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Detailed cross sections out to 170° c.m. for elastic scattering and the excitation of states in 'Li and
in 12C have been determined by bombarding '2C targets with 34 MeV "Li beams and ’Li targets with
12C beams at the same c.m. energy. The present results show that the direct breakup total cross sec-
tion for "Li is about 25 times larger than the sequential total cross section to the -;—— 4.63 MeV state

of "Li. In addition, single neutron and proton stripping angular distributions have been measured.

The distorted-wave Born approximation is unsatisfactory for the excitation of the %— 0.48 MeV

state of "Li, the 2% 4.44 MeV state of '>C, and the mutual excitation of these two states. Coupled
channels calculations, using the rotation-vibration model, describe the excitation of states in 12C well
and find K=3 for the 3~ 9.64 MeV state. Poor fits are obtained to the projectile and mutual excita-
tion data with coupled channels calculations. Finite range distorted-wave Born approximation cal-
culations of single-nucleon stripping are in good agreement with the data. Extracted deformation
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lengths and spectroscopic factors are consistent with those from other studies.

I. INTRODUCTION

The interaction between two lighter heavy ions gives
rise to a rich and complex series of reactions. At energies
of 5—10 MeV per nucleon peripheral reactions are dom-
inated by elastic, inelastic, and single-nucleon transfer re-
actions. When one of the interaction partners is loosely
bound, like "Li ( Eg =2.47 MeV), breakup, either direct or
sequential, can become an additional important degree of
freedom at relatively low bombarding energies. The lower
level density present in the light systems usually means
that the state being populated can be isolated so that less
ambiguity is present in knowing the exact reaction taking
?lace. In the present work, a detailed study of the system

Li + '>C has been undertaken at a laboratory energy of
34 MeV. Elastic and inelastic angular distributions out to
170° are presented. In addition, cross sections for the un-
bound -;—_, 4.63 MeV state in "Li and the continuum exci-
tation of "Li are reported. Single proton and neutron
transfer angular distributions are also reported.

The present data are analyzed in terms of the
distorted-wave Born approximation (DWBA) and the cou-
pled channels (CC) methods. A rotational model for 'Li
and a rotation-vibration model (RVM) for !*C are used
for treatment of the inelastic excitations. Deformed
Woods-Saxon potentials are employed, and the parameters
are adjusted in CC calculations to optimize the fits to the
data. Calculations are made for projectile and target exci-
tation separately, and also for the two together, including
mutual excitation. Finite-range DWBA calculations are
made for the ("Li,’Li) and ("Li,°He) reaction data. Defor-
mation lengths and spectroscopic factors are determined
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and are compared with the results of other studies.

In Sec. II the experimental procedure to measure the
data is described, and in Sec. III the inelastic scattering
data are analyzed. The single-nucleon transfer calcula-
tions are described in Sec. IV. The results are discussed in
Sec. V and the conclusions presented there.

II. EXPERIMENTAL PROCEDURE

In the present work, two separate sets of measurements
were made. The first series of measurements was to deter-
mine the angular distributions and cross sections for
"Li + 2C elastic and inelastic scattering and the single
neutron and proton transfer reactions for forward angles
(< 100° laboratory) and were carried out by bombarding a
12C target with a "Li beam and detecting the scattered Li.
The second series of measurements determined the elastic
and inelastic cross sections for angles between 100° labora-
tory and 168° laboratory as well as the inelastic cross sec-
tions to the unbound states of 'Li by scattering a '2C
beam from a ’Li target and detecting both the scattered
12C particles and the recoil 'Li particles.

In this work three beams (p, 'Li, and *C) were pro-
duced and accelerated with the Florida State University
super FN tandem accelerator facility. The ’Li beam ener-
gy was 34 MeV and that for '2C was about 58.4 MeV,
with its exact energy chosen so that both beams had the
same c.m. energy at the center of their respective targets.
The !2C targets were self-supporting natural carbon films
(98.9% '2C) with thicknesses of about 100 ug/cm? Be-
cause Li turns to LiOH readily upon exposure to humid
air, natural Li (92.4% "Li) vapor was deposited on Form-
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FIG. 1. (a) Elastic and inelastic scattering spectrum for "Li + 2)C. The elastic peak has a maximum yield per channel of 10*
counts at this angle. The peak labeled A arises from oxygen contamination on the target. (b) Sample spectrum for the '2C(’Li,°Li)*C
reaction. The peaks labeled B and C arise from spillover of the intense elastic ( B) and 4.44 MeV inelastic ( C) "Li events into the °Li
group. (c) Sample spectrum for the 2C("Li,’He)"’N reaction. (d) Sample '2C spectrum obtained when a "Li target is bombarded by a
2C beam. The peaks labeled Si and O arise from contamination of the ’Li sample used to make the target, and those labeled 2C
come from the target backing. (e) Sample 2C spectrum obtained from a '*C target. The height of the elastic peak has been normal-
ized to that in (d), so that the difference in the continuum yield between the "Li target and the '>C target is readily apparent.
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var backings in a target barrel which could be transferred
into the scattering chamber under vacuum. The 'Li tar-
gets had thicknesses between 30 and 50 ug/cm?.

