
PHYSICAL REVIEW C 67, 014608 ~2003!
Scattering of polarized 7Li from 4He
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Complete sets of analyzing powers for elastic and inelastic~to the 1/22 first excited and 7/22 resonant states
of 7Li) scattering of polarized7Li by 4He have been obtained. Relations between the different analyzing
powers were determined by applying the invariant amplitude method. A comparison of these relations with the
measured analyzing powers suggests that the odd rank tensor analyzing powers arise from higher order
quadrupole interactions. The quadrupole interaction also gives rise to the inelastic analyzing powers.
Continuum-discretized coupled-channels calculations usinga1t cluster-folded potentials confirm this crucial
role of the quadrupole interaction in producing the observed7Li14He analyzing powers. Cluster-folded
spin-orbit and third rank tensor potentials were found to have negligible effects, in contrast to polarized
deuteron elastic scattering where the spin-orbit potential plays the dominant role, even in producing the second
rank analyzing powers. Coupling between the excited states of7Li, in particular that between the 0.478 MeV
1/22 and the 6.68 MeV 5/22 states, was also found to be important.
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I. INTRODUCTION

Recently@1# a complete set of elastic scattering obse
ables for the spin 3/2 beam7Li scattered by a4He target was
published. The data set consisted of angular distributions
the cross sections and first, second, and third rank analy
powers at the two incident7Li energies of 31.5 and 45.5
MeV ~11.45 and 16.55 MeV in the center of mass fram
respectively!. The original goal of this work was to obtain
complete set of third rank analyzing powers so that a sea
could be made for the presence of a third rank tensor po
tial term in the optical model used to describe the scatter
The most striking experimental result was that the measu
third rank analyzing powerTT30 was found to be large a
both energies, in contrast with the earlier7Li elastic scatter-
ing works by Tungateet al. @2# and Ottet al. @3# who mea-
sured TT30 for elastic scattering by heavier targets.

The data were analyzed in terms of the optical model w
a phenomenological potential that consisted of central, s
orbit, and second and third rank tensor terms. Triton
change between the projectile and target was also inclu
The need for the presence of a third rank tensor poten
term was inconclusive. Its inclusion in the analysis led to
worse description of the higher energy data and a better
of the lower energy data.

During the course of the elastic scattering data takin
was realized that the cross sections for exciting the7Li pro-
jectile were as large or larger than the elastic scattering
angles greater than 50°, suggesting that an analysis base
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coupled–channels calculations would be needed to un
stand the data for the system7Li14He. The present work
reports data for the excitation of7Li to its first excited 0.478
MeV 1/22 state and to its 4.63 MeV 7/22 second excited
state. The latter state is 2.16 MeV above the7Li→a1t
breakup threshold. The data were obtained at the same e
gies and with the same experimental setup as the previo
reported elastic scattering data@1#, which results in a total of
54 angular distributions of nine observables.

The simultaneous analysis of these data within one mo
is a big challenge. One of the models that can be used
the one used here is that based on the continuum-discre
coupled-channels~CDCC! formalism@4#. This model allows
the inclusion of effects due to projectile breakup to be e
plicitly included, which is important for projectiles with low
breakup thresholds such as7Li. The cluster folding model
was used to generate the interaction potentials from pr
ously determinedt14He anda14He interactions. The em
phasis in this work was to seek the origin of the observ
analyzing powers and so all parameters needed for the
culations have been taken from other work.

The present paper is organized as follows. Section II c
tains a short description of the experimental procedure. S
tion III is devoted to predictions for the analyzing powe
based on simple assumptions, while Sec. IV presents
coupled-channels methods used to understand the data
results of the coupled-channels analysis are discussed in
V, and the work is summarized in Sec. VI.

II. EXPERIMENTAL PROCEDURE

A detailed description of the elastic scattering measu
ments for the system7Li14He is given in@1#. The Florida
State University tandem/linac accelerator system was use
obtain the scattering data. The cross sections were meas
by scattering ana particle beam from a7Li target while the

28,
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analyzing powers were measured by scattering a polar
7Li beam from a4He gas target made by filling a scatterin
chamber with natural He gas. It was possible to separate
first excited state at 0.478 MeV in7Li from the elastic peak
in both sets of measurements by using relatively narrow
tector collimators to limit the increase in peak width due
kinematic broadening. When scattering ana beam from a
7Li target it is possible to extract inelastic cross sections o
the whole angular range, whereas when using the polar
7Li beam it is only possible to extract analyzing powers
the unbound 4.63 MeV, 7/22 state at the larger angles b
observing the recoila particles. When the7Li particles are
detected, only the elastic and first excited state analyz
powers can be obtained. The measured elastic and inel
scattering cross sections are shown in Fig. 1 for the two c
bombarding energies of 11.45 and 16.55 MeV. As can
seen, the inelastic scattering cross sections are as large a
elastic cross sections except for angles smaller than 50°
The new inelastic scattering analyzing powers are prese
in the figures that contain the results of the CDCC analy
throughout the rest of the text.

In this work the measured analyzing powers are prese

FIG. 1. Angular distributions of the cross sections for elas
scattering and inelastic scattering leading to the 0.478 MeV 12

and 4.68 MeV 7/22 states of7Li at Ec.m.511.45 MeV andEc.m.

