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Elastic and inelastic scattering of ®Li on !2C were studied at 36.4 MeV and 40.0 MeV inci-
dent energies. Previously published elastic scattering data for 20, 24.5, 28, 30.6, and 63
MeV incident energies as well as the present data were analyzed to obtain an energy depend-
ent optical potential. Inelastic scattering was measured for the transitions to the states at
4.44 MeV (2*), 7.65 MeV (0%),-9.63 MeV (37), 10.84 MeV (17), 11.83 MeV (27), 12.71 MeV
(1*), 13.35 MeV (27), and 14.05 MeV (4*) in 12C. The angular distributions were analyzed us-
ing the distorted wave Born approximation with the usual collective form factor. Various
options for the form factors and the optical potentials were investigated. It is found that the
use of complex form factors generally fits the data. Results of these calculations are pre-
sented for all transitions and the values of B are deduced. For the transition to the 4.44 MeV
(2*) state, both the shape and magnitude of the angular distribution (and hence the state’s de-
formation parameter B,) were well reproduced.

NUCLEAR REACTIONS 2C(¢Li, ®Li), (°Li, 8Li’), E =36.4 and 40.0 MeV; mea~
sured 0(0), deduced energy-dependent optical-model parameters for E =20-63
MeV; DWBA analysis, deduced deformation parameters Bz, .

1974

I. INTRODUCTION

The investigation of heavy ion elastic scattering
has a long history and there exist a vast number
of extensive surveys. Heavy ion transfer reactions
have also been a popular subject, not only because
of the inherent interest in understanding the reac-
tion mechanism but also for their potential use in
extracting structure information. Besides the
study of Coulomb excitation, on the other hand,
relatively limited activity has been reported in
heavy ion inelastic scattering. Garvey et al.,! in
1962, showed interesting and important features
involved in inelastic scattering. Recent studies?
of Coulomb-nuclear interference effects® have also
demonstrated an interesting use of the inelastic
scattering of heavy ions around the Coulomb bar-
rier.

Besides these potentially interesting implica-
tions, there are also practical reasons for pursu-
ing the study of inelastic scattering. The applica-
tion of the ordinary distorted wave Born approxi-
mation (DWBA) to heavy ion inelastic scattering
should be explored in order to realize its validity.
It should be remembered that the use of the usual
macroscopic collective form factor eliminates
many difficulties encountered in heavy ion pro-
cesses, for instance, finite range treatment, re-
coil effects, etc. The information about strong
inelastic channels provides input data to coupled

channel calculations for transfer reactions.

With these considerations, the elastic and in-
elastic scattering of °Li on '2C was measured at
36.4 and 40.0 MeV incident energies. The target
2C was chosen for the following reasons: there
are numerous experimental®~® and theoretical’
investigations using light projectiles on '2C, the
structure of *C is very well known (in particular,
there are collective type states which are well
suited for the present analysis), there are un-
natural parity states which could be good testing
examples for the spin dependent treatment, and
the 0" at 7.65 MeV and the 4* at 14.05 MeV states
can be used in a search for higher order process-
es.®

In the present DWBA analysis, the emphasis
was on carrying out a thorough check of depen-
dences on several parameters, not just obtaining
best fits to the data. In order to pursue such an
analysis, the optical potential for the elastic scat-
tering had to be obtained, although there are many
such studies reported in the literature.®™'® It was
especially important to have a proper energy de-
pendence in the optical potential, since for the
highly excited states the energy difference be-
tween the incident and outgoing channels becomes
large in the inelastic processes. Consequently,
the distorted waves generated may be consider-
ably different. In order to extract such effects
and to obtain the proper potential all available
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elastic data were utilized in addition to the pres-
ent results.

With a ®Li projectile, there is more than one
possible mode for an inelastic transition because
several transferred angular momenta can couple
with the 1* ground state of °Li to make a given
spin-parity change. Such couplings can be cal-
culated unambiguously only when the spin-orbit
interaction is known. In the present analysis, it
was not possible to perform such an unambiguous
calculation due to a lack of reliable information
about the spin-orbit interaction, however, the
effect of the mixing of transferred angular momen-
ta is discussed.

The 2" state at 4.44 MeV and 3~ state at 9.63
MeV were extensively used to make a thorough
test of the DWBA since they are the best candi-
dates for the collective form factor treatment.
The other states observed were the 7.65 MeV
(07), 10.84 MeV (17), 11.83 MeV (27), 12.71 MeV
(1*), 13.35 MeV (27), and 14.04 MeV (4") states,
and they were analyzed in a somewhat more re-
stricted manner. In the next section, the experi-
mental procedures are briefly described. In Sec.
III, the elastic scattering analysis is presented
followed by a description of the inelastic scattering
in Sec. IV.