Silicon surface barrier AE X E counter telescopes were
used throughout the measurements so that particle identi-
fication of the reaction products could be carried out. A
stationary monitor detector allowed the beam integration
and target condition to be continuously checked.

To determine the absolute cross sections, a knowledge
of the product of the target thickness times the solid angle
(NdQ) is needed. To determine NdQ for the '2C target,
20 MeV 'O elastic scattering was measured in the angu-
lar range from 14°—20° laboratory, and found to follow
Rutherford scattering. This measurement along with the
beam charge state found from other measurements al-
lowed NdQ) to be determined. Another check on this
value was to measure proton elastic scattering from the
12C target and to use the previously reported cross sec-
tions of Bernard et al.! to determine NdQ. The two re-
sults agreed to £8% so that the absolute uncertainty in
the present measurements is +9% when the uncertainties
in beam integration and angle settings are included.

The 'Li target thickness (NdQ) was determined by
overlapping the recoil measurements with the "Li scatter-
ing data. To make certain that the factor of 10 smaller
large angle cross sections observed for 'Li scattering when
compared with ®Li + >C scattering were correct, the "Li
target thickness (Nd(}) was also determined by scattering
protons from the "Li target and assuming the cross sec-
tions previously determined by Bingham et al.> The two
values obtained for Nd( agreed to within +7%.

An important part of the present work was to deter-
mine the cross section for populating the 4.63 MeV state

in "Li. Strong excitation of this state would signal a need
to include this state in attempts to describe the 'Li + *C
interaction process. The 4.63 MeV state is unbound to de-
cay into & + t so that it is not present in the ’Li spectrum.
To determine this cross section, spectra of the >C projec-
tiles scattered by Li, 12C, and SiO, targets were taken at
14 angles. Occurring at about the same location in the
spectrum as the 4.63 MeV peak, is the peak corresponding
to 'Li(g.s.) + '2C(4.44 MeV). The combined yield was
found for the peak. The '2C(4.44 MeV) cross section that
had been previously determined from the forward scatter-
ing measurements allowed the '2C(4.44 MeV) yield to be
subtracted so that the 'Li, 4.63 MeV cross section could
be determined. The total cross section for excitation of
this state was found to be 32 mb. In addition, the contin-
uum yield was added at each angle and yielded a cross
section of 900+ 100 mb for the excitation region in "Li be-
tween 6 and 24 MeV after subtraction of contributions
from the '?C, Si, and O contaminants on the Li target.

Typical spectra for the reactions reported in this work
are shown in Fig. 1. By comparing the *)C + '2C and
12C 4+ "Li spectra it can be seen that the continuum yield
for 12C + Li is associated with the "Li target and not in-
strumental. Also, the population of the +  state in '3C
and its absence in ’N is striking evidence of the impor-
tant role played by angular momentum mismatch in these
reactions.

ITII. INELASTIC SCATTERING DATA

A. DWBA analysis

The distorted-wave Born approximation calculations
were performed with an extended version of the computer

TABLE 1. Potential parameters and deformation lengths for inelastic scattering. [The same
geometry was used for all calculations: rg =0.63 fm, ag =0.73 fm, r;=1.38 fm, a;=0.85 fm, r,=1.25

fm with R, =r.(7'3+12'%)].

12 w 8,("Li) 8,(12C) 83 (12C)
Description Type (MeV) (MeV) (fm) (fm) (fm)
DWBA 159 7.2 2.00 —1.40 1.11°
0.82"
i 37-47 cc 175 7.8 2.00
i 374717 cC 159 7.0 2.00
2¢ o+2+ ccC 147 6.6 —1.40
2c o+.2+-3-» CcC 145 6.8 —1.40 1.25
2C g+.2+.3-" ccC 143 8.2 —1.40 0.88
i 3717 cc 143 8.2 1.35 —1.05 0.88
IZC 0+_2+_3—a

Li 3 +"C 2¢

2K =0 for 3~ state of 12C.
YK =3 for 3~ state of 2C.
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code CHUCK3.> The distorted waves were generated with
the Woods-Saxon optical potentials which had previously*
been found to fit the elastic scattering data of 'Li + >C at
34 MeV. Deformed Woods-Saxon form factors were used
and Coulomb excitation was included. The same defor-
mation lengths were used for the real and imaginary po-
tentials and for the Coulomb excitation contributions.
The three potentials VII, VIII, and IX in Table I of Ref. 4
were used, giving very similar DWBA predictions for the
inelastic states. This is not surprising since these poten-
tials yield almost identical fits to the elastic scattering.
Figure 2 shows the fit to the elastic data using potential
VII and the inelastic predictions in that figure are all
based upon this potential. The deformation parameters
obtained are listed in Table I.
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FIG. 2. Optical model fit to 'Li + '?C elastic scattering data
at 34 MeV and DWBA predictions for inelastic scattering to
states in "Li, states in '>C, and the mutual excitation of "Li and
2C. A rotational model was used for 'Li and the rotation-
vibration model for '2C. Potential set VII from Ref. 4 was used
to generate the distorted waves. The deformation lengths are
listed in Table I. The two lines for the 3~ state in '2C are calcu-
lations assuming it to be K=0 (dashed line) and K=3 (full line).

