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The optical potential and observables for profoiiti elastic scattering are calculated microscopically using
the single scattering approximation to the Kerman-McManus-Thaler multiple scattering expansion. The im-
portance of the central and spin-orbit terms of the optical potential, and of the core and halo nucleon contri-
butions, is clarified in terms of the momentum space behaviors of the nucleon-nucleon amplitudes and relevant
density distributions. Calculations for tH&i and *'Li systems at 60 and 62 MeV/nucleon, respectively, are
compared with the available experimental data and with calculations and data for the frataystem at
similar energy. Three-body models &iLi are used. The effects of the halo distribution itLi are clearly
manifest in the elastic cross section but there are small differences between observables for structure models
with realistic two-neutron asymptotic behaviors. Calculations suggest thattrere structure is not realis-
tically described by simple modelgS0556-28136)05009-1

PACS numbg(s): 24.10.Ht, 21.10.Gv, 25.40.Cm, 27.2h

I. INTRODUCTION scattering[10]. For instance, some evidence has been accu-
mulated [11] which points to the existence of a near-
Experiments with radioactive nuclei from fragmentation thresholds-wave virtual state in the+°Li (*°Li) system. If
reactiong 1] have stimulated many structure studies of lightpresent, structure calculations show that this virtual state has
nuclei near the neutron drip line. Radii of matter densities ar@ profound effect on the nature of the structure of tfie
now routinely deduced from cross section measurementsalo [12]. We assess the implications of these halo struc-
[2—4] and show that some nuclei, close to the neutron drigures, and the assumed structure of thecore, for observ-
line, exhibit a halo of diffuse neutron matter extending farables in the elastic scattering of protons fr8id and Li.
beyond the protons and large matter radii in comparison with Measurements of the elastic scattering of protons from the
their stable isotopef$], a direct consequence of low one- or lithium isotopes ®'iLi at about 60 MeV/nucleor13] and
two-neutron separation energies. One- and two-neutron haldgom ®He at 72 MeV/nucleofil4] have been published. Phe-
have now been observed in several light neutron rich nucleihomenological, Born approximation, and a variety of
such as''Be and!'Li. The n separation energy is 0.5 MeV Glauber and forward scattering approximation models have
in the case of''Be and the & separation energy is 0.3 MeV been applied to these dafa3,15-17. All of the nonphe-
for L. nomenological analyses of the ion-nucleon interaction as-
The formation of well-developed halos means that neusume simplified or parametrized effective nucleon-nucleon
tron rich nuclei represent qualitatively different many- (NN) interactions or transition amplitudes. A central zero-
nucleon systems. Conventional mean field approaches fail tmnge effectiveN N force is usually assumed. Traditional sur-
reproduce the matter radii of halo nuclei without adjustmentace derivative spin-orbit potential terms have been used in
of the separation energy of the last neutron to measured vaphenomenological analys¢43,17 of the data for the Li
ues[6]. It is necessary to go beyond the mean field approxiisotopes. While such radial forms are justifiable for heavy
mation and include additional correlations to describe thesauclei with well-defined surfaces and small diffuseness pa-
systems!ILiis usefully treated as 8Li+n+n system, hav- rameters, their use for light nuclei, particularly those with a
ing no bound states in any of its binary subsystems. Threediffuse long range valence nucleon distribution, is suspect.
body methods have thus been applied extensively to this sy§-his spin dependence should be calculated microscopically.
tem[7-9]. In the multiple scattering approach used here, the central and
The interaction of nucleons with halo nuclei, and their spin-dependent terms of the nucleon-nucleus interaction are
elastic scattering, is a basic reaction mechanism which migtderived explicitly from those of a realistidN interaction,
permit an assessment of these halo structures. In the presaninsistent with the assumed projectile density. It was already
work we calculate these interactions microscopically and thehown in[10], for p-8He scattering, that elastic scattering
resulting scattering, taking structures calculated from threeebservables show considerable sensitivity to both the spin-
body models. Our principal aim is not to fit the experimentalorbit component and to the finite range of tNé\ interac-
data, but to study the effects on elastic scattering observable®n, in that case the Paris interaction, and that these are
of different microscopic descriptions of the structure of theessential ingredients in quantitative studies.
halo neutrons intlLi when assuming simple models for the  In the present work, as ifil0], we use the Kerman-
structure of theLi core, such as were successful fiHe ~ McManus-Thaler(KMT) [18] multiple scattering treatment
of the optical potential. Careful treatments of both the first
and second order terms of the multiple scattering series have
*Present and permanent address: DepartamentcsitefAnstituto  been carried out in recent yed9—22. The single scatter-
Superior Tenico, Lisboa, Portugal. ing approximation to the multiple scattering series has been

