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The reaccelerated fission-fragment beams at HRIBF provide a unique
opportunity for studying the mechanisms of fusion involving nuclei with
large neutron excess. The fusion excitation functions for neutron-rich ra-
dioactive 132Sn incident on *°Ca and °®Ni targets have been measured to
explore the role of transfer couplings in sub-barrier fusion enhancement.
Evaporation residue cross sections for 124:126:127.128Gy | 64Nj were measured
to study the dependence of fusion probability on neutron excess.
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1. Introduction

Fusion induced by radioactive beams has been an active area of research
in recent years |1, 2]. The fusion rate is expected to increase at energies near
and below the Coulomb barrier due to the larger r.m.s. radius of the unsta-
ble nuclei, the excitations of collective modes, and nucleon transfer. It has
been shown that large sub-barrier fusion enhancement correlates with the
presence of positive @-value transfer channels [3, 4]. The effects of coupling
to nucleon transfer is expected to be significant for reactions involving ra-
dioactive nuclei because, for some projectile and target combinations, there
are a large number of nucleon transfer channels with positive )-values. The
couplings to these transfer reactions could result in substantially enhanced
fusion cross sections at sub-barrier energies.

Neutron-rich radioactive beams may be used for synthesizing isotopes
of heavy elements. These beams may help reach the predicted N = 184
neutron shell closure [5]. Moreover, the fusion of neutron-rich radioactive
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nuclei in the crust of neutron stars may play an important role in the energy
generation and distribution in neutron stars [6]. Therefore, it is important
to understand the reaction mechanisms of fusion induced by neutron-rich
nuclei.

2. Fusion of 124:132Gy, { 40,48y

The sub-barrier fusion cross sections for “°Ca-+6Zr were much enhanced
compared to 4°Ca+?Zr [3]. Coupled-channels calculations considering the
excitation of the projectile and target were able to reproduce the fusion ex-
citation function for 4°Ca-+?Zr but underpredict that for °°Ca+%Zr. The
sub-barrier fusion enhancement for 4°Ca+%7Zr was attributed to the cou-
plings to neutron transfer because the @)-values for up to 9 neutrons trans-
ferring from ?6Zr to 4°Ca are positive. In contrast, the Q-values for neu-
tron transfer are negative for °Ca+%Zr. A subsequent measurement of
the fusion of *°Ca+24Zr supported the conclusion [7]. The fusion excitation
functions for 4°Ca+94%7Zr were measured to high precision which allowed
deducing the barrier distributions. A tail of the low energy barrier extends
to energies well below the uncoupled barrier for °Ca+249Zr but is absent
in 49°Ca+%9Zr. This tail is considered the fingerprint for coupling to positive
@-value channels.

The fusion of °Ca+124Sn was measured by Scarlassara et al. [4] at Leg-
naro and large sub-barrier fusion enhancement was observed. Because the
Q-values for transferring 2 to 11 neutrons from ?4Sn to 4°Ca are positive,
the large sub-barrier fusion enhancement was attributed to the coupling to
transfer, similar to the fusion of 4°Ca+%Zr. Doubly magic 3?Sn has eight
extra neutrons compared to '?4Sn. The number of open channels for neu-
tron transfer is larger in “°Ca+'32Sn than in “°Ca+'24Sn. The Q-values for
neutron transfer in 4°Ca+'32Sn are larger, too. The sub-barrier fusion of
40Ca+1328n is expected to be enhanced due to the coupling to transfer.

