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Abstract. Recent developments in fusion studies with radioactive beams are reviewed critically from the
perspective of an experimentalist. Typical available radioactive beam intensities and purities are shown
along with the methods used to study evaporation residues and fission fragments. The fusion of halo and
other loosely bound nuclei, i.e., 6He, 11Be, 17F, is discussed. Fusion studies with intermediate mass beams
such as 29Al and 38S are reviewed. Recent studies with n-rich fission fragments such as 132Sn are shown.
A discussion of fusion hindrance is presented and the use of radioactive beams in studying heavy nuclei
is examined.

PACS. 28.52.-s Fusion reactors – 25.70.Jj Fusion and fusion-fission reactions

1 Introduction

Despite many years of study, fusion at energies near the
Coulomb barrier is interesting to study because of the pos-
sibility of observing large enhancements in sub-barrier re-
actions that are related to nuclear structure and dynamics.
These processes have been described as “coupling assisted
tunneling”. Studies with radioactive ion beams (RIBs) are
especially interesting due to the unusual situations posed
in fusion studies with halo nuclei (with their large radii
that might enhance fusion and their weakly bound valence
nucleons which may produce breakup). Also fusion stud-
ies with very n-rich RIBs may allow us to study neutron
“flow” or transfer. I also include, in this review, fusion
studies with radioactive targets (RTs). These RT studies
represent a high luminosity extension of the RIB stud-
ies and in the heaviest nuclei, offer us the opportunity
to study fusion phenomena under the influence of large
Coulomb forces with a resulting complex dynamics. This
review will be cursory and the reader is encouraged to look
at more extensive reviews for details [1,2,3,4].

2 Experimental tools

In table 1, I show typical intensities of radioactive beams
at Coulomb barrier (208Pb) energies used in current stud-
ies of fusion. The beam intensities range from 103–106

particle/s. These low beam intensities preclude the usual
“distribution of barriers” measurements [1] that typically
require measurement of fusion cross sections to within 1%
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Table 1. RIB intensities.

Projectile Intensity (p/s) Facility

6He 105–5× 106 Notre Dame
11Be 4× 104 RIKEN
11Li 104 ISAC2
17F 1.5× 106 ORNL
38S 5× 103 MSU
46Ar 4× 103 MSU
132Sn 5× 104 ORNL

uncertainty in 1–2MeV steps in excitation energy. Simi-
larly the use of sweepers and other low efficiency experi-
mental devices to detect evaporation residues is precluded.
In all studies with RIBs, the issue of beam purity must be
addressed. In my experience at a PF facility, MSU [5], or
an ISOL facility, ORNL [6], beam contaminants of 10% of
the total beam intensity can occur and must be tagged as
part of a beam tagging system or tolerated because their
reactions do not interfere with the primary measurement.
In fig. 1, I show a typical plot of time of flight vs. energy
for a near barrier 38S beam at MSU showing a 10% con-
tamination that was removed by tagging. A non-trivial
aspect of RIB experiments is the so-called “misery coef-
ficient”, i.e., the ratio of (number of hours spent waiting
for beam due to accelerator problems)/(number of hours
of useful beam on target). Regretably this quantity may
significantly exceed unity.

In detecting the products of fusion reactions, the most
definitive quantity to be measured is the evaporation
residue (EVR) production cross section as it is an un-
ambiguous signature of fusion. For studies involving the
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Fig. 1. Time of flight vs. energy for 38S beam and impurities.
The main peak at an energy of 260MeV represents the 38S
beam, while the other peaks are those of contaminant beams.
From Zyromski [5].

