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Regarded as important for applications and theoretical studies, the differential cross sections of the emitted
triton for the neutron-induced °Li reaction at low incident energies were calculated, based on the zero-range
distorted-wave Born approximation theory with the assumption of °Li nucleus consisting of r +>He or d + a.
As a function of widths and excited energies of the discrete energy levels, an effective excited energy formula
was proposed to describe their partial contributions. In addition, the optical model potential parameters, which
had been successfully used to reproduce the double-differential cross sections of the emitted neutrons in our
previous works in incident energy range from 5.0 to 20.0 MeV were extended in a low-energy range from 1.0 eV
to 3.0 MeV in this paper. The calculated results agreed well with the measured differential cross sections recently
published in 2020 and were further consistent with the measured angle-integrated cross sections. This indicates
that the knock-out process and heavy-particle knockout process were dominant in an energy range from 1.0 eV
to 3.0 MeV, whereas the shapes of the measured angular distributions in incident energy range from 0.1 to
1.0 MeV could be successtully explained by the Hauser-Feshbach model.
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I. INTRODUCTION

Lithium isotope °Li is a structural material nucleus that
plays an important role in the fields of nuclear technology
and nuclear engineering. First, lithium is a major tritium
breeding material in a thermonuclear fusion reactor system
[1] whose performance is significantly affected by neutron-
induced °Li reaction in its blankets. Second, the nuclear
reaction data of the neutron-induced °Li reaction are widely
used in neutron spectrometry and calibration of detectors
[2]. The neutron-induced °Li reaction in the intermediate
energy region (5.0-20.0 MeV) has been successfully calcu-
lated with the statistical theory of light nucleus reactions
(STLN) [3-6] in our previous works [7], which, however,
failed to explain the experimental data in the low incident
energy region [7]. Therefore, further theoretical investigations
in the low incident energy region are necessary to deepen
the understanding of the light nucleus reaction mechanism.
There are only (n,el), (n,y), and (n,t) reaction channels
opened at incident neutron energy below 1 MeV for the
neutron-induced °Li reaction. Moreover, contribution from
(n,t) reaction to total cross sections is dominant below
0.1 MeV. Thus, the knowledge of the (n, ) reaction is of great
significance to the theoretical study of the neutron-induced °Li
reaction at low bombarding energies.

There are many experimental data of the differential cross
sections and angle-integrated cross sections for the °Li(n, t)
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reaction in experimental nuclear reaction data [8]. According
to the new measurement reported in 2020 [9], the differen-
tial cross sections and angle-integrated cross sections for the
®Li(n, 1) reaction are given in incident neutron energy range
from 1.0 eV to 3.0 MeV at 80 energy points. For 50 neutron
energy points below 0.1 MeV, the experimental data of the
differential cross sections for the ®Li(n, r) reaction are sys-
tematically available for the first time in this energy region.
These 50 energy points in the region from 1.0 eV to 0.1 MeV
are distributed at equal logarithm intervals; 20 energy points
in the region from 0.1 to 1.0 MeV are distributed at equal
logarithm intervals to better display the resonance peak from
0.1 to 0.4 MeV; and ten energy points in the region from 1.0
to 3.0 MeV are distributed with an equal separation of 0.2
MeV. Below 0.01 MeV, the measured angle-integrated cross
sections indicate a 1/v behavior. The resonance peak, which
does not appear in the measured angle-integrated cross sec-
tions below 0.1 MeV, first shows up at around 0.24 MeV due
to the 7.454-MeV energy level of the compound nucleus "Li.

The differential cross sections of the 6Li(n, t) reaction
based on the R-matrix code EDA [10] at energy below 4 MeV
had been given in ENDF/B-VIILO [11] and JEFF-3.3 [12]. The
cross sections of the ’Li(n, ¢) reaction at energy up to 20 MeV
were taken from the fitting of experimental data by using the
R-matrix method in both libraries mentioned above. In JENDL-
4.0 [13,14], the differential cross sections of the °Li(n, ¢) reac-
tion were not given. The cross sections of the ®Li(n, t) reaction
were calculated with the R-matrix method below 1.0 MeV.
Above 1.0 MeV, the experimental data were adopted, and the
evaluation curve was determined by a least-squares method.
The agreements of the results by the R-matrix method and
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experiments demonstrate that the R-matrix method was able
to fit the ®Li(n, 1) reaction but failed to clearly explain the
reaction mechanisms. Therefore, a better understanding of the
reaction mechanism for the ®Li(n, r) reaction is necessary in
the low-energy region.

