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Channel-coupling effects on the properties of the n+ Li system are studied. The channels includ-

ed are n+ Li, n+ Li*, and H+cz channels. The calculation shows that there exist S= 2, L =0
and 1 resonance states in the n+ Li continuum, in agreement with the result of a recent R-matrix

study. In addition, it is found that the H+a channel has a substantial influence, indicating that
the energetically most-favored cluster configuration must always be considered in a resonating-

group investigation. The coupling between n+ Li and n+ Li channels turns out generally to be
fairly weak, although it does become somewhat enhanced when the H+a channel is included in the
calculation.

I. INTRODUCTION

In a recent investigation, ' hereafter referred to as FT1,
we have studied the influence of the clustering and
charge-form-factor behavior of Li on the properties of
the n+ Li system. By examining the n+ Li cross-
section and phase-shift results obtained with a number of
sutiably chosen Li internal functions, we came to the
conclusion that (i) for a proper description of the reso-
nance behavior of the n + Li system in the low-energy re-
gion, the correlation property of Li in terms of d+ n
clustering is of critical importance; and (ii) for a careful
investigation of the n+ Li scattering behavior at high
energies, one must adopt a Li internal function which is
flexible enough to yield correct charge-form-factor values
over a wide range of q .

In this investigation, we continue our study of the
n+ Li system by examining the effect of channel cou-
pling. To achieve this purpose, we perform a resonating-
group calculation by taking n+ Li, n+ Li*, and H+ a
channels into account, with Li and Li* being T =0
states described by translationally invariant (ls) (lp)
harmonic-oscillator shell-model functions representing
d+ a cluster configurations with relative orbital angular
momenta I equal to 0 and 2, respectively. The informa-
tion we seek can then be obtained by comparing the re-
sults from a single-channel calculation (SC), consisting of
only the n+ Li channel, a coupled-channel calculation
(CC), consisting of n+ Li plus n+ Li' channels, and a
full calculation (full), including all three channels.

A three-channel study with n+ Li, n+ Li*, and
H+a channels has recently been reported (Ref. 2, hereaf-

ter referred to as FT2). The emphasis there was, however,
to examine channel-coupling effects of the n+ Li and
n+ Li* channels on the bound-state and phase-shift
properties of the energetically most-favored H + o. clus-
ter configuration. In the present study, the discussion will
instead be centered on the n+ Li channel as incident
channel. Our hope is that, with this and previous' stud-
ies, we can achieve a rather detailed understanding of the

level structure and reaction mechanisms in the seven-
nucleon system.

Experimental n+ Li scattering and reaction data have
recently been summarized by Knox and Lane. In addi-
tion, these authors have performed a careful R-matrix
analysis and obtained interesting information concerning
the level structure of Li. As will be shown here, our re-
sults generally agree quite well with their analysis of the
experimental data. However, some relatively minor
differences do exist and these will be discussed below.

In Sec. II, a very brief discussion of the formulation is
given. The results are presented in Sec. III, where
channel-coupling effects in both S= —,

' and —', spin-
angular-momentum states of the n+ Li system will be
considered. In the case where S=—,, we shall discuss the
results from SC, CC, and full calculations. On the other
hand, since the H+a channel has S equal to —,, only the
SC and CC results can be compared in S=—, states. Fi-
nally, in Sec. IV, we summarize the findings of this inves-
tigation and make some concluding remarks.

II. FORMULATION

The formulation of our present multichannel
resonating-group calculation is very similar to that
described in FT2; hence, only a brief discussion will be
given here. As was mentioned in the Introduction, the
internal functions of Li and Li* will be taken as
(ls) (lp) harmonic-oscillator functions describing d+ a
cluster configurations with internal orbital angular mo-
menta I equal to 0 and 2, respectively. The width param-
eter of this oscillator well is chosen to be 0.278 fm
such that a correct result for the Li rms charge radius is
achieved. For the H and o. clusters, we similarly use
wave functions which correspond to lowest configurations
in harmonic-oscillator wells. The width parameters of
these latter wells are assumed to be the same as that for
the Li and Li* clusters, in order to reduce substantially
the computational effort.

The nucleon-nucleon potential adopted has a Serber ex-
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change mixture (i.e., u =1); it is the same as that used in
FT1. For simplicity in calculation, we have again omitted
the Coulomb contribution by letting the charge of the pro-
ton be infinitesimally small. This is certainly a reasonable
simplification to make since, for the n+ Li channel
which is of main interest here, the resultant omission of
the exchange Coulomb interaction will have little signifi-
cance.