516.55 MeV.
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in the Madison frame. However, in the derivation of relatio
between analyzing powers using the invariant amplitu
method in the next section it is more convenient to work
the transverse frame for the odd tensor ranks. Use is mad
two analyzing powers in the transverse frame,TT10 and
TT30. They are related to the analyzing powers in the Ma
son frame by the following expressions:

TT105A2iT11,

TT3052SA3

4
iT311A5

4
iT33D .

III. INVARIANT AMPLITUDE PREDICTIONS
FOR THE ANALYZING POWERS

A strong correlation between the vector,TT10, and the
third rank tensor,TT30, analyzing powers was recently ob
served for the elastic scattering andt transfer reaction in-
duced by polarized7Li on 12C @5#. A simple explanation of
this effect was given in the frame of thea1t cluster model
of 7Li. Bartoszet al. @5# concluded that, independent of th
reaction, the angular distributions of both analyzing pow
have the same zeros and the same sign between zeros
process is in plane and if it is localized in the periphe
region of the two interacting nuclei.

In Fig. 2 angular distributions ofTT10 and TT30 for elastic
and inelastic7Li14He scattering measured for the two bea
energies are compared. The solid circles represent data
the vector analyzing powers while the open circles cor
spond to the third rank tensor analyzing powers. They sh

FIG. 2. Angular distributions of the vector and third rank tens
analyzing powers measured for7Li14He elastic (3/22) and inelas-
tic scattering to the first excited state atEx50.478 MeV (1/22) and
the resonant state atEx54.68 MeV (7/22). The solid circles denote
the data forTT10 while the open circles denote the data forTT30.
The solid curves represent the values ofTT10 calculated for the
elastic scattering according to Eq.~3! while the dashed curves de
note those calculated for the inelastic scattering using Eq.~8!.
8-2
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SCATTERING OF POLARIZED7Li FROM 4He PHYSICAL REVIEW C 67, 014608 ~2003!
the correlation observed for the first time by Bartoszet al.
@5# which suggests that these reactions are of a periph
nature.

A. Elastic scattering

It has been demonstrated@6,7# that the invariant ampli-
tude method@8# is very useful in studying polarization phe
nomena in nuclear reactions induced by polarized7Li ions.
The method is based on the expansion of the transition
trix into amplitudes in accordance with the tensor rank
spin space. Amplitudes of different rank can be related
rectly to the analyzing powers. For example, if the amplitu
U is a scalar,S is a vector,T2i are the second rank tensor
and T3i are the third rank tensors in spin space, then th
represent the central, spin-orbit, second rank tensor, and
rank tensor interactions, respectively. Analyzing powers
the elastic and inelastic scattering of polarized7Li by a 01

target can be expressed in terms of these amplitudes@6,7#. In
particular, by neglecting terms which include the third ra
tensor amplitudes, the relations derived by Sakuragiet al. @6#
for the elastic scattering reduce to

TT105
A3

sA5
ImFA1

3
US* 1

2

5
A1

3
ST2a* 1

2

5
ST2b* G ~1!

and

TT305
3

10sA5
Im@ST2a* 1A3ST2b* #, ~2!

wheres is the cross section. Further, by neglecting theUS*
term in Eq.~1! one obtains

TT105
4

3
TT30. ~3!

This relation between the vector and third rank ten
analyzing powers is shown for the elastic scattering data
Fig. 2 by the solid curves. At the higher energy of 16.
MeV this relation holds while at the lower energy of 11.4
MeV the data for the vector analyzing power are larger th
calculated from the third rank tensor analyzing power d
by means of Eq.~3!. This means that at the lower energy t
central and/or spin-orbit interactions must play a role in g
erating the analyzing powerTT10 while at the higher energy
the main source of theTT10 and TT30 analyzing powers is the
quadrupole interactions.

By neglecting theU-independent terms in the relation
derived by Sakuragiet al. @6# for the second rank tenso
analyzing powers one gets

T22sinu5A3

2
T20sinu12T21cosu, ~4!

a simple formula that relates three second rank tensor
lyzing powers for the elastic scattering. Hereu is the scat-
tering angle. In Fig. 3, the values of the analyzing powerT22
calculated in this way from the correspondingT20 and T21
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data for the two incident energies are shown by the so
circles. The calculated values agree well up to a scatte
angle of about 120° with the measured values shown by
open circles. The disagreement at large angles is not sur
ing as at backward scattering angles the contribution of
t-transfer reaction, indistinguishable experimentally from t
elastic scattering, may be of importance.

B. Inelastic scattering

Using the method of invariant amplitudes Sakuragiet al.
@7# related the analyzing powers of all ranks for inelas
scattering of polarized7Li by a 01 target, leading to the firs
excited state of the projectile, with the corresponding am
tudes which represent different interactions. In particular,
vector and third rank tensor analyzing powers can be
pressed as

TT105
1

4sA5
Im@ST2b* 1A3ST2c* 23A3T2aT2b* 13T2aT2c* #,

~5!

TT305
1

4sA5
Im@23ST2b*

23A3ST2c* 2A3T2aT2b* 1T2aT2c* #. ~6!