0556-2813/96/541)/186710)/$10.00 54 1867 © 1996 The American Physical Society



1868 R. CRESPO, J. A. TOSTEVIN, AND I. J. THOMPSON 54

applied with success for the description of elastic nucleon
scattering data from a wide range of targets at 65 Ni28] 9(w)=—5——, (3
and for p-8He scattering at 72 MeV10]. As the multiple on

scattering approach expands the nucleon-ion optical potentigihereK ,,, is the kinetic energy operator for the relative mo-
in terms of a realistic fre&IN transition amplitude and target tjon of the activeNN pair. Medium effects arising from dis-
wave function, the method allows first principles calculationsortions due to the struck nucleon binding potential have
of the optical potential based upon structure calculations anfleen neglected in the propagafat]. The energy parameter
the freeNN interaction as inputs. is = Eo—#2P/4m, whereP is the momentum operator for

_ Unlike N~Z nuclei, halo n_uclei present two distinct re- ha motion of the center of mass.m) of the interacting
gions of nuclear matter density to the scattered proton. Thgp pair [21], andm is the nucleon mas&, is the incident

ground state density is the sum of contributions due to the, ,cjeon energy in the nucleon-targét&) c.m. frame; thus

. . 11 . . . 1 1
core €Liin the "i casg and from the valence or halo Eo=%2K5/21na, With uya the nucleon-target reduced mass.
nucleons. The nucleons in these two regions have different The second order term of the multiple scattering expan-
spin-isospin compositions and momentum distributions, an%ion, which takes into account Pauli blocking medium ef-

a:ed'_tfr;us p{obed bytdlffetrent tfermslff N a_rgplltl:jde, tand Ifects, has been investigated elsewhere in considerable detail
at dirrerent momentum ftransfers. [t 1S considered extreme ¥21]. Pauli blocking corrections are not considered explicitly
important to clarify this basic interplay between the range o here

the_nuclear densities and the different terms _ofnma_mter- . The matrix elements of the optical potential are developed
action, and to understand the extent to which microscopi¢ 0 ntim space as

calculations based on the fré&N amplitude are able to de-
scribe the available data prior to any complication of the A—12 R

physical description through the use of effective interactions. (k'|Ulk)= TZ (K" @[t ()| kD). (4)
Such interactions, deduced from isospin symmetric systems, n=1

are largely untested quantitatively for the drip line systems of ] . o s
interest here. Introducing the variable®Q=(k+k")/2, the mean value of

the °Li and ILi systems. We consider two models for the torization limit[20],
core PLi) structure. The sensitivity of the-°Li elastic scat- Al A
tering observables to these models is assessed as are the&frw“z)_ nz (Dl _a/2>

fects of different structure models for the halo density on the A

p-1Li elastic scattering observables. Calculations are pre- . .

sented forp-®Li scattering at 60 and 62 MeV/nucleon, (. 49} ¢ 1. a}) -
respectively, where cross section data are available. We com- X 2 k +§ |t0n(“’)|§ k_i (a/2|®o),

pare these results with calculations and data for the proton-

8He system at similar energy. We clarify the roles of the (5)
central and spin-orbit parts of the optical potential arising > e, e
from the core and halo nucleons by reference to the momerYyhereq:k —k is the momentum transfer and the energy

tum space behaviors of the on-shiIN amplitudes and the parametek Is now

target density distributions. The presented results are ex- 72
pected to hold quite generally. w=Ey— 4—Q2_ (6)
m
Il. MICROSCOPIC OPTICAL POTENTIAL In this momentum space form, E¢b), a NN transition am-

plitude from realistidNN interaction models can be included.

The first order term of the KMT optical potential for I . . .
b P With the convention that plane waves are normalized such

nucleon scattering from a target of ma&ss given by the

expressior{ 18,20 that
A1 A (r|Ky=(2m) " ¥exp(ik 1),
_n f
u= A ,121 (Polton( @) Po). @ the antisymmetrized transition amplitude aNdl scattering
amplitudeM are related according to

Here @, is the target nucleus wave function arBj(w) is 52
the NN transition operator describing the fre_e scattering of (E’|t{)n(w)|;?>= — 4—2—<E’|M|E>, 7)
the incident(0) and struck ) target nucleon with an energy ™

parameterw. This transition amplitude satisfies the integral

equation with u the NN reduced mass, and wher24]

M= A+ B(oo-N)(ay-N)+C(og+ 0y) - N

thn(©)=von+00nG(@)the( @), @ (70 Mo W FCoo* o) R
+D(ao-M) (o M) +E(ao- /) (T /)

wherev, is the free spacBIN interaction. The intermediate . . .

states propagata(w) is therefore +H(0o-)on-M)+(on-M)(00-7/)]. (8
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Here A=rx«'/|xXK'|, /=(k'+k)/|x'+«|, and where
m=/"Xn are the unit vectors defined by tiNN scattering A
plane. po(d) = po(d) X pc(Q). 17