Fig. 2. Energy loss of beam and EVRs in two ion chamber
segments. From Liang [6].

use of Pb or Bi targets, one can make the targets thick
enough to stop the EVRs and detect their characteris-
tic alpha-decay with the beam off. Shapira et al. [7] have
constructed a high quality ion chamber that allows detec-
tion of evaporation residues emerging at zero degrees in a
sea of scattered and direct beam particles (fig. 2). In some
studies of fusion leading to heavier ERs, one chooses to de-
tect fission fragments. They are relatively easy to detect
with high efficiency and distinguish from scattered beam
in asymmetric reactions in normal kinematics. Problems

Fig. 3. Summary of theoretical predictions for the fusion ex-
citation function for the 11Li + 208Pb reaction. From [9].

arise in inverse kinematics with n-rich fission fragment
beams, especially if one wants to separate fusion-fission
from quasifission and/or deep inelastic scattering [8].

3 Loosely bound nuclei

In studying the fusion of halo nuclei or other loosely bound
nuclei, one is trying to assess the relative effects of any fu-
sion enhancement due to the larger radii or any decrease in
fusion due to projectile breakup. For the “Rosetta Stone”
of such reactions, 11Li + 208Pb, there is a remarkable dis-
agreement among theorists [9] as to what will happen,
with estimates of the fusion cross section varying by sev-
eral orders of magnitude at near barrier energies (fig. 3).
The 6He + 209Bi reaction has been extensively stud-

ied by Kolata and co-workers [10,11,12,13,14,15,16,17].
The fusion cross section for 6He+209Bi is substantially en-
hanced at sub-barrier energies compared to the 4He+209Bi
reaction and reduced above the barrier (fig. 4). A simi-
lar result is seen for the 4,6He + 238U reaction [18,19] if
one takes into account non complete fusion-fission reac-
tions above the barrier. Alamanos et al. [20] were able to
reproduce the excitation functions for these reactions us-
ing a coupled channels calculation where breakup of the
6He projectile was simulated by reducing the real part of
the entrance channel optical potential. Breakup processes
were identified by direct detection of the incomplete fu-
sion products by Dasgupta et al. [21] in the 6,7Li + 209Bi
reaction resulting in a suppression of complete fusion by
66–74%.
For the reaction of the halo nucleus 11Be with 209Bi

a complication arises in that the stable nucleus 9Be used
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Fig. 4. Fusion excitation functions for loosely bound nuclei.
The open circles indicate the RIB data while the closed circles
indicate the stable beam data. From Alamanos [20].

Fig. 5. Measured excitation functions for the 9,10,11Be+ 209Bi
reaction [22,23].

for comparison with the radioactive beam is very fragile
itself, being one neutron outside of a 8Be core and be-
ing deformed. The experimental data [22,23] show similar
fusion excitation functions for the 9,10,11Be + 209Bi reac-
tion, with no sub-barrier enhancement with 11Be (fig. 5).
(This is somewhat surprising given the halo structure of
11Be and maybe due to a partial cancellation of enhance-
ment and breakup effects.) Detailed calculations of the
11Be fusion excitation functions considering breakup pro-
cesses [20] do reproduce the observed cross sections.
The interaction of the single proton halo nucleus 17F

with 208Pb was studied by Rehm et al. [24] who showed
the excitation functions with 17F and 19F reactions to be
identical when scaled by the differing reaction barriers.
Breakup processes were deduced to be small, a conclusion
verifed in a subsequent measurement by Liang et al. [25].
In summary of the data with light loosely bound nuclei,

Fig. 6. Reduced excitation function for 32,38S + 181Ta. From
Zyromski [5].

Fig. 7. Reduced excitation function for 27,28,29Al + 197Au.
From Watanabe [26].

while there are experimental and theoretical points to be
clarified, one concludes that, in the most well-studied sys-
tem, there is fusion enhancement below the barrier due to
couplings to transfer channels as well as bound states and
suppression of fusion above the barrier due to breakup.

