


1 Introductlon - - o ‘

3

' Investlgatlons of hght nuclel at the neutron dr)p line open the poss:brhty to study L

_nuclear structure and reaction dynamics under theextreme conditions of large charge -
'asymmetry Isospm dependent effects and-contributions from’ resxdual mteractlons‘
are strongly enhanced Clear indications of the unsual nuclear properties at:the.

" neutron and proton drlplmes have beer. observed in measurements of. total and v

interaction cross sections, electromagnetlc dissociation and fragmentatlon processes

of exotic nuclei.’ The experlments led to the discovery of "neutron halo” in ' Li, = . '
‘MBe,"Be(l,2]. Ina recent experlment at GSI a proton halo was observed for the t

first time in 3B [4]. - ST :
" A closer understandlng of such extreme nuclear matter conﬁguratlons is obtamed

from elastic and quasx-—elastlc scatterlng of’ exotlc nuclei. These reactions are well = '
suited to mvestlgate the pecuharltles in stricture and interactions of halo nuclei. Be-
" cause of their semi-inclusive character quasi-elastic | processes are especnally sensitive
to the structure of the lnteractmg nuclei. ‘The underlylng teaction mechamsm isin 0ot
" principle known and the theoretlcal uncertainties are less severe than for exclusxve

reactlons where correlatlons ‘of various fragments are’ measured

.Elastic’ scattering has the largest cross section: amongst the quasx elastlc pro—f,‘
cesses and is easxly accessxble in secondary radloactlve beam experiments with low =
intensity. At present elastlc scattering data" are avallable for L1 on 12C at energy

60 MeV/A [3]; on 225i at 29 MeV/A- [5] and ona proton target at 62 MeV/A [6].

; Also the elastic scattering of ®Ile + p was measured at the energy 73 MeV/A [7].
. The cross sections were smaller than expected from the systematics of stable iso- .

topes. This common feature of halo nuclei is assocmtcd with’ break-up processes

- The poor energy resolutlon of radloactlve beamis teads to _particular problems in the . ;:'_‘ ‘
analysis of ion-ion scattermg data because low. lymg melastxc target and prOJectlle’: =

excxtatlons are not resolved from pure elastic process.

- ‘Elastic ‘nucleus-nucleon data : are free from this drawback Theoretlcally, the re-‘;; ’(

action mechanism of nucleon scattering is much simpler and better understood’ than
for ion-ion interactions:: Hence elastic scattermg on nucleons is most approprlate to
clarify the interaction dynamlcs of halo- nucle1 In. this work, we present a reaction

model for the elastic scattermg of MLi on ‘a proton target and try to elucxdate the - .

role of halo’ particles in the scattering. proccss The weak couplmg model and the:
special properties of halo’ nuclei allows to treat the core and valence parts in differ- L
.6 ent ways. The proton—core 1nteractlons are determined by same type of processes as
.in optical potentials for elastic scattermg on stable nuclei. In the present ‘context," -
this part of the dynamics is of less interest. - _Therefore, we treat the proton-core
interaction in a schematic approach by using phenormenological optlcal potentials.

As discussed in sect. 2, the contributions from the halo nucleons, however, are cal-« =

culated microscopically i in a folding model approach. Applications to '' Li 4 p elastic
scattermg are presented in sect. 3. The results clearly indicate that the lowest order
approximation obtamed from a foldmg model is unable to account for the dlffrac-

=

- ')::‘.c “‘/

f"ftlon structure ob<erved in “Lz +p elastlc data at E = 60 MeV The agreement
.72+ is improved. when polarization contrlbutlons are 1ncluded “A new approach is pre-~
.~ _sented"which allows to calculate polarlzatlon potentlals from weakly bound valence
B gpartrcles ina seml—mlcroscoplc wayer —v/\, I S x L

2 The Reactlon and Structure Model

o In a ﬁrst approxlmatlon halo nuclel can be c0n51dered a.s consxstlng of two almost
separable and" mdependent subsystems the core’ and the weakly. bound valence

: ;:nucleons A promment case is "Lz where two loosely bound ‘halo neutrons ‘are -
S céupled weakly to a. 9Lz core. It is reasonable to assume that elastlc scattermg".
[ occurs almost 1ndependently on both subsystems Accordmgly, the optlcal potentlal' :
U, for hald systems like. “Lz can be expressed as |

