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Abstract:

Elastic scattering of 6Li from 6Li has been studied for the

beam energy of 156 MeV. The experimental differential cross sec-

tion has been analysed on the basis of the optical model using va-=
rious phenomenological forms. The spin-orbit interaction proves to
be less significant. A semi-microscopic double-folding cluster mo-
del which generates the real part of the optical potential by an

antisymmetrized d-a cluster wave function of 6Li and a-a, d=d and

d-a interactions is well able to describe the experimental data.

DAS OPTISCHE POTENTIAL FUR DIE ELASTISCHE STREUUNG VON 6Li—IONEN

AN 6Li BEI 156 MevV

Die elastische Streuung von 6Li an 6Li wurde bei einer Strahlenergie
von 156 MeV untersucht. Der experimentelle differentielle Wirkungs-
querschnitt wurde im Rahmen des optischen Modells mit verschiedenen
phdnomenologischen Formen ausgewertet. Die Spin-Bahn-Wechselwirkung
erweist sich als wenig signifikant. Ein halbmikroskopisches Doppel-
faltungs-Cluster-Modell, das den Realteil des optischen Potentials
mit einer antisymmetrischen d-a-Clusterwellenfunktion von 6Li und
a-a, d-d und d-a - Wechselwirkungen erzeugt, beschreibt die expe-

rimentellen Daten recht gut.



1. Introduction

The investigation of elastic scattering of 6Li projectiles is
of considerable interest as there is a change in the character of
elastic scattering observed in the transition from light to heavy
ions. At higher bombarding energies and light target nuclei nuclear
rainbow scattering has been observed, a feature, which is experi-

12C 1) 28Si 2)

mentally established for 6Li scattering from and

and has been found to lead to an increased sensitivity to the shape
of the interaction potential. Current microscopic intervretations

of the scattering of complex nuclear particles generate the optical
potential, in particular its real part, by folding a realistic ef-
fective G-matrix interaction with the projectile and target densi-
ty distributions. These "double-folding" prodedures have generally
been found to be successful in reproducing elastic scattering an-
gular distributions for light and heavy ions 3). The only projec-
tiles whose scattering cross sections could not be described by

such an approach are Li and Be. They appear to be anomalous in the
sense that the strength of the double-folding potentials have to be
reduced by factors of about 0.5 in order to reproduce the measured
differential cross sections. In the case of 7Li and 9Be scattering
this anomaly has been tentatively ascribed to strong effects of
quadrupole scattering 4). However, since 6Li has a very small quad-
rupole moment, the observed feature still presents a problem. An-
Other possible explanation is based on projectile breakup effects

in the elastic channel 5). Indeed, Sakuragi et al 6) could well
describe elastic scattering 7 of 156 MeV 6Li from 40Ca by includ-
ing a discretized breakup continuum of 6Li into the coupled chan-
nel calculations. Alternatively, cluster structure effects ori-
ginating from the projectile 8) and from both the projectile and
the target nucleus 2) have been incorporated into the double-fol-
ding approach. In the double-folding cluster model 2) the real part
Of the optical potential for 6Li scattering is generated with pheno-
menological d-a and a-o interactions and internal cluster wave func-
tions. This approach has been shown to describe the 6Li + 12C
Scattering data at 156 MeV as well as the phenomenological optical
pPotential with conventional radial forms, and significantly better

than the usual double-folding model. It appears to be rather in-




teresting that the cluster structure even of the target nucleus
seems to affect the interaction potential. The question to which
extent such effects may be evident in a scattering system of highly
Clusterized complex particles has prompted us to study the elastic

6Li. This symmetric system has already been

0)

scattering of 6Li from
investigated at rather low beam energies where elastic scattering
only probes the outermost part of the potential, so that conclu-
sions are difficult, and where even the concept of a local optical
potential is doubtful. The present paper presents the experimental
Cross sections for the 6Li + 6Li case at a projectile energy ELi
156 MeV. The analysis of the data attempts to explore the radial

shape and the microscopic structure of the interaction potential.