If the S-dependent terms are dominant, one obtains

TT1052
1

3
TT30, ~7!

FIG. 3. Angular distributions of the second rank tensor anal
ing powerT22 for the elastic scattering of polarized7Li14He at the
two incident energies. The open circles denote the experime
data while the solid circles were calculated from the experime
values forT20 andT21 using Eq.~4!. The curves drawn through th
solid circles are to guide the eye.
8-3
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and if the quadrupole interactions are more important t
the spin-orbit interaction, then the relations reduce to

TT1053 TT30. ~8!

Tungateet al. @9# proposed a simple model for the exc
tation of polarized7Li on a 01 target, leading to the 1/22

state of the projectile. They concluded that the odd rank t
sor analyzing powers depend crucially on the excitation
ergy. Also, the third rank tensor analyzing powers are v
sensitive to the spin transfer of one unit that may come fr
static or dynamic spin-orbit interactions. Moreover, if t
process of inelastic scattering is dominated by the spin tra
fer of one unit, then theTT10 and TT30 analyzing powers
fulfill Eq. ~7!, but if the quadrupole interactions are mo
important, these analyzing powers are related by Eq.~8!,
which confirms the findings of Sakuragiet al. @7#.

Predictions obtained from Eq.~8! are shown with the ex-
perimental data for inelastic scattering of7Li14He for the
two incident energies in Fig. 2. The dashed curves den
values ofTT10 calculated from theTT30 experimental data by
means of Eq.~8!. In general, the calculated and measur
values of the vector analyzing power are in good agreem
for both the investigated excitations of7Li. This suggests
that the quadrupole interactions play the dominant role
these inelastic processes.

Summarizing, comparison of the experimental data
elastic and inelastic scattering of polarized7Li by 4He with
the predictions using the relations of Refs.@5–7,9# leads to
the conclusion that in all the experimental processes inve
gated here, the second rank tensor interactions must pl
dominant role. The effects due to spin–orbit or third ra
tensor interactions are of less importance. This is in cont
to polarized deuteron elastic scattering where the spin–o
potential plays the dominant role, even in the determinat
of the second rank tensor analyzing powers@10#.

IV. CDCC ANALYSIS

A. Cluster model of 7Li and the cluster-folding interactions

In the CDCC analysis, thea1t model of 7Li was ap-
plied. Thea1t binding potential was that proposed by Bu
and Merchant@11# and was of Gaussian form. Its paramete
were determined from experimentally measured propertie
7Li such as the rms radius of its charge distribution,
ground state spectroscopic quadrupole moment, its redu
transition probability for the excitation to its first excite
state,B(E2;3/22→1/22), and its excitation energies. Th
parameters of the potentials used to calculate the clu
wave functions for the ground state, the first excited stat
an excitation energy of 0.478 MeV, and the two reson
states at 2.16 MeV and 4.21 MeV above the7Li→a1t
breakup threshold are listed in Table I.

The cluster wave functions for the two resonant sta
were calculated using the CDCC method@4#. An energy bin
width roughly corresponding to the empirical value was
for each of the two resonant states, and the wave funct
calculated within the bins were averaged over the bin wid
The wave functions derived in this way were normalized
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unity. The depth of the binding potentials was varied in t
course of the calculations to obtain resonances at the co
excitation energies.

In order to study the influence of the7Li breakup on the
elastic and inelastic scattering, thea1t continuum above the
breakup threshold was treated according to the mode
Sakuragiet al. @4,6#. The continuum was discretized int
momentum bins with respect to the momentum\k of the
a2t relative motion. The width of most of the bins was s
to 0.25 fm21. Two of the bins corresponding to states wi
spin-parity 7/22 had different widths in order to avoid a
overlap with the 7/22 resonant state at excitation energy
2.16 MeV above the breakup threshold. For each of the b
the geometry of the binding potential was kept fixed for t
bound and resonant states, but their depth was different,
pending on the relative orbital angular momentumL and spin
J of the bin state. For theL50, J51/2 andL52, J53/2,
5/2 bin states as well as for theL51, J53/2 bins the depth
of the binding potential was the same as for the ground st
For the L51, J51/2 bin states, the depth of the bindin
potential was taken to be the same as for the first exc
state, while for theL53 bin states the depth of the potenti
was the same as for the corresponding resonant states o
same spinJ. The wave functions for the bin states we
derived in the same way as for the resonant states, but
were not normalized to unity to avoid an artificial change
the wave function amplitudes at small separations betw
the clusters. The range of integration was set to 30 fm, wh
was found to be large enough for the final results of
analysis to be independent of this parameter.

All the diagonal and coupling potentials between the va
ous states were derived from optical modelt14He anda
14He potentials by means of the cluster-folding meth
@12#. A series of test calculations showed a strong dep
dence of the final results on the choice of these input po
tials. Therefore, in this work the results of calculations w
different sets of these potentials are presented.

The potentials were parametrized using the Woods-Sa
~WS! form

V~r !5
V0,i

expS 11
r 2R0,i

a0,i
D ~9!

or the Gaussian form

TABLE I. Parameters of the7Li5a1t binding potentials, ex-
citation energies, the widths of the energy bins used to generate
cluster wave functions as well as their quantum numbers for
ground state, the first excited state, and the two resonant ex
states.

V0 VLS R0 Shape Ref. NL Ex DEx

~MeV! ~MeV! ~fm! ~MeV! ~MeV!

