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Formulation is made of an exact finite-range distorted-wave Born approximation for the case in
which the distorting potentials depend on the total angular momentum J. The general formula thus
derived is then simplified for the cases in which the spins of the projectile, target, and ejectile are
zero. This simplified form of the new exact finite-range distorted-wave Born approximation formu-
la is applied to the analyses of the resonant structures seen in the ' 0(' 0, ' C) Ne(4+&) reaction, and
it is found that good fits to data are obtained. It is also shown that the mechanism embodied in the
band crossing model plays an essential role in achieving these good fits, A detailed discussion con-
cerning the absolute magnitude of the distorted-wave Born approximation cross sections is also
presented, based on recent calculations which use the cluster model.

I. INTRODUCTION

Recently the present authors proposed that the study of
resonant phenomena in heavy-ion induced transfer reac-
tions be carried out within the distorted-wave Born ap-
proximation (DWBA) framework with an interpretation
based upon the band crossing model. ' The first successful
demonstration of this approach involved analyses of the
resonant structures seen in the ' 0(' 0, ' C) Ne reaction.
Subsequently, similarly successful analyses were reported
for a variety of heavy-ion induced transfer reactions:
' C(' C, ' C( —,

' ))' C (Ref. 3), ' C(' 0 ' 0(2+))' C (Ref.
3) Ne(' 0 ' C) Mg (Ref. 4) and Mg(' 0 ' C) Si
(Ref. 5).

An important feature common to most of these calcula-
tions ' is the use of so-called J-dependent optical poten-
tials in the DWBA calculations. Surface transparent po-
tentials of the Gobbi type have often been thought to
simulate the effects of J-dependent optical potentials, at
least, for elastic scattering. However, in Ref. 2, we
showed that these two kinds of potentials predicted
markedly different excitation functions for the
' 0(' 0, ' C) Ne(4i+) reaction, and that the J-dependent
potential resulted in a better reproduction of the observed
gross structures. More recently, Robson and Smith also
demonstrated that they were able to describe successfully
the pronounced structures in the excitation functions for
the Mg(' 0, ' C) Si(g.s.) reaction, when they used a J-
dependent potential, but were unable to do so if a Gobbi-
type potential was used.

In the present paper, we shall discuss first a general for-
mulation of the DWBA calculations in which the distort-
ing potentials have an explicit total angular momentum
(J) dependence. The obtained formula is certainly more
complicated than that used in the usual DWBA, where
potentials are J independent. However, for certain types
of transfer reactions, in which the spins of the projectile,
target, and ejectile are zero, this DWBA formula can be
very much simplified. The simplified formula will also be

given.
The ' 0(' 0, ' C) Ne reaction was the first heavy-ion

transfer reaction in which the presence of prominent gross
structures was observed. ' As we remarked above, we
have previously studied this reaction, and some of those
results have been reported in short papers. In the present
paper, we intend to present the results of our exact
finite range (EFR) DWBA analyses of the
' 0(' 0, ' C) Ne(4i+) reaction in detail. It will be seen
that the available experimental data ' are reproduced
rather well this way. It will also be shown that, in achiev-
ing these good fits, the enhancement mechanism embo-
died in the band crossing model' is playing a key role.

For the ' 0(' 0, ' C) Ne reaction, Arima et al. ' stud-
ied, at a fixed energy [Ei»(' 0)=60 MeV], the problem
of calculating the absolute DWBA cross section. This
was done ten years ago, and they did this by using the
no-recoil and Buttle-Goldfarb" approximations. Since we
are now capable of performing much improved calcula-
tions, we decided to take up this problem again, and the
results of this investigation will also be discussed in the
present paper.

The DWBA formulae are presented in Sec. II, and the
results of the analyses are presented in Sec. III. In Sec. IV
we discuss the absolute cross section problem. A sum-
mary and conclusions of the present work are given in
Sec. V.

II. FORMALISM

In this section we present a DWBA formalism in which
the distorting potentials depend explicitly on the total an-
gular momentum J of the system. Because of this J
dependence, the distorted waves also become J dependent,
and the DWBA formula becomes more complicated than
that with the conventional J-independent potentials. ' '
In the following, we use the notation of Ref. 13.