In addition to the R-matrix method, several other theories
were developed to analyze the ®Li(n, ) reaction. A micro-
scopic refined resonating group model calculation [15] that
uses semirealistic N-N potentials has been performed to ana-
lyze the ®Li(n, 1) reaction. The cross-section resonances from
this calculation are generally too broad and not always in the
right positions [15]. The STLN [3-6] taking into account the
preequilibrium mechanism, and the equilibrium mechanism
has been successfully applied to calculate neutron-induced °Li
reaction [7] in the incident energy range from 5.0 to 20.0 MeV
because the preequilibrium mechanism is dominant in this en-
ergy region [4,6]. But the STLN failed to explain the cross sec-
tions with resonance structures at energy below 3.0 MeV [7].
Based on the assumption of deuteron exchange, the S-matrix
theory has been applied to calculate the differential cross
sections of the ®Li(n, 1) reaction. The obvious discrepancies
between the calculated results from the S-matrix theory and
the experimental data have been reported at low energies [16].

Newly measured differential cross sections [9] indicate
that the anisotropy of the emitted triton is noticeable above
100 eV and that the angular distributions are markedly raised
forward above 1 keV. So it is inspired that the direct re-
action model may be applicable to analyze the differential
cross sections of the emitted triton. Several light nucleus reac-
tions [17-24] have been successfully analyzed by the direct
reaction model based on the distorted-wave Born approx-
imation (DWBA) theory. Furthermore, many studies, such
as '>c(d, p), 3¢, p), 3c(d, 1), and 3C(d, o) reactions at
E; = 0.41-0.81 MeV [25], the 3C(d, p) reaction at E; =
0.2-0.35 MeV [26], the 12C(d,p)/) reaction at E; = 2.80,
3.23, and 3.70 MeV [27], the 'Li(d, d) and "Li(d, p) reactions
at E; = 1.0-2.6 MeV [28], and the '>C(d, p) and '°B(d, p)
reactions below E; = 3.0 MeV [29], indicate that the DWBA
theory, under certain conditions, can be adopted to analyze
the light nucleus reactions even in a relatively low incident
energy region. Actually, the optical model potential (OMP)
and the DWBA theory can be applied if the energy levels
of the compound nucleus are broad enough to make appre-
ciable overlapping, which means the cross sections may vary
smoothly [25,30]. The cross sections of the Li(n, t) reaction
are, in fact, smooth at incident neutron energy below 0.1
MeV with no resonances. The energy levels of the compound
nucleus "Li are broad except for the fourth and seventh energy
levels in incident energy below 3.0 MeV. An effective excited
energy formula, which is applied to describe the effects from
the energy levels of the compound nucleus "Li, will be pro-
posed and discussed later.

One of the first questions concerning the direct reaction
model calculation is whether the mechanism is pickup or
knockout. A pickup model [31,32] has been used to calculate
the differential cross sections of the ®Li(x, ¢) reaction for sev-
eral neutron energies. The theoretical values of the differential
cross sections for large angles are far too low. In some cases,
the theoretical values of the differential cross sections for

large angles can be improved if the knockout model is applied
[33,34]. To date there is no significant evidence to identify
the dominant mechanism in the ®Li(n, 7) reaction as pickup
or knockout. Unlike the pickup model, the knockout model
has been scarcely applied to the ®Li(n, 1) reaction so far. Fur-
thermore, some successful applications of the knockout model
for the light nuclear reactions have been reported [34-37].
Consequently, it is essential to investigate the availability of
the knockout model for the °Li(n, ¢) reaction.