2. Experiment

The experimental basis of our studies are measurements of the

differential cross sections for the scattering of 156 MeV 6Li ions
and with a thick-

a0

from °Li targets (isotopically enriched to 99.0
ness of ca. 3 mg/cm?). The measurements have been performed at the
Karlsruhe Isochronous Cyclotron and are part of a more detailed
investigation [ of nuclear reactions induced by 6Li projectiles
bombarding 6Li. The experimental procedures applied in the scat-
tering studies are very similar to previous investigations (given
in Ref. 12). Fig. 1 displays some energy spectra of scattered 6Li
particles measured with a AE-E Si surface barrier detector tele-
scope, showing also the excitation of the first excited state

(1" = 3:) and the double excitation of ®Li. Tn addition to dis-
crete peaks a broader bump is observed, well pronounced at forward
angles, which can be ascribed to quasi-elastic scattering from the
a-particle cluster with a deuteron spectator, the theoretical
curves in Fig. 1 indicate simple PWBA predictions of such a mecha-

) not discussed further.

nism,
In the present paper we are mainly interested in elastic
scattering. The experimental differential cross sections are shown

together with results of the optical model analyses in Fig. 24.
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Fig. 1 Energy spectra of scattered 6Li particles from 6Li
showing mutual excitation and quasi-free scattering
contributions.
3. Phenomenological optical potentials

In order to study how well phenomenological optical poten-
tials describe the experimental data and to look for possible
effects originating from a spin-orbit interaction, the experimen-
tal differential cross sections have been initially analysed on the
basis of various phenomenological forms (Woods-Saxon and squared
Wood-Saxon form factors) of the real potential using volume (Woodsj

Saxon form: Wo’ r o, aw) and surface absorption (WS, r , as). The

w , S
Coulomb potential was assumed to be due to a uniformly charged

sphere of the radius RC = 1.5 (A;/3 + A;/3) fm. A standard optical
model code has been altered to include Bose-Einstein statistics
Of identical particles with spin 1. In principle, a spin-orbit in-

teraction is involved in the scattering process, coupling the spin




of each 6Li nucleus to the relative orbital angular momentum. Mic-

7)

roscopic considerations suggest an 1/AP dependence of the spin=-

orbit potential, so that a rather weak potential is expected, as

3
the "He spin orbit potential is found to be small 13). In fact, the
present data of scattering of unpolarized 6Li projectiles do not

show pronounced effects due to a spin-orbit interaction.
The spin-orbit interaction has been studied in the form

USO = vso(r) L« 3 (3.1)

where $ = TT + EP is the channel spin. The potential commutes

. >
with S so that the eigenvalues S are good quantum numbers. For

6Li + 6Li scattering (ILi = 1) there are three channel-spins
(S =0,1,2), and the cross section amplitudes fS(O) add incohe-
rently
5 do _ 1 - 2
2 35 = §lfS=0(®) + g o (m-0) |
3 2
t 5lfgo (@) = £o_ (-0 (3.2)
2

-+

2lEg_,(0) + £, (1-0)|

The radial shape v_ _(r) is chosen to be a real Thomas form

SO
A2 -1
- . .m d _ 1/3
Vso(r) = VSO T (1 + expl(r rsoAT )/aso]) (3.3)

Tab. 1 presents the parameter values of the best fit optical po-
tentials obtained with the various forms. The inclusion of the spin-
orbit potential did not improve the fits significantly. Fig. 2 dis-
plays the resulting differential cross sections (Set D), together
with the partial cross sections (including their statistical
weights) for the three channel spins. In the case of a vanishing
spin-orbit force, 1/5 of the S=2 partial cross section eqguals the
5=0 partial cross section which is, of course, not affected by the
spin-orbit potential. The influence of a spin-orbit potential on
the angular distribution is shown in Fig. 3 by theoretical cross
sections calculated with parameter set B of Tab. 1 and different
strengths of the spin-orbit force. Even though the experimental

Cross sections are less accurate for larger scattering angles,
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Fig. 2 Experimental differential cross sections of elastic

scattering of 156 MeV 6Li ions from 6Li compared
to the result of the optical model analysis based

on a WS 2 form factor of the real potential with

volume and surface absorption (Set D in Tab. 1).

they exclude a pronounced oscillation pattern as it would be

for a significant spin-orbit strength.
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Fig. 3 Elastic scattering of 156 MeV "Li ions on "Li: Total and partial differential

cross sections of the three channel-spin states calculated
of Tab. 1;

(with parameter set B
for different strengths of the spin-orbit potential.




