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Probing halo nucleus structure through intermediate energy elastic scattering
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This work addresses the question of precisely what features of few body models of halo nuclei are probed
by elastic scattering on protons at high center-of-mass energies. Our treatment is based on a multiple scattering
expansion of the proton-projectile transition amplitude in a form which is well adapted to the weakly bound
cluster picture of halo nuclei. In the specific casetfi scattering from protons at 800 MeV/nucleon we show
that because core recoil effects are significant, scattering cross sections cannot, in general, be deduced from
knowledge of the total matter density alone. We advocate that the optical potential concept for the scattering of
halo nuclei on protons should be avoided and that the multiple scattering series for the full transition amplitude
should be used instea[50556-28139)02409-7

PACS numbgs): 24.10.Ht, 21.10.Gv, 25.40.Cm

. INTRODUCTION nucleons orbiting around &Li core. T can be written as a

Models of light halo nuclei have been develoddd-3]  multiple scattering expansion in the transition amplitutles
where the few body degrees of freedom of a system ofor proton scattering from each projectile subsystér¥].
loosely bound valence nucleons orbiting around a relativelyVe ignore explicit reference to excitations of the sub-
tightly bound core are properly taken into account. Shortsystems, although ea¢h may implicitly contain effects due
range, center of mass, and some Pauli principle effects at® such excitations and will certainly do so if, as we shall
often included in these models. assume, they describe elastic proton-subsystem scattering. In

In this work we develop a multiple scattering expansionother words our model assumes that we only need refer ex-
of the nucleon-projectile transition amplitude for proton scat-plicitly to excitations of the projectile which involve changes
tering from a few body system. When the projectile is com-in the relative motion of the subsystems in the projectile.
posed of weakly bound subsystems a multiple scattering exfhis is consistent with standard few-body treatments of re-
pansion of the transition amplitude in terms of two-bodyactions involving halo nucldi9,10].
t-matrices describing proton scattering from the projectile The multiple scattering expansion can be written
subsystems is expected to converge rapjdlly The elastic
scattering observables may then be derived directly from this - - -
expansion. We contrast this with our earlier wadik,6] TZ; tl+; tIGOJZIth”" @
which is based on a multiple scattering expansion of the
optical model operator and therefore treats the ground angnere the protor subsystem transition amplitude satisfies
excited states of the projectile on a different footing. The

resent approach is more appropriate for few-body projec- ~ A
'ﬁles at high projectile energy. t7=VrtViGols. @

Our aim in this work is to understand the nuclear structur . L
features that should be incorporated into the reaction mech(:%;he propag_atoGo contains the kinetic energy operatois of
nism in order to describe elastic scattering of halo nuclef "€ EJr101ect|Ie gnd aII_ th? target subséysztenGﬁ):_(E
from stable nuclei. In particular it is of considerable interest <) - HereE is the kinetic energyl== 7°k{/2uy in the

to examine how far elastic scattering observables probe copverall center of mass frame, andy, is the proton-
relation effects among projectile nuclediss]. projectile reduced mass. We ignore the interaction between

projectile subsystems G, (impulse approximation We
note that in the multiple scattering expansion E%. both
Il. MULTIPLE SCATTERING EXPANSION elastic and ir_1e|_astic exc_itations of the relative_z motion of the
subsystems in intermediate states are taken into account. For
We consider the transition amplitudg, for scattering of  proton scattering from halo nuclei the inelastic channels as-
a proton from a many body-system composed of a smalsociated with breakup of the halo nucleus into its subsystems
number of subsystems. We have in mind, for examptei are expected to contribute significantly to the transition am-
assumed to be well described by two valence loosely bounglitude.
In this paper we truncate the series in Ef.at the double
scattering terms. We have not evaluated third order terms
*Electronic address: raquel@wotan.ist.utl.pt and we do not claim that they are negligible. They could be
"Electronic address: R.Johnson@surrey.ac.uk handled using the techniques of, for example, IREf]. Our
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purpose here is to assess the applicability of the standard

approach for proton scattering on light nuclei. We will show w1p=| 1=

that inadequacies show up even at the second order level.
A second aim of our work is to understand the role of

various types of correlations in elastic scattering from haloand reduces ta;,=E/2 in the limit of m;>mg,m,.

