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The ' C('Li, t)' 0 and ' 0('Li, t) Ne reactions have been studied at a beam energy of 38 MeV. At this energy

these reactions exhibit a high selectivity for populating a-particle cluster states. The angular distributions for
these states have been analyzed using an exact-finite-range coupled-channels Born-approximation code

incorporating final-state cluster wave functions derived from an cx-core folded potential. The resulting a-
particle spectroscopic factors (S ) for the 0+, 2+, and 4+ members of the ' Ne ground state band are in good

agreement with cluster model predictions. For the 7.12-MeV (1 ) state in ' 0, the spectroscopic factor

(S = 0.20) is consistent with other analyses but is uncertain by a factor of 2 due to the presence of significant

compound-nuclear contributions to this transition. In general, for those states which are not selectively

populated at forward angles the measured angular distributions are well described by a Hauser-Feshbach

calculation. In particular it is shown that both the magnitude and shape of the angular distributions for the

11.10-MeV (4+) state populated in the "C( Li, d)' 0 and "C('Li, t)' 0 reactions can be well accounted for in

terms of statistical compound-nuclear contributions. The elastic scattering of 'Li ions from several light targets

has also been studied and optical-model potentials derived.

NUCLEAR REACTIONS C, 0 Ne(~Li, t), E(VLi) =38 MeV, measured o(E, 8),
Hauser-Feshbach and finite-range CCBA a»lysis, spectroscopic factors.

I. INTRODUCTION

In the work presented in this series of papers
we have examined reactions involving the transfer
of four nucleons. The data have been analyzed in
terms of a cluster transfer mechanism, and the
results have been interpreted in terms of n-particle
clusters, as the simplest representation of the
summation of the shell model configurations which
give rise to the strong, selective population of
states which are observed in these reactions.
Clearly this interpretation has validity only for
those few states which are identified by this selec-
tivity; it is these states which we refer to as
"a-cluster" states and which are of primary con-
cern in the work presented in this series of pa-
pers.

During the past several years, considerable ex-
perimental and theoretical effort has been devoted
to the study of e-particle-transfer reactions on
P-shell and sd-shell nuclei' ' in order to examine
the importance of n-particle clustering in this
mass region. This information is important for
our understanding of the structure of these nuclei
and for the analysis of the helium-burning"' "
and silicon-burning"' "processes in nuclear
astrophysics. In the latter area, by determining
the n-particle reduced widths of bound and nearly
bound states, a-stripping reactions such as
('Li, d) and ('Li, t) can provide information which
is complementary to that obtained from (a, a)
elastic scattering and (a, y) capture reactions and

which is essential for the evaluation of the contri-
butions of very low-energy and subthreshold reso-
nances to various nuclear reaction rates at stel-
lar temperatures. Much qualitative information
regarding the structure of particular levels has
been deduced from these n-stripping reactions,
mainly due to their well-documented selectivity.
These results have also shown that the ('Li, t)
reaction is significantly more selective than the
('Li, d} reaction, "suggesting that it is the best
candidate for a more quantitative analysis. How-

ever, in spite of the pronounced selectivity of the
('Li, f) reaction and the strong forward peaking of
the angular distributions, both of which are taken
as indications of a direct-transfer reaction mech-
anism, a quantitative analysis of the results,
permitting the extraction of spectroscopic data,
has been hampered by several factors:
(1}The relative P state in the o. -triton cluster wave
function for 'Li precludes the use of the zero-
range assumption implicit in "standard" distorted-
wave Born-approximation (DWBA} calculations.
(2) Except for a transition between two 0' states,
this internal motion also necessitates the inclusion
of three values for the transferred angular mo-
mentum L.
(3) The comparable masses of the three "funda-
mental" particles in the transfer (a, t, "core"}re-
quire the inclusion of recoil effects in the evalua-
tion of the transfer matrix element. The first-
order recoil corrections sometimes used in the
analysis of the transfer of a "light" particle be-
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tween two "heavy" cores are not applicable.
(4) There have also been suggestions" that multi-
step processes involving core excitation partici-
pate in the reaction, indicating the importance of
a coupled- channels analysis.

Previously, various approximations have been
used to simplify this problem. Neogy et al."em-
ployed a plane-wave Born approximation (PWBA)
to permit the factorization of the six-dimensional
integral in the transfer matrix element. Qther
authors have used various modifications of the
fixed-range or "no-recoil" DWBA formalism. "'"
A complete, finite-range DWBA treatment, suit-
able for use in heavy-ion-induced reactions, has
been derived by Austern et al."and employed in
the code LOLA by DeVries. " A more complete
discussion on these analyses has been presented
in Paper I" of this series.