For the projectile excitation to the 7 0.478 MeV state
of 'Li a deformation length of 2.0 fm is required to obtain
the magnitude of the first maximum at about 13° correct-
ly. Thereafter the description of the data is poor, being
unable to account for the phasing of the next oscillations
and the magnitude of the large angle data. This is a com-
mon problem (e.g., Refs. 5—7) for the excitation of this
state in "Li, one that is usually solved by resorting to cou-
pled channels calculations. The same deformation length
of 2.0 fm provides approximately the correct magnitude
for excitation of the - 4.63 MeV state in 'Li, but
the prediction can hardly be said to be a faithful represen-
tation of the data. In a rigid rotor model these two quad-
rupole deformation lengths should be equal, and thus
these results would indicate that this model has some va-
lidity for "Li.

The 2+ 4.44 MeV state of '2C was treated as a member
of the ground-state rotational band of '2C. A deformation
length of 140 fm in magnitude provides the best
compromise for fitting the first two maxima in the angu-
lar distribution. The slope of the prediction is not correct,
the calculated cross sections being too small for the first
oscillation, and two large subsequently. The calculations
are also incorrect in phase due to the absence of the
reorientation term for the 27 state in the DWBA. These
are problems that may usually be circumvented in coupled
channels calculations. The 3~ 9.64 MeV state of '2C was
treated in the rotation-vibration model as an octupole vi-
bration based upon the ground state. The state was con-
sidered as either K=0 or K=3 which yielded octupole
deformation lengths of 1.11 and 0.82 fm, respectively,
with very similar angular distributions which describe the
data well for 6 <80°. For larger angles the data show
some oscillatory structure and a rise in magnitude
whereas the calculations do not.

Finally the mutual excitation of 'Li to its + 0.478
MeV state and '2C to its 2 4.44 MeV state was con-
sidered. In the DWBA this involves the simultaneous ex-
citation of both nuclei. Since the excitation of each nu-
cleus separately is of quadrupole type, relative angular
momenta transfer of /=0, 2, and 4 are possible for the
mutual excitation. Figure 2 shows each contribution
separately and also their sum. The calculations were
made with deformation lengths of 2.0 fm for 'Li and 1.4
fm for 2C, the values found for excitation of the projec-
tile or target alone. The figure shows that the DWBA
cannot explain this data. The experimental data clearly
exhibit oscillations for 6 < 80°, while the calculations de-
crease steadily for 6 < 60°, and then flatten off at about 4
of the experimental cross section. Even the magnitude
and shape of the very forward angles are not correct. As
has been found in previous®® calculations the /=4 contri-
bution is the most important, then /=2 and lastly /=0.

In summary, the DWBA calculations fail to describe
the excitation of 'Li and '2C to their first 3 and 27
states, respectively. This is to be expected since both
states are strongly excited and therefore coupled channels
calculations should be employed. Previous DWBA stud-
ies’>=7 of "Li + '2C inelastic scattering have always found
the 5 state of 'Li to be poorly described in phase, but
reasonable fits to the 2+ state of 12C were obtained. The
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3~ state of '2C is weakly coupled to the ground state and
thus the DWBA works well, but is unable to distinguish
between K=0 and K=3. The mutual excitation data and
DWBA calculations have little resemblance to each other.

B. Coupled channels analysis

The inelastic data were also analyzed by means of cou-
pled channels calculations carried out with an extended
version of the computer code CHUCK3.? At first, excita-
tions in the projectile and target were treated separately,
using a rigid rotor model for 'Li and the rotation-
vibration model for 12C. Later, projectile and target exci-
tations were included in the same calculation simultane-
ously, together with mutual excitation. All calculations
were made starting from potential VII of Table I in Ref.
4.

The computer time consumed was too excessive to en-
able a full study to be made with the other two potentials
that fitted the elastic scattering data, but some trial calcu-
lations showed that the results did not differ significantly.
As a guide to the amount of computer time involved, on
the Amdahl 5850 computer at the University of Petrole-
um and Minerals, the projectile excitation calculations
took about 40 sec, and those for target excitation 4 sec for
0*+-2% coupling and 30 sec for 0*-2%-3~ coupling. Cal-
culations for projectile and target excitation together took
about 20 min excluding mutual excitation, and about 30
min including it.

