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Received on 30 October, 2002

One of the most striking features of dripline nuclei is their very low binding energy. The proximity to threshold
implies that many of the standard reactions should take into account the possibility of the nucleus breaking up
into the continuum and rearranging itself within the continuum, throughout the reaction process. Whereas for
stable nuclei often structure could be factorized out of the reaction model, it is clear that for exotic nuclei, the
specific structure features cannot be desentangled. We review a variety of different cases where the coupling
to the continuum and between continuum states was shown to be crucial for the understanding of the physical
phenomena. Breakup reactions’8, for various energies and on a few targets, are discussed. The effect of the
continuum on the elastic cross sections as well as transfer and fusion processes is also presented.

| Introduction finite range effects will be strong;

Nuclei far from stability exhibit interesting features that are e many such nuclei exhibit strong few body clusteriza-

strongly determined by the very low energy that binds the tion, where recoil effects play an important role:
system. As technology develops, the various laboratories

around the world have provided the community with in-
creasingly high quality reaction experiments where these ex-
otic nuclei, constituting the beam, can be studied [1]. The
primary total reaction cross section measurements [2], gave
way to differential breakup cross section data, where ini- . L .
tially only one of the fragments was measured (as for ex- This .contrlbutlon.focuses on the Igst of thgse properties
ample the Notre Dame data e [3] and the Oak-Ridge the contmuum,. and its effec.t in regctlons. H|stor|cally one
data for'7F [4]), followed by complete kinematics breakup, has always divided the continuum into resonant-continuun
where both fragments were detected (an example i§Bhe and non-resonant pure-scattering states. Although structul
GSI results [5]). Elastic scattering reactions on a variety models concentrate on agood description Qf the resonance
of different targets (e.g. [6, 7, 8]) have been facing the non-resonant continuum is often forgotten in reaction mod-

challange of increasing the angular range, and additionally®'S: Yetis it present, and it plays an important role in most
there are also some examples of inelastic measurements, b ses, not only Contrlbl_ltln_g on its own bu_t causing strong
coupling gamma detectors to the charged particle detectio nterferences. If the objective of the experiment is to mea:
setup (e.g. [9]). Considerable effort in the field is now shift- SU'e the spectrum of the nucleus, one needs to determir
ing into transfer processes. Here detailed spectroscopy caf'€ '€gime so to emphasize the effect of the resonance
be learnt [10, 11] or even astrophysical information can be @1d minimize the effect of the non-resonant part. Reso
extracted [12]. Fusion reactions cannot go without mention nant structures in light dripline nuclei have been reportec
as they may shed light into the synthesis of the superheavyn the recent years [14, 15, 16]. On the other hand, for mea

elements (the most studied case to date has Heeri13]). su.ri'ng. the properties of the grpund state, one woyld like tc
If a decade ago theorists were aiming at unveiling the minimize the effect of all continuum states. Also in Astro-

general properties of these nuclei, now that these are wellPhysics, the distinction between resonant and non-resona

understood, studies become more ambitious. As our probe ontinuum is usually ”?ade_- Therein capture reactions ma
are mostly reactions, one has to refine not only the structure'ave & resonant contribution and a non-resonant contrib

models used to understand the properties of these exotic sysion [17]. Both are often included incoerently (e.g. [18, 19])

tems, but also to improve the reaction description. Unfortu- 2d Some cases have been shown to produce consideral
nately it has become clear that it is generally not possible toNterference. _ _

desentangle the structure from the reaction models. Thus, In this paper we will show the importance of the non-
ment, one needs to take into account the specific features oPeen measured. We will study the dependence on beam e

these nuclei when developing the reaction model. In partic- €79y and binding energy in order to gain intuitive insight into
ular one should keep in mind that; the general trends of the couplings to these breakup state

We will conclude with some general remarks concerning the
e these nuclei have long extended tails, and thereforefuture of the field.

