3(61) 25.9 107.3(77)
25.9 115.6(81) 26.4 129.3(89)
26.4 144(10) 26.9 170(12)
26.9 186(13) 27.3 204(14)
27.3 215(15) 27.7 240(17)
27.8 223(16) 28.2 264(18)
28.2 253(18) 28.6 295(20)
28.7 292(20) 29.1 31021)
29.2 352(23) 29.6 348(24)
29.6 381(26) 30.0 349(23)
30.1 423(29)
8i + Mg 21.1 0.073(42) 08i 4+ Mg 21.0 0.042(30)
21.5 0.24(6) 21.4 0.12(2)
21.9 0.76(11) 21.8 0.35(4)
22.4 2.12(22) 22.2 0.69(10)
22.8 5.72(50) 22.7 1.61(15)
23.2 12.2(9) 23.2 4.05(31)
23.7 23.0(16) 23.6 9.68(93)
24.1 41.4(29) 24.0 19.6(16)
24.5 62.8(45) 24.3 36.0(29)
25.0 91.2(65) 24.6 49.8(37)
25.4 116.1(82) 25.1 69.2(50)
25.9 145(10) 25.5 99.8(71)
26.3 179(13) 25.9 128.4(89)
26.7 198(14) 26.3 161(11)
27.2 250(18) 26.8 199(13)
27.6 278(20) 27.2 245(17)
28.1 307(23) 27.6 289(20)
28.5 332(24) 28.1 320(22)
28.5 358(24)
29.0 390027)
29.4 418(29)

an angle of 6,,, =3°. In order to convert this single angle
excitation function into a total fusion yield, ER angular
distributions were measured at a laboratory bombarding
energy of E=60 MeV. Since the shape of the ER angular
distribution does not change substantially with incident
energy, we can use the integration of the measured angu-
lar distribution at this energy to deduce the absolute
cross sections at other energies. To do this, the angular
distributions were fitted with a Gaussian function, and
then integrated from 0° to 20°. That this upper limit of
the integration is reasonable is illustrated in Fig. 3, which

shows angular distributions measured for the four sys-
tems. Note that both left and right measurements were
taken to ensure precise determination of the beam axis.
Beam energy losses in the targets were corrected for by
an iterative procedure, taking into account the slopes of
the excitation function. At each step, corrected beam en-
ergies were obtained by weighting the energies from the
previous step by the experimental fusion cross section,
and averaging over the energy loss in the target. This
process was repeated until self-consistent results were ob-
tained.
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FIG. 4. Fusion excitation functions for the Si+ Mg systems.

III. RESULTS AND DISCUSSION

The experimental data are tabulated in Table I. Sys-
tematic errors of the order of 8% in the absolute yield,
dominated by the uncertainty in the transmission of the
spectrometer and the integration of the angular distribu-
tions, are estimated. The excitation functions are shown
in Fig. 4. The measured cross sections span almost 4 or-
ders of magnitude. For all systems they rise from ap-
proximately 40 ub at low energies and flatten out at
about 300 mb at the highest energies. The excitation
functions of the Si+2*Mg and 3°Si+2Mg systems have
approximately the same shape over all the energy range,
while, surprisingly, the 2530Si+2*Mg excitation functions
cross over each other at the lowest sub-barrier energies
despite the lower fusion barrier for the latter system.

In a first attempt to understand the sub-barrier fusion
in these systems, we compared our data with the predic-
tions of a one dimensional tunneling model using the
non-coupling mode of the code CCFUs.” The potential
used in this calculation consisted of a sum of the
Coulomb potential for two point charges, plus a centrifu-
gal term and real nuclear potential having a Woods-
Saxon shape. The Schrodinger equation is then solved as-
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FIG. 5. The fusion excitation functions compared with the
one-dimensional barrier penetration model calculations (solid
curve).

suming a black nucleus, so there are no reflections from
the nuclear interior, and the fusion cross section is com-
puted from Wong’s formula:’

O =(R2/2E, , Yo In{1+exp[ (27 /fiw ) E, , —V;)]}
(1

Here, R,, V,, and #iow are the radius, height, and curva-
ture of the barrier, respectively. The depth of the real
part of the nuclear potential was adjusted in order to fit
the data at high energy. The barrier parameters obtained
from these calculations are listed in Table II, together
with the corresponding values from the systematics estab-
lished by Vaz et al.> Good agreement between the ex-
perimental and systematic barrier parameters is obtained.
Figure 5 presents the results of this calculation compared
with the experimental data. At sub-barrier energies,
large enhancement are observed in the case of the **Mg
systems, while enhancement is much less important
(though still observable) for the 2Mg systems. One may

TABLE II. Barrier parameters deduced from this work, and predictions from the systematics of Ref.

