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Effects on p-11Li elastic scattering of core recoil and virtual 2-n halo breakup
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We have evaluated the differential cross section for11Li scattering from protons at 800 MeV/nucleon using
the single-scattering approximation to Kerman-McManus-Thaler multiple-scattering expansion of the optical
potential, and also the multiple-scattering expansion of the totalT matrix. Using the same projectile density
distributions and nucleon-nucleon transition amplitudes as inputs, we show that the two scattering frameworks
produce significantly different elastic-scattering observables. We also show that the predictions from the two
approaches differ because of core recoil and virtual breakup of the valence halo neutrons, which tend to
produce opposite effects.
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I. INTRODUCTION

Traditionally, the scattering of a proton from a stab
nucleus has been reasonably well described by mean-
~MF! optical-model~OM! microscopic theories, for example
the multiple-scattering expansion of the optical potent
such as formulated by Kerman-McManus-Thaler~KMT ! @1#
or Watson@2#, and the Glauber optical-model limit@4,5#.
These formalisms rely on the validity of a mean-field d
scription of the stable nuclei: all the nucleons are treated
an equal footing, and the nuclear structure information in
optical-potential operator is derived entirely from the to
matter density. TheG-matrix approach@3# starts with infinite
nuclear matter and uses the local-density approximation
evaluate the optical potentials for finite nuclei, whereas
the other frameworks the finite aspects of the nuclei are ta
into account from the onset. Mean-field optical model cal
lations have been performed within different scattering f
malisms for elastic scattering of protons from helium is
topes@6–8# with good success in understanding experimen
cross sections, and from lithium isotopes@9,10# with some-
what less success.

This range of success may be attributed to the fact tha
know that there are some scattering observables for the
tic scattering of halo nuclei that depend on properties bey
that of the total density. For example, few-body structu
models of light halo nuclei have been developed@11# to
properly take into account the few-body degrees of freed
of a system of loosely bound valence nucleons orbit
around a relatively tightly bound core, for example in11Li.
Then, on the reaction side, few-body Glauber and adiab
theories@12–14# have been applied to study the scattering
halo nuclei from stable nuclei, and significant differences
elastic scattering systematically arise when compared w
optical model limits. However, with these formalisms it
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not possible to extract in a clear way how the halo dens
and cluster functions contribute to the scattering.

Recently, a multiple scattering expansion of the total tra
sition amplitude~MST! was developed@15#. An advantage
of this approach is that reaction mechanism and struc
effects are now clearly delineated. It was shown in@15# that
the relevant halo-structure information for the scattering
associated with the halo density,together withthe density
distribution for the core center-of-mass motion due to co
recoil effects. However, these pieces of halo-structure in
mation do not combine in a way that contributes to the sc
tering as a total matter density. Thus, a few-body treatm
of the reaction mechanism for halo-nuclei elastic scatter
necessarily incorporates structure features that go bey
knowledge of the total-matter-density distribution alone.
intermediate and high energies these effects were foun
produce significant differences in the calculated elastic s
tering @15#.

A full understandingof reaction theory at the intermed
ate and high-energy region has not, to date, been satisfa
rily achieved. With respect to scattering involving stable n
clei within a nonrelativistic framework, theG-matrix method
is able to give a fairly good description of the elastic da
while including Pauli blocking effects. An independe
analysis within the KMT approach@16# has shown, however
that these higher order Pauli blocking effects are very sm
and this apparent discrepancy has remained an open p
lem. With respect to scattering involving halo nuclei, t
G-matrix approach has proved to give a reasonable desc
tion of the elastic data for proton scattering from halo nuc
at intermediate energies. On the other hand, the sin
scattering approximation of the KMT optical-model fram
work described in a satisfactory way a ‘‘skin’’ nucleus8He
@6#, but has failed to reproduce the case of proton scatte
from 11Li @9# at similar energies. In parallel to this, few-bod
theories have been developed on Glauber@12,13# and other
@14# bases, and applied to study the scattering involving h
nuclei in the high-energy regime. To help establish wh
scattering theory should be used in the case of halo nu
our aim is to isolate some relevant physics that needs to
©2001 The American Physical Society03-1
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incorporated into the theory at the high-energy regime un
consideration.