Of the KMT amplitudesA, B, C, D, &, andF, only A and
C are used in the context of the present analysis. In calcula- In the following we take'Li halo density distributions
tions these amplitudes are best expressed as complex furftem the Faddeev wave functions of Bang, Thompson, and
tions of relative energy o, momentum transfer Zhukov[7,12]. As the detailed structure of this system and
q=(x'—«), and total NN momentum O=(x'+«)/2 in  the interaction potential between a neutron and %hiecore

their c.m. frame. Each amplitude depends on isotopic spin i@re not yet known, we consider three proposed Faddeev sce-

the form narios, which involve different halo structures and configu-
rations. All models use the realistic supersoft cB8GC)]
Alw,k", k)= A(0,q,0)= Ao+ A7y 7). (9) NN potential[25] between the valence neutrons.

(i) The spin-orbit(SO) model [26,7] assumes that the
10.j ground state is a Py, resonance, thef,, state being
bound with separation energy 4.1 MeV. TR core is thus
A. Faddeev calculations for''Li assumed to have a fullg@d,, neutron subshell, and the three-
body wave function is orthogonalized to the occupiscdd
Opgy States of neutron-core motion. The density used has the

Py, resonance at-0.175 MeV, a'lLi binding of —0.32
eV, and a matter rms radius of 3.04 fm. The empirical

Ill. STRUCTURE MODELS

Here !!Li is considered as a three-bodSL{ +n-+n) sys-
tem, the main approximation being to neglect explicit con-
sideration of the internal and spin degrees of freedom of th
9 . .

Li core. These are treated approximately through th O
nucleon-core effective interaction. The total wave function ismat"ger radIUS.I.S 3.180.17 fm(3]. .

a sum of the three Faddeev components (i) The pairing ) model assumes that pairing correla-
V=W, ,+ W +V,, [8], where 1 and 2 represent the halo tions are dominant, neglects nucleon-core spin-orbit forces,
C [ ’ . . .

neutrons ana the core. Neutron antisymmetrization implies and the valence neutrons are entirely in the relatSgstate.

that V., andW¥, are related by permutation of labels, and i-ghg gizn?r;ng energy is-0.35 MeV and the matter rms radius

q,:q,lz(;lz ;12 )+ (1+P)W 1(F L r 12). (10 (iii) The S-intruder (11) model has an increased potential
r(12e criielri(el) strength in thes-wave n+°Li channel, producing a s,
The total wave function’ can be transformed into either set Scattering length appropriate for a virtual state. Pheave

of coordinates, so that potential gives a P4, resonance. In this modeP@ of [12]),
o o the three-body wave function is a superposition op{§)?
V=15 12,F (120) = Ver(Fe1s T en)2), (11)  and (Isy,)? configurations. A larger rms radius of 3.64 fm is
o obtained. The model leads to a narréwi momentum dis-
where¥ and each¥ has unit normalization. tribution in the Serber model of'Li dissociation, in better
The one-particle density can be written agreement with the daf&7].
The 11 model thus allows a study of the consequences for
p11(1)=Po(r)+ prad 1), (12 p-*lLi elastic scattering observables of structure changes in

the !Li ground state due to existence of a near-threshold
wherepg(r) andpp,r) are the contributions from the core s-wave virtual state int%Li. To assess the sensitivity of ob-
and halo neutrons in the center of mass of the whole nucleuservables to the correct description of the tails of the halo
It follows that the halo density is distribution we also present calculations where tHe den-
A3 A sity is the sum of a Gaussian for ti&i core and a valence
Phalo(r):2<m) f dreg rclimr)

density appropriate to oscillatqr;, states,
and, assuming that the core internal densitydér), then
po(r) is obtained by folding wittp.(r), the density distribu-
tion for the motion of the core center of mass, i.e.,

2
, (13

‘Pcl

Phaid 8) = 2(1—bja?/6)exp( — bia?/4). (18)

The rangeéb,=3.58 fm is chosen to reproduce the rms radius
of 1.
pg(r):J drepe(r—rc)pe(re), (14) B. °Li structure models

In the calculations of7,12] the °Li core is assumed to
have a Gaussian density distribution for the purposes of cal-
2 culating the *'Li single-particle density. In describing the

AV .
5) f dryy (19  °Lj ground state we consider two simplified structure mod-
els. In model |, as i7,12], we take a Gaussian distribution

