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Abstract. A systematic study of the sub-barrier fusion reactions with neutron-rich projectiles has been
carried out for three isotopes 272%3'Al bombarding a '°"Au target. A target chamber equipped with
a target stack and sets of MWPC was employed in order to enhance the efficiency of the radioactive
beam experiment. Coupled-channel calculations including the quadrupole excitations do not well fit the
measured fusion excitation functions, whereas flat barrier distributions to represent the coupling to the
neutron transfer largely account for the observed enhancement of the sub-barrier fusion cross-sections.

PACS. 25.60.Pj Fusion reactions — 25.70.Jj Fusion and fusion-fission reactions

1 Introduction

It is known that heavy-ion fusion cross-sections are
strongly enhanced in the energy region near and below
the classical fusion barrier as compared to the expectation
from the one-dimensional barrier penetration model [1].
Various mechanisms have been proposed to explain such
enhancement of the sub-barrier fusion cross-sections: zero-
point motion of collective surface vibration [2], coupling
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to inelastic excitation and nucleon transfer channels [3],
and neck formation between the colliding nuclei [4]. These
effects can also be treated in terms of distribution of fu-
sion barriers [5,6].

The advent of radioactive beams has brought a re-
newed interest in the study of the sub-barrier fusion, since
very neutron-rich projectiles may give rise to unique pos-
sibilities of extra enhancement. Loosely bound neutron-
rich nuclei exhibit several characteristic features. Firstly,
a neutron density distribution extended far beyond the
range of normal nuclei is often manifested in the so-called
neutron halo or skin nuclei [7]. Such an extended distri-
bution naturally leads to a larger Coulomb barrier radius
and hence to a lowered height of the fusion barrier, result-
ing in the enhancement of the sub-barrier as well as the
above-barrier fusion cross-sections [8,9]. Besides, one may
expect significant dynamical effects in the entrance chan-
nel, which can be induced through the coupling to the in-
elastic reaction processes. In this regard, the soft dipole ex-
citation [8,10] and breakup reaction [11-15] would be im-
portant, since they can be favorably promoted for loosely
bound neutron-rich nuclei. Finally, the coupling to neu-
tron transfer channels would be also important for the
neutron-rich nuclei, whose small neutron separation ener-
gies could help to lower the fusion barrier [16].

In the present work, a systematic study of the fu-
sion excitation function has been performed for the three
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isotopes 272931 Al with a common target nucleus of 197 Au.
This combination of projectiles was chosen because the
two-neutron separation energy Sp, varies widely among
these isotopes; the values of Sy, are 24.4, 17.2 and 12.9
MeV for 272931 Al respectively. For the isotopes stud-
ied, the effects of the extended neutron distribution and
of the breakup process may be weak since their binding
is not extremely loose. On the other hand, the influence
of the neutron transfer process may be depicted through
the wide variation of the separation energy among the
three isotopes.

Recently, fusion excitation functions were studied at
MSU for the stable 32S and unstable 3®S projectiles with
the '®1Ta target nucleus [17]. The data were fitted to
coupled-channel calculations including the deformation of
the target nucleus, the excitation of the first quadrupole
and octupole states of the projectile nuclei, and the ex-
citation of the low-lying states of the ground state ro-
tational band of the target nucleus. The data were repro-
duced fairly well by significantly changing the depth of the
nuclear potential between the two systems studied. On the
other hand, the low-energy data only reached the region
of the classical barrier, corresponding to cross-sections not
lower than ~100 mb. In order to investigate the effect of
neutron transfer, the data well below the barrier are most
sensitive. Thus, we have extended the present measure-
ment to the region of ~10 mb.

The experiment was performed by using radioactive
beams of 2231 Al. To enhance the experimental efficiency,
a package of many target foils was employed. The data
were first compared with the result of a standard theoret-
ical analysis using the coupled-channel code CCDEF [18],
where the effects of inelastic channels were quantitatively
treated. The significant discrepancies arising from the
comparison were then discussed in relation to possible ef-
fects of neutron transfer [5].