The fusion of 2413281 140:48Ca were measured in inverse kinematics at
the Holifield Radioactive Ion Beam Facility (HRIBF) using the apparatus
described in Ref. [8]. The fusion excitation function for '?4Sn+Ca is in
good agreement with Scarlassara et al.’s measurement. The fusion cross
sections as a function of the reaction energy for the four reactions are shown
in Fig. 1. The excitation functions are compared in reduced scale where the
differences in nuclear size (R2) and barrier height (B,) are factored out for
the cross section and center-of-mass energy, respectively. A simple scaling
method was used here with R, = A;/?’—l—A}F/3 and B, = ZpZt/R,, where Ap
(Ar) and Zp (Z7) are the mass and atomic number of the projectile (target),
respectively. The dotted curve is the result of a one-dimensional barrier
penetration model prediction. All four reactions exhibit fusion enhancement
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at energies below the barrier. The sub-barrier enhancement is larger for
reactions involving “°Ca. For reactions with the same Ca isotope, the sub-
barrier fusion rate is higher for the ?4Sn induced reaction than the '32Sn
induced reaction. This trend coincides with the fact that ¥?Sn is doubly
magic and less collective than '24Sn. Therefore, the influence of coupling to
the inelastic excitation of Sn on sub-barrier fusion enhancement is larger for
124G+ Ca than for 132Sn+ Ca.
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Fig. 1. Reduced fusion cross sections for 124:1328n1-40:48(C4a are displayed as a func-
tion of reduced energy in the center-of-mass. The nuclear size and the barrier height
are factored out for the cross section and the energy, respectively. The dotted curve
is the result of a one-dimensional barrier penetration calculation. The circles are
for 32Sn+%8Ca, the triangles are for 1?4Sn+48Ca, the stars are for '32Sn+4°Ca,

and the squares are for ?4Sn+4°Ca.

Coupled-channels calculations considering the excitations of the projec-
tile and target are able to reproduce the fusion excitation function
for 124Sn+*®Ca but underpredict the sub-barrier cross sections for
124,13261140Ca [9]. The Q-values for neutron transfer in the reactions with
48Ca are negative whereas there are positive Q-value transfer channels in the
reactions with °Ca. The large sub-barrier fusion enhancement in *?Sn+4°Ca
can be attributed to the couplings to neutron transfer just like “°Ca+124Sn
and 4°Ca+%7Zr [9].

3. Fusion of 132Sn+°8Ni

To further explore the effects of transfer couplings, measurements of the
fusion excitation function for 32Sn4-°2Ni were performed at HRIBF with
13281 beams [10]. The Q-values for neutron transfer is larger than those in



430 J.F. LIANG

1328n4+49Ca. The reduced fusion excitation functions for 241328n4-58:64Nj
are compared in Fig. 2. The fusion cross sections for ?4Sn+5%64Ni are ob-
tained from Ref. [11]. Because the compound nucleus is heavier and the re-
action is more mass-symmetric, fusion hindrance due to quasifission reduces
the fusion cross sections at high energies for the neutron deficient >4Sn+°8Ni
reaction. The four reduced excitation functions,!?41328n+4-°8:64Ni, overlap in
the sub-barrier region even though the @)-values for neutron transfer differ
significantly among these reactions. This behavior is dramatically differ-
ent from the comparison among the 2413281 +4048Ca reactions. Further-
more, the Sn+Ni excitation functions overlap with the reference reaction,
13281448 Ca, which has no positive Q-values for transfer, as shown in Fig. 2.
The sub-barrier fusion enhancement for 132Sn+49Ca is much larger than that
for Sn+Ni.
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Fig. 2. Reduced fusion cross sections for 124:1328n4-58:64Nj are displayed as a func-
tion of reduced energy in the center-of-mass. The nuclear size and the barrier height
are factored out for the cross section and the energy, respectively. The circles are
for 132Sn+-58Ni, the triangles are for 132Sn+54Ni, the stars are for 24Sn+°%Ni, and
the squares are for 24Sn-+%4Ni. The excitation functions for ¥2Sn+4%48Ca are
shown by the diamonds and crosses for comparisons.

4. Fusion of 48Ti+4124Sn

It is puzzling that the sub-barrier fusion enhancement due to the cou-
pling to neutron transfer is very pronounced in 32Sn+4°Ca but absent in
1328 458Ni. The @Q-values for ground state to ground state multineutron
transfer are similar between the two reactions, as shown in Fig. 3.
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Fig.3. Q-values for ground state to ground state neutron transfer for '32Sn+4°8Ni
(dashed lines) and 32Sn+49Ca (solid lines).