II. EXPERIMENTAL PROCEDURE

Using the Brookhaven tandem facility, two sets
of experiments were carried out at incident ener-
gies of 36.4 and 40.0 MeV. A beam of °Li®" was
obtained from one of the MP tandems with a typi-
cal intensity of 200 nA. A natural carbon target
whose thickness was measured by an a source
to be 200 +30 ug/cm? was used. Two solid state
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counter telescopes, with 25 um and 300 um de-
tectors:as AE and E counters, respectively, were
used. The over-all energy resolution was typi-
cally 200 keV as is seen in Fig. 1. Beam was
collected in a Faraday cup and its intensity was
monitored in addition by a monitor detector. The
identification of ®Li was made using an electronic
multiplier, and spectra were stored in the on-line
Sigma-7 computer. The cross sections were ob-
tained by conventional analysis and the angular
distributions obtained are shown in the next sec-
tions. The uncertainties estimated in the absolute
cross sections are within 20%.

III. OPTICAL MODEL ANALYSIS FOR
ELASTIC SCATTERING

All available data on the elastic scattering of SLi
on *C were collected and analyzed on an equal
footing. The procedure, though it is standard, is
briefly reviewed. The Woods-Saxon optical poten-
tial is given by

1
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where the Coulomb potential V.(r) is calculated as
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The notation used here is standard, and the radius
parameters R,, R;, and R, are defined by R
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FIG. 1. The ®Li spectrum of 2C(Li, ®Li’)12C* at 6,,,=22.5°. The excitation energy with spin and parity of each state

in !12C studied in the present analysis is given.
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=7o(A,"*+A,"%). (Another convention, R =7,4,"*
has become quite commonly used, especially for
Li, but a more traditional definition is adopted
here.) The angular distributions were calculated
using a computer program JIB 6 for the parame-
ter search, with the usual merit criterion, mini-
mization of the quantity

=23 {006 = 0 0] 0y (011}

In the actual search, one more simplification was
made by fixing the Coulomb radius parameter 7.
=1.35 fm, because the variation in cross section
due to changes in this parameter is known to be
small.!! Thus the variation of six parameters
was studied.

Prior to the present study, there were several
investigations of the elastic scattering, i.e., at
incident energies of 20,° 24.5,'° 28, 30.6, and
63 MeV.'® The optical model analyses had been
carried out for all of these data except for the
63 MeV case. It is noted, however, that there
are large differences in the depths of the real and
imaginary parts among these analyses. Bassani
et al."' made an extensive analysis for the 24.5,
28, and 30.6 MeV data, but while excellent fits
were obtained to the data at each energy, the pa-
rameters change in an irregular fashion for dif-
ferent energies. Therefore, they are not suitable
for the present purpose as the need for a consis-
tent potential over a wide energy range was dis-
cussed in the Introduction. Accordingly, a search
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Optical potential parameters and linear energy depen-
dence of the depths of the real and imaginary parts.
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was made to fit all the data mentioned above in
addition to the present results with one set of pa-
rameters.

The actual procedure to find the optical potential
was performed in several steps. First, a x 2 fit
was carried out by varying all six parameters for
the 28 MeV data. Then the 20, 24.5, and 40.0 MeV
data were fitted by varying only the depths of the
real and imaginary parts simultaneously. The re-
sults are summarized in Fig. 2. In the upper half
of this figure, the depths of the real and imaginary
parts are denoted by solid points. It is noted from
these points that the variations in these depths are
very closely approximated by linear energy de-
pendences, as represented by the lines drawn
through the points. The parameters thus obtained
are displayed in the lower half of the figure. The
feature that the real depth decreases while the
imaginary depth increases with increasing energy
can be understood as the opening of more channels
at higher energies. The linear dependences’® are
the simplest approximation for such effects.

The potential obtained was then subjected to
comparison with the rest of the data, i.e., the
angular distributions for incident energies of
30.6, 36.4, and 63 MeV were calculated. The first
two cases were reproduced quite well. However,
while the shape of the angular distribution of the
63 MeV data was reproduced well, the calculated
magnitude was too large by a factor of 3.5 com-
pared to the experimental data. The original re-
sult was quoted with an accuracy of 10-20% in
its absolute cross section.’® It is not easily under-
stood that the potential explaining the data from
20 to 40 MeV with a reasonable accuracy in re-
producing the magnitude of the cross section can
miss the data at 63 MeV by such a large factor.

