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The nucleus 'Li is studied with a multiconfiguration resonating-group calculation which consists
of n +'Li, t +'He, n +'Li*, and H+ a cluster configurations. %ith no adjustable parameters, the

results show that the calculated level spectrum agrees well with experiment and with the empirical
level spectrum obtained by Knox, Resler, and Lane using an extensive R-matrix analysis. A calcu-
lation employing only the n +'Li configuration is found to be generally inadequate. Among the

configurations i.'+'He, n+'Li, and H+a which are employed to enlarge the model space, the
n +'Li configuration is shown to be the most important from an overall viewpoint. Comparisons
between calculated and experimental scattering and reaction cross sections have also been made.
Here one finds that the calculation explains all the main features of measured results. In particular,
the triton production cross section of the Li(n, n't)a reaction is well reproduced. The calculated
n +'Li total reaction cross section turns out to be somewhat too small, being equal to around 75%
of the experimental value.

I. INTRODUCTION

Recently, we have made a detailed investigation' of the
essential properties of the seven-nucleon system using a
three-cluster resonating-group formulation. In that in-
vestigation, the two-cluster configurations included in the
calculation are t+a, n+ Li, and n+ Li' configura-
tions, with Li' being the T=O excited state of Li having
a I+a cluster structure with relative orbital angular
momentum equal to 2 (the 1+ He cluster configuration
is also considered in some parts of the calculation' ). To
insure the reliability of the results, we have carefully
chosen the cluster internal functions not only to take
proper consideration of the nucleon correlation structure
and the form-factor behavior of the clusters, but also to
satisfy rather well the variational stability condition.
With these precautions and the use of a rather large mod-
el space, the results did turn out to be quite satisfactory.
It was found that the calculated level spectrum agrees
well with the spectrum determined empirically by Knox
and Lane with a careful R-matrix analysis of experimen-
tal data, and that the essential characteristics of the oscil-
latory patterns exhibited in cross-section angular distri-
butions can be reasanably explained. More interesting-
ly, we have also learned from this calculation the cluster
structures of the bound and resonance levels, and the
basic behavior of the intricate interplay among various
cluster configurations.

The success in the seven-nucleon calculation en-
courages us to proceed and investigate the neighboring

system Li. For this investigation, we shall adopt an
n +t+a three-cluster formulation and derive from it
coupled-channel equations involving two-cluster n + Li,
n+ Li', t+ He, and H+a configurations, where Li'
denotes the excited state of Li having a t+a cluster
structure and is the rotational partner of Li in its ground
state. Here again, the main purpose is to see how well a
large-model-space calculation can explain the essential
properties of this nuclear system, regarding the cluster
structures of the levels, reaction mechanisms, and so on.
In addition, there are also some practical aspects associ-
ated with this investigation; for example, the reaction
Li(n, n't)a is important for tritium breeding in the

design of fusion reactors.
Comparison with experiment is facilitated by the ex-

istence of a multilevel, multichannel E.-matrix analysis of
measured cross sections for reactions leading to the com-
pound system Li. This particular analysis has a semimi-
croscopic nature, in the sense that information obtained
from shell-model calculations is also utilized. In addition
to the usual application of providing reliable values for
level parameters, it has also the important feature of pre-
dicting cross-section results for reactions, such as the
Li(n, t) He reaction, where no experiinental data are yet

available.
The Li system has also been previously investigated.

Using the resonating-group-equivalent generator-coor-
dinate method, Descouvemont and Baye have studied
this system with a single n+ Li cluster configuration.
The results that they obtained did yield qualitatively use-
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ful information; but their chosen model space is clearly
too small, as is evidenced by the fact that the experimen-
tally well-established J =4+ level at 6.53-MeV excita-
tion ' cannot be found in this investigation. In the
resonating-group study of Stowe and Zahn, " the model
space is larger, being spanned by both n+ Li and
t + He cluster configurations. However, even with such
a model space, our calculation shows that their omission
of, in particular, the n+ Li' cluster configuration is a
significant defect that resulted in some rather undesirable
consequences.

The outline of this paper is as follows. In Sec. II, we
briefly describe the formulation, the nucleon-nucleon po-
tential used, and the choice of cluster internal functions.
Results for phase shifts and transmission coeScients are
discussed in Sec. III, while those for cross sections are
discussed in Sec. IV. Finally, in Sec. V, we summarize
the findings of this study and make some concluding re-
marks.

II FORMULATION OF THE sLi PROBLEM

A. Brief discussion of the formulation

Similar to the Li case discussed previously, ' the Li
system will first be formulated as an A +B+C three-
cluster system, with A, B, and C representing a, t, and n
clusters, respectively. From the three-cluster kernel de-
rived, ' coupled-channel equations, involving two-cluster
(A+B)+C, (A+C)+B, and A+(B+C} configura-
tions, are then obtained by choosing appropriate
relative-motion functions for the (A +8), (A +C), and
(B +C) subsystems. These coupled equations are eventu-
ally solved by using a variational technique employing
Gaussian-type trial functions. '3 For all these steps,
thorough discussions have already been given in a previ-
ous report; hence, they will not be further described
here.

In this case, the two-cluster configurations included in
the calculation are n + Li, t + He, n + Li', and H+a
configurations, with Li' being the excited state of Li
that has predominantly a t+u cluster structure and is
the rotational partner of Li in its ground state. These
will be referred to as cluster configurations a, b, c, and d,
respectively. Cluster configurations, such as Li+2n and
He+d, are not included in this investigation. The in-

clusion of these configurations will require the further ad-
dition of an a+8 +2n three-cluster term in the formula-
tion and, thereby, vastly increase the computational com-
plexity. In any case, it is our belief that the Pauli princi-
ple has the important effect of greatly reducing the
differences between seemingly difterent cluster structures
when the nucleons are in close proximity; hence, the om-
ission of these particular cluster configurations is not ex-
pected to result in drastic consequences.

