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The scattering of light ions (n, d, He, and a) by Li is considered with the single-

channel resonating-group method. The cluster internal functions used are translationally

invariant shell-model functions of the lowest configurations in harmonic-oscillator wells

having different width parameters. The result shows that the essential features of the
cross-section angular distributions in all these systems can be reasonably well explained.

The use of different width parameters is found to be necessary in the low-energy region

where sharp resonance levels exist, but is not essential at higher energies greater than about

10 MeV/nucleon. Effects of nucleon exchanges have also been carefully examined. Here
one finds that, even in the present case where a non-closed-shell nucleus is involved, the im-

portance of the core-exchange terms still depends predominantly on the nucleon-number

difference of the interacting nuclei. In addition, this investigation shows that the

phenomenon of blocking has also a profound influence; it gives rise to a channel-spin

dependence for the odd-even phase-shift behavior and may cause a substantial reduction in

the effects of core-exchange contributions.

NUCLEAR REACTIONS Li(n, n), Li(d, d), Li( He, He), Li(e,a);
calculated phase shifts and o.(8}. Resonating-group method and effects

of antisymmetrization.

I. INTRODUCTION

One of the main purposes of resonating-group
studies is to obtain a detailed understanding of the
roles played by the Pauli exclusion principle in nu-
clear structure and nuclear reactions. ' For a two-
cluster A+8 system where the clusters A and B
contain N„and Ntt (Nz & Ntt) nucleons, respective-
ly, this can be achieved by carefully examining the
features of the exchange-kernel function IC(R', R")
which characterizes the nonlocal part of the inter-
cluster interaction. As has been explained in re-
cent publications, ' this kernel function can be ex-
pressed as a sum of nucleon-exchange terms, i.e.,

E(R',R")= g gK~(R', R"),
x q

where the index x denotes the number of nucleons
interchanged between A and B (l &x &Ns) and the
index q denotes the interaction type for each value
of x (see Ref. 5 for a detailed explanation). For the
facilitation of analytical derivation of the kernel
function, it is convenient in actual calculation to
choose, for the description of the internal structures
of these two clusters, translationally-invariant
shell-model functions in harmonic-oscillator wells
having width parameters aq and az. With such a
choice, the function E~ can then be further written
in the following factorized form,

E~(R ',R ")=P„qexp( —A~R C„qR ' R" B„qR ) +. h. c——. (2)
—+

with P~ being a polynomial in R, R'R", and mine the general features of antisymmetrization,

R . The exponential factors in all the nucleon- while the polynomial factors contain information

exchange terms, depending on x and the nucleon concerning more specific features, such as blocking

numbers of the clusters involved, collectively deter- and clustering effects, which depend additionally
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on the dynamical structures of the interacting clus-
ters.

By utilizing the complex-generator-coordinate
technique, ' general expressions for the coefficients

A~, 8~, and C~ can be derived. 5'9 Using these ex-
pressions, one can then examine the characteristic
features of the exponential factors. The result
shows that the various nucleon-exchange terms can
be grouped together into two classes, distinguished

by the sign of C„q. For the term in class A with

C~ g0, the Born scattering amplitude is forward
peaked and can be reproduced by an equivalent lo-
cal potential having a signer character. On the
other hand, for the term in class B with C~ & 0, the
Born scattering amplitude is backward peaked and
can be reproduced by an equivalent local potential
having a Majorana character. In addition, the fol-
lowing important features have also been noted': (i}
the one-exchange (x =1).terms have generally the
largest influence among all class-A terms, while the
core-exchange (x=N~) terms have generally the
largest influence among all class-B terms, and (ii)
the one-exchange terms are generally important in
all scattering systems and over a wide range of ener-

gies, while the core-exchange terms are generally
important only when the nucleon-number difference

(Nq Nq) of—the interacting nuclei is rather small.
All these features, obtained through a careful exam-
ination of the exponential factors in the kernel func-
tion E(R',R "},have been explicitly verified by a
number of resonating-group calculations (see Ref. 1

and references contained therein) and by the recent
WKB investigations' "of light-ion scatterings by
the doubly-closed-shell nuclei He, ' 0, and Ca.

