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Scattering and reaction cross sections in the seven-nucleon system are calculated in a
multiconfiguration resonating-group study which consists of ¢ +*He, n +°Li, and n +SLi* cluster
configurations. The results show that the diffraction and interference features of the experimental
angular distributions can be well explained, but that the calculated magnitudes of the differential
cross sections are generally too large. In addition, it is found that the calculated total reaction cross
sections for the ¢ +*He and n +SLi channels are only 30-40 % of the measured values, indicating
that, for a satisfactory explanation of all the important features of the seven-nucleon system, more
cluster configurations must still be incorporated into the resonating-group formulation.

I. INTRODUCTION

In a recent investigation,! we have studied the proper-
ties of the seven-nucleon system by performing a
multiconfiguration resonating-group calculation in which
the ¢ +*He, n +°Li, and n +°Li* cluster configurations
are included. To ensure the reliability of the result, we
have made careful choices of internal wave functions
which account for cluster correlations, satisfy the varia-
tional stability conditions, and explain the form-factor
data over a large range of g2. The calculation was car-
ried out with a central nucleon-nucleon potential contain-
ing a soft repulsive core, and the result shows that the
calculated level spectrum agrees quite well with the level
spectrum empirically determined and useful information
concerning the effects of specific distortion and nucleon
exchanges can be obtained.

The investigation, reported in Ref. 1, was concentrated
on studying the dependence of the S-matrix elements on
the extension of the model space employed in the calcula-
tion. Here we shall continue the study by examining the
behavior of the scattering and reaction cross sections in
the higher excitation-energy region where sharp reso-
nances of the compound nucleus no longer exist. Addi-
tionally, we shall, of course, also compare calculated and
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experimental results in order to see how well our
multiconfiguration study can explain the essential charac-
teristics of the measured cross-section angular distribu-
tions in the seven-nucleon system.

It should be mentioned that a similar multiconfig-
uration study has also been carried out by Hofmann
et al?> The conclusions reached there agree generally
with those obtained in our investigation. Similar to our
study reported in Ref. 1, the main emphasis of these au-
thors was also on the examination of the behavior of the
S-matrix elements. Because of the limitation imposed by
their consideration of a rather small number of partial
waves in various channels, they have not attempted to
calculate differential scattering and reaction cross sec-
tions in the higher-energy region.

The outline of this paper is as follows. In the next sec-
tion, a very brief description of the formulation of the
seven-nucleon multiconfiguration study is presented. The
dependence of the calculated differential scattering and
reaction cross sections on the extension of the model
space is then discussed in Sec. III. In Sec. IV, we com-
pare the calculated and experimental results for the vari-
ous cross-section angular distributions. Finally, in Sec.
V, we discuss the findings of this investigation and make
some concluding remarks.

1531 ©1988 The American Physical Society



1532 Y. FUJIWARA, Q. K. K. LIU, AND Y. C. TANG 38

II. BRIEF DESCRIPTION OF THE FORMULATION

The formulation of the seven-nucleon problem with
multiple cluster configurations is given in Ref. 1 and,
hence, will not be further described here. It suffices to
mention that the two-cluster configurations included in
the calculation are the ¢ +*He, n+°Li, and n +°Li*
configurations, with SLi* being the T =0 excited state of
®Li having a d +a cluster structure with relative orbital
angular momentum I =2. In addition, the d+°He
configuration has also been included to expand the model
space; however, because of computational limitation, its
consideration was only made in the state with total orbit-
al angular momentum L equal to 1, where this particular
cluster configuration is expected to contribute most
significantly.

The nucleon-nucleon potential used is purely central
with a Serber exchange mixture. For simplicity in calcu-
lation and interpretation, noncentral and Coulomb effects
are not considered. This is not a serious defect since, at
the relatively high energies to be studied here, these
effects have rather minor consequences on the cross-
section results and are not essential for an understanding
of the basic behavior of the intricate interplay among
various cluster configurations.

