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Angular distributions of differential cross-section and vector analyzing power have been mea-
sured for the Mg( Li, He) Al reaction, populating four states in Al& at an incident energy of
60 MeV. Distorted-wave Born approximation (DWBA) calculations were performed for the ( Li, He)
process using shell-model spectroscopic amplitudes and microscopic form factors derived from the
M3Y interaction. Sequential contributions to the charge-exchange reaction mechanism via the
( Li, Li)("Li, He) and ( Li, Li')( Li*, He) processes were calculated using the coupled-channels
Born approximation (CCBA). The eR'ects of inelastic couplings in Li were also examined.

PACS number(s): 24.70.+s, 25.70.Kk, 24.10.Eq, 27.30.+t

I. INTRODUCTION

The small cross section of charge-exchange reactions
and the weak beam currents associated with many po-
larized ion sources render polarization studies of such
reactions difBcult. Consequently, the only polarization
studies of charge exchange which have been published
are those where an intense beam is available, such as
(n, p) and (p, n), although studies of the Li( He, t) Be,
Li(sHe, t) Be, and Ca(sHe, t) Sc reactions were per-

formed using polarized sHe [1,2]. However, the only
other study of polarized heavy-ion-induced charge ex-
change is that of Reber et al. [3], who investigated the
Be( Li, He) B reaction.

A larger body of work exists for charge-exchange re-
actions initiated by unpolarized beams. In particular,
the 2sMg( Li, He)2sAl reaction was previously studied
at bombarding energies between 32 and 210 MeV [4—6].
In their analysis of this reaction, Ciangaru et al. [5]
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used a microscopic distorted-wave Born approximation
(DWBA) approach and concluded that the conventional
values of the nucleon-nucleon interaction strength could
account for only 70'Fo of the observed diB'erential cross
sections populating low-lying states in Al. This sug-
gests that sequential processes might be of importance
in the 2 Mg(sLi, He) Al reaction.

The exact determination of direct and sequential con-
tributions in charge exchange is difFicult. There are un-
certainties associated with the T = 1 part of the nucleon-
nucleon interaction even when the M3Y interaction is
employed. The exact wave functions and spectroscopic
amplitudes may also be unknown. For the sequential
contributions, there remains the problem associated with
the truncation of the model space when limiting the
number of coupled channels. However, the calculation
of sequential contributions to the (sLi,sHe) reaction is
simplified by the fact that the stripping-pickup process
( Li, He)( He, He) is expected to be weak, as He is
unbound and decays by neutron emission with a mean
lifetime of order 10 s. Thus, only pickup-stripping
processes are expected to be important. This is in con-
trast to, for instance, the (t, He) reaction, where the
(t,n)(n, sHe) and (t, d)(d, sHe) processes are, in general,
of equal importance [7,8]. A complication exists for the
( Li, He) reaction though, in that 7Li has a low-lying

first-excited state (2, 0.478MeV). Thus, one must cal-
culate the contribution via the first-excited state of Li,
that is, ( Li, Li*)( Li*, He), in addition to that via the
ground state of Li, that is, ( Li,7Li)(7Li, He).

For the Mg( Li, He) Al reaction, good shell-model
calculations are available for the spectroscopic ampli-
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tudes, but differential cross-section data is unable to
distinguish accurately between the direct and sequen-
tial processes. However, calculations show that there are
distinct di8'erences between the vector analyzing powers
(and to a lesser extent between the tensor analyzing pow-
ers) predicted by the direct and sequential contributions,
so that it may be possible to separate the relevant contri-
butions to the reaction from the analyzing powers. This
formed the motivation for the present work.