Although the properties of the exponential fac-
tors are now well established, there exists only scant
information' concerning the polynomial factors.
This is unfortunate, since the influence of blocking
may appreciably affect antisymmetrization effects
when non-closed-shell nuclei are involved. In a re-
cent study' of a+ Li scattering, for example, it
was found that the core-exchange terms become
substantially less important because of the large
probability for the presence of two nucleons in the
nonclosed lp shell of Li. Thus, it would be very
useful to gain further information about, in particu-
lar, the general properties of those terms in the po-
lynomial factors which have high powers in R
R' R", and R . However, in view of the fact that
resonating-group kernels are generally not easy to
derive, especially when the clusters involved have
complicated internal structures, it is our opinion
that this type of general information would be quite

difficult to obtain. Therefore, it seems that, at this
moment, the best way to learn the importance of
blocking effects is to adopt the relatively tedious
procedure of performing systematic resonating-
group calculations in many systems. The present
investigation is our first step in this direction, in
which we shall study the scattering of various light
ions (n, d, He, and a) by the nucleus 6Li. In later
calculations, we shall also consider the nucleus Li
as a target and the scattering of ' 0 ion by '~O, 'sO,
' F, and Ne. '

In addition, we wish, of course, to examine if the
present calculation can explain the essential
behavior of these systems. For this purpose, we
shall make our calculation as realistic as practicable
by choosing unequal width parameters (i.e.,
az Qaz) for the interacting clusters. With this con-
dition, the present investigation then represents a
substantial improvement over the calculations re-
ported previously' where equal cluster width
parameters were used for simplicity. As is well

known, the adoption of unequal width parameters
does appreciably complicate the computation; how-
ever, the power of the complex-generator-coordinate
technique is such that the resonating-group kernels
can still be straightforwardly derived in an analyti-
cal way.

In the next section, we give a very brief descrip-
tion of the resonating-group formulation. Selected
results for the phase shift and differential cross sec-
tion are presented in Sec. III. In Sec. IV, we discuss
the significance of adopting unequal width parame-
ters in the calculation. Here we shall show that the
results obtained with equal and unequal cluster
width parameters are appreciably different in the
low-energy region where sharp resonance levels ex-
ist, but become rather similar at higher energies
greater than about 10 MeV/nucleon. Thus, the
study of the main characteristics of exchange ef-
fects at these latter energies can, in fact, be carried
out under the simplifying assumption of equal
width parameters. This will be discussed in Sec. V.
Finally, in Sec. VI, we summarize the findings of
this investigation and make some concluding re-
marks.

II. FORMULATION

The formulation of a single-channel resonating-
group calculation has already been thoroughly dis-
cussed elsewhere', hence, only a very brief descrip-
tion will be given here. With the adoption of a
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purely central nucleon-nucleon potential, the trial
wave function may be written as

4 ~l'PA'4', (R)hZ«. )1 (3)

and

N~ +N~
1 2

Pji ——exp ——,a& g (r; —Rs )
i =N~+1

with Rz and Rz being, respectively, the position
vectors of the c.m. of clusters A and 8. The width
parameter az is taken as

aA ——0.305 fm (6)

which is obtained by considering the low-q form-
factor behavior of Li. ' For the width parameter
ag we use

a~ ——0.20, 0.37, and 0.514 fm (7)

for the d, He, and a clusters, respectively. These
values are chosen to yield the correct rms matter ra-

I

where pA and pji represent the internal spatial
structures of Li (denoted as cluster ~I) and the light
ion n, d, He, or a (denoted as cluster 8), respective-

ly, and gi represents an appropriate spin-isospin
function. The index A, denotes the channel-spin
multiplicity (2s+1), with s being the channel-spin
angular-momentum quantum number of the sys-
tem. Also, in the above equation, the function
Fi (R) describes the relative motion between the two
clusters and Z(R, ) is a normalizable function
describing the total c.m. motion. As was discussed
in Ref. 1, this latter function will be conveniently
chosen to facilitate the computation with the
complex-generator-coordinate technique.