In this paper, we report on measurements on
the "0('Li, t)"Ne and "C('Li, t)"0 reactions at a
beam energy of 38 MeV, and on the analysis of
their angular distributions within the framework
of the coupled-channels formalism of Ascuitto
and Glendenning, "with the source term evaluated
exactly in finite-range, including recoil, following
the Austern method. "A description of this code,
F~IMI', including the derivation of the relevant
formalism, has been presented in Paper I of this
series. "

II. EXPERIMENTAL PROCEDURE

The experiments were performed at the MP-7
tandem accelerator at Brookhaven National Lab-

oratory. 'Li ions were produced using a standard
duoplasmatron in conjunction with a lithium-vapor
exchange canal"; with this combination a beam of
300 to 500 nA of 'Li" could readily be maintained
on target. A gas cell 2.2 cm in diameter with a
0.5-p, m nickel entrance foil and a 1.0-p.m nickel
exit foil was used as the target for the "N('Li, t)-
"F, "0('Li, t)"Ne, and "Ne('Li, t)"Mg reactions.
Typical gas pressures ranged from -0.2 to -0.35
atm. Self-supporting carbon foils with nominal
thicknesses of 50 to 100 pg/cm' were used as
targets for the "C('Li, t)"0 reaction.

Triton angular distributions were measured
using standard n.E+E telescopes of Si(SB) de-
tectors with Radeka pulse multipliers" used for
particle identification. The total resolution for
the system was typically 120-180 keV. Peak areas
were extracted using a fitting program which in-
corporated a polynomial background for the low-
energy triton continuum and which could analyze
unresolved multiplets in terms of sum of Gauss-
ians whose relative widths could be externally
restricted on the basis of kinematics considera-
tions, etc.

III. RESULTS

A typical forward-angle spectrum obtained for
the "C('Li, t)"0 reaction at 38-MeV incident en-
ergy, shown in Fig. 1, displays the extreme
selectivity of this reaction. The spectrum is
dominated by the members of the 4p-4h, K'=0'
band [6.05 MeV (0'), 6.92 MeV (2'), 10.35 MeV(4'),
and 16.30 MeV (6')] and the EC'=0 a-cluster band'
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FIG. 1. Triton energy spectrum measured at 8 ~,q =15' for the C( Li, t) 0 reaction at a bombarding energy of 38
MeV. At this angle the spectrum is dominated by direct transitions to states such as the members of K~=0+ and 0
bands which have large widths for (~~C+a) clustering.
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I"IG. 2. Triton energy spectrum measured at 0 ~,b —-90 for the ~2C(~Li, t)~60 reaction at a bombarding energy of 38
MeV. In comparison with I"ig. 1, at this angle the spectrum is much more characteristic of a statistical, compound-
nuclear model for the reaction mechanism.

[9.60 MeV (1 ), 11.63 MeV (3 ), 14.59 MeV (5 ),
"

and 20.7 MeV (7 )"]. The next members of these
bands, J'=8' and 9, respectively, might be ex-
pected at F.„=26 to 30 MeV. The selectivity shown
in Fig. 1 disappears at more backward angles,
e.g. , Fig. 2 at 6thb=90', where the general popula-
tion of states (including those of unnatural parity)
is much more characteristic of a statistical,
compound-nucleus reaction mechanism. In fact,
as discussed below in Sec. V, the angular distri-
butions for those states which are only weakly
populated at forward angles are generally well
fitted by a Hauser-Feshbach statistical model
calculation.

Figure 3 shows a typical forward-angle triton
spectrum from the ' 0('Li, t)"Ne reaction. Of the
more than 50 known levels with excitation energies
below 12 MeV, the only states populated with any
appreciable strength are the members of the
K'=0' ground-state band [0.00 MeV (0'), 1.63 MeV
(2'), 4.25 MeV (4'), and 8.78 MeV (6')] and the
K'=0 band [5.79 MeV (1 ), 7.17 MeV (3 ),
10.26 MeV (5 ), and 15.34 MeV (7 )]. There is no
evidence in this spectrum for the significant po-
pulation of any of the other well established' ro-
tational bands in "Ne. The 8' level at 11.95 MeV,
thought to be a member of the ground-state band,

is singularly absent, barely discernible at the
most forward angles and indistinguishable from
the background at others. The weak population of
this state ean be understood in terms of its small
reduced n width, "but it is also interesting to note
that the folded-potential model of Vary and Dover"
predicts that this state should be found at con-
siderably higher excitation energy, perhaps as
high as 15 MeV which would also be more consis-
tent with the simple J{J+1)energy dependence. "
The next member (9 ) of the K'=0 band is pre-
dicted by a simple J(J+1) expansion to lie in the
region 22 MeV ~E„~24 MeV. In the 10-MeV re-
gion from 12 to 22 MeV there are seven states
(excluding the 15.34-MeV level) which are highly
selectively populated by the ('Li, t) reaction, but
whose characteristics are almost completely un-
known.

