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Angular distributions are reported for the excitation of states in ''B and '3C and the first excited
state in Li at a "Li energy of 34 MeV. Both distorted-wave Born approximation and coupled chan-

nels calculations are reported for these reactions.

The projectile excitation is reasonably well

described with a collective rotational model for 'Li. For the excitation of states in ''B, strong-
coupling rotational, weak-coupling particle-rotation, and microscopic models are used. Weak-
coupling particle-rotation and microscopic models are used for excitation of states in '*C. In gen-
eral, for the target excitation there is good agreement between the various calculations and the ex-

perimental data.

I. INTRODUCTION

This paper is one in a continuing series investigating
the reactions between °Li or ’Li and p-shell nuclei for in-
cident energies around 30 MeV. Elastic scattering data
for °Li+'2C, %0 (Ref. 1) and "Li+''B, 2C, 13C (Refs. 1
and 2) have been fitted with the optical model using
Woods-Saxon and double-folded potentials. Several dif-
ferent Woods-Saxon potentials were found to fit each an-
gular distribution well, except for "Li+!'B, where it was
not possible to obtain a good fit with Woods-Saxon poten-
tials. The double-folded potentials were calculated by
convoluting the M3Y effective nucleon-nucleon interac-
tion with the ground state densities of the projectile and
target nuclei. The potentials needed to be reduced in
strength by about 30% in order to reproduce the data.
Fits similar in quality to those using Woods-Saxon poten-
tials were then obtained for ®Li scattering and "Li+ '*C.
The fits for 'Li+ '>C were slightly inferior, while those
for 'Li+!'"B were much improved, particularly when the
ground state quadrupole reorientation terms for 'Li and
"B were included in the calculations. Energy dependent
average potentials of the Woods-Saxon form were also ob-
tained for ®Li+ '2C, SLi+'°0, and "Li+ *C.

Coupled channels calculations have been made for in-
elastic excitation of states in °Li (Refs. 3—5), "Li (Ref. 6),
12C (Refs. 4—6), and %0 (Refs. 4 and 5). Previously there
had been little experimental data or few theoretical calcu-
lations for the excitation of unbound states of the projec-
tile in a heavy-ion collision or for the excitation of states
in both the projectile and target. Coupled-channels effects
due to the 3% 2.18 MeV state of °Li were found to be very
important in the scattering of °Li projectiles. When cou-
pling to this low-lying, strongly excited state was taken
into account, two important results were observed. First-
ly, the normalization of the real double-folded potential
became significantly closer to unity, thus reducing the
discrepancy between °Li and other heavy-ion projectiles,
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and secondly, the dominant imaginary potential became
weaker in the surface region when the coupling was in-
cluded. It was not possible to obtain a good description of
the excitation of states in "Li from "Li+ '2C scattering us-
ing coupled-channels calculations with deformed Woods-
Saxon potentials.

Coupling to the 2% 4.44 MeV state of '>)C had much
the same effect in double-folded coupled channels calcula-
tions of SLi+ '2C as coupling to the 3% state of °Li, result-
ing in a change in the normalization of the potential and
the strength of the imaginary potential.* The rotation-
vibration model was applied to excitation of states in >C
through °Li+'2C (Ref. 5) and "Li+ '>C (Ref. 6) inelastic
scattering with a fair degree of success. For 'Li+'?C
scattering, mutual excitation data were also measured, but
it was not possible to describe these with DWBA or cou-
pled channels calculations. A good description of the 3~
6.13 MeV state of '°O was obtained for °Li+ '°O inelastic
scattering using both double-folded* and Woods-Saxon®
potentials.

Finite-range DWBA calculations have also been made
for single-nucleon transfer reactions between 'Li and !'B,
12C, 13C targets.?®” In general the DWBA calculations
were able to reproduce the shapes of the angular distribu-
tions well, and the spectroscopic factors obtained were in
reasonable agreement with theoretical values and experi-
mental values from light ion reactions. However, two
problems in particular were noted and remain unsolved.
Firstly, there is a phase shift of several degrees between
the data and the calculations for the (’Li,°Li) and
('Li,’He) reactions, but not the (’Li,’Li) reaction, and,
secondly, calculations involving a 2s;,, transfer in the
target nucleus are far too oscillatory compared with the
experimental data.

In this paper we consider the inelastic scattering of
"Li+ "B and "Li+ !3C at 34 MeV, for both projectile and
target excitation. New experimental data for the inelastic
scattering of these systems are reported. Prior to this
work the only reported data for 'Li+!'B or 'Li+'3C in-
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elastic scattering were a single angular distribution by
Schumacher et al.® The present projectile excitation data
extend over the angular range of 15°—170° in the center-
of-mass system and the target excitation data over the
range 15°—95°. These data are analyzed in conjunction
with previously reported? elastic scattering data which ex-
tend over the range 10°—170°. The analysis is carried out
to be as consistent as possible with the preceding papers
(Refs. 1—7) in this series. The calculations start from op-
tical potentials determined from elastic scattering,? and
then distorted-wave-Born-approximation (DWBA) calcu-
lations are made before progressing to coupled channels
(CC) calculations.