The translationally-invariant internal functions

pA and pic are chosen to have the lowest and most-
space-symmetric configurations in suitable
harmonic-oscillator wells. That is, we choose

i)I'A = (rs —RA) (r6—RA)

N~
1

Xexp ——,aA g (r; —R„)'

where ET is the total energy of the system com-
posed of the relative energy E of the clusters in the
c.m. frame and the internal energies of the clusters
obtained by computing the expectation values of the
duster Hamiltonians with respect to the assumed
internal functions. The Hamiltonian operator has
the form

N~ +Ng N~+N~

+ g ~ij —Tc.m. (10)

with T, being the total c.m. kinetic-energy opera-
tor and Vj being a nucleon-nucleon potential. In
this calculation, we choose Vj to be that given by
Eqs. (9)—(11) of a previous publication. ' It con-
tains an exchange-mixture parameter u which will
be adjusted in each system by using carefully select-
ed experimental information. This adjustment is
necessary in order to make a crude compensation
for the various simplifications made in our calcula-
tion, among which the most notable one being the
lack of explicit consideration for the specific distor-
tions of the clusters involved.

Using the procedure described in Ref. 1, one ob-
tains an integrodifferential equation for Fi (R'). It
has the form

dii of the corresponding clusters and are the same
as those used in our investigation of light-ion
scatterings by

' O.
To examine if the simplifying assumption of

equal cluster width parameters could yield reason-
able results, we have also made computations adopt-
ing a common width parameter a in each system.
Using the criterion that the sum of the cluster
mean-square radii should remain the same as that
in the unequal-width-parameter case, we choose

a=0.261, 0.327, and 0.367 fm

in the d, He, and a+ Li systems, respectively.
The linear variational or relative-motion wave

function Fi(R) is determined from the projection
equation

(9)

V'R +VDi(R') —E Fi(R')+ JEi(R R")Fi(R )dR =0
2p

where Vz~ represents the direct potential from the
no-exchange (x =0 term) contribution and Ej„
represents the kernel function for the nonlocal in-
teraction. ' By solving the above equation subject

I

to appropriate boundary conditions, one then ob-
tains bound-state eigenenergies and scattering phase
shifts. Further, by carefully analyzing the results,
one can acquire valuable knowledge concerning the
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important characteristics of exchange effects arising
from antisymmetrization.

that, with

u =0.92, (13)

III. RESULTS

A. Determination of u

For the n+ Li, d+ Li, and He+ Li systems,
the values of u will be determined by using the cri-
teria described in Refs. 15 and 16. The resultant
values in the unequal-width-parameter case are

u=0.98, 1.05, and 0.95 (12)
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FIG. 1. Comparison of calculated and experimental
differential cross sections for a+ Li scattering at 2.4
MeV. The calculated curves are obtained with
u =0.84, 0.88, and 0.92. Experimental data shown are
those of Ref. 19.

for these three systems, respectively. In the case of
the a+ Li system, we observe that the 2.4-MeV
scattering data' can be well fitted by the elastic-
transfer model of von Oertzen. ' ' Since the pro-
cess of elastic transfer is automatically taken into
account in a calculation utilizing a totally antisym-
metric wave function, this means that the measured
cross-section angular distribution at this particular
energy should be fairly well explained also by our
calculation. That this is indeed so is shown in Fig.
1 where the results obtained with u=0. 84, 0.88,
and 0.92 are exhibited. From this figure, it is seen

there is a reasonable agreement between calculation
and experiment; in particular, the strong rise in the
backward direction is nicely reproduced. Therefore,
this particular value of u will be adopted in all our
subsequent calculations for this system.

It is interesting to point out that the variation in
u ainong the four systems considered here is the
same as that found in our previous study of light-
ion.scatterings by

' O. In particular, we note that
the u values are especially large for the d+ Li and
d+' 0 systems. This suggests strongly that the ef-
fects of specific distortion are quite strong in these
latter systems and such effects should be properly
considered in future investigations.

The values of u have been similarly determined in
the equal-width-parameter case. The results are

u =0.98, 1.01, 0.95, and 0.92 (14)

for the n, d, He, and a+ Li systems, respectively.