e given the proximity to threshold of the ground state,
the continuum states may influence the reaction mech
anism.
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[ Breakup reactions of B on a’®®Ni target atE;,, = 25.8 MeV, detected only
the outgoing’Be [26]. Note thafB is a very loosely boun
From the early days of radioactive nuclear beams, measuresystemsS,, = 0.137 MeV, and it is the lightest and mo
ments of breakup reactions have been numerous, since theonvicing proton halo candidate, suggested by its very |;
cross sections are typically large. When the breakup of aquadrupole moment [27]. In order to make a compari
stable nucleus is sufficiently peripheral & R; + R)), it with the Notre Dame data [26], the three body kinema
is dominated by the Coulomb part. In such cases the semi-was correctly derived and the full three body observal
classical first order pertubation Alder and Winther theory is where constructed from the CDCC calculations [28].
used [20], with possible corrections for higher order effects. rect comparison with the data shows excellent agreer
However when the nucleus is spatially extended, the nuclearfor both the angular distributions and the energy distri
contribution has effects at distances much larger than whattions. In that work [28] the importance of the continut
could naively be expected. Even if considering Coulomb couplings is clearly demonstrated. In particular there
processes only, it has been shown that the Coulomb intervery strong suppression of the nuclear peak at large at
action when appropriately folded with the extended wave- due to the continuum-continuum couplings. Besides, t
function of the loosely bound system, produces a significantcouplings are responsible for the symmetry of the ene
reduction of the cross section [21]. distributions, which otherwise would be asymmetric (see
One of the most successful ways of including the con- 1-step DWBA calculations in [28]).
tinuum in reaction models consists on the Continuum Dis-  Whenever performing a CDCC calculation, converge
cretized Coupled Channels method (CDCC) [22]. This aspects need to be seriously considered. The discretiz
method is non-perturbative as it includes all multistep paths of the continuum truncates the space by considering a
within the continuum of the projectile for its breakup into ited number of partial waves and a maximum relative
core + fragment. The continuum states of the projec- ergy for the motion of the core-fragment within the proj
tile are integrated over an energy bin, and subsequently thetile. There is also a truncation in the multipole expansio!
Schibdinger coupled channel scattering equation for the rel- the operator. Usually only dipole and quadrupole terms
ative motion between projectile and target is solved. The considered but there are circumstances where higher t
coupling potentials consist on the sum of the interactions need to be included [28]. Essentially, depending on the
between the projectile fragment and the target, as well asservable desired, one finds different ranges of sensitivity
the projectile core and the target, folded by either the boundneeds to take care in checking that the set of param
state wavefunction of the projectile or the continuum bins. spans the necessary subspace. For this reason it is oft
Here both resonant and non-resonant continuum are autoease that calculations become cumbersome and some
matically included, depending only on the definition of the even unfeasible. We will come back to this point at a I
Hamiltonian of the projectile used to generate the scatter-stage.
ing wave functions. As the bins are square integrable aver-  In order to get insight into the effect of the continut
ages of scattering states over energy intervals, continuum-<ouplings in the reaction mechanism, we have perform
continuum couplings can be included in a straight forward set of calculations that illustrate the dependence with b
way. Therefore, one can distinguish the breakup couplingsenergy, binding energy and other properties.
that connect the bound state and a specific continuum bin, In Figs. 1, 2 and 3, we present the cross sections
from the continuum-continuum couplings. If the later are the breakup of B on®8Ni, for three beam energies: the fir
left out of the calculation, the breakup process can still in- well below the Coulomb barrier, where only Coulomb
volve multiple steps, yet the various continuum-continuum fects are relevant, the second on the Coulomb barrier, w
couplings were shown to have a decisive influence [23]. nuclear effects become important, and the third above
The CDCC formulation is fully quantum mechanical, Coulomb barrier, where both nuclear and Coulomb eff
dealing with nuclear and Coulomb contributions on the sameare important. These angular distributions are given in
footing. This method has been compared with other semi-centre of mass 6tB*. For these calculations we have us
classical formulations that also include continuum couplings the same optical potentials as in [28], as well as the s
[24, 25]. It was verified that these so-called dynamical time- “Be-p interaction, bindin§B and generating its continuul
dependent approaches agree with the CDCC results undestructure. The curves shown in the figures include the
the same conditions. CDCC calculation, the CDCC calculation without includi
Also reassuring is the good agreement with data undercouplings within the continuum, and the 1-step calculat
the most difficult theoretical conditions, where all typical In all cases continuum couplings play a crucial role and ¢
approximations cannot be made: large angles low energyerally reduce the cross section. This reduction is more
breakup data. The Notre Dame experiment for the breakupcentuated for the nuclear part than the Coulomb part.
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Figure 1. Angular distribution and L-distributions for the breakug Bfon 5Ni, well below the barrier £;,, = 15 MeV): full CDCC
calculations (solid line), truncated CDCC calculation where no continuum-continuum couplings are included (dashed line) and a .

calculation (dot-dashed line).
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Figure 3. Same as before witfy,, = 30 MeV (on barrier).
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On the righthand side of Figs. 1, 2 and 3 are the L- tion, on the lefthand side, and the difference between
distributions for the same three cases mentioned above. Adull CDCC calculation and CDCC calculation that does
the beam energy increases, the peak of the distribution isinclude continuum-continuum couplings. The differenc
shifted to larger values of L implying that the reaction is divided by the average and multiplied by 100. By comy
more peripheral. ing the two, the preponderant effect can be attributed tc