In momentum space, in terms of the Fourier transform of’Vighllza range chosen to reproduce the rms radius
each density distribution, (ré)g“=2.32 fm, i.e.,

where

pe( Fc) =

— (. A_
L4P r12,§rc

p1(@) = po(a) + praid ), (16) po(0)=9exH ~bgq?/4),  by=189 fm. (19
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To assess the sensitivity of elastic scattering to the descrilependent contributions, other than the conventional spin-
tion of the core we also consider a model Il where we followorbit force, are neglected in takirtg,. We take account of
closely the method applied by Zhukat al. [28] to 8He. the finite mass of théLi core in Eq.(25) by the use of the
Here we assume a cluster model firi consisting of an  convoluted densitiep of Eq. (24). The same procedure was
a-particle-like core, four neutrons in thpgy, shell coupled to  carried out implicitly in the treatment of the 8He system at
spin zero, and a proton in th®,, shell. We take a Gaussian 72 MeV [10] where the range parameter of the alpha core is
distribution for the nucleons in the alpha core. The valencenot that of a freew particle but includes recoil effec{28].
nucleons are assumed described within the harmonic oscilla- The central and spin-orbit components of the optical po-
tor single particle model. In momentum space these densitiggntial are therefore

are, for the alpha core, R ) . o

p..(Q)—dexpi — b2ePI4) 20 (k'|U[k)=U(k’,k)+U 4k’ ,k) o N, (26)

with N the unit normal to théN A scattering plane. With the

and, for the valence neutrons, normalizations adopted in EqR0) and(21) for the core and

o (q)=4(1—b2q2/6)exr(—b2q2/4) (21) P> Nucleon densities, the potential form factors are
n n n -
2

We assume that the proton and neutpmyy states have the oy — A-1 _ h - -
same oscillator range parameter, and so for the proton Ue(k',k) A 4 [Aopa(@)+ ApnPn(Q)
Pp.(d)=pn(d)/4. The range parameters are again chosen to -
regﬁoduce the rms radius 6L, i.e., + AppPp, LA+ Apnphaid A) 1, 27

3b%+2502/4=9(r?)y/2. (22 .. A-1 #2 ) .

" < ° U, oK' k)= T _m [COPQ(Q)"'CpnPn(Q)

If we take the same range for the alpha core as was used in
8He [28], thenb,=1.38 fm andb,=1.72 fm. We refer to +Cppﬁp3/2(q)+Cpnpha,o(q)], (28

this as parameter sé). Other possible pairs of values, con-

sistent with the °Li rms radius, are(b) b,=1.50 fm, with Ao=Ap(w,q,Q/2,¢), etc., given by Eq(9). Studies of
b,=1.67 fm and(c) b,=1.0 fm,b,=1.843 fm. We use the the NN amplitude have shown that, for the central and spin-
latter parameters as extreme deviations from the more physgrbit amplitudesA andc, the variation with anglep is very

cal set(a) in assessing the sensitivity of observables to thesjow [21,29. Thus we take the on-shell valye= #/2 in the
assumed®Li structure. The single-particle density GLi  evaluation of these amplitudes. The proton-neutron and

within model Il is proton-proton amplitudest,, and A, are
1l —
Po(A)=pa(Q) + pn(A) +pp, (d). (23 Apn=Ao— A,  App=Ag+A,, (29)
Taking account of the motion of th&Li core within *'Li, g similarly forCy, andC,,.
then, from Eq.(17), These momentum space forms give a particularly clear

view of the dependence of the optical potential upon the
different components of the target density. They show also
how effects due to these components having very different
IV. OPTICAL POTENTIAL spatial ranges, and hence different momentum space distri-
butions, cannot simply be untangled from the intrinsic mo-
mentum space behavior of théN interaction. The impor-
tance of each component of the density to the central and
spin-orbit terms of the optical potential is driven by the ex-

po ()= pg (@) pc(A) =Pl @)+ Pa(A) + pp, (A).  (24)

Given the®!4j structures discussed above, and following
Eq. (9), the protontlLi optical potential is written

(k'|Ulk)y= %[i)a(q)t:m(quyQ/Z,qﬁ) tent to which these momentum space behaviors overlap, and
will be different for the core and halo and spin and spin-
+5n(Q)§n(w,q1Q/2,¢>) independent components. We return to these considerations
o when discussing the results of the calculations of reaction
+,3p3/2(q)tpp(w,q,Q/2,¢) observables. It should be noted that the calculated optical
_ potential is nonlocal and requires knowledge of M am-
+ Phaid D tpn(@,9,Q/2,0)], (25  plitudes both on and off the energy shell.

