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The n+ Li and p+ Li systems are studied with the single-channel resonating-group

method. The Li internal wave function used is either a single translationally-invariant

harmonic-oscillator shell-model function or a superposition of two such functions. The re-

sult shows that the main features of this system do not depend sensitively on which of these

functions is employed, although significant differences in cross-section values do appear at
backward angles. The fit to experimental data is only fair, indicating that the present cal-

culation should be refined by including the N+ Li*(3+) inelastic channel, by taking into

better account a+a clustering in Li, by carefully considering the effect of specific distor-

tion, and by, perhaps, also adopting a noncentral nucleon-nucleon potential in the formula-

tion.

NUCLEAR REACTIONS Li(p,p), Li(n, n); calculated phase shifts
and 0(8). Resonating-group method with complex-generator-coordinate

technique.

I. INTRODUCTION

The development of the complex-generator-
coordinate technique' (CGCT) has made it feasi-
ble to utilize flexible cluster internal functions in
resonating-group studies of the interactions between

composite nuclei. Especially for systems in which
clusters with diffuse density distributions are in-

volved, it is reasonable to expect that the use of
such internal functions may be necessary for a de-

tailed explanation of the measured results. In this
investigation, we illustrate this by considering the
X+ Li system. This particular system is chosen
because the nucleus Li is lightly bound and has a
rms radius even larger than that of the heavier nu-

cleus ' C, indicating that the simplified choice of a
single, translationally-invariant harmonic-oscillator
shell-model function (hereafter referred to as a 1G
function), which is the type of internal function
commonly adopted in resonating-group and
generator-coordinate calculations of relatively heavy
two-cluster systems such as a+' 0, ' 0+ Ca,
and so on, ' may not be sufficient to describe prop-
erly the essential behavior of this diffuse
nonclosed-shell light cluster.

For a preliminary investigation, hereafter re-
ferred to as SLT, we previously considered the case
of n + Li scattering using a 16, Li internal func-
tion. With such a function, it was found possible to

describe reasonably well the charge-form-factor
behavior in the low-q region up to about 1.5 fm
In this study, we shall adopt a more flexible func-
tion consisting of a superposition of two harmonic-
oscillator shell-model functions (referred to as a 26
function), which can yield satisfactory form-factor
values for q even as large as 6 fm . With this
choice, the description of the behavior of the Li
nucleus is certainly improved, but the amount of
computational effort required for the N+ Li cal-
culation will also be substantially increased; howev-

er, the power of the CGCT is such that the calcula-
tion can still be carried out in a straightforward
manner.

In the next section, we discuss the modifications
made in the single-channel resonating-group formu-
lation of the N+ Li problem described in SLT.
The results obtained with both the 16 and the 26
Li internal functions will be presented in Sec. III.

Here also, a comparison with experimental data will
be discussed. Finally, in Sec. IV, we summarize the
findings of this investigation and make some con-
cluding remarks.

II. FORMULATION

The main modification of the formulation given
in SLT is the replacement of the 16, Li internal
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function PiG [denoted as P6 in Eq. (3) of SLT, with
a=0.305 fm ] by a 26 internal function PqG,

' that
is, instead of PiG, we now use

PzG ——(rs —R6)'(r6 —R6)

6
1 2exp ——,ai g (r; —R&)

i=1

O.l

O.OI

O.OOI

]+c exp ——,ap g (r; —R6)
O.OOOI

in the N+ Li calculation. The parameters a1, a2,
and c are then adjusted to yield a best overall agree-
ment with the experimental charge-form-factor
data ' in the q region up to about 6 fm . The
resultant values are

ai ——0.169 fm

ai —0.458 fm

c=145.1,
(2)

with the corresponding rms charge radius being
equal to 2.48 fm. In Fig. 1, we show a comparison
between the empirical values for F,h and the values
obtained with the 26 (solid curve) and the 1G
(dashed curve) functions. Here one finds that the
fit to experiment obtained with the 2G function is
indeed quite good, while that obtained with the 16
function is satisfactory only in the low-q region
below about 1.5 fm