As a part of the same series of experiments, the
reactions ' N('Li, f)"F and 'Ne('Li, f)' Mg were
also investigated. The "F data are described
elsewhere"; a typical forward-angle spectrum for
the "Ne('Li, t)'4Mg reaction is shown in Fig. 4.
Although this reaction is apparently not as highly
selective as the "C('Li, f)"0 and "0('Li, f)"Ne
cases [probably due to the (sd)' configuration of
the "Ne ground state whose valence nucleons ean
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FIG. 3. Triton energy spectrum measured at 8 I,b =15 for the 0( Li, t) Ne reaction at a bombarding energy of 38
MeV. As in the case of the 15 spectrum for the ' C(~Li, t)' 0 reaction in Fig. 1, at this angle the spectrum is domi-
nated by direct transitions to states such as the members of the K~ =0+ and 0 bands which have large widths for
( 0+&) clustering.

be coupled to the transferred particles in a great-
er variety of ways than is possible for the "C and
"O targets], it still strongly populates only a few
states per MeV while the level density is 10 to 100
times larger. It is interesting to note that below
an excitation energy of 12.5 MeV the most strongly
populated states are the K"=0 band members"
[7.55 MeV (1 ), 8.36 MeV (3 ), 10.03 MeV (5 ),
and 12.42 MeV (7 )]. At higher excitation ener-
gies, the selectivity is similar to, but not identical
to, the selectivity of the "C("0,a)"Mg reaction.
In contrast, however, to the "C("0,a)"Mg case
where the selectively populated states undergo
rapid fluctuations as a function of the incident
beam energy, " in the case of the "Ne('Li, t)"Mg
reaction, there are apparently no rapid fluctua-

tions with bombarding energy since spectra mea-
sured at 30 MeV" and at 36 and 38 MeV (with
beam energy resolutions of nE~ = 120 keV) all
show a very similar selective population of the
same states, indicative of the direct nature of the
('Li, t) reaction populating these levels.

Further evidence of a relatively strong direct
component in the ('Li, t) reaction mechanism can
be seen in the nature of the states which are se-
lectively populated at forward angles. It is clearly
not just a selection of high-spin states on the
basis of angular momentum matching; there are
many more states with high spin [e.g. , the 8.45-
MeV (5 ) 5p-1h) and 12.15-MeV (6') (Sp-4h) states
in "Ne] which are notably absent. Instead, the
strong selectivity seen in the forward-angle spec-
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tra is related to the structw'e of the states, with
strong transitions to the R'= 0' and 0 e -cluster
rotational bands and with much weaker transitions
to those states with small o.-particle reduced
widths, such as the ' 0 levels at 8.87 MeV (2 ),
9.85 MeV (2'), 11.10 MeV (4') and the "Ne
levels at 4.9'I MeV (2 ), 8.45 MeV (5 ), 12.15 MeV
(8"), etc. This indicatxon of the relative unim-
portance of nondirect components in the ('Li, f)
transitions to the strongly populated states sup-
ports the validity of a direct-reaction analysis of
their angular distributions. [In the case of the
('Li, d) reaction, such faith is not as clearly justi-
fied because more substantial nondirect contri-
butions are evident in the forward angle spee-

15, 34]

The analysis of the "C('Li, I)"0 and "0('Li, I)"Ne
angular distributions is described below in Sees.
V and Vr.
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IV. ELASTIC SCATTERING —OPTICAL MODEL ANALYSIS

En order to determine optical model para, meters
for the elastic scattering of 'Li ions in this energy
range, we have studied the elastic and inelastic
scattering angular distributions for "C, "N and
"Ne targets (see Fig. 5). The measured angular
distributions were analyzed using the optical mo-
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FIG. 5. Angular distributions measured for Li elastic
scattering on 2C, 4N, and Ne. The curves are optical
model fits to the data using the parameters listed in
Table I.
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TABLE I. Optical model parameters for lithium-7 scattering at 36 MeV:

d
U (r ) =V —Vf (x) +4i O'D —f (&I),dr

where

, 1', r&Rc
Vc =Z,s,e'- ]

c

Rc=rocA 1/3

f(x) =(1+e"); x =

Target
V

(MeV)
ro

(fm)
Wg

(MeV)
ror
(fm)

Qy

(fm)
roc
(fm)

4 2C

14N

"QNe
cci6O&x

160
160
197.5
160

1.086
1.031
1.009
1.02

0.829
0.906
0.878
0.9

8.710
12.747
22.517
16

1.550
1.754
1.448
1.6

1.056
0.685
0.822
0.8

2.50
2.24
2.13
2.2

del parameter search code JIB3 " The starting
values for the real well depth and radius were
systematically varied over a large region to in-
vestigate the behavior of different "families" of
continuously ambiguous parameters (cf. Ref. 36).
In contrast to previous studies at lower beam
energies, ""our best fits were obtained with
well depths in the range of 160-200 MeV. The
back-angle data 0„- .~90' were the most critical
in differentiating between the various possible
parameter sets. The "best-fit" parameters are
listed in Table I, together with an average poten-
tial for the 'Li+ "0 system derived from the
others by interpolation. The calculated curves
for these potentials are shown in Fig. 5 ~

Our measured cross sections are in good agree-
ment where they overlap with the recent results of
Schumacher et al. 39. While our derived (real) po-
tential is somewhat shallower than, but otherwise
quite similar to, the "Family III" potentials of
Ref. 39, it should be noted that the region 6}, .~90',
which we found to be the most crucial in choosing
between pa.rameter sets, was not included in the
measurements and analysis of Schumacher et al.