R R For the evaluation of the approprialeN energy param-
where ¢ is the angle between the vectd@s and q. Here  eter w=E,—#%2Q?/4m we make the usual assumptions that
to, is the spin-isospin-averag&tN amplitude, for the closed the momentum of the projectile is fixed at the on-shell value
shell alpha core, antj,, is the spin-averagedn amplitude, ko and that the dominant momenta of the struck nucleon are
due to assumed closed,, andp,,, (halg neutron subshells. small. These should be particularly appropriate for the longer
At present we do not treat fully the spin dependence associanged contributions to the optical potential arising from the
ated with the incident proton-boungh, proton interaction. valence(halo nucleons, where the nucleons interact in re-
We take the spin average, with respect to the struck particlegions of low matter density and are of lower momenta. In
of the pp transition amplitude, and so possible spin-this limit the NN energy is assumed fixed withh=Eqy/2
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FIG. 1. i halo neutron density distributions in momentum 6.0 y ' ; T
space, for the pairingR, solid line), spin-orbit(SO, solid pointy
and intruder 11(long dashef Faddeev wave functions. The dot- (b)
dashed line shows the Gaussian density description fofltheore Model li(a)
scaled to 2 ag=0. \ ———— Model |

>
o

[20], the impulse approximation. This is the value used in the
calculation of theNN amplitude.

For !Li the p entering Eqs(25), (27), and(28) are those
of Eq. (24), wherep,, p,, andp,,, are given by Eqs(20)
and (21) for core model Il. For core model | we replace
pa=pn=4pp,, Wherep,=4py/9 of Eq.(19). In the °Li case
thenppao = 0 and we replacg,=p,, etc., in Eqs(27) and
(29).

Component densities
N
o

V. RESULTS 00  N\U vl

In all calculations theNN scattering amplitudes are cal-
culated exactly, both on and off the energy shell, from the : i . L .
Paris[29,30 NN potential model. What is actually required 0.0 1.0 2.0 3.0
are the central and spin-orbit Wolfenstein amplitudeand g (fm")

C.

FIG. 2. (a) °Li densities in momentum space for the Gaussian
A. Structure models modelp'9 (solid line) and the oscillator modqi'g' , using parameter

. . sets(a) (dashed lingand(c) (dash-dotted ling Part(b) shows the
We use three theoretical scenarios for the halo structure of andpn+pp3/z contributions separately for the, (dashed curves

o, Figure 1 presents the two neutron halo Qensitiesa;dpgl set(a) (solid curves models.
Phalo» IN Momentum space, for the pairing,( solid line,

spin-orbit (SO, solid pointgs and intruder 11(long dasheg

Faddeev wave functions described in Sec. Ill A. All repro-Space, the SO anB models lead to rather similar distribu-
duce the empirical binding energy dtLi and have appro- tions. The sensitivity of proton elastic scattering to these dif-
priate three-body asymptotics. For comparison the dotferent models is discussed quantitatively in the following.
dashed line shows the extent of the single Gaussian densityhe 11 intruder model generates a particularly different den-
descriptionpy for the °Li core, which has been scaled to 2 at Sity and is expected to generate more extreme differences
q=0, to aid comparison with the halo distributions. upon observables.

In configuration space, tHe and SO models possess very ~ Figure 2a) shows the’Li core densities evaluated assum-
similar density distributions in the extreme tail of the haloing the single Gaussiam, (solid line) model of Eq.(23) and
density but can differ substantially in the region of overlapalso the oscillator modelog, using parameter set&)
with the °Li core. In momentum space, as in configuration (dashed lingand(c) (dash-dotted lineof Eq. (19). All mod-
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FIG. 3. Experimental and calculated differential cross section FIG. 4. Calculated and experimental differential cross section
angular distributions fop-t!Li scattering at 62 MeV/nucleon. The angular distributions fop-°Li scattering at 60 MeV/nucleon. The
calculations use the pairingP( solid line), spin-orbit (SO, solid  curves are the results using the Gaussigiidashegand oscillator
points, and intruder 11(long dashed linedescriptions for the halo Model, pg (a) (solid line) and (c) (dash-dotted ling densities.

distribution. The dot-dashed line results when using the oscillator
moclel_ for the valence nucleon distribution. Model I is assumed for~+in The figure shows the calculated cross sections using
the “Li core. the pairing @, solid line), spin-orbit(SO, solid points and
intruder 11 (long dashed linedescriptions for the halo dis-
tribution. Here model | is assumed for tif&i core. While
and, for clarity, are not shown on the figure. The apparen%he c_glqulated cross section angular distributiqn; show some
similarity of these densities, from for instance t;b{g(solid) sensitivity to the dlff_erent Fad(_jeev models, it is apparent
I : . . that, unlike the earlier theoretical agreement with fhe
and pg, set(a), (dashedi models, is somewhat misleading. 8o gatq at 72 MeV10], thep-!Li data are not reproduced
While the tota[ ong—body den3|t_|es are '”de?d similar, the)by any model. In particular the angular dependence of the
result from quite different spin-isospin density decompoSi-ya44 at forward angles is not described, the calculations fall-
tions of the nine nucleons. For model Il, the density is themg too rapidly with scattering angle in the angular range
sum ofp,, pn, andpy,, terms given by Eqs20) and(21),  5g°_40°, There are only small differences between observ-
with quite different range parameters. For model I, howeveraples for these structure models. The importance of a correct
Pa=pPn=4pp,, Where po=4p4/9, all components having description of the halo tail is shown by the dash-dotted line
the same range. This distinction is important in the context ofvhich results when using the oscillator model description of
Egs. (27) and (28) where each term multiplies a particular the valence nucleon distribution. The result makes clear the
spin or isospin average of tieéN amplitude. The constituent sensitivity to the correct description of the tail of the halo
contributionsp,, and p,+ pp,, , are shown separately in Fig. density distribution of the Faddeev models.