To get insight into some of these theoretical issues, in
paper we compare the results of the KMT MF optical mo
and the MST few-body scattering formalisms in the hig
energy regime, making use of thesame halo structureand
the samedynamical information. This comparison will pro
vide a framework to disentangle aspects of physics relate
the few-body dynamical treatment of halo nuclei, aspe
that will be probed when there are accurate data with sm
error bars. In our comparison, both formalisms will have
structure input the density distributions for the core, the
lence nucleons, and the core center-of-mass motion. For
plicity, we make use of a simple structure-cluster model@17#.
We have here in mind11Li, which will be assumed to be
described by a cluster of two loosely bound valence nucle
orbiting around a 9Li core. In addition, a realistic
NN-transition amplitude derived from the Paris interacti
@18,19# will also be used in both formalisms. For the purpo
of getting insight into the reaction mechanism this is a r
sonable approximation even if pion production is not tak
into account in the high-energy regimes.

In Sec. II we review the KMT and MST scattering fo
malisms. In Sec. III we describe the projectile structu
model. The results are presented in Sec. IV and discusse
Sec. V.

II. THE MULTIPLE-SCATTERING EXPANSION

For clarity, we briefly describe the few-body multip
scattering expansion of the total transition amplitude and
mean-field multiple-scattering expansion of the optical p
tential as derived by KMT. Let us consider the scattering
a proton from a nucleus of mass numberA, that can be well
described asN weakly bound subsystems, for example11Li
(9Li12n valence neutrons!. Within the MST, the few-body
nature of the nucleus is incorporatedab initio in the formal-
ism. On the contrary, the mean-field KMT assumes that
the nucleons can be treated on equal footing. It follows t
there are two basic underlying differences between the
formalisms.

~1! First, recoil is explicitly taken into account in MST
and involves each of the subsystems of the nucleus. In
mean-field KMT the change in momentum of the proton
shared by the nucleus as a whole.

~2! Mean-field OM theories such as KMT assume sm
contributions to the total transition amplitude from propag
tion in intermediate excited states. For proton scattering fr
nuclei with inelastic thresholds close to the ground state
for example halo nuclei, this assumption is expected to
inadequate. In the case of MST, ground-state and exci
state contributions are implicitly included in a simple way

Given the same dynamical and structure information,
difference between the calculated differential cross sect
can then be traced back to either of these effects.

A. The two-neutron halo-structure input

In both the mean-field KMT and the few-body MST r
action mechanism frameworks, to a good approximation
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scattering involves the halo wave function in two distin
ways: First, through the halo density, the probabilityrv(xW )
of finding a valence neutron at a distancexW from the center
of mass of the halo nucleus and, second, through the den
distribution for the motion of the core center-of-ma
rc.m.(xW ). Both of these density functions, in momentu
space, are given in terms of the two-body halo density

r2~DW 1 ,DW 2!5E dQW 1 dQW 2 wnn* ~QW 1 ,QW 2!

3wnn~QW 11DW 1 ,QW 21DW 2!, ~1!

by

rv~DW !5r2S m3

M23
DW ,

m4

M234
DW D ~2!

and

rc.m.~DW !5r2S 0,
M23

M234
DW D , ~3!

where M235m21m3 ,M2345m21m31m4. Here, m2 and
m3 are the masses of the valence neutrons andm4 the mass
of the core. In Eq.~1! wnn(QW 1 ,QW 2) is the Fourier transform
of wave function of the two-body valence system relative
the corew

nn
(rW,RW ), with RW andrW being the core-(nn) andn-n

separations, respectively. The departure ofrc.m.(DW ) from
unity arises from core-recoil effects.