V. HAUSER-FESHBACH ANALYSIS

While there is strong experimental evidence that
many transitions in the ( Li, t) reaction are pri-
marily direct in nature, many other transitions,
such as those which are observed to non-natural
parity states, cannot take place via a simple one-
step direct n -transfer reaction. Statistical com-
pound-nuclear effects should be important for such
cases and may also be significant at back angles
even for those cases which look like direct re-
actions at forward angles.

In order to determine the magnitude of these
compound-nuclear effects, a Hauser-Feshbach
(HF) calculation was performed using the code
STATIS. ' This code differs from simpler sta-
tistical compound-nuclear programs in two im-
portant respects:
(1) Up to six fragmentations of the compound nu-

cleus can be included in the calculation, so that
all of the significant open channels may be treated
explicitly.
(2} The energies and spins of the known levels of
the compound system and of each heavy fragment
can be specified, with the statistical formula for
the level density employed only in the energy re-
gion beyond the highest measured state.
These modifications remove two of the chief
sources of uncertainty in the magnitude of such
HF curves. Using this code, experimental com-
pound-nuclear cross sections for several different
heavy-ion-induced reactions have been reproduced
to within a factor of 2, without any renormaliza-
tion. In the present analyses the n, P, d, t, c,
and 'Li channels were included in the calculation.
The level density parameters" and optical model
potentials"' "for each of these channels were
taken from the literature (except for the 'Li po-
tentials which were determined in the present
work) with no attempts at parameter variation in
order to improve the agreement between the cal-
culations and the measured data. The details of
the calculation are given in Ref. 45.

For the "C('Li, t)"0 reaction the overall magni-
tude of the HF calculation was determined by
normalizing to the measured angular distribution
for the 8.87-MeV 2 level. With this normaliza-
tion (a factor of 0.125}, the calculation repro-
duces quite well the measured angular distribu-
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FIG. 6. ~~C(~Li, t)~60 angular distributions. The curves
are predictions of a Hauser-Feshbach calculation whose
overall normalization was deterxnined by fitting to the
measured angular distribution for the 8.87-MeV (2 )
state.

tions for the other weakly populated states (e.g. ,

Fig. 6) and can also account for the back-angle
cross sections for those states which are more
strongly populated at forward angles, e.g. , Figs.
7-9. The transitions to the members of K'=0'
and 0 bands clearly have important direct com-
ponents, as seen in the strong forward peaking of
their angular distributions in Figs. 7 and 8. Al-
though accurate angular distributions could not be
extracted for the 9.60 (1 ) and 11.63 (3 ) members
of the 0 band, it is clear from a comparison of
the 15' and 90' spectra in Figs. 1 and 2 that their
angular distributions are similar to those for the
other 0 band members and are much more
strongly forward peaked than the angular distri-
butions for states such as the 8.87 (2 ), 9.85 (2'),
11.10 (4'), etc.

The generally good agreement between the HF
calculation and the back-angle data for all of the
other transitions plotted in Figs. 6-9 suggests
that the spin of the 14.36-MeV state is 6' or at
least 5 . The best determination of the energy
of the "14.36-MeV" state in our data comes from
a comparison with the 6' state at 14.815 MeV and
yields an excitation energy of 14.363+ 0.015 MeV.

0 20 40 60 80 I00 I 20 i@0 l60 I80'

FIG. 7. ' C(~Li, E) 60 angular distributions for transi-
tions to the 2, 4+, and 6+ member s of the E"=0+,
4p-4h band. The curves are the predictions of a Hauser-
Feshbach calculation whose overall normalization was
determined by fitting to the measured angular distribu-
tion for the 8.87-MeV (2 ) state.

This is apparently not the 4' state reported at
14.39+.025 MeV" and not the 5' state seen at
14.400+ 0.003 MeV in the "N(o. , d} "0 reaction. "
Although it is easy to understand the strong, di-
rect contributions in the transitions to the A'=0'
and 0 bands, it is not clear how to interpret the
forward peaking of the E„=14.36 and 14.82 MeV
angular distributions, especially since the 14.82-
MeV state is described as having a very pure
2p-2h configuration. ' '"

In view of the small reduced width for n decay
from the 11.10-MeV 4' state in "0 to the ground
state of "C [0 '(11.10)/8 2(10.36)=0.004j the rela-
tively strong population of this state observed at
forward angles in the I2C('Li, d) "0 reaction [at
&g.III.,= 10, (do/dA)iI II8+ ii io/(d(T/dQ)io ~5 g] has been
cited" as evidence for the importance in this re-
action of two- step proc es ses involving elastic
excitation of the "C core to its 4.44-MeV 2' level,
consistent with a "Ne(2') S "C(2'} configuration
for the ]1.10-MeV state. In the '2C(7I, j, $)' O re-
action, the 11.08+11.10 MeV states are not popu-
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ization was determined by fitting to the measured angular
distribution for the 8.87-MeV (2 ) state.