Another modification is the use of the nucleon-
nucleon potential given by Eqs. (9)—(11) of a previ-
ous publication, " rather than the nucleon-nucleon
potential given by Eqs. (12)—(14) of SLT. This
modification is made in order to conform with re-
cent resonating-group calculations' in other light
systems. In this potential, there exists an
exchange-mixture parameter u, the value of which
will be determined by using the experimental infor-
mation that there exist in Li J = —, and —,

13 5 — 3—

states at 7.47 and 10.25 MeV with l= 1, S=—, and a
predominant n + Li cluster configuration. This
means that, in a calculation where the nucleon-
nucleon potential employed is purely central, one
should consider that the P state in Li lies at 1.89
MeV above the n+ Li threshold, ' a value obtained
by simply averaging the experimental excitation en-
ergies according to ( 1 S) weighting. Using this
information, one then finds that the values of u

should be taken to be 0.98 and 1.00 in the 16 and
26 cases, respectively.

Because of the adoption of a rather complicated
internal function PqG, the expression for the kernel

0.0000I
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FIG. 1. Charge form factors of Li. The solid and
dashed curves represent results obtained with the 26
and 16 functions, respectively.

function becomes quite lengthy, but, as mentioned
in the Introduction, can be straightforwardly de-
rived by using the CGCT. For the exchange-
Coulomb kernel, we use the exact expression in the
n+ Li case but an approximate one in the p+ Li
case. This latter expression is obtained by employ-
ing a self-consistent procedure described previous-
ly. ' This procedure has been found to work well in

many light systems and should be accurate enough
for our present purposes.

III. RESULTS

A. Phase shifts

In Fig. 2, we show the n+ Li phase shifts calcu-
lated with the 26 (solid curves) and 16 (dashed
curves) internal functions, respectively. From this
figure, one notes the following interesting features:

(i) The main difference between the phase-shift
results in these two cases occurs in the l=O state.
However, this difference arises to a large extent
from the fact that there appear, as expected, spuri-
ous resonances ' in the 2G case (shown as breaks
in the phase-shift curves) and, hence, is not particu-
larly meaningful. A more useful comparison would
result when such resonances are suppressed by the
introduction of a phenomenological imaginary po-
tential into the resonating-group formulation. '

This will be discussed in the next subsection.
(ii) The phase-shift rise near the n+ Li threshold

in the l=0, S=—, state may be associated with the

experimental observation of a broad S resonance at
2.4 MeV. ' We should caution, however, that our
present wave function is probably not flexible
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enough to describe properly the behavior of this
broad resonance state; in addition, the existence of
the spurious resonance does complicate the interpre-
tation. This is a situation which requires further
extensive investigation.

(iii} In orbital-angular-momentum states where

spurious resonances do not exist (i.e., l ) 1), the cal-
culated phase-shift values in the 16 and 26 cases
turn out to be not too different. As is seen from
Fig. 2, the l=l phase shifts differ substantially
from each other only in the energy region around
the P resonance. For higher-1 values, the differ-
ences are, in fact, even smaller; for example, the D
phases in the 2G case differ from those in the 1G
case by only —2.7' and 1.4' at 8 and 50 MeV,
respectively.

B.Differential cross sections
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To achieve a meaningful comparison between the
1G and 26 1=0 phases, and to see the quality of fit
to experiment, we introduce phenomenological ab-
sorptive potentials into the resonating-group formu-
lation. These potentials have the form given by
Eqs. (18) and (19) of SLT, and contain adjustable
strength parameters 8'oz and W04 in the chan-

1 3
nel spin —, and —, states, respectively.

A comparison between calculated and experimen-
tal's differential cross sections for n+ Li scattering
at 12 MeV is shown in Fig. 3. In this figure, the
solid curve represents the 26 result with 8'04 ——3.5
MeV, 8'Oz ——6.5 MeV, while the dashed curve
represents the 16 result with 8'04 ——4.0 MeV,
8'02 ——6.0 MeV. The total reaction cross sections
O.z in the 2G and 1G cases are equal to 537 and 530
mb, respectively. Here one sees that, because of
rather large errors associated with the experimental
data, there seems to be no clear preference for
adopting the internal function PzG over the internal
function PiG. On the other hand, it is evident that
the oscillatory behaviors in the backward angular
region are somewhat different in these two calcula-
tions. For instance, the peak-to-valley ratio (i.e., the
ratio of the cross section at 180' to the minimum
cross section at an angle near 138') is equal to 1.8 in
the 26 case, which is significantly smaller than the
value of 2.6 in the 16 case.