In order to evaluate the relative importance of cou- continuum-continuum couplings. Fig. 4 indicates that
plings in percentage, we plot in Fig. 4 the difference be- larger the beam energy, the more significant the effect
tween the full CDCC calculation and the DWBA calcula- comes.
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ol T Ew=15MeV | \ ]
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Figure 4. Relative importance of the continuum coupling for the breaku{Bobn >®Ni: the percentage difference between the -
CDCC calculation and the 1-step results (left) and the percentage difference between the full CDCC calculations and the trunca
calculation where no continuum-continuum couplings are included. The solid, dashed and dot-dashed lines correspond to the thr
Eiap = 15,23, 30 MeV, respectively.
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Figure 5. Angular distribution for the breakup @8 on '°®Ag, at bothE;,, = 44, 82 MeV per nucleon): full CDCC calculations (sol
line), truncated CDCC calculation where no continuum-continuum couplings are included (dashed line) and a 1-step calculation (c
line).

Another experiment to measure the breakugBfwas tions in the centre of mass &B* for the various cases (se
performed in MSU, at higher energy [29], on heavier targets: Figs. 5 and 6). Again we verify that the effect of continu
108ag and 2°8Pb at 44 MeV/A and 82 MeV/A. Measure- couplings is considerable even if not as pronounced ¢
ments focused at forward angles, where clearly the largerthe lower energy cases. Mostly it is the couplings betw
Coulomb field dominates. A CDCC calculation of the three two continuum states that cause the reduction of the c
body observables necessary for the analysis of this data wasection. The effect is less important for the 82 MeV/A ce
performed in [30]. Here we compare the angular distribu-
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One of the obvious question that would arise when try- this fictitious nucleus ofA®Ni for the same three beam e
ing to gain intuition into the effect of these continuum cou- ergies. As the fragment is not charged, here the Coul
plings, is whether this is a specific feature of proton rich barrier does not play such an important role, so ident
systems or whether is would also be found near the neu-shapes for the angular distributions are found for all tt
tron dripline. We have replaced the proton in #iilenucleus beam energies. The Coulomb peak, now only a resu
by a neutron, and composed a systéf™which is "Be+n the core contribution to the coupling potential, is not sig!
bound by a nuclear interaction with the same geometry asicantly affected by the continuum couplings. Yet at lar
that used for the previou¥B calculations, adjusting only — angles there is again a strong continuum effect. The c(
the depth to reproduce the same 0.137 MeV binding energy.sponding L-distributions are presented on the righthand
In Figs. 7, 8 and 9, we show the results for the breakup of of the Figs. 7, 8 and 9.
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Figure 9. Same as before witfy,, = 30 MeV.

The other obvious question is whether these features argeduction of the Coulomb peak and a strong supressic
strongly dependent on the binding energy of the projectile. the nuclear peak is present for all three binding enert
We have performed a set of calculations where the bindingIn the corresponding L-distributions shown in Fig. 11 ¢
energy of the®B projectile is increased t§, = 0.5 MeV can clearly see the shift into higher partial waves as one
and reduced further t6;, = 0.06 MeV, without changing  creases the binding energy, reflecting the fact that mo:
the optical potentials. Results for the angular distribution of the interaction happens at larger distances. Furthermor
the breakup ort®Ni at E;,, = 30 MeV are shown in Fig.  find that the L-distributions for the full CDCC calculatiof
10. On the lefthand side are the DWBA calculations for the have longer tails than those for the 1-step results, sug
three considered binding energies, and on the righthand sideéng that continuum couplings shift the breakup to a m

are the corresponding CDCC calculations. The systematicperipheral region.
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Figure 10. Dependence on the binding energy of the angular distribution for the bre&BiprofSNi (E.;, = 30 MeV): 1-step calculation:
on the lefthand side and full CDCC calculation on the righthand side. Dashed, solid and dot-dashed correspord 606 MeV,

Sp = 0.137 MeV andS, = 0.5 MeV, respectively.
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Figure 11. Dependence on the binding energy of the L-distribution for the breaKBoaf®Ni (., = 30 MeV): 1-step calculations on
the lefthand side and full CDCC calculation on the righthand side. Dashed, solid and dot-dashed correSpen@ 16 MeV, S, = 0.137
MeV andS, = 0.5 MeV, respectively.

The same analysis was performed when taking a neu-by the continuum-continuum couplings. From both Fig. 10
tron fragment in 8B”. In Fig. 12 we show the results for and Fig. 12, we conclude that the effect of the continuum
the angular differential cross section when the neutron is couplings does not change significantly when approachin
bound byS,, = 0.06 MeV andS,, = 0.5 MeV. We show threshold. Nevertheless, it would still be interesting to com-
the full CDCC calculations versus the truncated CDCC cal- pare these illustrative examples with other well bound sys:
culations (where no continuum-continuum couplings are in- tems G, > 3 MeV), although then an appropriate set of
cluded) and the DWBA calculations. Although the Coulomb optical potentials would have to be found and the adequat
part is not strongly affected, there is a strong suppresion ofstructure of the projectile would have to be included.
the nuclear peak in both examples, caused fundamentally
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Figure 12. Dependence on the binding energy of the angular distribution for the bred®ipofNi (E;,, = 30 MeV): calculations for

Sp = 0.06 MeV on the lefthand side and f&f, = 0.5 MeV on the righthand side. Solid, dashed and dot-dashed correspond to the f
CDCC, the truncated CDCC without continuum-continuum couplings and the 1-step calculations, respectively.