lated nearly so strongly relative to the 10.35-MeV
state. A comparison of the angular distributions
for these two reactions [Figs. 7 and 9 for "C('Li, t)-
"0and Fig. 10 for "C('Li, d)"0] shows that com-
pound-nuclear contributions [normalized to the
8.87-MeV (2 ) state] are much stronger in the
('Li, d) reaction [(do/CQ)„„('Li, d) -5(dc/dQ)„„-
('Li, t)]. The relatively strong population of the
11.08/11.10 MeV states in the "C('Li, d)"0 reac-
tion can apparently be understood simply in terms
of the strong compound-nuclear contributions to
this reaction. Although the direct and compound-
nuclear contributions cannot be separated by sim-
ple subtraction from the measured cross sections, "
the greater relative importance of the compound-
nucleus reaction mechanism in the ( Li, d) case is
evident from the fact that the Hauser-Feshbach
calculation is ~

~ the measured ('Li, d) cross sec-
tion to the 10.35-MeV state and can account for es-
sentially all of the measured cross sections to the
11.08/11. 10 MeV states, whereas the forward-
angle cross section for the "C('Li, t)"0 transition
to the 10.35-MeV state is =30 times larger than
the calculated compound-nuclear cross section.
This again emphasizes the advantages of ( Ll, t)
over ('Li, d) as a direct reaction and indicates the
danger in drawing any conclusions about second-
order direct processes from the ( Li, d) transi-

100

= 38MeV
I

[

14.82 (6 )

0
0

0~O
O O

OO O"

1000
I

2C(eL; d) 60
E( Li) = 52MeV

C 100

Cs

b

O
100

O

~„~(6')
~ ~.~(5 )

100

Cl

E

Cg

b
100

iQ. M3 (4')—

11.10{4 ) + 11.08(3 )

10 I

20' 40 60' 80 100' 120 140 160' 180'

eG.fA.

FIG. 9. «2C(YLi, t)«60 angular distributions. The curves
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the predicted angular distributions for the 3+ state and
the 4+ state. (Any additional contribution due to the
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three curves for the 14.36-MeV state is discussed in
the text.
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FIG. 10. «2C(6Li, d)«60 angular distributions. The data
are taken from Ref. 15. The curves are the predictions
of a Hauser-Feshbach calculation whose overall normal-
ization was deter~~Fied by fitting to the 8.87-MeV (2 )
cross section at 8),q =8 as measured in Ref. 15. A com-
parison between these ( Li, d) results and the ( Li, t) re-
sults in Figs. 7 and 9 is discussed in the text.
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FIG. 11. '60(~Li, t) Ne angular distributions to the members of the lowest E"=0+ and E =0 bands. The curves are
the predictions of a Hauser-Feshbach calculation whose overall normalization was determined by fitting to the measured
angular distribution for the 4.97-MeV (2 ) state. For the JC" =0 band the Hauser-Feshbach calculation grossly under-
estimates the measured cross sections (as discussed in the text); therefore, in order to avoid confusion in this figure
only the prediction for the 5.79-MeV (1 ) state is shown.

tions to these two 4' states.
For the ' 0('Li, f)"Ne reaction, the Hauser-

Feshbach calculation was normalized (a factor
of 0.14) by matching the calculation to the mea-
sured angular distribution for the 4.97-MeV (2 }
state. Since the "0('Li, f)2 Ne angular distri-
butions were not measured at center-of-mass
angles beyond 90'we cannot make as clear a
comparison between the HF calculation and the
data for the "0('Li, t P'Ne transitions with strong
direct components (e.g. , Fig. 11) as we could in
the "C('Li, f)"0 case. For the K'=0' band, it is
clear that the calculated angular distributions are

quite consistent with the data. For the K'=0
band, the calculated angular distributions under-
estimate the measured cross sections by a factor of
=5 at 8, =80" and by nearly a factor of 100 at 20'.
In order to avoid confusion in Fig. 11, only the
(1 ) curve has been plotted; its magnitude relative
to the measured (1 ) angular distribution is typical
of the results for the other members of this band.
The very strong direct component in the reaction
mechanism populating these states dominates
these transitions even at 8~.=90'. Kith regard to
the discussion in Sec. III, it should also be noted
here that this Hauser-Feshbach calculation is in
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good agreement with the measured shape Rnd

magnitude of the 11.95-MeV (8') angular distribu-
tion.

VI. FINITE-RANGE DWBA AND COUPLED-CHANNELS
BORN-APPROXIMATION ANALYSES

As described in Sec. I, "conventional" DWBA

codes, using zero-range or "no-recoil" approxi-
mations are inadequate to analyze the results of
('Li, t) reactions. We have therefore used the
source term, coupled-equation method of Aseuitto
and Glendenning" with the source term calculated
in the first-order Born approximation in an exact-
finite-range framework including recoil. " Since
the details of the calculation have been given else-
where, '" they will not be repeated here. In all
of the calculations that follow, a post approxi-
mation was used, and the stripping interaction was
taken to be simply V(t -'He), the potential that
binds the triton and e clusters in the 'Li nucleus.
The validity of omitting the Coulomb terms from
the interaction potential was checked by carrying
out a calculation for the "C('Li, t)"0 reaction in

which the full set of Coulomb terms was included.
A comparison between the results of this calcula-
tion and one in which the Coulomb terms were not

included showed that the two calculations produced
angular distributions with nearly identical shapes
Rnd with only a 3% difference in absolute magni-
tude. This is consistent with the results reported
earlier by DeVries" in a study of stripping inter-
actions for multinueleon-transf er calculations.