B. Phase shifts

Phase shifts are computed up to about 50 MeV
for all four systems. As an illustration in the

. unequal-width-parameter case, we show by solid
curves in Figs. 2 and 3 the a+ Li even l and odd I
phases, respectively. From these figures, one notes
that there exist a number of positive- and negative-
parity bands consisting of levels having predom-
inantly an a+ Li cluster configuration. The
ground-state band, for example, contains bound 0+
and 2+ levels and a resonance level at about 5 MeV.

One interesting point worth mentioning is that, in
the a+ Li case, sharp resonance levels occur only
in the energy region below about 5 MeV/nucleon.
Similar findings have also been noted in the n, d,
and He+ Li systems. In fact, this seems to be a
rather general feature for levels having a large de-
gree of nucleon clustering. From many resonating-
group studies such as n, d, He, and a+' 0 scatter-
ing, we have always reached the same conclusion.

From Fig. 3, it is also seen that there are l= 1

and 3 spurious resonancesii which arise from the
existence of almost-forbidden states, discussed par-
ticularly by Saito. These resonances occur at rath-
er high energies and are shown as breaks in the
phase-shift curves for convenience. As has been
previously discussed, ' they do not represent the ex-
istence of observable resonance states in the com-
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IOOO count, the cross-section rise in the backward angu-
lar region is reasonably reproduced.

The lack of close agreement between calculation
and experiment can probably be attributed to two
main causes: (i) specific distortion effects are not
considered, and (ii) the Li wave function used does
not allow for enough d+a clustering. To improve
the calculation in these respects will need a substan-
tial modification of the trial wave function. The
computation will be fully within the capability of
the complex-generator-coordinate technique, but the
amount of additional effort required will be quite
large.

IV. INFLUENCE OF
UNEQUAL WIDTH PARAMETERS

h ~00
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l0
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FIG. 4. Comparison of calculated and experimental
differential cross sections for various systems at indicat-
ed energies. The solid curves represent results obtained
with unequal width parameters, while the dashed curve
represents the equal-width-parameter result. Experi-
mental data shown are those of Refs. 26—30.

As has been mentioned, a resonating-group calcu-
lation using unequal cluster width parameters re-
quires substantially more effort than one in which
the simplifying assumption of equal width parame-
ters is adopted. Thus, it is interesting to determine
how different the results are when unequal and
equal width parameters are used. In Figs. 2 and 3,
we illustrate this by comparing in the a+ Li sys-
tem the phase-shift values obtained in the unequal-
width-parameter (solid curves) and equal-width-
parameter (dashed curves) cases. By examining the
behavior of these curves, one notes that the most
striking difference is the absence of spurious reso-
nances in the latter case. This is as should be, ' but
has little practical significance since, with the addi-
tion of an imaginary potential into the formulation,
the real parts of the phase shifts will smoothly vary
with energy even in the unequal-width-parameter
calculation.

The major difference occurs at low energies
where sharp resonance levels exist. This is especial-
ly apparent for odd I partial waves in this particular
system. From Fig. 3, one sees that the characteris-
tics of the 1=1,3, and 5 resonance states are appre-
ciably different in these two calculations. On the
other hand, it is noted that, at higher energies
greater than about 10 MeV/nucleon, the difference
does become much less significant, and the energy-
and I-dependent behavior of the phase shifts in
these two cases are essentially the same.

In the energy region above about 10
MeV/nucleon, the relative insignificance of adopt-
ing unequal width parameters can also be demon-
strated by comparing the cross-section results. This
is shown in Fig. 4, where the a+ Li scattering
cross sections at 27 MeV (11.3 MeV/nucleon) calcu-
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lated with unequal and equal width parameters are
depicted by solid and dashed curves, respectively.
In both calculations, the values of Wq are chosen as
3.5 MeV, resulting in almost exactly the same reac-
tion cross section. As is seen, the behaviors of these
curves are different only in a minor way, which re-
sults not only from the rather small differences in
the real parts of the phase shifts but also from the
fact that absorption effects are already quite strong
at this energy.