II. EXPERIMENT

The experiment was performed at the Nuclear Struc-
ture Facility, SERC Daresbury Laboratory. The Li
beam, prepared by a polarized heavy ion source [9], was
accelerated to 60MeV by the tandem Van de Graaff ac-
celerator [10]. The source was operated in two-phase
mode, one phase having pure vector polarization and
the other phase being unpolarized. Equal charges were
incident on the target during each polarization phase;
each polarization phase lasted typically 3s. The data-
acquisition system was inhibited during the period. of the
changeover between phases. In spectra, channels 2049—
4096 correspond. ed to the polarized phase, while chan-
nels 4097—6144 corresponded to the unpolarized phase.
In other polarization experiments using the same data-
acquisition system, misrouting of data was found to be
a problem. Thus, channels 1—2048 and 6145—8192 were
not used in normal operation, but were allocated to mis-
routed data. However, no misrouting was observed dur-
ing this experiment.

The experiment took place in the 700 mm diame-
ter Charissa scattering chamber, using a self-supporting

Mg target of 500 pg cm nominal thickness. Ejec-
tiles from scattering and reactions were detected. by an
array of eight silicon surface-barrier detector telescopes
positioned symmetrically about the incident beam. Each
telescope was equipped with a rectangular collimator and
was located 300mm &om the target. The two most for-
ward telescopes were equipped with collimators measur-
ing 2mm (in the reaction plane) by 5mm (perpendic-
ular to the reaction plane), while the remaining tele-
scopes were equipped with collimators measuring 2mm
by 8 mm. Energy spectra were obtained for Li, Li, He,

He, and Li ejectiles, using the analog particle iden-
tifiers described by England [11]. A sample He spec-
trum is shown in Fig. 1, demonstrating that the en-
ergy resolution obtained for He ejectiles was approxi-
mately 150keV. Di6'erential cross-section and vector an-
alyzing power data were obtained for the 5+ ground, 0+
(0.228MeV), 3+ (0.417MeV), and 1+ (1.058MeV) states
in Al. The 0+ state, which is populated only via se-
quential nucleon transfers, was very weakly excited, in
agreement with earlier studies [4,5]. The the spin struc-
ture of the reaction populating the 0+ state requires that
iTii ——0 for all 8 [12]. At each angle, iTii was calculated
for this state and found to be statistically consistent with
zero in all cases.

The polarization of the incident beam was monitored in
a downstream polarimeter based around the polarimeter
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FIG. 1. Sample He spectrum from the Mg( Li, He) Al
reaction at 60 MeV incident energy. The dashed lines indicate,
from right to left, states in Al at excitation energies of 0,
0.228, 0.417, and 1.058 MeV, respectively.
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where iTii(9) is the vector analyzing power of the re-
action. The quantities P and P are angles describing
the position of the spin-symmetry axis of the incident
beam, and gyp is the vector polarization of the beam.
In this experiment, it was arranged that P = 90 and
P = 0. Further details of the experiment have been given
by Ward [17]. This paper reports the analysis of data

assembly described by Karban et at. [9]. A deuterated
polythene target of 7mg cm nominal thickness was
used in this assembly. Two silicon detector telescopes
were positioned at angles of +23.5 in the laboratory
frame. As the beam was purely vector polarized, the
0 detector was omitted from this assembly. The beam
was then stopped in an air-cooled Faraday cup located
approximately 1m downstream of the scattering cham-
ber. An asymmetry of approximately +0.15 was observed
for the H( Li, He) He reaction in these telescopes dur-
ing the experiment. This asymmetry was used to mon-
itor the polarization of the beam relative to an initial
value of 7.yp = —0.65 + 0.04 obtained prior to the start
of the experiment. A beam-foil spectroscopy measure-
ment [13]prior to the start of the experiment determined
that the beam leaving the polarized ion source had a
polarization consistent with the theoretical maximum of
7 ip = —0.82 [14]. Depolarization during transport f'rom

the ion source to the scattering chamber was assumed to
be (20 + 5)%, based on the findings of Karban et aL [15]
in their study of the scattering of polarized "Li, yielding
the initial value of 7yp = —0.65 + 0.04. During the ex-
periment, the polarization of the beam was found to vary
between —0.66+0.04 and —0.58+0.04. The beam current
during the experiment averaged 20nA (electrical).

Darden [16] demonstrated that the observed diiferen-
tial cross section o'(0) in a reaction initiated by a purely
vector polarized. beam of spin-1 particles is related to the
unpolarized differential cross section op(0) by
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for the 2sMg(sLi, He) Al reaction. The analysis of the

( Li, Li) and ( Li, Li) data forms the basis of another
paper [18].