N i

- — ‘Um( )+Uu.,,() .

where U sore and U,,a, descrlbe the 1nteract10n w1th the core \and the valence halor g

f.neutrons, respectlvely S TR R B R T
: - The microscopic;, derlvatlon of the full optxcal potentlal is hampered by the com-';
plexltles of. many-body reactlon calculatlons The specific propertles of drlphne' N
' nuclel, however, allow: to treat the:the core: and valence' interactions separately.
' -Therefore, we, decide to use a snmpler approach ‘which is phy51cally transparent and, ..
kspec:ﬁcally empha51zes ‘the dynamlcal contributions from the halo’ particles. : We'
‘,"approxlmate the °Li+p core potentlal by the optlcal potentlal from the elastic scat--
terlng of a free 2Li nucleus on a proton Thus, the bulk of the Uritp mteractlon_ .
s, treated’ empmcally The approach has obvnously the advantage that. the full com-
i plexxty of ma.ny—body effects in the proton—core subsystem is eﬁ'ectlvely included. .
! Imp11c1t to such-a model is the assumptlon that_ the structure of the core remains
: essentlally the same‘as. for the correspondmg free nucleus ‘For-nuclei llke uLz with
a srnall number of valence partxcles this condltlon 1s hkely to be fulﬁlled k ;
~The: proton—halo mteractlons, Wthh are of 1 mam lnterest are treated nucro- 5
scoplcally The halo wave functions ‘are “taken from a full—scale nuclea.r structure -
" calculation 'for the total core—plus—halo system [4 12;13].°A mean-—ﬁeld of Wood—"
" Saxon’ shape Wwith parameters taken from the systematlcs of stable nucle1 was used
Pamng correlatxons were xncluded mlcroscoplca.lly by solvmg the Gorkov equat1ons '

Sve

3 [12 13, 14] “The’ partlcle partlcle interaction in the smglet-—even channel was ob-.

: , tamed from a.G- matTix.. ‘At vamshmg nuclear dens1ty ‘the free space NN—scattermg” ‘
i length aNN ﬁ}—l? 8 fm is reproduced The one—body den51ty Puai(r) of the valence -
U partlcles is obtained from the ‘microscopic s1ngle particle wave functlons Bmdmg is
“obtained. by a peculxar 1nterplay of mean——ﬁeld dynamlcs a.nd re31dua.1 pa.lr 1nterac-“ :
tlons [4,12,13] - :
The proton~halo potentlal is derrved by foldlng the mlcroScoplc va.lence dens1ty «
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» and Uuul =
: non-hermltlan operator From the deﬁnltlon of tNN it is clear-that U (u',") descrlbes .
" the complete summatlon over energy—conservmg intermediate scattering processes L

dlstrlbutlon w1th a free NN t- matrlx 1nteractlon : jr i
mz(r) / d3r'pmz(r )tNN(Ir —" r l)

N,

+
s

e + zU<=

uul

“between the incoming proton and a halo nucleon. . Because of the weak bindirig of

the va.lence particle | these 1nteractlons should be in ﬁrst approx1matlon the same as

- for'a pa.1r of nucleons in free space
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The fact that 11 Li is is partlcle stable although nelther 197 nor the free two neutron

, system are bound 1nd1ca.tes that nuclear structure is prov1d1ng lmportant contrlbu—' :
‘tions. The whole var\ety of such effects is globally descnbed by a state i.e. energy

dependent self—energy sz(el) for a valence partlcles with energy €1- Accordlngly,

‘the mtermedlate propagators entermg in the: deﬁmtlon of tyn shduld be modified. - ..