4 Intermediate mass neutron-rich nuclei

Zyromski et al. [5] found no fusion enhancement, other
than the expected lowering of the fusion barrier for the n-
rich 38S, when comparing the fusion excitation functions
of 32,38S with 181Ta (fig. 6). These measurements did not
extend below the fusion barrier. In a similar study of the
27,28,29Al+ 197Au reaction, Watanabe et al. [26] were able
to make sub-barrier measurements. They also found that
a reduced excitation function plot for the three systems
studied showed no differences, apart from the expected
barrier shift with the n-rich projectiles (fig. 7). Coupled
channel calculations were not able to reproduce the sub-
barrier cross sections, but the use of the Stelson model [27]
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Fig. 8. Comparison of the measured fusion excitation func-
tions with Stelson model calculations. The dashed lines show
the barrier distributions, the vertical solid lines those calcu-
lated in CCDEF. From [26].

to simulate neutron transfer processes was shown to repro-
duce the 27,28,29Al + 197Au and 38S + 181Ta data (fig. 8).
(The Stelson model assumes a flat distribution of bar-
riers and introduces the concept of an isospin dependent
neutron flow in the collisions proceeding through neck for-
mation in fusion.) In summary, the data on the fusion of
intermediate mass, n-rich projectiles shows no evidence
for unusual fusion enhancements apart from the expected
barrier shifts, but does require neutron transfer or flow to
explain the sub-barrier cross sections.

5 Heavy neutron-rich fission fragments

Liang et al. [6] studied the fusion of the n-rich fission
fragment 132Sn with 64Ni in measurements of EVRs that
went below the fusion barrier. When compared with pre-
vious measurements [28] of the fusion excitation func-
tions for the 112–124Sn + 64Ni reaction, a substantial sub-
barrier fusion enhancement was observed that could not
be explained by a simple shift of the fusion barriers with
increasing isospin (fig. 9). Coupled channel calculations
could not reproduce the 132Sn excitation functions below
the barrier although the inclusion of n-transfer channels
did substantially improve the fit. A possibly relevant ob-
servation is that Wang et al. [29] were able to describe
a similar situation in the 40,48Ca + 90,96Zr reaction using

Fig. 9. Reduced excitation functions for 112–132Sn+64Ni. From
Liang [6].

Fig. 10. Schematic illustration of the energies and reac-
tion types involved in fusion hindrance. From Bjørnholm and
Swiatecki [30].

QMD calculations that included dynamical isospin effects
on fusion. Extensions of these measurements to measure
the fission exit channel in the 132Sn + 64Ni reaction and
to study flow effects in the 134Sn + 64Ni reaction are un-
derway [7,8].

6 Fusion hindrance Z1Z2 ≥ 1600

When the charge product of the fusing nuclei Z1Z2 is
greater than 1600, one observes fusion hindrance with the
“missing” cross section going into quasifission (“fast fis-
sion”). This effect increases in importance with increasing
values of Z1Z2 and is a very important limiting factor in
fusion reactions to produce heavy nuclei. This effect was
explained by Swiatecki and co-workers [30] in terms of the
energetics of the collision (fig. 10). A certain amount of en-
ergy is needed to have the reacting nuclei come into con-
tact (the “normal” reaction threshold) where neck growth
between the nuclei starts. This results in elastic and
quasielastic scattering and in some fusion models, fusion
is defined as reactions proceeding beyond this point. An
additional “extra push” energy is required to get the col-
liding nuclei to pass a conditional mass asymmetric saddle
point, giving rise to deep inelastic events. Another energy,
“the extra-extra push energy”, is required to drive the
system from the contact configuration inside the fission
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Fig. 11. DNS model calculations of PCN.

saddle point where true complete fusion occurs. Systems
that pass the conditional mass-asymmetric saddle but do
not go inside the fission saddle point result in quasifission
reactions. Reaction studies where Z1Z2 ≥ 1600 in which
one detects EVRs show an upward shift in fusion barrier
(fusion hindrance) compared to unhindred systems.
There is no doubt about the occurrence of fusion hin-

drance in heavy systems but there are difficulties in char-
acterizing it from both experimental and theoretical view-
points. Two differing, mutually exclusive theoretical ap-
proaches have been used. In dynamical approaches [31]
the reacting nuclei form a mononucleus which evolves past
the fission saddle point (or fissions) that largely neglects
the shell structure of the nascent fragments. An alter-
native approach [32] using the di-nuclear system (DNS)
model proposes the reacting nuclei retain their identities
well into the collision process with the reaction proceeding
by nucleon transfer until the lighter nucleus transfers all
of its nucleons to the heavier nucleus (compound nucleus
formation) or re-separation before that happens. (Zagre-
baev [33] has suggested a hybrid model.)
The underlying problem is the data used to check