A. 20Ne ground-state band

In the analysis of the "0('Li, t)"Ne data, several
simplifications ean be made. The 6-MeV gap be-
tween the ground and lowest excited states in "9
strongly inhibits the excitation of these levels by
the inelastic scattering of the 'Li ions and sug-
gests that we can neglect inelastic effects in the
entrance channel. This assumption is supported by
the complete absence (beyond small contributions
that can be ascribed to compound-nuclear effects)
of the population of any states in "Ne, such as the
members of the well known "Ne 5p-1h and ap-4h
bands, which could be populated via two-step pro-
cesses involving 1p-Ih and 4p-4h inelastic excita-
tions, respectively, in the "0core. %'e can also
conclude from the absence of such states that
particle-hole core exeitations in the exit channel
are negligible, so that we are justified in consider-
ing only collective effects in a coupled-channels
analysis of the exit channel, including the first
three members of the ground-state rotational band.

The interaction causing these eolleetive exeita-
tions in the exit channel ean be described by a de-

IOOQ

IQO

' o( Li, t} Ne(K =o'}
EL, = 58MOV

CeBA-

DWBA

IQQ

F IQ

g
1.65(2 )

IO

„V
O. QO (Q )

0 50 60 l20

G.Al,

FIG. 12. Exact-finite-range DWBA RIld CCBA analpses
of the ~~O(~Li, t)20Ne (K~ =0 ) data. The significance of
the normalization of the curves is discussed in the text.
The extracted spectI'oscopic factors ale presented ln
Table II.

for med opticRl potentiRl, expRnded in spher icR1
harmonics with (static) deformations as coeffici-
ents. This technique has been successfully applied
by Glendenning" to inelastic n scattering from
deformed nuclei. In the present analysis we adop-
ted the values" p, =+0.47 and p4 =+0.28. The wave
functions for the bound states of "Ne were derived
from an n-core folding potential by Vary and
Dover. ' Using this potential, these authors were
able to reproduce, not only the energies of the
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relevant states in "Ne, but the widths and transi-
tion rates as well, in spite (.~ the fact that the po-
tential has only one free parameter, corresponding
to the depth of the central potential. For the 'Li
nucleus, an harmonic oscillator wave function
(adjusted to give the measured rms radius) was
employed. Both wave functions were matched to
exponential tails in the extranuclear region
(R &6 fm). The stripping potential was taken to be
a Woods-Saxon well that gives the correct n-t
binding energy and radius. " The 'Li-"0 optical
potential listed in Table I was employed for the
entrance system; a general triton-nucleus po-
tential, derived by Garrett and Hansen for an
analysis of (t, P) reactions on s-d shell nuclei,
was used in the exit channel (recipe I of Ref. 44).

Ascuitto and Glendenning have shown that the
coupled-channels Born-approximation (CCBA)
calculation reduces to the DWBA when the coupling
between the intermediate state vanishes. " Thus,
by "turning off" the collective interaction (i.e. ,
setting P, = P, =0) in the CCBA code FRlM&, "we
can reproduce an exact-finite-range DWBA calcu-
lation. Such calculations for the 0', 2', and 4'
members of the ground-state rotational band are
shown in Fig. 12 together with the CCBA curves.
In these transitions the inclusion of the two-step
contributions does not signif icantly change the
shapes of the calculated angular distributions be-
cause the simple, one-step process is allowed
and has a reasonably large spectroscopic factor so
that its contribution dominates the CCBA calcula-
tion. This is clearly shown in Fig. 13 which com-
pares the contributions for the various one-
and two-step processes included in the present
analysis for the "0('Li, f)"Ne(1.63-MeV; 2') transi-
tion. This situation is in sharp contrast to the
' Mg('He, 'Be) Ne transition to this same state
which was discussed in Papers I and II of this
series; in that case the small overlap of the initial
and final states greatly enhances the relative im-
portance of the second-order processes so that
many of the two-step contributions are larger than
the simple, one-step contribution. Similar con-
trasts between "simple, one-step" and "complex,

lo

0( Li, t} Ne (I.65Mev; 2+)

E( Li) = 58 Mev

., xL
p+ 3 3,.

IO

E

Cs

lO
b

"U

(b)

0~3 &,.

p+

(a)

IO

lO
Oo 30 60 90o l20

ec.m.

