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The cross section fgu-1!Li inelastic scattering at 68 MeV/nucleon is evaluated using the multiple scattering
expansion of the total transition amplitu@dST) formalism, and compared with the breakup in the shakeoff
approximation. Three different potential models foti are used to calculate thé'Li(p,p’) continuum
excitations, and all show peaks below 3 MeV of excitation energy, both in resonant and some nonresonant
channels. In the most realistic model Bt.i, there is a strong dipole contribution associated with attractive but
not a fully-fledged resonant phase shifts, and some evidence &j=a0; resonant contribution. These
together form a pronounced peak at around 1-2 MeV excitation, in agreement with experiment, and this
supports the use of the MST as an adequate formalism to study excited modes of two-neutron nuclear halos.
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Halo nuclei are weakly bound structures in a vicinity of a  Several structure models have been developed to describe
breakup threshold, and the knowledge of the continuunthe structure of*!Li [7—10]. These calculations predict dif-
properties is an essential tool for the understanding of theskerent resonances for the valence neutron halo pair. In par-
nuclei. These structures are of wide interest in other fieldsicular, it is unclear if the neutron-neutron and neutrtbi-
such as atomic and molecular as well as nuclear phygid¢s correlations are together sufficiently strong to constitute a
and references thergin soft dipole resonanc&;,=1". Moreover, a low lying reso-

One timely issue is whether the correlations between th@anceJ? =0, was predicted if8,9], but no evidence for
cluster systems of the halo nuclei are sufficiently stronghis has been found up to now.
enough to support excited states or resonances in the con- |n parallel to the theoretical analyses, the low lying ex-
tinuum. In particular, it is still an open problem whether cited states of''Li have been experimentally investigated
there exists a new kind of collective motion, the “soft di- [311-13. These very difficult studies, suffering in some
pole” excited state or resonance at low energies in theases from poor statistics, have shown contradictory results,
breakup continuum, as predicted by some thed@¢sSome  in particular with respect to the existence of a low lying
evidence for these modes was found for the Borromean twogxcited state aE* ~1.3 MeV. Inelastic scattering from pro-
neutron halo nucleus'Li [3,4] and ®He [5], but an un-  {ons[3] can be a tool to find evidence for low lying states.
equivocal signature remains to be found. A detailed study ofrhe evident interplay between the extracted structure infor-
the resonances in the continuum sea, which has just nowlation and the Scattering approd@]lo] calls for a clarifi-
begun to be possible, would help shed light on the existencgation of the scattering framework when describing the scat-
of the excited modes of halo nuclei, and on other relatedering from halo nuclei.
issues. The study of these modes is also relevant for the Traditional calculations of inelastic cross sections assume
comprehension of the ground state structure, because th@jlective excitations and use optical model potentials, with
mechanisms.for the halo excitation depend on the groungew-body dynamics perhaps only included approximately by
state properties. means of effective interactions. The halo degrees of freedom

The aim of this work is to study the evidence of low lying can be explicitly incorporated in the scattering framework in
excited states in*lLi in inelastic collisions from protons 3 convenient way within the MST approaf,14,15, and
within the few-body multiple scattering expansion of the to-this has the advantages of including couplings to the con-
tal transition amplitudéMST) formalism[6] using different  tinuum in all orders, of clearly delineating the structure and
few-body potential models for th&Li ground state and con- dynamics, and of treating up to four-body problef§ Al-
tinua, and results compared with those of simpler breakupernative coupled channel approach&§], which explicitly
models. expand on continuum states, are only able to tackle up to

three-body problems.
We consider then the scattering of a nucléparticle 1
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"Electronic address: I.Thompson@surrey.ac.uk to be well described by a three-bodyL{+n+n) model,
*Electronic address: alexei@postman.riken.go.jp N=3. The total transition amplitud& can be written as a
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approximation, contains the kinetic energy operators of the i —__—,' Dl <T 7
projectile and all the target subsystems. HErig the kinetic ottt i Tt 1 [T 1
energy in the overall center-of-mass frarf@. It follows 012 3 4 12 3 4 1
from Eg. (1) that in the MST expansion the few-body dy- Continuum energy (MeV)

namics is properly included, and excitations of the projectile

Wh|Ch |nvolve Changes |n the relauve motlon of the Sub_ FIG. 1. Calculated phase Sh|fts fOI’ the three structure mOde|
systems are taken into account. The contribution of these tbh€ dashed line represents e-1, S=0 channel fody,=1" the

the calculated elastic cross section was investigated if@shed-dotted th€=0, S=0 channel fod;,=0, , for three-body
[6,14,17. hypermomenK and two-neutron spi$ as in[18,8].