Il Other reactions lications for stable nuclei. Unfortunately such has not beer
the case for dripline nuclei. Although some elastic studies
A. Elastic Scattering ha}ve been performed, often optical potentials for these ex
. o ) otic systems have to be extrapolated from the paramete!
Elastic scattering is one of the most important tools t0 yequced from stable nuclei. Recently there was a systen
determine the size of the nucleus and the optical potentialsgj. experimental study performed for nuclei neighbouring
that should be used in reactions (e.g. [32]). Not surprisingly sg [33] with the specific aim of reducing the uncertainties in
there is an overwhelming quantity of elastic scattering pub-
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the optical potentials. As in most cases, the anaylsis of thoseculations easily become very large [34]. Such calculati
data was based on a 1-step optical model approach, althougkvere recently performed for the reactibiN("Be 2B)'3C at
an elaborate microscopic JLM description was used to gen-E;,, = 84 MeV. Data for this reaction has been used to
erate the optical potential. By including the possibility of tract the”Be proton capture rate at zero energy [38].
breakup channels in the reaction mechanism (using CDCC) calculations show that at these intermediate energies,
it was show that ground state to continuum couplings be- tinuum couplings do not play a role.

come very important at larger angles [34]. In that work,
the elastic scattering 6B on !13C at E;,, = 78 MeV was
studied. It is found that, taking into account the adequate
p-13C and”Be-'3C optical potentials, 2-step processes en-
hance the cross section beyofiidegrees when comparing
with an optical model calculation using the extrapolatd
optical potential from [33]. The major effect comes from the

We have performed additional calculations at mu
lower energy, where one could guess the effect to be r
significant. In Fig. 13 we show the differential cross sect
for transfer calculations 6fB(°®Ni,>*Cu)' Be atE;,, = 30
MeV using the same optical potentials as in [28]. The
gles are the centre of mass angles for the outcoming
cle. We have included the continuum &8 in the transfer
tprocess. Comparing the DWBA results with the full CDC
BA results we find that continuum effects are not signific:
If a truncated calculation is performed without continuu
continuum couplings, there is a decrease in the overall
ibution and a slight shift to lower angles. If additiona
one also removes couplings from the ground state intc
. continuum, then there is an increase of the cross sectiol
B. Transfer reactions the result is very close to the original full CDCC result (c
agreement up to 5%). This result is valid both above anc
low the Coulomb barrier. However the effect of the con
uum couplings in transfer reactions can increase up to
if the beam energy is on the Coulomb barrier.

the same in the two calculations (CDCC and OM), but there
is also an explicit contribution from the breakup channels.
The data corresponding to this particular elastic scattering
process has now been measured and will be published soo
[31].

After decades of using transfer reactions for spec-
troscopy in the valley of stability, it is unnecessary to argue
for transfer reactions on unstable nuclei. The recent system
atic program in MSU measuring knock-out reactions on a
range of nuclei from A=6 to 40 [10] is a proof that transfer
reactions are a necessary path for a more detailed under-
standing of the structure of dripline nuclei [35]. In fact, a
specific detection system has been developed at GANIL for 05
measuring inverse kinematic transfers and has already pro-
duced results fot'Be [11]. ul = e o 2,

Another motivation for developing the transfer reac- ' —-— dwba y
tion tool for nuclei on the dripline is Astrophysical. Sev-
eral studies have been performed in order to establish
the so-called ANC (Asymptotic Normalization Coefficient)
method [36, 37]. This method is an alternative to the tradi-
tional direct capture reaction measurements relevant in As-
trophysics. The ANC method becomes useful when the di-
rect capture cross sections are impossibly low or in situa-
tions where the capturing nucleus is too unstable to work as 01
atarget. First one should realise that the zero energy capture
rate of X into Y depends only on the ANC for the overlap of
the wavefunction< Y| X >. Consequently, by measuring Y —
a transfer reaction A(X,Y)B, and making sure the reaction 0
is direct and completely peripheral, in other words, well de-
scribed within DWBA, one can extract the product of the Figure 13. One proton transfer cross section®®ron **Ni: the
ANCs of the two overlapsc A|B > and< Y|X >. As full CDCC calculation (solid), the truncated CDCC calculati
long as< A|B > can be determined in an independent way, without continuum-continuum couplings (dashed) and the 1-
< Y|X > can be extracted by scaling the DWBA calcula- calculation (dot-dashed).
tion to the measured transfer cross section. The great advan-
tage of this method is that transfer cross sections (measured
at any beam energy) are much larger than the direct capture
cross sections needed typically at very low energy. The dependence on binding energy is shown in Fig.