One important feature of this multiconfiguration study
should be emphasized. To make certain that the results
obtained should be reliable, we have taken precaution to
choose cluster internal wave functions® which meet cer-
tain important criteria. These criteria involve careful
considerations of the nucleon-correlation structure, the
form-factor behavior, and the variational stability condi-
tion.

The calculations are performed in a number of model
spaces which are defined as follows: (i) single config-
uration SC1 space with only the ¢+*He cluster
configuration, (ii) single-configuration SC2 space with
only the n+SLi cluster configuration, (iii) double-
configuration DC space consisting of both the r+*He
and the n+SLi configurations, and (iv) triple-
configuration TC space which is spanned by not only the
t+*He and the n+°Li configurations, but also the
n+SLi* configuration. The influence of the d-+°He
configuration will also be examined, but, as has been
mentioned previously, only in the L =1 state.

Using the calculated S-matrix elements from Ref. 1,
one can easily compute the scattering and reaction cross
sections in a state of definite total spin angular momen-
tum S (S=1 or ). The differential scattering cross sec-
tion in channel i (i =1 or 2, with channels 1 and 2 being
the ¢ +*He and n +°Li channels, respectively) is given by

o@)=|4;|%, (1)
with

4= 3 st 1P (cos0) . @)

L=0

Similarly, the differential reaction cross section leading
from channel i to channel f is given by

o(0)=|4;|*, 3)
with
& 2L +1
A= 2 2ik;

L=0

SfL,-PL(cose) . (4)

Also, the total reaction cross section form channel i to
channel f can be calculated by using the equation

or=3 %(u + 1k, (5)
L=0 "

with ”I,I?i= | S f’»“, | being the transmission coefficient. In
the above equations, the quantities k¥, and k, are asymp-
totic wave numbers which are related through the equa-
tion

E\=E;+Ey, , (6)

where E,,, equal to 3.15 MeV, is the calculated n +°Li
threshold energy with respect to the t +*He channel, and
E, and E, denote, respectively, the relative energies in
the c.m. system of the ¢ and “He clusters in channel 1 and
of the neutron and the °Li cluster in channel 2.

III. SCATTERING AND REACTION
CROSS SECTIONS IN VARIOUS MODEL SPACES

As was discussed in Ref. 1, the TC calculation yields a
number of ’Li resonance levels in the energy region
where E, is smaller than about 12 MeV. In Fig. 1, we
show the effects of these levels on the calculated total
cross sections op and ok for the *“He(t,n)’Li and
“He(t,n)’Li* reactions, respectively. From this figure,
one notes that, for E; $12 MeV, o, does have an appre-
ciable and oscillatory energy dependence. Since it is to be
expected that the S-matrix element will change substan-
tially with the extension of the model space in the region
where relatively sharp resonance levels exist and that
even a rather extensive multiconfiguration study of the
type employed here will not precisely yield the positions
and widths of the compound-nucleus resonances, it seems
prudent that one should appropriately avoid the low-
energy region in a cross-section study and examine the re-
sults only at energies with E, larger than about 12 MeV.

The importance of the n +°Li* configuration is demon-
strated also in Fig. 1. Here one sees that, for E| higher
than about 10 MeV, o has an appreciably larger magni-
tude than o (see also Ref. 2). At E;=15.95 MeV, o
and o} are equal to 34 and 102 mb, respectively, which
are consistent with the measured values* of 32+1 and
81+2 mb for the *He(*He,p) reactions leading to the
ground and first excited states of SLi. On the other hand,
the calculated total reaction cross section for the ¢ 4 *He
channel at this energy is 136 mb, which is only about
30% of the measured value* of 433+10 mb for the
’He + “He channel. This indicates that even more clus-
ter configurations must still be incorporated into the
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FIG. 1. Calculated cross sections gz and o for the *He(t,n)°Li and *He(z,n)°Li* reactions, respectively.

seven-nucleon calculation. Quite obviously, such an im-
provement may escalate the computational complexity to
an impractical extent; however, from a microscopic
viewpoint, this may be unavoidable if one desires to ex-
plain all the important features of this complicated
many-nucleon system.