2(b) for the pl; (dashed curvésandp) , set(a), (solid curve We note that the first order KMT optical potential dis-
ngo)dels Thpeg I(onger rangeein mcfr%entufn)séace of the$mor8ussed here will include contributions in which the incident

realistic treatment of the alpha core component in model II isand struck nucleons are in the co_ntmu{@l,3]]. These are
evident. assumed to scatter as free particles. Thus elements of the

i breakup continuum will be already included within the

calculated single scattering KMT interaction. It would be

extremely interesting to investigate further the relationship
We proceed to study the effects of the different models obetween these calculations and breakup contributions calcu-

the halo and core distributions upon elastic scattering obsenlated using few-body descriptiori47]. The latter show the

ables for thep-1!Li system. Figure 3 shows the experimental breakup effects are significant on the calculated cross section

[13] differential cross section angular distribution fpr  and result in a more rapid decrease in the cross section an-

1 j scattering at 62 MeV/nucleon and those calculated usingyular distribution with angle.

the theoretical density distributions. The calculations are Figure 4 shows the calculated and experimefita] dif-

fully off-shell optical potential calculations resulting from ferential cross section angular distributions flefLi scatter-

the evaluation of Eq427) and(28) without further approxi- ing at 60 MeV/nucleon. The curves are the results calculated

els reproduce the empiricdlLi matter rms radius. The re-
sults for parameter sé) are quite similar to those for s&)

B. Elastic scattering observables
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FIG. 5. Experimental data for thp-8He system at 72 MeV

(solid circles and thep-°Li system at 60 MeMopen circles The FIG. 6. Experimental elastic cross section angular distributions

1L id o 9
curves show the calculated angular distributions for proton scattelf-Or p-~Liat62 MeV/nucIeor\(solld cm_:les) andp-°Li at 60 Me_V/
nucleon(open circles The cross sections calculated assuming the

ing from 8He at 72 MeV/(solid d from °Li at 60 MeV g i .
Lnsg?néorlp set((eaf(dashez C(Ijl’(\)/;-:‘ curve and from “Li a € pairing model Faddeev wave function fbiLi and the model | core
Ps density for °Li are shown by the solid and dashed curves, respec-
tively.
using the single Gaussiep@ (dashed and oscillator model,

Ps (a) (solid) and(c) (dash-dotteyj densities. The-°Liex-  iheoy density is the(a) version of modepy , with the same
perimental data, like thé'Li data, are not reproduced. We alpha core radius parameter as firte
note the similar failure to reproduce the slope of the ob- The calculated®He and °Li angullar distributions are
served distribution at forward angles and the relative insenéimilar. On the other hand, the experimental data show a
sitivity of the calculations in that angular region to the dif- very different behavior with’momentum transfer and would
ferent models used. Here, dlLi densities used have been indicate a major structural difference between fhe and
constrained to reproduce the empiri€ai rms matter radius. 8He systems. Close inspection shows that the first three
The model Il form_s have also been motivgted_ by the SUCCESGall angle déta points fotLi follow the trend of the mi-
of th_e cluster orbital sheIL model approxmatmjﬁO_SMA) croscopic calculations but the experimental data then change
(OSC'”atO.D model for thep-"He systenj10]. (_:zﬁculaﬂo_ns by slope markedly at 30°, a feature absent from the calculations.
Ber'tu!anl and SagawfB2] use more soph|§t|cate?1_| de- Figure 6 compares the measured angular distributions for
scriptions, based on Hartree-Fock calculatifls The cross 11 i at 62 MeV (solid circles and °Li at 60 MeV (open
sections, calculated using Glauber theory, show very Sim"a{:ircles) [13]. The cross sections calculated assuming the
gualitative features to those of the present work. To datepairing modél Faddeev wave function foiLi and the model
only phenomenolpgical potentia! fi§$3,1ﬂ have been "?‘b'e |.core density for’Li are also shown by the solid and dashed
Loagoﬁlfgec|2as§atiffﬁféogn?§§f :;P_t'lcl’ﬂ g;lihu?:,ﬁoinggsrgzmaéurves, respectively. Both the fall of the cross sections with
y S . ngle and their diffractive structure are too strong in the cal-

on few-body descriptions of the h_alo nucl_eus, d.escrlbe ulations. The differences between the calculations and be-
above, that the agreement of the microscopic multiple scaly con the two sets of experimental data suggest, however
tering calculations with the available data is already unsatis,[-hat an improved description of th&li core inter:alction '
factory at the level of 'ghe nucle_o?*l;| core _subsystem. would lead also to an improved description of thi data,