‘ Denotmg by Gy and G’NN the 2-particle propagators w1th and’ w1thout the nucleari:.v v 1

' self—energles, we define a medlum—corrected NN t—matrlx 1nteractlon wh1ch obeys SR
T ‘,the modlﬁed Llppmann Schwmger equatlon : ‘, A - S

~;Asymptot1cally, Gva a.pproa.ches GNN such that 1n free space tNN = tNN G'NN s
also differs from GNN by the fact that states Wthh are occupled by target nuclcons D
' are pro_]ected out and ‘to do contribute- to’ the scatterlng series. T e (
. The mlCl‘OSCOplC calculatlon of thy is beyond the scope . of the present work /
: Instead we’ apply. a more schematlc but phys1cally resonable approach In Eq (3) L
“jthe dlfference of Green functlons 1s replaced by DR L

e

3 iNN(GNN(E)

GNN(E))tNN —ktNNlo) (OltNN

K where IO)(OI denotes the pro_]ector onto the ground state and an’ lntegratlon over"
"An effective polarlzatlon coefficient "
B was 1ntroduced ‘which describes. globa.lly the medlutn-dependent correctlons tof o
free NN scatterlng Wlth ‘respect to the free propa.gator the energy scale in’ GNN is v
- shifted by the static parts of the bound and continuum potent1a.ls ‘This, contrlbutlon R
“will be neglected because it xnalnly redefines’ the energy scale. A more unportant e
is that the spectra.l strength is redlstrlbuted A
This is connected with ‘a renormalization of wave functlons /[14].. Neglectlng the
k contrlbutlons frorn the 1nc1dent contlnuum nucleon one ﬁnds in ﬁrst approxnmatlon: :

the | mcxdent partlcle coordmates is 1mphc1t

effect = espeﬂally in drlphne nuclei =

GNN o Z,m,G'NN where o

is determlned by the energy—-dependent parts of the va.lence b1nd1ng mteractlons ';;j v
[l5 16] Eq (4) is ﬁnally der1ved by approx1mat1ng GNN in terms of the level densn.y- =

"'\ .

1ncludes a real’ and an 1mag1nary part because tNN is a .- M

; \ 7 potentlal is obtalned "‘_/ T

L v contribution from the: halo structure of 1Li on elastic scattering. In the measured

pl{;,“ for 2 non—lnteractlng valence partlcle at el = 0 From the relatlon

: oy Ay R
i v. \id B \> u\\ ’ v (1 - val)p{/’aie - L » :' < . _' S .‘ (6)
,3 is seen to descrlbe the valence level denSIty Wthh is effectlvely avallable for’ 1nter-

" mediate scatterlng processes inthy-Ina stable nucleus with a sharp Fermi-surface
- one has Z%; ~1 and B is negligibly small. In soft systemis; like dripline niiclei which:

i - are ea51ly polarized B will be non-vanlshlng and corrections to the ba.re 1mpulse ap-

prox1matlon potential have to be expected. Theoretically, could be obtained from
nuclear structure calcul’atlons including dynamical polarlzatlon ‘e.g. tefs. [4 15; 16]
At the present stage of our. understandlng of ‘nuclear structure at. the dripline it'is
Justlﬁed to treat B as'a phenomenologlcal parameter The medlum—corrected va.lence

__(0ftanl0 S
e =TT A0l |o>( e e )
s For ﬂ - 0 the bare valence potentlal Um,z = (OltNNIO) Eq (2), is recovered Ins1ght
1nto the polarlzatlon contrlbutlons is obtalned by expandlng Eq: (7) up to first order:

U’az' = (Olt~~l0)

' vin ,3 which corresponds to a correctlon of second order in the bare valence potentlal ‘

Ry

\U(z)pol_\ ﬂU'Ual? : ﬂ( (1m)2 (re)2 (re)U(:m)) | (8)

val vnl A ual ST ual val

: Slnce the bare potentlals are’ enterlng qua.dratlca.lly U"°’ decreases more rapldly,
jthan the bulk- potentlals Such a ‘behaviour should be expected because nuclear
s polarlzatlon s most’ effectlve in-the surface reglon For standard forms of urs im
: and pos1t1ve B the i 1mag1nary part of U"°l ‘carries:in total a negatlve sign and thus
, 1ncreases the absorptlon Physxcally, ‘this i is ‘reasonable because -polarization self-"
¥ energ1es are prov1d1ng addltlonal aftraction in the low energy pa.rt of nuclear spectra ;
"as found in nuclear structure calculatlons [15} and -also from ' the ana.ly81s of low[

energy neutron’ scatterlng [17] “As a result; polarlzatlon tends to increase the level

den51ty close to partlcle threshold ThlS has 1mportant consequences for absorptlve,