It was also found, as described later, that when
the inelastic transition to the 2* state at 4.44 MeV
obtained in the same measurement was calculated
with the present optical potential, it too disagreed
by the same factor. Under these circumstances,
it was decided that no conclusion could be made
as to the absolute cross sections for this set of
data, and the discrepancy was ignored. In the
results presented here, therefore, the experi-
mental data were renormalized to the calculated
cross sections.

The calculated angular distributions for all
seven cases are displayed with the data in Fig. 3.
Individual fits could have been improved slightly
by adjusting the parameters but it is important
to note the over-all agreement for such a wide
energy range with a single energy dependent pa-
rameter set. The x2’s were typically 10-50 in-
cluding all data points although the absolute esti-
mates of x 2 are not easily made as the experi-
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mental errors are hard to extract from the pub-
lished figures. Several features of the comparison
of calculated results to experimental data should
be mentioned. In general, the backward angles
were poorly reproduced. For instance, in the
case of 30.6 MeV data, the deviation grows very
large beyond 6., = 110°. This may suggest that

a more complicated treatment is necessary. On
the other hand, it is interesting to note that a use
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of very deep potentials with depths V, ranging
from 200-460 MeV did reproduce this backward
rise.!’ For the 20 MeV data, where the fit also
becomes poor at backward angles, a shallower po-
tential with a depth of V,=53.6 MeV (with all other
parameters in the present optical potential un-
changed) gave a better fit to the experimental data,
as good a fit as obtained by Bethge, Meier-Ewert,
and Pfeiffer.®
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FIG. 3. (a) Comparison of the experimental elastic differential cross sections with those calculated by using the pa-
rameters of Fig. 2. (b) Comparison of calculated elastic scattering cross sections with no spin-orbit strength (dashed

curve) and with V,, =7.5 MeV (solid curve).
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To investigate the influence of the spin-orbit
interaction, we calculated the elastic scattering
differential cross sections for energies of 24.5,

28, 30.6, 36.4, and 40.0 MeV. The standard
Thomas form for the spin-orbit potential was

used with V, =17.5 MeV (the imaginary term was
chosen to be zero). Results are shown in Fig. 3(b).
At angles up to about 60° (c.m.) the effect of the
spin-orbit term is small whereas at large angles

the change in the cross section is more pronounced.

It should be noted that the inclusion of the spin-
orbit term does not improve the fit to the lower
energy elastic data at large angles. For this rea-
son and because much of the data does not extend
to large enough angles, the spin-orbit term is not
included in the rest of the analysis.

As a whole, the potential generated in the pres-
ent study is very satisfactory to explain the elastic
data ranging from at least 24 MeV to at least 40
MeV. The detailed agreements are still not pre-
cise, especially for the backward angles, but
again more experimental data are required to
make quantitative investigations. The discrepancy
between the experimental and the calculated ab-
solute cross sections at 63 MeV is very disturbing,
and additional experimental measurement at higher
energy is strongly suggested.

IV. INELASTIC SCATTERING AND DWBA ANALYSIS

Angular distributions were measured for eight
transitions to excited states in 2C. A typical
energy spectrum showing these levels is presented
in Fig. 1, and the angular distributions are shown
in the succeeding figures. Additional information
was also available from the measurements by
Ollerhead, Chasman, and Bromley'® for the 4.44
MeV state at 63 MeV bombardment.

In the DWBA analysis, 100 partial waves were
used and were found to be adequate. Coulomb
interference is not a critical problem over the
angle range dealt with.'® As already mentioned,
the macroscopic coltective model is used to cal-
culate the form factor, and a brief description is
given here to clarify the discussion. The optical
potential is assumed to be deformed, and the nu-
clear radius is described by a multipole expansion
R=Ry[1+) 4B % u(6, #)]. The deformation pa-
rameter 8;, which plays a vital role, is intro-
duced. A magnitude of 8; extracted in the present
analysis can be compared to the value obtained
previously from the analysis better studied re-
actions, e.g., (p,p’). Then the degree of agree-
ment would provide a measure of goodness of the
present analysis. Using this deformed radius,
the optical potential is expanded in a Taylor series
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as

Ulr =R) = U(r =R,)
- Ro% Ulr -RO)LZM: By Yyu(B, $)+ 2o+

@

The interaction potential responsible for the tran-
sition is the second term, i.e., the derivative of
the optical potential. Higher order terms could
also be important and will be discussed.

Having the formalism established, several
options in the actual calculation can be explicitly
listed:

1. (a) The form factor is calculated from the real
part of the optical potential.