We have in mind the scattering process*dfi, originally Fos(@q) from unity at nonzero transferred momentun

|_n a|¢>_0) state, to a f|_na|.¢_f>_ state, by means of IT[S Interac- arises from core recoil effec{$,17]. The renormalization
tion with a proton, with initial momenturk; and final mo-  a¢tor % is somewhat arbitrary and is chosen to remove all
mentumk; in the nucleon-nucleus center-of-mass frame. Wethe contributions from the continuum that are excluded by
describe the final state with angular momentum of the vathe experimental acceptance.

lence neutron paid;y (f) and excitation energf; as|#r) We show the results of MST calculations that take into
=[J7(f),EF ), neglecting the spin of the core. In the experi- account the contributions where the proton scatters both
ment reported by3], final states up to an excitation energy from the core and from the valence neutrons in &), and

EF <15 MeV were detected. Previous studi8$of '!Liex- ~ we do not use the closure approximation.

citations show that it is sufficient to include contributions In describing®'Li, the internal and spin dynamical prop-
from dipole J7,=1", spin-dipole J7,=0", spinflip J7, erties of the®Li core are included approximately through a

=1", and second, =0, , excitations in the scattering. nucleon-core effective interaction, and then the ground state
duces to Faddeev equations. We consider here three structure models

for which all eigenstates are defined by different sets of
. . n-core potentials. All models use the GRT potential[19].
T=11coret 212 tin, 2 The first model(S) usesn-core potentials from Johannsen,
e Jensen, and Hansd®0], and gives ars’>-dominated *'Li
wave function similar to that used in the shakeoff calcula-
tions of[10]. The second and third models are definefi7ij
and include Pauli blocking operators for thg, andps,, core
states. The second mod®@0) uses potentials similar to those
Bf Bertsch and Esbens¢f1], and gives (@,/,)? halo wave
functions as would be expected from normal shell model
ordering. A final modelP2) is that advocated by Thompson
and Zhukov[7], having ans-wave mixture arising fronsd
intruder levels in'°Li. The intruder levels have a profound
effect on thelLi structure[7,8], and the P2 model contains
I, _ _ _ » a superposition of (py,)? and (1s;,)? components with
whereq=Kk;—k;. In this equationFo(«q) is the transition  ro|ative weights of 45% and 31%, in good agreement with
density, and «=2/11 [6]. The transition amplitude [22].
ticord @,q) describes the scattering from tflei core at the The dominant hyperspherical phase shifts are shown in
appropriate energy. Then, summing the contributions of Fig. 1, calculated using the methods[®8]. According to[8]
all the continuum for the scattering process and using cloand these calculations, within the P2 model a low lying reso-

wheret ;e 1, are the transition amplitudes for the scatter-
ing from the core and valence neutrons, respectively.

In the work of Karataglidiset al. [10] the differential
cross section is calculated using the shakeoff approximatio
(SA). This consists first of all, in taking into account only the
proton-core contribution to the single scattering term, so Eq
(1) becomes

(Ks 1| T| dpoki) =1 cord @,0) F o @), 3)

sure, the inelastic cross section is nance can be found & =0.5 MeV of widthI'=0.6 MeV
q q for J7 =0, , as a superposition af and p? configurations

d =R hd 1—-|F 2 4 orthogonal to those of the ground state, and such a resonance

SA 9 is not predicted in the case of the PO and S models. There are

enhanced soft-dipole 71 final state interactions in both the
where da/dQ)g is the differential elastic cross section for P2 and S models, fromy,p;,, neutron states. In this channel
p-°Li scattering andF oo «q) the density distribution for the the phase shift does rise rapidly, but only shows at most a
motion of the core center of mag§]. The departure of resonant-like behavior, and strictly there is no dipole reso-
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10 20.0 40.0 60.0 20.0 400 60.0 in the text. The dashed line represents #fg=1", the dashed-
o(degrees) 6(degrees) dotted thel 7. =05, and the solid line the sum. The lower thin solid

line shows the background from materials other than protons in the
FIG. 2. Calculated inelastic cross section for''Li inelastic  target. In(a) the dotted curve gives the calculated spectrum with no
cross section at 68 MeV/nucleon within the MST framework usingcontribution from the scattering of the valence neutrons toJfhe
the models for*'Li described in the text. =0, state.