B. KMT

The first-order term of the KMT optical potential fo
nucleon scattering from a nucleus of mass numberA is given
by the expression@1,16#

U5
A21

A (
i 52

A11

^F0ut1i
f ~v!uF0&, ~4!

where the indexi runs over all the nucleons in the nucleu
Here,F0 is the nucleus wave function andt1i

f (v) is theNN
transition operator describing the free-scattering of the in
dent~1! and struck~i! target nucleon with an energy param
eterv. This transition amplitude satisfies the integral equ
tion

t1i
f ~v!5v1i1v1ig~v!t1i

f ~v!, ~5!

wherev1i is the free-spaceNN interaction. The intermediate
state propagatorg(v) is

g~v!5
1

v12K1i

, ~6!
3-2
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EFFECTS ONp-11Li ELASTIC SCATTERING OF . . . PHYSICAL REVIEW C 63 044003
whereK1i is the kinetic-energy operator for the relative m
tion of the interactingNN pair. The energy parameter
taken to bev5E/2. This assumes that medium effects ar
ing from Pauli blocking, and from distortions due to th
struck nucleon binding potential, do not need to be taken
account. These assumptions have been shown, in@16# and
@20#, respectively, to be good for the case of nucleon scat
ing at intermediate energy.

The matrix elements of the optical potential are develop
in momentum space@9#. For p-9Li scattering, assuming tha
the 9Li neutrons and the protons have the same matter d
sity distribution,

^kW8uU9ukW &5
8

9
rc~D! t̄ 1c~v,D,Q/2,f!, ~7!

with

t̄ 1c~v,D,Q/2,f!5
6

9
t̄ 1n~v,D,Q/2,f!1

3

9
t̄ 1p~v,D,Q/2,f!,

~8!

where, assuming a spin-zero core,t̄ 1n , t̄ 1p are the spin av-
eragedpn andpp amplitudes, respectively, andrc(D) is the
9Li matter-density distribution. Here,DW 5kW82kW is the mo-
mentum transfer,QW 5(kW1kW8)/2 is the mean value of the
scattered-nucleon momenta, andf is the angle between th
vectorsQW andDW .

For p-11Li scattering,

^kW8uU11ukW &5
10

11
@ r̂c~D! t̄ 1c~v,D,Q/2,f!

1rv~D! t̄ 1n~v,D,Q/2,f!#. ~9!

The densityr̂c(D) is the core density modulated by the de
sity distribution of the core center-of-mass motionrc.m.(D),

r̂c~D!5rc~D!rc.m.~D!. ~10!

In the limit of an isospin-independentNN transition ampli-

tude, t̄ 1n5 t̄ 1p5 t̄̄ NN , so for p-9Li scattering

^kW8uU9ukW &5
8

9
rc~D! t̄̄ NN~v,D,Q/2,f!. ~11!

In the case ofp-11Li scattering this limit gives

^kW8uU11ukW &5
10

11
r11~D! t̄̄ NN~v,D,Q/2,f!, ~12!

with r11(D) being the total matter-density distribution fo
11Li,

r11~D!5rc~D!rc.m.~D!1rv~D!. ~13!

The scattering observables forp-9Li and p-11Li scatterings
are readily evaluated in momentum space in terms of theNA
transition amplitude
04400
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TKMT5A/~A21!T~U !, ~14!

where T(U) is the transition operator generated from t
optical potentialU given by Eqs.~7! and ~9!.

C. MST

The total transition amplitudeT for scattering of a proton
from a system composed of a small numberN of subsystems
can be written@15#

T5(I
t̂1I1(I

t̂1I G0(JÞI
t̂1J1•••, ~15!

where the proton-I subsystem transition amplitude satisfie

t̂1I5v1I1v1I G0 t̂1I . ~16!

The propagatorG0 contains the kinetic-energy operators
the proton andall the nuclear subsystems,

G05~E12K !21. ~17!

We ignore the interaction between projectile subsystem
G0 ~impulse approximation!. Here,ki is the incident momen-
tum andE the kinetic energy,E5\2ki

2/2mNA in the overall
center-of-mass frame, andmNA is the proton-projectile re-
duced mass.