If a nucleon is transferred from nucleus Y into nucleus Black curves correspond to the full CDCC-BA calculatio
A where either Y or A is very loosely bound, one can ex- whilst the grey curves are the DWBA results. For all th
pect that multi-step paths through the continuum may con- binding energies there is a subtil decrease of the cross
tribute to the transfer cross section. Breakup channels genertion, due to continuum couplings. We conclude that con
ated within the CDCC method can be easily included in the uum effects do not change significantly with binding ene
transfer formalism (the CDCC-BA method) although cal- on the dripline.
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in transfer processes. When including the continuum cou
plings in a reaction model, one should definitely take care
of non-resonant continuum as well as the resonant state
Couplings between two continuum states may be equally (o
even more) important as couplings between the ground sta
and the continuum.

All the results here presented use the well establishe
CDCC method to discretize the continuum. However, giver
the computational demand of the traditional CDCC calcula-
tions, research into new methods is being developed. One
the most promising alternative methods for discretizing the
continuum uses transformed harmonic oscillators (THO).
‘ Benchmark calculations comparing the CDCC and the THC
60 80 methods for the elastic scattering and breakup of deuteror
on 2%8pp are very encouraging [44]. We expect that, in the
future, the optimization of the continuum discretization will
dnake it feasible to tackle reactions involving three body sys:
tems, such a&'Li, by including the three body continuum
properly.

Another point that should be high in the agenda concern
the structure information that can be incorporated in the re
action model, in particular the continuum structure. In the
past, spectroscopic factors were the easy was of includin
structure information. How accurate are shell model cal-
culations for determining continuum spectroscopic factors”
Considerable effort is being developed by Shell Model the-

—— 0.137 MeV
——- 0.06 MeV
—-— 0.50 MeV

0.4
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do/dQ (mb/srad)
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Transfer (30 MeV)
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Figure 14. Angular distribution for the transfer 6fB” on ®®Ni,

at E,» = 30 MeV: full CDCC calculations (black) and 1-step cal-
culations (grey). The solid, dashed and dot-dashed correspond t
Sp = 0.06 MeV, S, = 0.137 MeV, S, = 0.5 MeV, respectively.

C. Fusion reactions

The interest on fusion reactions with light exotic nuclei
was initiated in the early nineties. At that time the simple
theoretical models producing either suppression [39] or en-

hancement [40] of fusion due to the proximity to thresh-
old and the coupling to breakup channels, could not be
compared with experiment. Meanwhile several experiments
have been performed using beams®bie, ''Be, '7F but,
regarding a general behaviour of the process, results ar
still unconclusive [41]. In fact, the experimental issue on
whether measurements concern complete fusion only or als
incomplete fusion (fusion of the core and fragments af-

o]

orists to tackle these and related issues [45, 46]. A furthe
improvement would also take into account microscopic in-
formation on the radial dependence, i.e. one-body overla

functions. Although, in recent years, some advances hav

%een made in calculations for reactions with nuclei on the

dripline, we are aware that there are still obstacles to over
come, before the above mentioned improvements can be in

ter breaking up inflight, whilst approaching the target) has plemented.

caused enormous debate.

Independently on the experimental points that need to
be sorted, it is now possible to perform accurate calcula- We are grateful to lan Thompson, John Mortimer and
tions for the fusion process including the couplings to the Antonio Moro for providing information that was useful for
continuum [42, 43]. Both cited studies present fusion calcu- the preparation of this talk. Support from the University of
lations for'!Be on2°8Pb, the main difference being that in Sao Paulo is gratefully acknowledged. We also acknowl-
[43] continuum-continuum couplings are included, whereas edge support from the Portuguese Science and Technolog
[42] contains only ground state to continuum couplings. The Foundation (FCT) under grant SAPIENS/36282/99.
results show that couplings from the ground state to the con-
tinuum enhance subbarrier fusion and reduce slightly the fu-
sion above the barrier. A rather surprising result is produced References
when the full calculation is performed, including all cou-
plings: continuum-continuum couplings reduce the overall [1] R.A. Broglia and P.G. Hansen (editors), International School
cross section by an order of magnitude [43]. More work is of Heavy-lon Physics, 4th Course: Exotic Nuclei 1-452,
need for a better understanding of this striking result. World-Scientific, Singapore, 1998.

I. Tanihata, T. Kobayashi, O. Yamakawa, S. Shimoura, K.
Ekuni, K. Sugimoto, N. Takahashi, T. Shimoda, and H. Sato,
Phys. Lett. B260, 380 (1985).

