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Abstract

In this talk I present some theoretical approaches to nuclear reactions with exotic
beams. In particular their potential application to the analysis of data from experi-
ments which could be performed at the forthcoming Italian INFN facilities with ra-
dioactive beams, namely at the Laboratorio Nazionale del Sud and at the Laboratorio
Nazionale di Legnaro. First I will discuss nuclear and Coulomb breakup experiments
which involve heavy exotic beams and intermediate incident energies, thus being suited
for the LNL-SPES proposed facility. Then I will discuss transfer to the continuum re-
actions aiming at performing spectroscopy in the continuum of light unbound nuclei
like He, or 'Li or ®Be. Such reactions are best matched if the incident beam energy
is very low, as it will be at the LNS-EXCY'T facility.

1 Introduction

Nuclei far from the stability valley are often called ”exotic” because they exhibit properties
rather different from those of nuclei in the rest of the nuclear chart [L]. Most of them are
neutron rich and unstable against (3-decay. It is interesting to study them because they give
information on the structure of matter under extreme conditions and allow to test nuclear
models otherwise based only on properties of stable nuclei.

From the theoretical point of view one of the most interesting characteristic of some
medium-light unstable nuclei such as He, ' Li, 14 Be is the fact that they are build on a core
which is an unbound nucleus. The dominant feature is the appearance of intruder states in
the single particle level scheme and the strong coupling between deformed cores and valence
particles. The exact location and structure of the low energy resonances of those unbound
nuclei will provide a keystone in the understanding of the nuclear interaction. In fact it
has been seen that the effective potentials necessary to describe the data already existing
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show some very unusual properties and a strong state dependence in particular in the spin-
orbit and spin-isospin parts of the interaction. This is a very interesting characteristic in
agreement with more fundamental findings based on ”exact” calculations of light nuclei [2].

New techniques have been developed to study reactions initiated by these nuclei, which
combine and unify the traditional treatment of bound and continuum scattering states. In
this respective reaction theories like the transfer to the continuum [3] B]B] can be very useful.

Research on exotic nuclei has concentrated on studying elastic scattering [G] for the
determination of the important reaction channels and breakup for spectroscopic properties
like the determination of single particle state energies, angular momenta and spectroscopic

factors [7] 8] [0 @0Q].

2 Reaction models for structure studies

One of the most suited measurement for an exotic projectile is the single-neutron removal
cross section, in which only the projectile residue, namely the core with one less nucleon,
is observed in the final state. This information together with the calculated cross sections
ﬂY—_l Rl m has been used to extract single particle spectroscopic factors as in traditional
transfer reactions. For halo nuclei interacting with light targets the interaction responsible
for the reaction is the neutron-target complex potential. Besides the integrated removal cross
section, denoted by o_,, the differential momentum distribution d*c/dk? is also measured.
A particularly useful cross section is do/dk,, the removal cross section differential in longi-
tudinal momentum. It has been used to determine the angular momentum and spin of the
neutron initial state [9] in a way similar to that proposed in [BJI1]. If the final state neutron
can also be measured, the corresponding coincident cross section A, — (A, — 1) +n is called
the diffractive (or elastic ) breakup cross section if the interaction responsible for the removal
is the neutron-target nuclear potential [I2) [3]. In the case of heavy targets the coincident
cross section contains also the contribution from Coulomb breakup due to the core-target
Coulomb potential which acts as an effective force on the neutron. This observable is very
useful to disentangle the reaction mechanism [I4]. The difference between the removal and
coincident cross sections is called the stripping (or absorption) cross section.

All theoretical methods used so far rely on a basic approximation to describe the collision
with only the three-body variables of nucleon coordinate, projectile coordinate, and target
coordinate. Thus the dynamics is controlled by the three potentials describing nucleon-core,
nucleon-target, and core-target interactions. In most cases the projectile-target relative
motion is treated semiclassically by using a trajectory of the center of the projectile relative
to the center of the target R(t) = d + vt with constant velocity v in the z direction and
impact parameter d in the xy plane.