FIG. 13. Comparison of the components in the CCBA
analysis of the O(~Li, t) Ne(1.63-MeV, 2+) transition.
Curve (d) is the same as the 1.63 (2 ) CCBA curve in
Fig. 12. Although the normal one-step transition is the
dominant contribution in this case the bvo-step transi-
tions through the 0 and 4+ states do make significant
contributions to the magnitude of the calculation and the
extracted spectroscopic factors in Table II.

multistep" transitions have been noted for single-
nucleon-transfer reactions. "

Although the two-step contributions are relatively
small in the present case they can have important
effects in the magnitude of the calculated cross
sections, e.g. , Fig. 13, because of the interference
between these processes. In the calculation of the
finite-range DWBA cross sections, both the 'Li
and "Ne wave functions were normalized to unity.
Therefore, the normalization of the calculations
to the measured cross section determines the pro-

TABLE II. Relative a-cluster spectroscopic factors in 20Ne. (When available, the absolute
spectroscopic factor for the ground state is listed in parentheses. )

(7Li,t ) (YLi,t )
38 MeV 38 MeV

FRDWBA FRCCBA
(Present experiment)

( Li, d)
32 MeV

LOLA

(Ref. 54)

(~Li,t )
15 MeV

FRDWBA
(Ref. 18)

Cluster
model

(Ref. 55)

Shell
model

(Ref. 56)

0.00, 0+ 1.00 (0.58) 1.00 (0.38)
1.63, 2 0.81 1.00
4.25, 4+ 0.36 0.75

1.00
0.3
0.2

1.00 (0.052) 1.00 (0.295) 1.00 (1.00)
1.23 1.00 1.00
1.25 0.95 1.00



502 M. E. COBERN, D. J. PISANO, AND P. D. PARKER 14

duct of the n spectroscopic factors in the two
nuclei. From the results of n-capture experi-
ments on tritium, it has been determined" that the
"cluster" reduced width for an a+i structure in
'Li is about 20 times that for a single-particle con-
figuration ('Li+n or 'He+P) giving a value S„('Li)
=0.95. We have used this value in deriving the
"Ne spectroscopic strengths listed in Table II.
For the CCBA analysis it is not possible to per-
form a separate normalization for each state a
Posteriori, since the calculation includes inter-
ference terms between the various reaction ampli-
tudes. In the present case, an initial choice of
equal amplitudes for each of the 0', 2', and 4'
transitions overestimated the 4' cross sections
relative to the other two. A second iteration with

the 4' transition amplitude reduced to 0.87

(S = 0.75) resulted in the curves shown in Fig. 12.
(Because of the contribution of the 4' transition
to the 0' and 2' cross sections, this second cal-
culation changed not only the relative magnitude
of the 4' cross section but also the absolute
magnitudes of all the cross sections. )

Table II also lists the relative values of S
derived'4 from an analysis of the "0('Li, d)"Ne
reaction using the finite-range code LOLA. Kubo
et al."have carried out a finite-range DWBA
analysis of "0('Li, t)"Ne data taken at E„;= 15
MeV using cluster wave functions calculated using
the generator coordinate method. The extracted
spectroscopic factors for their analysis are listed
in Table ll under the assumption that S ('Li) =0.95.
For comparison, the theoretical values for S
("Ne) derived from model calculations by Matsuse
and Kamimura" and Draayer" are also shown.

Very good agreement is seen between the results
of the present CCBA analysis and the cluster mo-
del predictions, "both in terms of relative and

absolute spectroscopic factors.

104
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E IO
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~
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i
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I I
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B. NeE =0 band

Horiuchi and Ikeda have proposed' that the K'=0'
(g.s. ) and the K'=0 bands in "Ne are "twins, " in

that they have the same intrinsic structure and
would form a single K =0 band of an asymmetric
rotor, except for the energy gap resulting from
the possibility of the n -particle tunneling through
the "0 core. Calculations by Matsuse and Kami-
mura" suggest that the o. -clustering should be
more pronounced in the 0 band than in the 0'
ground-state band, and the dominance of the mem-
bers of this band in the "0('Li, t)"Ne spectrum
(Fig. 3) seems to support this suggestion.

The results of the FRDWBA calculations for the
first three members of this band are shown in
Fig. 14. The extraction of n-particle spectro-
scopic factors for these states is complicated by

FIG. 14. Exact-finite-range DWBA analysis of the
'60(~Li, t) Ne (K~ =0 ) data. The significance of the
normalization of the curves is discussed in the text.

the fact that they are unbound. In the present
case the wave functions for these states were
normalized" by matching them to an asymptotic
Coulomb wave function of the proper energy and

then setting the integral of the wave function in-
side the matching radius (R =7.5 fm) equal to
unity. With this normalization, spectroscopic
factors of 0.30 and 0.15 are extracted for the 1

and 3 states, respectively. In view of the un-

certainties inherent in the normalization of the
wave functions for these unbound states, the latter
value is not inconsistent with the value of 0.36 ex-
tracted from "0(o., a)"0 elastic scattering"
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for the 7.17 (3 ) state. The poor fit to the 5

angular distribution probably results from the fact
that this state is unbound by = 5.5 MeV so that the
use of a matching radius of 7.5 fm is inadequate.
[The 5.79-MeV (1 ) and 7.17-MeV (3 ) states are
unbound by only 1.06 and 2.4 MeV, respectively. ]

C. '60K~ =0' band

IO4

IO'