Equations (1)—(3) give the general DWBA formula for
a transfer reaction A (a,b)B in which the distorted waves,

and JI, have an explicit J dependence:
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where the overlap integral I/ I' i'J is th. e analog of Eq. (2.19) of Ref. 13 and is given by
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The factors s), I), and ezaiib are defined in Eq. (2.15b) of Ref. 13 and were introduced to incorporate both pickup
l& n ]12n2

and stripping reactions into a single formula. Gi, diJ'„' i'„, and fi
'' ' '(r i, r2) -are defined in Eqs. (2.20), (2.15a), and

&n& znz' lmi

(2.13b), of Ref. 13, respectively, while u is the Jacobian needed in the coordiante transformation. As the technique for
handling the sixfold integral in Eq. (3) has been discussed elsewhere, ' ' we will not repeat it. It should be noted that the
present formulation is quite general and the same formula can also be used for the case in which the distorting potentials
include a spin-orbit interaction in addition to a J-dependent interaction. [In Refs. 13 and 14, a formulation was given for
the case in which the distorting potentials include a spin-orbit interaction. This formula is slightly simpler than the
present formula of Eqs. (1)—(3), since the former does not include the J dependence of the potentials. ]

The conventional DWBA formula for heavy-ion reactions, which has been adopted in EFR-DWBA programs, such as
LOLA (Ref. 15) and SATURN-MARS, is that of Eq. (2.25) of Ref. 13, and is expressed as
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In Eq. (4) Iij'i' is the sam.e as Iij'z' i'J of Eq. (3) e.xcept that the J dependence of the distorted waves in the latter is

suppressed.
Comparison of Eqs. (1) and (4) shows that the DWBA formalism gets sufficiently more complicated, when the distort-

ing potentials depend on J, that the conventional EFR-DWBA codes' ' cannot be used unless drastic modifications are
made. Fortunately, however, we often encounter, in the regime of heavy-ion reactions, cases in which the spins of the
projectile, target, and ejectile are zero, i.e., sa =I~ sb ——0. Unde——r this situation, Eqs. (1) and (2) are very much simpli-
fied, resulting in

der'd'P PaPb kb 4m.
'2

dQ (2~')' k. k.k,
(8)=

with, J=/„s =0, and J = l =Ig.
Equation (5) is identical to Eq. (4) (in which we also set

s, =I& sb ——0), ex——cept that the overlap integral Ii z'iz.
of Eq. (5) depends on J( =l, ). Therefore, for this simple
case of sa=I& ——sb ——0, the conventional EFR-DWBA
programs can be used with only minor modifications to

l

their structure. Our analyses of the ' 0(' 0, ' C) Ne re-
action were done by modifying the SATURN-MARS pro-
gram. '

Note that a further modification of the program is re-
quired to take into account the symmetry of the ' 0+ ' 0
entrance channel for the ' 0(' 0, ' C) Ne reaction. This
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can be achieved by suppressing all odd-J amplitudes and
multiplying the even-J amplitudes by a factor of 2. In
this way, both the a-particle pickup ' 0(' 0, Ne)' C re-
action and the a-particle stripping ' 0(' 0, ' C) Ne reac-
tion are included in a consistent manner.

In our EFR-0%'BA calculations, the transfer of an a
cluster from an ' O to another ' 0 was assumed. The ra-
di.al wave functions in the a-' C and a-' O systems were
calculated by the separation energy method, using a
Woods-Saxon potential with radius I.35A,'„, fm and dif-
fuseness 0.65 fm, the depths being adjusted to obtain the
experimental a-particle separation energies in ' 0 and

Ne, i.n addition to the Coulomb potential. The Coulomb
radius of the uniform charge distribution was also taken
to be 1353,'o„ fm. The number of nodes was fixed ac-
cording to the rule that

g (2N;+L;)=2n +l; (a=1,2) . (6)

In Eq. (6), (N;,L;) are shell model quantum numbers of
the individual nucleons, (n &, l&) and (nz, lq) describe their
center of mass motion with respect to the core, and Os

internal motion is assumed for the o. particle. The post
form was used consistently, unless stated otherwise. The
adopted a-particle spectroscopic factors, 5 =0.30 for
' 0 and S~=0.23 for Ne, were those of the SU(3)
model. '

III. EFR-0%HA ANALYSES
OF THE ' 0(' 0 ' C) Ne(4+) REACTION

Recent experiments have demonstrated that resonant
structures are observed not only in heavy-ion elastic and

inelastic scattering, as has been known for some time now,
but also in a wide range of heavy-ion induced transfer re-
actions; examples are ' C(' C, ' C)' C (Ref. 18),
14C(14C 15( )13C (Ref 19) l4C(160 180)12C (R f 2())
' 0(' 0 ' C) Ne (Refs. 8 and 9) Ne(' 0 ' C) "Mg (Ref.
21), and Mg(' 0, ' C) Si (Refs. 22 and 23). In particu-
lar, for the ' 0(' 0, ' C) Ne reaction leading to the 4+
member (E„=4.25 MeV) of the ground band of Ne, it
was shown that excitation functions at several angles had
pronounced gross structures with peak to valley ratios of
up to ten, and that these structures were strongly correlat-
ed in their energies. ' In this section we shall present the
results of our EFR-DWBA analyses of this reaction.