1. Projectile excitation

Calculations were first made coupling the ground state
of 'Li and its 5 0.478 MeV state together using a rota-
tional model. The ground state reorientation term and
Coulomb excitation were included. A deformation length
of 2.0 fm gave the correct magnitude to the first two max-
ima of the inelastic scattering using potential VII. The
phasing of the elastic scattering for 6=40"—90° was poor
and the calculations had little resemblance to the inelastic
scattering in the same angular range. The potential pa-
rameters were now varied to improve the fits resulting in
the dashed line shown in Fig. 3 and the parameters given
in Table I. It was found necessary to increase the depth
of the real potential from 159 to 175 MeV, and to change
the depth of the imaginary potential from 7.2 to 7.8 MeV.
Changes in the other parameters did not improve the fits.
The elastic scattering was then described better, although
it was incorrect in phase at the minimum at 67° by about
5°. The fit to the inelastic scattering was still very poor,
being unable to describe the diffraction structure for
0 < 65°. Extensive parameter searching was unable to im-
prove these fits.

The 7~ 4.63 MeV state of 'Li was now coupled into
the calculations. The reorientation term for the 7  state
and /=4 transitions were found to have a negligible ef-
fect. Again extensive parameter searches were made with
a deformation length of 2.0 fm. These resulted in the full
lines of Fig. 3 and the potential of Table I. The elastic
scattering was now described even worse than before, be-
ing unable to fit the oscillations for 6=30°-70°. The fit

to the inelastic scattering to the 5  state was much the
same as before, and the =  state had the correct magni-
tude, but even with the small amount of data measured
could not be said to be in more than qualitative agreement
with it.

It must therefore be concluded that we are unable to
describe the inelastic scattering of 'Li + !>C at 34 MeV to
states in "Li with a rotational model employing deformed
Woods-Saxon potentials in coupled channels calculations.
The only other published coupled channels calculations
for 'Li + '2C are in Ref. 8 for 63 and 79 MeV. Good fits
were obtained there to the elastic and projectile excitation
data for the 5+ state. The results reported here are the
first for excitation of the +  state.

2. Target excitation

Inelastic scattering to states in '2C was considered using
the rotation-vibration (RVM) model. Some details of the
structure of '2C and the form factors in this model have
been given in previous papers.”!® The 0% ground state
and the 2+ 4.44 MeV states are the first two states of a
well-developed rotational band with K™=0% based upon
a permanently deformed ground state. The 3~ 9.64 MeV
state is treated as an octupole vibration built on the
ground state and can have K™ values from 0~ to 3.

Firstly the ground state and 27 states were coupled to-
gether. A deformation length of —1.40 fm was found to
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FIG. 3. Comparison of coupled channels calculations with
experimental data for excitation of states in "Li using a rotation-
al motiel. The dashed lines are the results obtained when just
the % ground state and —;—_ 0.478 MeV state are coupled to-
gether, and the full lines show the results when the 5~ 4.63

MeV state is also included. The potential parameters and defor-
mation lengths are listed in Table 1.
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produce the correct magnitude to the forward angles of
the 2+ distribution, and in comparison with the DWBA
calculations the first and second maxima now had the
correct relative magnitudes. The phasing at forward an-
gles improved when a reorientation term for the 2% state
was included and unambiguously determined the sign of
the deformation length to be negative. The best fits were
obtained when the real and imaginary potential well
depths were changed to 147 MeV and 6.6 MeV, respec-
tively. The fits are shown as the dotted lines in Fig. 4
with the parameters given in Table I. The elastic scatter-
ing is well described up to 80° but is too small in magni-
tude for larger angles. The inelastic scattering is reason-
ably well fitted up to 50°, but also is too small at larger
angles.

The 3~ 9.64 MeV state was now included in the calcu-
lations and was treated as either K"=0" or 37. The
most important couplings were found to be the /=3 direct
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FIG. 4. Experimental data for inelastic scattering to states in
2C  compared with coupled channels calculations. The
rotation-vibration model was assumed for '*C. Calculations in
which only the 0% ground state and 2% 4.44 MeV state were
coupled together are shown as the dotted lines. The dashed and
full lines show, respectively, the results of calculations which
also included the 3~ 9.64 MeV state of 2C assuming it to be
K=0 and K=3. The potential parameters and deformation
lengths are listed in Table I. The data set for excitation of the
0% 7.65 MeV state in >C are included for completeness, but no
analysis of this state was performed.

term between the 0% and 3~ states and then the /=3 cou-
pling between the 2% and 3~ states. The /=1 and 5 cou-
plings between the 2% and 3~ states were found to have a
negligible effect, similarly for the reorientation term for
the 37 state. The potential depths and the octupole defor-
mation length 8;x were adjusted to produce the best fit to
all three states simultaneously. (See Refs. 9 and 10 for a
definition of 8;5. The subscript 3 refers to the fact that it
is an octupole deformation, and the subscript K denotes
the body-fixed component of angular momentum for the
band.) It was found that changes in W and 8;x were
correlated with each other. The final potential parameters
are listed in Table I and the fits are shown as the dashed
and full lines in Fig. 4 when the 3~ state is treated as
K™=0" and 37, respectively.