TABLE II. Shell-model one-body transition densi-
ties (OBTD's) and spectroscopic amplitudes for transitions
between the ground state of Mg and states in Al.

III. ANALYSIS

Transition Create Destroy

Og ~ 5g 1d5/2 1d5/g

OBTD
—0.46300

Amplitude ~S
—0.4836

A. The Optical potential

The interaction between the projectile and target nu-
clei was described by the optical potential U(r) given by

0+. ~3+
0+ ~ 3+

.Og, m 3+
0+ ~ 3+
0+ ~ 3+
0+ ~ 3+

1d3/2
ld3/2
ld5/2
1d5/2
1d5/2
2sy/2

1d3/2
ld5/2
1d3/2
ld5/2
2sy/2
1d5/2

—0.00182
—0.06517
+0.02384
—0.05563
—0.14037
—0.36310

—0.0020
+0.0255
—0.0853
—0.0737
—0.4754
—0.1061

U(r) = Vc(r) —Vof(xo)
d—

I
~f(& ) —4«lV~ f(«—) Il dr

where the potential form factors f (x ) have the Woods-
Saxon shape given by

+Og,
+Og,
+Og,
+Og,
+Og,
+Og,
+Og,

-+ 1+
~1+
-+ 1+
~ 1+
-+ 1+
~ 1+
-+ 1+

1d3/2
1d3/2
1d3/2
1d5/2
1d5/g
28'/2
28j./2

ld3/2
ld5/2
2sy/2

ldll /2

ld5/2
1d3/2
28' /2

+0.02960
—0.01606
+0.03821
—0.07966
—0.44361
—0.04472
—0.10020

+0.0483
—0.1300
—0.0730
—0.0321
—0.8872
+0.0441
—0.1157

r —r„A'/3
(4)

B. Shell-model calculations

where r and a are the reduced radius and di8'useness of
the potential, respectively. V~ is the Coulomb potential
due to a sphere of 1.25 fm reduced radius, and A is the
mass number of the target nucleus.

The starting point of the analysis was a search to the
difFerential cross-section data for elastic scattering using
the optical-model search code HI-OPTIM [19]. The pa-
rameters derived from this search are shown as set 1 in
Table I. The data could not be described acceptably
using a Woods-Saxon derivative form for the imaginary
potential. Parameters describing the interaction of Li
with Mg were taken from the study by Cook et al. at
89MeV [20]. These parameters are shown as set 2 in Ta-
ble I. Parameters describing the interaction of He with

Al were assumed to be set 1 in Table I also.

OXBASH was also used to calculate spectroscopic am-
plitudes for the sequential reaction mechanism calcula-
tions, with the results shown in Tables IV and V. Spec-
troscopic amplitudes for Li ~ I ig, , Li ~ Li*, and
"Lig, —+ He were calculated from the work of Cohen
and Kurath [23]. The spectroscopic amplitude for the
transition Li* ~ He was calculated using OXBASH and
was found to be equal to +0.862.

C. Direct charge-exchange form factors

Form factors for the direct charge-exchange reaction
mechanism were calculated using the code CHEX2 [24], in
conjunction with the one-body transition densities and
spectroscopic amplitudes shown in Tables II and III. Both
central and tensor parts of the M3Y (T = 1) interaction
were included in the calculation of the form factors, using
the formalism described by Clarke and Cook [25].

The Michigan State University version [21] of the shell-
model code OXBASH [22] was used to calculate one-body
transition densities and spectroscopic amplitudes for the
direct reaction mechanism. The formalism behind such
calculations was described by Pinder et at. [8]. The re-
sults of these calculations are shown in Tables II and III.

D. Charge exchange

Charge-exchange calculations were performed using
the King's College London version [26] of the coupled-
channels code CHUCK [27,28]. Contributions from the

( Li, Li)( Li, He) and ( Li, Li*)(7Li*,sHe) mechanisms

TABLE I. Parameters for the CCBA analysis of data for
the Mg( Li, He) Al reaction. Potential depths are in MeV
and geometric parameters are in fm.