A. Distorting potentials

There are several optical potentials known for the
' 0+' 0 system (see Table I). The Maher potential is a
weakly-absorptive type with a four parameter %oods-
Saxon form. The Gobbi potential" is a surface trans-
parent type (six parameter form), in that the radius and
diffuseness parameters of the imaginary part are smaller
than those of the real part. The Chatwin and Kondo,
Bromley, and Abe (KBA) (Ref. 25) potentials are J depen-
dent, and an increased transparency of the surface partial
waves is introduced through a smooth cutoff of the ab-
sorptive potential, as J approaches a critical angular-
momentum J„. This cutoff results from the requirement
that the total angular momentum and energy must be
simultaneously conserved in the open reaction channels.
All the four optical potentials listed in Table I are known
to successfully reproduce the gross energy dependence of
the ' 0+' O elastic scattering data. It should be noted

TABLE I. Distorting potentials for the ' O+' 0 channel.

(1) Maher potential (Ref. 24)—17—i (0.4+0. 1E, )U(r)=
~ Rcou]=6. 8 fm.

[1+exp[(r —6.8)/0. 49]}

(2) Gpbbi potential (Ref. 7)
—17,0 0.8+0.2E,

[ I +exp [( r —R0 )/0. 49]} I 1 +exp[ ( r —R; )/0. 1 5 ]}

Rp=Rc ]
= 1.35(16 + 16 ) R = 1.27(16 + 16 ).

(3) Chatwin potential (Ref. 6)

0.22E, 1U(r) = —17.0—i
[ 1+exp[(J —J„)/0.4] } [ 1+exp[(r —6. 8) /0. 49]}

Jcr=6 7[2@(Ecm 67)/fi ]~~2» R. cou&=6 8 fm

(4) KBA potential (Ref. 25)

U(r)= 100
[1+exp[(r —3.5)/0. 3]}

—16.0—0.014L (L + 1)—i
0.3E, 1

[ 1+exp[(J—J,„)/0.4] } [1+exp[(r —6.SS)/0. 5] }

J„=6.7[2@(E, 7.7)/R']'~, Rc,„)=6.55 fm. —
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TABLE II. Distorting potentials for the '~C+ Ne(4~+) channel. E, refers to the center of mass

energy of the ' 0+' 0 channel.

(1) Vandenbosch potential (Ref. 26)
—17—i ( —0.333+0.54E, )U(r)= ' ', R =Rcou&=1 35(12' +20

[ I+exp[(r —R ) /0. 57] ]

(2) Gobbi potential (Ref. 7)
—17.0 0.314+0.2E,

U(r) = —l
{1+exp[(r —Ro) /0. 49] ] [ 1+exp[(r —R; )/0. 15]]

RO=Rcoui=1. 35(12 +20 ) Rg =1 27(12 +20 )

that the KBA potential which was originally introduced
to use for coupled-channel calculations is also a good po-
tential to use for uncoupled calculations, at least for the
' 0+' 0 system, as was mentioned in Ref. 25. The
knowledge of these optical potentials certainly facilitates
our analyses, but it is also interesting to see whether these
potentials behave differently, when they are used for
transfer reactions involving resonances.

Unlike the entrance ' 0+ ' 0 channel case, the
knowledge of the optical model parameters to be used for
the exit ' C+ Ne(4~+) channel is very limited. In the
present analyses, we consider two potentials (see Table II):
the strongly-absorptive Vandenbosch potential and the
weakly-absorptive Gobbi potential. We shall discuss the
implications of these potentials after presenting results ob-
tained with their use.
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FIG. l. Angular distributions of the ' 0(' 0, ' C) Ne(4+~)
reaction at E],b(' 0)=51.5 MeV. Data are those of Ref. 9. The
dashed and solid lines, respectively, represent the EFR-D%'BA
cross sections with the KBA-Vandenbosch and KBA-Gobbi po-
tentials. The post form was used for both calculations. The
D&BA cross section with the prior form and the KBA-Gobbi
potential is shown by the dotted line.

B. Angular distribution

In Fig. 1, we first show a few theoretical angular distri-
butions obtained for the ' 0(' 0, ' C) Ne(4&+) reaction at

E~»(' 0)=51.5 MeV, and compare them with the data of
Rossner et al. In this figure, the dashed line shows the
0WBA cross section obtained by using the KBA-
Vandenbosch potential, i.e., by using the KBA and Van-
denbosch potentials for the entrance and exit channels,
respectively. The predicted angular distribution has a
slope which is too steep for 0, &40'. The solid line
shows the result with the KBA-Gobbi potential, i.e., with
the KBA and Gobbi potentials for the incident and exit
channels, respectively. In this case the experimental angu-
lar distribution is reproduced reasonably well. Certainly
the weakly-absorptive Gobbi potential is preferred for the
exit channel, rather than the strongly-absorptive Vanden-
bosch potential. The same preference was found when the
other ' 0+ ' 0 potentials of Table I were used for the en-

trance channel. The result with the prior form and with
the KBA-Gobbi potential is also given in Fig. 1 by the
dotted line, which demonstrates the practical equivalence
of the post and prior forms. The DWBA cross sections
shown in Fig. 1 were normalized to the data at forward
angles. The normalization factor was 17 and 3.5 for the
KBA-Vandenbosch and KBA-Gobbi cases, respectively.
Essentially the same values of the normalization factor
were used for all the DWBA cross sections reported in
this section.