We note that in the MST expansion of the total transiti
amplitude Eq.~15! all states, ground and excited states, a
included implicitly in the intermediate scattering propag
tion.

As follows from Eqs.~15!–~17!, in the MST expansion
the few-body dynamics are properly included, and exc
tions of the nucleus that involve changes in the relative m
tion of the subsystems are explicitly taken into account.
the three-body problem ofp-d scattering, for example, this
means keeping track of the relative motion of deuteron c
stituents in the folding of theNN transition amplitude with
the deuteron ground-state wave function. The core scatte
term of Eq.~15!, for another example, changes the mome
of the core without changing the neutron states. This nec
sarily introduces excited states in11Li as intermediate state
during the reaction. In@21# we calculate the explicit cros
sections to these excited breakup states, but here thes
only virtual neutron-halo-breakup states during theelastic
scattering process.

The contribution to the single-scattering term from prot
scattering from one of the valence particles, for example p
ticle 2, is given by

^kW fFu t̂12ukW iF&5^kW fwnnu t̂12ukW iwnn&5 t̂12~v12,DW !rv~DW !,
~18!

with the energy parameterv12

v125EF12
m1M34

M12M234
G , ~19!

which reduces tov125E/2 in the limit of m4@m3 ,m2.
3-3
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The contribution to the single-scattering term from prot
scattering from the core is

^kW fFu t̂14ukW iF&5^wcoreu t̂14~v14,DW !uwcore&rc.m.~DW !,
~20!

and the energy parameterv14 given by

v145EF12
m1M23

M14M234
G . ~21!

In the limit of m4@1, v145E.
The contribution of the valence-valence double-scatter

term that probes correlation among the valence nucleons
found negligible @15#. The valence-core double-scatterin
term was found to be

^kW fFu t̂12G1 t̂14ukW iF&5E dqW t̂12S v12,
M23

M234
DW 1qW D

3K wcoreU t̂41S v14,
m4

M234
DW 2qW D UwcoreL

3G1~qW !r2S m3

M23
qW 1

m3

M234
DW ,qW D , ~22!

where

G1~qW !52
m1(234)

\2 Fki
22S ~m4kW f1m23kW i !

M234
1qW D 2

1 i eG21

.

~23!

In addition, we have shown in@15# that, to a good approxi-
mation, the two-body halo density in Eq.~22! can be re-
placed by the halo-density distributionrv(DW ),

^kW fFu t̂12G1 t̂14ukW iF&5E dqW t̂12S v12,
M23

M234
DW 1qW D

3K wcoreU t̂41S v14,
m4

M234
DW 2qW D UwcoreL

3G1~qW !rv~qW !. ~24!

Collecting results, to second order in the multiple-scatter
expansion,

T5 t̂12~v12,DW !rv~DW !1^wcoreu t̂14~v14,DW !uwcore&rc.m.~DW !

1E dqW t̂12S v12,
M23

M234
DW 1qW D

3 K wcoreU t̂41S v14,
m4

M234
DW 2qW D UwcoreL G1~qW !rv~qW !,

~25!

which shows that the relevant halo structure is contai
solely in the density distributionsrv andrc.m.. The elastic-
scattering observables can then be derived to a good app
mation from Eq.~25!.
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D. Reaction dynamics-structure interplay

As shown in the previous section, the scattering ess
tially involves the halo wave function in two distinct way
through the halo densityrv(D) of Eq. ~2!, and the density
distribution for the motion of the core center of ma
rc.m.(D) of Eq. ~3!.