The failure of the microscopic calculations for the mass 9as is obtained when phenomenological descriptions of the
core is amplified by reference to Fig. 5, which shows the dat%ore interaction are usdd7]
(solid pointg [14] and results of microscopic calculations for '
the p-8He systen(solid curve [10] at 72 MeV/nucleon. The
rms matter radius ofHe in these calculations is 2.52 8],
to be compared with the values 2.32 fm fdri, and values We consider additional calculations to assess the impor-
from 3.02 to 3.64 fm for the three-body models used fortance of the core and valence nucleon contributions to the
i, The calculated and experimentpt®Li angular distri-  central and spin-orbit components of the potentials. Our
butions at 60 MeV are shown by the open points and dasheghodel allows the core and valence partibl®& amplitudes,
curve, respectively. ThéHe density is that of Ref10] and  that is, theC and A in Egs.(27) and(28), to be selectively

C. Core and valence particle contributions
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FIG. 7. Calculated differential cross section angular distribu- FIG. 8. Calculated differential cross section angular distribu-
tions for p-'ILi scattering at 62 MeV. The solid curve is the full tions forp-°Li scattering at 60 MeV/nucleon. The solid curve is the
pairing model calculation. The dot-dashed curve is obtained wheresult using the Gaussian densjtyy. The dashed line shows the
the halo particles are assumed to be noninteracting. The dashegiculation in the complete absence of the spin-orbit terms in the
curve is the calculation in the complete absence of the spin-orbip-°Li interaction, i.e., thaty=Cpn=Cpp=0.
terms in thep-*'Li interaction, i.e.,Co=Cyn=Cpp=0.

are again very significant. When using t,bga(q) (a) density,
switched on or off while retaining the correct proton-targetas was observed fdiHe, the bulk of the spin dependence is
kinematics. Figures 7 and 8 show such calculations fomttributable to the alpha core component in e That the
M i and °Li, respectively. It was showfil0] that for 8He,  calculated spin dependence fiiri is slightly larger than that
the valence nucleon contribution to the central distortion wasor Li is the result of the use of the convolutgg(q)
large but had little effect on the spin-orbit interaction. Therather tharnpg(q).
significant spin dependence seen there arose from the alpha- These observed sensitivities of the cross section angular
like core. We show this spin transparency of the extendedistributions to the valence particle central distortions and
valence particles to be a general feature. That is, cross sethe core nucleon spin-orbit distortions are now discussed.
tion angular distributions are sensitive to the spin-dependerithey are best understood by reference to the ranges of the
interaction but this part of the interaction carries little infor- core and valence particle momentum space densities and the
mation on the valence particle distribution. momentum transfer dependence of the fidl amplitudes

Figure 7 shows the calculated angular distributions forC and .A. The calculation of the optical potentials involves
M i at 62 MeV. The solid curve is the full pairing model the NN amplitudes both on and off the energy shell; how-
calculation usingy(q) for the core density. The dot-dashed ever, the forms of the amplitudes on-shell are instructive
curve shows the cross section were the halo nucleons nonihere. The on-sheld andC of the Paris interaction, for the
teracting, i.e., when we set,,=C,,=0 multiplying pp4 in nucleon-nucleus system at 72 MeV, are presented in Figs. 9
Egs.(27) and(28). The changes induced show that the haloand 10. Figure 9 shows the rdablid curve$ and imaginary
has a significant effect on the optical potential. This effect is(dashed curvesarts of the central amplitudes,, A,,, and
however, due only to the central part of the interaction and.A,, as a function of momentum transfer. Figure 10 shows
when onlyCy,, multiplying ppai is set to zero, i.e., when the the corresponding spin-orbit ternfg, Cp,,, andCpp,.
spin-orbit interaction due to the halo particles is removed, The contribution from each involves its product with the
the calculation essentially coincides with the full calculationappropriate target density component, shown in Figs. 1 and
and is not shown. The dashed line shows the calculation i@. The peaking of thed at q=0 means that all density com-
the complete absence of spin-orbit terms, that is, replacingonents will contribute to the real and imaginary parts of the
Co=Cpn=Cpp=0 in Eq. (28). The spin-orbit interaction ef- central potential but with different magnitudes. The incident
fects are seen to be quite considerable, given the quoted aproton interaction with the halo density it'Li is via the
curacy of the experimental data. strongerA,, amplitude, as is the fouyp, neutrons, compris-