TABLE III. Shell-model spectroscopic amplitudes for tran-
sitions between the ground state of Li and the ground state
of 'He.

Set Vp r p ap W, r, a, r, Reference
1 166.430 1.150 0.847 15.663 2.010 0.727 1.250 [17]

2 142.740 1.300 0.800 36.880 1.300 0.800 1.250 [20]

Transition
+ +1, —+0
+ +lg, m Og,
+ +1, mOg,

1+ ~ 0+

Create

lpga/

lp3/2
lp1/2
lp3

Destroy

lp
lpl/2
1p3/2
lp3/2

Amplitude v S
+0.101
—0.965
+0.648
+0.936
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TABLE IV. Shell-model spectroscopic amplitudes for tran-
sitions between the ground state of IVIg and states in Mg.

5/2 , l/2

Transition
0+

g S 2 g.S.

0+ ~ 1 +
g.S. 2

Transfer

ld5/2

28'/g

Amplitude v S
—1.58691

—0.41493

+ +0, l

26 6
Mg + Li

5/2 , 3/2

25 7
Mg + Li

J, 0

26 6HAl + He

were calculated using the coupled-channels Born approx-
imation (CCBA) and the zero-angle finite-range approx-
imation (ZAFRA) [29], while contributions from direct
charge exchange were calculated using the zero-range
DWBA. The coupling scheme used is shown in Fig. 2.
For Li- and Li-induced charge exchange, the techniques
used in this analysis are known to yield results essen-
tially identical to those obtained by Williams-Norton
et al. [30] for the 4 Ca( Li, Be)4oK reaction and by
Cook and Kemper [31] for the Be( Li,sHe) B reaction.
The cHUCK calculations of Clarke and Cook [25] for
the O(rLi, Be)i N reaction have also been checked us-
ing the finite-range code FRESCO [32]; the CHUCK and
FRESCO calculations were found to agree within (10—
15)%. CHUCK calculations for other reactions have also
been checked against finite-range DWBA and no-recoil
DWBA calculations [29].

FIG. 2. Coupling scheme for charge-exchange calculations.
The first spin parity refers to the target/residual nucleus,
while the second refers to the projectile/ejectile nucleus.

10
Mg( Li, He) Al 5 GS

and (sLi, Li*)(7Li*, He) produce contributions depicted
as dashed and dot-dashed lines respectively. The
phase of the cross-section data resembles that of the

( Li, 7Li)( Li, He) contribution rather those of the other
two mechanisms. However, no single mechanism repro-
duces the data.

The resultant of the three mechanisms is shown as a

5+ state of seA. l

The direct reaction mechanism populating the 5+
ground state of Al produces the steeply decreasing dif-
ferential cross section shown as a dotted line in Fig. 3.
The sequential reaction mechanisms (sLi, 7Li)(7Li,sHe)

TABLE V. Shell-model spectroscopic amplitudes for tran-
sitions between states in Mg and states in Al.
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FIG. 3. CCBA predictions for the Mg( Li, He) Al re-
action populating the 5+ ground state of Al. The direct,
( Li, Li)( Li, He), and ( Li, Li*)( Li', He) reaction mecha-
nisms are the dotted, dashed, and dot-dashed lines, respec-
tively.
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0+ state of A.l

This state in Al is populated only by sequential nu-
cleon transfers. The mechanisms ( Li, Li)( Li, He) and
( Li, Li*)( Li', He) populating this state are shown as
the dashed and dot-dashed lines in Fig. 5. The resul-
tant of the two mechanisms is shown as a solid line;
all calculations predict iT&i ——0 for all 0. Clearly, the
(sLi, ~Li*)( Li*, He) process is very important in the pop-

10'
Mg(Li, He) Al 5 GS

dashed line in Fig. 4. Neither the magnitude nor the
phase of the differential cross-section data is reproduced.
In attempt to improve the description of the data, the
signs of the amplitudes for the Li ~ He and Li* ~ He
transitions were reversed. This modification yielded the
solid line in Fig. 4, which reproduces the differential
cross-section data very well.