2 Experimental procedure

The experiments with unstable nuclei 2931 Al were per-
formed using the projectile fragment separator RIPS [19]
at RIKEN. Beams of ??Al and 3'Al were produced in
the fragmentation of a primary beam of 90 MeV/A “0Ar,
which impinged on a production target consisting of a Be
plate with 2.5 mm thickness. The radioactive residual frag-
ments were separated through two dipole magnets with
an achromatic degrader placed in between. The beams
were transmitted to the target area through the two focal
points, F2 and F3 separated by 5.78 m along the beam
line. Figure 1 schematically shows the experimental setup
used to measure the fusion cross-sections. An Al plate with
0.98 mm (0.85 mm) thickness for the 22 Al (31 Al) beam was
installed near F2 to bring down the beam energy to the
appropriate region for the fusion reaction. The energy of
the beam particle was determined event by event, measur-
ing the time of flight (TOF) between F2 and F3. For this
purpose a thin plastic scintillator with 0.5 mm thickness
and a microchannel plate detector (MCP) with a Formvar
film coated with ~200 ug/cm? Au were placed at F2 and
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Fig. 1. Schematic drawing of the experimental setup. Lower
panel shows a front view of the target chamber.

F3, respectively. After passing through the degrader and
the TOF detectors as well as the production target and
the achromatic degrader, the beam of 2Al (3'Al) had a
typical intensity of 1x 10° cps (3 x 10* cps) and a wide en-
ergy spread ranging from 161 MeV (119 MeV) to 216 MeV
(200 MeV) at the half maximum intensity. Pile-up events
were rejected by a logic circuit with 300 ns rejection capa-
bility, which ensured one-to-one correspondence between
an injected particle and its reaction event. Impurity nuclei
in the 2931 Al beam were eliminated using information of
two TOFs: one between F2 and F3, the other between the
Be production target and F2.

The target chamber was placed downstream F3. It
accommodated both a multi-fold target and two pairs
of MWPC, and was filled with a gas mixture of helium
(40 mbar) and isobutane (10 mbar) for the wire detec-
tors. The multi-fold target was employed to increase the
event rate considerably. It consisted of a stack of 10 foils of
Mylar-backed Au, which were separated from their adja-
cent neighbors by 6 cm (in part 3 ¢cm) along the beam di-
rection. These foils were obtained by evaporation onto My-
lar films and had an area of 64(H)x38(W) mm?. The areal
density of Au ranged from 270 pg/cm? to 460 ug/cm?,
while the Mylar had a thickness of 1 pym.

As the beam went through the target chamber, it was
further decelerated by the target foils and detector gas.
Separate runs were carried out to observe the shift of
the beam energy through the chamber by placing a sil-
icon solid state detector at the back of each target foil.
The energies at different target foil positions were then
determined as functions of TOF for the incoming parti-
cle. The accuracy of the beam energy thus determined was
4+0.9 MeV at the first target position and +1.5 MeV at the
last target position. The broad distribution of the beam
energy over the target foils was useful to obtain the fusion
excitation function at a time.

Compound nuclei produced by the fusion reactions re-
sulted in fission with emission of two fragments. These
fragments were detected with pairs of MWPCs placed on
both sides of the target stack. Each pair comprised in-
ner and outer MWPCs, which, respectively, had six and
twelve resistive anode wires stretched along the beam di-
rection. The wires were separated at intervals of 12 mm to
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Fig. 2. Two-dimensional plots of 0i.,-AFE for the 29A1 4197 Au
reaction, where 6o and AFE show the zenithal angle in the
laboratory system, and the energy loss through an MWPC
for the ejected particles, respectively. The lower panel shows
the energy loss of the single particle, whereas the upper panel
shows the summation of the energy loss of the two particles
detected in coincidence by the MWPCs on both sides. The
dashed curves indicate the fission fragments.