In our three-cluster formulation, there exists the re-
striction that all constituent clusters have to be described
by translationally invariant shell-model functions of the
lowest configuration in harmonic-oscillator wells of the
same width parameter. For our case, this common width
parameter is most appropriately chosen to be equal to
0.514 fm, in order to yield correctly the empirically
determined root-mean-square (rms) matter radius of 1.48
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fm for the (x particle.
The nucleon-nucleon potential employed in this inves-

tigation is the Minnesota or MN potential' with the
exchange-mixture parameter u set to be equal to one.
This potential is given by Eqs. (9)—(11) in Ref. 14, and has
been used' ' to obtain successful results in the neigh-
boring nucleus Li. To reduce computational effort, we
have, as in Ref. 1, not considered the Coulomb interac-
tion and effects arising from noncentral forces. The omis-
sion of an explicit consideration of the Coulomb force is a
reasonable simplification, since the main concern in our
present study is on the bound-state and phase-shift prop-
erties of the n + Li system and, being a long-range force,
its effects can be easily estimated. As for noncentral
spin-orbit and tensor forces, they are necessary for dis-
cussing detailed features of experimental data, but are not
essential for studying the cluster structures of bound and
resonance levels and for attempting to learn the basic be-
havior of the intricate interplay among various cluster
configurations.

The adoption of a purely central nucleon-nucleon po-
tential indicates that both the total orbital angular
momentum L and the total spin angular momentum S
(S=O or 1}are good quantum numbers. Therefore, the
values of these angular momenta can be used to charac-
terize a particular channel wave function. In addition,
for a complete characterization, it is of course also neces-
sary to specify the cluster configuration (a, b, c, or d) and
the relative orbital angular momentum I between the con-
stituent clusters which couples with the cluster internal
orbit angular momentum I (I= 1, 1, 3, and 1 for clusters
Li, He, Li', and H, respectively) to yield the desired

value of L.
The trial wave function in a particular (I.,S) state is

written as the linear superposition of a number of channel
wave functions (((((J, with the index j specifying the clus-
ter configuration. These channel wave functions are
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S~=7)~exP(2i5~) . (5)

with A being an antisymmetrization operator, g s being
appropriate spin-isospin functions, Z(R, ) being any
normalizable function describing the motion of the total
center of mass, and R. representing the intercluster sepa-
ration distances. The normalized functions $„(n=4, 5,
and 7) and p7 describe the internal spatial structures of
the various constituent clusters, with the subscript n

denoting the number of nucleons within the cluster.
For a certain choice of L and parity, the orbital angu-

lar momentum I can take on one or more values. That is,
there are, in general, more channels than cluster
configurations. For example, consider L=4 and positive
parity. Here the allowed values of 1 for cluster
configurations a, b, and d are 3 and 5, and for cluster
configuration c are 1, 3, 5, and 7. Thus, in this particular
L state with S equal to either 0 or 1, the total number of
channels is 10, if all four cluster configurations are in-
cluded in the calculation.

To investigate the effects of enlarging the model space
and to gain information about the cluster structures of
bound and resonance levels, we perform the calculations
in a number of model spaces, defined according to the
cluster configurations included. In Table I, we list the
various model spaces considered, with SC, DC, TC, and
QC denoting single-configuration, double-configuration,
triple-configuration, and quadruple-configuration calcula-
tions. Using this terminology, we note that the calcula-
tions reported in Refs. 8 and 11 were performed in the SC
and DC1 spaces, respectively.

The linear variational amplitudes or relative-motion
functions f&J are obtained by solving a set of coupled
integro-differential equations. ' From the results, we
deduce the S-matrix elements Sf, in S=O and 1 states,
and, subsequently, calculate various scattering and reac-
tion cross sections.

The initial channel i and the final channel f will be la-
beled by the value of the orbital angular momentum I and
the type of cluster configuration j (j=a, b, c, or d). That
is, they will be specified by a pair of indices (1j). For ex-
ample, in the L=3 state, S&, 3, denotes an off-diagonal
element describing the coupling between the n + Li
configuration with 1=3 and the n+ Li* configuration
with 1=1. The parity of this state does not need to be
further specified, since it is uniquely determined by the
values of 1 and I. In the example just mentioned, the par-
ity is easily seen to be equal to + 1.

As is customary, the diagonal element of the S matrix
will be parametrized in terms of the reflection coeScient
g;,- and the phase shift 5,, , i.e.,

For the coupling or off-diagonal element Sf, , we shall
mainly be interested in its absolute value, namely, the
transmission coeScient gf,. given by

B. Cluster internal wave functions

I. Li Wave function

with

+c7exp( —,'$7ar—34)]r34 Yt3t(r34) (7)

r)7=0. 185, (7=0.77, c7=1.930 .

The preceding parameter values are obtained by carrying
out a variational calculation, subject to the constraint
that the empirical charge-form-factor data be reasonably
reproduced. With this Li wave function, the 1+a clus-
ter separation energy is 3.24 MeV, which is rather close
to the empirical value of 3.17 MeV obtained by perform-
ing a spin-orbit averaging of the experimentally deter-
mined cluster separation energies in the ground and
first-excited states of Li and by making a Coulomb
correction of 0.86 MeV.