The analyzing power data for this state are statisti-
cally poor. However, calculations including the direct
and sequential mechanisms are consistent with the data.

10' „
Mg( Li, He) Al 0 0.228MeV
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FIG. 5. CCBA predictions for the Mg( Li, He) Al reac-
tion populating the 0+ state of Al. The ( Li, Li)( Li, He)
and ( Li,"Li")( Li', He) reaction mechanisms are the dashed
and dot-dashed lines, respectively. The solid line is the resul-
tant of the two sequential mechanisms.
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ulation of this state. The phase of the data is reproduced,
although the magnitude is underpredicted by a factor of
approximately 2. Similar results were obtained by Duhm
et al. [4] in their analysis of data for this state at a bom-
barding energy of 32 MeV. It is inferred from this that the
sequential predictions presented in this paper for other
states in Al are also accurate to within a factor of 2.
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The direct reaction mechanism populating this state
is shown as a dotted line in Fig. 6. Neither the mag-
nitude nor the phase of the data is reproduced. The
phase, although not the magnitude, of the data is
correctly reproduced by the ( Li, Li)( Li, He) reaction
mechanism, shown as a dashed line in Fig. 6. The
( Li, Li')(~Li*,sHe) contribution is an order of magni-
tude smaller than that due to the other two mechanisms.
The resultant of the direct and sequential mechanisms
is shown as a solid line in Fig. 6. This calculation re-
produces the phase of the differential cross-section data,
although the magnitude is slightly underpredicted.

The analyzing power generated by the direct reaction
mechanism has a phase similar to the data but is small in
magnitude and mostly positive, whereas the data show
large negative values. In contrast, the analyzing powers
generated by the two sequential mechanisms are similar
to the data in both phase and magnitude. The resultant
of the direct and sequential mechanisms reproduces the
analyzing power data very well.

FIG. 4. CCBA predictions for the Mg( Li, He) Al reac-
tion populating the 5+ ground state of Al. The dashed line
is the resultant of the direct and sequential mechanisms, while
the solid line is the resultant with the signs of the amplitudes
for the Li + He and Li' ~ He transitions reversed.

1+ state of Al

The direct reaction mechanism predicts the observ-
ables shown as the dotted lines in Fig. 7. The magnitude
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of the differential cross-section data is quite well repro-
duced, although a slight phase difference exists between
prediction and data. The (sLi, Li)( Li, He) mechanism
is shown as a dashed line in Fig. 7 and reproduces the
position of the first and third maxima of the data rather
well. The ( Li, Li')( Li*, He) mechanism is shown as a
dot-dashed line in Fig. 7; this contribution has a phase
similar to that of the other sequential contribution, al-
though a slightly smaller magnitude. However, no mech-
anism alone reproduces the phase and magnitude of the
cross-section data. The predictions for iraq are interest-
ing in that, while the direct mechanism predicts small,
positive analyzing powers, both sequential mechanisms
predict highly oscillatory analyzing powers.

The resultant of the direct and sequential mechanisms
is shown as a dashed line in Fig. 8. For the differen-
tial cross section, the addition of the sequential reaction
mechanisms has damped the oscillations resulting from
the direct reaction. However, the structure of the ana-

lyzing power data is not reproduced.
In an efFort to improve the description of the analyzing

power data for this state, the signs of the amplitudes for
the Li ~ He and Li* ~ He transitions were reversed.
This procedure yielded the predictions depicted as solid
lines in Fig. 8. The resultant of the two mechanisms re-
produces the analyzing power data quite well. While the
direct reaction mechanism generates large cross sections
and weak analyzing powers, the sequential mechanisms
produce smaller cross sections and large analyzing pow-
ers. It is thus the analyzing power data which is most
sensitive to sequential processes.