Real WS WS 2 WS 2 WS 2 FB
Formfactor n=1 n= 2 n= 2 n= 2
_VO
[MeV] 59.6 88.6 73.3 80.4 N=8-11
r
M 1.66 1.84 2.1
[fm] e - ° 6 1.96
a Rc=8'11fm
v
[£m] 0.85 1.46 1.13 1.27
f— WO
[MeV) 7.14 6.68 1.1 3.91 1.1
Tw
[ £ra] 3.12 3.23 3.57 3.51 3.97
aw
[fm] 0.77 0.70 0.43 0.51 0.43
- WS
[MeV] - - 10.7 5.3 10.7
Ts
[fm] - - 2.10 2.00 2.11
8s
[£m] - - 0.58 0.53 0.58
Vso
so
[£fm] 2.50 2.26 - 2.38 -
2so
N 340 327 374 325 385+20
[MeV fm3]

X*/F 3.6 3.2 2.1 1.9 1.5
Set A B C D E
Tab. 1 Phenomenological optical potential parameter values w-.th

different real form factors
r-r, A1/3 -n
£f(r) = (1+exp | ) )

The volume absorption is of the WS form,

the surface absorption is parametrized by

U =
S

4i W, a
s

S

r—=x A1/3
d/dr (1+exp ( s T

a
S




The conventional radial form factors like Woods-—Saxon or
squared Wood-Saxon forms introduce some constraints for the radial
shape of the interaction potential and obscure what is well de-
termined and what is less determined by the data. In order to avoid
such constraints we have finally applied the more model-independent

14) which describes the real potential by

Fourier-Bessel method
adding to a conventional form VO an extra potential given by a

Fourier-Bessel series:

™M=

UR(r) = U (r) +

o b i la,-r) (3.4)

n=1

cut’

and Rcut is a suitable chosen cut-off radius beyond which the

extra potential vanishes. The N coefficients bn are determined

by least-squares fits to the data (N = 8 - 11). Within the frame-

The quantities jO are spherical Bessel functions, q, = nm /R

work of the FB procedure the mean square uncertainty of the po-

tential value at the distance r is given by

<6bm6b > 3 (qmr)jo(an), (3.5)

2 _
[8U(x) | = 2 n“av-o

e X
m,n=1
with <6bm6bn>av being the correlation matrix between the coeffi-
cients bn' The FB method has been shown to lead to very good val-
ues of x?/F and at the same time providing realistic estimates

14)

of errors of the potential and its various integral quantities.

Fig. 4 displays the real 6Li + 6Li interaction potential,
obtained when applying the Fourier-Bessel method and using a Woods
Saxon form for the imaginary potential (see Table 1) The spin-orbit
potential is ignored in the FB calculations, which rather well re-
produce the experimental data. The hatched area represents the
error band indicating the reduced sensitivity of the experimental
cross sections to the potential at small and very large radii.

The uncertainty of the resulting value of the specific volume in-
tegral Jv/APAT of the real central potential reflects the quali-
tity of the data. There seems to be a tendency of slightly in-

creasing the values of JV/APAT when the spin-orbit interaction is

ignored in the analysis.
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4 Real potential for elastic scattering of 156 MeV

6Li from 6Li determined by the Fourier-Bessel method.

We note also that the volume of the imaginary potential proves to

be rather well determined and follows the A dependence found

12)
1/3

fo i . 2 - . 3,
r heavier targets: JI/APAT Vo235 31 Ag MeV fm




4. Semi-microscopic approaches

In order to relate the real part of the optical potential

to more basic interactions and to the structure of the colliding
nuclei different semi-microscopic double folding models have been
invoked and applied for the description of the present data.

First, we followed the refined approach of Majka et al. 7) which
has been proven rather successful in describing the elastic

scattering of 156 MeV 6Li from 40Ca. Following ref. 7 (where de-
tails of the formulation are given) the real part of the projec-

tile-target interaction is written as

DF ) T > . P > 3T 2P
ULini (£) = [lop; (2 ) Py (Bps) &y (Fyyrp)d2p; d4p (4.1)

with tp being a density-dependent effective nucleon-nucleon inter-

action specified more in detail in ref. 7.