Figure 8 shows corresponding calculations fti at 60  ing p,(q), in 'Li, °Li, and ®He. The result is a strong
MeV. The solid curve is the full calculation using the Gauss-dependence of the central component of the optical potential
ian densityp'g(q). The dashed line shows the calculation in on the valence nucleon components. Also apparent is that
the limit thatCo=Cpn=C,,=0. The spin-orbit force effects calculations which make a zero rangd<cons}) approxi-



54 STRUCTURE SIGNATURES IN PROTON SCATTERING ... 1875

small. The more spatially localized core components, how-
ever, with their correspondingly wider momentum space dis-
- tributions, Fig. 1, lead to significant overlap with tGeam-
plitudes. Further, the,, term, relevant to the interaction
with the halo density intlLi and the fourps, neutrons in
%Li and ®He, is itself weaker than thé,, and spin-isospin-
averaged’, amplitudes. When using mode,bél(q) the C,
amplitude acts on the alpha core component, Hb), 2vith
significant strength. This clarifies the observation above for
%Li, and of Ref.[10] for ®He, that in such models the spin-
orbit interaction arises almost exclusively from this core con-
tribution.
Finally, since the density of théLi core within i is
4 somewhat more extended, due to its convolution with the
core c.m. motionpe(q) is of shorter range in momentum
space tharpg(q) with consequent reduced spin dependence
in the 1!Li system, as observed earlier.
‘ ' The remarks above are expected to be quite general. They
0.0 1'0_1 2.0 demonstrate that while calculated cross section angular dis-
q (fm) tributions are sensitive to assumed valence nucleon struc-
tures, and to the spin dependence of the proton target inter-
FIG. 9. Real(solid curve$ and imaginary(dashed curvegarts  action, these sensitivities result from quite different parts of
of the on-shell central ParlN amplitudes4,, A,,, andAp,asa  the target structure. The momentum space form of the central
function of momentum transfer for nucleon-nucleus scattering at 73y N amplitudes results in strong corrections to the central
MeV. parts of the optical potential due to the skin or halo of va-
lence patrticles, particularly neutrons. The finite range of the
mation for theNN amplitudes will not correctly account for NN force is vital to including the balance between these
the relative importance of the different density componentsgifferent contributions correctly. On the other hand, the spin-
In particular, the longer ranged momentum space terms, suciypit NN amplitudes do not overlap strongly with the short
as_the alpha co_ntr|but|on of th%Ll_core in model II anq the  range momentum space forms associated with a neutron halo
°Li core itself in model |, are likely to be overestimated or skin and these valence particles do not contribute effec-
relative to those of the valence nucleons. tively to the spin-orbit component of the optical potential.
Inspection of theC, with their maxima at 1-1.2 fm',  The core spin-orbit contributions, however, have consider-
suggests that the spin-orbit potential contribution from thegple effects on the calculated angular distributions; more-
localized momentum space valence particle densities will bgver, the detailed structure of the core itself is also involved.

0.8

©
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Central NN Amplitudes
o
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o

0.0

T " VI. CONCLUSIONS

The microscopic optical potential for proton elastic scat-

i tering from °Li and !Li targets is evaluated using the single
scattering approximation to the KMT multiple scattering ex-
pansion of the optical potential. This includes fully the finite
range of theNN amplitude and the central and spin-orbit
components of the optical potential arising from the free
NN transition amplitude.

7 Calculations are compared with the available data at en-
ergies near 60 MeV/nucleon and with calculations and data
for the 8He system at similar energy. The°Li and i
experimental data are not reproduced, the slope of the calcu-
lated angular distributions being too steep at forward angles.
There are large differences between the experimental angular
distributions for°Li and 8He, but not between the calcula-
tions, suggesting a major structural difference between the
: . %Li and ®He systems. The calculations suggest that thie

Spin-orbit NN Amplitudes

0.0 1.0 2.0 core structure is not realistically described by simple,
q (fm™) oscillator-inspired, structure models which are successful for
8
He.
FIG. 10. Real(solid curve$ and imaginary(dashed curves The i cross section is found to be insensitive to that

parts of the on-shell spin-orbit PaéN amplitudesCo, C,n, and ~ part of the spin-orbit force due to thg halo nucleons but
Cpp as a function of momentum transfer for nucleon-nucleus scatstrongly affected by the central distortion due to these par-
tering at 72 MeV. ticles. These observed sensitivities were discussed in terms
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of the ranges of the core and valence particle momenturthe NN force is crucial in describing these contributions cor-
space densities and the momentum transfer dependence reftly.

the freeNN amplitudes. The results of such an analysis are

very general. While the momentum space form of the central ACKNOWLEDGMENTS
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