However, this structure information is combined with th
dynamics of the scattering in a different way in the cases
the mean-field and few-body scattering formalism approa
In the first place, the difference between the two framewo
arises even at the level of the first-order term of the few-bo
MST expansion. Within KMT, and in the limit of an isospin
independent transition amplitude, the structure informat
appears through the total matterdensitygiven by the sum of
the valence density and a core density modulated by
density distribution of the core center-of-mass motionrc.m.,
Eq. ~12!. In the MST, Eq.~25!, it is the proton-core transition
amplitude that is modulated in this way. This core-reco
effect can only be neglected in the heavy core limit, wh
rc.m.51. It was shown, however, in@15# that neglecting
these core c.m. effects is a poor approximation in the c
considered here. Second, the center-of-mass correction
the second-order terms do not have in the MST formali
the structure that would arise from iterating the sing
scattering approximation of the optical-model KMT theor

Even when neglecting the isospin independence of
NN transition amplitude, the two formalisms can only b
made identical if the valence halo nucleons can be treate
an equal footing to the nucleons in the core, and all nucle
assumed to follow the same fraction of the total density. T
explicit few-body treatment of the halo nucleus, taken in
account within the MST framework, incorporates new phy
ics: core recoil and 2n valence breakup. In our calculation
we found that the isospin dependence of the transition
plitude is not too strong at this energy. It is the aim of th
work to clarify the role of valence and recoil contributions
the scattering.

III. STRUCTURE MODELS

Realistic structure models for9Li @10# and for 11Li,
within a core12n valence description@11# have been used in
describing proton-lithium scattering@9,10#. Since our aim
here is to compare the MF optical-model KMT and few-bo
MST scattering framework within a consistent structure a
with the sameNN dynamical information, we are not aimin
for a detailed comparison with experimental data. So,
shall use simplified structure models, for both11Li and 9Li
nuclei.

A. 9Li structure model

In describing the9Li ground state we consider a structu
model of a Gaussian distribution with a rangeac chosen to
reproduce the rms radius of9Li,

rc~D!59 exp~2ac
2D2/4!. ~26!

For ^r 2&9
1/252.32 fm, thenac51.89 fm.
3-4
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B. The 11Li binary cluster-structure model

We consider the11Li ground state to be described by
simple structure model@17# of finite-sized core and 2n va-
lence clusters. Following the work of@17#, the internal den-
sities of the corerc and of the 2n valence pairrv are written
as single Gaussian functions. In momentum space we re
sent the Gaussian function with a range parameterg as

g(3)~g,D!5 exp~2D2g2/4!, ^r 2&53g2/2. ~27!

The relative-motion wave function of the two clusters, v
lence and core, is taken as a 0s oscillator state of range
parametera related with the mean-cluster separation
^r 2&53a2/2. The total density of the composite nucleus,
the present case11Li, is then given by r t(D)5 r̂c(D)
1rv(D), where the halo-valence-cluster density is

rv~D!5Avg(3)~ âv ,D!, ~28!

and the modulated core-density distribution

r̂c~D!5Acg
(3)~ âc ,D!. ~29!

The range parameters,

âv
25av

21S Aca

Av1Ac
D 2

, âc
25ac

21S Ava

Av1Ac
D 2

, ~30!

are related to the mean-squared radius of the compo
nucleus^r 2& through

^r 2&5~3/2!~Avâv
21Acâc

2!. ~31!

According to this cluster model, the density distribution f
the motion of the corerc.m.(D) is given by

rc.m.~D!5g(3)~ âc ,D!/g(3)~ac ,D!. ~32!

We fix the radius and thus the rangeac of the core. We also
fix the radius of the halo nucleus@Eq. ~31!#. For a given
cluster separationa, we obtain from Eqs.~30! and ~31! the
ranges of the valence-density distribution,rv(D), and the
modulated core-density distributionr̂c(D). This enables us
to construct the total@Eq. ~13!# and density distribution for
the core center of mass,rc.m.(D) @Eq. ~32!#. The effect of
including the density distribution for the core center-of-ma
motion on the calculated observables can be studied by
stituting the momentum distribution given by Eq.~32! by its
zero range limit, that is by takingrc.m.(D)51 in the KMT
@Eq. ~10!#, or in the MST framework@Eq. ~25!#. In the limit
of a50, then necessarilyrc.m.(D)51. To reproduce reason
ably the realistic few-body wave functions of@12# we chose
the parametera54.57 fm.