Actually, the indices P and T remind of the projectile and
target, respectively, and p refers to a local density appearing

in an effective nucleon-nucleon interaction

P P T T
- + . + 4.2
P = bp; (Bpytryy/2) ooy (2p;+rgy/2) (4.2)

Suggested by the results of the 6Li + 40Ca analysis the "sudden

approximation"” 7) has been used. The (point)nucleon density dis-

15
tribution Pr,; wWas introduced in the form proposed by Bray et al. )
- 2 -(0.398r)?
oy (r) = 0.203 ¢ (0-373T) % 16 013140.0087 (0.3987r) 2] e )
(4.3)

Alternatively to this ordinary double-folding procedure which
ignores cluster effects in the 6Li structure, the real part of
the optical potential has been generated by assuming a complete
a-particle-deuteron clusterization in 6Li. This is certainly a
rather extreme assumption. However, as far as the surface of the
colliding particles dominantly determines the interaction, such
an assumption might better represent the density distributions

entering in a double-folding calculation of the optical potential.




In this approach the real part of the potential is expressed by

DFC 6., N
uPF (r)=f{Ua 6L'(l;_%§[)+ud 6L-(|§+%YI)}I¢OL1(Y)|2 a% (4.4)
- 1 = 1

where

> > 61,1 > -
Ua_eLi<Ra>=J{Uaa<lRa—%%1>+Ua_d<l§a+§z|>}1¢oLl<z>|2 az (4.5)
and

z 1 2 °Li r
Ud_eLi(Rd)=f{Ud_a(lRa—§§|)+Ud_d(l§d+§§|)|¢o (Z) |2 a% (4.6)

The coordinates used in these equations are defined in Fig. 5.
The present calculation use the a-particle-a-particle potential
U , the oa-particle-deuteron potential Uad and the deuteron-

ao
deuteron potential Uéd in the Woods-Saxon form with parameters

given in Tab. 2.

Fig. 5 Definition of the coordinate vectors used in the

double-folding cluster model.




System VO[MeV] ro[fm] alfm] Ref.

O - a 125.0 1.18 0.660 16

a - d 73.2 1.25 0.614 17

d - d 69.4 1.15 0.553 see text
Tab.2 Parameters of the Woods-Saxon potentials used

The d-d potential has been obtained by a standard optical model
analysis of 51.5 MeV elastic deuteron-deuteron scattering data

measured at the Karlsruhe Isochronous Cyclotron 18).

6. .
The cluster wave function ¢OL1 of the 6Li ground state which

takes into account the requirement for a shell model mode was taken

from Ref. 19.

In Fig. 6 the double-folding potential (DF) and the double-
folding cluster potential (DFC) are compared to the real part of
the best-fit phenomenological optical potentials. In addition,
interesting integral quantities (rms-radius, specific volume

integrals), half-way radius R1/2 and the (10 % - 90 %) surface

\C

thickness t are given in Tab. 3.

Applying the microscopically derived potentials for the
description of the measured differential cross sections the
imaginary part has to be added. Taking a WS form the parameters
have been fitted together with the spin-orbit potential and a
renormalization N of the strength of the real part (Tab. 4)

The factor N adjusts the strengths of the semi-microscopic
potentials in such a way that the radial slopes of the potentials
in the range r = 3-5 fm agree with those of the phenomenological
potentials within error bars provided by the FB-method. Obviously,
the experimental differential cross sections determine preferential-

ly this (real) potential region. This observation is additionally |
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Fig. 6 Shapes of the real part of the 6Li + 6Li optical
potential resulting from the best-fits using different
radial form factors.

u(r=0) <r?>'/% -3 /en R b, -t
Potential [MeV] [£m] v 1/2 10 90
[MeV fm?] [ fm] [fm]
WS 57.9 3.93 340 3.05 3.5
WS 2 71.6 3.68 325 2.67 3.8
DF 77.7 3.94 370 2.58 3.7
DFC 59.2 3.90 268 2.51 3.7
FB 62.3 3.57+0.14 385420 3.19 3.1
Tab. 3 Integral quantities and values of some standard