It is also found that, with a strict variational procedure
without the charge-form-factor constraint, the optimum
cluster separation energy obtained with a flexible five-
Gaussian trial function for y7 is 3.28 MeV, a value very
close to the above-mentioned value of 3.24 MeV. This
shows that the variational stability condition for Li is
reasonably satisfied. As has been emphasized previous-
ly, this is an important requirement for a nucleus in-
volved in the incident channel when the calculation uti-
lizes a large model space to adequately describe the be-
havior of the nuclear system in both the strong interac-
tion and the channel regions.

A comparison between calculated and experimental'
results for the square of the charge form factor F,„ is
shown in Fig. 1. Here one sees that the agreement is
good. The calculated values of the rms charge radius R,h

The ground state of Li has predominantly a t +o; clus-
ter structure, with relative orbital angular momentum I
equal to l. In our study, both the triton and the a clus-
ters are described by s-shell wave functions in harmonic-
oscillator wells having a common width parameter
a=0.514 fm . The 1+a relative-motion function is
taken to be

X7 r34) = [exp( ,'rl—7a—r34)

TABLE I. Model space considered.

Model space Cluster configurations

Single configuration {SC}
Double configuration 1 (DC1)
Double configuration 2 (DC2)
Triple configuration (TC)
Quadruple configuration (QC)

n+ Li
n+ Li,
n +'Li,
n+ Li,
n +'Li,

t +'He
n +'Li*
t+ He, n+ Li
t+'He, n+'Li, H+a
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0.1

~ ~ 0.01
LL

and the spectroscopic quadrupole moment Q are equal to
2.37 fm and —3.46 fm, respectively. These also agree
quite well with the empirical value for R,h of 2.37+0.05
fm obtained by averaging the values of 2.35%0.1 fm (Ref.
18) or 2.39+0.03 fm (Ref. 17) deduced from experimental
measurements, and the empirical value for Q of—3.70+0.08 fm (Ref. 19) obtained recently by Weller
et al.

Using the Li wave function P7 (I= 1), one can com-
pute the reduced width amplitude gt defined as

1/2 1
gg(r) =

3 f p 5(i 34 r) Yto(r34)kZ7 $7
r34

(9)

0.001

where g7 and Z7 denote spin-isospin and center-of-mass
functions, respectively. The result is shown in Fig. 2,
where we note that gt has an appreciable magnitude in
the surface region with r larger than about 4 fm. This
demonstrates that there exists a substantial degree of
t +a clustering in the ground state of 7Li, which is in full
accordance with our expectation.

O.OO01
0 3 4 2. Li iuaue function

q2 (fm 2)

FIG. 1. Comparison of calculated and experimental results
for the square of the 'Li charge form factor. Experimental data
shown are those of Ref. 17.

Similar to the Li' case discussed in Ref. I, we utilize
for Li', which has also predominantly a t +a cluster
structure, a bound type t +a relative-motion function of
the form

.4—

-0.4

l

3

r (fm)
FIG. 2. Reduced width amplitudes for t +a clustering in 'Li and 'Li .
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+7 (r34) = [eXP( '97—DP34 }

+c7 exp( —
p g7 czp34 )]1 34 Y3M(r34) (1O)

3. ~He wave function

The intercluster relative-motion function ys in the nu-
cleus He, which has predominantly an n+a cluster
structure, is given by Eqs. (14}and (15) of Ref. 1. It con-
sists of a superposition of two Gaussian functions, with
the parameters chosen to yield the correct value for the
cluster separation energy. The reduced width amplitude
is shown in Fig. 2(b) of Ref. 1. From that figure, one can
readily see that the property of strong n +a clustering in
He is well represented.

Here again, as for Li', there is no well-defined and sim-

ple criterion for the determination of the parameter
values and, thus, we adopt, in a similar fashion, the sim-

plifying assumption that ri7 and g7' be set equal to ri7 and

$7, respectively. The remaining parameter c7 is then
determined variationally; the result is

c7* =0.988 .

With these parameter values, the excitation energy is cal-
culated to be 5.73 MeV, which is close to the empirical
value of 5.35 MeV obtained by averaging the measured
excitation energies of the F7/2 and F,&2 states accord-
ing to spin-orbit weighting.

The reduced width amplitude y3 is also shown in Fig.
2. From this figure, it can be easily concluded that our
chosen wave function does describe the property of
strong clustering for the Li nucleus.

+4(r13)=exp( —&vl4ar i3 )r&s Yist(rt3) . (12)

The parameter g4 is adjusted to yield the correct reso-
nance energy of the lowest T=1, S=O or 1 state, ob-
tained from experimental data ' after correcting for
spin-orbit and tensor effects. The results are

g4=0.463 for S =0,
=0.278 for S =1, (13)

yielding resonance energies of 7.5 and 4.3 MeV for S=O
and 1 states, respectively.

5. Energy thresholds

In Fig. 3, calculated and experimental energy thresh-
olds for t+ He, n + Li', and H+a configurations, rel-
ative to the n + Li threshold, are shown in the extreme
left and right columns, respectively. From this figure,
one notes that the t+ He and n+ Li' thresholds lie
close to each other. Indeed, it is just because of this par-
ticular feature that we have chosen to perform two
double-configuration calculations, i.e., DC1 and DC2, in

order to learn the relative importance of these two cluster
configurations.