(b) The form factor is calculated from the
whole complex optical potential.

2. (a) The distorted waves in the outgoing channel
are evaluated with the potential used for the inci-
dent energy (this is the usual practice).

(b) The distorted waves in the outgoing channel
are evaluated with the appropriate potential for
the proper exit channel energy. As repeatedly
mentioned, this treatment must be the proper
method, since the optical potential is energy de-
pendent.

3. (a) The form factor is calculated from the po-
tential at the incident energy.

(b) The form factor is calculated from the po-
tential at the outgoing energy.

(c) The form factor is calculated from the po-
tential at some intermediate energy.

4. (a) A transition is calculated without the mixing
of possible angular momentum transfers due to
nonzero spin transfers.

(b) A transition is calculated with such mixing.
It is obvious that a complete investigation to cover
all these alternatives for all the states is not
feasible. Therefore, a systematic survey is per-
formed for the 2* and 3~ states at 4.44 and 9.63
MeV, respectively. The rest of the states are
analyzed in a more restricted frame.

2" state at 4.44 MeV

The calculated results together with the experi-
mental data for 36.4, 40.0, and 63 MeV incident
energies are shown in Fig. 4. The measured cross
sections are plotted with error bars which are
only statistical uncertainties. The estimated un-
certainties in the absolute cross section are with-
in 20% for the present results. In the 63 MeV
data, the absolute cross section was renormalized
by the factor of 3.5 as discussed in the previous
section.

It should be remembered that the spin-orbit
interaction was not used in the optical potential.
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This then eliminates any quantitative analysis
which includes the mixing of different angular mo-
mentum transfers. For the transition to the 2*
state, the orbital angular momentum transfer,

AL, is equal to 2 only in the absence of spin trans -
fer, AS.

In each figure, there are four theoretical curves
displayed, as follows:

(i) solid curves using the complex form factor
[1(b)], and the different outgoing distorted waves,
i.e., evaluated from the potential at the proper
channel energy [2(b)];

(ii) dotted curves using the real form factor [1(a)],
and the different outgoing distorted waves [2(b)];
(iii) dash-dotted curves using the complex form
factor [1(b)], and the same outgoing distorted
waves, i.e., evaluated from the potential at the
incident energy [2(a)];

(iv) dash curves using the real form factor [1(a)],
and the same outgoing distorted waves [2(a)].

All these were calculated with the form factors at
the incident energies [option 3(a)], and the dis-
cussion of the variation due to this option is given
below.

The calculated angular distributions are normal-
ized to the experimental data at 6., = 30°. A few
observations can be made about the shapes of the
angular distributions using different options. In
the case of 36.4 MeV, the calculated shapes using
the real form factor do not show any differences
up to 6, = 60° for the different choices of the
outgoing distorted waves (curves ii and iv in the
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figure). At further backward angles, they start
showing some deviation from each other in slope.
The only difference in the calculations with the
complex form factor, however (curves i and iii

in the figure), is the depth of the minima. For
the cases of higher incident energies, general
features of the shapes of the angular distributions
are also reproduced. In the case of the calcula-
tions for the 40.0 MeV incident energy, a dis-
tinction can be made in the curves for the real
form factor and complex form factor, however,
distinction between the different choices of the
outgoing distorted waves with same form factor is
hard to make for almost the whole angular distri-
bution. The same is true for the case of 63 MeV
calculations. Additional difficulties are encoun-
tered for this case. The minima produced by the
calculations seem to be sharper than the experi-
mental data. Unfortunately, it is difficult to make
any conclusion as to a selection of these alternative
calculations by comparing with the data as seen
in the figures. Furthermore, the agreement with
the experimental data is not excellent in the case
of 36.4 MeV, although reproduction of maxima
and minima is reasonably good.

It should naturally be expected that the mixing
of different angular momentum transfers could
change the shapes. In order to demonstrate this
effect, the angular distributions, using the com-
plex form factor [option 1(b)] and the different
outgoing distorted waves [option 2(b)], were cal-
culated for the transitions with AL =0 and AS=2,

Ex= 4.44 MeV (2*)
AL=2

ELi=36.4 MeV
10'F

do/dQ (mb/sr)

Vi
\
\

E(;=40.0 MeV

i — comp. £f. (Ib), diff. d.w.(2b)

i = real f£f. (la), diff. d.w.(2b)
jii —-— comp. £f (Ib), same d.w.(2a)
, iv---real ff (la), same d.w.(2a)
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FIG. 4. Experimental cross sections and the DWBA fits for the 2* state in 12C.