Next, the dependence of the calculated differential
cross sections on the extension of the model space is stud-
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FIG. 2. Comparison of ¢+ *He differential cross sections at
E, =20 MeV, obtained with SC1 (dashed curve) and TC (solid
curve) calculations.

ied. In Figs. 2—4, we show, respectively, the cross sec-
tions for ¢+ *He scattering at E; =20 MeV calculated in
the SC1 (dashed curve) and TC (solid curve) spaces, for
n +°Li scattering at E,=20 MeV calculated in the SC2
(dashed curve) and TC (solid curve) spaces, and for the
“He(t,n)®Li reaction at E, =20 MeV calculated in the DC
(dashed curve) and TC (solid curve) spaces. Here one
notes a striking feature; i.e., as the model space is expand-
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FIG. 3. Comparison of n+SLi differential cross sections at
E, =20 MeV, obtained with SC2 (dashed curve) and TC (solid
curve) calculations.
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FIG. 4. Comparison of differential cross sections for the
“He(t,n)®Li reaction at E, =20 MeV, obtained with DC (dashed
curve) and TC (solid curve) calculations.

ed, the essential characteristics of the angular distribu-
tions do not seem to change appreciably. From these
figures, one finds not only that the angular positions of
the peaks and valleys remain essentially the same, but
also that the relative magnitudes of the peaks are similar.
It turns out that an enlargement of the model space
serves mainly to lower the general magnitudes of the cal-
culated cross sections (see especially Figs. 3 and 4). This
is certainly an interesting and useful finding, since it sug-
gests that, at least in light systems and at relatively high
energies, one can hope to explain the diffraction and in-
terference features exhibited in cross-section angular dis-
tributions by performing only comparatively simple cal-
culations in rather restricted model spaces.

The effect of further enlarging the model space by add-
ing onto the TC calculation the d +°He cluster
configuration (i.e., the QC calculation) has also been
briefly examined in the L =1 state. The results at
E, =20 MeV show that, in going from the TC to the QC
case, the total reaction cross section in this angular-
momentum state for the ¢ +*He channel increases from
10.8 to 15.0 mb, while the cross section for the
“He(t,n )°Li reaction decreases from 7.1 to 3.7 mb. Both
of these results are rather expected, and are consistent
with the interpretation that the addition of the d +°He
channel has the main effect of simply draining off flux
from the ¢ +*He channel and, thus, leaves a smaller frac-
tion of the incident flux to initiate the *He (¢z,n )°Li reac-
tion.
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IV. COMPARISON WITH EXPERIMENT

In this section, we compare the cross sections calculat-
ed in the TC model space with experimental values.
Based on the discussion given in the preceding section, it
is reasonable to anticipate that the calculated results will
yield quite correctly the oscillatory features of the mea-
sured angular distributions, but that the magnitudes of
the calculated cross sections will generally be too large.

That the above anticipation turns out to be indeed true
can be seen from Figs. 5 and 6, where we compare the
calculated and experimental>® results for ‘He 4 ‘He
scattering at E, equal to 15.95 and 24.36 MeV, respec-
tively. Here one sees that, except at small forward angles
where our omission of Coulomb effects causes a predict-
able underestimate in the cross-section values, the calcu-
lated curve reproduces not only the angular positions of
the peaks and valleys, but also all the detailed structure
of the angular distributions. The discrepancy between
calculated and experimental magnitudes is larger at 24.36
MeV than at 15.95 MeV. This may be correlated with
the fact that, in a calculation’ where a phenomenological
imaginary potential is employed to crudely account for
reaction effects in the *He + *He system, the resultant re-
action cross section at 24.36 MeV turns out to be also ap-
preciably larger than that at 15.95 MeV.