C. Simple shell-model considerations

To guide our thinking concerning the relative impor-
tance of the various cluster configurations, we first carry

4. H wave function

The n +t relative-motion function for the H cluster,
which has I= 1, is simply taken as

10.75
4H (SW)+a 4H (SW)+a

10.67

I s—
I
4j

lO
V 4

Ul
ID 2—
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4H(S 1)+a
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n+ Li

5.47
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(1+)rr geewe e we

ri~~iggesi (3)
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7.37
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FIG. 3. Energy values of L = I+, 2+, and 3 states with S=O or I obtained with SC, DC2, TC, and QC calculations, and an

identification between calculated and experimental levels. Calculated and experimental threshold energies for the various cluster

configurations are also shown.
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TABLE II. Spectroscopic factors for [f]=[431]and (Ap)=(21).

Cluster con5guration

n+ Li
n+ Li
t +'He
t +'He
H+a

'H+a

I tr 1+

1.52
0
1.21
0
1.00
0

Spectroscopic factor S
2+

0.46
1.06
0.36
0.85
0.30
0.70

0
1.52
0
1.21
0
1.00

out a simple consideration of Li in the ( Is} (1p) oscilla-
tor shell model. For spatial symmetry [f]=[431]and
SU3 symmetry (A)u)=(21), states with L"=1+,2+„and
3+ can be constructed having either S=O or S=1. In
Table II, we list the spectroscopic factors S for these L
states with respect to the cluster configurations adopted
in this investigation. From this table, one can make the
following qualitative statements.

(i) In the L =1+ state, the spectroscopic factor for
n + Li clustering has a large value. This indicates that,
for this particular state, even a simple SC calculation is
expected to yield reasonable results. Indeed, as has al-
ready been demonstrated by Descouvemont and Baye,
this prediction does turn out to be true.

(ii) The spectroscopic factor for the n+ Li configura-
tion is equal to zero in the L =3+ state, meaning that an
SC calculation would be totally inadequate. In fact, by
examining the entries in this table, we can easily conclude
that the n + Li' configuration must at least be included
(i.e., the DC2 calculation). Again, as has been recently
reported in Ref. 10, a careful investigation does fully sup-
port these predictions.

(iii} In the I. =2+ state, it is again not sufficient to
perform a calculation which includes only the n + Li
configuration. For a reliable description of this state, a
multiconfiguration calculation has to be carried out.

(iv) In an overall sense, the H+a configuration seems
to be less important. Indeed, it is just for this reason that
we have chosen to adopt a simpler, one-Gaussian
relative-motion function for the H cluster [see Eq. (12)],
in order to reduce computational e8'ort.

The fact that only L =1+, 2+, and 3 states can be
constructed in the ( Is) (Ip) oscillator model yields
another useful prediction. It is anticipated that bound or
relatively sharp resonance levels should exist only in

these particular L states. For L =0+ and 4+, no reso-
nances are expected and the phase-shift curves should
turn out to be rather featureless in the low-energy region.

We should emphasize that the oscillator shell-model
predictions given above should be considered to have
mainly qualitative significance. The resonating-group tri-
al function adopted here goes beyond the (ls) (lp) oscil-
lator model and, therefore, must be counted on to pro-
vide quantitatively reliable results. Even so, however, the
information contained in terms (i)—(iv) is helpful in under-
standing the effects of expanding the model space on the
behavior of phase shifts and level energies. This will be
discussed in detail in Sec. III.

III. RESULTS FOR PHASE SHIFTS
AND TRANSMISSION COEFFICIENTS

General characteristics of the phase shifts and
transmission coeScients are found to be similar in S=O
and S=1 states. Hence, in the following presentation, we
shall concentrate only in the S=1 case. For the S=O
case, a brief discussion will be made merely to point out
some special features.

To study the roles played by the various cluster
configurations, we perform the calculations in a number
of different model spaces described in Table I. The re-
sults for the n + Li phase shifts and transmission
coefficients as a function of E„the relative energy of the
neutron and the nucleus Li in the c.m. system, will be
presented in graphical forms (Figs. 4-14). The calculated
phase-shift values will be represented by dashed curves in
the SC case, solid circles in the DC1 case, open circles in
the DC2 case, crosses in the TC case, and solid curves in
the QC case. For the transmission coefficients, only the
results in the QC case (solid curves) will be shown. Also,

TABLE III. Bound-state and resonance energies E l(L ) in MeV.

Model space

SC
DC1
DC2
TC

C

—0.50
—0.66
—0.75
—0.83
—0.96

—0.77
—0.93
—0.83
—0.95
—1.23

S=1

4.93
3.00
2.53
2.31
2.15

6.92
4.40
3.78
3.67
3.34

S=1

6.52
5.24
4.99
4.83

S=O

6.67
5.57
5.38
5.12
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FIG. 4. Calculated phase shifts for L =0+ and S=1 in the n + Li channel. Dashed and solid curves represent results obtained
with SC and QC calculations, respectively.

for clarify in presentation, we shall not show the phase
shift in any L state where its value is smaller than 5' in
the considered energy range of 0-20 MeV for E, . Simi-
larly, when the transmission coefBcient has a value small-
er than 0.15 in this energy range, it will also not be
presented, again for the purpose of not overcrowding the
graph involved.

A. Phase-shift and transmission coe%cient
results in S=1states

several calculations, each with a di5'erent value of u. The
result shows that, as tt is decreased from 1.00 to 0.99, the
bound-state energy of the (L,S)=(1+,1) state changes
from —0.96 to —0.86 MeV.

