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We study the integrated elastic and inelastic scattering cross sections together with their angular distributions
of n +57Li using n+ (« +d) and n+ (o + ) cluster models, respectively, and the continuum-discretized
coupled-channel framework. The microscopic single-folding potential is used for the neutron energies from 1 to
24 MeV. The calculated elastic and inelastic scattering cross sections are in good agreement with experimental

and evaluated data for the observed incident energies.
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I. INTRODUCTION

The n+ Li reactions have attracted a lot of attention not
only from the basic interest but also from the application point
of view. Lithium isotopes will be used as a tritium-breeding
material in d — ¢ fusion reactors. Therefore accurate nuclear
data are required for n-induced reactions of ®’Li.

In the previous works [1-3], we have successfully studied
cross sections for the n + ®’Li elastic and inelastic scatter-
ing angular distributions and neutron spectra applying the
continuum-discretized coupled-channel (CDCC) method [4]
assuming n+ (a + d) and n+ (o + t) models. It was found
that the calculated cross sections for incident energies from
7.47 to 24 MeV can be reproduced by their cluster models
with one normalization factor for the imaginary part of the
n — %7Li folding potential of the complex Jeukenne-Lejeune-
Mahaux effective nucleon-nucleon (JLM) [5] interaction.
More recently, Guo et al. [6] have analyzed both neutron
and proton scatterings from ®’Li in a wide incident-energy
range up to 150 MeV, and demonstrated the applicability of
the CDCC to nucleon scattering from ®’Li. They analyzed
neutron total cross sections, proton reaction cross sections,
and differential cross sections of nucleon elastic and inelastic
scatterings. However, it is still difficult to reproduce the data
at energy lower than about 10 MeV in their frameworks.

In this work, we extend the CDCC analysis of the integrated
elastic and inelastic scattering cross sections of n + ®’Li with
incident neutron energies below 14.1 MeV using the JLM
which was proposed for an energy region lower than 10 MeV
[7]. This is because of the fact that the different kinds of
the parameter sets are defined for the JLM effective nucleon-
nucleon interaction in lower and higher energy regions [5,7].
Furthermore, we employ the normalization factors to adjust
the folding potentials of the JLM for the n + %’Li elastic
scattering in a similar way as the previous studies [1-3]. The
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energy-dependent normalization factors A, and X, for real
and imaginary parts, respectively, of the n —%’Li folding
potentials are determined from the integrated elastic cross
section data.

Using the obtained normalization factors, we calculate the
inelastic scattering cross sections and angular distributions
and compare the results with the experimental data without
any additional parameters. Recently, a new experiment of the
inelastic neutron scattering cross section to the first excited
state in Li was measured by Nyman et al. [8]. We discuss the
comparison between the experimental, evaluated data and our
CDCC calculations.

This paper is organized as follows. We describe the CDCC
method including calculations of ®’Li wave functions and the
n — %7Li folding potentials of the JLM interaction in Sec. II.
We present the calculated results and discuss the applicability
of the CDCC in Sec. III. Finally, we give a conclusion in
Sec. IV.

II. THE MODEL AND METHOD

The Schrédinger equation of the n 4 ®7Li scattering sys-
tems, which are described by using the n+ (o« + ¢) three-body
model with ¢ = d and ¢, is written as

|:KR + ) v+ H'LD) — E:| WGFER) =0, (1)

i€a,c

where E is the energy of the total system, vectors 7 and R
are the relative coordinates between « and c¢, and between
the center of mass of the o — ¢ pair and n, respectively.
The operators K and H(%Li) describe the kinetic energy
associated with R and the Hamiltonian for & + c. The second
term, ), . Vin is the interaction between incident neutron
and the ith nucleon in « and ¢ clusters where vy, is an effective
nucleon-nucleon interaction. .

The total wave function W(#,R) with the total angular
momentum J and its projection M on the z axis is expanded
in terms of the orthonormal set of eigenstates of H (6’7Li)
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FIG. 1. The discretized eigenstates of ®Li. Each panel indicated
as 'S,'D,’D, and 3D, from left to right sides.

for the o + ¢ system. The detailed explanations are given in
Refs. [1-3].