With respect to the n + Li channel, the calculated
threshold energies for the n+ Li' and H+ a channels
are 3.67 and —3.45 MeV, respectively. These are in
reasonable agreement with the empirically determined
values of 3.60 and —4.78 MeV.

The results from SC, CC, and full calculations will be
compared through the phase shift /iL p I.p and the reflec-
tion coefficient r/L, p I.p characterizing the diagonal element
of the S matrix, and the transmission coefficients i/I I p

and gI2 L 0 of the off-diagonal elements. As was similarly
adopted in FT2, the indices of these S-matrix quantities
have the following meaning. The superscript represents
the total orbital angular momentum of the system. The
subscripts on the right-hand side of the comma represent
the (/I) value (I =0) of the n+ Li incident channel, with
/ (/=L) being the relative orbital angular momentum be-
tween the neutron and the Li cluster. As for the sub-
scripts appearing on the left-hand side of the comma, a
single digit denotes that the exit channel is the H+ a
channel with L being the relative orbital angular momen-
tum between the H and the n clusters, and a double digit
(/I) with I =2 denotes that the exit channel is the
n+ Li channel with l representing now the relative or-
bital angular momentum between the neutron and the Li*
cluster.

III. RESULTS

The results for the phase shift, the reflection coeffi-
cient, and the transmission coefficient in S= —,

' and —,
'

states with L =0—3 are shown in Figs. 1—8 as a function
of E, the relative energy of the neutron and the Li cluster
in the c.m. system. In these figures, the values obtained in
the SC, CC, and full cases are represented by dashed
curves, solid circles or dot-dashed curves, and solid
curves, respectively. For clarity in presentation, we shall
generally not show the transmission coefficient for transi-
tion into a weakly coupled state where its value is smaller
than about 0.1 in the whole range of relative energy con-
sidered (i.e., 0—25 MeV).

A. S= 2 states1

(i) L =0 state (Fig. 1). The most notable features are
that phase-shift values in SC and CC cases are nearly
identical and the transmission coefficient i/z2 pp in the CC
calculation is quite small, especially in the low-energy re-
gion. This indicates that the direct coupling between
n+ Li and n+ Li' channels is very weak in the L =0
state. As a partial explanation of this, we note that the
relative orbital angular momentum I is equal to 2 in the
n + Li* channel and, hence, the coupling may be reduced
because of centrifugal-barrier effects. Even so, however,
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FIG. 1. Calculated S=
2 phase shifts, reflection coefficient,

and transmission coefficients for L =0 in the n+ Li channel.
The dashed curve, solid circles, and solid curve represent results
obtained with the SC, CC, and full calculations, respectively.

this is a rather surprising finding, in view of the fact that
Li and Li are known to have similar intrinsic structures

and belong to the same rotational band.
From Fig. 1, one further notes that there exists rather

strong coupling between the n+ Li channel and the
H + a channel. In fact, with the latter channel included,

the coupling between n+ Li and n+ Li* channels be-
comes even somewhat enhanced, as can be seen by the
larger magnitude of vfz2 pp in the full calculation (see also
Ref. 6). This demonstrates, therefore, the important role
played by the H+ a channel and reminds one that, for a
proper consideration of the properties of a nuclear system,
the energetically most-favored cluster configuration must
always be taken into account in the calculation.

With the full calculation, the phase-shift curve becomes
quite flat in the energy region between about 5 and 10
MeV. This may indicate the presence of a very broad —,

state in the n+ Li continuum, in qualitative agreement
with the R-matrix result of Knox and Lane.

Using the calculated values of the phase shift in the
very low-energy region, we can compute the n+ Li,
L, =0 scattering length. The resultant values are 2.60,
2.58, and 3.55 fm in the SC, CC, and full calculations,
respectively. Comparing with the empirical value of 3.88
fm (Ref. 4), we note again that the inclusion of the
H+ a channel is important for a satisfactory explana-

tion of the characteristics of the seven-nucleon system.
(ii) L =1 state (Fig. 2). In the SC case, there exists a

bound state at —2.49 MeV and the phase-shift curve
shows a smooth, monotonically decreasing behavior.
With channel coupling taken into consideration, this state
appears now in the lower-energy region, at —4.02 MeV in
the CC case and —5.73 MeV in the full calculation. The
large decrease in energy due to channel coupling is, of
course, a strong demonstration of the well-known fact
that the ground state of Li does not have an n + Li clus-
ter structure. Additionally, one notes from Fig. 2 that the
CC and full calculations exhibit clear evidence for the ex-
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B. S= ~ states
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(jv) I =3 (Fig. 8). The coupling is quite weak in this L
state, as is evidenced by the near identity of the SC and
CC phase-shift values and the small magnitude of the
transmission coefficient gi2 30 for the dominant n+ Li*
aligned configuration.