Shown in this figure are also the

comparisons of the different options of the form factors and the optical potentials to calculate distorted waves in the

outgoing channel.
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and AL=4 and AS=2. The relative shapes of the
three cases, AL=2, AL=0, and AL=4, are dis-
played in Fig. 5. A sum of these curves with cer-
tain relative strengths might improve the fit to the
experimental data; however as discussed above,
it would have little meaning. Moreover, since
coherent interference due to these different modes
could change the detailed shape much more even if
the mixing were small, no further investigation
concerning the mixing effects was made.

The absolute cross sections yielded more in-

Ex =444 MeV(2*)
Eu =36.4 MeV

ll[l"ll' T T[IIIIII

do/dQ (arb.)
Ty lll

T

AL=0

llllll'

AL=4

T Illllr]

n Il 1 | i l 1 | L !

|
(0] 20 40 60 80 100 120
8..m.(deg)

FIG. 5. Relative shapes for the 2* state are displayed
by using AL=2, AS=0; AL=0, AS=2; and AL =4, AS
=2 transfers.
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teresting results, which are discussed next. The
values of 8, were extracted, as usual, by com-
paring the calculated cross sections to the experi-
mental cross sections. The 8 values obtained
were then corrected by multiplying a factor
(12173 + 61/3) /12173 g0 that they could be directly
compared to the ones obtained from light pro-
jectile inelastic scattering, say (p,p’). The re-
sults are summarized in Table I. There are four
values listed for each incident energy case ac-
cording to the four different calculations as in
Fig. 4. Several interesting features can be pointed
out from an observation of the results. The B,
values are roughly constant for different incident
energy cases, provided again that renormalization
of the 63 MeV data is allowed, for the complex
form factor calculations. On the other hand, they
vary greatly when the real form factor is used in
the calculation. This type of large discrepancy in
the B value has been noted,” where use of the real
form factor gave unacceptably large values of .
The difference due to the choice of the outgoing
distorted waves is found to be only 4-8%. The use
of the same distorted waves yields consistently
higher B, values.

In comparing the present result to the other
studies, the value of B,R should be used.!® Values
ranging from 1.4 to 1.7 fm have been reported by
Satchler? in the analysis of (p, p’) and a value of
1.2+ 0.4 fm was given by von Oertzen ef al. from
the analysis of the (N, !N’) reaction.'® Several
other values clustering around 1.5 and 1.6 have
also been determined by different means.% 20+ 2!
From the present results, the value of 1.1 to 1.5
fm can be extracted using the complex form fac-
tor depending on whether the real or imaginary
radius is used.

3" state at 9.63 MeV

Figures 6(a) and 6(b) show the experimental
cross section data together with the calculated
results for the 36.4 and 40 MeV incident energies,
respectively. In each figure, there are four cal-
culated curves and the legend used for these
curves is the same as is used for the 2* state at

TABLE 1. Values of the deformation parameter B,
obtained for the 2* state at 4.44 MeV.

Form factor ? Dw?2 E;; (MeV)
option option 36.4 40.0 63
Real [1(a)] Same [2(a)] 0.57 0.62 1.15
Comp [1(b)] Same [2(a)] 0.54 0.52 0.53
Real [1(a)] Diff [2(b)] 0.53 0.61 1.05
Comp [1(b)] Diff [2(b)] 0.50 0.49 0.51

2 Labeled as explained in text.
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FIG. 6. Experimental cross sections and the DWBA fits for the 3~ state in 12C. Legend used for the theoretical

curves is the same as used in Fig. 4.

4.44 MeV. The calculated curves are normalized
to the experimental data at 6., = 20°. In both
cases, experimental data show much less structure
than the calculated curves.

In the case of 40.0 MeV, the calculated curves
using complex form factors show quite similar
shapes for the different choices of the optical po-
tentials in the outgoing channels [curves i and iii
in Fig. 6(b)]. That is also the case for the choice
of real form factor (curves ii and iv). In the case
of 36.4 MeV, the differences are more enhanced.
None of the calculated curves, however, seems to
fit the data very well. Calculations for both the
36.4 MeV and the 40.0 MeV cases show that there
should be a minimum at about 6, = 32° which is
missing in the experimental data. The reason for
this discrepancy may still be due to insufficient
description of the outgoing optical potential (at
E;; =22 MeV) for the 36.4 MeV data since the pres-
ent set of parameters starts showing deviation at
E;; =20 MeV data (see Fig. 2). For this reason,
in the exit channel, we tried a number of sets of
optical potentials that fit experimental data at
20 MeV. Although the fit to the data was slightly
improved, sharp minima at about 6., = 32° al-
ways appeared in the calculations.