The elastic scattering is equally well described in both
cases for 6 <70°. At larger angles the calculated angular
distribution is just shifted upwards or downwards in mag-
nitude. When the 37 state is treated as K=3 the correct
magnitude for the large angle elastic scattering is ob-
tained. The forward angle inelastic scattering for the 2+
state is very similar in both cases. For 6> 70° the cross
sections become much smaller when the 3~ state is in-
cluded if it has K=0, and a little larger if it has K=3.
Inelastic scattering to the 3~ state is described correctly in
magnitude and slope when it has K=3 and 8;x =0.88 fm.
The calculations fail to reproduce the oscillations around
90° and the rise in cross section for 8> 140°. It is not pos-
sible to describe the 3~ state with K=0 when good fits to
the elastic scattering and the 2% state are simultaneously
required.

It is concluded that the RVM can be successfully ap-
plied to the excitation of states in '2C via "Li + '2C inelas-
tic scattering at 34 MeV. The 0% and 2% states are
members of the ground state rotational band and the 3~
state is a K™=3" octupole vibration state. The quadru-
pole and octupole deformation lengths are §,= —1.40 fm
and 8;5x=0.88 fm. No analysis was performed for the
data to the 0% 7.65 MeV state in 2C because of the uncer-
tain structure of this state. The data are presented in Fig.
4 for completeness.

3. Mutual excitation

Calculations were now made in which excited states of
"Li and '>C were included in the same calculation simul-
taneously. It was not possible to perform extensive pa-
rameter searches because of the prohibitive amount of
computer time involved.

Initially the elastic scattering, the %_ state of ’Li, and
the 2% and 3~ states of >C were included in the calcula-
tions. Couplings between states in the same nucleus were
included, but not between states in different nuclei. The
3~ state of '>C was treated as K" =3 since this was pre-
ferred in the target excitation calculations. The deforma-
tion lengths previously found were used, with potential
depths V=143 MeV and W=8.2 MeV. These parame-
ters gave a reasonable description of the target excitation
and it was thought preferable to use these rather than the
optical model or projectile excitation potential parameters
which do not describe the data well in coupled channels
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calculations. These calculations gave reasonable fits to
the 2+ and 3~ states of 2C, but the agreement with the
elastic scattering and the projectile excitation data was
poor. This was to be expected since even the best fits ob-
tained when only states in 'Li were coupled together were
not very good.

The mutual excitation data were now included in the
calculations. Both the one-step couplings from the elastic
scattering to the mutual excitation, and the two-step cou-
plings via the 5 state in "Li and the 2% state in '2C were
included. The elastic scattering was now a little better
described, but the angular distributions for the 2+ and 3~

states of '2C were much the same as before, as also was
the fit to the 5 state of 'Li. The prediction for the mu-
tual excitation had little resemblance to the data, just as
was found for the DWBA calculations previously.

The calculations were now repeated with coupling
terms between the 5 state of "Li and the 2+ state of '*C.
These couplings have the form of mutual excitation. It
was now found necessary to ad;'ust the quadrupole defor-
mation lengths to 1.35 fm for 'Li and —1.05 fm for *C
to obtain the correct magnitudes to the projectile and tar-
get excitation data. The results of these calculations are
shown in Fig. 5 with the parameters given in Table I. The
elastic scattering is now reasonably well described except
in the region 6=40°—70° where the minima are not deep
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FIG. 5. Results of coupled channels calculations which in-
cluded projectile, target, and mutual excitation, simultaneously.
The potential parameters and deformation lengths are listed in
Table I.

enough. The 2% state of 2C is fairly well fitted. The
slope for 6 <60° is not quite correct, but the large angle
magnitude is better than in the target excitation calcula-
tions. The description of the 3~ state of >C is much the
same as the previous calculations with K"=3". The an-
gular distribution for the 3 state of "Li shows some im-
provements over the projectile excitation calculations.
The positions of the forward angle oscillations are correct-
ly placed. The slope is now correct but the minima, as be-
fore, are not deep enough. The calculations at large an-
gles now agree well in magnitude with the data. Unfor-
tunately the mutual excitation data are poorly described,
there being only qualitative agreement with the calcula-
tions. The general magnitude and slope are reasonable,
but there is little evidence of the (peculiar) oscillatory na-
ture of the data in the calculations.