For excitation of "Li a rotational model was assumed as
in Ref. 5. The DWBA was not able to describe the pro-
jectile excitation data, making coupled channels calcula-
tions essential. A reasonable description of the data was
then obtained. Excitation of states in ''B was treated with
both strong-coupling rotational and weak-coupling
particle-rotational macroscopic models. The weak-
coupling model was also used for !3C. The strong-
coupling model includes only members of the K =3/2
ground-state rotational band of !'B, while the weak-
coupling model treats the target nucleus as a particle (or
hole) coupled to either the ground or first excited state of
a 12C core. A microscopic model was also used for both
"B and !*C. In this model the optical potential and form
factors were calculated by convoluting a complex
nucleon-nucleon interaction with the density distributions
for the projectile and target nuclei. The target excitation
data were well described, irrespective of the model used.

In Sec. II the experimental procedure used to measure
the data is described. The analysis of the data is described
in Secs. III, IV, and V for excitation of states in 'Li, !B,
and 13C, respectively. In Sec. VI the conclusions are
presented.

II. EXPERIMENTAL PROCEDURE

The experimental procedure used in this work has been
described in considerable detail in Refs. 2 and 6, and only
a brief outline will be given here. Beams of "Li, !'B, and
3C were accelerated with the Florida State University
super FN tandem accelerator facility to 34 MeV Li, 53.4
MeV for ''B, and 63.1 MeV for 13C. The actual incident
energies were adjusted to yield the energies listed, at the
center of the target. Self-supporting targets of !'B and
13C, enriched to 98% and 97%, respectively, and of areal
densities of about 100 pg/cm? were bombarded by the 'Li
beam and the scattered 'Li particles were detected. These
measurements produced the forward angle data. Typical
spectra for the forward angle measurements are shown in
Fig. 1. The "Li targets were made by depositing natural
Li metal (92.4% Li) on Formvar backings. These targets
were transferred under vacuum to avoid their turning to
LiOH and dissolving in air. These targets were bombard-
ed by beams of ''B and '’C and the recoil 'Li particles
were detected. These measurements resulted in the large
angle elastic and inelastic "Li cross sections.

Standard AE X E silicon surface barrier detectors were
used and the particle identification was done via software
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FIG. 1. Typical spectra for 'Li+''B and 'Li+'*C. The
peaks labeled a are from target contaminants.

in the on-line data acquisition computer. The !'B and *C
target thicknesses were determined by scattering a 20
MeV %0 beam from them and assuming the cross sec-
tions to be Rutherford. The absolute uncertainty in these
measurements is +11%.

The large angle cross sections were determined by over-
lapping the "Li+''B, '*C measurements with those from
B, 3C+7Li. The !'B large angle elastic and inelastic
scattering cross sections to the first excited state in 'Li
(1/27, 0.48 MeV) were determined to be a factor of 5 to
10 larger than those for 13C and '2C. To make certain of
the relative large angle cross sections between the three
targets, measurements were made at five angles where ra-
pid switching between the beams of !'B, '*C, and '*C oc-
curred.

III. PROJECTILE EXCITATION

Distorted-wave Born approximation and coupled chan-
nels calculations were made for the excitation of the
1/27, 0.48 MeYV first excited state of 'Li. The same pro-
cedure was followed for both !'B and '*C as targets.

In the DWBA calculations, the distorted waves were
generated with the Woods-Saxon optical potentials which
had previously? been found to fit the elastic scattering
data. These are potentials IT and V of Ref. 2 for 'Li+''B
and "Li+ '3C, respectively, and are listed in Table I of the
present work. The same distorting potentials were used in
Ref. 2 for DWBA analyses of the single-nucleon transfer
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TABLE 1. Macroscopic potential parameters.
4 rr? ag w r? a
Target Model (MeV) (fm) (fm) (MeV) (fm) (fm)
B Optical model 184 0.62 0.76 6.54 1.39 0.74
Projectile excitation 184 0.62 0.76 6.54 1.39 0.74
Strong coupling 184 0.62 0.76 5.806.05° 1.39 0.74
Weak coupling 184 0.62 0.76 6.54 1.39 0.74
B¢ Optical model 159 0.63 0.81 8.16 1.33 0.78
Projectile excitation 159 0.63 0.81 7.38 1.40 0.78
Weak coupling® 159 0.63 0.81 7.30 1.33 0.78
e 159 0.63 0.81 6.37 1.40 0.78

Ry =re (A4 A7),
®Positive deformation length.

“Negative deformation length.

9Same deformation length for all states.
Different deformation lengths for each state.

reaction data that were measured concurrently with the
elastic and inelastic scattering data.

A strong-coupling rotational model was assumed for
"Li with the 3/2~ ground state and the 1/2~ 0.48 MeV
state being members of a K=1/2 band. Deformed
Woods-Saxon form factors were used and Coulomb exci-
tation was included. The same deformation lengths were
used for the real and imaginary form factors and for the
Coulomb excitation contributions. The results of the
DWBA calculations and the optical model fits to the elas-
tic scattering data are shown as the dashed lines in Figs. 2
and 3. A deformation length of 2.0 fm was required in
the DWBA calculations to obtain the correct magnitude
at forward angles. However, it was not possible to obtain
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FIG. 2. Angular distributions for the elastic scattering of
"Li+!'B at 34 MeV and for excitation of the 1/2~ 0.48 MeV
state in "Li. The dashed lines are the results of an optical model
fit to the elastic scattering data and of a DWBA calculation for
the projectile excitation. Coupled channels calculations are
shown as full lines.

the relative heights of the first and second maxima
correctly, and also the DWBA calculations decreased too
slowly in cross section for larger angles. For the !'B tar-
get there did not seem to be a problem of phasing as had
been observed earlier for projectile excitation of 'Li by
12C, in Ref. 6, although for the 13C target there was still a
shift in phase of the DWBA calculations relative to the
data. This phasing difficulty in DWBA calculations of
7Li8pr1%jecti1e excitation has also been noted in other stud-
ies.