6Li + 6

quantities for the real part of the Li

scattering potentials,




Proc. N —Wo T Ay Vso Tso %s0 X2 /F
[Mev] [fm] [£fm] [fm] [£fm] [fm]
DF 0.89 6.64 3.21 0.70 0.94 2.50 0.30 3.6
DFC 1.17 6.11 3.26 0.72 0.54 2.43 0.23 2.9
Tab. 4 Renormalization of the strength of the semi-microscopic

potentials and best-fit parameter values of the imaginary

and the spin-orbit potential
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N =117 tion of 156 MeV 'Li

scattering by 6Li using
a double folding cluster
potential (DFC)

for the real part of

1#102 4

10101

the interaction

potential
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1) .
corroborated by a result of coupled channel analyses ) in-

. . 6. .
cluding the experimental data for the inelastic "Li scattering
from the 3: (EX = 2.185 MeV) state in 6Li. The resulting real
potential, though somewhat different in the various parameter

values of a (deformed) WS form nicely agrees in the sensitive

region r=3-5 fm.




In contrast to the findings with the usual double-folding
model, the calculated double-folding cluster potential under-
estimates the strength of the real potential. This feature may
indicate some deficiencies, e.g. less proper handling of ex-
change and saturation effects. Though the use of a phenomenolo-
gically derived free a-oa-interaction may absorb some effects
of this kind, this might also overestimate the saturation of the
effective interaction as a-clusters and free oa-particles certain-
ly differ due to different polarization by their nucleonic en-
vironment. In view of the fact, however, that all ingredients of
the double-folding cluster model are taken from independent sources
without any adjustment and refinement, and in view of the extreme
assumption of complete a-d-clustering, the sucess of this model

is remarkable.

N 6L, 6Li+A ELASTIC SCATTERING
FOLDING -MODELS
1.2
DFC

1.0+ "¢
0.9+
0.8+
0.7+
0.64
0.5 ¥ T LANN M S S B | T ¥ T LN S R B I | T

1 10 100 Aarget

Fig. 8 A-dependence of the renormalization of the strength

of the semi-microscopic potentials

Fig. 8 displays a conspicuous trend of the required renormaliza-
tion of the semi-microscopic potentials (including results with
heavier target nuclei 12). Any explanation of the anomalous be-
haviour of the 6Li projectile with respect to a folding model

description should incorporate this feature.




5. Conclusions

The differential cross section for elastic scattering of

156 MeVv 6Li ions from 6Li has been measured and analysed using
various radial forms for the real part of the optical poten-

tial and taking into account the spin 1 - identical particle

nature of the 6Li + 6Li scattering. Effects due to a spin-orbit
interaction are found to be less significant within the limits

of the experimental accuracy. The data determine most sensiti-
vely a restricted radial range of the real (central) potential,
mainly the region beyond the half-way radius of the nuclear den-
sity in Gﬂi. The sensitive region is also reproduced by poten-
tials calculated on a microscopic basis and slightly adjusted

in strength. A quasi model-independent analysis using the Fourier-
Bessel method reveals the limits of simple phenomenological forms

for the radial shepe of the real interaction potential.

The success of deriving the 6Li + 6Li interaction from the
mutual interaction of substructures both in projectile and target
supports the idea that the scattering process can be fairly well
understood as a superposition of the scattering of various dif-
ferent "bags" of nucleons, moving rather independently in the
nuclear surface. As far as only the nuclearlsurface (beyond one-
third of the central density) is involved cluster-interactions
should approximate the reality better than uncorrelated nucleon-
nucleon interactions 20). This is not necessarily in contrast to
the usual double-folding models using a single.nucleon-distribu-

tion as long as the cluster representation does not contradict

the shell model requirements.

The continuous interest of Prof. Dr. G. Schatz in our studies
is gratefully acknowledged. We thank Dr. J. Buschmann and Ing.
S. Zagromski for their help in measuring the elastic scattering
cross sections and Dr. D.K. Srivastava for useful comments on

the problems of the analysis.
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