For °Li, the binding energy of the 17 ground state is
observed as —1.47 MeV with respect to the o 4 d threshold,
and the o 4 d scattering phase shifts in the S wave (£ = 0)
and D wave (¢ = 2) have been obtained experimentally. The
excited 37,2, and 17 states of °Li are observed at excitation
energies of 2.18 MeV, 4.31, and 5.68 MeV, respectively, which
are considered to be the triplet resonance states in the o + d
model with the D wave. Level sequences of the discrete
eigenstates of °Li are shown in Fig. 1. In the "Li case, the 3/2
and 1/27 bound states are observed at —2.47 MeV and —1.99
MeV (¢ = 1) with respect to the « + ¢ threshold, respectively.
The excited states of 7/2~ and 5/2~ are also observed at
excitation energies of 4.65 MeV and 6.60 MeV, respectively,
which are described by the present « + ¢ cluster model with
the F wave. Level sequences of the discrete eigenstates of 'Li
are shown in Fig. 2.

The observed bound state energies of ®’Li are well
reproduced by the o 4 ¢ cluster model, where ¢ = d and ¢
for ®Li and "Li, respectively. The bound and unbound states of
7Li wave functions are expressed as

ber(®'Lisb.s.) = p(@)g;(c) ® ue(b.s., My, 2)

and

ber®7LLLk) = p()g;(c) ® uglk, P, A3)

respectively, where ¢(a) and ¢;(c) stand for the internal wave
functions of the alpha cluster and the cluster ¢ (deuteron or
triton) with spin j, respectively. The relative wave functions
ug(b.s.,r) and uy(k,7) of the relative coordinate ¥ between o
and c are given by the solutions of the orthogonality condition
model (OCM) [9] in the same way as Ref. [4] with the complex
Gaussian basis functions Ref. [10]. As for the interaction
between « and ¢, we parametrized central and spin-orbit
potentials £ dependently so as to reproduce the energies of
the ground and excited states, and the o + ¢ scattering phase
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FIG. 2. The discretized eigenstates of 'Li. Each panel indicated
as °P,'P,’F, and °F, from left to right sides.

shifts by a two-range Gaussian form and by a two-range
Gaussian-derivative form, respectively. For the @ + d system,
the parameter values employed here are listed in Table I. For
the o + ¢ system, we use the same parameters as presented
in the previous work [3]. As the discretization approach, we
adopt the pseudostate method [11-13] in the CDCC framework
and represent the ith discretized wave function as (;3;, (¢7Li)
with y = (i£I). Discretized states included in the present
calculation are shown in Figs. 1 and 2.

The diagonal and coupling potentials for n + *7Li systems
are calculated by folding the JLM effective nucleon-nucleon
interaction in the same way as Ref. [3].

Vo (R) = (@, 7LD Y oanldy L))z (@)

ie{a,c}

For incident energies higher than 10 MeV, the JLM potential
parameters given in Ref. [5] is used as shown in our previous
calculations [1-3]. On the other hand, for energies lower than

TABLE 1. The parameters of the effective central and
spin-orbit potentials between « and d for £ =0 and 2 in
the °Li system. VCE(r) = vy e /10" 4y, e 00’ ySO(r) =
Ulsgre—v/n.mz + ui?rf”fru)z,

Parameters £=0 =2
v1(MeV) —105.85 —82.98
v2.¢(MeV) 46.22 31.00
V3P (MeV) - —231
v (MeV) - 1.42
ry.¢(fm) 2.191 2.377
ry.¢(fm) 1.607 1.852
3 (fm) - 2377
55 (fm) - 1.852
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10 MeV, we employ the different parameters of the JLM
potential, which is discussed in Ref. [7].

III. RESULTS AND DISCUSSION

A. n + ®Li scattering

We analyze the integrated elastic and inelastic cross sections
of the n + °Li scattering. Here, we describe the inelastic
resonant state of °Li using discrete basis functions in the CDCC
framework. Because the resonant state has a distribution
over an energy range of the resonance width I' around the
resonance energy E,, we calculate the inelastic cross section
of n +°Li for a resonant state of °Li taking a sum of the
breakup cross sections of n+ (« + d) for several discretized
solutions obtained in the resonance energy region. In the
n+ °Li scattering, we calculate the inelastic cross section
for the 3% resonant state of °Li at the 2.18-MeV excitation
energy by taking a sum of three solutions obtained around the
resonance energy of the o + d system.