In the coupled channels calculations the ground state
reorientation contribution from "Li was also included. It
was found unnecessary to change the potential parameters
or the deformation length for the ''B target, although for
the ’C target it was necessary to decrease the imaginary
potential depth and to increase the imaginary radius pa-
rameter to obtain the best fit to the data. The coupled
channels calculations are shown as the full lines in Figs. 2
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FIG. 3. Same as Fig. 1 except for 'Li+!*C.
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and 3, and the new potentials are listed in Table I under
the heading of projectile excitation. For the !'B target,
the coupled channels calculations simultaneously describe
fairly well the elastic scattering and projectile excitation
data. There is a minimum in the elastic scattering predic-
tion at about 70° whereas there is a maximum in the data,
and the projectile excitation prediction is too low by a fac-
tor of about 2 for angles larger than 60°. However, the
overall description of the data is good, particularly for the
elastic scattering data at large angles where the ’Li ground
state reorientation contribution damps the oscillations in
the calculations so that they are in better agreement with
the data than the optical model calculations. For the '3C
target the description of both angular distributions is not
as good. For both targets the description of the data is
poor in the angular range of 6 ~40°—80°.

The deformation length of 2.0 fm found here for "Li is
the same as that found from a study of ’Li+ '?C scatter-
ing at 34 MeV.® However, it is smaller than the value of
2.8 fm found from the B(E2) value,!! or of 3.5—4.5 fm
found from DWBA analyses®~!° of "Li+'?C inelastic
scattering for energies of 36—79 MeV.

The comparative ease with which the projectile excita-
tion was described with coupled channels calculations for
1B and !3C targets should be contrasted with the difficul-
ty that was found® for a '>C target. In the latter case,
even after extensive parameter searching it was not possi-
ble to find a Woods-Saxon potential that would fit the
projectile excitation well. Presumably the difficulty is re-
lated to the strongly excited 2+ 4.44 MeV state of '*C
having a large effect on the elastic and projectile excita-
tion channels, whereas the excited states of ''B and *C
are weakly excited in comparison and have less of an ef-
fect.

IV. EXCITATION OF STATES IN !'B

The states excited strongly enough in. !'B to extract an-
gular distributions are the 3/2~ ground state, and the
1727 2.12 MeV, 5/27 4.45 MeV, 3/27 5.02 MeV, and
7/27 6.74 MeV states. Data (Fig. 4) were also measured
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FIG. 4. Experimental data for ’Li+ !'B inelastic scattering at
34 MeV for excitation of the 5/2% 7.29 MeV and 5/2~ 8.92
MeV states of !'B.

for the 5/2% 7.29 MeV and 5/2~ 8.92 MeV states of ''B,
but have not been analyzed in this work. In a simple rota-
tional description'>!® the ground state forms a K =3/2
rotational band with the 5/2~ and 7/2~ excited states,
while the 1/27 and 3/2~ states are members of a rota-
tional band with K =1/2. The selection rule for K for
rotational excitations forbids collective transitions be-
tween the bands with K =3/2 and K =1/2 and only al-
lows transitions to occur within each band. If this selec-
tion rule were strictly true, the cross sections for states
with K =1/2 would be much smaller than those with
K =3/2, whereas experimentally their magnitudes are
very similar. In fact, the particle-rotation coupling term
in the Hamiltonian mixes configurations with the same
angular momentum but with AK =+1. Thus both 3/2~
states and the 5/2~, 7/2 states of !'B have K =1/2 and
K =3/2 components of approximately equal amplitude.
Calculations with K-band mixing have been made'’ for
SHe+''B inelastic scattering, but the results for the
ground state band did not differ significantly with and
without K-band mixing.

Instead of describing the low-lying negative-parity
states of ''B as mixtures of K =1/2 and 3/2 rotational
bands, an equivalent method derived by Clegg!* is to ex-
press the wave functions as a sum of terms consisting of
the wave function of a member of the ground state rota-
tional band of '2C coupled to a 1p3,, or 1p,,, proton
hole. The leading terms show that the ground state has
the structure of a >C core in its ground state coupled with
a 1p;,, hole, and the 1/27,3/27,5/27,7/27 excited
states are due to a 1p;,, hole coupled to a '2C core in its
2% first excited state. This model, here termed the weak-
coupling model, has also been used in the present descrip-
tion of "Li+ !B inelastic scattering.

Finally, calculations are made for excitation of states in
"B using microscopic transition densities from the
(15)*1p)” intermediate coupling model calculations of
Cohen and Kurath.!> Here, the excited states arise from
transition between the 1p,,, and 1p;,, nucleons.

A. Strong coupling model

The 3/27 ground state and the 5/2~ 4.45 MeV and
7/27 6.74 MeV states of !'B are assumed to be members
of a K"=3/27 rotational band based upon the ground
state of ''B and are treated with the strong coupling rota-
tional model. The form factors required in this model
have been described in detail in Ref. 5.