2.1 Nuclear-Coulomb elastic breakup and nuclear absorption.

A full description of the treatment of the scattering equation for a projectile which decays
by single neutron breakup following its interaction with the target, can be found in [4][14].
There it was shown that within the semiclassical approach for the projectile-target relative



motion, the amplitude for a transition from a nucleon bound state v; in the projectile to a
final continuum state 1, is best calculated in time dependent perturbation theory.

For light targets the recoil effect due to the projectile-target Coulomb potential can
be neglected and the interaction responsible for the reaction is mainly the neutron-target
nuclear potential. In the case of heavy targets the dominant reaction mechanism is Coulomb
breakup. The Coulomb force does not act directly on the neutron but it affects it only
indirectly by causing the recoil of the charged core. Therefore the neutron is subject to
an effective force which gives rise to an effective dipole Coulomb potential V.rs(r, R(?)).
In ref.[14] it was shown that the combined effect of the nuclear and Coulomb interactions
to all orders can be taken into account by using the potential V' = V,; 4+ V¢ sum of the
neutron-target optical potential and the Coulomb dipole potential. If for the neutron final
continuum wave function we take a distorted wave of the eikonal-type, then the amplitude
becomes :

Afz kd /d3 /dte ik-r+iwt ( f V(r,t') dt) (I‘,t) ¢limi (I‘) (1)

where w = (/' —¢¢) /R and go is the neutron initial bound state energy while £, is the
neutron-core final continuum energy. Eq.(lﬂ is appropriate to calculate the coincidence

cross sections A, — (A, — 1) + n discussed in the previous section. Finally the differential
d3Ppe(d)
dey/sin0dfdg —

Aypi|?. where Ay, is given by Eq.[M and we have averaged over the neutron

probability with respect to the neutron energy and angles can be written as

1 mk 1
8m3 h2 2l;+1 Zmi
initial state.

The effects associated with the core-target interaction will be included by multiplying
the above probability by the probability for the core to be left in its ground state, defined in
terms of a core-target S-matrix function of d, the core-target distance of closest approach.
A simple parameterization [B] is Py (d) = |Sy|? = el 2earl(fs=d)/al) where the strong ab-
sorption radius R, ~ 1.4(A117/ 3+ Ai / 3) fm is defined as the distance of closest approach for
a trajectory that is 50% absorbed from the elastic channel and a = 0.6 fm is a diffusness

parameter.
Thus the double differential cross section is
d*c o ?P (k,d)
— S / da D p g 2
de ;'S 0 de /9 (), 2)

(see Eq. (2.3) of B]) and C2S is the spectroscopic factor for the initial single particle orbital.
Inclusive cross sections in which only the core with (A, — 1) nucleons is detected need
to take into account also the absorption of the neutron by the imaginary part of the n-target
optical potential. For such reactions the Coulomb recoil effect can be neglected but the
distorted eikonal-type wave function used in Eq.(l]__]) is not accurate enough, in particular
if the final continuum states are single particle resonances in the target plus one neutron
nucleus. Then a distorted final neutron wave function, calculated by an optical model will be
used. Also since the neutron is not detected one integrates over the neutron angles. Thus,
according to [4] the final neutron probability energy spectrum with respect to the target
reads
dp 1
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where 5j, is the neutron-target optical model S-matrix, Fj ;. ;. ;, is an [ to j coupling factor,
7 is the transverse component of the neutron momentum which is conserved in the neutron
transition, d is the core-target impact parameter, C; is the initial state asymptotic normal-
ization constant and M;,,, is a factor depending on the angular parts of the initial and final
wave functions, v is the relative motion velocity at the distance of closest approach.

We are going to discuss now a series of experiments and corresponding theoretical calcu-
lations aimed at extracting spectroscopic information on one-neutron and two-neutron halo
nuclei and to determine properties of neutron-exotic nucleus interactions.

2.2 Higher order effects.

A very comprehensive study of one neutron breakup mechanism, cross section and momen-
tum distributions can be found in [12] 03] 5] [16]07].