‘We first take the normalization factors A, = 1.0 and 1, =
0.2 to reproduce the observed integrated elastic scattering cross
sections data from 1 to 24 MeV as shown in Fig. 3, where the
calculated results are presented by the dotted line (JLM-1).
These values for 1, and A,, indicate that the small imaginary
potential is needed while the real part has no adjustment
parameter. This is almost consistent with A, = 1.0 and 1, =
0.1 in the previous studies [1-3], and means that the CDCC
framework of the n+ (o 4+ d) model well describes the n +
®Li scattering. But we cannot reproduce experimental data of
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FIG. 3. The integrated elastic cross sections of the n + SLi scat-

tering, in comparison with the evaluated data [14] and experimental
data [15-23].
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TABLE II. The normalization factors A, and A, for real and
imaginary parts, respectively, of the n — °Li folding potential.

E, MeV) Ay Aw
1.0 1.256 0.0
2.0 1.277 0.0
3.0 1.242 0.0
4.0 1.235 0.0
5.0 1.160 0.0
6.0 1.120 0.0
7.0 1.060 0.1
8.0 1.060 0.1
9.0 1.040 0.15
10.0 1.030 0.2
11.0 1.020 0.2
>11.5 1.000 0.2

the lower incident neutron energy region for elastic scattering
cross sections as shown in Fig. 3.

Second, we try to readjust normalization factors A, and
Ay SO as to reproduce the low energy data of the measured
integrated elastic cross section below 11.5 MeV. The obtained
normalization factors for each energy are presented in Table II,
and the calculated integrated elastic cross sections are shown
by the solid line (JLM-2) in Fig. 3. As seen from Table II, A,
for the real part of the potential becomes larger than 1.0 but the
imaginary part A,, goes to zero. The integrated elastic cross
section is very sensitive to values of A, in lower energies. We
indicate this sensitivity by the gray area in Fig. 3 where the
upper and lower lines of the integrated elastic cross sections
are calculated for A, 4+ 0.01.

The energy dependence suggests a reason for effects from
the resonance structure of the compound states in ’Li which
are excited during a colliding time of the low energy n + °Li
scattering. The incident energy E, = 10 MeV corresponds
to about 8.57-MeV excitation energy of the 'Li system. In
the excitation energy region lower than this energy of 'Li, we
observe several resonant states but not so many. These discrete
resonant states may give a strong energy dependence on the
n + SLi scattering cross sections.

As shown in Fig. 3, it is noticed that the calculated
integrated elastic cross sections show a good agreement with
the evaluated data JENDL-3.3) [14] for the n + °Li scattering.
After fixing the parameters of 1, and A,,, we try to calculate
the integrated inelastic scattering cross section and angular
distributions of the elastic and inelastic scattering to see the
reliability of these parameter values.

We calculate the integrated inelastic cross sections for the
2.18 MeV state of °Li, and show the results together with the
experimental data in Fig. 4. When we calculate them with an
energy-independent normalization factors we obtain the result
(JLM-1) of a fall-off behavior in lower energies, which show
a large deviation from the observed data. On the other hand,
the energy-dependent normalization factors bring about a very
good result in comparison with the experimental data and the
evaluation data of JENDL-3.3.

Using the same energy-dependent normalization factors,
we calculate the angular distributions. Figure 5 shows the
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FIG. 4. The integrated inelastic n + SLi scattering cross sections
for the excited 3* state at the excitation energy of 2.18 MeV of °Li
in comparison with the evaluated data [14] and experimental data
[15-25].
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FIG. 5. Elastic angular distribution of the n + SLi scattering for
incident energies between 4.0 and 24.0 MeV. The solid lines and
open circles correspond to the calculated results and experimental
data [15,16,23,25-28], respectively. The data are subsequently shifted
downward by a factor of 10~'—10~7 from 5.96 to 24.0 MeV.
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FIG. 6. Angular distributions of the n + °Li inelastic scattering
for the excited 3+ state at the excitation energy of 2.18 MeV of °Li.
The solid lines and open circles correspond to the calculated results
and experimental data [15,23,25,27-29], respectively. The data are
subsequently shifted downward by a factor of 10~'—107° from 8.17
to 24.0 MeV.

results of calculations and experiments of the differential cross
sections of the n + ®Li elastic scattering with incident energies
between 4.0 and 24.0 MeV. One can see that the results of the
CDCC calculation represented with the solid line are in good
agreement with the experimental data. For inelastic scattering,
Fig. 6 shows the angular distributions to the 3% resonance
state of °Li, for incident neutron energies E, = 5.74,7.5,8.17,
10.27, 14.1, 18.0, and 24.0 MeV. We see a good agreement in
a wide energy region.