At an even higher energy of 62A MeV (26
MeV/nucleon), the conclusion remains essentially
unchanged. In Fig. 5, we show the values of cr/oc
calculated with unequal (solid curve) and equal
(dashed curve) width parameters, and the experi-
mental data (solid dots) of Hauser et al 'for .this
quantity. For the theoretical calculations, we have
adjusted 8'q such that the cross-section values at
forward angles become as similar as possible in
these two cases. The resultant choices are 8'z ——5.0
and 5.3 MeV in the unequal- and equal-width-
parameter calculations, respectively; the corre-
sponding reaction cross sections are equal to 733
and 748 mb. From this figure, one finds that, be-
cause of weaker absorption at this higher energy,
there is now a more noticeable difference. Howev-

er, even in the backward angular region where

1000

100—

0+ L~

62.4 MeV

b"10
b

0.1 I I

0 20 40 60 80 100 120 140 160 180

8 (deg)

FIG. 5. Comparison of calculated and experimental
values of o.(9)/o.,(0) for a+ Li scattering at 62.4 MeV.
The solid and dashed curves represent results obtained
with unequal and equal width parameters, respectively.
Experimental data shown are those of Ref. 31.

core-exchange effects dominate, the difference is
still tolerable and the two theoretical angular distri-
butions have essentially the same oscillatory
behavior.

At this stage when most resonating-group calcu-
lations are still rather crude, the choice as to wheth-

er equal or unequal width parameters should be
used must, therefore, depend upon what one mostly
wants to learn from the calculation. If the main

purpose is to study the level structure in the low-

energy region, then it may be worth the extra effort
to choose unequal width parameters in the calcula-
tion. On the other hand, if one merely wishes to
learn, at relatively high energies, the essential
features of scattering angular distributions or the
main characteristics of nucleon-exchange effects,
then the assumption of equal width parameters
could be reasonably adopted to simplify the compu-
tation.

V. EFFECTS QF ANTISYMMETRIZATION

A. Contributions from class-A
and class-8 nucleon-exchange terms

Antisymmetrization or nucleon-exchange effects
are most simply studied at energies greater than
about 25 MeV/nucleon. At these energies, the
cross-section angular-distribution curve normally
exhibits a distinct V shape with its tip occurring at
an angle 8 which is a measure of the relative im-

portance of the class-8 exchange terms. When
these terms make strong contributions, 8 will be
relatively small (i.e., close to about 90'), and vice
versa. For 8g8, the angular-distribution curve
has a decreasing trend and the contribution to the
cross section comes essentially from the direct and
class-A terms (mainly the one-exchange terms),
while for 8 &8, it has an increasing trend and the
contribution to the cross section comes essentially
from the class-B terms (mainly the core-exchange
terms).

In this section, we study the importance of class-
A and class-8 terms in the energy region mentioned
above. Since it was shown in Sec. IV that at such
energies, the essential behavior of the nuclear sys-
tem can be reasonably described by adopting the as-
sumption of equal width parameters for the clus-
ters, we shall use a~ ——as ——a [see Eq (8)] to simp. li-

fy the discussion. Also, for clarity, we shall omit
all charge effects by letting the charge of the proton
to be infinitesimally small.

To qualitatively guide our analysis, we first com-
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pute, by using Eqs. (7.17)—(7.20) of Ref. 1, the
one-exchange characteristic range E& and charac-
teristic energy E~, and the core-exchange charac-
teristic range R, and characteristic energy E, (see
Refs. 1 and 6 for a detailed discussion). For the
computation of these quantities, we have adopted
an average value of 0.35 fm for the two-nucleon

range parameter a to be used in Eq. (7.9) of Ref. 1.
The results for the n, d, 3He, and a+ Li systems,
together with the characteristic ranges RD of the
direct potentials, are listed in Table I. From this
table, one notes in particular that the value of E, is
quite large in the a+ Li system but becomes much
smaller in the n+ Li and d+ Li systems. Since a
previous Born-approximation study' shows that the
depth of the equivalent local core-exchange poten-
tial contains an energy-dependent factor
exp( —E/E, ), this indicates that, if one examines
the resonating-group results at a rather high energy,