This 3~ state and other states could have con-

tributions from the second-order term in the ex-
pansion (2) as well as any other effects. Calcu-
lations® show that when a coherent sum of both the
first-order and second-order interaction terms is
used, the shapes of the angular distributions for
the 2* state at 4.44 MeV and the 3~ state at 9.63
MeV do not change appreciably. On the other hand,
the mixing of angular momentum transfers due to
the nonzero spin transfer would certainly change
the shape but unfortunately this calculation is
beyond the scope of the present work.

The B; values obtained from the fits shown in
Fig. 6 are given in Table II. The same conclusions
can be drawn about the trend in values of this de-
formation parameter as for the B, parameter dis-

TABLE II. Values of the deformation parameter B,
obtained for the 3~ state at 9.63 MeV.

Form factor 2 Dw? Ep; (MeV)
option option 36.4 40.0
Real [1(a)] Same [2(a)] 0.34 0.38
Comp [1(b)] -Same [2(a)] 0.33 0.32
Real [1(@a)] Diff [2(b)] 0.28 0.32
Comp [1(b)] Diff [2(b)] 0.27 0.27

2 Labeled as explained in text.
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cussed above. One interesting observation from
Tables I and II is that the values of 8, and 8,
extracted from the study of 36.4 MeV data are
about equal regardless of the choice of the form
factor. The differences in the values start in-
creasing with the increase of incident energy for
the real form factor. This probably indicates
that the imaginary form factor starts dominating
at higher incident energies. It will be interesting
to study inelastic scattering at lower energies and
compare these values of ;. At present no pub-
lished data exist in that region.

The value of 8, R, using the complex form factor
and the same optical potentials in the entrance and
the exit channels [option 2(a)], lies between 0.73
and 0.94 fm, depending on the choice of the real
or imaginary radius. These values are slightly
lower than those obtained by Satchler? for (p,p’)
which range from 0.98 to 1.15 fm. Hinterberger
et al.® obtain B, R=0.97 fm from the (d, d’) study.
If the energy dependent potential in the exit chan-
nel is used, the value of B;R is reduced by 18%
in the present analysis.

In order to study the effect of options (3) calcu-
lations were carried out by using 3(c) where the
complex form factor is calculated from the po-
tential at an energy midway between the entrance
and exit channel energies. The shapes of the
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angular distributions for both the 2* state at 4.44
MeV and the 3~ state at 9.63 MeV did not change
appreciably as compared to those displayed as
solid curves in Figs. 4 and 6. However, in both
cases, the cross section was reduced which in
turn gave a 4% increase in the values of 8, and ;.

Other negative parity states

In Fig. 7 angular distributions for the 1~ state
at 10.84 MeV, the 2~ state at 11.83 MeV, and the
probable 2~ state at 13.35 MeV using 40.0 MeV
incident beam are displayed. These are weak
states and the statistical errors are large. In the
case of 13.35 MeV excitation, the data represent
an estimate of the upper limit as the statistical
errors are very large.

For the 1~ state at 10.84 MeV the dipole term
simply represents a shift of the center of mass
of the nucleus since it is a 7=0 state. Although
the excitation of the 1°, T'=0 state cannot be ex-
plained in the framework of the present treatment,
the collective model form factor was applied in
the absence of a better model.

This state could also be excited legitimately
with the AL=3 and AS =2 transfer. The angular
distribution calculated using AL =3 is shown in
Fig. 7(a). The extracted value of B, is 0.16 if the
same normalization is used as for the AS=0

10°
Ex =10.84 MeV (I")
/ E,;= 40.0 Mev

T T T
T Tt

10"

T T T T

T YT

do/dQ (mb/sr)
o,

Ex= 11.83 MeV (27)
Eu= 40.0 MeV

Ex= 13.35 Mev (27)
Ey= 40.0 MeV

T T

|0-3_— - F
E complex f.f. AL=|, AS=0 complex ff AL=1, AS=|
P m—--- real ff. AL=l, AS=0 -—--complex ff AL=3, AS=|
r _—— complex f.f AL=3, AS=2 [
|0-4.|.|.|.|.|,11.1 PR IV NSNS SR (T S S I R S
0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100 120
6..(deg)

FIG. 7. Experimental cross sections and DWBA results for states in 12C. The comparisons with different choices of
the form factors and the different options of the angular momentum transfers are also shown.
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transfer cases. This transfer is allowed only for
spin-one particles. However, this state is also
excited by using protons* and *He® where AL =3
is not allowed.