determine the vertical coordinate of the impinging frag-
ment, while the coordinate along the beam direction was
determined from the charges collected at both ends of the
anode wires. Fusion-fission events were separated by im-
posing a condition, that the two pairs of MWPCs were
hit in coincidence. The target foil at which the reaction
occurred was identified from the tracks of two fragments
determined by the pairs of MWPCs. Figure 2 shows a
typical two-dimensional plot for the 29Al+'97 Au reac-
tion analyzed. Background or spurious events due to elas-
tic scattering and other reactions were easily separated by
incorporating energy losses at the MWPCs, the ejection
angle of each fragment, and the opening angle of the two
fragments.

The fusion cross-sections were deduced by correcting
for the detector acceptance, assuming a fission angular
distribution of the form of 1/sin 6y, where 6., shows
zenithal angle of the fragment in the center-of-mass sys-
tem. This angular distribution was verified in the range
of 30° < Oy < 160° for 27Al +197 Au, which was mea-
sured at JAERI as described in detail below. Because
PACE2 [20] simulations show that the contribution of
evaporation channels is less than 0.1% in the measured
energy region, the fusion-fission cross-sections are consid-
ered as the total fusion cross-sections.
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The fusion reaction with the stable nucleus 27 Al was
performed in two different ways. The first experiment was
performed using a 182.3 MeV 27Al beam from the RIKEN
AVF cyclotron. In this case, the same setup of the target
and MWPC system as used for the radioactive beams was
employed. The target consisted of twenty foils of Au with
areas of 28(H)x22(L) mm?, and the areal densities rang-
ing from 68.8 ug/cm? to 190.3 pg/cm?. These foils were
backed by Mylar films of 0.58 pum thickness. In contrast to
the case of the radioactive beams, the incident beam was
monochromatic so that the energy was fixed at each target
position. On the other hand, the energy varied along the
chamber as the particle lost the energy by the upstream
foils and detector gas. Thus, the fusion cross-sections at
twenty different energy points were measured at a time.

The second experiment was performed to provide a ref-
erence for the calibration of the MWPC detection system.
It was, thus, performed with a standard method so as to
obtain an absolute magnitudes of cross-sections. In this ex-
periment, the 27 Al beam was provided by the 20 MV tan-
dem accelerator of the Japan Atomic Energy Research In-
stitute (JAERI), and a single target foil of Au with a thick-
ness of ~480 pg/cm? was irradiated. The beam energy
was varied stepwise from 109.6 MeV to 137.5 MeV in the
center-of-mass system. Fission fragments were detected in
singles with a large ionization chamber [21], which com-
prised a AE-FE telescope with seven surface barrier silicon
detectors on the rear plate of the chamber. The silicon
detectors were placed at every 15°, each spanning about
2.9°. The angular distribution from 22.6° to 156.8° in the
laboratory system was obtained by moving the chamber.
The fusion cross-sections were deduced by normalizing to
the Rutherford scattering cross-sections obtained by a sur-
face barrier silicon detector placed at 43.8° in the labora-
tory system, and by fitting the angular distribution to the
shape of 1/sin 0.,,.

The following has been found through the two exper-
iments on 27Al. The fusion cross-sections obtained from
the second experiment nicely agreed with the Bass model
calculation [22] for the wide energy region well above the
fusion barrier (~117 MeV). The excitation functions of
the two experiments are well scaled to each other over the
entire energy range, indicating that the counting efficiency
does not vary with the beam energy. On the other hand,
absolute magnitudes of the cross-sections for the first ex-
periment are smaller by about 40% when the counting ef-
ficiency of the MWPC system was assumed to be simply
due to the acceptance as determined by the geometry.