C. Excitation functions

The relative merits of the entrance channel optical po-
tentials of Table I were not very clearly established by the
predictions of the angular distribution at E~,b(' 0)=51.5
MeV discussed above, but became better established when
the excitation functions were considered. The upper and
lower panels of Fig. 2 show the excitation functions for
the reaction at 8, =57' and 78', respectively, and the
data are again those of Ref. 9. In obtaining the theoreti-
cal results presented in this figure, the optical potential
used for the exit channel was fixed to that of Gobbi which
produced the better result in Fig. 1. The dotted lines in
Fig. 2 show the DWBA excitation function. s with the
Gobbi-Gobbi potential. Although some structure was
predicted, it was too weak compared with the data. The
Maher-Gobbi potential, for which results are not shown in
Fig. 2, had a similar difficulty. The dashed lines in Fig. 2
show the excitation functions with the Chatwin-Gobbi po-
tential, and it is seen that the experimental resonant struc-
tures were reproduced reasonably well. It should be re-
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FIG. 2. Excitation functions of the ' 0(' 0, ' C) Ne(4~+) re-
action at i9, =57' and 78'. Data are those of Ref. 9. The dot-
ted, dashed, and solid lines represent the EFR-DWBA cross sec-
tions with the Gobbi-Gobbi, Chatwin-Gobbi, and KBA-Gobbi
potentials, respectively. [The experimental cross sections given
for the excitation functions (Ref. 9} appear to be too large by
about a factor of 1.5, as seen by comparing the cross sections in
the excitation functions, at E~,b(' 0)=51.5 MeV, with those
given for the angular distribution (Ref. 9) at the same energy
(see Fig. 1). The theoretical values were thus multiplied by a
factor of 1.5 in this figure. ]

called that the Chatwin potential has a J-dependent
imaginary part. Since the Gobbi and the Chatwin poten-
tials both have the same real part and predict quite similar
excitation functions for ' 0+' 0 elastic scattering, it is
often conjectured that the effects of the "surface trans-
parency" in the Gobbi potentials and the "Jdependence
of the imaginary part" in the Chatwin potential are basi-
cally equivalent. However, as seen in Fig. 2, they predict
markedly different excitation functions for the transfer re-
action.

The solid lines in Fig. 2 show the results obtained with
the KBA-Gobbi potential. They are similar to those ob-
tained with the Chatwin-Gobbi potential, but agree some-
what better with experiment. In fact, the energy interval,
widths, and amplitudes of the gross structures are repro-
duced rather well, although the peak positions are still
somewhat shifted to the lower energy side.

In Fig. 3, the results obtained with the KBA-Gobbi po-
tential, which produced the best fit in Fig. 2, are corn-
pared with the data of Singh et al. at 0, =62, 76, and
91. The energy region of the data is lower than that of

I 1 I I I I I I I I l l I I I I I I I I I I I I

20 25 30
Energy in c,m, (MeV)

FIG. 3. Excitation functions of the ' 0(' 0, ' C) Ne(4~+) re-
action at 0, =62', 76', and 91'. Data are those of Ref. 8. The
solid line represents the EFR-D%BA cross sections with the
KBA-Gobbi potential.

Ref. 9 with reasonable overlap between the two measure-
ments [remember that E, =0.5 E~,b(' 0) for the reac-
tion]. A careful comparison between the two sets of data
reveals the following: (i) there are noticeable systematic
shifts in the energies of the resonant structures between
the two experiments, and (ii) there is a disagreement in the
absolute normalizations of the two experiments. The
former is the reason why the shift of the theoretical peak
positions relative to the data is more pronounced in Fig. 3
than it was in Fig. 2. The latter is the reason why the
theoretical cross sections in Fig. 2 had to be multiplied by
an overall factor of 1.5. In spite of these yet-unsettled ex-
perimental problems, we may conclude from the data of
Ref. 8 that the gross resonant structures do persist into
the lower E, region with diminishing peak to valley ra-
tios. Our results, presented in Fig. 3, reproduce this
feature very well.

Excitation functions were also calculated with the
KBA-Vandenbosch, the Chatwin-Vandenbosch, and the
Gobbi-Vandenbosch potentials. In these cases, the
predicted resonant structures were too weak.