On the other hand a more recent work has improved the previous knowledge of the
breakup reaction, by studying the Coulomb-nuclear interference effects according to Eq.(L].
New calculations that we have recently performed by using Eq.([d to study higher order
effects including the nuclear and the Coulomb dipole potential have shown that the sudden
limit (w = 0) of Eq.([dJ and can be used to calculate the nuclear and Coulomb force effects

to all orders. We called the corresponding amplitude A% 2" Then we studied the first

order approximation for the Coulomb term in which (G 7 Verse)d) _ 4 byt the wt term
was keept (this is the standard first order perturbation theory amplitude A'=°"¢) and finally
the sudden approximation restricted to first order giving Al ¢, We have shown that for
R, < d < 20fm the results obtained with A% are equal to those obtained with Al o7,
starting from about # = 10deg thus showing that at small angles the higher order terms
give some contribution. On the other hand for d > 20 fm we found that higher order effects
are always negligible since using A%t 2™ or Al ¢ does not give any difference. Then we
concluded that time dependent perturbation theory is valid and appropriate apart from
the small impact parameter, small angle region. There we took into account higher order
terms in the sudden approximation because the second order term calculated with full time
dependence or in the sudden limit, give the same results. The all order calculations were
finally performed according to an amplitude defined as A" = Aallord 4 pl=ord _ pl-ord
valid at all core-target impact parameters and not giving rise to divergences in the final
integral over impact parameters in Eq.(2).

More recently we have extended the method, for the Coulomb potential only, to include
the first and second order terms in the quadrupole interaction [I8] and we have studied the
breakup of a charged halo. Because the quadrupole term is important at small distances
we used the sudden limit and found that for impact parameters larger than 30 fm the only
non negligible contribution is given by the dipole first order term. Furthermore we found no
interference between first order and second order terms and between dipole and quadrupole.
However since the quadrupole is important at small impact parameters where the nuclear
interaction is also very important, it is clear that through the coupling with the nuclear
the overall interference pattern could be slightly different. In Fig.(1) we show the impact
parameter dependence of the breakup probability due to the dipole and quadrupole first
and second order terms. The calculation was done for a proton bound in a s-state with
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Figure 1: Breakup probabilities as a function of the core-target impact parameter d (fm)
for various Coulomb potential multipolarities. The dipole first (full line) and second order
(dashed) terms, quadrupole first (dotdashed) and second order (dotted).

an effective energy of ¢, = —3MeV to a core nucleus with A=7 and Z=4 impinging at
80A.MeV on a 2%Pb target. We used Hankel functions for the initial state according to
the effective binding energy model of [[9]. The study of the difference between proton and
neutron halo is relevant for our community in view of a '"F breakup experiment proposed
at the INFN-Legnaro National Laboratory.

3 Unbound nuclei studied via transfer.

We discuss now the results of a possible reaction aiming at clarifying the structure ' Li
which has been a challenge for long time [20]-[30]. '*Li and ® He are two-neutron halo nuclei.
They are special because their corresponding A-1 systems are unbound and it is thanks
to the pairing force acting between the two neutrons that they become bound. 'Li has
been very difficult to study from the experimental point of view because the ground state of
107i is unbound [24]-[0], and one of the available states for the valence neutron is a 2s;
virtual state. Recently a pickup experiment d(! Be,® He)'°Li [30] has definitely confirmed
the earlier hypothesis that the ground state of °Li is the 2s virtual state and that the 1p; o
orbit gives an excited state. Three body models of ' Li need as a fundamental ingredient the
n-core (n-?Li) interaction, which in turn determines the energies of the low energy unbound
states in '°Li. Following ref.m the two neutron hamiltonian is Hs,, = hy + ha + V. Vin
is the zero-range paring interaction. The single neutron hamiltonian is h = ¢t 4+ V,,, where
t is the kinetic energy and V,, = Viyg + 6V is the neutron-core interaction. It is given
by the usual Woods-Saxon potential plus spin-orbit plus a correction 6V which originates
from particle-vibration couplings. They are important for low energy states but can be
neglected at higher energies. If Bohr and Mottelson collective model is used for the transition
amplitudes between zero and one phonon states, then 6V (r) = 16ae?r=/a /(1 4- e(r=F)/a)4
where R = roA'/3. According to the best parameters for the n-2Li Woods-Saxon and
spin-orbit potential were Vj = —39.83MeV, V,, = 7.07TMeV, ro = 1.27fm, a = 0.75fm.



d+7Li

150

100

do/de (mb/MeV)

50

Figure 2: Neutron-°Li relative energy spectra for transfer to the s and p continuum states

in 101,

The corresponding energies obtained for the 2s and 1p,/, state are given in Table 1, together
with the values of the strength « of the correction potential 6V .