say, 50 MeV, then one should observe for these sys-

tems a large difference in the cross-section behavior

at backward angles where class-B terms make dom-

inant contributions.
In Fig. 6, we show the differential cross sections

calculated at 50 MeV for all four systems. As is

seen, the qualitative prediction mentioned above

based on the values of E, is indeed borne out. The
value of 8~ is 103' in the a+ Li system, 111' in

the He+ Li system, and around 130' in both the

n+ Li and d+ Li systems. In addition, one notes
that the differential cross sections at backward an-

gles are quite large for a+ Li scattering, in con-

trast to those for n+ Li and d+ Li scattering.
This is again an indication that class-B terms are
comparatively more important in the a+ Li case.

Using the fact that, at a relatively high energy,
the equivalent local potentials for the class-B terms

have mainly a Majorana character, one can also
demonstrate the importance of the class-8 contribu-
tions by examining the phase-shift behavior. This is

shown in Fig. 7 for all these systems. Here one
finds that the odd-even /-dependent feature is quite
evident in the a+ Li case, somewhat less so in the

He+ Li case, but is very weak in the n+ Li and

d+ Li cases. Furthermore, it is noted that even in
the a+ Li and He+ Li systems, the odd-even
behavior shows up clearly only for lower values of l.
This is not an unexpected feature, but is related to
the fact that the characteristic ranges for the class-
B equivalent potentials are shorter than the charac-
teristic ranges of the direct potentials (see Table I).

From Fig. 7, one also observes the interesting
feature that, in the He+ Li system, the odd-even
behavior in the s = —, channel-spin state is distinctly
different from that in the s = —, channel-spin state.
This is a result of the influence of blocking which
arises because of the presence of two nucleons in the
nonclosed 1p shell of Li, the consequence of which
is that the odd-even characteristics of the d+3He
subsystem" are also refiected in the phase-shift na-
ture of the present system. From a qualitative
viewpoint, one may try to understand this special
feature in the following way. In the lowest
harmonic-oscillator shell-model configuration of
the compound nucleus 8, there exists an odd num-
ber of five quanta of excitation. With d and 3He

clusters, the energetically most-favored positive-

parity cluster which can be formed is a 5Li cluster
characterized by relative orbital angular momentum

3
0 and spin angular momentum —,. Consequently,

when s is equal to —,, the Pauli-favored states are
odd 1 states; i.e., the effective intercluster interaction
in this particular channel-spin state is expected to
be stronger in odd l states than in even 1 states. In
the case of s = —,, the phase-shift behavior in Fig. 7
shows that the opposite is true. This is not very
easy to understand even qualitatively, but is likely
related to the fact that, with this value of the spin
angular momentum, the d and He clusters are ener-

getically favored to form a negative-parity, diffuse
Li cluster having predominantly a p+a cluster

configuration.
In the n+ Li system, the situation is somewhat

different. Here the lowest harmonic-oscillator
shell-model configuration of the compound nucleus
Li has three quanta of excitation, and the energeti-

TABLE I. Values of characteristic quantities.

System Ng —Ng
A

(fm )

Rg)

(fm)
Ri

(fm) (MeV)
R,

(fm) (MeV)

n+'Li
d+ Li

3He+ 6Li

a+'Li

0.305
0.261
0.327
0.367

2.37
2.82
2.73
2.68

1.38
2.20
2.11
2.06

29.3
54.3
78.5
98.6

1.36
1.73
1.82
2.09

12.6
13.8
2S.O
47.4
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FIG. 6. Calculated differential cross sections at SO

MeV for all four systems.