7Li 3/22 83.780 1.003 2.52 Gauss @11# 2P 0.00 0.00
7Li 1/22 82.940 1.003 2.52 Gauss @11# 2P 0.478 0.00
7Li 7/22 84.940 1.003 2.52 Gauss this work 1F 4.63 0.2
7Li 5/22 77.527 1.003 2.52 Gauss this work 1F 6.68 2.0
8-4



u

h

o
d

d
n

p
o

s
e

e
n

e
-

s
ro

m
p

t of
ay:

it

e
n-

in-
ti-

ding

m

ns-

m.
ing

nd

s C
g-
k
cor-
ical

ter-

r-

ls.

rk
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V~r !5V0,iexpF2S r

R0,i
D 2G , ~10!

and are listed in Table II.
The t14He potential listed as set B is the potential calc

lated microscopically by Neudatchinet al. @13# with the ex-
change term neglected.

Another possible choice for thet14He optical model po-
tential is to take the real potential of Buck and Merchant@11#
that binds the two clusters into7Li and then add to it an
imaginary term with the same geometry, but whose dept
varied to fit the experimental7Li14He elastic scattering
cross section. The best results for both energies were
tained with a depth of 10 MeV and the full potential is liste
as set C in Table II.

Recently, scattering of polarized3He from 4He in the
energy range from 20 MeV up to 30 MeV was studied an
potential consisting of central and spin-orbit terms was fou
@14#. The central term has two~complex! components of
different geometries: an energy-dependent Wigner com
nent and a Majorana component which depends strongly
the orbital angular momentuml . This l -dependence come
from the core~i.e., 3He) exchange process. In this work, th
Wigner component of the central potential for a3He energy
of 20 MeV was used to generate the7Li14He cluster-
folding interactions and is referred to as set A.

Calculation of the7Li14He potentials by means of th
cluster–folding method at the two energies of 31.5 MeV a
45.5 MeV requires knowledge of thea14He optical poten-
tials at energies of 4/7 31.5518 MeV and 4/7 45.5526
MeV, respectively. There are experimental data fora14He
elastic scattering at ana bombarding energy of 23.1 MeV
@15#, close to that required. A fit to these data was obtain
using the codeECIS79@16#, starting from the parameters pro
posed by Igo@15#. The potential obtained from this fit i
listed in Table II as set D. We also used the potentials p
posed by Kukulinet al. @17# and Buck@18# for this scattering
system, listed as sets E and F, respectively, in Table II.

A spin-orbit potential for7Li14He can be derived within
the cluster model from the empiricalt14He spin-orbit inter-
action @12#. The elastic scattering of polarized tritons fro
4He has never been investigated: therefore, we used the
tential found by Heiberg-Andersenet al. @14# for the elastic
scattering of polarized3He from 4He at an energy of 20

TABLE II. Parameters of the input optical model potentia
Potential A is of a nonstandard form.

V0 R0 a0 Vi Ri ai Shape Ref.
~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

t14He, A @14#

t14He, B 87.00 1.80 0.70 10.00 1.80 0.70 WS @13#

t14He, C 83.78 2.52 0.00 10.00 2.52 0.00 Gauss@11#

a14He, D 205.19 1.20 0.737 0.00 0.00 0.00 WS this wo
a14He, E 125.00 1.78 0.66 0.00 0.00 0.00 WS @17#

a14He, F 122.62 2.132 0.00 0.00 0.00 0.00 Gauss@18#
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MeV. The potential has only a real component and it is no
a standard shape. It was parametrized in the following w

Vs.o.~r !5V1expS 2
r 2

a2D 1V2expF2S r 2R

b D 2G , ~11!

with parametersV154.1 MeV, V250.82 MeV,R51.60 fm,
a50.92 fm, andb51.00 fm. We also used the spin-orb
potential found by Karbanet al. @19# for the elastic scattering
of polarized 3He from 4He at an energy of 33 MeV. Sinc
the 7Li14He spin-orbit potential calculated from the spi
orbit potential of Heiberg-Andersenet al. is stronger than
that calculated from the potential of Karbanet al., calcula-
tions with these two potentials allow the role of the sp
orbit potential in producing analyzing powers to be inves
gated.

The second rank tensor potential was calculated accor
to the prescription given by Nishiokaet al. @12# from the
central t, a-target potentials C and F of Table II and fro
the t-target spin-orbit potential of Heiberg-Andersenet al.
@14#.

The third rank tensor potential corresponding to the tra
fer of the projectile spinDJ53 in the elastic scattering is
also determined entirely by thet-target spin-orbit potential in
the frame of the cluster model of7Li @12,20#. It was calcu-
lated from the same triton potential as the spin-orbit ter
Since the original spin-orbit potential was real, the result
spin-orbit and third rank tensor potentials were also real.

In Fig. 4 the real parts of the central, spin-orbit, seco
rank tensor, and third rank tensor potentials for the7Li
14He elastic scattering calculated using central potential
and F of Table II and the spin-orbit potential of Heiber
Andersenet al. @14# are plotted. The spin-orbit and third ran
tensor potentials are very weak, much weaker than the
responding phenomenological potentials used in the opt
model analysis of the same data sets@1#. They are also much
weaker than the central or the second rank tensor clus
folding potentials.