From these results, we can say that the CDCC calculations
reproduce the observed inelastic cross sections together with
the elastic ones using the same parameter values for A, and
Ay. This result indicates that the present CDCC calculations
can successfully describe both elastic and inelastic scattering
cross sections of n — SLi over somewhat wide energies even
lower than 10 MeV.

B. n + "Li scattering

We also analyze the integrated elastic and inelastic scat-
tering cross sections of the n + "Li scattering at the incident
neutron energy region from 1 to 24 MeV, in the same way as the
n + SLi scattering case. Because of the small energy difference
(0.478 MeV) between the ground (3/27) and first-excited
(1/27) states in "Li, it is difficult to separate those states in the
final state of the n 4 "Li scattering experimentally. To compare
such experimental data, therefore, we calculate a sum of the
cross sections of these two states as the elastic one.

064612-4
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FIG. 7. The integrated elastic n + "Li scattering cross sections,
in comparison with the evaluated data [14,30] and experimental data
[15,16,20-23,27,29].

For the n + "Li elastic scattering of the neutron incident
energies from 1 to 24 MeV, we take the normalization factors
Ay = 1.0and A,, =0.2. The calculated elastic cross sections are
presented by the dotted line (JLM-1) in Fig. 7. The imaginary
potential is very small as well as the n + °Li case, and the
calculated result shows a good agreement with the evaluated
data JENDL-3.3 [14] and ENDF/B-VI [30] in the energy
region higher than 14.1 MeV where there are no experimental
data. However, the calculated one below 11.5 MeV falls off
much faster than the experimental data [15,16,20-23,27,29].

In the same way as the n + Li scattering, we adjust the
normalization factor A, at each incident energy below E, =
11.5 MeV assuming A,, = 0. The obtained values of A, and A,
are presented in Table III including those for E, > 14.1 MeV,
and calculated elastic cross sections are shown by the solid
line (JLM-2) in Fig. 5. Values of A, are slightly larger than
1.0, and their energy dependence is considered to be owing to
the formation of compound states of n + "Li as was discussed
in the n + ®Li case. It is also seen that the integrated elastic
cross section is very sensitive to values of A, in lower energies
as shown by the gray area bounded by upper and lower lines
calculated for A, £ 0.01.

Although the above elastic cross section includes the first
excited state of 'Li in addition to the ground state, there are
many experiments which have measured the y-ray production
cross sections for 478-keV (1/27 — 3/2,) transition in
"Li following inelastic neutron scatterings. Recently, Nyman
et al. [9] reported the new data comparing with previous
observations. However, there is no theoretical calculation so
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TABLE III. The normalization factors A, and A, for real and
imaginary parts, respectively, of the n — "Li folding potential.

E, MeV) Ay Aw
1.0 1.155 0.0
1.2 1.160 0.0
2.0 1.165 0.0
2.3 1.165 0.0
3.0 1.165 0.0
4.0 1.150 0.0
5.0 1.120 0.0
6.0 1.060 0.0
7.0 1.040 0.0
8.0 1.040 0.0
9.0 1.040 0.0
10.0 1.040 0.0
11.5 1.000 0.1
>14.1 1.000 0.2

far. In our CDCC framework with the n — ’Li folding potential
fitted to the elastic cross section, it is easy to calculate the
inelastic cross section for the first excited 1/27 state at478 keV
with two kinds of the parameter set (JLM-1 and JLM-2). The
results are shown in Fig. 8 and compared with experimental
data including the recent new data [8]. The JLM-1 calculation
is an underestimation and shows the fall-off behavior in the
energy region lower than 7 MeV, but the JLM-2 calculation
successfully reproduces the experimental data increasing in
the low energy region. Especially the peak of cross section
around 4 MeV is well explained by the JLM-2 calculation.