Phase-shift values, shown in Fig. 5, indicate that a cal-
culation utilizing only the n + Li configuration yields, as
expected, reasonable results also at positive energies. The
differences in phase shifts, obtained with SC and QC cal-
culations, are quite small. The dispersion-like behavior

1. L =0+ state (Fig. 4) 180

From the discussion given in Sec. IIC, the n+ Li
phase-shift curve in this L state is expected to be rather
featureless. As is seen from Fig. 4, this is indeed the case.
Additionally, one also notes that the phase-shift
difference between SC and QC calculations is quite
insignificant, and the transmission coef6cients leading
from the n + Li configuration to all other configurations
(not shown in Fig. 4) are small. Both of these findings in-
dicate that the compound-nucleus region is only weakly
probed by the n + Li scattering process in this state.

Z. L =1+ state (Fig 5).
In this L state, the nucleus Li can form a bound

structure. The bound-state energies, calculated in vari-
ous model spaces and with the n + Li threshold set as
zero on the energy scale, are given in the second column
of Table III. As is seen there, the value obtained with the
SC calculation is already reasonably good, which is in ac-
cordance with the oscillator-model prediction stated in
item (i) of Sec. IIC. The addition of other cluster
configurations has some influence, but the influence is
clearly rather moderate.

As is stated in Sec. II A, the exchange-mixture parame-
ter u in the nucleon-nucleon potential is simply taken to
be the same as that employed in our previous seven-
nucleon study' (i.e., tt= 1). To see the sensitivity of our
calculation with respect to this parameter, we have made

160

140

~o 120

80

60

0.8—

0.6—

04—

0
0 8 10 12

E~ (NleV)

14 16 18 20

FIG. 5. Calculated phase shifts and transmission coefficients
for L =1+ and S=l in the n+ Li channel. Dashed curve,
solid circles, and solid curves represent results obtained with

SC, DCI,-and QC calculations, respectively.
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occurring at E aroun d 7 MeV arises from the presence
however, does not haveof a resonance structure which, owever, o

+ Li cluster configuration. Frompredominantly an n i c u
in thein s that this behavior appears already inthe findings t a

DC1 nd there is a rather strong coup
'

gcou lin betweenDC case an
is ener-then+ Lian t eth d + H configurations at about this

Fi . 5), one can conclude that(see the ri&b &, curve in ig.gy
1 1 t + He cluster configuration.this structure has large y a

2DC1 calculation, and the transmission coefficient r)„„
has comparatively large values. AAlso it can be seen from

h n + Li, I=3 configuration is not very
im ortant, as indicated by the small values of 3 3 in eimportan, as in

imilarl, one can statewhole energy range considered. imi ar y,
that the inclusion o ef th H+ a configuration is not essen-
tial, because t e anh TC d QC phase-shift results are rather
similar.

3. L =2+ state (Fig. 6)

The situation in t ehe L =2+ state is very diff'erent from
L =1+ state. From the phase-shift curvesthat in the = s a

lotted in Fig. 6, one can see that the SC calcu a
'

lation isplotted in ig. , a
obviously quite inadequate [se[see item (iii) in Sec. IIC].
The resonance energy, obtained by

'
gmakin a single- eve

analysis with a channel radius a, —.'
s a =4.3 fm suggested in

the R-matrix study of Knox et al. ,
'

q . V. 7 ise ual to 4.93 MeV
4 f Table III) in the SC case, which is much(see column o a e

with the ~Chigher than the value of 2.15 MeV obtained wi
calculation.

From Fig. , one a i
'' . 6 additionally gains the information

h +L'that, for this particular r I. state, the n i
+ Hconfiguration is more important than the t + He

. Th' '
because the phase-shift result ofconfiguration. This is so, ec

han that of thethe DC2 calculation is clearly better than that o e

160
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nce structure [seeThe SC calculation reveals no resonance
") f S . IIC] with the phase-shift values being

very small in the considered energy range o
The resonance structure begins to ppa ear with the DC1
calculation, but even here the resonance energy given in
column six of Table III shows that such a multi-
configuration calculation is not yet sufficient to give an
accurate escrip ion oa t' of the structure of this state. Fram
Fig. 7 and Table III, one can readily see that this state
has predominant y an nd

'
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close to, but somewhat below, the t + He and n + Li'
thresholds.

5. L =4+ state (Fig. S)

In this state, phase shift values are small and have no
interesting features, as expected from the discussion
given in Sec. II C. The only slightly surprising finding is
that the transmission coefficient g3gf 3„which describes
the coupling between the n+ Li and H+a configura-
tions, is larger than all other transmission coefficients.
However, its value goes up to only around 0.4 even at
E& =20 MeV, with the consequence that the phase-shift
difference between SC and QC calculations is still rather
insignificant.

At low energies, aligned configurations with I =I.—I
make generally the largest contribution. In this case, this
is evidenced by the finding that, at energies lower than
about 14 MeV, gpbp, is larger than gz&p, and gpd p, is

larger than gpd p, .1

180

160—

140

120—

6. L = I state (Fig 0).
Both the phase shift and the transmission coefficient

have complicated behavior in this state. In Fig. 9, the
n+ Li phase shifts 5p p and 52, 2, are shown. By
analyzing these phase shifts separately with single-level
formulas and a, =4.3 fm, we find that there exist two
broad L =1 levels with resonance energies equal to 3.6
and 7.0 MeV in the QC case.