Firstly, DWBA calculations were made using the opti-
cal model potential parameters of Table I. The results of
these calculations are shown as the dashed lines in Fig. 5.
Only quadrupole transitions were considered and a defor-
mation length of |8,| =1.0 fm employed. Coulomb exci-
tation was included, with the same deformation length as
the nuclear part of the potential. For the 5/2~ state the
DWBA calculation has the correct magnitude at the first
peak in the angular distribution, but the slope is too small,
so that at larger angles the cross sections are larger than
the data. With a deformation length of 1.0 fm the for-
ward angle cross sections for the 7/2~ state are too small,
but the problem with the slope is even greater here, so that
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FIG. 5. Experimental data and calculations for excitation of
states in ''B via the 'B(’Li,’Li)!'B* reaction at 34 MeV. A
strong coupling rotational model is assumed for ''B. The
dashed lines are the results of an optical model fit to the elastic
scattering data and of DWBA calculations for the target excita-
tion. Coupled channels calculations using a negative deforma-
tion length are shown as full lines. The dash-dot line indicates
the effect of using a different deformation length for the
3/27—7/2 transition compared with the 3/2~—5/2" transi-
tion.

the predicted cross sections are still too large at larger an-
les.
¢ In the coupled channels calculations, quadrupole transi-
tions were included between the 3/2~ and 5/2 states,
the 3/27 and 7/27 states, and the 5/2~ and 7/2 states.
Quadrupole reorientation was included for the ground
state, but not for the excited states, since it was found to
have a negligible effect. Couplings with / =4 were also
found to be unimportant. Calculations were first made
with the same negative value of 8, for all transitions:
6,=—1.20 fm. The results of these calculations are
shown as the full lines in Fig. 5. The magnitude of &, was
determined principally by the forward angle fit to the
5/27 data. It was necessary to reduce the strength of the
imaginary potential by about 10% to obtain the best fit to
the data, and the description of the elastic scattering wor-
sened in the angular range 50°—90° relative to the optical
model fit. The data for the 5/2~ state were well
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FIG. 6. Same as Fig. 5 except a positive deformation length
was used.

described in shape and magnitude, but the cross sections
for the 7/27 state still had the wrong slope. By omitting
the 3/27—7/27 and 5/27—>7/2~ couplings in turn we
determined that the 7/27 state is mainly excited through
the 3/27—7/27 direct transition. Changing the defor-
mation length for this transition to —1.65 fm resulted in
the correct magnitude and slope for the 7/2~ state, as
shown by the dash-dot lines in Fig. 5.

The same calculations were repeated for a positive de-
formation length and resulted in a reduced X2, arising
mainly from an increase in the cross section for the 5/2~
state for 6> 60°. The fits to the data are shown in Fig. 6.
A value of 8=+ 1.0 fm resulted in the optimum fit when
applied to all the transitions, although for the best
description of the 7/2~ state it was necessary to use a
value of 8=+ 1.40 fm for the 3/2~—>7/2~ transition.

The deformation lengths for "B are summarized in
Table II. From the coupled channels calculations
described here a quadrupole deformation length
8,=—1.20 fm or + 1.00 fm is obtained for excitation of
the 5/27 state and §,= —1.65 fm for the 7/2~ state in
"'B via "Li inelastic scattering. Shahabuddin et al.'* ob-
tained 8, (=B,Rg)=—1.12 fm at 17.5 MeV and
8,=—1.46 fm at 40 MeV for *He+!'B inelastic scatter-
ing using the no-K-band mixing model. Very similar

TABLE I1. Deformation lengths 8, for strong-coupling transitions in !'B.

pa 3Heb SHec 7Lid
State 30 MeV 17.5,40 MeV 17.5 MeV 40 MeV 34 MeV
5/27 4.45 MeV 1.0-2.0 —1.30 —1.12 —1.46 —1.20/ + 1.00
7/27 6.74 MeV 1.0-2.0 —1.35 —1.12 —1.46 —1.65/ + 1.40

*DWBA, Ref. 17.
"DWBA, Ref. 16.
°CC, Ref. 13.

4CC, the present work.



values were found if K-band mixing was included or if
8,=PB,R; was assumed. In their study it was found possi-
ble to use the same deformation length for all states, but
in a previous study'S of the same data using the DWBA,
6,=—1.03 fm for the 5/2~ state and 8,=—1.35 fm for
the 7/2~ state were required at both energies. The cou-
pled channels calculations!? of Shahabuddin et al. pro-
duced a definite preference for a negative deformation
length. In the present work there is a slight preference for
a positive deformation length, but the difference in the
quality of fits between using positive and negative defor-
mation lengths does not allow a definite decision to be
made. For p+!'B at 30 MeV a DWBA analysis!” gives
different deformation lengths for each of the five low-
lying negative parity states with values in the range
|8, =1.0—2.0 fm. It would seem, therefore, that in gen-
eral the present results are consistent with previous stud-
ies.

B. Weak coupling model

In the weak coupling model used here it is assumed that
the first five negative-parity states of !'B can be con-
structed from the coupling of a proton hole to the ground
state rotational band of a '?C core. This is also known as
the unified model. Clegg'* has derived expressions for the
wave functions of !'B using this model as a sum of terms
involving the coupling of a 1p3,, or 1p,,, hole to the 0%,
2%, and 4% members of the ground state rotational band.
In the present calculations only the leading terms in the
sum have been used. It is then assumed that the ground
state of !'B is formed from the coupling of a 1p;,, hole
with the 0% ground state of '>C and the 1/27, 5/27,
3/27, and 7/2~ sequence of excited states from the cou-
pling of a 1p5, hole with the 27 first excited state of '2C.