Some of the differences for the two reaction systems, 241328n+40Ca
and 241328+ 58N, that may contribute to the observed differences in sub-
barrier fusion enhancement are discussed below.

e The product of the atomic number for the projectile and target, Zp Z
is 1000 for Sn+Ca and 1400 for Sn+Ni. The rate of deep inelastic
collisions becomes higher for Sn+Ni because of the larger Zp Z1. This
may influence the fusion yield at energies below the barrier [12].

e The open orbitals for neutrons transferred from 32Sn to 4°Ca are f; /2
and above whereas the open orbitals for neutrons transferred to *®Ni
are p3 /o and above. The transfer form factor is a function of the angular
momentum of the initial and final states. As a result, the strength for
the transfer couplings would be different for the two reactions.

e The °Ca nucleus has a very collective octupole state, £* = 3.74 MeV.
The coupling to the excitation to this state can renormalize the po-
tential and may result in a lowered barrier |13].

To investigate the differences in sub-barrier fusion enhancement in
Sn+%°Ca and Sn+°®Ni and the couplings to transfer, the fusion excitation
functions for 24Sn-+6-°0T4 have been measured at HRIBF. The 124Sn+46Tj
reaction bares some similarities to ?4Sn+%°Ca. The ZpZr is 1100 and the
neutrons transferred from 24Sn to “5Ti can populate the f; /2 orbital and
above. However, the octupole state of “6Ti is much less collective than “°Ca
but similar to ®Ni.
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Figure 4 presents the reduced fusion excitation function for 124Sn+%6Ti
and the comparison with that for ?4Sn+9Ca. The excitation functions for
12481 +48Ca and '?*Sn+°0Ti are shown for comparison as well. The latter
two reactions do not have positive Q-values for neutron transfer. The sub-
barrier fusion enhancement is comparable for these two reactions and is
smaller than '24Sn+46Ti and '?4Sn+4°Ca. For '24Sn+Ti, the sub-barrier
fusion enhancement is smaller than '?4Sn+4Ca even though the Q-values
for ground state to ground state neutron transfer are similar. The slope of
the cross section falls off at a slower rate for 124Sn-+%6Ti than 24Sn+Ca
at sub-barrier energies. This suggests that the effect of coupling to positive
@-value channels is larger in 24Sn+46Ti.
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Fig.4. Fusion excitation functions for 124Sn+46-59Ti and '?4Sn+40-48Ca are com-
pared in reduced scales where the nuclear size and the barrier height are factored
out. The circles are for 124Sn+48Ca [9], the crosses are for ?4Sn+4°Ca [4], the
triangles are for '24Sn+°°Ti, and the squares are for '24Sn+446Ti.

It is necessary to inspect the details of the reaction mechanisms in order
to gain insight into the differences observed among these reactions. A high
precision measurement of the fusion excitation function for 24Sn+%6Ti was
carried out at the Australian National University (ANU). The #6Ti beams
were accelerated by the 14UD tandem accelerator and incident on a '?4Sn
target. The evaporation resides were transported by the gas-filled supercon-
ducting solenoid (SOLITAIRE) and detected by two multiwire proportional
counters at and behind the focal plane [14]. The fusion excitation function
was measured at an energy step of 1 MeV in the center-of-mass frame. A pre-
liminary analysis shows that the barrier distribution deduced for 46Ti+'?4Sn
has a low energy barrier about 3% below the uncoupled barrier which is ob-
tained from the Broglia-Winther systematics [15]. In contrast, the barrier



Recent Results of Fusion Induced by Neutron-rich Radioactive Beams ... 433

distribution for 4°Ca+'24Sn has a low energy barrier at 5% below the uncou-
pled barrier and the tail falls off more steeply than that for 46Ti+124Sn. This
is a hint that the coupling to transfer may be more important in 46Ti+'24Sn.
The large sub-barrier fusion enhancement in “°Ca+'24Sn may be explained
by potential renormalization.