As is noted from Fig. 9, the phase-shift curves in the
QC case exhibit cusp behavior at the t + He threshold.
This is an expected phenomenon and arises from the fact
that the n + Li configuration is coupled in a suSciently
strong way to the t + He configuration with 1=0 (note
the rapidly rising behavior of gpb p, at threshold). In ad-
dition, one also finds that the 5p, p, curve from the QC
calculation has a dispersion-like wavy structure around
18 MeV. By studying the various transmission-coefficient
curves, one can conclude that this is the result of appre-
ciable coupling between the n + Li configuration in the
l=0 state and all other cluster configurations, in particu-
lar, the n + Li' cluster configuration with 1=2.
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FIG. 9. Same as Fig. 6, except that (L,S)=(1,1).
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7. L =2 state (Fig 10).
The features in this case are straightforward to discuss.

From Fig. 10, one notes the following points:
(il Phase-shift values are rather small throughout the

whole energy region. Even at 20 MeV, the value of 5z, 2,
is only equal to about 26' in the QC case. This indicates
that no significant resonance efFects are expected.

(ii) The diff'erence in phase shifts obtained from SC and
QC calculations is fairly appreciable. On the other hand,
the phase-shift results in the DC2 and QC cases are near-
ly the same. In addition, it is found that the transmission
coeScient gz, 2, is large, especially at higher energies.
AB these findings suggest that the SC calculation is
inadequate and the n+ Li' configuration must also be
taken into consideration. As for the t+ He and H+o;
con6gurations, they seem to play minor roles in this state,
as evidenced by the relatively small values for the
transmission coeSclents 'gzb p and 'g2d 2

8. L =3 state (Fig 11).
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In the QC case, the phase shift shows a broad reso-
nance behavior. Using a single-level analysis with
a, =4.3 fm, we determine the resonance energy to be
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FIG. 11. Same as Fig. 6, except that (L,S)=(3,1).
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equal to 6.0 MeV. As for the model-space dependence of
this resonance energy, we find that it is equal to 9.2, 7.2,
7.1, and 6.2 MeV in the SC, DC1, DC2, and TC cases, re-
spectively. Thus, here again, there is a strong indication
that the SC calculation is not adequate.

The QC and TC phase-shift results are very similar, in-
dicating that the H+a configuration makes little contri-
bution. On the other hand, these results are both
significantly improved over the DC1 (not shown), DC2,
and SC values. This suggests that both the t+ He and
the n + Li' configurations are important, which is also
supported by the fact that the transmission coefficients
'grab 2+ & 'go& 2+ and gz, 2„all have rather large values.

Two other features will also be pointed out here. First,
the phase-shift cusp, which shows up clearly in the TC
and QC cases (much less so in the DC2 case), arises as a
consequence of the coupling to the n + Li' configuration
with 1=0. Second, the aligned n+ Li' configuration
makes the dominant contribution in the low-energy re-
gion; at E, less than about 12 MeV, g0, 2, is seen to be
significantly larger than gz, z, .

8. Phase-shift and transmission-coeNcient results
in S=O states

Phase shifts for E, =0 to 15 MeV in the $=0 state, ob-
tained from the QC calculation, are shown in Figs. 12
and 13 for natural-parity and unnatural-parity states, re-

spectively. Here it is seen that the general characteristics
are quite similar to those in the S= 1 state. As has al-
ready been mentioned, it is just for this reason that we
choose to discuss the S=O case only briefly.

Refiection coeScients for both natural-parity and
unnatural-parity states are shown in Fig. 14. Here again,
we should mention that the general features closely
resemble those found in the S=1 case. %e decide to plot
the refiection coeKcient, rather than a multitude of
transmission coeScients, not for any special purpose but
only to simplify the figures.

However, there is one point that is worth pointing out.
From Table III we note that, out of the three positive-
parity states, only the I. =1+ state has an energy which
is lower in the S=O case than in the S= 1 case. Indeed,
this special nature of the 1+ state becomes even more
transparent if we include the negative-parity states in the
discussion. Single-level analyses with a, =4.3 fm show, in
fact, that the broad S=O, 1, and 3 resonance levels
lie also above the corresponding S= 1 levels.

The calculated binding energy of 1.23 MeV for the
S=O, I. = 1+ level compares quite well with the binding
energy of 1.05 MeV for the J =1+ level observed experi-
mentally. This is gratifying, since the exchange-mixture
parameter u in the nucleon-nucleon potential is not ad-
justed in this calculation, but is simply set equal to the
value of 1 that was found to yield satisfactory results' in
the neighboring nuclear system Li.
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FIG. 12. Calculated phase shifts for S=O natural-parity states, i.e., states with m =( —1), in the n + Li channel. Only results ob-
tained with the QC calculation are shown.
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C. Brief summary of model-space dependence

In Fig. 3, we show the improvement in the resonance
energies of the positive-parity states, as we proceed from
the SC space, to the DC2 space, then to the TC space,
and finally to the QC space. From this figure, one can
easily see that the SC calculation is reasonably satisfacto-
ry for the L"=I+ states, but is quite inadequate for the
description of the behavior of the L =2,+ and 3+ states.

This calculation involves, in addition to the n + Li

cluster configuration, the t+ He, n+ Li', and H+a
cluster configurations. Among the latter group of
configurations, the n + Li' configuration turns out to be
the most important in an overall sense. Indeed, this is
one of the useful lessons which we learn from this investi-
gation. It suggests that, if an A +8 configuration ts in-
cluded in a calculation, then the configurations A'+8,
A +8', and A '+8', with A ' and 8 representing ro-
tational excited states of A and 8, must in general also be
taken into consideration. That this is so is supported not
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FIG. 14. Calculated reaction coe%cients for S=O natural-parity and unnatural-parity states in the n + Li channel, obtained in
the QC case.