The formalism and notation for the form factor re-
quired for weak coupling model calculations with the
computer code CHUCK3 (Ref. 18) follows that of Ref. 5.
It is assumed that the initial state of spin I, in channel a
is comprised of the coupling of a single particle wave
function of total angular momentum j, to a rotational
core wave function of total angular momentum J, and
body-fixed component K, so that the wave function is
given by

M
|IaMa>:[¢ja’KaJa)]Iaa' (1)

The final state in channel 8 is formed similarly. The po-
tential is assumed to have the Woods-Saxon form

VinQ)=V,/ r—RUQY)

1+exp , (2)

where ' refers to a frame fixed in the body of the core.
It is assumed for rotational excitations of the core within
the ground state band that the potential is deformed ac-
cording to

R(Q)=Ro+ 3 8, ¥30(Q") . 3)
A

Then the form factor for CHUCK3 (Ref. 18) is
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FIOI(r) = Sjﬁ’jaSKﬁ'Ka( _ )I( _ )ja+1 —Jg—1I,

Xi1+[a]—[B]§ﬁfafﬁja
X (JalK o0 | JgK o YW (J(Iod glg | jahvl(r),  (4)
where
0 ’ ’ ’
vl(N= [ V(rQ)Y,(Q)dq . (5)

Firstly, DWBA calculations were made, using the opti-
cal model potential parameters of Table I. Only quadru-
pole transitions were considered and a deformation length
of 8,= —1.40 fm employed. This value was found previ-
ously from a coupled channels analysis® of "Li+ '2C in-
elastic scattering at 34 MeV. Coulomb excitation was in-
cluded, with the same deformation length as the nuclear
part of the potential. The results of these calculations are
shown as the dashed lines in Fig. 7. They have the correct
forward angle magnitude but decrease too slowly relative
to the data for increasing angles and therefore become too
large in magnitude for 6 > 30°.

When coupled channels calculations are made, includ-
ing the reorientation terms, the slopes of the theoretical
predictions now agree well with the data, although there is
still some problem for the 3/2~, 5.02 MeV state. The
description of the elastic scattering is improved for the
peak around 40°, but it was not possible to obtain the
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FIG. 7. Experimental data and calculations for
UB("Li,’Li)!'B* inelastic scattering at 34 MeV. A weak cou-
pling particle-rotational model was assumed for ''B. The
dashed lines are the results of an optical model fit to the elastic
scattering data and of DWBA calculations for the target excita-
tion. Coupled channels calculations are shown as full lines.
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correct structure in the angular distribution for
6=50°-90°. In the coupled channels calculations the de-
formation parameter had to be changed to —1.709 fm to
obtain the correct magnitude of the inelastic states, but no
other changes in the potential parameters were necessary.
This deformation length is still larger than that found'3
for *He+ !'B inelastic scattering, but is within the range
of values found for p+!'B (Ref. 17). It would appear
necessary to include all the low-lying negative parity
states in a coupled channels calculation to obtain a single
deformation length independent of state.

C. Microscopic model

The states that were analyzed in the preceding subsec-
tion with the weak coupling model were also analyzed
with a microscopic model. In this model the optical po-
tential for elastic scattering and the form factors for the
inelastic transitions are calculated by integrating an effec-
tive nucleon-nucleon interaction over the density distribu-
tions for the projectile and target nuclei. The method is
reviewed in general in Refs. 19—21, and the particular
formalism that is used in this paper is described in detail
in Ref. 22. The form factor FM required for the com-
puter program CHUCK3 (Ref. 18) is related to the form
factor F of Ref. 22 by

FP(R) =581 gF¥(R) . (6)
An additional difference is that instead of using spectro-
scopic amplitudes SyJ-M(jfj,-) as in Ref. 22, in this paper
spectroscopic amplitudes Z,,,(jsj;) are used. They are
defined in Ref. 23 and the relation between them is

N/ .

S({o(jfji)Z*.;*L[Z{q(jfji)izg(jfj,-)] : %)

10
f

The real part of the effective nucleon-nucleon interac-
tion was taken from the work of Bertsch et al.?* Single-
nucleon knockout exchange was approximated by in-
clusion of a zero-range pseudointeraction.”> The most im-
portant component of the interaction for the case under
study was that part with S=0 and T =0. Its explicit
form was

e—4s e~2.5s

—2134
2.5s

The real optical potentials and form factors were multi-
plied by a parameter Nz which could be varied to im-
prove the fits to the data. To avoid using a microscopic
model for the real parts of the optical potentials and form
factors and a different model for the imaginary parts, an
empirical imaginary interaction was used to calculate the
imaginary parts. The imaginary interaction had the form

Voo(5)=7999 —3908(s) . (8)

w(r)=—Ne 7", 9)

with the parameters N; and y determined from fitting the
experimental data.

Cohen and Kurath!’ transition densities for 'Li and !'B
were used. Harmonic oscillator radial wave functions
were used with @=0.578 fm~' for 'Li (Ref. 23), and
a=0.605 fm~! for ''B (Ref. 26). For the projectile only
the J =0 monopole ground state density was used since
the computer code could not accommodate the full spin
formalism of a spin 3/2 projectile and excitations of a
spin 3/2 target. The spectroscopic amplitudes for 'Li are
listed in Table III of Ref. 23. The spectroscopic ampli-
tudes for !'B are listed in our Table III. For the ground
state both the J =0 monopole and J =2 quadrupole den-
sities were included, but for the inelastic transitions only
the J =2 terms were employed.