FIG. 7. Calculated phase shifts at 50 MeV as a func-
tion of the orbital angular momentum for all four sys-
tems.

cally most-favored positive-parity cluster which has
an n+d cluster structure is a H cluster with rda-
tive orbital angular momentum 0 and spin angular

1
momentum —,. Thus, the odd I states are now

Pauli-favored states when s is equal to —,, in agree-

ment with the finding of the resonating-group cal-
culation. "

To obtain a quantitative measure of the impor-
tance of class-A and class-8 exchange terms, we
adopt the following procedure. We compute the
phase-shift values with an effective intercluster po-
tential of the form

lower values of I, the resonating-group even I phases
can be well reproduced by using an effective poten-
tial with C~ ——1.21, while the resonating-group odd
I phases can be well reproduced by using an effec-
tive potential with C~ ——1.13. The important point
to note is that these two C~ values are rather dif-
ferent and appreciably larger than 1. This indicates
that both class-A and class-8 exchange terms make
significant contributions and should be carefully
considered for a proper description of the behavior
of this system.

B. Odd-even potential model

and compare these values with those from the cor-
responding resonating-group calculation. This is il-
lustrated in the a+ Li case at 60 MeV in Fig. 8,
where the two solid curves connect the phase-shift
points computed with C~ ——1.13 and 1.21, respec-
tively, and the solid dots represent the resonating-
group result. Here one sees that, especially for

From the resonating-group formulation, it is well
known that the jntercluster interaction has a com-
plicated nonlocal nature. In the Born approxima-
tion, however, it was shown that the nonlocal
terms can be represented by equivalent local,
energy-dependent potentials with either a Wigner or
a Majorana character. This suggests that, for a
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model agrees reasonably well with that from the
corresponding resonating-group calculation, we
consider again the a+ Li system at 60 MeV. Since
it is seen from Table I that the characteristic ranges

RD, R~, and R, have relatively similar values, we
set, for simplicity, Pw-hand PM to be equal to zero.
Then, based on the result shown in Fig. 8, one can
easily see that

CP, —0.17, CM —0.04 (20)

60-
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0

0 I 2 3 4 5 6 7 8 9 IO II l2 I3 l4
g,

FIG. 8. Comparison of a+ Li phase shifts at 60
MeV obtained with the resonating-group method and
with the effective potential of Eq. (17) using
Cq ——1.13 and 1.21.

macroscopic description to be used at relatively

high energies, one may, as a reasonable approxima-
tion, assuine an effective intercluster potential of
the form (the index A, is omitted for simplicity)

V(R)= VD(R)+ Vw(R)+ Vs'(R)P", (18)

at this energy. In Fig. 9, we compare the differen-
tial cross sections obtained with the potential model
(solid curve) and with the resonating-group calcula-
tion (solid dots). As is noted, the potential model
does reproduce the essential features of the
resonating-group angular distribution, and the
overall agreement between these two calculations is
quite reasonable.

The importance of including the VIP term in V
is also demonstrated in Fig. 9. In this figure, we
show by the dashed curve the differential cross sec-
tions calculated by the potential model with

C~——0.17 and CM ——0. Here one sees that, with the
adoption of CM ——0, this model now yields satisfac-
tory results only at forward angles, and is entirely

where Vz is a direct potential obtained by a
double-folding procedure, Vw is a Wigner-type po-
tential introduced to represent the effects of class-A

terms, and VMP is a Majorana-type potential in-
troduced to represent the effects of class-8 terms.
As has been discussed many times previously, ' the
V~P" term is especially important for a satisfacto-
ry description of the cross-section behavior in the
backward angular region when the nucleon-number
difference of the interacting nuclei is rather small.

This simple odd-even model, represented by V of
Eq. (18), is of course not expected to yield a detailed
explanation of the experimental result. Rather, one
should use this model to describe only the essential
behavior of the nuclear system. With this
viewpoint, one may, therefore, further assume for
Vw and Vsr the simplified forms

IOOOO

1000

v) 100

E

IO

a+ Li

60 MeV

~ ~

Vw(R)=CwV~(R) exp( —PwR ),
VM(R) =CD Vi)(R) exp( PMR ), —(19)

O. l

0 20 40 60 80 IOO l20 l40 I60 l80
6P (deg)

where the parameters Pw and PM are introduced to
take into consideration the fact that the characteris-
tic range of VD may be sufficiently different from
the characteristic ranges of the dominant parts of
the class-A and class-8 terms.