Y. FUJIWARA AND Y. C. TANG 41

4—I
cj
V
th

CS

o 0—

-2—

3+, 0
3+, 1

2+, 0

2+, 1

1+, 1
1+, 0

2+
3+

1+
3+

4+
21+

2+

1+
+

3+

8Li

4
2:2
1 3-

3

4
1

0

1,0

3,0
3,1

1,0
1,1

4
LR $

Gale.
positive parity

Empirical

L&, S

Calc.
negative parity

FIG. 15. A possible identification between our calculated levels and the levels obtained by Knox, Resler, and Lane (Ref. 7) based
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only by our study of Li, but also by our previous study'
of Li. In the Li case, we have in fact found that, besides
the energetically most favored t +a configuration, both
the n + Li and the n + Li' configurations must be in-
cluded in order to properly describe the behavior of this
nuclear system.

The preceding finding has also practical values. For
example, in a description of the nucleus ' B, one might,
as a first step, adopt a DC2-type calculation involving
only a+ Li and a+ Li~ configurations. This is a very
practical simplification, since to perform an extensive
ten-nucleon resonating-group calculation, similar to the
one carried out here, will require a great deal of computa-
tional time and additionally also face severe numerical-
accuracy problems.

D. Comparison with empirical level spectra

In Li, only five levels have been positively identified.
There are the ground state with J =2+, and four excited
states having excitation energies of 0.98, 2.26, 3.21, and
6.53 MeV with J =1+, 3+, 1+, and 4+, respectively. In
Fig. 3, an identification between calculated and experi-
mental levels is attempted. To do this, we have taken
consideration of the fact that noncentral effects are not
included in the calculation. As is seen from this figure,
there is indeed a satisfactory agreement, suggesting that
when channel-coupling effects are properly considered
and when realistic cluster internal functions are adopted,
a good description of even the complicated eight-nucleon
system can be achieved.

Next, we consider the empirical level spectrum of
Knox, Resler, and Lane. These authors have recently
made a very careful analysis of the cross-section data us-

ing a multilevel, multichannel R-matrix study supple-
mented by shell-model information. In Fig. 15, we make
a possible identification between our calculated and their
empirical level spectra. Here one sees that there is a
good correspondence for all low-lying levels, indicating
that our calculation must contain all the essential in-
gredients.

IV. RESULTS FOR CROSS SECTIONS

A. Models-space dependence

Using calculated S-matrix elements, we can easily com-
pute the various scattering and reaction cross sections.
In Fig. 16, we show the change in n+ Li differential
scattering cross sections at E& =12.2 MeV as the model
space is changed from SC to QC. From this figure, one
notes the fo11owing features:

(i) The oscillatory behavior of the SC curve is some-
what diff'erent from that of the QC curve. The second
minimum is lower than the first minimum in the SC case,
while the reverse is true in the QC case. Regarding this
aspect, it is noted that already the DC2 cross section has
the correct behavior of the QC calculation.

(ii) Diff'erential cross sections obtained from TC and
QC calculations are similar at all angles. This indicates
that the H+a configuration does not make an apprecia-
ble contribution to the n + Li scattering process.

(iii) Total elastic cross section obtained from the SC
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1,000 result, but is somewhat inferior to the DC2 result. This
means that, from an overall viewpoint, the n+ Li*
configuration plays a more significant role than the
t + He configuration.

B. Comparison with experiment

Total reaction cross section

100

10
0

I

20
I

40
I

60
I I I

80 100 120 140
e (deg)

I

160 180

FIG. 16. Differential cross sections for n +'Li scattering at
E, =12.2 MeV, obtained with SC, DC2, TC, and QC calcula-
tions.

calculation is 27% larger than that obtained from the QC
calculation, suggesting again that the SC model space
needs enlargement.

The DC1 result for the differential scattering cross sec-
tion (not shown in Fig. 16) is distinctly better than the SC

In Fig. 17, we plot the n + Li total reaction cross sec-
tion era (solid curve) as a function of E&. Additionally,
contributions to individual cluster configurations t + He,
n + Li', and H+a (dot-dashed curves, labeled as a ~b,
a ~c, and a ~d) are also shown. Here one finds that the
Li(n, n') Li' reaction makes the largest contribution.

The Li(n, t) He reaction has large cross sections at low
energies, but becomes less important as the energy be-
comes higher. As expected, the Li(n, H)a reaction
turns out to be the smallest component; even so, however,
its contribution to the total reaction cross section is still
significant, especially at higher energies.

All the reactions considered here lead, in a sequential
way, to the emission of tritons. Thus, our calculated o.z
can be compared with experimental values of the triton
production cross section oz(t). For example, at
E& = 12.2 MeV, the calculated result is 286 mb. This is to
be compared with the value of aR(t) between about 280
and 320 mb which we obtain from the compilation of
cross-section data shown in Fig. 1 of Ref. 6. Although
our calculated value is at the low end of the experimental
range, it is reasonable to state that there is no clear
disagreement. The implication of this statement is not
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FIG. 17. Calculated n+ Li total reaction cross section in the QC case (solid curve). Contributions from individual cluster
configurations (dot-dashed curves) are also shown.
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only that our study seems to be extensive enough to ade-
quately explain the process of triton production in the
n + Li reaction, but also that the production mechanism
is mainly sequential two-body reactions. Direct three-
body breakup reactions Li(n, n't)a will contribute of
course, but does not seem to have a sizable cross
section —a statement which has also been advocated by
Knox, Resler, and Lane.