3 Result and discussion

Figure 3 shows the fusion excitation functions for the
three Al isotopes detected with the chamber of the multi-
fold target and MWPC system. In order to facilitate the
comparison among three isotopes, the energy E.y, in the
center-of-mass system is shown in the unit of the fusion
barrier Vg and the cross section ¢ is shown in the unit
of 7TR2]3, where Rg is the barrier radius. The Vg and Ry
were calculated with the Bass potential [23]; the values
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Fig. 3. Measured fusion excitation functions of

272931 A] 4197 Ay. The abscissa shows the energy in the
center-of-mass system in the unit of the fusion barrier V. The
ordinate shows the fusion cross-sections in the unit of wR3,
where Rp is the barrier radius. The Vg and Rg were calculated
with the Bass potential [23]. The solid curve represents the
Bass model calculation [22].

of Vi for 272931 Al are 117.5, 116.3 and 115.2 MeV, re-
spectively, the values of Rg for 272931 Al are 11.7, 11.9
and 12.0 fm, respectively. For all the spectra, the normal-
ization was made so as to reach a best fit to the results
of Bass model calculations over the high-energy region.
The horizontal bars across the experimental points indi-
cate the energy bin size for the data of radioactive 2°31Al,
while those for 27Al represent the energy accuracy in the
measurement. The energy bin size was determined to be
3 MeV according to the inaccuracy of the beam energy at
the last target position, where the largest uncertainty was
expected. The solid curve indicates the Bass model cal-
culation [22]. Apparently the observed cross-sections near
and below the fusion barrier are significantly enhanced for
all the three spectra, whereas isotopic variation could not
be seen clearly.

In order to elucidate the origin of the sub-barrier en-
hancement, the data are first compared with the coupled-
channel calculations using the CCDEF code [18], which
may properly account for the effects of coupling to inelas-
tic channels. The code involves a tunable parameter dv
to adjust the depth of the nuclear potential. The value of
dv = 10 gave a good overall fit to the data in the energy
range FE.,, > 120 MeV for all the three reaction systems.
This value was, thus, employed for the further analysis.
Quadrupole inelastic channels of both the projectile and
target nuclei as well as the static quadrupole deformation
of the target nucleus were included in the calculation. Ta-
ble 1 lists the excited states and the relevant parameters
involved in the calculations [24,25]. The parameters are
experimentally known for 27Al and 2°Al. On the other
hand, only the energies of the excited states are known
for 31 Al

To make the estimation for 3'Al, we assumed that the
three lowest excited states are coupled to the ground state
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Fig. 4. Comparison of the experimental fusion excitation func-
tions with coupled-channel calculations. The solid and dashed
curves are the calculations with inelastic channels in table 1.
The dotted curves indicate the uncoupled case. See text for
details.

by quadrupole vibrational modes. As listed in table 1, we
considered two plausible combinations of spin assignments
for the four levels, corresponding to the maximal and mini-
mal contribution of the spin factor. The B(E2) T strengths
were also assumed and given in terms of the expression
B(E2) 1T = f x {gﬁ;_ﬁBw(EQ)}, where Bw(E2) repre-
sents the Weisskopf unit. For comparison, the f values are
7.92 and 7.83, respectively, for the first and second levels
of 27Al, while they are 4.45 and 5.80 for 2°Al. Thus, a com-
mon [ value was simply taken for the three transitions of
31Al. The magnitudes were then chosen in two ways as
f =2 or 10, representing possible lower and upper limits.

The curves thus calculated are shown in fig. 4 with
solid lines for 27 Al and 29 Al and with four different dashed
lines for 31 Al. The theoretical curves indicate appreciable
enhancement for the sub-barrier cross-sections as com-
pared to the one-dimensional barrier penetration (dot-
ted curve). However, the magnitude of the enhancement
is by far insufficient to account for the large sub-barrier
cross-sections of the experimental data. Thus, the impor-
tance of the effects other than from the inelastic channels
is suggested.