TABLE III. Spectroscopic amplitudes Zg,,,(jfji) for transitions in '"B. (For the 3/27 —3/27 transition the amplitude for

1si,, 157/ had Z,=Z,=1.414 with J =0.)

1pinlpin 1psplpin 1p1alpin 1p321pis
Transition J p n p n p n p n
3/27—3/2¢ 0 0.262 0.525 0.000 0.000 0.000 0.000 1.315 1.628
1 —0.058 0.058 0.075 0.028 —0.075 —0.028 0.427 0.073
2 0.000 0.000 —0.079 —0.107 0.079 0.107 —0.373 —0.031
3 0.000 0.000 0.000 0.000 0.000 0.000 0.393 0.007
3/27 —1/27 1 0.000 —0.003 0.183 —0.017 —0.240 —0.009 0.016 —0.015
2 0.000 0.000 —0.120 0.141 —0.239 —0.186 0.099 0.105
3/27—5/2- 1 0.174 —0.010 —0.054 0.012 —0.278 0.060 —0.037 —0.015
2 0.000 0.000 0.169 0.174 —0.504 —0.254 0.066 0.051
3 0.000 0.000 0.000 0.000 0.000 0.000 0.067 0.013
3/27—3/27 0 0.132 —0.024 0.000 0.000 0.000 0.000 —0.093 0.017
1 0.057 —0.068 0.058 —0.006 0.392 0.031 0.061 —0.058
2 0.000 0.000 0.090 0.141 —0.081 —0.220 —0.013 0.108
3 0.000 0.000 0.000 0.000 0.000 0.000 0.148 0.021
3727 —7/27 2 0.000 0.000 —0.173 —0.207 —0.041 0.437 —0.126 —0.147
3 0.000 0.000 0.000 0.000 0.000 0.000 0.021 0.032
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The first step was to fit the elastic scattering data to
determine the normalization Ny of the real potential and
the strength N; and range y of the imaginary potential.
Only the spherical parts of the potentials were used. The
calculations were carried out with the optical model code
HERMES.?” The range parameter ¥ was varied in steps of
0.01 fm~? and for each value of ¥ the code determined
the best values of Ny and N; from a least squares fitting
routine. The optimum value of ¥ was that which gave the
smallest X2. The parameters for the best optical model fit
were Nip=0.57, N;=1.24 MeV, and y=0.195 fm~—2.
The result of the fit is shown as the dashed line in Fig. 7.
It is quite acceptable out to 110° but does not correctly
describe the data at angles larger than this.

DWBA calculations were now made for excitation of
states in !'B and are shown as the dashed lines in Fig. 8.
The cross sections for the 1/27 2.12 MeV, 5/2~ 4.45
MeV and 7/27 6.74 MeV states had the correct magni-
tude and rate of falloff, but the cross section for the 3/2~
5.02 MeV state was too small and had to be multiplied by
a factor of 2.4 to agree with the data.

For the coupled channels calculations quadrupole
reorientation in the ground state of ''B was included.
This improved the fit to the large angle elastic scattering
data, but had a negligible effect on the inelastic cross sec-
tions. To obtain the best overall fits it was necessary to

5/2" , 4.45 MeV

~ -~ )

NI

3/27 ,5.02 MeV

VS

o(mb/sr)
o
o

0 30 60 90
6 (deg)

c.m.

120 150 180

FIG. 8. Experimental data and calculations for
"UB('Li,’Li)!'B* inelastic scattering at 34 MeV. The potentials
and form factors were calculated using a microscopic model.
The dashed lines are the results of an optical model fit to the
elastic scattering data and of DWBA calculations for the target
excitation. Coupled channels calculations are shown as full
lines.

change N; to 1.95 MeV, but changes in N or ¥ made the
fits deteriorate in quality. The form factors for the 5/2~
4.45 MeV and 3/27 5.02 MeV states had to be multiplied
by 0.65 and 1.2, respectively, to produce cross sections of
the correct magnitude. The results of the coupled chan-
nels calculation are shown as the full lines in Fig. 8. They
are in good agreement with the experimental data and
there is little difference compared with the DWBA calcu-
lations for angles smaller than 100°.

In conclusion, the microscopic model used here with
Cohen-Kurath!® transition densities is successful in
describing the inelastic excitation of states in ''B, apart
from some normalization differences.

V. EXCITATION OF STATES IN 13C

Experimental data were measured for the 1/2~ ground
state and the 1/2% 3.09 MeV, 3/2~ 3.68 MeV, and 5/2~
7.55 MeV excited states. In the weak-coupling model the
ground state of '*C has the structure of a 1p,,, neutron
coupled to a '2C core in its ground state, while the doublet
of 3/27 and 5/27 excited states arise from the coupling
of a 1p,,, neutron to a '2C core in its 2% first excited
state. This model is used here to analyze the 1/27-3/2"-
5/27 sequence of states. It had previously been applied
to proton,”® deuteron,”® and pion® inelastic scattering
from 3C. In a macroscopic model the 1/2* 3.09 MeV
state could be considered as a 1~ vibration of a '>C core
weakly coupled to a 1p;,, neutron. However, it has been
shown (e.g., Ref. 31) that a microscopic model is more
applicable here.