E. F. Aguilera, J. J. Kolata, F. M. Nunes, F. D. Becchetti,
P. A. DeYoung, M. Goupell, V. Guimares, B. Hughey, M.
Y. Lee, D. Lizcano, E. Martinez-Quiroz, A. Nowlin, T. W.

Acknowledgements

(2]

IV Concluding remarks

(3]
Continuum couplings are crucial to understand some reac-
tion processes involving light exotic nuclei. It is in the
breakup process that these coupling effects are better seen, O'Donnell, G.F. Peaslee, D. Peterson, P. Santi, and R. White
but we have shown that there is an influence on elastic scat- ~ Stevens, Phys. Rev. Le&4. 5058 (2000).
tering and fusion reactions. From the examples so far stud- [4] J. F. Liang, J. R. Beene, H. Esbensen, A. Galindo-Uribarri, J.
ied, couplings to the continuum seem to be less important Gomez del Campo, C. J. Gross, M. L. Halbert, P. E. Mueller,



204

(5]

F.M. Nunes

D. Shapira, D. W. Stracener, I. J. Thompson, and R. L. Varner, [13] N. Alamanos, A. Pakou, V. Lapoux, J. L. Sida, and M. Tro

Phys. Rev. €5, 051603(R) (2002).

N. lwasa, F. Bou, G. Surwka, K. Smmerer, T. Baumann,
B. Blank, S. Czajkowski, A. Frster, M. Gai, H. Geissel, E.
Grosse, M. Hellstrm, P. Koczon, B. Kohlmeyer, R. Kulessa, F.
Laue, C. Marchand, T. Motobayashi, H. Oeschler, A. Ozawa,
M. S. Pravikoff, E. Schwab, W. Schwab, P. Senger, J. Speer,
C. Sturm, A. Surowiec, T. Teranishi, F. Uhlig, A. Wagner, W.
Walus, and C. A. Bertulani, Phys. Rev. Le38, 2910 (1999).

[6] A. A. Korsheninnikov, E. A. Kuzmin, E. Yu. Nikolskii, O. V.

(7]

Bochkarev, S. Fukuda, S. A. Goncharov, S. Ito, T. Kobayashi,
S. Momota, B. G. Novatskii, A. A. Ogloblin, A. Ozawa, V.
Pribora, I. Tanihata, and K. Yoshida, Phys. Rev. L&,
2317 (1997).

M.D. Cortina-Gil, P. Roussel-Chomaz, N. Alamanos, J. Bar-
rette, W. Mittig, F.S. Dietrich, F. Auger, Y. Blumenfeld, J.M.
Casandjian, M. Chartier, V. Fekou-Youmbi, B. Fernandez, N.
Frascaria, A. Gillibert, H. Laurent, A.&pine-Szily, N.A. Orr,
J.A. Scarpaci, J.L. Sida, and T. Suomijarvi, Phys. Ledt(B,

9 (1997).

[8] A. de Vismes, P. Roussel-Chomaz, W. Mittig, A. Pakou, N.

Alamanos, F. Auer, J.C. Aridique, J. Barrette, A.V. Belozy-
orov, C. Borcea, W.N. Catford, M.D. Cortina-Gil, Z. Dlouhy,
A. Gillibert, V. Lapoux, A. Lepine-Szily, S.M. Lukyanov, F.
Marie, A. Musumarra, F. de Oliveira, N.A. Orr, S. Ottini-
Hustache, Y.E. Penionzhkevich, F. Sarazin, and H. Savajols,
Phys. Lett. B505 15 (2001).

[14]

[9] A.Lagonyannis, F. Auger, A. Musumarra, N. Alamanos, E.C. (15]

(10]

(11]

(12]

Pollacco, A. Pakou, Y. Blumenfeld, F. Braga, M. La Comara,
A Drouart, G. Fioni, A. Gillibert, E. Khan, V. Lapoux, W.
Mittig, S. Ottini-Hustache, D. Pierroutsakou, M. Romoli, P.
Roussel-Chomaz, M. Sandoli, D. Santonocito, J.A. Scarpaci,
J.L. Sida, T. Soumijavi, S. Karataglidis, and K. Amos, Phys.
Lett. B518 27 (2001).