FIG. 4. The real parts of the cluster-folding potentials of diffe
ent ranks for the7Li14He elastic scattering.
8-5



o
ed

a
M
ie
io

Fo

e
qu
e
d

e
. 5
t
yz

en-
-
The

odd

rder
u-

is
ron
pin-
nd
-
w-

ling
us
g
ing

ings

the
in-
tan-
m
-
t
up

t of
so-

he

the
rge
t on

orn
,
ree
r 4

ere
the
si-

nd
t

on
ze
of
o

rv

th

tio

he
i

.

K. RUSEK et al. PHYSICAL REVIEW C 67, 014608 ~2003!
B. Coupled-channels calculations

Diagonal and coupling interactions derived by means
the cluster-folding method were inserted into the coupl
channels codeFRESCO@21#, versionFRXP.18. The coupled-
channels calculations were performed for the two sets of d
measured at center of mass energies of 11.45 and 16.55
All the parameters were kept fixed for calculations carr
out at the two energies. In the coupled-channels calculat
each bin was treated as an excited state of7Li, placed at an
excitation energy equal to the mean energy of the bin.
the bound and resonant states of7Li, Nemets et al. @22#
predicted the spectroscopic amplitudes to be very clos
unity, so in the present work they were assumed to be e
to 1.0. Scattering wave functions were calculated at the m
energies of the bins and assumed to be energy indepen
within a bin.

A one-channel calculation was performed with the clust
folding potentials of Fig. 4. The results are shown in Fig
by the dotted curve for the7Li14He elastic scattering a
16.55 MeV. It was found that the contributions to the anal

FIG. 5. Angular distributions of the differential cross secti
and analyzing powers of all ranks for elastic scattering of polari
7Li from 4He atEc.m.516.55 MeV. The curves show the results
coupled-channels calculations using cluster-folding potentials
tained fromt14He potential set C anda14He potential set F. The
parameters of the potentials are listed in Table II. The dotted cu
correspond to a one-channel calculation with thet transfer process
omitted, the dashed curves to a four-channel calculation with
excited states of7Li listed in Table I included plust transfer. The
solid curves denote the results of the full 14-channel calcula
which includes coupling to thea1t continuum in addition to the
couplings included in the four-channel calculation. The dot-das
curves denote the results of a similar 14-channel calculation w
the transfer spectroscopic amplitude increased by a factor of 3
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ing powers of the spin-orbit and the third rank tensor pot
tial were negligibly small. All the calculated analyzing pow
ers were generated by the second rank tensor potential.
large effect of the second rank tensor potential on the
rank tensor analyzing powers for polarized7Li was first re-
ported by Ohnishiet al. @23,24#. Although its contribution to
the odd rank tensor analyzing powers must be a higher o
effect @23#, it was much larger than the first order contrib
tions of the spin-orbit and third rank tensor potentials. This
almost exactly the opposite situation to polarized deute
elastic scattering, where second order effects of the s
orbit potential play a major role in generating the seco
rank tensor analyzing powers@10#. The one-channel calcula
tion described well all the second rank tensor analyzing po
ers as well asiT32 andiT33. The angular distributions of the
differential cross section, vector analyzing power, andiT31
were not reproduced by the calculation. Since the coup
potentials of the first and third ranks between the vario
states in 7Li, calculated by means of the cluster-foldin
method, are larger than the potentials of the correspond
ranks in the elastic channel, one may surmise that coupl
to the excited states of7Li will improve the description of
the vector and third rank tensor analyzing powers.

Test calculations were performed in order to check
dependence of the final results on the number of bins
volved. They showed that the model space can be subs
tially reduced. Bin states with relative angular momentu
L52,4 were found to contribute very little to the final re
sults. Also, bins withL51,3 corresponding to the lowes
mean excitation energy of 0.38 MeV above the break
threshold were found to be unimportant. Therefore, mos
the calculations were performed with ten bin states, two re
nant states, and the two bound states of7Li. These are re-
ferred to as 14-channel calculations in what follows. T
same coupling scheme was used by Kellyet al. @25# in the
analysis of6,7Li breakup on208Pb.

Optical model analysis of the elastic scattering data@1#
has shown that the process of triton transfer between
projectile and target improves the description of the la
angle elastic scattering cross section but has little impac
the calculated analyzing powers. In this workt transfer lead-
ing to the ground, 1/22 first excited and 7/22 resonant states
of 7Li was included by means of the coupled-channels B
approximation~CCBA! method. To simplify the calculations
the same optical model potential was assumed for all th
exit channels. For 11.45 MeV this was potential numbe
listed in Table I of Ref.@1#, while for 16.55 MeV it was
potential number 2. The tensor parts of these potentials w
omitted. The final results depended very weakly on
choice of exit channel optical potential and were not sen
tive to its tensor term. The transition potential for thet trans-
fer was taken in thepost form with a full complex remnant.

In the following, coupled-channels calculations witht
transfer omitted are labeled CDCC, while those witht trans-
fer included are labeled CCBA.