I
I I I I

I

12C ( 7LI g ) l6P

E( Li) = 38 MeV

————DWBA

CCBA

"C('Li, f)"0 transitions to the members of the
K' = 0' 4p-4h band can proceed via a simple, one-
step direct transfer and via a two-step process in-
volving a four-nucleon transfer to one member of
the band followed by inelastic excitation or de-
excitation to another member of the band. Transi-
tions to this band involving excitation of the
"C (4.44-MeV, 2') state would have to be at least
three-step, including core excitation in the en-
trance channel, four-nucleon transfer, and core
deexcitation in the exit channel. In view of the
weakness of two-step processes through the
"C (4.44-MeV, 2') state for the "C('Li, t}"0re-
action, as indicated by the relatively weak non-
compound-nuclear contributions to the transitions
to the 9.85-MeV (2' } and 11.10-MeV (4') states,
this route was not included in our coupled-chan-
nels calculation for the "OK'=0' 4p-4h band. The
calculation included only direct one-step trans-
fers to the band and transfers to the band followed
by inelastic excitations and deexcitations within
the band, including the levels at 6.05 (0'), 6.92
(2'), and 10.35 (4') MeV. The FRDWBA and CCBA
calculations for the 6.92-MeV (2') and 10.35-MeV
(4') levels are shown in Fig. 15. From the
FRDWBA analysis a spectroscopic factor of S
= 1.10 is extracted for the 6.92-MeV level. Since
the 10.35-MeV level is unbound, its wave function
was normalized using the same procedure" des-
cribed above for the "Ne K'=0 band. The resul-
ting spectroscopic factor S =1.8 is nearly seven
times larger than the value of 0.27 obtained for
this level from the analysis of "C(a, a)"C elas-
tic scattering. " For unbound states in the present
analysis, the extraction of S is not very sensitive
to the box-normalization radius for the final-state
wave function; hosvever, the evaluation of the
transfer integral is very dependent on the extra-
polation used for that wave function and on the
choice of cutoff radius (10 fm in the present analy-
sis). The CCBA analysis in Fig. 15 (P, =0.43 and

p, =0.25} results in only very minor adjustments
of S„[S (2') = 1.0 and S~(4') =1.8], indicative of
the very strong, direct, one-step component for
this transition.

D. "O~ (7.12-MeV, 1 ) state

In view of the astrophysical significance of the
7.12-MeV (1 ) excited state in "0 as a subthres-

Io 4.

E

Iob

0
0 0

IO. 35 —MeV (4+)

6.92 —Me V (2+)

Io( I—y—fW-g

IOo
Qo 30' 60 90'

I9,

I20 I 50 IBQ

FIG. 15. Exact-finite-range DWBA and CCBA analyses
of the C(~Li, t)~~0 angular distributions for the 6.92-
MeV (2 ) and 10.35-MeV (4') members of the 4p-4h K"
=0+ band. The significance of the normalization of the
curves is discussed in the text.

VII. CONCLUSIONS

This work has been carried out to investigate the
importance of FRCCBA and compound-nucleus
contributions to these four-nucleon stripping re-
actions. Although this is not a definitive or com-
plete analysis, in general there is reasonable
agreement between the finite-range DWBA and
Hauser-Feshbach calculations described above
and these ('Li, t) data, and a-cluster spectra-

hold (B.E. =42 keV) resonance for the "C(a, y)"0
reaction, "we carried out an FRDWBA analysis of
our measured angular distribution for this state.
Using a 60%%up (1p-lh) +40%%up (3p-3h) wave function
for this state, ' the resulting fit (see Fig. 16}de-
termines a spectroscopic factor S =0.20, which
is consistent with the value 8„'(7.12)/8 '(9.60)
= 0.19 obtained from an analysis" of the (a, y)
data. However, in view of the importance of com-
pound-nuclear contributions to the measured
('Li, t) cross sections for this state [the calculated
(do/dQ}„„ for this state [normalized to the 8.88-
MeV (2 } state] is approximately half the measured
cross section at forward angles), our extracted
value should be considered uncertain by at least a
factor of 2.
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FIG. 16. Exact-finite-xange DWBA analysis of the

~"C{~Li,t)~6O transition to the 7.12-MeV {1 ) state,
assuming a wave function for this state which is 60%
(lp-1h) and 40% (3p-3h). The significance of the nor-
malization of the curve and the extracted spectxoscopic
factor is discussed in the text.

scopic factors have been extracted fox the bound
states in the residual "0 and "Ne nuclei. In the
CCBA analysis, inelastic processes have been
shown to make important contributions to the
('Li, t) transitions and to make significant changes
in the absolute magnitude of the extracted spectro-
scopic factors S..

In the FRDWBA analysis the inclusion of xecoil
effects and the k=] relative motion of the triton
and o clusters in 'Li allows several different L

transfers to each transition (except 0' to 0'),
suiting in fairly featureless angular distributions
with no striking I. dependences. These results are
in good agreement with the measured data, but un-
fortunately they do not allow the determination ofJ' assignments from the simple measurements of
angular distributions. As the next step in this
program, experiments are currently underway
using ('Li, to) correlation measurements to study
the decay properties of the e -cluster states which
are so selectively populated at forward angles in
the ('Li, f) reaction. Experiments are also in pro-
gress to extend these ('Li, f) measurements to higher
bombarding energies, E('Li) = 52 to 56 MeV using the
Yale HR-MP tandem, in order to investigate the
selective population of cluster states at excitation
energies of up to 30 MeV.
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