"I processes’ because ‘the: energy gap for the scatterlng of the va.lence partlcles 1nto:
s 1ntermed1a.te states is effectlvely decreased i : e L

3 Appllcatlons to p+11L1 elastlc scatterlng

The model has been apphed to ela.stlc scatterlng of 9 “Lz on a proton target at an
1nc1dent energy- 'E/A= 60' MeV of the Li isotopes. The p +° Li reactlon is used
~."as a reference case for the ' Li calculations and the differences will allow to draw.
" conclusions on the halo contrlbutlons ‘The theoretical results are compa.red to elastic

. 'scattering data of °Li+p at E'/A 60 MeV from ref. [6]. The data indicate a strong

- angular 1 range (~"20° — 60° ): the elastic cross section for 11Li4- p is reduced to
approx1ma.tely 70% = 30% of the °Li+ p cross sectlon '
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Flg 1 Densxty dlstnbutlon of halo neutrons in pamng [12] (sohd lme) and o
phenomenologlca.l (da.shed llne) [9] models of "Lz nucleus i S

. of c.m: angle. . The cxpcnmenta] data for 2Li+p at 60 MeV/A and ' Li+pscattering
o “at 62 MeV/A are indicated by dots and trlangles rcspectlvcly Solid and dashed lines: .
. "i.are the resulls of calculations with ‘microscopic pairing {12] and phenom(‘nologlca.l o

.xfdenSIty models, rcspectwcly The elastic angular dlstrnbuhon for °Li + p depicted
" by the upper curve” (SOlld lme) was. obtamed wnh Lhe phenomenologlca] optlcal;
Lo fpotentlal of ref [8] LR SRR : :

Flg 2 Angular dlstnbutlons for 1 Lz+p and 9L1+p clastlc scatterlng asa functlon;;-: :
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The real and 1mag|nary parts lof the valence potentrals have been determmed' SRR
by a folding calculation with the complex NN t-miatrix of Franey and Love [10].

Knock-on_exchange contrlbutlons ‘were approxxmated by the pseudopotentlal ap-" S

proach Calculations with an exphcrtly densrty deperident interaction.gave almost

indistinguishable results thus supportmg the ‘assumption that the tail part of the..

- halo distribution is most lmportant for elastic scattermg For'-Uasye the phenomeno-”'

' loglcal °Li +p optlcal potentlal from [8] was taken: In the calculatlons including the "=~
. polarization contributions Url = U.f,‘:l was. obtalned by.solving Eq:(7) and Eq. (8)

respectively, directly in. coordlnate space ‘In’the str|ct sense of the 1mpulse approxi- -

‘mation, Eq.(7)- should be considered i int momemtum space but the drﬂ'erences to the

present calculation are |ns1gn1ﬁcant

In order to study the sensitivity of elastic scattermg on nuclear structure detarls] : ‘

different models for the halo neutron density were used. Microscopic descrrptronsk

are prOVIded by self—consrsted shell—-model calculatlons [11] in the framework of the "

" theory of finite Fermr systems and' & mean- ﬁeld approach with' pamng correlatrons‘. e
[12,.13]. For comparison the calculations’ were repeated with the phenomenologlcal e
- density distribution derlved in ref.. [9] from a Fourrer~Bessel analysrs and constrained
~'in the Glauber approach to ﬁt the experimental reaction cross sectlons for Wi Both =" :
.. microscopic models ga.ve ‘very 51m11ar results-which 1nd|cates that the same\type of e
. 'structure aspects are covered. Only the results. obtamed with the pamng approach%- L
(12, 13] will be discussed in the following: The halo model dens1t1es are shown in Fig. 1"~ 0
1..In shape the phenomenologlcal and" the microscopic densrty dlffer 51gn1ﬁcantly i

, Mrcroscoprcally, the pair of halo neutrons is found predomrnantly in‘a 1pl /2. orbital |

‘withan occupatlon probablllty of 96% and 2s1/2 conﬁguratlons are admlxed by only k
" 4%. Common to both densrtles is the long—tarled halo dlstrlbutlon extendrng much:,* R