There have been very few previous calculations of mu-
tual excitation for 'Li + '2C. Data are reported at 36
MeV in Ref. 6 but no calculations were made. These data
also show a peculiar oscillatory structure similar to that
found at 34 MeV here. Zeller et al.’ measured data at 48
MeV and made some DWBA calculations as referred to
above. They did not show the results of their calculations
in the figures but the data appear similar to these at the
lower energies. Cook et al.® have carried out coupled
channels calculations for "Li + '2C at 63 and 79 MeV.
Reasonably good fits were obtained to the elastic scatter-
ing, the 3 state of 'Li, the 27 state of >C, and the mu-
tual excitation data. The mutual excitation, which con-
sisted of regularly spaced oscillations, was found to be
dominated by the sequential excitation of states in "Li and
2C. The calculations at all energies show that the single
step direct excitation is important at small angles, where
it is dominated by the /=4 form factor. The single step
contribution decreases rapidly, and at larger angles
sequential excitation is required to obtain the correct mag-
nitude. The forward angle data at 63 and 79 MeV are
well described by the calculations, whereas the data at 34,
36, and 48 MeV resemble /=2 angular distributions more
closely than those with /=4. We are unable to explain the
unusual behavior of the data in the energy region 34—48
MeV and why our calculations are unable to reproduce it.

IV. SINGLE-NUCLEON TRANSFER DATA

A. Analysis of the (Li,°Li) reaction

Finite range DWBA calculations were made for the
2C('Li,’Li)!'*C reaction using the computer program
DWUCKS.!! A radius parameter of 1.25 fm, diffuseness of
0.65 fm, and a spin-orbit parameter A of 25 were used to
calculate the bound state wave functions. The depths of
the bound state potentials were determined by varying the
depths to achieve the correct binding energies.. Cohen and
Kurath!? spectroscopic factors for 'Li—SLi +n were
used. These have the values C2S=0.431 for the 1p;,,
component and C2S=0.289 for the 1p,/, component, and
have been shown to be in good agreement with experimen-
tal results on many occasions. The entrance channel opti-
cal potentials were potentials VII, VIII, and IX for
"Li + '2C at 34 MeV from Ref. 4, and for the exit channel
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TABLE II. Spectroscopic factors S for 3

("Li,SLi) (d,p) (d,p
State Theory* 34 MeV® 48 MeV® 2.6—13 MeV® 8—26 MeV® 9.3—15 MeV'
17 0.0 Mev 0.61 0.65+0.06 0.80 0.58+0.04 0.96+0.25 L1-1.4
1% 3,09 Mev 0.75+0.08 0.44(0.90) 0.36+0.02 0.9 L1-1.2
3% 3.85 MeV 0.68+0.10 0.74 0.8 1.1-1.4

*Reference 12.
*This work.
“Reference 5. The value of 0.4 for the +
data are used to normalize the calculation.
9dReference 22.
“References 13—17.
fReference 18.
potentials I and II for °Li + 'C at 24 MeV and potentials
III and IV for SLi + '?C at 30 MeV from the same refer-
ence. All combinations of potentials were tried. The tar-
get spectroscopic factors were determined by normaliza-
tion of the calculations to the experimental data at for-
ward angles.

The experxmental data are for populatlon of the 7~
ground state, the 3 09 MeV and * 385 MeV states

e —
2c(7Li 8Lin'3c
34 MeV

MeV “
1/27,0.00

*
~
Q0
1S
b
0O 30 60 90 (20 150 180
©¢.m. (deg)
FIG. 6. Finite-range DWBA predictions of the

12C(7Li,’Li)*C reaction at 34 MeV compared with experimental
data. Contributions coming from the 1ps;, and 1p,,, com-
ponents of 7L1—+6L1 +n are shown separately for the 3
ground state and 3 * 3.85 MeV state of °C. For the + 3 3.0
MeV state they have the same shape, but different magnitudes.
The "Li and °Li optical potentials were obtained from Ref. 4.
The calculations shown in the figure used the combinations
VIII + III, VIII + I, and VIII + IV for the +~, 1%, and 3+
states, respectively. The spectroscopic factors for 13C are listed
in Table II.

* state is for normalization at forward angles only. The 0.90 result is obtained if all of the

of 3C. These data together with representative “good”
fits are shown in Fig. 6. The spectroscopic factors are
listed in Table II. The three states were considered as a
neutron bound to '2C in 1p, 5, 25, ,,, and 1ds,, orbitals,
respectively.

A spectroscopic factor of 0.65+0.06 was found for the
ground state. The 1p;,, transfer in 'Li—°Li +n was
found to be dominant and the best descriptions of the data
were found for the potential combinations VIII + III,
IX +II, and IX + III. In particular, calculations with
potential VII for "Li poorly described the data. This po-
tential has a shallow real part and thus it seems that a
deep real potential is preferred in the entrance channel.
The calculations describe the shape of the data well but
are shifted in phase by about 5°.