systems. In this paper we make a numerical study of the case The contribution to the single scattering term from proton

of proton scattering from &'Li projectile at intermediate scattering from the core is

energies. Our formalism could also be applieghtbHe scat-

tering which has been studied extensively elsewhere using

methods which do not use a truncated multiple scattering - . .- - - > 23 »

expansior{12,13 but do not lend themselves well to delin-  (<®/td kiq)>:<‘D°°f4t14(w14’A)|‘PCOQPZ(O'M_ZMA)’

eating the role of correlations in an explicit way. @)
We assume that the projectile wave function can be writ-

ten as the product of the core internal wave functignand

the wave function of the two body valence system relative tdVherep: is defined in Eq(4) and the arguments in EG7)
L3 e . - mean that what is involved is the density distribution for the
the coregonn(r,R), wherer=r,—r5 is the relative position

. motion of the core center of mass, as defined by Zhukov
of the two valence bodies 2 and 3, aRds the vector from et al.[1],
the core center of magparticle 4 to the center of mass of
the valence pair.

For projectile energies in the intermediate energy region 23 2| > 2 .2 =
the relative momentum between each subsystem pair is small Pz( O'M_MA) - f dQudQoenn(Q1.Q2)
in comparison with the projectile momentum and will be
neglected wherever it appears. The elastic transition ampli-
tude to second order in the proton-subsystem transition am-
plitudes, involves single scattering terms where the projectile
scatters from each target subsystem and double scattering
terms where the proton scatters from one subsystem and rend the energy parameten, is given by
catters from another.
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A. Single scattering w1=|1— %}E (9)
The contribution to the single scattering term from proton e
scattering from one of the valence particles, for example par-
ticle 2, is given by In the limit of Mmy>1, w,=E and p,(0,(M/Mjz)A)
A, . . R - - —p,(0,0)=1 so that Eq(7) reduces to the expected expres-
(ki@ |t ki®) = (Kinn|t1d Ki@nn) =t @12,4) py(A), sion for the proton scattering from subsystem 4.
3 Within our model, there are two contributions to the

single scattering term. First a valence contribution given by
the product of the projectile valence system transition ampli-

tude andpv(ﬁ). Secondly a core contribution in which the
. s s nucleon-core transition amplitude is modulated by the form
p2(A1*A2):J dQ;dQ2¢nn(Q1,Q2) factor p»(0,(M,3/M,3) A) whose departure from unity arises
L from the motion of the core center of mass about the projec-
X onn(Q1+A71,Q:+A5) (4) tile center of mass. This modulation differs from standard
applications of the multiple scattering expansion of the opti-
by cal potential operatof6,8] that modulate the core matter
density distributionp¢ by that form factor.
pv(g) = p2<&5, ﬂ&) , (5) The relevant halo structure information for the single scat-
23 Moz tering term is thus contained in the matter density form fac-

tors p,(A) and p,(0,(M 3/ M,30) A).

wherepv(ﬁ) is defined in terms of the two-body halo den-
sity

where M 3= my+ms, Myz=m,+m;+m,, etc. In Eq.(4)
(,Dnn((jl,(jz) is the Fourier transform of wave function of the
two body valence system relative to the carg,(F,R). In B. Double scattering

the casem,=m;=m, the quantitypv(ﬁ) is just the Fourier We next evaluate the double scattering term in tia

transform of the probability densiiy(X) of finding a valence case. We distinguish the terms where the proton scatters

neutron at a distancg from the center of mass of the pro- from the valence neutrons 2 and 3 and the term where the

jectile as defined by Zhukoet al. [1]. proton scatters once from the core and once from a valence
The energy parametes,, in Eq. (3) is given by particle. In the former case we find that
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(Efq)ﬁlzGofl:ﬂ IZi‘1)> = <|Zf<Pnn|E12Gof13| IZi <Pnn>

o my -~
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wherep,(A;,A,) is defined in Eq(4) and

-1

Go(G)=2 +ie

MH123)| 2 (make+mgk)
2 {ki( My O

11

In the case of a heavy core,

. My &)
& M234

lim P2
my—o

- | 40,d0264,(G1. G g Gr+ 6.0+ )
:J dF,dFel[(M2/M29 8-+a]Togil(mg Mg A=d] T

X|ann(|?21'?3)|21 (12)

where o,(7>,F5)=¢_(F,R) is the valence wave function
expressed in terms @}, andr;, the position vectors of the G (G
two valence patrticles relative to the core. Therefore, this den- 1(4) = 72
sity function involves two-body correlations among the va-

lence particles even in the heavy core limit.
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In contrast to the double scattering term arising from the two
valence particles, the particular elementspefwhich enters

in the heavy core limit is just the one body density of sub-
system 2 in the halo.