. beyond the nuclear surface R e SRR o ol

, Results for.® “Lz +p elastlc cross sectlons are compared to data in Flg 2 Desp1te;‘ e
-"the strongly dlﬂerent radial shapes the dlﬂerences in the elastrc cross sections are';"
. This 1nsensrt|v1ty of elastlc Cross sectlons to detalls of the correlatlons in’ ~
neutron halo wave functlons was found already in ref. 18] In foreward d1rectlon'_»k Sy
“elasticicross sectrons are mamly sensmve to low radlal\ moments of the nuclear"’ ’
densrty Slnce the rmsdradu ‘of: ‘the two densities 2 are very close similar’ results for B
. ’the elastic cross sectlon have to be expected Thus the data do not allow to dec1de'\‘:: i

. on aspecific structure model

} The experlmental data are reproduced quahtatlvely except the d|p near 45" Re— RIS
: actron cross sectlons of am,c\— '415 mb‘and 445 mb are obtained for calculatlons, S
" with | pairing and phenomenologrcal densities, respectively: In [6] the reaction: crossf" B
section for: ”Lz +p scatterlng was estlmated to be 360-414 mb. For °Li+p an op-

" tical model analysrs gave Opeqe = 263 mb. The comparison’ ‘shows that rescatterlng

on the halo neutrons significantly increases absorptron which agrees with’ expecta-k._:k
tions. Apparently, we obtain the right degree of absorptron which: sufﬁcxently well'

reproduces the overa.ll reductlon of elastic scattermg on halo nuclei. L

The sensntrvrty of ela.stlc scattermg wrth respect to'a specrﬁc reactlon model -

- " as i 1nvmt1gated by compar1ng results of fold1ng a.nd Glauber calculat1ons
e ’refs 8, 9] only the i imaginary part of the valence potent1a1 was calculated by usmg w
- the Glauber forward scattermg approx1mat10n : '

' imaginary part of U®?
K by about'5% to’ am,c = 436 mb. -

',v/,
Py . A :
: ‘J;l'

L - -

(pol)
val

As1n“

o )—_—’ﬁ?wzn(r) N O

- where vis the veloc1ty of the 1nc1dent proton and Opn = 120 mb is the experlmental s
: l.,total neutron—proton .cross section at E,, = 60.MeV. The phenomenological den-
. sity (Fig. 3b).leads to cross sections which are almost indistinguishable for the two
" reaction models." With the microscopic density (F1g 3a), (however, the Glauber -
B calculatlons result in a lower elastic cross section at' angles in the dip- region. . In-
terestmgly, these differences’ are closely related to the potentlal structure ‘In‘the
‘microscopic folding calculatlons a pecullar 1nterplay of refractron and absorptlon
T from the real and i 1magmary ‘parts of Usy is found in the tail” reglon of ‘the halo. Y
- The add1t10nal attract1on provided by Uz(,‘
“lan mcreased absorptlon from uim, For the 'smooth p"lenomenologlcal densrty the .
: cancellatlon is almost complete Slnce the Glauber valence potential is ‘purely imag-
~'inary the refract1ve part is m1ssmg and a dlfferent angular dependence of the cross - -
© 7« section is found.. L : ERT
.:.%“The value of elastlc cross sect1on at drp reg1on depend ona subtle bala.nce between b
i jreal and i 1mag1nary pa.rts of optrcal potentlal The calculatlons 1nd1cate a specral o
‘sensntrvrty to the nuclear surface region at dlstances ~'2 -4 fm.’ Thls is just-the -
V'reglon where also nuclear polarlzatron “effects should contrlbute most efﬁcrently In,; ’
. Fig.4 results of calculations- usrng Eq.(7). and the m1croscop1c valence density are . -
" shown, The strength of the polanzatlon potentlal was fitted to the cross section data’ -
. and the results of Fig.4 were obtained with 8 ='0.15’ MeV‘l ‘This is in surprlsrngly‘ o
g good agreement with theoretrcal average’ level densrtres p(2+)t— 0. 14 M eV=land -