Qualitative comparisons of the barrier distributions predicted by the
coupled-channels code CCFULL [16] are made for the three reactions
40Ca+1248n, *8Ti4-124Sn, and ®Ni+'24Sn. Because all three reactions share
a common nucleus 24Sn, the coupling to the inelastic excitations to the first
2% and 3~ states of the other reaction partners is compared in Fig. 5. The
nuclear structure properties of the excited 27 and 3~ states were obtained
from Raman [17] and Spears [18], respectively. As can be seen, the coupling
to the excitation of the octupole state in “°Ca produces a low energy barrier
4% below the uncoupled barrier and the barrier distribution is dominated
by the coupling to the 3~ state. For the other two reactions, the low energy
barrier is only 2% below the uncoupled barrier. Therefore, the coupling to
the inelastic excitation of the octupole state in *°Ca plays a major role in
enhancing the fusion of ¥°Ca+124Sn at sub-barrier energies. It is conceivable
that the couplings to inelastic excitations and neutron transfer result in the
large sub-barrier fusion enhancement observed in 4°Ca+124Sn with coupling
to the 3~ state in “°Ca playing a major role.
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Fig.5. Barrier distributions deduced from coupled-channels calculations for
12481 +40Ca, 124Sn+58Ni, and 24Sn+40Ti.

5. Fusion probability

Fusion hindrance in heavy systems is attributed to quasifission where
the reacting nuclei overcome the Coulomb barrier but fail to pass inside
the saddle point, and reseparate into large mass fragments. It is important
to get a better understanding of this process in order to reliably predict
the production cross section for superheavy elements. In particular, the role
played by neutron excess in affecting fusion hindrance is not well understood.
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Sahm et al. [19] have defined the angular momentum averaged fusion

probability as
(Pon) = 73

OER

where U(EOF){ is the maximum evaporation residue cross section for a given
excitation energy. This corresponds to the evaporation residue cross section
for Poy = 1. Therefore, it can be calculated by a statistical model without
considering fusion hindrance, such as PACE2 [20]. Figure 6 shows the ratio of
the measured oggr to the calculated UI(;% as a function of the effective fissility
parameter. The fusion probability is comparable among all the reactions.
There may be a hint of increasing fusion probability with increasing neutron
excess in Sn [21]. Further measurements using more neutron-rich Sn isotopes
would be useful for determining the dependence of fusion probability on
neutron excess.
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Fig. 6. The fusion probability for 124:126,127,128Qy, 4 64N obtained by taking the ratio
of the measured evaporation residue cross section to that calculated by PACE2 is
plotted as a function of the effective fissility parameter.

6. Summary and conclusions

Fusion excitation functions have been measured using neutron-rich ra-
dioactive '32Sn beams incident on 4°Ca and 8Ni targets. The sub-barrier
fusion enhancement for '32Sn+4°Ca is larger than that for ¥2Sn+°8Ni al-
though the neutron transfer ()-values are similar for the two reactions. To
further explore the coupling to neutron transfer, the fusion excitation func-
tion for 46Ti4!24Sn has been measured to high precision. The barrier dis-
tributions deduced from the excitation functions suggest that the large sub-
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barrier fusion enhancement in 32Sn+4°Ca may be the result of coupling to
neutron transfer and inelastic excitations of the projectile and target with
the coupling to the octupole state in “°Ca playing a major role.

The fusion probability for 124:126:127,128Gy 1 64Nj seems to increase with
increasing neutron excess in Sn. The present results suggest that fusion hin-
drance would not increase in superheavy element synthesis using reactions
induced by neutron-rich radioactive beams, leading to a hope that neutron-
rich radioactive beams may one day be useful in the production of isotopes
of superheavy elements.
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