C. Numerical results for *'Li scattering at 800 MeV/nucleon

In order to obtain some quantitative idea of the various
terms we have identified, we have evaluated the multiple
scattering expansion for the specific case of proton scattering
at 800 MeV/nucleon from a three-body model Bt.i. For
the purposes of the estimate, only the central components of
the transition amplitudes were taken into account. Coulomb
interaction effects were not included.

For the description of*'Li we take the Faddeev wave
functions of Thompson and Zhuk$8] referred in that work
as the P3 model. In describing ti&i ground state matter
density distribution we consider a simplified structure model
of a Gaussian distribution with a range chosen to reproduce
the rms radiug6]. The first and second order terms were
evaluated using &N transition amplitude derived from the
Paris potential 14,15 evaluated at the appropriate fixed en-
ergy parameter with finite mass effects properly taken into
account. The transition amplitude for proton scattering from
%Li was generated by an optical potential calculated in the
single scattering approximation appropriate for intermediate
energy elastic scatterir|ép].

In the evaluation of the second order terms, the propaga-
tors were evaluated using the eikonal approximation and the
principal value term was neglected. For example we use

_ M2y 1

(16)

|Zi q+|6

An explicit evaluation using Gaussian functional forms for

The valence system—core double scattering term is givefhe transition matrices and densities involved shows that for

by
P - Moz .
(P[t1G1t1P)= | ddty, wlz,M—Aqu
234

- mg -~
X\ ®cord ta1| w14, M234A_q

¢ core>

o ﬁ,q), (13

M 234

- ms |
X G41(d)p2 M_23q+
where

+ie

- - 2
- M1(234 (Mgke+mygki)
Gi(@) =27 )[k?—( o+
234
(14

For my;>m,,m3

. ms |
lim P2 M—23q+

my—

- [ are@ [ drfer . as

small scattering angles the ratio of the principal value and
delta function terms in Eq16) is less than ¥R, where R is

a measure of the halo size. This ratio is very small in the
cases we consider.

In Fig. 1 we show the differential cross section folt.i
scattering from a proton target at 800 MeV/nucleon for
center-of-mass in the range we expect to be covered by ex-
periments(e.g.[8]). The dashed curve was evaluated from
the single scattering contributions, E¢3) and(7). The solid
curve includes in addition the double scattering contributions
valence-valence Eq10) and valence-core E¢l3). We em-
phasise that in the present context “double scattering”
means second order in the proton-subsystenatrix. Terms
of all orders in thep-subsystem potentials are included in our
first order terms. The other curves in the figure are obtained
by taking p,(0,(M3/Mo3)A)=1 for all A in Eq. (7). This
limit corresponds to ignoring the relative motion of the core
and projectile centres of mass. The dotted-dashed and dotted
curves correspond to single and double scattering calculated
cross section, respectively, and clearly show that the inclu-
sion of the relative motion of the core and projectile centers
of mass has a significant effect in the calculated differential
cross section.
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10° . . : a nucleon-nucleon transition amplitudgy, and a total mat-
ter density given by the sum of the valence density and a
10° core density modulated by a center-of-mass factor
p2(0,(M 23/ M3 A). In the first place even in the first order
10° term it is theN-core transition amplitude which is modulated

in this way. Secondly center-of-mass corrections to the sec-
ond order terms do not have the structure that would arise
from iterating the first order term as would be expected in a
“tp”’ type optical model theory. Equation8), (7), and(13)

do/dQ(mblsr)
]

10 can be made to have this structure if the following three
assumptions are made.
10' (i) ty4 is approximated by its tp’’ limit.
(i) The averageyy matrices for the core and halo nucle-
10° . . : ons are assumed equal.
0.0 50 e(d;g}ges) 150 200 (iii ) The limit my,—o for the core mass is assumed.

In our calculations we can find no justification fey and

FIG. 1. Differential cross section for proton scattering frothi the inadequacy ofii) \_A./as_ shown very Cle_arly_|[15,_11]. We
at 800 MeV/nucleon. The dashed curve was evaluated from thg'ave shown here_thm') IS a poor appr_OXImatlon In 5(68)'
single scattering contributions. The solid curve includes in additionIn _[17].Core “_900" effgcts are taken into account in a vyay
the double scattering contributions. The other curves in the figurdVhich is consistent with a few-body model of the reaction
are obtained by ignoring the relative motion of the core and projec@Nd without making a multiple scattering expansion. It is,
tile centers of mass in the single scattering term and the dotted?0WeVver, not as transparent as in our formalism how the halo
dashed and dotted curves are cross sections calculated without af@nsity functions contribute to the scattering. An advantage
with double scattering terms, respectively. of our approach is that reaction mechanism and structure