D. Angle integrated cross section

A study of the angle integrated cross section has the ad-
vantage that this quantity is free from any angular effects



102 YOSIO KONDO AND TARO TAMURA 30

I I I I I I I I I I I

IeO(leo lz(
)
20 Ne (4+)

E

~ 40
O

CD

2O

0

a) bo

Maher —Gobbi

eeeeeeeee Qpbbj Qobbj

e~eeeee e~~eeee+ eet ~- eeeeeee
eeee ~

ee
~ ~ \+ ~

I I I I L I I I I I I

Chatwjn —Gobbj

K 8 A — Gobbi

~40

20

I I I I I I I I I I I

48 52 56 60 64 68
Energy in lab (MeV)

FIG. 4. Angle integrated cross sections of the
' 0(' 0, ' C) Ne(4~+) reaction. The four lines show the results
of the EFR-DWBA calculations with potentials identified in the
figure.

E. Mechanism of enhancement

Absolute squares of the DWBA overlap integrals II .I,
which are to be identified with I&'z' I'J .of Eq. (3) with

I, =J =L; and lb =Lf, are shown in Fig. 5 for the KBA-
Gobbi case which gave the best fits to the available
' 0(' 0, ' C) Ne(4&+) data. As seen, only one or two
grazing partial waves are contributing strongly at any
chosen energy. It is also seen that the resonances are
dominated by the aligned configuration, in which the or-
bital angular momentum L and the channel spin I are
coupled to give the maximum total angular momentum J,
i.e., in which J=L +I. In this case, the entrance channel
orbital angular momentum L; equals J, while the exit
channe1 orbital angular momentum Lf equals
J —4 (=L; —4).

As seen from the solid lines in Fig. 5, the overlap in-

tegrals of the aligned configuration are indeed very large
at every peak energy of the calculated excitation functions
(see Fig. 2). At E~,b(' 0)=51 and 59 MeV, the partial
waves with J=18 and 20, respectively, make the dom-
inant contributions. The strong enhancement of the over-

lap integral of the aligned configuration reflects the
simultaneous onset of potential resonances in both the en-

trance and exit channels, and this is precise1y the mecha-
nism embodied in the band crossing model' for giving the
enhanced structure.

That this is in fact the case is further seen in the
schematic band crossing diagram in Fig. 6, in which the

and so is likely to give a better criterion for the existence
of resonances. In Fig. 4, we show angle integrated cross
sections calculated with the four sets of potential pairs we
used in the preceding subsection. It is seen that all four
theoretical curves exhibit regular gross structures. It
should be noted that even the case with the Gobbi-Gobbi
potential (dotted line), for which not much structure was
seen in Fig. 2, now shows more developed structures. The
result with the Maher-Gobbi potential (dashed-dotted line)
is similar. The structures with the Chatwin-Gobbi and
KBA-Gobbi potentials (in the lower panel), are still better
developed, being reminiscent of the structures of the exci-
tation function data ' seen in Figs. 2 and 3. Recently,
Kolata et al. measured, by using y-ray techniques, the
angle integrated Ne yield produced from the ' 0+ ' 0
incident channel. Their data show pronounced regular
structures, which are correlated with the structures in the
' 0+ ' 0(3~ ) inelastic scattering. The excitation func-
tions we obtained in the lower panel of Fig. 4 are in line
with Kolata's data.

It may be worth noting from Fig. 4 that the peak posi-
tions predicted with the Chatwin-Gobbi potential appear
at the lower energy side, compared with those predicted
with the Gobbi-Gobbi potential. This is in spite of the
fact that the Gobbi and Chatwin potentials have the same
real part, and can be explained as follows. In the Chatwin
potential, the critical angular momentum J„depends on
E, (see Table I), and tends to reduce the resonant cross
section at the higher energy side, thus shifting the position
of the peaks to the lower energy side. A similar trend ex-
ists for the case using the KBA potential.

IO

I I I

16p(16p 12( )20N (4+)
(ZO, I6) (ZZ, I8)

IO

IO

IO 50 55 60
Energy in (ab (MeV}

FIG. 5. Absolute square of the DWBA overlap integrals,

~
IL,I ~, of the ' 0(' 0, ' C) Ne(4~+) reaction for the case with

the KBA-Gobbi potential. Associated with each curve is the
pair of orbital angular momenta, (L;,Lf). The solid lines show
contributions from the aligned configuration, in which

Lf ——L; —4. The dashed lines are those with Lf ——L; —2 config-
uration.
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FIG. 6. Schematic diagram showing the crossing of the
aligned band of the "C+~ Ne(4~+) channel with that of the in-

cident ' 0+' 0 channel. For further details of the band cross-
ing model, see Ref. 1.
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FIG. 7. Energy dependence of the DWBA overlap integral
1~4.~8 for the ' 0(' 0, ' C) Ne(4~+) reaction. Circles were placed
at every 1 MeV interval of the incident energy E~,b(' 0).

aligned band in the ' C+ Ne(4i+) channel crosses with
the potential resonance band in the ' 0+' 0 channel.
This is a kind of double-resonance mechanism. It
should be noted that the band crossing model has also
been applied successfully in explaining resonances in in-
elastic scattering in the ' C+' C (Ref. 29), ' C+' 0 (Ref.
30), and ' 0+ ' 0 (Ref. 25) systems.