To find if the result obtained by this potential

FIG. 9. Comparison of differential cross sections for
a+ 6Li scattering at 60 MeV obtained with the
resonating-group method (solid dots) and with the po-
tential model of Eqs. (18) and (19) using C~ ——0.17 and
C~ ——0.04 {solid curve). The potential-model result ob-
tained using C~ ——0.17 and CM ——0 (dashed curve) is also
shown.
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inadequate with regard to the cross-section behavior
in the backward angular region.

The odd-even potential model has similarly been
used to analyze the a+ Li resonating-group result
at a lower energy of 30 MeV. Here it is found that
the best values of Cii and CM are equal to 0.20 and
0.06, respectively. These values are larger than the
corresponding values at 60 MeV. This indicates
that the depths of the equivalent exchange poten-
tials become smaller as the energy increases, con-
sistent with the finding based on the properties of
the exponential factors in the exchange-kernel func-
tion.

%ithout a general understanding of the proper-
ties of the blocking effect at this moment, one can
only hope to extract qualitative information from
the CM value obtained in the a+ Li potential-
model analysis at 60 MeV (25 MeV/nucleon). For
this purpose, we have further performed a brief
potential-model study of the d+a system, where

blocking is not important and where the core-
exchange characteristic energy per nucleon is very
close to that in the a+ Li case. The result shows

that, at a similar energy per nucleon (i.e., 22.5
MeV/nucleon), the value of C~ is around 0.08.
The fact that this latter value is appreciably larger
than the a+ Li value of 0.04 is a strong hint that
the presence of two nucleons in the nonclosed 1p
shell of Li has resulted in a significant reduction of
the importance of the core-exchange contribution in
the a+ Li system.

VI. CONCLUSION

In this investigation, we have examined the
scattering of light ions (n, d, He, and a) by Li
with the single-channel resonating-group method.
The cluster internal functions used are
translationally-invariant shell-model functions of
the lowest configurations in harmonic-oscillator
wells having different width parameters. The result
shows that the essential features of the cross-section
angular distributions in all these four cases can be
reasonably well explained. This indicates that, in

spite of the adoption of a number of simplifying as-

sumptions, the present calculation can still be used
to study the main features of these nuclear systems.

The adoption of unequal width parameters for
the interacting clusters results in a significant in-

crease in computational effort, but is found to be
necessary in the low-energy region where sharp res-

onance levels exist. In the higher-energy region
above 10 MeV/nucleon, however, we note that the

phase-shift and cross-section results obtained with

equal and unequal width parameters are, in fact,
rather similar. At these energies, if the purpose is
merely to learn the essential features of scattering
angular distributions or to understand the main
characteristics of nucleon-exchange effects, then
one can simplify the computation by appropriately
choosing a common cluster width parameter to be
used in the calculation.

The effects of the class-8 nucleon-exchange
terms, among which the core-exchange terms are
very likely the most important, have particularly
been carefully examined. Here the interesting find-

ing is that the Born-approximation predictions,
based largely on the exponential factors in the
exchange-kernel function, can again be used to
qualitatively and reliably explain many of the main
features of antisymmetrization, even though in the
present case a non-closed-shell nucleus is involved

in the problem. In particular, it is found that the
nucleon-number difference is still a dominating fac-
tor in determining the importance of the class-8 ex-

change terms.
The phenomenon of blocking, arising from the

presence of nucleons in a nonclosed shell, seems to
have a rather profound influence. Because of this
phenomenon, there exists generally a channel-spin
dependence for the odd-even behavior of the phase
shift. In addition, aided by a potential-model
analysis, we have also found that it may have sub-

stantially reduced the effects of the core-exchange
contributions.

In conclusion, we mention again that the present
investigation is just another step in our search for a
detailed understanding of the effects of antisym-
metrization in nuclear systems. To achieve this
aim, we have to carry through the tedious pro-
cedure of further performing other selected
resonating-group calculations. Alternatively, one
might proceed in a different direction by trying to
determine analytically the general properties of the
higher-power terms in the polynomial factors of the
exchange-kernel function. However, this will also
be a difficult task, and the accomplishment of
which will require much mathematical expertise
and computational innovations.
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