A further attempt to improve the fit was performed
by widely changing the dv parameter. It was found that
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Table 1. Inelastic channels included in the coupled-channel calculations. Ex, J, w, B(E2) 1 and (2 indicate the excitation energy
in keV, the spin, the parity, the reduced E2 transition probability divided by Weisskopf unit Bw(FE2) = 5.94 X 1076A3 e?b?,

and the static quadrupole deformation parameter, respectively. In the case of 3'Al, it was assumed that B(E2) 1

:f)(

gzﬁBw(EQ)}, where f = 2 or 10, and two cases of the spin assignment were considered. See text for details.
27A1 29A1 197Au
o8 J*  B(E2)] o8 J*  B(E2) 1 B, JT B(E2) 1
(keV) (W.u.) (keV) (W.u.) (keV) (W.u.)

0 g+ 0 5 0 3T By =-011
8438 17 2.64 1398.0 17 1.48 774 LT 17.5
10145  37F 5.22 17542 I 7.73 2688 37 18.1
22111 I 20.0 22240 37 1.01
27349 37 0.66

31A1
By CASE I CASE II
(keV)
J" B(E2) 1 JT B(E2) 1
(W.u.) (W.u.)
f=2 f=10 f=2 f=10
+ +
o (37 C)
9469 (7)) 4 20 (1) 066 3.3
16131 (2 3 15 (2N 13 6.7
2090.0 (3) 2 0 c2hH 2 10

fair agreement with the sub-barrier data was obtained
when the value of dv = 60 was used for 2°Al. However,
this value largely deviates from the recommended range
of dv = —10 to 10, and indeed results in enormously large
fusion cross-sections at higher energies corresponding to
~10% increase of the projectile radius.

Recently, CCFULL code [26] provided more exact
treatment on coupled-channel calculations for fusion re-
actions including higher-order coupling effects. Although
such calculations would possibly improve the discrepancy,
the coupling to the neutron transfer channels is a major
possibility among the other plausible mechanisms for the
sub-barrier enhancement. This effect can be treated by an
approach proposed by Stelson [5], in which the enhance-
ment is represented in terms of distributed fusion barriers.
The distribution is assumed to be a flat function, whose
boundaries are correlated with the relevant two-neutron
separation energies; the lower boundary By, is given by
the threshold barrier Byy,, while the upper boundary By,
is symmetric of By, with respect to the ion-ion potential
barrier By,. The values of By, can be calculated by assum-
ing that the neutron transfer channel opens when the tar-
get and projectile nuclei arrive at the distance Ry, where
the barrier across the merging Woods-Saxon potentials of
the colliding nuclei becomes equal to —Ss,/2—4 MeV. The
threshold barrier height Byy, is then given as the energy of
the ion-ion potential at Ry,. The threshold barriers By,

are defined bi-directionally, Bﬁll_’A“ and BQI*A‘H corre-

sponding to the neutron transfer from Al to Au and from
Au to Al

The barrier distributions thus obtained were shown
with dashed lines in fig. 5. In calculating the barrier dis-
tributions, Woods-Saxon parameters of V, = —50 MeV,
Ry = 1.24A% fm and a = 0.68 fm were chosen and the
Bass potential [23] was employed for the ion-ion poten-
tial. The distributions have the shape of two-fold flat
functions dictated by the balance between B} ~4% and
BS}*A“. The former value decreases together with So, as
the Al isotope becomes richer in neutrons, while the lat-
ter changes rather little for the three reaction systems.
Thus, the identity of the lowest of the two changes for the
different reactions as B} T”AY > BAITAU for 21:29A1 and
B&l_’A“ < BgAhl‘_A“ for 3LAL