The
~
Ir .L, ~

values for the Lf =L; —2 configuration,
shown by dashed lines in Fig. 5, are much smaller com-
pared with those for Lf =L; —4 (solid lines). This is be-
cause, for Lf L; —2, the ——potential resonances in the two
channels do not occur simultaneously (see also Fig. 6). It
should be noted that, in this reaction, the kinematic
matching condition ' also favors the contribution of the
aligned configuration. Contributions of the other config-
urations, i.e., Lf =L;, L; +2, and L;+4, were found to be
much smaller and are not shown in Fig. 5.

An Argand diagram of the DWBA overlap integral,
I~4.~8, obtained with the KBA-Gobbi potential is shown in
Fig. 7. This diagram shows that I~4.~8 reaches its max-

imum at about Et,&(' 0}=51 MeV and has a counter-
clockwise energy dependence. It is thus quite legitimate
to conclude that the peaks of the excitation functions can
be attributed to the onset of resonances.

F. Discussion on distorting potentials
in the 'iC+ Ne(4i+) channel

We have used the Vandenbosch potential in some of
the calculations given above, and showed that we cannot
use such a strongly-absorptive potential in the ' C
+ Ne(4i+) channel. This potential was originally ex-
tracted by fitting the ' C+ Ne(0~+, ) elastic scattering
data, which revealed much weaker oscillations (in both
the angular distribution and excitation function) than
those seen in ' 0+ ' 0 elastic scattering. Comparison
of the present work and that of Vandenbosch et al.
shows that the imaginary potential in the ' C+ Ne(4i+)
channel should be much weaker than that in the
' C+ Ne(0&+, ) channel. That this is not unexpected can
be seen as follows. Vandenbosch et al. showed that the
' C+ Ne(0s+) channel can be more absorptive than is the
' 0+' 0 channel, because the former couples strongly
with a larger number of direct reaction channels than does
the latter. A similar line of argument then allows us to
expect that the ' C+ Ne(4i+) channel with the aligned
configuration, which plays the dominant role in our
transfer reaction, can be more weakly absorptive than is
the ' C+ Ne(0&+) channel. Thus, the present work and
that of Ref. 26 are not in contradiction. It may, neverthe-
less, be worthwhile to note that there is some indication
that the Vandenbosch potential is somewhat too absorp-
tive to reproduce features of the ' C+ Ne fusion cross
section.

IV. ABSOLUTE VALUE
OF THE DWBA CROSS SECTIONS

In Sec. III, we showed that the gross resonant struc-
tures of the ' 0(' 0, ' C) Ne(4l+) reaction were well
reproduced, if we used the KBA-Gobbi potential. Based
on this success, we shall now discuss the problem of
predicting the absolute value of the cross sections.

This problem was considered by Arima et al. ' about
ten years ago, when EFR-DWBA calculations were not
yet so commonly used. Instead they used the no-recoil
(NR) and Buttle-Goldfard (BG} (Ref. 11) approximations.
In view of our present knowledge of the EFR-DWBA
method, the use of these approximations is hard to justify
in heavy-ion induced transfer reactions. In any case, Ari-
ma et al. calculated the ' 0(' 0, ' C) Ne(4l+) cross sec-
tion at 8, =15' with Et,b(' 0)=60 MeV, and obtained
a very small value, do/dQ=5. 97X 10 mb/sr, when
they used as the transfer interaction (i.e., as the DWBA in-
teraction that causes the transfer reaction) the convention-
al form (i.e., the interaction that binds the a to ' 0 to
form Ne; case II of Ref. 10). Arima et al. then showed
that the DWBA cross section was increased by a factor of
about 86, if the real part of the a+' 0 optical potential
was used for the transfer interaction (case IV of Ref. 10}.
Note also that the distorting potentials used were of a
strongly-absorptive type.
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In Sec. III, we have already made a statement about the
absolute cross section (see the text pertaining to Fig. 1).
In the present section, however, we wish to improve the
calculation by using a form factor which is based on the
cluster Inodel, instead of using R =1.352,'„, fm and
a=0.65 fm as done in Sec. III. For this purpose, we used
the results of recent cluster model calculations, successful-
ly performed for ' 0 and Ne in Refs. 33 and 34, respec-
tively.