nance in any of the models. In all three models, however, &1€S€ flguris, thf solid line includes the sum of &g
large nonresonant contribution is expected that arises prima- 1" and J;,=0;, contributions. The inelastic transitions

rily from the large size of thé'Li ground state, but the size calculated with I and G, only are represented by dashed
of any such transitions will be enhanced by positive con-2nd dashed-dotted lines, respectively. The contributions from

tinuum phase shifts. the spin-dipole 0 and spinflip I excited states do not sig-
The transition amplitude for proton scattering from the hificantly alter the full calculations, and are thus not shown
9Li core was generated by the multiple scattering expansiof Fig. 2 for simplification. When comparing the dashed and
of the optical potential in terms of the fré¢N transition solid lines, it is evident that the major contribution comes
amplitude, calculated in the single scattering approximatiodrom the dipole mechanism, with a small contribution from
[23] with only a central interaction and neglecting the Cou-éxcited Q states. For all three structure models the total
lomb interaction since this is only relevant at very low differential cross section using the MST scattering frame-
angles. We use the on-shell approximation for the matrixvork agrees well with the available data.
elements of the transition amplitude in momentum space, We now analyze the energy spectrum, in Fig. 3. The
which should be a reasonable approximation in this energglouble differential cross sectiatfo/dQdE; was calculated
regime and for low excitation energies. In the evaluation ofup to 10 MeV; angular acceptance and energy resolution of
the contribution from the valence neutrons, the spin deperthe proton detection system was incorporated by simulation
dence of theNN amplitudes given by the tensor representa-of the experimental apparatus. The experimental numbers of
tion of [24]. counts given in[3] are here converted to cross sections in
The °Li ground state was taken as[ib5], which provides ~mb/MeV. In Fig. 3, as in the case of the Figgb-(d) the
a reasonable description of tlpegLi elastic datg25] in the  dashed line includes only the dipole contribution and the
angular regiond<40° as shown in the upper curve of Fig. dashed-dotted the Ocontribution. The sum is given by the
2(a). solid line. The other states give a small contribution to the
The experimental differential cross sections frp8ih for energy spectrum, and therefore are not included. In the ex-
p-!lLi inelastic scattering at 68 MeV/nucleon are shown inperiment, CH was used as a target, and the thin solid line in
Fig. 2. We also show in Fig. (3) the inelastic scattering Fig. 2 shows the background from materials other than pro-
within the shakeoff approximatio(A), Eq. (4). The results tons in the target.
for the three models witflR=1 are represented by the solid  All of the models fail to reproduce the cross sections
(P2), the dashedP0), and the dashed-dottg®) lines, and above~5 MeV, indicating that further mechanisms are oc-
are all more than twice the experimental magnitude in thecurring that are outside the scope of our few-body model, or
region where the scattering from the core is well describedthat higher order terms of the multiple scattering expansion
Even when introducing a renormalization fact®, as in  might have been important. However, the peak below 5 MeV
[10], the calculated cross sections using the shakeoff framesan be reproduced, to varying degrees of accuracy in the
work decay more slowly than the data, and thus do not givevarious models, indicating that some structure information
a good description of the scattering. can be extracted from the very precise low energy spectrum.
The calculated inelastic angular distributions using MSTIn the case of the P2 model Fig(@B, the dipole contribution
with the three structure models are plotted in Figg)2(d), underestimates the energy spectrum. When including the sec-
by integratingd?a/dQdE; over the experimentally defined ond 0; represented by the dashed-dotted line, however, the
section of the energy spectryi|, where we have calculated total spectrum with the two contributions reproduces well the
all the excited(resonant and nonresonambntributions. In  low energy data. As for the PO model Figb3 even when
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including the § contribution, the predicted energy spectrum  We see that the experimental data can be well reproduced
underestimates the data. On the other hand, when includin@y @ three-body model of'Li in which there is a pro-
this state the S model Fig(® overestimates the experimen- Nounced I peak at low continuum energies, but yet in
tal points. In Fig. 8a) the calculated spectrum with no con- Which there is not a fully-fledged resonance in this breakup
tribution from the scattering from the valence neutrons to the&hannel. There is af) resonance which contributes to this

second § resonant state is represented by the dotted Curv%ﬁ?lgarbgitpgl]gztxgia:i%i gggﬁaﬁicrﬂo.?hg';eisn ;g)r?altggr ele-
The difference between this and the dashed-dotted cur y

. , Vfaent with[10], though here we do see definitive effects of
shows that the scattering from the valence nucleons is esseggractive final-state interactions, as reflected in the con-

tial for the O;— excitation. This contribution was not taken tinuum phase shifts of a more rea]isﬂa_i model (dashed
into account in the SA framework, in order to permit the curve in Fig. 1 for the P2 modgl
closure summation. Experimental evidence for the existence of a stréimgt

We conclude that the shakeoff framework fails to describenot a fully-fledged resonandipole peak is a further demon-
both the shape and magnitude of the inelastic cross sectioftration of the novel range of phenomena that occur already
and find that MST is a useful scattering framework to obtainWith three-bodies in quantum few-body dynamics. Further-

; : ; n
information about halo excitation modes from accurate in-more, this work shows some first evidence of,ar@sonance
elastic energy spectrum data. contribution at 1-2 MeV excitation.

When considering the low lying energy spectrum up to 5 Thjs work was supported by Fundacpara a Ciacia e
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differential cross section and the shape, position, and magng6282 and FMRH/BSAB/125/99, and in the U.K. by EPSRC
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