T. Aumann, A. Navin, D. P. Balamuth, D. Bazin, B. Blank,
B. A. Brown, J. E. Bush, J. A. Caggiano, B. Davids, T.
Glasmacher, V. Guimares, P. G. Hansen, R. W. Ibbotson, D.
Karnes, J. J. Kolata, V. Maddalena, B. Pritychenko, H. Scheit,
B. M. Sherrill, and J. A. Tostevin, Phys. Rev. Led4, 35
(2000); A. Navin, D. W. Anthony, T. Aumann, T. Baumann,
D. Bazin, Y. Blumenfeld, B.A. Brown, T. Glasmacher, P. G.
Hansen, R. W. Ibbotson, P. A. Lofy, V. Maddalena, K. Miller,
T. Nakamura, B. V. Pritychenko, B. M. Sherrill, E. Spears, M.
Steiner, J. A. Tostevin, J. Yurkon, and A. Wagner, Phys. Rev.
Lett. 85, 266 (2000); V. Maddalena, T. Aumann, D. Bazin,
B. A. Brown, J. A. Caggiano, B. Davids, T. Glasmacher, P.
G. Hansen, R. W. Ibbotson, A. Navin, B. V. Pritychenko,
H. Scheit, B. M. Sherrill, M. Steiner, J. A. Tostevin, and J.
Yurkon, Phys. Rev. 63, 024613 (2001).

J.S. Winfield, S. Fortier, W.N. Catford, S. Pita, N.A. Orr, J.

Van de Wiele, Y. Blumenfeld, R. Chapman, S.P.G. Chappell,
N.M. Clarke, N. Curtis, M. Freer, S. Gals, H. Langevin-Joliot,

H. Laurent, I. Lhenry, J.M. Maison, P. Roussel-Chomaz, M.
Shawcross, K. Spohr, T. Suomijrvi, and A. de Vismes, Nucl.
Phys. A683 48 (2001).

A. Azhari, V. Burjan, F. Carstoiu, C. A. Gagliardi, V. Kroha,
A. M. Mukhamedzhanov, F. M. Nunes, X. Tang, L. Trache,
and R. E. Tribble, Phys. Rev. €3, 055803 (2001), and ref-
erences therein.

(16]

(18]

[19]

[20]

(21]

(22]

(23]

[24]
(25]

Phys. Rev. 35, 054606 (2002).

L. V. Chulkov, T. Aumann, D. Aleksandrov, L. Axelsson,
Baumann, M. J. G. Borge, R. Collatz, J. Cub, W. Dostal
Eberlein, Th. W. Elze, H. Emling, H. Geissel, V. Z. Goldbe
M. Golovkov, A. Grnschloss, M. Hellstrm, J. Holeczek,

Holzmann, B. Jonson, A. A. Korsheninnikov, J. V. Kratz,
Kraus, R. Kulessa, Y. Leifels, A. Leistenschneider, T. Le
I. Mukhal, G. Mnzenberg, F. Nickel, T. Nilsson, G. Nym:e
B. Petersen, M. Pftzner, A. Richterl, K. Riisager, C. Scl
denberger, G. Schrieder, W. Schwab, H. Simon, M. H. Sn
berg, M. Steiner, J. Stroth, A. Surowiec, T. Suzuki, and
Tengblad, Phys. Rev. Letf9, 201 (1997); T. Aumann, D
Aleksandrov, L. Axelsson, T. Baumann, M. J. G. Borge,
V. Chulkov, J. Cub, W. Dostal, B. Eberlein, Th. W. Elz
H. Emling, H. Geissel, V. Z. Goldberg, M. Golovkov, /
Grnschlo, M. Hellstrm, K. Hencken, J. Holeczek, R. Ho
mann, B. Jonson, A. A. Korshenninikov, J. V. Kratz,

Kraus, R. Kulessa, Y. Leifels, A. Leistenschneider, T. Le
I. Mukha, G. Mnzenberg, F. Nickel, T. Nilsson, G. Nymg
B. Petersen, M. Pftzner, A. Richter, K. Riisager, C. Sct
denberger, G. Schrieder, W. Schwab, H. Simon, M. H. Sn
berg, M. Steiner, J. Stroth, A. Surowiec, T. Suzuki, O. Te
blad, and M. V. Zhukov, Phys. Rev. &9, 1252 (1999); S
Nakayama, T. Yamagata, H. Akimune, I. Daito, H. Fujimu
Y. Fujita, M. Fujiwara, K. Fushimi, T. Inomata, H. Kohri, N
Koori, K. Takahisa, A. Tamii, M. Tanaka, and H. Toyokav
Phys. Rev. Lett85, 262 (2000).

L. Chen, B. Blank, B.A. Brown, M. Chartier, A. Galonsk
P.G. Hansen, and M. Thoennessen, Phys. LethOB 21
(2001).

J. A. Caggiano, D. Bazin, W. Benenson, B. Davids, B.
Sherrill, M. Steiner, J.Yurkon, and A. F. Zeller, Phys. Rev
60, 064322 (1999).

M. Wiescher, J. Gorres, and H. Schatz, J. Phy25GR133
(1999).

M. Wiescher, H.W. Becker, J. Gorres, K.U. Kettner, H
Trautvetter, W.E. Kieser, C. Rolfs, R.E. Azuma, K.P. Ja
son, and J.W. Hammer, Nucl. Phys349, 165 (1980).