I GOO

IOO

C. Differential cross section

In summary, the main findings of this investigation are
as follows:

(i) For a proper understanding of the level structure of
the compound nucleus Li, one must take enough cluster
configurations into account. In the S=—,

'
state, our cal-

culation with n+ Li, n+ Li*, and H+ a channels
yields evidence for the existence of I.=0 and 1 states in
the n + Li continuum, in agreement with the result from
a recent 8-matrix study. In the S=—, state, it is found
that the inclusion of the n+ Li* channel lowers the reso-
nance energy of the L =1 state by a fairly large amount
of about 1 MeV.

40
6 I

n+ Li

0— 30PO

0.4—

0.2—

0
0 10

E(MeV)

I

20

FIG. 8. Same as in Fig. 5, except that L =3.

In Fig. 9, n+ Li differential cross sections in the SC,
CC, and full cases are shown at 30 MeV. We choose to
discuss at such a relatively high energy in order to make
sure that sharp resonance levels do not dominate and that
nucleon-exchange terms' contribute in different angular
regions.

It is seen from Fig. 9 that there is an appreciable, but
not large, difference between the SC result on the one
hand and the CC and full results on the other hand. This
demonstrates that a proper consideration of channel-
coupling effects is necessary for a detailed understanding
of the properties of the n+ Li system. The cross-section
results of the CC and full calculations turn out to be rath-
er similar; this is understandable since, because of statisti-
cal weights, the cross-section behavior at this energy de-

pends more heavily on contributions from S=—,
' states,

for which the H + a channel plays no role in our calcula-
tion.

From Fig. 9, one further notes that the essential charac-
teristics of the cross-section curve are, however, not modi-
fied by the addition of n+ Li* and H+ a channels.
This is gratifying, since it means that the main features of
nucleon-exchange contributions can already be semiquan-
titatively learned by performing a much simpler SC calcu-
lation.

IV. SUMMARY AND CONCLUSION
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FIG. 9. Comparison of n+ Li differential cross sections at
30 MeV, obtained with the SC (dashed curve), CC (solid circles),
and full (solid curve) calculations.

(ii) The phase-shift behavior of the n+ Li system is
appreciably affected by the coupling to the H+ a chan-
nel. This shows that, in a resonating-group study, the en-
ergetically most-favored cluster configuration must al-
ways be considered.

(iii) The coupling between n+ Li and n+ Li" chan-
nels is not too strong. Its strength is somewhat smaller in
the S=—,

' state than in the S=—,
' state. In the S=—,

'

state, we find additionally that this coupling is generally
enhanced when the H+o. channel is included in the cal-
culation.

(iv) Because of centrifugal-barrier effects, the aligned
configuration of the n+ Li' channel makes, in general,
the most significant contribution.

In addition, we find that the essential characteristics of
nucleon-exchange contributions in the n+ Li system is
not much affected by the addition of n + Li' and H+ a
channels. Together with our previous finding reported in
FT1 that these characteristics are also rather insensitive to
the clustering and form-factor properties of Li, we can
reasonably conclude that antisymmetrization effects may
be qualitatively or even semiquantitatively understood by
performing single-channel calculations utilizing simple
internal wave functions for the incident and target clus-
ters.

With the completion of this and previous' investiga-
tions, we have learned that, for a detailed understanding
of the properties of the seven-nucleon system, we must
take into proper consideration target-clustering, form-
factor, and channel-coupling effects. Therefore, the next
logical step is to perform a multichannel study employing
a realistic Li wave function which accounts for the pres-
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ence of a large degree of d+ tz clustering. This will cer-
tainly be a useful but very tedious task. However, we
have recently developed the necessary mathematical tech-
nique which will enable us to complete such a calculation
with reasonable computational effort. It is our hope that,
with this planned study, we can eventually come to a rath-
er complete understanding of the main characteristics of

the seven-nucleon system with respect to its level structure
and reaction mechanisms.
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