The 2~ unnatural parity states at 11.83 and 13.35
MeV can be excited with AL=1, AS=1 or 2, and
AL=3, AS=1 or 2 transfers. The calculated angu-
lar distributions for AL=1 and AL =3 are shown
in Figs. 7(b) and 7(c) for these two states. For
the 11.83 MeV state, values of 8,=0.11 and B,
=0.13 are obtained if the same normalization as
for AS=0 is used. In the case of the 13.35 MeV
state the upper limits on the values of 8, and 3,
are 0.07 and 0.10, respectively.

7.65 and 14.05 MeV states

In Figs. 8 and 9 the angular distributions for the
0* state at 7.65 MeV and the 4* state at 14.05 MeV
are displayed for the incident energies of 36.4 and
40.0 MeV. The data for 0* states show an angular
distribution similar to the 2* state whereas the
data for the 4* state for 36.4 MeV incident energy
show a flat structureless distribution.

The AL =0 transfer calculation as shown in Fig.
8 does not reproduce the data, as the calculated
curve shows a more oscillatory pattern. Similarly,
the AL =4 transfer calculations as shown in Fig.

9 do not fit the data for the 14.05 MeV state. The
calculated curves using the same optical potential
in the exit channel as in the entrance channel
show a large slope. The curves shown here are
calculated by using a complex form factor and the
value of B, =0.20 is used to obtain the cross sec-
tion. Use of a real form factor gives curves with
much larger slopes. Since the energy dependent

10! —— — — T T T
F Ex= 7.65 MeV (O%)
r AL=0
0 E3 3
F E=364 MeV T ' ;=400 Mev
i
3
g 10" + E
g ]
3 ]
A <
102 5 E
t
lo—S I L 1 1 1 1 ! L 1 1
0 20 40 60 80 100 O 20 40 60 80 00 120
8c.m.(deg)

FIG. 8. Experimental cross sections for the 0* state
in 12C. The DWBA results were calculated by using op-
tion 2(b) discussed in the text.

potentials obtained in the present study may not
be successful in reproducing the elastic scattering
data between 15-20 MeV incident energies, calcu-
lations using this potential in the exit channel are
not presented. However, use of other available
potentials for E;;=20 MeV in the exit channel did
not improve the fits.

The second-order term in the expansion (2) may
be important for this state. Calculations® show
that the shape of the calculated curve using this
term alone gives an angular distribution that has
a large slope and also that the curve calculated
by using a coherent sum of both the first-order
and the second-order terms does not improve the
fits also. There is an alternative method of de-
scribing the excitation of the 0* state and the 4*
state; i.e., these states are populated by multiple
excitation, for example, via the strongly excited
2* state at 4.44 MeV. The calculations do re-
produce the shapes of the angular distributions
and will be reported elsewhere.®

12.71 MeV state

This is a 1*, 7 =0 unnatural parity state, which
can be excited only with a AS=1 or 2 spin transfer.
This would imply that the angular momentum AL
=0 or 2 is allowed in the present case. Using a
purely central interaction in a microscopic de-
scription for this state, one expects monopole
AL =0 contribution to dominate over the quadrupole
AL =2 contribution by a factor of 8. However, it
has been found from the analysis of the inelastic
scattering of 45.5 MeV protons that the AL =2
transfer with AS=1 gives reasonable fit to the
data in the forward direction.” Microscopic calcu-

10'
Ex= 14.05MeV (4*) 3
AL=4 4
100 4 4
% Ey = 36.4 MeV ELi= 40.0 Mev
Fel
£ 10!
S }1*
Q ]
b
3 ]
j
103 4
-3 I n n n L 1 n 1 n "
0620 a0 60 80 10 O 20 40 60 8 100 120
8.m. (deg)

FIG. 9. Experimental cross sections for the 4* state
in 12C. The DWBA results were calculated by using
option 2(a) as discussed in the text.
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o
|0: T T T T T T T T T T T

Ex=12.71 MeVv (1*)

EL;= 40.0 MeV

do/dQ2 (mb/sr)
e}
%
T

103 1 |

— comp £f, AL=2, AS=I
_____ comp. £f, AL=2, AS=|

104 L L L L L 1 L L ! 1 L
0 20 40 60 80 00 O 20 40 60 80 100 120
8.m. (deg)

FIG. 10. Experimental cross sections for the 12.71
MeV state in 2C. The DWBA results were calculated
by using option 2(a) (dashed curve) and option 2(b) (solid
curve).