In a microscopic model the 1/2—, 3/27, and 5/2~
states have a (1s5)*1p)° shell model structure with the ex-
cited states arising from transitions between the 1p,,, and
1p3,, nucleons. The 1/2% 3.09 MeV state arises princi-
pally from a neutron 2s,,,1p 7,5 single particle transition.
There have been many previous studies of inelastic
scattering of various projectiles from !'3C using micro-
scopic wave functions (e.g., Refs. 28—35).

A. Weak coupling model

The weak coupling model that was described in Sec.
IV B was also applied in the analysis of several low lying
states in '>C. It is assumed that the 1/2~ ground state of
13C arises from the coupling of a 1p, ,» neutron with a >C

TABLE 1V. Deformation lengths 8, for weak-coupling tran-
sitions in 13C.

pa db 7Lic ﬂ,d
State 800 MeV 13 MeV 34 MeV 162 MeV
3/27 3.68 MeV 1.44 1.23 —1.30 1.2+0.1

5/27 7.55 MeV 1.23 —1.00 1.1+£0.1

*DWBA, Ref. 28.

°CC, Ref. 29. A vibrational excitation was assumed for excita-
tion of the '2C core.

°CC, the present work.

IDWIA, Ref. 30.
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FIG. 9. Experimental data and calculations for

BC(’Li,’Li)**C* inelastic scattering at 34 MeV. A weak cou-
pling particle-rotation model was assumed for '3C. The dashed
lines are the results of an optical model fit to the elastic scatter-
ing data and of DWBA calculations for the target excitation.
Coupled channels calculations with the same deformation length
for each state are shown as full lines. The dash-dot lines corre-
spond to coupled channels calculations with different deforma-
tion lengths for each state.

core in its ground state, and that the 3/27 3.68 MeV and
5/27 7.55 MeV states of '*C arise from the coupling of a
1p, s, neutron with a '2C core in its 2+ 4.44 MeV first ex-
cited state.

Firstly, DWBA calculations were made using the opti-
cal model potential parameters of Table I. Only quadru-
pole transitions were considered, and Coulomb excitation
was included, with the same deformation length as the nu-
clear part of the potential. A deformation length of
8,= —1.30 fm was found to produce cross sections for in-
elastic scattering in good agreement with the data for the
3/27 and 5/27 states. The results of these calculations
are shown as the dashed lines in Fig. 7.

Starting from the optical potential and the deformation
length &,= —1.30 fm, coupled channels calculations were
now made. The /=2 coupling between the 3/2~ and
5/27 states was included, as well as reorientation. To ob-
tain the best overall fit to the data it was necessary to de-

crease W and r; for the imaginary potential. The results
of these calculations are shown as the full lines in Fig. 9.
The fit to the elastic scattering deteriorated, as is usual in
coupled channels calculations. The cross sections for the
3/2~ states are the same as before for 0 < 50°, but are a
little too small for larger angles. The calculated cross sec-
tions for the 5/27 state are too large for 6 <40° and too
small for 6>40°. This latter problem was partly over-
come by changing the deformation length for the
1/27—5/27 transition to —1.00 fm. It was then neces-
sary to readjust the potential parameters again (Table I)
for the best overall fit shown as the dash-dot lines. The
fit to the 3/2~ state now improved for 0> 50°, and to the
5/27 state for 6 <40°. However, it was not possible to
obtain the magnitude of the cross sections correctly for
the 5/27 state for 6> 40° with this procedure. Thus the
DWBA gives a better description of the excitation to this
state than the coupled channels method.

The deformation lengths found here for 'Li+!'*C in-
elastic scattering are compared in Table IV with those
from other analyses. For the 3/2~ state the value found
here of —1.30 fm is within the range |8,| =1.20—1.44
fm found from proton,?® deuteron,?® and pion’ inelastic
scattering. Our value of —1.00 fm for the 5/27 stateis a
little smaller than the values of 1.10—1.23 fm found from
the other studies. The various studies, however, are in
agreement that the deformation length for the 5/2~ state
is smaller than that for the 3/27 state.

B. Microscopic model

The microscopic model that was described in Sec. IV C
was also applied to the analyses of states in 'C. The
same density as before was used for 'Li. For excitations
to negative parity states in '3C, Cohen and Kurath'’ tran-
sition densities were used with the spectroscopic ampli-
tudes of Table V. The transition from the ground state to
the 1/2% 3.09 MeV state is primarily due to a neutron
2s1,,1p1;> transition. The spectroscopic amplitudes for
excitation of this state were taken from Collins ez ql.?
and are listed in Table VI. Harmonic oscillator radial
wave functions were used for '3C with a=0.605 fm~!.

Firstly, the elastic scattering data were fitted using the
procedure described in Sec. IV C. The parameters that re-
sulted in the optimum fit were Nz =0.50, N;=0.51
MeV, and y=0.112 fm~2. The result of the fit is shown
as the dashed line in Fig. 9. As with the microscopic

TABLE V. Spectroscopic amplitudes Z‘é/n(jfji) for transitions to negative parity states in '*C. (For the 1/2{ —1/2 transition

the amplitude for 1s,,,1s/ had Z,=Z,=1.414 with J =0.)