The values of By, By, and [By, — B,y are sum-
marized in table 2, where |By, — Bm|,,., represents the
half width of the flat distribution. For all of the three re-
actions studied, the |B, — Bl values are as large as
~10 MeV, which represent the largest cases among the
reaction systems ever studied [16]. For comparison, the
barrier distributions calculated for the couplings to the in-
elastic channels are shown by vertical solid lines in fig. 5.
These values were extracted from the CCDEF code with
small modification to the code itself. Indeed, the flat dis-
tributions for the neutron transfer are so wide that they
extend far beyond the boundaries of the inelastic distri-
butions.
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Table 2. Parameters in the flat barrier distribution model calculations. Say, Bin, Bm and Ry, are the two-neutron separation
energy, the threshold barrier, the classical single barrier, and the nuclei’s distance where By, is located, respectively.

System Son (MeV) Bin (MeV) Bm (MeV)  7Rm? (mb)  |Biw — Bul,,., (MeV)
Al Au Al—Au Al—Au

2TAl + Y¥7Au 244 147 111.1 107.2 117.5 4315 10.3

AL+ Y9TAu 17.2 147 107.6 106.5 116.3 4419 9.8

SIAL 4+ 19TAu 12,9 147 105.0 105.8 115.2 4516 10.2
1000 g~ { 1000 — { { —
500 } 27A1 + 197Au 500 } EZS + lBlTa {
[ % JAERI C ]
= 100 ¢ RIKEN < =100k o Ref. [17] —
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Fig. 5. Comparison of the experimental fusion excitation func-
tions with flat barrier distribution model calculations. The
solid curves are the calculations with the parameters in ta-
ble 2. The dashed lines show the barrier distributions D(B).
The vertical solid lines show the barrier distributions calcu-
lated in CCDEF. See text for details.

The excitation functions calculated using these flat dis-
tributions are compared in fig. 5 with the experimental
results. The theoretical curves exhibit sizable enhance-
ment of sub-barrier cross-sections which greatly improves
the agreement with the observed cross-sections. Because
the three isotopes show the almost same barrier width
| Bth — B | e OWing to the neutron separation of the tar-
get nucleus, not so strong isotopic variation was seen in
agreement with the tendency of fig. 3. By further adding
the effects of inelastic channels, the remaining deficiency
might be remedied.

Fig. 6. Comparison of the experimental fusion excitation func-
tions for 323834181 Tq [17] with flat barrier distribution model
calculations. The solid curves are the calculations. The dashed
lines show the barrier distributions D(DB).

In an attempt to examine the validity of the Stel-
son model, we extended the analysis to the reaction sys-
tems 32:385 +181 Ta [17], whose | By — B,y values are
as large as those of the Al reactions. Figure 6 shows a com-
parison of the data extracted from ref. [17] with the calcu-
lations. The excitation functions calculated with the rel-
evant flat distributions reproduced the experimental data
fairly well.

4 Summary

In summary, a systematic study of the fusion excitation
function extending to the sub-barrier region has been per-
formed for the systems of 27:29:31 A1 +-17 Au. The compari-
son of the experimental data with the coupled-channel cal-
culation and that of the neutron transfer model of ref. [5]
suggests that the neutron transfer significantly contributes
to the enhancement of sub-barrier fusion cross-sections.
The effect of neutron transfer on the enhancement of
the sub-barrier fusion cross-sections has been considered
in early papers [5,27,16], where the treatment using the
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model of Stelson yielded fairly good global agreement with
a large number of reaction systems. On the other hand,
some of these data as well as others were well accounted
for in detail when the couplings with inelastic channels
were carefully treated. Thus, the current situation has
been somewhat confusing as to whether the effect of the
neutron transfer is indeed important. In a recent work [28]
on #Ca + 9997y fusion reactions, significance of multi-
nucleon transfer was suggested. The present result may
offer another new evidence which calls for the importance
of neutron transfers.

We would like to thank the staff of RIKEN Ring Cyclotron for
their operation of the accelerator. We acknowledge Dr. I. Sugai
for preparing the target foils of Au filmed with Mylar.
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