According to the microscopic point of view, the
bound state wave functions to be used in the DWBA cal-
culation of the ' 0(' 0, ' C) Ne(4i+) reaction should be
the reduced a-width amplitudes, denoted as P,6o(r) and

9'»N (r), of the systems a+' C(' 0) and a+' 0( Ne).
For the Ne system, this amplitude is given by

'20 ' 1/2
+20 (r) =

4 r( ~10(&)@ @i6o
~
@»N&

where 4, 4&60, and 420N, represent the internal wave

functions of a, ' 0, and Ne, respectively. When the
shell model SU(3)-(8,0) wave function is assumed for

Ne(4i+), we have

9'zoN (r)=QS, uz &(r),

where S, (=0.23) represents the SU(3) spectroscopic
factor of Ne, while uz4(r) represents the normalized
harmonic oscillator wave function with the nodal quan-
tum number n =2 and the relative angular momentum
1=4. Since u„t(r) does not have the correct asymptotic
behavior, Arima et al. simulated u„ i(r) by a normalized
wave function g, (r) obtained by the separation energy
method which guarantees the correct asymptotic behavior.
Then the product QS, p, (r) was used for the reduced
a-width amplitude. However, recent cluster model stud-
ies have shown that Ne has a pronounced 0. clustering,
and that the SU(3) wave function does not provide as
good a description of Ne as may have been thought.

The DWBA form factor may be improved by using the
reduced a-width amplitude, obtained from the cluster
model. For this purpose, we introduce a new amplitude
P,t(r) as

where S,&
and 9',i(r) are the cluster model spectroscopic

factor and the cluster model reduced a-width amplitude,
respectively. Since S,i ——(9',ii 9',i&, g,i(r) is a normal-
ized wave function. Then, P,t(r) may be simulated by a
normalized wave function tItt, (r) obtained by the separa-
tion energy method, and the product QS,ig„,(r) thus ob-
tained may finally be used as the reduced a-width ampli-
tude. In the present calculation, the result of Bando,
which took into account both the u clustering and the
core polarization, was used for S,t and 9',i(r) in Eq. (9).

It was found that a good simulation of g,t(r) with
Bando's P,&(r) could be achieved in the separation energy
method by using the parameters R =1.25(16)'i3 fm and
a =0.80 fm. Although a much more complicated
method using a nonlocal operator was proposed to simu-
late 3r,i(r), the use of the above method is sufficiently
good for our purpose. Note that the use of the rather
large value of the diffuseness parameter, a =0.8 fm, is im-
portant in simulating correctly the characteristic features
of P,i(r), i.e., a small amplitude in the internal region and
an enhanced tail in the external region.

For the a+' C system, the same procedure was per-
formed to simulate the 9',i(r) of Suzuki. Because of the
closed shell nature of ' O(0s+), the parameters obtained,
R =1.05(12)'i fm and a=0.5 fm, are almost the same as
those of Ref. 10, which simulated the harmonic oscillator
wave function uz 0(r) [see Eq. (8)]. The relation S,i ——S,
was assumed for this system.

The cross section at 8, = 15' and E&,b(' 0)=60 MeV,
obtained by using the EFR-DWBA and the new form fac-
tor, was found to be 1.81 mb/sr, which is larger than the
case II result of Ref. 10 by about a factor of 300. In order

TABLE III. DWBA cross sections for the ' 0(' 0, ' C) Ne(4i ) reaction at Ei»(' 0)=60 MeV and

0, =15'. For the explanation of each column see the text.

Ref. 10

NR and BG
Unsymmetrized
Prior form
Strongly-absorptive
potentials'
Simulate harmonic oscillator
wave functions
for form factor'

Present

EFR-0WBA
symmetrized
post form
KBA-Gobbi
potential'
simulate cluster
model wave
functions

do. /d Q
(mb/sr)

0.042
0.042
0.047

0.252

1.81

Increment
factor

7.0
1.0
1.1

5.4

7.2

'For both the 0+ l 0 and ' C+ Ne channels, Woods-Saxpn potential with the fpllpwing parameters:
V= —100 MeV, R = 1.19(A l +r42 ) fm, a„=0.48 fm, 8 = —25 MeV, R; = 1.26(A i +22 ) fm,
a;=0.26 fm, and R, =1.45(A l +Aq ) fm.
"For parameters, see Tables I and II.
'a+' C. R =0.60(12' +4' ) fm, a =0.5 fm, S, =0.30, a+' 0: R =0.75(16' +4' ) fm, a=0.5
fm, S, =0.23.
"&+ C: R = 1.05)& 12 fm, a=0.5 fm, S~& =0.30, (x+ 0: R = 1.25 & 16 fm, a=0.8 fm,

S,i ——0.24.
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to make it easy to see where this large difference came
from, we prepared Table III. In the first column of this
table, there are listed five items which characterize the
calculation of Ref. 10, while in the second column we
show how each of these five conditions was replaced by
our improved calculation. As each of these items was re-
placed one by one, the calculated cross section increased
accordingly, and the newly obtained cross sections are list-
ed in the third column. Note that we started with
5.97)&10 mb/sr of case II of Ref. 10, and the factors
with which the cross section was increased in each step of
the above replacement are listed in the fourth column. As
seen, items 2 and 3 did not produce a large difference. On
the other hand, the items 1, 4, and 5 contributed about
equally in bringing about the above-mentioned difference
of the factor 300.