1piplpin 1p3nlpin 1p12lpin 1p31pis
Transition J p n p n p n p n
1727 —>1/27 0 0.339 0.800 0.000 0.000 0.000 0.000 1.760 1.934
1727 —>3/2¢7 1 —0.071 —0.001 0.025 0.263 —0.012 —1.158 0.113 —0.135
2 0.000 0.000 —0.674 0.066 1.187 1.496 —0.318 —0.076
1/27—=5/27 2 0.000 0.000 —0.681 —0.539 1.937 —0.002 —0.318 —0.128
3 0.000 0.000 0.000 0.000 0.000 0.000 0.088 —0.055
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FIG. 10. Experimental data and calculations for

BC('Li,’Li)!3C* inelastic scattering at 34 MeV. The potentials
and form factors were calculated using a microscopic model.
The dashed lines are the results of an optical model fit to the
elastic scattering data and of DWBA calculations for the target
excitation. Coupled channels calculations are shown as full
lines.

description of the "Li+!'B elastic scattering data, the fit
is quite reasonable for angles less than 120°, but is poor
for angles larger than this.

Microscopic DWBA calculations were now made for
excitation of states in !3C and are shown as the dashed
lines in Fig. 9. The calculated cross sections for the 1/2%
3.09 MeV and 3/27 3.68 MeV states had the correct mag-
nitude, but for the 5/2~ 7.55 MeV state had to be multi-
plied by 0.73 to obtain agreement with the magnitude of
the expermental data at forward angles. Coupled chan-
nels calculations were now performed. In these the form
factor for excitation of the 5/2~ 7.55 MeV state was mul-
tiplied by 0.85 on the basis of the DWBA calculations to
obtain the correct magnitude of the cross sections for this
state. It was necessary to adjust the depth of the imagi-
nary interaction to N;=0.73 MeV to obtain the best fits
to the data with the coupled channels calculations. These
fits are shown as the full lines in Fig. 10.

The description of the elastic scattering at large angles
is improved by using the coupled channels formalism
compared with a one-channel optical model, but the oscil-
lations around 60°—70° are too deep. The differences be-
tween DWBA and coupled channels are insignificant for
the excited states within the angular range of the data
(6 <100°), although for larger angles the DWBA predic-
tion for the 1/2% state shows cross sections varying
smoothly whereas they are oscillatory in the coupled
channels calculations. The general description of the data
for the 3/2~ and 5/2 states is fairly reasonable, but
there is a phase shift of about 4° between the calculations
and the experimental data for the 1/2% state. Ohnuma
et al® recently made a comparative study of the
BC(p,p')!*C and *C(p,n)'>N reactions at a proton energy
of 35 MeV. They carried out a microscopic DWBA
analysis using Cohen and Kurath'® wave functions for the
negative parity states and from the Millener and Kurath
interaction®” for the positive parity states. Good fits to
the data for the 1/2~ ground state and the 3/2~ and
5/2% excited states of both '*C and >N were obtained.
The 1/2% state of '*C was not even qualitatively repro-
duced, although the calculations for its analog in '*N were
in good agreement with the data. The authors concluded
that the source of the problem must lie in the shell-model
calculations since otherwise the (p,n) calculations would
not be in agreement with the data. Since the (p,n) reaction
is determined by the isovector part of the wave function
and is presumably fairly correct, the problem is likely to
be with the isoscalar part of the interaction. It is there-
fore concluded that the 3/2~ and 5/2 states of !3C are
well described by the microscopic calculations presented
here, but that there are some discrepancies for the 1/2%
state.

VI. CONCLUSIONS

New experimental data have been measured for
'Li+ "B and "Li+'3C inelastic scattering at 34 MeV.
The data, both for projectile and target excitation, have
been analyzed with DWBA and coupled channels calcula-
tions. For the projectile excitation, due to the strong cou-
pling involved, there is a large discrepancy between the
DWBA calculations and the data and therefore coupled
channels calculations are necessary. There is little differ-
ence between the DWBA and coupled channels calcula-
tions for the target excitation on account of the weaker
coupling of these states.

TABLE VI. Spectroscopic amplitudes Z},,(jj;) for excitation of the 1/2% 3.09 MeV state in *C.

J p n J p n
1ds, 1p3s 0 0.000 0.000 1 —0.157 —0.010
1ds, 1pis 0 0.002 0.046 1 —0.041 —0.132
2512 1p3/ 0 0.000 0.000 1 —0.036 —0.178
1ds,; 1pin 0 0.000 0.000 1 —0.027 —0.020
251, 1pih 0 0.009 0.792 1 0.002 1.381
1p3p Isi/ 0 0.000 0.000 1 —0.007 0.000
1pi2 1sih 0 —0.017 —0.020 1 0.014 0.035
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The projectile excitation data are reasonably well
described in coupled channels calculations with a defor-
mation length §,=2.0 fm which is the same as that found
from 'Li+!2C at 34 MeV. All the calculations for the
target excitation, for each of the models used, describe the
experimental data well. The deformation lengths found
from the collective studies are consistent with those found
in other studies. For !'B, different deformation lengths
were required for the 5/27 and 7/27 states in the
strong-coupling model, but when the weak-coupling
model was used the same deformation length was found
to be satisfactory for all the low-lying negative parity
states. Different deformation lengths were also found for
the 3/2~ and 5/2~ states of '*C using the weak-coupling

model, but this is consistent with other studies. Micro-
scopic calculations were also made for the target excita-
tion data. With the exception of the 1/27% state of 13C,
these calculations described the data well, although some-
times there was a normalization difference between the
fits and the data.
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