The situation for n +°Li scattering and °Li(p,*He)*He
reaction is similar. In Figs. 7 and 8, we compare, respec-
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FIG. 5. Comparison of differential cross sections for ¢+ *He
scattering at E; =15.95 MeV calculated in the TC model space
with experimental results. Experimental data shown are those
of Ref. 5.
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FIG. 6. Comparison of differential cross sections for ¢t +*He
scattering at E; =24.36 MeV calculated in the TC model space
with experimental results. Experimental data shown are those
of Ref. 6.
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FIG. 7. Comparison of differential cross sections for n 4 °Li
scattering at E, =12 MeV calculated in the TC model space
with experimental results. Experimental data shown are those
of Ref. 8.
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FIG. 8. Comparison of differential cross sections for

®Li(p,*He)*He reaction at E, =21.43 MeV calculated in the TC
model space with experimental results. Experimental data
shown are those of Ref. 9.

tively, the calculated and experimental®® cross sections
for n+°Li scattering at E,=12 MeV and for
®Li(p,*He)*He reaction at E,=21.43 MeV. From these
figures, one finds again that the main discrepancy is only
in the magnitudes of the cross sections. In the case of
n +SLi scattering, the calculated minimum at about 140°
is too deep (relative to the maximum at about 100°),
which is clearly due to the omission of noncentral effects
in our investigation. The calculated total reaction cross
section for the n +°Li channel is 276 mb. This cannot be
compared with experiment at the present moment, since
no measurement has yet been made at this energy. How-
ever, at a neighboring energy of 8.57 MeV, the experi-
mental value'? is known to be about 650 mb, indicating
that our calculation yields only about 40% of the total re-
action cross section. Therefore, this explains nicely the
overestimate of the cross-section values in our study and
points again to the fact that more cluster configurations
are needed in our calculation for a satisfactory explana-
tion of all the important features in the seven-nucleon
system.

V. CONCLUSION

In this investigation, we examine the behavior of the
differential scattering and reaction cross sections in the
seven-nucleon system using a multiconfiguration
resonating-group study which consists of ¢ + *He, n +°Li,
and n+°Li* cluster configurations. By studying the
dependence of these cross sections on the extension of the
model space and by comparing calculated and experimen-
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tal results, we obtain the interesting finding that, at rela-
tively high energies where sharp resonances of the com-
pound nucleus do not exist, the essential characteristics
of the oscillatory patterns exhibited in cross-section angu-
lar distributions can already be explained by carrying out
comparatively simple resonating-group calculations in
rather restricted model spaces.

There is indication, however, that our present calcula-
tion is not extensive enough. In contrast to the above-
mentioned finding, our study also shows that the calculat-
ed total reaction cross sections for the ¢ +*He and n +°Li
channels are too small and that the calculated differential
cross sections for *He + “He and n +°Li scattering and
®Li(p,He)*He reaction have magnitudes which are gen-
erally larger than the magnitudes experimentally deter-
mined. This suggests that, for a detailed understanding
of all the important features in this many-nucleon system,
more cluster configurations must still be incorporated
into the resonating-group calculation. Based on the ex-
perience gained from a recent four-nucleon investiga-
tion,'! our opinion is that, in addition to the t+*He,
n+9Li, and n+SLi* configurations employed here, it
would be necessary to further include the d+°He
configuration and many pseudoinelastic configurations!?
which involve pseudoexcited states of the clusters d, ¢,
SHe, ®Li, and °Li*. The inclusion of these pseudoinelastic
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channels is important in order to adequately take into ac-
count the *He+d +n and *He+ n +n +4p reaction
channels which are already open in the low-excitation re-
gion. On the other hand, cluster configurations such as
p+S%He and n+°Li(T=1) may have only minor
influence, since it has been experimentally found* that the
cross section for the 4He(:‘He,p) reaction leading to the
T =1 state of °Li at 3.56 MeV is very small.

A resonating-group calculation containing all the im-
portant cluster configurations mentioned above would be
a formidable task and may not even be practicable at the
present moment. As a preliminary step, one may wish to
simply add phenomenological imaginary potentials into
the present formulation. Such a procedure is, of course,
rather undesirable from a microscopic standpoint; how-
ever, in view of the experience obtained here and in the
five-nucleon case carried out previously,13 we feel that it
may very well yield reasonable results in comparison with
experiment and, thereby, shed some light upon the reac-
tion mechanisms in the seven-nucleon system.
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