IV. RESULTS

The differential elastic-scattering cross section was ev
ated making use of the two reaction-scattering framewo
MST and KMT. For simplicity, only the central parts of th
transition amplitudes were considered, and these were
sumed to be local@18#. The NN transition amplitude was
derived from the Paris potential@18,19#. We also neglect the
04400
re-
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s
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s,

s-

Coulomb interaction, as this only affects the elastic cro
sections at very forward angles. The first- and second-o
terms of the MST were evaluated using aNN-transition am-
plitude at the appropriate fixed-energy parameter with fin
mass effects properly taken into account. The transition a
plitude for proton scattering from9Li was generated by the
optical potential calculated in the single-scattering appro
mation @Eqs.~7! and ~14!#. In the evaluation of the second
order terms in Eq.~25!, the propagators were evaluated usi
the eikonal approximation and for simplicity the princip
value term was neglected.

The calculated differential cross sections forp-11Li
nuclear scattering at 800 MeV/nucleon using the KMT a
MST formalisms are presented in Fig. 1. The dashed
uses the single-scattering term of the MST only, and
solid line includes the double-scattering contributions. T
KMT results, represented by the diamonds, are significa
different from the MST predictions and show that, while t
structure input is the same, there is a different interplay
tween the structure and reaction formalism at medium
large angles. The double-scattering contribution to the s
tering is only important for large momentum transfers, and
needs to be taken into account to have a full understandin
the scattering at these momentum transfers.

As we have shown in Sec. II, the two scattering fram
works handle in different ways recoil and the contributio
from intermediate scattering. To disentangle the contri
tions of the scattering from the valence nucleons and c
recoil in both formalisms, we next compare the predictio
to the elastic-scattering observables from the KMT and
single-scattering approximation to the MST, when just o
or the other of these contributions is taken into account.

In Fig. 2 the differential cross section was evaluated
glecting the contribution of the valence halo neutrons to
scattering and takingrc.m.51 in Eqs. ~10! and ~25!. The
diamonds represent the KMT predictions. The dashed
represents the prediction of MST when only the sing

FIG. 1. Calculated differential cross sections forp-11Li scatter-
ing at 800 MeV/nucleon. The dashed line includes the sing
scattering contribution to MST and the solid line includes t
double-scattering corrections. The diamonds represent the KMT
sults.
3-5
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R. CRESPO AND I. J. THOMPSON PHYSICAL REVIEW C63 044003
scattering terms are included. The circles show that tak
the KMT mass factor in Eqs.~9! and ~14! to unity has a
negligible effect on the calculated differential cross secti
The difference between the predictions of two formalis
are very small in this case and arise because a given mom
tum transfer corresponds to different scattering angles
different mass targets.

Figure 3 shows the elastic-scattering observable evalu
with rc.m.51 but including the contribution of the valenc
nucleons to the scattering. In this case the difference betw
the results from KMT~diamonds! and the single-scatterin
approximation of the MST approach~dashed line! is rela-
tively small.

On the other hand, if we do not takerc.m. equal to one but
still neglect the contribution of the valence nucleons to

FIG. 2. Calculated differential cross sections forp-11Li scatter-
ing at 800 MeV/nucleon using the KMT~diamonds! and single-
scattering MST~dashed curve! with rc.m.51 and no valence nucle
ons. The circles represent the predictions of KMT when the m
factors, in the total transition amplitude and in the optical potent
are taken to unity.

FIG. 3. Calculated differential cross sections forp-11Li scatter-
ing at 800 MeV/nucleon using the KMT~diamonds! and single-
scattering MST~dashed curve! with rc.m.51 and with valence neu
trons.
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scattering, as shown in Fig. 4, the predictions of the differ
formalisms are significantly different due to core reco
which is not properly taken into account in a mean-fie
optical-model theory such as KMT.