n ‘p(2 ) = 0.15 MeV- for the valence s1/2 a.nd pl/z—states found 1n the Gorkov—‘ .
2 pairing calculations for uLz P
5 The degree of 1mprovement is clea.rly seen from a comparrson to the elastrc cross' i
' ”‘sect1on wrthout the polar1za.t1on potentlal Interestmgly, the shape of the medium-
L corrected cross section’ is close to)the Glauber result, Fig.4. -The explanatron is "
. ,found from Flg 5 where the dlfferent contrlbutlons to the "Lz ¥p optrcal potentlal -
- are dlsplayed Beyond r ~ 1 f m the magnltude of i imaginary part of the bare valence. .
. potential becomes larger than the real part. As a consequence, the real part of U,
" Eq.(7), bécomes repuls1ve (it is ev1dent from approx1mate expression Eq.. (8)) and "
, compensates to a large extent’ the: attraction from the bare folding potential. The
1s ‘always negatrve and i mcreases the reactlon cross sectlon

s compensated to-a large extent by "

~

Quantltatwely, these results are-in. agreement w1th other theoretrcal estlmates

. : ‘of ‘dynamical polarization effects. In a study of the polarlzatlon potential from the
" break-up of ''Li Yabana et al. [19] found also an overall reduction of 'the elastic
' cross sectron in uLz +12 of scattermg Smce the t—matnx corresponds to a complete
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i Figo 3. Ela.stlc scattering of ”Lz ona proton a.t 62 MeV/A for Aa) pa.)rmg [12] "
and b) phenomenologlca.l [9]1 ha.lo densxty dlstrlbutlons ‘Results of t-matrix and’ the, - -~
Glauber model calculatlons are, lndlca.ted by solld and dashed lmes, respectxvely e s S o

G

B ng 4 Elastic sca.ttenng of “Lz ona proton for the. pa.mng denqlty dlstnbuhon o
) : w1th (sohd lme) and wnthout (dashed hne) polarlza.tlon potentlal U(’m‘ Sann Lo
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Flg 5 Real (a) and i xmagmarv (b) parts of optxcal potentral as functlon of radlus
Solid and dotted lines are total potentials for !! L7 and °Li, correspondmgly Dashed

S

- and dashed dotted lmes are Uz,, and AUZ,I potentrals o L / BT |
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‘ [1] I Tamhata et al Phys Rev Lett 55 (1985) 2676

S L

summatxon of the mteractlons between of pair of nucleons in a contmuum also a part: :

" of break-up channels are mcluded efl'ectlvely but their contributions are hidden’in~ -

the full scattering series and. cannot be estimated separately. In ref. (4] it was found :

that the’ appearance’ ol' a proton- halo in"8B is strongly dependmg on dynamlcal- ‘
polarrzatxons of RPA-type. A common feature of these cases 1s the 1mportant role o
“of mtermedlate couplmgs to unbound conf'guratlons i !

4 Summary
A modcl for elastrc nucleon scattermg on halo nucle1 was. presented The spe-\h
- cific structure of drlplme nuclei - given by a tightly bound: core to ‘which looselv;z'

" bound valence' partlcles are weakly cotpled - - justifies to treat the core and valence
- projectile-target 1nteract10ns separately. The interaction wrth the core subS) stem’

1{ was descrrbed by a phenomenologlcal optrcal potential taken from ‘elastic proton o
’, scattering on a Tree nucleus The interaction of the: incident’ nucleon \\1th the halo

- particles was derived in a mlcroscoplc foldmg model The weak bmdmg of the va-,
““lence partlcles should allow to use the frec space’ NN {-matrix. “An approxnnate.;;“

treatment of correctrous due to the pecuhar level structure of- drlplme nuclei was'

proposed "The strong increase in the reaction cross sectlon for ”Lz +p.was alreadyf “
" obtained by: usmg the free t-matrix.’ The polanzatron potentlals were:’ found to re-

‘ {duce refractlve scattermg by pecuhar cancellatlons “They gcncrally tend to increase- :
T absorptlon and thus reduce the elastic cross sectlon ‘More systematic: mvestrgatrons’ o

are clearly necessary before final conclusrons can be drawn. ;But the present results

o mdlcate a strong evidence for the 1mportance of polarlzatlon efl'ects in drlplme nucle1

s .

wh1ch is'in agreement with expectatlons RPN : ;- ,
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