E. Projectile excitation effects

Vector analyzing powers for the elastic scattering of Li
by Mg are known to be generated by inelastic excita-
tions in Li [17,18,33,34]. Coupling between the ground
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FIG. 6. CCBA predictions for the Mg( Li, He) Al
reaction populating the 3+ state of Al. The direct,
( Li, Li) ( Li, He), and ( Li, Li" ) ( Li", He) reaction mecha-
nisms are the dotted, dashed, and dot-dashed lines, respec-
tively. The solid line is the resultant of the direct and sequen-
tial mechanisms.

FIG. 7. CCBA predictions for the Mg( Li, He) Al
reaction populating the 1+ state of Al. The direct,
( Li, Li) ( Li, He) and ( Li, Li" ) ( Li*, He) reaction mecha-
nisms are the dotted, dashed, and dot-dashed lines, respec-
tively.
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TABLE VI. Scaling factors f for Li excitation calcula-
tions. S is the spin of the projectile, J is the spin of the target,
S' is the spin of the ejectile, and J' is the spin of the residual
nucleus. The quantities l, 8, and j are the angular momentum
associated with the coupling, the angular momentum transfer
in the projectile, and the angular momentum transfer in the
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action populating the 5+ state of Al. The dashed line is
the result of calculations including couplings in Li, while the
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A detailed description of the application of CHUGK to
projectile excitation calculations for Li scattering was
given by Cook et al. [35]. They demonstrated that it
was necessary to scale the coupling strengths by a factor
dependent on the spins and isospins of the coupled states.
The corresponding factors for Li excitation calculations
are tabulated in Table VI.

The charge-exchange calculations were extended to in-
clude coupling between the 1+ ground and 3+ excited
states of Li, using the coupling scheme depicted in
Fig. 9. Figure 10 shows the full calculation extended
to include coupling between the ground and 3+ states of
Li and reorientation of the 3+. The value of the cou-

pling strength for the 1+ ~ 3+ transition in Li was
chosen to correspond to a deformation length b2 ——2.19
fm, this value being intermediate between the values 2.34
fm and 1.89 fm derived from measurements of the differ-
ential cross section for Li inelastic excitation [36]. The
3+ ++ 3+ reorientation coupling in Li was included with
a coupling strength corresponding to b2 ———1.10 fm,
this value being —0.5 times the coupling strength for
the 1+ E+ 3+ transition [37]. Figure 10 demonstrates
that even with this coupling strength, the predicted ob-
servables were modified only slightly. Clearly, projectile
excitation effects are of secondary importance, the struc-
ture of the observables being largely determined by the
reaction mechanism.

IV. CONCLUSIONS

CCBA calculations have been performed for the
sMg( Li,sHe) Al reaction populating four states in
Al. Calculations of the direct reaction mechanism,

with form factors based on the shell model, under-
estimated the observed differential cross sections for

the 5+ and 3+ states. For the 5+ ground state of
Al, this anomaly was removed when the sequential

reaction mechanisms Mg( Li, Li) ( Li, He) Al and
2sMg(sLi, Li*)(rLi*,sHe)2sA1 were included. For the 3+
excited state of Al at E = 0.417MeV, the data were
still underpredicted when the sequential reaction mecha-
nism had been included, although the phase of the data
was accurately reproduced. For the 1+ state of Al at
E = 1.058MeV, the structure and magnitude of the
data were well reproduced, but a slight phase difference
remained between prediction and data even when the se-
quential contributions were included. Differential cross-
section data for the 0+ state of Al, which is populated
only by sequential nucleon transfers and is thus a strin-
gent test of the accuracy of sequential reaction mecha-
nism calculations, were reproduced within a factor of 2.
It is inferred that the sequential calculations for the other
states are also accurate to within a factor of 2.

For the 5+, 3+, and 1+ states, the direct reaction mech-
anism generated small vector analyzing powers, whereas
the sequential mechanisms generated larger, more oscil-
latory analyzing powers. Vector analyzing power data
for the 3+ and 1+ states were reproduced only when di-
rect and sequential reaction mechanisms were included.
The predictions for these states indicate that, at this en-

ergy, the structure of the analyzing powers is generated
by interference between the direct and sequential contri-
butions. Inelastic excitation of the Li projectile was also
included in the calculations and was found to have only
a small effect on the predictions.
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