3.
This work Systematics
System V, (MeV) R, (fm) fiw (MeV) V, (MeV) R, (fm)
88i + Mg 25.1 8.93 3.49 25.0 8.91
308i+ Mg 24.8 9.05 3.40 24.7 9.02
285i+ Mg 25.0 8.95 3.39 24.6 9.03
308 +2Mg 24.8 9.05 3.29 24.4 9.14
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TABLE III. Deformation parameters used in the coupled-channels calculations. The same deforma-
tion lengths were used in both cCFUS and PTOLEMY. The quadrupole deformations 3, were determined
from measured quadrupole moments (Ref. 6). The B(E2) values were obtained from appropriately

weighted individual B (E2) values as given in Ref. 15.

Nucleus J7 E, MeV) B(E2)T (e?b?) Q7 (efm?) B,R B
2Mg 2+ 137 0.0432(12) —~182) 1.81
Mg 2+ 1.81 0.0305(13) —13(3) 1.27
28gj 2t 1.78 —0.0326(12) +16(3) —1.31

47 4.62 0.15
0si 27 2.24 0.0215(10) —9(4) 0.72

speculate that this difference is due to the relatively large
prolate quadrupole deformation of the 2*Mg nucleus.

The above results clearly indicate that the present data
cannot be described by a one-dimensional model. We are
then naturally led to try to take into account the coupling
to other degrees of freedom, such as the excitation of
low-lying states of the projectile and target. To include
these inelastic channels, we performed coupled-channels
calculations within the constant coupling scheme, using a
modified version of the program CCFUS, 10 which allows
for a static rotor description. It was assumed for the pur-
poses of this calculation that the Mg and Si nuclei possess
a static deformation. The potential, and in particular the
depth of its nuclear part, is otherwise the same as that
used in the one-dimensional calculation. The deforma-
tion parameters, listed in Table III, were extracted from
measured static quadrupole moments,® and it was as-
sumed in these calculations that the ?Si nucleus has an
oblate shape, while *°Si, Mg, and **Mg nuclei are pro-

late. The results of this calculation are compared with
the data in Fig. 6. The calculations overpredict the
enhancement by a substantial amount, which may be due
either to the fact that this simplified model calculation
neglects the excitation energy of the rotational states, or
to the breakdown of the sudden approximation in which
it is assumed that the fusing nuclei do not rotate appreci-
ably during the course of the interaction, so that the
fusion probability may be calculated as a straightforward
average over the results obtained for various target and
projectile orientations.!® Note that the relatively high
excitation energy of the first excited state of these light,
even-even nuclei (corresponding therefore to a high rota-
tional frequency) makes rotation during the fusion in-
teraction more likely.

In order to take into account the excitation energies of
the projectile and target states, we have performed a full
coupled-channels calculation using the code PTOLEMY, !!
with incoming wave boundary conditions. This tech-
nique has been used successfully by Landowne and
Pieper!? for the ¥Ni+*8Ni reaction. The set of coupled
equations given by

[8/8r + KX U, (r)=2u /%2, V, (1)U, (r) , (2)

where p is the reduced mass, K,(r) is the local wave
number, and V,,(r) is the coupling interaction, is solved
by imposing an incoming wave boundary condition of the
form suggested by Rawitscher:!?

Uy(r = [1/Ky(N]exp | =i [ K,,(r')dr'] . (3)
b

Here, R, is the boundary radius taken to be inside the
Coulomb barrier. This boundary condition ensures that
any flux penetrating the barrier is not reflected back to a
surface mode and may therefore be ascribed to fusion.
The ER cross section is then determined as the difference
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FIG. 6. The fusion excitation functions compared with
CCFUs calculations using the static rotor description (solid
curve).
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FIG. 7. Comparison of the experimental total fusion cross
sections with PTOLEMY predictions. The dashed curve corre-
sponds to coupling of the 2% excited states of target and projec-
tile, while the solid curves correspond to the inclusion of the 4*
state of 2Si.