O  M.Nyman (2016, 200m)
O M.Nyman (2016, 100m)
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FIG. 8. The integrated inelastic n + "Li scattering cross sections
for the excited 1/2" state at the excitation energy 478 keV of "Li with
experimental data [8].
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FIG. 9. The integrated inelastic n 4 "Li scattering cross sections
for the excited 7/2 state at the excitation energy of 4.65 MeV of "Li,
in comparison with the evaluated data [14,30] and experimental data
[15-23,25,27,29].
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FIG. 10. Elastic angular distribution of the n 4 "Li scattering for
incident energies between 2.3 and 24.0 MeV. The solid lines and
open circles correspond to the calculated results and experimental
data [15,23,27-29], respectively. The data are subsequently shifted
downward by a factor of 107! —107° from 4.0 to 24.0 MeV.
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However, the JLM-2 calculation falling down rapidly cannot
reproduce another peak at low energies.

Figure 9 we calculate the other integrated inelastic cross
section for the 4.65-MeV (7/27) state of Li. In the neutron
incident energies from 8 to 14 MeV, we see two groups
of experimental data [15-23,25,27,29]; one group is almost
flat but another one increases with decreasing of the energy.
The evaluation data are also separated into two groups: The
JENDL-3.3 [14] supports the former data but the ENDF/B-VI
[30] suggests the latter behavior. Our calculations of the JLM-2
show the consistency with the latter data, although the JLM-1
calculation falls off rapidly as the energy decreases.

Using the JLM-2 parameters, we calculate the angular dis-
tributions of the elastic cross section where the inelastic ones to
the first excited state are included as well. The obtained results
are presented in Fig. 10 together with the experimental data
for the incident energies from 2.3 to 24.0 MeV [15,23,27-29].
The calculated results are in reasonable agreement with the
experimental data. For the inelastic scattering to the 7/2~
resonant state of 'Li, Fig. 11 shows the angular distributions
of energies from E, = 8.17 to 24 MeV. Here we calculate
differential cross sections of the inelastic scattering for the
7/2~ resonant state by taking a sum of the breakup cross
section to five discretized 7/2~ solutions obtained around the
resonance energy. From Fig. 11, we can see that the CDCC
calculation with the JLM-2 can also reproduce the inelastic
observed cross sections together with the elastic ones.

10°F ® o3 10.27 MeV

11.0 MeV
[ ..} ) o e

180 MeV 3
2 g

do/dCQ [mb/sr]

Q@ Q@
24.0 MeV

60 8 100 120 140 160 180
Oc.m. [deg]

FIG. 11. Angular distributions of the n + "Li inelastic scattering
for the excited 7/2~ state at the excitation energy of 4.65 MeV of
"Li. The solid lines and open circles correspond to the calculated
results and experimental data [15,23,27,28], respectively. The data
are subsequently shifted downward by a factor of 10~'—10~* from
10.27 to 24.0 MeV.

0 20 40
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IV. CONCLUSION

Using the CDCC framework of the n+ (o« + d) and n+
(o +t) models, we investigated the integrated elastic and
inelastic scattering cross sections for ®’Li at incident neutron
energies from 1 to 24 MeV using the n + %’Li folding
potentials with two kinds of the complex-JLM effective
nucleon-nucleon interactions [5,7] for higher and lower energy
regions. We introduce the normalization factors for real and
imaginary parts of these folding potentials comparing with
the observed elastic cross sections of the n + ®’Li scattering.
The energy independent (JLM-1) and dependent (JLM-2)
normalization factors are examined for integrated elastic and
inelastic cross sections and angular distributions.

The JLM-2 calculations, in which the energy-dependent
normalization factors are determined so as to reproduce the
elastic cross section of the whole energy region from 1
to 24 MeV, show a satisfactorily good agreement with the
experimental data of inelastic cross sections and angular
distributions. From these results, it is concluded that the CDCC
calculations of JLM-2 can explain the experimental data of the
integrated inelastic cross sections and angular distributions for
the n + ®7Li scattering cross sections consistently with the
integrated elastic cross sections.

The application of the CDCC to the low-energy scattering
is still an open problem, because assumptions of the CDCC

PHYSICAL REVIEW C 93, 064612 (2016)

may be too simple for low energy scattering. In the CDCC cal-
culations, rearrangement channels and the antisymmetriztion
between nucleons in projectile and target nuclei are neglected.
Furthermore, the £ - s interaction between incident neutron and
target nucleus is not included in the present calculation. For
these problems, we here tried to investigate the low energy
scattering of n + %’Li by introducing a single parameter of
the normalization factor for the folding potential based on the
effective nucleon-nucleon interaction (JLM). The successful
results of the present approach are very promising for more
detailed studies of the CDCC in the low energy scattering.
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