V. DISCUSSION

A. Sensitivity to optical potentials

The results of the calculations were found to depe
strongly on the parameters of the inputt14He and somewha

d

b-

es

e

n

d
th
8-6



o
.

f
-
ns
h
h
ca

th
ve
ila

d
rv
n
iti

o-
t

n
d
a

n

t
ca

ns,
de-

r

in

-

he

he

SCATTERING OF POLARIZED7Li FROM 4He PHYSICAL REVIEW C 67, 014608 ~2003!
more weakly on thea14He optical model potentials used t
generate the7Li14He cluster-folding interactions. In Figs
6–9 the results of the 14-channel calculations witht transfer
to the ground, 1/22 first excited, and 7/22 resonant states o
7Li included atEc.m.516.55 MeV are shown. The calcula
tions were performed with the cluster-folding interactio
derived froma14He potential F listed in Table II and eac
of the threet14He potentials A, B, and C. Comparison wit
the experimental data for elastic scattering and inelastic s
tering leading to the 1/22 first excited and 7/22 resonant
states of the projectile shows clearly that the details of
angular distributions cannot be described. Although the o
all magnitudes of the calculated analyzing powers are sim
to the measured values and the shapes of the calculate
gular distributions are in many cases close to those obse
experimentally, the details are poorly reproduced for ma
observables. The vector analyzing power was most sens
to the t14He potential.

As a result of this potential sensitivity, the analysis f
cused on effects larger than the discrepancies due to
choice of t14He potential. There are angular ranges a
observables where the predictions presented in Figs. 6–9
fer considerably from experiment. For elastic scattering
Ec.m.516.55 MeV, the measured values ofiT11, iT31, and
TT30 at forward angles are much larger than the predictio
Although the calculation witht14He potential C closely re-
produces the shape of the measured angular distribution
iT11 at forward angles, the calculated values are abou
times smaller than the experimental ones. For inelastic s
tering leading to the7Li 7/22 resonance the measurediT31

FIG. 6. Comparison of calculations for elastic scattering us
cluster-folding interactions derived froma14He potential C of
Table II and the three differentt1 4He optical potentials as dis
cussed in the text.
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angular distribution was not reproduced by the calculatio
although the other analyzing powers are reasonably well
scribed in the region for which data are available.

At the lower energy,Ec.m.511.45 MeV, in contrast to the
results atEc.m.516.55 MeV, the vector analyzing power fo

g FIG. 7. As for Fig. 6, but for inelastic scattering leading to t
1/22 first excited state of7Li.

FIG. 8. As for Fig. 6, but for inelastic scattering leading to t
7/22 resonant state of7Li.
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K. RUSEK et al. PHYSICAL REVIEW C 67, 014608 ~2003!
the elastic scattering was well reproduced by the calc
tions, including forward scattering angles~see Fig. 10!.
However, large discrepancies between the calculations
the data were again observed foriT31 for elastic scattering
and inelastic scattering leading to the7Li 7/22 resonance
~see Fig. 12!, the calculations giving much smaller value
than experiment. Also, the description of the different
cross section angular distribution for inelastic scattering
the 7Li 1/22 first excited state was very poor, especially
forward scattering angles~see Fig. 11!.

B. Effects of projectile excitation

Earlier analyses of polarized7Li scattering@12,23,24# re-
ported large changes to the elastic scattering vector analy
powers when coupling to the7Li excited states was included
This effect was also investigated in the present work.
example is shown in Fig. 5 forEc.m.516.55 MeV. One-
channel calculations produced vector analyzing powers
higher order effect of the second rank tensor potential. Th
results were significantly modified by the inclusion of pr
jectile excitation to the three excited states listed in Tabl
Inclusion of thea1t breakup states also changed the fou
channel results. None of these effects, however, were ab
produce the very large values of the vector analyzing pow
at forward scattering angles around 50° observed in the
periment. At the lower energy,Ec.m.511.45 MeV, 14-channe
CCBA calculations reproduced well the angular distributi
of the vector analyzing power including its large values
forward scattering angles, as shown in Fig. 10.

For inelastic scattering to the 1/22 first excited and 7/22

resonant states coupling to thea1t continuum reduced the
calculated values of the differential cross section but ana
ing powers of all ranks were not very sensitive to this co

FIG. 9. Calculations as in Fig. 6 compared with the third ra
tensor analyzing powerTT30 at the two incident energies for elast
(3/22) and inelastic scattering leading to the first excited state
7Li at Ex50.478 MeV (1/22) and the resonant state atEx54.68
MeV (7/22).
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pling. They showed greater sensitivity to couplings to t
bound and resonant excited states.

Coupling between the excited states of7Li was found to
change the results of the calculations for all the observab
In particular, calculations which omitted couplings betwe
the excited states produced much larger values of the di
ential cross section for inelastic scattering to the 1/22 first
excited state of7Li. This effect can be explained by th
important role played by the coupling between the 1/22 state
and the 5/22 resonance at an excitation energy of 4.21 M
above thea1t breakup threshold. An example is given
Fig. 11 where the solid curves show the results of a
channel CCBA calculation. The dashed curves denote
results of a similar calculation which includes couplings
just the 1/22 first excited and 7/22 and 5/22 resonant states
The results of this four-channel calculation are close to
full 14-channel results for all observables, showing that c
pling to the continuum is not very important. However, t
results of a similar four-channel calculation which omitt
couplings between the excited states, denoted by the do
curves in Fig. 11, are very different from the previous resu
As the first excited state is not directly coupled to the 7/2

resonance in our calculations the difference between

f

FIG. 10. Experimental data and results of coupled-channels
culations for7Li14He elastic scattering atEc.m.511.45 MeV. The
solid curves denote the results of a 14-channel calculation wh
included t transfer. The results of a similar calculation with th
strength of the octupole coupling potentials increased by a facto
5 are denoted by the dot-dashed curves. Calculations with di
couplings omitted are denoted by the dotted curves while calc
tions which omit quadrupole couplings are indicated by the das
curves. All calculations were performed using cluster-folding int
actions obtained fromt1 4He potential C anda14He potential F
of Table II.
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SCATTERING OF POLARIZED7Li FROM 4He PHYSICAL REVIEW C 67, 014608 ~2003!
dashed and dotted curves is entirely due to the couplin
the 5/22 resonance. A large effect due to coupling betwe
the first excited state of7Li and the 5/22 resonance was
previously observed in the elastic scattering of polarized7Li
from 26Mg @3#.