Table 1: Energy and width of unbound p-state, scattering length of the s-state and strength
parameter for the 6V potential.

IF'(MeV) as(fm) a(MeV)

€25, ,(MeV) -85 -12.
85.9 -12.5
ey, (MeV) 0595 048 3.3

It would be therefore extremely interesting and important if an experiment could deter-
mine the energies of the two unbound °Li states such that the interaction parameter could
be deduced. Two ?Li(d, p)'°Li experiments have recently been performed. One at MSU at
20 A.MeV [B2] and the other at the CERN REX-ISOLDE facility at 2 A.MeV[33]. For such
transfer to the continuum reactions the theory underlined in section 2.2 is very accurate. We
present in the following some of our results. A complete account of our calculations would be
presented elsewhere [31]. In order to study the sensitivity of the results on the target and on
the energies assumed for the s and p states, we have calculated the reaction *Li(X, X —1)1°Li
at 2 A.MeV for three targets d, °Be, '*C. The '3C target has been chosen because in such
a case the neutron transfer to the 2s state in ?Li would be a spin-flip transition which as it



is well known are enhanced at low incident energy. For the other two cases the transfer to
the 2s state is a non spin-flip transition which is hindered. We show in Fig.(2) the neutron
energy spectrum relative to °Li obtained with the interaction given above and the single
particle energies of Table 1. In the case of the 2s virtual state we have studied the behavior
of the scattering length obtained as a, = — lging %. By changing the potential trough an
increase in the value of the parameter a the scattering length changes sign from negative to
positive values when a =~ —12MeV. Then a; = —85fm and the s-state is slightly unbound,
while if &« = —12.5M eV it is barely bound and as = 85.9 fm. In both cases the cross section
would increase toward zero energy because of the kinematical factor 1/ky in Eq.(3).

The fact that a peak appears or does not appear for the s-state in the transfer spectrum,
depends on the relative behavior of the two terms |1—(S)|? and 1/k; in Eq.(3). The [1—(S)?
term has always a maximum whose value is equal to 4 if the phase shift goes trough 7/2,
while the 1/kg-term has a divergent-like behavior as the energy approaches zero. A peak in
the cross section can appear in some cases even if the scattering length is positive. Therefore
it appears that a study of the line shape for the s-state alone would not allow to determine the
characteristics of the state and therefore the interaction which determines it. However since
the potential has to change smoothly from the s to the p-state and since the experimental
spectra would contain a background due to the presence of the 1=0,1,2 states in the low
energy region a global fit of the cross section energy dependence should help understanding
the behavior of the interaction. This point is illustrated in Fig.(2) where we show the
cross section energy dependence calculated according to Eq.(3). We have changed smoothly
the potential such that it would give the s and p-states of Table 1. The S-matrix has been
calculated at energy steps of 0.02 MeV with the state dependent potential and in each energy
interval the sum of the contributions of the 1=0,1,2 partial waves has been taken. The line
shape for the inclusive spectrum thus comes out automatically from the calculation and no
hypothesis on the shape of the resonance is made. Furthermore a ”physical” background
is naturally included. For the p-state we have seen that the peak in the transfer cross
section is at the resonance energy for all targets and even if the beam energy is changed.
A very important point is that the ratio of the cross section at the peak of the p-state
and at threshold depends on the deformation assumed for the potential via the different
values of a. Therefore we can conclude that if a transfer to the continuum experiment could
measure with sufficient accuracy (energy resolution) the line-shapes or energy distribution
functions in °Li our theory would be able to fix unambiguously the energy of the p-state and
the relevant characteristics of the s-state. Those in turn could be used to test microscopic
models of the n-°Li interaction. A similar reaction has been proposed at the LNS using the
new large acceptance spectrometer MAGNEX [34] with the 8Li beam to study the structure
of the unstable °Li and to determine the n-8Li interaction.