lations of Love and Parish?? showed that a tensor
interaction term introduces a significant AL =2
amplitude in the forward direction and dominated
over the AL =0 amplitude at larger angles. The
situation is not clear for a composite spin-one
projectile like ®Li. The calculated results for
AL=2 are displayed in Fig. 10. The AL =0 trans-
fer gives too much oscillation in the angular dis-
tribution as in Fig. 8. The fit to the data with

AL =2 transfer is reasonable. The results with
AS=1 or AS=2 transfer show the same shape as
the spin-orbit coupling term is absent in the opti-
cal potentials. This case may be a good example
of where a spin-orbit term could be tried to fit
the data. If the same normalization as for the

AS =0 transfer is used, the effective deformation
parameter is 8,=0.14 for a AL=2 and AS=1
transfer, which is in excellent agreement with
Satchler’s result’ of 8, = 0.15 using the (p,p’) re-
action.

IV. CONCLUSIONS

The elastic scattering data of °Li on *2C for the
incident energies of 20, 24.5, 28, 30.6, 36.4, 40.0
and 63 MeV are fitted using an energy dependent
potential. Difficulties were encountered in fitting
the two limiting cases, namely the 20 and 63 MeV
data. The 20 MeV data up to 4., = 60° are re-
produced rather well; however at larger angles,
success is marginal. In the case of 63 MeV data,
the shape of the angular distribution is reproduced
but the magnitude of the experimental data must
be multiplied by a factor of 3.5 to agree with the
calculated data. The fits to the other data are
found to be good so it appears that this optical

2
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potential is probably quite good in reproducing
elastic scattering data for the incident energies
between 20 and 63 MeV.

The ordinary distorted wave Born approximation
using a simple collective model interaction [Eq. (2)]
was utilized to calculate the inelastic scattering.
It is found that the use of a complex form factor
produced a consistently better fit to the inelastic
scattering data for the 2* state at 4.44 MeV at
incident energies of 36.4, 40.0, and 63 MeV than
use of a real form factor. The superiority was
not only in fitting the shape of the angular distri-
bution but also in reproducing its magnitude. If
an increase in the magnitude of the experimental
data for the 63 MeV case by a factor of 3.5 as re-
quired from fitting the elastic scattering is al-
lowed, consistent values of §8,, the deformation
parameter, are obtained at all three energies.
On the other hand, use of the real form factor
gives unacceptably large values of 8,. It seems
that the imaginary part of the form factor domi-
nates at higher incident energies. Unfortunately,
a distinction between the fits due to choice of the
outgoing distorted waves could not be made, al-
though use of the same optical potential in the
exit channel as in the incoming channel yields
consistently higher g8, values.

In the case of octopole excitation, success in
fitting the data for the incident energies of 36.4
and 40.0 MeV was limited. The calculated angular
distribution shows a sharp minimum around 6,
= 32° which is missing in the experimental data.
Use of complex form factor does reproduce the
value of B; consistently.

Nonzero spin transfers are needed to interpret
unnatural parity states. Reasonable success has
been achieved in fitting these states. For the 1~
state at 10.84 MeV, which should not be excited
with dipole excitation, use of AL=3, AS=2 is al-
lowed in this model and the fit to the data seems
to be reasonable.

It was found that the data for the transition to the
0* state at 7.65 MeV and the 4* state at 14.05 MeV
could not be fitted by using this simple model.
Breathing modes as discussed by Satchler” might
be used to interpret the angular distribution for
the 0* state. However, it should be pointed out
that the ordinary distorted wave approximation
method used here may also be questionable, since
the magnitude of the cross section for the transi-
tion to the 2* state at 4.44 MeV is comparable to
that for the elastic scattering beyond 6.,, = 30°.
This increases the probability of exciting higher
states by two-step processes. The contributions
from these processes are usually small for strong
transitions but they have been found to be im-
portant for the weak states.



Use of higher terms in the interaction coupling
[Eq. (2)] was also explored and the effect of this
was found to be insignificant on the 2* state at
4.44 MeV and the 3~ state at 9.63 MeV. Their
shapes did not change much; however slight
changes in magnitude were found. This probably
shows that the series in Eq. (2) converges rapidly.

Finally, several observations may be mentioned.
It is encouraging that such a wide variety of elastic
data could be well represented by a simple pa-
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rametrization in the optical model. The analyses
of the inelastic scattering also show that the model
used is reasonably good for reproducing gross
features, perhaps as good as for any other light
projectile case. There is, however, much re-
maining ambiguity. The nature of the spin-orbit
interaction is completely unknown, although it
seems to be of importance. It appears that the
determination of this term requires more elabo-
rate experimental and theoretical investigation.
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