The role of different multipolaritiesDL of the couplings
between various states of7Li was studied in the presen
work and the results are shown in Fig. 10. WhenDL51
couplings were omitted in the CCBA calculations the resu
at both energies were only slightly affected. To study
effects ofDL53 couplings the model space was extended
include three bins corresponding to a relative cluster ang
momentum ofL54 and spinJ59/2, placed betweenk
50.25 fm21 and k51.0 fm21. The effect of coupling to
these states was also found to be negligible. However, la
effects corresponding to theDL52 couplings were ob-
served. When the quadrupole couplings were omitted the
culated values of the third rank tensor analyzing powers
the elastic scattering were reduced to very small values
shown in Fig. 10 by the dashed curves. The vector and
ond rank tensor analyzing powers were also strongly
fected. TheT22 analyzing power exhibited the smallest se
sitivity to the DL52 couplings. This was also true fo
inelastic scattering to the 7/22 resonance. This can be ex
plained by the fact thatt transfer to the ground state and th

FIG. 11. Experimental data and results of coupled-channels
culations for 7Li14He inelastic scattering atEc.m.511.45 MeV
leading to the first excited state of7Li. The solid curves denote the
results of the full 14-channel CCBA calculation as in Fig. 10. T
results of the four-channel CCBA calculation are shown by
dashed curves while the dotted curves denote the results of a si
four-channel calculation which omitted couplings between the
cited states. The cluster-folding interaction used were the sam
for Fig. 10.
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7/22 resonance produces angular distributions forT22 that
are very similar to those generated by the inelastic exc
tions.

C. Effects of the triton transfer process

Triton exchange between the projectile and the target
found in our earlier analysis of the7Li14He elastic scatter-
ing data @1# to be relatively unimportant. Its inclusion af
fected the differential cross section at backward scatte
angles and this contribution was more important for t
Ec.m.511.45 MeV data. The current work confirms this fin
ing. Although the transfer itself produces very large anal
ing powers of all ranks, it contributes to the scattering a
lyzing powers mainly at angles where the calculated cr
section for transfer is comparable with the cross section
scattering. One exception to this rule was observed for
vector analyzing powers atEc.m.516.55 MeV. Thet transfer
component contributed to theiT11 values at forward angles
A series of test calculations where the strength of the tran
component was artificially increased showed~the dot-dashed
curves in Fig. 5! that the large measured values ofiT11 can
only be reproduced with an unphysically large spectrosco
amplitude. These test calculations also produced be

l-

e
ilar
-
as

FIG. 12. Experimental data and results of coupled-channels
culations for 7Li14He inelastic scattering atEc.m.511.45 MeV
leading to the 7/22 resonant state of7Li at an excitation energy of
2.16 MeV above thea1t breakup threshold. The solid curves co
respond to the full 14-channel CCBA calculation as in Figs. 10 a
11. The dashed curves denote the results for thet-transfer reaction
while the dotted curves indicate the results of the CDCC calcula
without t transfer included. The dot-dashed curves correspond
14-channel CCBA calculation with increased strength of the tra
fer component.
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K. RUSEK et al. PHYSICAL REVIEW C 67, 014608 ~2003!
agreement withiT31 at forward angles, although in this cas
the effect is not so pronounced.

The calculated cross sections fort transfer to the7Li 7/22

resonance were much larger than the cross sections for t
fer to the ground state or the first excited state at bothEc.m.

511.45 MeV andEc.m.516.55 MeV. In Fig. 12 the dashe
curves show the effect oft transfer to the 7/22 resonance, the
dotted curves the effect due to projectile excitation, and
solid curves the total results atEc.m.511.45 MeV. At scatter-
ing angles larger than 125° the measured values of the
ferential cross section are an order of magnitude larger t
the CDCC results. Whent transfer was included~the solid
curves! this discrepancy was significantly reduced. The d
scription of theiT11, T20, T21, and iT31 analyzing powers
was also improved. The other analyzing powers, in particu
T22, did not show such a sensitivity to thet transfer process
As the measured differential cross section at backw
angles was still larger than the calculations, we perform
CCBA calculations with an artificially increasedt transfer
spectroscopic factor. The results are shown in Fig. 12 by
dot-dashed curves. A similar effect to that produced by
creasing the spectroscopic factor can be obtained by usi
different t14He optical potential to calculate the cluster
folding interactions, as shown in Fig. 8.

For inelastic scattering leading to the first excited state
7Li the calculated cross section fort transfer was an order o
magnitude smaller than for the 7/22 resonance. Therefore
the effect oft transfer on this channel is small.