The measured value of the n + Li total cross section at
E& =12.2 MeV is 1450 mb. Subtracting from this the
measured value of 1064 mb for the integrated elastic
cross section, we obtain the experimental value of crz
to be 386 mb. Comparing this latter value with our cal-
culated value of 286 mb, we find that our calculation
yields about 74% of the experimental total reaction cross
section. Thus, even with our present rather large model
space, the reaction cross section is still underestimated,
although not to a large extent. The reason for this is,
however, rather clear. %'e have omitted in our calcula-
tion a number of two-body reactions such as Li(n, d } He,
Li(n, 2n) Li, Li(n, n') Li'(746), and so on. Also,

direct three-body breakup reactions going into a+t+n
and a+d+2n have not been considered. To remedy
these shortcomings, we note that two-body reactions can
be better accounted for by adding an a+d+2n three-
cluster term into our formulation, while direct three-body
reactions can be approximately included by introducing
pseudoinelastic configurations ' as has recently been done
in the six-nucleon case by Kanada et al. These remedies
will undoubtedly further improve the cross-section
values, but, unfortunately, will also result in a vast in-
crease in computational effort. For this latter reason, it is
our opinion that such an ambitious endeavor should
perhaps not be attempted at this moment, but should
wait until more powerful computational facilities become
readily available.
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FIG. 18. Comparison of calculated n +'Li differential

scattering cross sections at 9.58 and 12.2 MeV with experiment.
Data shown are those of Ref. 29.

U. CONCLUSION

of cr, are 23 and 16% larger than experiment (solid cir-

cles} at 6.1 and 12.2 MeV, respectively, which is again a

defect associated with our finding concerning the calcu-

lated reaction cross section and points to the need of a
more extensive calculation employing a larger model

space.

2. Elastic scattering cross sections

Differential elastic cross sections for n + Li scattering
at 9.58 and 12.2 MeV, calculated in the QC case, are
shown by solid curves in Fig. 18, where a comparison
with experiment is also made. Here one finds that the
calculation nicely reproduces the cross sections in the
forward angular region. For angles larger than 80', the
oscillatory features of the experimental results are reason-
ably explained, but the magnitudes of the calculated cross
sections are too large, especially at backward angles
beyond about 140'. We believe that this latter defect is
associated with the fact that our calculated reaction cross
sections are too small. With a further enlargement in
model space as already suggested, we are fairly confident
that the defect observed here can be largely corrected.

In Fig. 19, we show the n + Li integrated or total elas-
tic cross section o, as a function of E, . From this figure,
we note the interesting features occurring at the thresh-
olds of the t + He and n + Li' channels and the
influence of the I. =2+ and 3+ energy levels. At ener-
gies higher than about 6 MeV, the cross-section curve is
smooth and monotonically decreasing. The magnitudes

In this investigation, the properties of the nucleus Li
are examined with a multiconfiguration, multichannel
resonating-group study. The model space employed is
spanned by n+ Li, t+ He, n+ Li', and H+a cluster
configurations. To insure the reliability of the results, we
have appropriately chosen the various cluster internal
functions regarding their spatial characteristics. Because
our major emphasis is on the energetically most-favored
n+ Li channel, the subsystem Li has, in particular,
been carefully considered with respect to the variational
stability condition, the clustering property, and the
form-factor behavior.

The calculated level spectrum agrees quite well with
experiment and with the empirical level spectrum ob-
tained by Knox, Resler, and Lane based on an extensive
R-matrix analysis. In particular, our calculation correct-
ly predicts the presence of a sharp F positive-parity reso-
nance level with a rather 1arge excitation energy. Consid-
ering the fact that there are no adjustable parameters, we

may justifiably conclude that this calculation does have a
basically sound foundation.

It is found that an n + Li single-configuration study is,
in general, inadequate. Among the configurations
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FIG. 19. Calculated n +'Li total elastic-scattering cross section as a function of E&. Data shown are those of Ref. 29.

r+ He, n+ Li', and H+a which are adopted to ex-
pand the model space, the n+ Li' configuration is
shown to be the most important in an overall sense. This
is indeed one of the significant lessons that we gain from
this investigation. It shows that rotational excited states
of the subsystems must generally be taken into considera-
tion.

Comparisons between calculated and experimental
values on scattering and reaction cross sections have also
been made. Here we find that the calculation explains a11

the essential characteristics of measured results. Espe-
cially the triton production cross section is well repro-
duced. The comparatively minor defects observed are as-
sociated with the fact that our calculated total reaction
cross section is somewhat too small. Even so, however,
we should emphasize that we are still getting around
75% of the experimental value, the highest percentage
that has so far been obtained with microscopic
resonating-group calculations containing no phenomeno-
logical imaginary potentials.

To further improve the calculated total reaction cross
section will require an expansion of the model space.
This can be achieved by introducing pseudoinelastic
configurations and by the inclusion of an additional
a+a +2n three-cluster term in the formulation. The in-

troduction of pseudoinelastic configurations will pose no
major problem, since a great deal of experience has al-
ready been learned in previous calculations of other light
nuclear systems. ' The addition of the a+d+2n
three-cluster configuration will, however, cause both
analytical and numerical difficulties. Our crude estimate
is that even the computational time required will be many
times larger than that needed for our calculation. Thus,
even though such an improved project is undoubtedly
desirable for a further, more-detailed understanding of
the intricate structure of the Li system, one must
proceed slowly by first preparing the proper groundwork
through the development of innovative mathematical and
computational techniques.
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