effects are clearly delineated.
Ill. DISCUSSION

In the context c_Jf nucleon scattering from conventional IV. CONCLUSIONS
stable heavy nuclei one usually associates two-body correla-
tion effects with the double scattering terms which in the We have seen in this work that two-body correlation ef-
present case would mean through the two-body densitfects associated with the double scattering term are small in
po(d, (m4/M234)5) in Eq. (10). The contribution from this the case of*lLi scat.terin_g f.rom. a proton target at 800 MeV/
to the second order term is very small here, and Onhpucleon. The density distribution of the core center of mass,
valence-core double scattering contributions remain relevanp2(0,(M23/M23)A), does, however, have a large effect on
However, that does not mean that the scattering is sensitividde calculated cross section.
only to the projectile density,(A) of Eq. (5), which we We have shown that the halo structure information asso-

might reasonably call “the halo density.” The scattering in- ciated withp, (A) andp,(0,(M 23/M234)5) does not contrib-
volves the halo wave function in several other distinct waysute to the scattering simply combined as a total matter den-

First, through the two-body densify,(0,(M3/M ) A) of sity. Thus, a proper treatment of the reaction mechanism for
Eq. (8). In the limit of a infinite massive core, halo nuclei elastic scattering needs necessarily to incorporate

T e e
mation in the cases considered. Secondly, the halo wave |, symmary, we advocate that in microscopic theories of
function is involved through the two-body density pioton scattering from light nuclei such as halo nuclei, at
p2((M3/ M) G+ (M3/Mpzn)A,G) in Eq.(13). In the limit of  intermediate and high energies the multiple scattering series
a infinite  massive core, lim_.po((Mg/M29d  for the full transition amplitude should be used and that the

+ ms/M234)5,ﬁ)=Pv(5), and this limit was found to be a ©ptical potential concept should be avoided.
good approximation here.
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tion for describing the scattering of protons from a light sys-for providing us with the'!Li wave functions in a convenient
tem such agLi in terms of an optical potential expressed as form.

034007-4



PROBING HALO NUCLEUS STRUCTURE THROUGH . .. PHYSICAL REVIEW &0 034007

[1] M. V. Zhukov, D. V. Fedorov, B. V. Danilin, J. S. Vaagen, J. A630, 340c(1998.
M. Bang, and I. J. Thompson, Nucl. Phys552, 353(1993. [10] R. C. Johnson, J. Al-Khalili, and J. A. Tostevin, Phys. Rev.
[2] M. V. Zhukov, B. V. Danilin, D. V. Fedorov, J. M. Bang, I. J. Lett. 79, 2771(1997).
Thompson, and J. S. Vaagen, Phys. R, 151 (1993. [11] H. Garcilazo, Phys. Let82B, 332(1979.
[3]I. J. Thompson and M. V. Zhukov, Phys. Rev.40, 1904 [12] J. S. Al-Khalili and J. A. Tostevin, Phys. Rev. &7, 1846
(1994. (1998.
[4] K. M. Watson, Phys. Revi05, 1338(1957); M. L. Goldberger  [13] R. J. Glauber, inLectures in Theoretical Physicsdited by W.
and K. M. WatsonCollision Theory(John Wiley and Sons, E. Brittin (Interscience, New York, 1959Vol. 1, p. 315.
New York, 1964. [14] E. F. Redish and K. Stricker-Bauer, Phys. Rev.36 513
[5] R. Crespo, R. C. Johnson, and J. A. Tostevin, Phys. ReM, C (1987.
R1735(1991); 46, 279(1992. [15] M. Lacombe, B. Loiseau, J. M. Richard, R. Vinh Mau, Jt€o
[6] R. Crespo, J. A. Tostevin, and I. J. Thompson, Phys. Rev. C  P. Pires, and R. de Tourreil, Phys. Rev2(@ 861 (1980.
54, 1867(1996. [16] G. D. Alkhazov, S. L. Belostotsky, and A. A. Vorobyov, Phys.
[7] J. S. Al-Khalili et al,, Phys. Rev. (54, 1843(1996. Rep., Phys. Lett42C, 89 (1978.
[8] G. D. Alkhazovet al, Phys. Rev. Lett78, 2313(1997. [17] 3. A. Tostevin, J. S. Al-khalili, J. M. Brooke, and J. A.

[9] J. A. Tostevin, R. C. Johnson, and J. S. Al-Khalili, Nucl. Phys. Christley, J. Phys. @4, 1589(1998.

034007-5