In Fig. 4, we compare p+ Li differential cross
sections calculated in the 2G case with experimental
data at 22.2, 30, and 38.9 MeV. For this calcula-
tion, we have made the additional simplification of
setting
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FIG. 2. Phase shifts "5I for n+ Li scattering, calcu-
lated with the 2G (solid curves) and 16 (dashed curves)
functions.

8'p2 ——8'O4 ——8'p,

and adjusted the only parameter Wo to yield
reaction-cross-section values measured at nearby en-

21,22ergies. ' As is seen, the agreement between calcu-
lation and experiment is reasonable at angles small-
er than about 130'. Considering the fact that no ad-
justment is made to fit the differential-cross-section
data, one can view the calculated result as fairlair y
satisfactory. The major discrepancy occurs in the
1arge-angle region, where it is seen that the calculat-
ed cross-section values are too large. This can
probably be attributed to the various approxima-
tions made in our calculation. These are the follow-
ing: (i) the use of a Li internal function, which
may not have a sufficient degree of d+a clustering;
(ii} the lack of explicit consideration of the 3+, first
excited state in Li; (iii) the adoption of a purely
central nucleon-nucleon potential; and (iv) a rather
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FIG. 3. Comparison of calculated and experimental
differential cross sections for n+ Li scattering at 12
MeV. The solid and dashed curves represent results ob-
tained with the 2G and 16 functions, respectively.
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crude treatment of the specific distortion effect by
simply adjusting the u value. The deficiencies asso-
ciated with employing these approximations can all
be properly corrected within the resonating-group
framework, although it should be mentioned that
the resulting calculation will certainly be very tedi-
ous.

Calculations have also been made with the 16
function for p+ Li scattering at 22.2 and 30 MeV,
using the same absorptive strength as that employed
in the 26 case. Here again, one finds that, as in the
12-MeV n+ Li comparison, the positions of the
cross-section minima and maxima are essentially
the same in the 1G and 26 cases, and the cross-
section values are noticeably different only in the
backward angular region. For example, the 180'
cross sections are equal to 2.9 and 1.4 mb in the 16
case at these two energies, which should be com-
pared with the corresponding values of 3.4 and 2.0
mb in the 2G case.

Complex phase shifts calculated in the 16 and
26 cases are tabulated in Table I for n+ Li scatter-
ing at 12 MeV and p+ Li scattering at 22.2 MeV.
From this table, it is seen that the differences are
indeed not too large. For the real part of the phase
shift, the largest difference occurs in the S state.
But, even here, the difference is only 7.1' in the 12-

MeV case and 6.0' in the 22.2-MeV case.
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FIG. 4. Differential cross sections for p+ Li scatter-
ing at various energies. The solid curves represent re-
sults obtained with the 26 function. Experimental data
shown are those of Ref. 20.
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TABLE I. Values of ~5I (in degrees), calculated in the 16 and 26 cases, for the n+ Li system at 12 MeV and the

p+ Li system at 22.2 MeV.