VI. SUMMARY

A large amount of experimental data, 54 angular distrib
tions, were measured with very high precision for elastic a
inelastic scattering of polarized7Li from 4He at two 7Li
incident energies. Full sets of analyzing powers were
tained for the first time for inelastic scattering leading to t
1/22 first excited and 7/22 resonant states of7Li. Predic-
tions based on simple models showed that the quadru
interactions play a dominant role in all the experimenta
investigated processes. These predictions were confirme
large-scale coupled-channels calculations which included
effect of direct and sequential breakup of7Li into an a par-
ticle and a triton and which further included triton exchan
between the projectile and target. All the parameters use
the calculations were derived from previous works on
scattering of tritons anda particles from4He as well as the
cluster structure of7Li.

For the elastic scattering, the differential cross section
the vector analyzing poweriT11 were found to be very sen
sitive to projectile excitation. Also, the triton exchange pr
cess between the projectile and target mostly affected th
two observables. The second rank tensor analyzing pow
T20 andT21 and the third rank tensor analyzing powersiT32
andiT33 originated mainly from the quadrupole reorientati
of the 7Li ground state. Quadrupole couplings to the excit
states of7Li modified these results but not as much as for
vector analyzing power or cross section. The measured
ues of iT31 were larger than those of the other third ra
tensor analyzing powers. At both incident energies they w
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poorly described by the calculations. The spin-orbit and th
rank tensor potentials calculated by means of the clus
folding model from thet14He spin-orbit potential did not
have an important influence on the final results for any of
observables. Triton transfer and the choice of thet14He
potential did not affectiT31 to any considerable exten
Coupled-channels calculations confirmed to some extent
strong correlation between the vector,TT10, and the third
rank tensor,TT30, analyzing powers. At the lower energ
Ec.m.511.45 MeV, a good description of both these analy
ing powers was achieved while at the higher energyEc.m.
516.55 MeV, where the vector analyzing power was n
well reproduced by the calculations,TT30 was also not well
described.

The description of all the observables for inelastic scat
ing leading to the7Li 1/22 first excited state was poor, es
pecially for the data atEc.m.511.45 MeV. All the observables
for this process were not very sensitive to thet transfer or
couplings to thea1t continuum. They depended mainly o
the reorientation of the7Li ground state and the couplin
between the ground state and the first excited state and
between the first excited state and the 5/22 resonance at an
excitation energy of 4.21 MeV above thea1t breakup
threshold.

In general,t transfer between the projectile and target
relatively unimportant. Its largest influence is on the inelas
scattering leading to the7Li 7/22 resonance at an excitatio
energy of 2.16 MeV above thea1t breakup threshold. The
large values for the vector analyzing power measured exp
mentally for this process originate from interference betwe
the t transfer and inelastic excitation processes.

The question as to whether a third rank tensor potentia
required to describe the third rank tensor analyzing pow
could not be fully answered by the present work. Althou
the data were found to be insensitive to the third rank ten
interaction calculated using the cluster-folding model, the
scription of the data by the calculations is not good. In p
ticular, the large values of the measurediT31 analyzing
power obtained at forward angles for7Li14He elastic scat-
tering atEc.m.516.55 MeV were not reproduced by the ca
culations and the origin of this discrepancy remains uncle

Generally, comparison of the calculations and data s
gests that the most interesting third rank tensor analyz
power for elastic scattering and inelastic scattering to
7/22 resonance isiT31. This analyzing power is larger tha
either iT32 or iT33 and its description by the calculation
caused the most serious problems. The analyzing pow
iT32 and iT33 were found to be mainly sensitive to the qua
rupole interaction generated by the7Li quadrupole deforma-
tion and, to a lesser extent, by projectile excitation.

Overall, the quality of the description of the experimen
data by the large-scale coupled-channels calculations was
termined in large part by our~lack of! knowledge of thet
14He interaction. Some observables, such as the elastic
tering vector analyzing power, were very sensitive to t
choice of thet14He interaction and the lack of a precis
determination of this interaction at the required energies
major handicap to our analysis.

Problems with the description of the data for inelas
8-10
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SCATTERING OF POLARIZED7Li FROM 4He PHYSICAL REVIEW C 67, 014608 ~2003!
scattering to the7Li first excited state may point to a prob
lem with the cluster model of7Li. All the observables for
this process were found to depend on very few elemen
the quadrupole couplings between the ground state, first
cited state, and the 5/22 resonant state of7Li.

In summary, we must conclude that the present data c
not be described using the best currently available mod
Although we found that the results of these calculations w
very sensitive to the choice oft14He optical potential,
which is not known precisely enough, our analysis also in
cates that thea1t cluster–folding model of7Li itself is not
adequate to describe such data at bombarding energies
above the Coulomb barrier. In this energy regime cluster
modes of7Li other than thea1t may be important, such a
6Li1n ~threshold 7.25 MeV!, 5He1d ~threshold 9.52 MeV!,
6He1p ~threshold 9.98 MeV!, etc. In order to include the
effect of such clustering modes one would require an eig
ey
.

.
.

.

s

l.

l.

so

o,

01460
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body continuum calculation, for which a theoretical fram
work does not currently exist. Nevertheless, we were able
show the importance of quadrupole couplings in7Li in the
generation of analyzing powers of all ranks, even if t
agreement with data is more qualitative than quantitati
These data evidently provide a severe test for models of7Li
and will prove a challenge for more sophisticated man
body continuum calculations that may be devised in
future.
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