these predictions largely consists of EVR measurements
in heavy nuclei where

σfusion = σcapturePCNWsur , (1)

where σcapture is the capture cross section (touching con-
figuration), PCN represents the probability that the nu-
cleus will evolve from the contact configuration to inside
the fission saddle point andWsur is the survival probability
(against fission) of any compound nuclei that are formed.
It is difficult to unambiguously untangle PCN and Wsur.
(PCN is expected [32] to vary from 1 to 10

−7 as Z1Z2 varies
from 1200 to 2800 (fig. 11).) As a consequence, Zagrebaev
et al. [34] have concluded that the fusion cross sections for
reactions forming elements with Z ≥ 112 can be estimated
only within two orders of magnitude, at best. Nonetheless
semiempirical treatments of PCN exist with self-consistent
evaluations of Wsur that allow one to describe heavy el-
ement formation cross sections for Z ≤ 112 within an
order of magnitude [35,36]. For example about 20 years

Fig. 12. Comparison of the Armbruster formalism with the
measured EVR cross sections for the synthesis of elements 102–
112.

ago, Armbruster [35] suggested a semi-empirical equation
that defined PCN as

PCN(E, J) = 0.5[exp(c(xeff − xthr))], (2)

where the coefficient c has the value of 106 and the con-
stant xthr is 0.72 for actinide-based reactions and 0.81 for
Pb or Bi targets. This equation describes the fusion reac-
tions used to synthesize heavy nuclei (fig. 12).
The experimental signatures of quasifission involve an

enhanced angular anisotropy [37] and large widths of the
mass distributions. In systems where quasifission is the
dominant process, complete fusion-fission events may be
isolated as symmetric mass splits although that identifica-
tion is not unambiguous. Measurements of the properties
of quasifission, while interesting and informative in char-
acterizing models of fusion, are unlikely to be executed
with sufficient accuracy/precision to allow deduction of
PCN when that number ¿ 10

−2.

7 RIBs and heavy nuclei

The use of neutron-rich RIBs to synthesize new heavy
nuclei is a topic of interest to the nuclear science com-
munity. There are interesting opportunities for the use
of neutron-rich RIBs, particularly in connection with the
RIA project [38]. However there are some critical limiting
factors. For production of new heavy nuclei in fusion reac-
tions with ∼ 1 pb cross sections requires beam intensities
≥ 1011 particles/s. That limits the radioactive projectile
nuclei for a facility like RIA to be within 5–10 neutrons
from stability. A more vexing, and as of yet, unresolved
issue is that of the isospin dependence of fusion hindrance.
Work done at GSI [39,40] indicates the more neutron-rich
projectiles show a greater fusion hindrance (larger extra-
extra push energies) than the more neutron-poor projec-
tiles. For example, in fig. 13, one sees the extra-extra push
energies in the 124Sn+XZr reactions increase with increas-
ing neutron number. Work is underway to study fusion
hindrance in the 132Sn + 90,96Zr reaction [41].
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Fig. 13. Extra-extra push energies as a function of effective
fissility. From Sahm [39].

8 Future developments

Some areas of possible progress in the next few years might
include a) the full development and use of fission fragment
RIBs to study fusion that will allow the use of normal kine-
matics and a wider variety of fused systems b) the develop-
ment and use of 11Li beams at the fusion barrier of nuclei
like 208Pb to resolve the questions posed by fig. 3 and c)
more sophisticated measurements of fusion with high effi-
ciency auxiliary detectors, such as neutron and gamma-ray
arrays, allowing the detailed study of breakup processes
and the identification of individual evaporation residues.

This work was supported in part by the U.S. Department of
Energy, Office of High Energy and Nuclear Physics through
Grant No. DE-FG06-97ER41026.
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