4 Conclusions and future challenges

It is clear from what we have discussed in this paper that physics with radioactive beams is an
extremely fascinating field in which the interplay between the understanding of the nuclear
structure and that of the reaction mechanism is very strong and an enormous number of



progress has been made in the last few years. There are however a number of improvements
both experimental as well as theoretical that need to be pursued. We have shown that there
are experiments which could be performed at the forthcoming facilities at Italian Nuclear
Physics Laboratories for which the theoretician’s community is ready to give the appropriate
support.

References

[1] Proceedings of the 4th course of the International School of Heavy-Ion Physics, 4th
Course:Exotic Nuclei, Erice, May 1997, Eds. R. A. Broglia and P. G. Hansen, (World
Scientific, Singapore 1998).

[2] R. B. Wiringa et al., Phys. Rev. C62 014001, Phys. Rev. Lett. 89 (2002) 182501.

[3] A. Bonaccorso and D. M. Brink, Phys. Rev. C38 (1988) 1776 .

[4] A. Bonaccorso and D. M. Brink, Phys. Rev. C43 (1991) 299 .

[5] A. Bonaccorso, Phys. Rev. C60 (1999) 054604.

[6] A. Bonaccorso and F. Carstoiu, Nucl. Phys. A706 (2002) 322 and references therein.
[7] V. Maddalena et al., Phys. Rev. C63 (2001) 024613.

[8] T. Nakamura Phys. Rev. Lett. 83 (1999) 1112.

9] J. Enders, et al., Phis. Rev. C65 (2002) 034318 and references therein.

[10] R. Palit, P. Adrich, T. Aumann et al., GSI Preprint 2003-21, submitted to Phys. Rev.
C and references therein.

[11] A. Bonaccorso, I. Lhenry and T. Stiomijarvi, Phys. Rev. C49 (1994) 329.

[12] R. Anne et al., Nucl. Phys. A575 (1994) 125.

[13] A. Bonaccorso and D. M. Brink, Phys. Rev. C57 (1998) R22.

[14] J. Margueron, A. Bonaccorso and D. M. Brink, Nucl. Phys. A703 (2002) 105.

[15] A. Bonaccorso and D. M. Brink, Phys. Rev. C58 (1998) 2864.

[16] A. Bonaccorso and F. Carstoiou, Phys. Rev. C 61 (2000) 034605 and references therein.
[17] S. Typel and G. Baur, Phys. Rev. C64 (2001) 024601 and references therein.

[18] C. Papineau, A. Bonaccorso, D. M. Brink, in preparation.

[19] A. Bonaccorso, D. M. Brink and C. A. Bertulani, report n. nucl-th/0302001.



[20] A. Bonaccorso and N. Vinh Mau, report n. nucl-th/0010020.
A. Bonaccorso and N. Vinh Mau, Nucl. Phys. A615 (1997) 245.

[21] I. J. Thompson and M. V. Zukhov, Phys. Rev. C49 (1994) 1904.

[22] N. Vinh Mau and J. C. Pacheco, Nucl. Phys. A607 (1996) 163.

[23] G. F. Bertsch, K. Hencken and H. Esbensen, Phys. Rev. C57 (1998) 1366.
[24] M. Chartier et al., Phys. Lett. B510 (2001) 24.

[25] J.A. Caggiano et al., Phys. Rev. C60 (1999) 064322.

[26] M. Thoennessen et al., Phys. Rev. C59 (1999) 111.

[27] H. G. Bohlen et al. Nucl. Phys. A616 (1997) 254c.

[28] M. Zinser et al., Nucl. Phys. A619 (1997) 151.

[29] B. M .Young et al. Phys. Rev. C49 (1994) 279.

[30] S. Fortier, Proc.Int.Symposium on Exotic Nuclear Structures ENS 2000, Debrecen
(Hungary), Heavy lon Physics 12 (2001) 255.

[31] G. Blanchon, A. Bonaccorso and N. Vinh Mau, in preparation.

[32] P. Santi, Ph. D. thesis, University of Notre Dame, (2000), unpublished.
P. Santi et al., Phys. Rev. C 67 024606 (2003).

[33] B. Jonson et al., CERN REX-ISOLDE Exp. IS367, private communication .

[34] F. Cappuzzello et al., these proceedings.