J. A. Caggiano, D. Bazin, W. Benenson, B. Davids, R. Ibt
son, H. Scheit, B. M. Sherrill, M. Steiner, J. Yurkon, A.
Zeller, B. Blank, M. Chartier, J. Greene, J. A. Nolen, Jr.,
H. Wuosmaa, M. Bhattacharya, A. Garcia, and M. Wiesc
Phys. Rev. B4, 025802 (2001).

A. Winther and K. Alder, Nucl. Phys. 819 518 (1979); K.
Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther, Re
Mod. Phys28, 432 (156).

F.M. Nunes and I.J. Thompson, Phys. Rev5¢ R2818
(1998).

M. Yahiro, N. Nakano, Y. Iseri, and M. Kaminura, Pro
Theo. Phys67, 1464 (1982); Prog. Theo. Phys. Supg®,
32 (1986).

F.M. Nunes, and 1.J. Thompson, Phys. Rev5g 2652
(1999).

H. Esbensen and G. Bertsch, Phys. Re890635 (1999).

C.H. Dasso, S.M. Lenzi, and A. Vitturi, Nucl. Phys.689,
(1998).



Brazilian Journal of Physics, vol. 33, no. 2, June, 2003 205

(26]

[27]

(28]

J. J. Kolata, V. Guimares, D. Peterson, P. Santi, R. H. White- [36] R. Crespo and F.M. NuneByoceedings from the RNB5 con-
Stevens, S. M. Vincent, F. D. Becchetti, M. Y. Lee, T. W. ference Divonne, France, April 3-8, 2000.

O’Donnell, D. A. Roberts, and J. A. Zimmerman, Phys. Rev. [37] F.M. Nunes and A.M. Mukhamedzhanov, Phys. Re\64>
C 63, 024616 (2001). 062801 (2001).

T. Minamisono, T. Ohtsubo, I. Minami, §._Fukuda, A. Kita- [38] A. Azhari, V. Burjan, F. Carstoiu, C. A. Gagliardi, V. Kroha,
gawa, M. Fukuda_, K. Matsuta, Y. Nojiri, S. Takeda, H. A. M. Mukhamedzhanov, X. Tang, L. Trache, and R. E. Trib-
Sagawa, and H. Kitagawa, Phys Rev. L6, 2058 (1992). ble, Phys. Rev. G0, 055803 (1999).

J.A. Tostevin, F.M. Nunes, and I.J. Thompson, Phys. Rev. C [39] M.S. Hussein, M.P. Pato, L.F. Canto, and R. Donangelo,
63, 024617 (2001). Phys. Rev. G16, 377 (1992).

[29] B. Davids, Sam M. Austin, D. Bazin, H. Esbensen, B. M. 401 ¢ H. Dasso and A. Vitturi, Phys. Rev.5D, R12 (1994).
Sherrill, I. 3. Thompson, and J. A. Tostevin, Phys. Re@3C . o
065806 (2001) [41] C. SIgnOI’InI, Nucl. PhyS /93 190 (2001)
[30] J. Mortimer, 1.J. Thompson, and J.A. Tostevin, Phys. Rev. C [42] K. Hagino, A. Vitturi, C. Dasso, and S.M. Lenzi, Phys. Rev.
65, 064619 (2002). C 61, 037602 (2000).
[31] L. Trache private communicatiofiTexas A&M, June 2002. (43] ,(AZ.OI?)iZa)z-Torres and I.J. Thompson, Phys. Rew6%; 024606
[32] R.CrespoandR.C. Johnson, Phys. Re§0034007 (1999). ' .
) o [44] A. M. Moro, J. M. Arias, J. Gmez-Camacho, |. Martel, F.
[33] L. _Trache, A. Azhari, H. L. Clark, C._ A. Gagliardi, YW Prez-Bernal, R. Crespo, and F. Nunes, Phys. ReG5C
Lui, A. M. Mukhamedzhanov, R. E. Tribble, and F. Carstoiu,
011602 (2002).
Phys. Rev. 1, 024612 (2000). . . .
[45] K. Bennaceur, F. Nowacki, J. Okolowicz, and P. Ploszajczak,
[34] A.M. Moro, R. Crespo, F.M. Nunes, and I.J. Thompson, Phys. Lett. B488, 75 (2000), and references therein.

(35]

Phys. Rev. &6, 024612 (2002). . ) )
] _ [46] N. Michel, W. Nazarewicz, M. Ploszajczak, and K. Ben-
B.A. Brown, P.G. Hansen, B.M. Sherrill, and J.A. Tostevin, naceur, Phys. Let89, 042502 (2002).

Phys. Rev. @G5, 061601(R) (2002).