To disentangle the contribution of core recoil and the v
lence nucleons to the scattering in the case of the mean-
KMT and few-body MST, we evaluate the differential cro
section setting to zero the mean-cluster separation,a50. In
this case, the momentum-space-density distribution for
motion of the core becomes unity,rc.m.(D)51. Reference
@17# shows that in this case the predictions of the few-bo
Glauber formalism are identical to the optical model lim
Figure 5 shows that the KMT results represented by the
monds approximate, as expected, the single-scattering
proximation of the MST~dashed curve!. However, the inclu-
sion of the double-scattering contributions~solid line! makes

s
l,

FIG. 4. Calculated differential cross sections forp-11Li scatter-
ing at 800 MeV/nucleon using the KMT~diamonds! and single-
scattering MST~dashed curve! with no valence nucleons but in
cluding core recoil.

FIG. 5. Calculated differential cross sections forp-11Li scatter-
ing at 800 MeV/nucleon takinga50. The dashed line includes th
single-scattering contribution to MST and the solid line includes
double-scattering corrections. The diamonds represent the KMT
sults.
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the predictions from the two formalisms differ even when
take a50. This is because the two theories differ not on
due to the treatment of recoil, but also because the dou
scattering contribution of the transition amplitudes includ
within MST, both ground-state and excited-state contrib
tions. For nuclei such as11Li with inelastic-scattering thresh
olds close to the ground state, these are expected to be
portant. The coupling of the elastic with the 2-n halo virtual
breakup appears to be important in this case.

To illustrate in which way a variation of the rms radius
the nucleus modifies the differential cross section, we co
pare in Fig. 6 the KMT results when both the rms radius
the 9Li core, ^r 2& 9Li and 11Li ^r 2& 11Li , are increased from
2.39 and 3.39, respectively~diamonds!, to 2.8 fm and 3.4 fm
~stars!, with a kept constant. The dashed line represents
single-scattering approximation for MST and the solid li
includes the double-scattering contribution corresponding
the smaller radii case. When the sizes of the cluster syst
increase, the calculated KMT differential cross section
proaches the single-scattering approximation of the ca

FIG. 6. Calculated differential cross sections forp-11Li scatter-
ing at 800 MeV/nucleon using the KMT represented by the d
monds. The stars were obtained from increasing the rms radiu
9Li and 11Li. The dashed line includes the single-scattering con
bution to MST and the solid line includes the double-scatter
corrections corresponding to the smaller radii case.
s.

hy

s.
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lated few-body result but deviates from the double-scatter
contribution. In other words, core recoil and 2-n halo virtual
breakup induce opposite effects onto the differential cr
section, and both need to be properly taken into accoun
order to extract reliable information.

V. CONCLUSIONS

We have explored the effects on the reaction observa
of the few-body nature of loosely bound light nuclei such
11Li, assumed to be well described by two loosely bou
valence nucleons orbiting around a9Li core.

We have evaluated the differential cross section for11Li
scattering from protons at 800 MeV/nucleon using two d
tinct reaction mechanisms: a mean-field multiple-scatter
expansion of the optical potential as derived by KMT, and
few-body multiple-scattering expansion of the total transiti
amplitude to second order on the transition amplitude
proton scattering from each subsystem. The MST expan
includes explicitly core recoil, and ground state as well as
excited-state contributions in the intermediate scattering
the total transition amplitude. In this case, the contribut
from the intermediate states where the valence nucleo
breakup into the continuum are automatically taken into
count. The contribution from these excited states to the s
tering is assumed to be small with the mean-field KM
framework.

The calculations were performed using the sameNN dy-
namical input and the same densities, namely the halo d
sity and core center-of-mass motion density distributio
We have shown that the mean-field KMT produces sign
cantly different results from the few-body MST. Within th
few-body frameworkboth ~i! core recoil and~ii ! contribu-
tions due to 2-n halo virtual breakup are taken into accoun
and these effects were found to produce significant effect
the calculated elastic-scattering data forp-11Li at 800 MeV.
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