There is only an /=1 contribution to excitation of the

* 3.09 MeV state in 3C because of selection rules. The
p; ,, and p,,, transfers for 'Li—®Li + n then give the
same angular distributions, apart from the magnitudes. A
spectroscopic factor of 0.75+0.08 was found and all the
calculations were oscillatory, whereas the data decreases
in magnitude smoothly. The potential combinations
which fitted the ground state also worked well here, as
also did the combinations VII + II and IX + I. Compar-
ing the data and calculations around 8=20°, there is also
some evidence for a phase difference of about 5° between
them.

A spectroscopic factor of 0.68+0.1 was found for the
%+ 3.85 MeV state. The p3,, and p,,, transfers for
"Li—SLi + n give approximately equal contributions for
6 <60°, and at larger angles the p;,, component dom-
inates. All the calculations decreased smoothly in the
same fashion as the data. The best fits were obtained for
potential combinations VII + II, VIII 4+ IV, IX + I, and
IX + 1L

B. Analysis of the (’Li,°He) reaction

The same prescription as above was used to make finite
range DWBA calculations of the '?C(’Li,’He)'3N reac-
tion. The Cohen and Kurath!? spectroscopic factor for
"Li—®He + p is C25§=0.592 for a_1p3; transfer. Calcu-
lations were only made for the + ground state of °N,
assumm_g the proton to be transferred into a 1p, , orbital.
The 37 2.365 MeV state was not observed in the
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]O T L T | T
2C(7Li,%He)"3N
10° -
o' L 1/72,0.00Mev |
. K 'mo". 0.1'
a2l W iy A
3 ¥
— 0
b 10 . .
G ", 3/273.51 Mev J,
- ' + -
By I 5/2%,3.55 MeV
| O~2 B “""w"'t“ '!p} ! 'H l‘ .
10 3L L N 1 | L A
0 30 60 90 20 150 180
©.mideg)

FIG. 7. Experimental data for the '2C(’Li,’He)">N reaction
at 34 MeV. The results of a finite-range DWBA calculation for
the ground state are shown. The 'Li and ®He optical potentials
were obtained from Ref. 4. The calculation shown in the figure
used the combination VIII + III. The spectroscopic factor for
3N is listed in Table IIL

("Li,°He) spectrum. The unbound 3 3.511 MeV and
—§-+ 3.547 MeV states were unresolved. At present it is
not possible to carry out finite range DWBA calculations
to the continuum. There was no great preference for any
particular combination of potentials. The experimental
data and a fit to the ground state are shown in Fig. 7. A
spectroscopic factor §$=0.38+0.05 was found for the
ground state and is compared in Table III with values

TABLE III. Spectroscopic factors S for the ground state of
13
N.

E
Reaction (MeV) S Ref.
Theory 0.61 12
('Li,5Li) 34 0.38+0.05 This work
48 0.72 5
(d,n) 2.6—13 0.53+0.04 22
11.8 0.74 23
12—17 0.78—1.35 24
(d,n) 5.7-9.7 0.59 25
(*He,d) 16—18 0.7—1.48 26
25.4 0.81 27
(*He ,d) 33 0.68 28

from other reactions. The fit to the data is good for an-
gles less than 40°, being correct in slope and phase, but be-
comes about three times greater than the data for larger
angles.

V. DISCUSSION AND CONCLUSIONS

It is evident from this work that the DWBA is unable
to describe the inelastic excitation of the 5 0.478 MeV
state in "Li. This state is strongly coupled to the ground
state and must be treated in coupled channels calculations,
but even then after extensive parameter searching it was
not possible to find a Woods-Saxon potential that would
fit the projectile excitation data well. A quadrupole de-
formation length 8,=2.0 fm was found for 'Li in this
study, compared with values in the range 3.5—4.5 fm for
the "Li 4+ *C system at different energies (Table IV). The
B(E2) value' for 'Li suggests a deformation length of 2.8
fm for the 3 -+ transition. There is therefore a
discrepancy between these different values. In a paper?®

TABLE IV. Deformation lengths for "Li and '2C.

8,("Li) 8,(12C) 8:¢(1*C)
Reaction Type (fm) (fm) (fm)
B(EL)* 2.8° 1.48¢
p+ 2C 30—40 MeV¢ CC, RVM —1.62 1.11 k=0
0.86 K =3
Li 4 12C 24 MeV® CC, RVM —1.25 0.90 K=0
040 K=3
30 MeV* CC, RVM —1.25 0.90 K =0
025 K=3
Li+ 2C 34 MeV! CC, RVM 2.0 —1.40 1.11 k=0
0.82 K =3
36 MeVe DWBA 3.5 1.52
48 MeV*t DWBA 4.17/4.50 1.4/1.52
63 MeV! DWBA 3.77/4.18 1.47/1.44
79 MeV! DWBA 3.61/4.22/3.96 1.28/1.44/1.41

*Deformation lengths calculated from B(EL) values.
®Reference 19.

°Reference 21.

9Reference 10.