between the total reaction cross section and the total
cross section in the excited channels. We used this ap-
proach to carry out coupled-channels calculations for the
four systems. No transfer channel was included in the
coupling scheme; only excitation of low-lying inelastic
states was considered. A Wood-Saxon potential having a
real depth V=37 MeV, a radius r,=1.18 fm, and a
diffuseness a;,=0.63 fm was used. The boundary radius
was set inside the barrier at R, =6.7 fm. Altering this ra-
dius around its nominal value has only a very small effect
on the result. The deformation parameters and elec-
tromagnetic transition strengths used in the calculation
are listed in Table III, and the results are compared with
the experimental data in Fig. 7. We first considered the
coupling of the first 27 excited states of the projectile and
target (dashed curve). The magnitude of the cross section
is well reproduced for all systems, except for the
285i+26Mg system where the calculation slightly over-
predicts the data. The solid curve shows the effect of the
additional coupling of the 4% excited state in 28Si
(E,=4.62 MeV), which is known'* to have relatively
large hexadecapole deformation (B4=0.15). This in-
creases the fusion cross section, while inclusion of the
4%(4.62 MeV) to 27 (1.78 MeV) transition, and the reori-
entation effect in 2%Si, lead to insignificant changes.

The fact that these calculations (including only the first
excited states) account for essentially all of the enhance-
ment observed over the one-dimensional barrier penetra-
tion model, and that the 2*Mg systems exhibit much more
enhancement when compared with the Mg systems,
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suggest that this difference is due to the large prolate
quadrupole deformation of 2*Mg as we suggested above.
Considering the fact that no free parameter was allowed
in these model calculations we can conclude that, within
this coupled-channels framework, the spectroscopic in-
formation from the literature provides a remarkably good
description of the data. Furthermore, it appears unlikely
that transfer reactions have a very important role to play
in the fusion of the systems we have investigated, since
inclusion of coupling to transfer channels can only in-
crease the predicted yield.

Finally, despite the excellent overall agreement be-
tween data and prediction, some possibly interesting
discrepancies still remain. In particular, the two systems
involving 2%Si are both overpredicted in a region between
the barrier and the far sub-barrier energies. While it is
possible that this is an artifice of the data generated by an
unknown systematic error in our relative normalization
procedure, all of these data were taken at the same time
with the same experimental setup. Furthermore, we ob-
serve no such discrepancies in the comparison with the
data of Ref. 8, except for the small difference at the
furthest sub-barrier energies which may be attributed to
background subtraction problems at a level of a few hun-
dreds of microbarns. Thus, the observed discrepancy in
the near-barrier regime is very likely to be a real effect.
In this regard, it is perhaps instructive to compare the
one-dimensional tunneling calculations (Fig. 5) with the
full coupled-channels result (Fig. 7) for the various sys-
tems. Note that the former accurately predict both the
far sub-barrier yield (except possibly for 28Si+2*Mg) and
the above-barrier cross section, but fail in the intermedi-
ate energy regime. The effect of channel-coupling is pri-
marily to boost the yield in the near-barrier region, and
this results in excellent predictions for 3°Si+2°Mg, and
especially for *°Si+2*Mg where the near-barrier enhance-
ment is particularly obvious. On the other hand, the pre-
dictions for the systems involving 2Si are not as good,
possibly suggesting the need to couple other surface-
peaked quasielastic channels in these cases. Finally, we
note that the surprising crossover of the 2%3%Si+2*Mg ex-
citation functions is perhaps qualitatively reproduced by
the coupled-channels calculations, which predict more
sub-barrier enhancement for the former system (compare
Figs. 5 and 7). However, it must also be noted that the
predicted excitation functions do not actually cross over
each other, so that a quantitative understanding of this
phenomenon has not been achieved.

IV. CONCLUSIONS

We have obtained fusion excitation functions around
and well below the barrier for the reactions
28,30gj 4 24.26Mg  using an electrostatic deflector in con-
junction with a TOF/energy telescope. The measured
fusion cross sections covered 4 orders of magnitude from
40 ub to 400 mb. The experimental data show enhance-
ments when compared with calculations based on a one-
dimensional tunneling model, with the 2*Mg systems ex-
hibiting the most enhancement. Coupled-channel calcu-
lations within the constant coupling scheme, and using a
static rotor description, overpredict the data. A full
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coupled-channels calculation with incoming wave bound-
ary conditions was carried out, and good agreement was
achieved when the first 2% states of the projectile and tar-
get were included. However, some discrepancies in the
middle energy range still remain for the systems involv-
ing 2Si. The explanation of this relative suppression of
the fusion yield at near-barrier energies may provide
some useful insights into nuclear reaction dynamics in
the “nuclear exosphere,” i.e., where cold nuclear matter
is very slightly overlapping.
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