We have also studied the case using the transfer interac-
tion used in case IV of Ref. 10. With the other conditions
the same as those of the second column of Table III, the
use of this new interaction gave a cross section of 101
mb/sr (compare this with 0.508 mb/sr in Ref. 10). It
should be noted that, when we used the prior form, the
cross section became 31.3 mb/sr. Thus, with this choice
of the transfer interaction, the post-prior equivalence is
violated, a result which is not totally unexpected; it des-
troys the basic structure of the DWBA theory.

The above-mentioned cross sections are to be compared
with the experimental measurement of the
' 0(' 0, ' C) Ne(4&+) cross section at E~,b(' 0)=60 MeV
and 0, =15'. Since no experimental information is
available for it, however, we estimated it by extrapolating
the results given in Sec. III, and found it would be about
13 mb/sr. According to this value, our result, 1.81 mb/sr,
given above, is underestimating the "experiment" by a
factor of 7. (On the other hand, the use of the new
transfer interaction makes the theory overestimate the
"experiment" by a factor of 8.)

Finally, it should be noted that we have repeated all the
EFR-DWBA calculations of Sec. III by using again the
KBA-Gobbi potential and now using the improved form
factor. All the characteristics of the results presented in
Sec. III were reproduced with these new calculations ex-

cept that the normalization factor N=3 5, which we.

needed in Sec. III, has now been rep1aced by X=7.

V. SUMMARY AND CONCLUSIONS

In the present paper we have presented a general formu-
lation of the DWBA calculations in which the distorting
potentials have an explicit J dependence. This J-
dependent DWBA formula is more complicated than that
used in the usual DWBA, where potentials are J indepen-
dent. It has been shown that for certain types of transfer
reactions in which the spins of the projectile, target, and
ejectile are zero, this formula can be very much simplified
and that conventional J-independent EFR-DWBA codes
can be used for numerical calculations of this simple case
with only relatively minor changes to their structure.

Based on this simplified formula, extensive calculations
were carried ovt to analyze the data of the

'60( ' 0, '2C) Ne(4&+ ) reaction, which revealed well-

developed gross resonant structures. ' We have shown
that the angular distribution and excitation functions of
the data are reproduced fairly well by the EFR-DWBA
calculations. In obtaining these good fits, the KBA poten-
tial and the Gobbi potential were used in the entrance
and exit channels, respectively.

The peaks of the calculated excitation functions were
shown to be associated with enhancement of the DWBA
overlap integral for the aligned configuration. This
enhancement reflects the simultaneous onset of potential
resonances in both the entrance and exit channels, as is
predicted by the band crossing model. ' It should be noted
that this enhancement mechanism is common to all the
successful DWBA analyses of the resonant structures in
heavy-ion transfer reactions reported to data.

As demonstrated and emphasized, it was vital to have
weakly-absorptive potentials in both channels. It was fur-
ther shown that the present analyses were even capable of
discriminating between weakly-absorptive potentials, as
exemplified by the comparison of the Gobbi-Gobbi and
the Chatwin-Gobbi curves in Figs. 2 and 4. For the en-

trance ' 0+ ' 0 channel, the J-dependent type optical po-
tentials ' provided better reproduction of the data than
the Gobbi-type surface transparent potential.

We also have discussed in some detail the problem of
the absolute magnitude of the EFR-DWBA cross sections.
It was shown that the theoretical cross section at
E~,b(' 0)=60 MeV and 8, = 15 for the
' 0(' 0, ' C) Ne(4~+) reaction is increased, by careful
choice of the various conditions of the DWBA calcula-
tion, by about a factor of 300 compared with that calcu-
lated by Arima et al. ' Among the differences between
these two calculations, the changes from the Buttle-
Goldfarb approximation to the EFR-DWBA, from the
shell model form factor to the cluster model form factor,
and from the strongly-absorptive potentials to the
weakly-absorptive KBA-Gobbi potential are the dominant
sources of the drastic increase of the cross section ob-
tained.

In spite of the drastic improvement, the DWBA cross
section is still a factor of 7 smaller than the "experiment. "
This fact may indicate that DWBA calculations for com-
posite particle transfer reactions need some modification.
We also studied the effect of a modification of the
transfer interaction as proposed by Arima et al. ' When
we incorporate the new transfer interaction into our
EFR-DWBA calculation, the result overestimates the "ex-
periment" by a factor of 8. Thus, while the present result
cannot exclude the suggested transfer interaction, it indi-
cates that the use of such a transfer interaction is not as
attractive as was indicated in Ref. 10.
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