*Reference 9.

fPresent work.
BReference 6.
hReference 5.
iReference 7.
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on projectile excitation for 'Li + “’Ca at 34 MeV a defor-
mation length for 'Li of 1.95 fm was found if Woods-
Saxon potentials were used, and 3.28 fm for folded poten-
tials and form factors. These results suggest that the in-
fluence of the interaction potential on the derived defor-
mation parameters is poorly understood for a highly de-
formed projectile like "Li.

The 2+ 4.44 MeV state in '2C is strongly coupled to the
ground state and is not well described by the DWBA.
With coupled channels calculations good fits were ob-
tained to the elastic data and it was possible to fit the data
for the 2% state forward of 50° but the magnitude was too
small at larger angles. A quadrupole deformation length
of —1.40 fm for '2C was found in this study. From the
phasing of the calculations compared with the data the
sign was unambiguously determined to be negative. This
compares well (Table IV) with values in the range
+1.3—1.5 fm from DWBA calculations for "Li + 12C at
higher energies, and with +1.48 fm from the B (E2) value.
It is a little smaller in magnitude than the value of —1.62
fm found from p+ '2C, and a little more than the
SLi + '2C value of —1.25 fm. The quadrupole deforma-
tion length obtained here therefore seems compatible with
those determined previously.

The 37 9.64 MeV state is weakly coupled and can be
described well by DWBA calculations which fail to distin-
guish between K=0 and K=3 for this state in the rota-
tion vibration model. When coupled channels calculations
using the rotation vibration model are carried out, there is
a definite preference for K=3 for the 3~ state. In the
three-alpha cluster model of '?C this corresponds to a tri-
angular configuration of the three-alpha clusters. We
note that a previous study’ of SLi + '2C inelastic scatter-
ing using the rotation-vibration model was unable to
determine whether K=0 or 3, but for p + '*C (Ref. 10)
there was an unambiguous assignment of K=3. For the
octupole deformation length we have only made compar-
isons with previous studies that used the rotation-
vibration model: p + >)C (Ref. 10) and SLi + >)C.° The
values obtained here of 1.11 and 0.82 fm for K=0 and
K=3 are almost identical to those found for p + 'C,
whereas the SLi + 2C values are substantially smaller and
also show some energy dependence.

Both the DWBA and CC calculations we have made
are unable to fit the data for the mutual excitation of "Li
to its 3+ 0.478 MeV state and '*C to its 2+ 4.44 MeV
state. This may be related to the problem of describing
the projectile excitation data by itself.

In the present case, the breakup cross sections are dom-
inated by the direct process. The direct breakup cross sec-
tion is about 25 times larger than the sequential cross sec-

tion through the 4.63 MeV state in "Li. At a 'Li energy
of 70 MeV, it has been reported?® that the 'Li breakup
process is predominantly sequential, proceeding through
the 4.63 MeV state of 'Li. The energy dependence of the
observed breakup process is opposite to that expected. As
the bombarding energy increases the direct breakup mode
should become dominant. The two measurements on '2C
taken to date show that further studies of the energy
dependence of the breakup process are needed before a
reasonable picture of this process can be obtained at inter-
mediate energies.

Finite-ran§e DWBA calculations were made for the
12¢("Li,5Li)!1°C reaction. For the ground state the calcula-
tions describe the data reasonably, except for a phase
difference between the two. The calculations for the 5
3.09 MeV state in 13C are too oscillatory, but fit the data
very well for the 3~ 3.85 MeV state. The intermediate-
coupling model'? predicts a spectroscopic factor of 0.61
for the ground state compared with 0.65+0.06 from the
present work. Table III shows that other ('Li,°Li) and
(d,p) calculations have obtained values ranging from 0.80
to 1.40 for this state. The relative spectroscopic factors
for the three states are in reasonable agreement for the
different studies if the value of 0.9 is used for the §
state for (Li,’Li) at 48 MeV.

The '2C("Li,’He) N reaction to the ground state of ’N
was well described at forward angles by finite-range
DWBA calculations. A spectroscopic factor of 0.38+0.05
is obtained from the present work compared with 0.61
from the intermediate-coupling model.!* Values of 0.53
to 1.48 have been found from previous (’Li,*He), (d,n),
and (*He,d) calculations (Table III). Theoretically the
ground states of '>C and >N should have the same spec-
troscopic factors since they are mirror nuclei. The shell
model calculations of Cohen and Kurath!? predict
S$=0.61 for both nuclei. Experimentally Pearson et al.?
find $=0.58 for 3C and $=0.53 for !*N using the (d,p)
and (d,n) reactions, while Zeller et al.’ find $=0.80 for
3C and $=0.72 for 3N using the ("Li,’Li) and ("Li,He)
reactions. Thus the equality of these spectroscopic factors
is confirmed by experiment. The spectroscopic factor for
3N from this study would therefore appear to be unusual-
ly low.
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