E (MeV)
case

4g

4g

105.0+i 9.8

91.1+i 10.4

105.1+i 18.3

88.4+ i 11.2

88.7+ i 8.0

71.7+ i 8.2

22.2

86.6+ i 15.9

72.0+i 8.9

4g 32.1+i 20.5 31.8+ i 18.7 43.4+ i 6.8 44.2+i 16.8

4g 0.9+i3.3 2.3+i 3.0 6.3+i 9.4 7.2+i 9.2

0.5+i0.6 0.5+i0.5 2.2+ i 2.6 2.5+i2.7

4g 0 +i0. 1 0.1+i0.1 0.3+i0.7 0.5+ i 0.7

4g 0.1+i0.2 0.1+i0.2

2$

2$

105.3+i 19.5

100.4+ i 10.0

98.2+ i 23.7

100.9+i 10.5

90.9+i 9.4

80.4+ i 7. 1

84.9+i 16.9

82.8+i 7.2

2$

8.9+i32.8

4.6+i 5.8

10.7+ i 33.2

4.5+i 6.3

39.3+i 22.0

14.5+ i 10.4

37.6+ i 21.7

15.0+ i 10.5

2$ 0.4+ i 0.9 0.7+i 1.0 2.8+i2.8 3.4+i2.8

2Q 0.1+i0.1 0.1+i0.2 0.7+i 0.7 0.9+i 0.7

2$ 0.1+i 0.2 0.2+i0.2

C. Odd-even behavior

In Fig. 5, we show the l-dependent behavior of
the real part of the phase shift for p+ Li scattering
at 22.2 MeV (i.e., 25.9 MeV/nucleon). Here one
sees that, except for the S phase-shift points, the
odd-even characteristics, discussed in SLT, seem to
be quite similar in the 16 and 26 cases. This indi-

cates that core-exchange contributions" of type a
and type d do not depend sensitively on whether

P iG or $2G is used in the resonating-group formula-

tion, which explains in turn the observation that at
the 180' peaks the cross-section values in the 16
and 26 calculations are not greatly different.

To demonstrate even more clearly the similarity
of the odd-even behavior in the 16 and 26 cases, we
depict in Fig. 6 the values of Cg, defined in Eq. (24)
of SLT, obtained for n+ Li scattering at 30 MeV.
In these calculations we have not considered absorp-
tive effects and, hence, the results for Co~ are not
shown. From this figure, it is evident that the I-

dependent and S-dependent features of Cg are qual-

itatively the same and the effect of employing either

P iG or $2G does not seem to be too important.

IV. CONCLUSION

In this investigation, the main purpose was to ex-
amine, in the case of N+ Li scattering, the effect
of using for the Li internal function either a single
translationally-invariant harmonic-oscillator shell-
model function (i.e., PiG) or a superposition of two
such functions (i.e., $2G). These two internal func-
tions are distinguished by the fact that with P iG one
can obtain a reasonable fit to the empirical charge-
form-factor data only in the restricted range of q
less than about 1.5 fm, while with $2G a good
form-factor fit for q even aslargeas 6fm canbe
accomplished. The result shows, however, that the
main features of the X+ Li system do not seem to
depend sensitively on which of these functions is
employed. This means that if one wishes to study
only the essential properties of this system, then the
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FIG. S. Real part of the phase shift as a function of

the orbital angular momentum in the p+ Li case at
22.2 MeV. The solid and open circles represent results
obtained with the 26 and 16 functions, respectively.

adoption of the simple 16, Li function is suffi-
cient; on the other hand, if the purpose is to achieve
a detailed and quantitative understanding, then the
use of the computationally more tedious 2G func-
tion will become necessary.

With our present formulation, it is only possible
to obtain a fair agreement with experiment. A par-
ticularly noticeable discrepancy occurs in the large-
angle region where the calculated cross sections,
especially at higher energies, are too large. In this
respect, it is interesting to note that, because of the
rather large nucleon-number difference between the
interacting nuclei, the odd-even effect in this system
is not as prominent as that in many other light sys-
tems. Thus, we are presently of the opinion that
this discrepancy may arise as the cumulative result
of adopting a number of simplifying assumptions
(see the discussion in Sec. III B) and the correction
of this discrepancy may require a careful examina-
tion of all these assumptions.

From this and other investigations, we come to
the conclusion that, from the resonating-group
viewpoint, it would be a tedious task to achieve a
quantitative and detailed explanation of the experi-
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FIG. 6. Cg as a function of I for n+ Li scattering at
30 MeV. The solid and open circles represent results
obtained with the 26 and 16 functions, respectively.

mental features observed in any system involving a
Li nucleus. The reason for this is that the nucleus
Li has many complicated properties, ' it is a

nonclosed-shell nucleus, has low-lying excited
states, is easily distortable, and contains a strong de-
gree of nucleon clustering. On the other hand, these
very properties also make it interesting and chal-
lenging to perform refined studies in Li + nucleus
systems, because a successful conclusion of such
studies would certainly serve as a convincing argu-
ment for the usefulness of the resonating-group ap-
proach in treating nuclear many-body problems.
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