The ground state of °Li is dominated by two overlap-
ping configurations: ¢t +*He and d + « [38]. Under these
two-cluster assumptions of the target nucleus, there are two
reaction processes in the knockout model, namely, the knock-
out process and the heavy-particle knockout process [35,39].
In the knockout process for the 6Li(n, t) reaction, the incident
neutron knocks out a triton from the target, so the effective
interaction is between the neutron and the triton. In the heavy-
particle knockout process for the (’Li(n, t) reaction, the o
particle in the target nucleus °Li is supposed to be emitted
from the ground state, and the incident neutron is captured by
the deuteron to form the residual triton. The effective interac-
tion is, thus, between the incident neutron and the « particle.
In addition to the knockout process, the heavy-particle
knockout process based on DWBA or plane-wave Born ap-
proximation is also very important to explain the experimental
data of the differential cross sections [20,35,39-42]. In con-
clusion, based on the two-cluster assumption that °Li consists
of t +3He or d + «, the knockout process and heavy-particle
knockout process are both considered in our DWBA calcula-
tion in the energy range from 1.0 eV to 3.0 MeV.

Due to the effects of the discrete excited energy levels
of the compound nucleus, the reaction cross sections with
resonance structures cannot be reproduced by the direct nu-
clear reaction model. In this paper, an effective excited energy
formula is proposed to consider the contributions from the en-
ergy levels of the compound nucleus. Four optimal parameters
contained in this formula are all obtained by the simulated
annealing algorithm [43].

The shapes of the measured differential cross sections,
presenting 90° approximate symmetry in the incident energy
range from 0.1 to 1.0 MeV, indicate that the contribution of the
compound nuclear reaction cannot be ignored in this energy
region. The Hauser-Feshbach model with width fluctuation
correction is a general and basic tool used for the analysis of
the compound nuclear reactions. However, the cross sections
with resonance peaks can hardly be adequately calculated
with the Hauser-Feshbach model since the statistical hypoth-
esis is not held in this energy region. Therefore, a tentative
method is used to analyze the experimental angular distribu-
tions without considering its absolute cross sections in the
energy range from 0.1 to 1.0 MeV. The contributions from
the knockout process, heavy-particle knock-out process, and
Hauser-Feshbach model are considered by this method for the
calculations of the angular distributions in the energy range
from 0.1 to 1.0 MeV.

In this paper, the knockout process and heavy-particle
knockout process based on zero-range DWBA theory are
considered in the analysis of the ®Li(n, t) reaction in the
energy range from 1.0 eV to 3.0 MeV. The Weierstrass
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formula [44] is employed to accurately calculate the Coulomb
phase shift. An effective excited energy formula is proposed
to describe the effects of energy levels of the compound
nucleus. In addition, the Hauser-Feshbach model is used to
improve the calculated results in the energy range from 0.1
to 1.0 MeV. The model calculations of the differential cross
sections and angle-integrated cross sections of the emitted
triton for neutron-induced °Li reaction in the energy range
from 1.0 eV to 3.0 MeV are performed to reproduce the recent
experimental data [9]. The calculated results are also com-
pared with other available experimental data and the evaluated
data from ENDF/B-VIIIL.O and JEFF-3.3

In Sec. II, the framework of theoretical models is intro-
duced. The comparisons of the calculated results with the
experimental data and evaluated data are given in Sec. III. The
summary and conclusion are given in Sec. IV.

II. THEORETICAL MODELS
A. Knockout model

For the knockout model, this is visualized as a process
in which the target A consists of a “core” C and an emit-
ted particle b, A = C + b, whereas the residual nucleus B is
composed of a core C and an incident particle a, B = C + a.
The conventional DWBA theory in the zero-range approxi-
mation has been developed to calculate the differential cross
sections and angle-integrated cross sections of the knockout
model. Angular momentum coupling and parity effects are
considered in the formulas, so their conservations are held.
In this paper, the knockout model is used to describe the
knockout process and heavy-particle knockout process. For
illustrating the physical picture, the fundamental formulas are
simply given in this subsection. The detailed description can
be found in Refs. [45-47].

To conveniently describe the formulas of the differen-
tial cross section and angle-integrated cross section for the
A(a, b)B reaction, some quantities are defined as follows:

A, B, a, b, and C are the nucleon numbers of the target
nucleus, residual nucleus, incident particle, emitted particle,
and core, respectively.

k, and k, are the wave numbers of the incident particle and
emitted particle, respectively.

o 0) =)

Mg, MpMa | JpgLaJoLpJpl

E; is the kinetic energy of the incident particle in labora-
tory system (LS).

E, and E}, are the kinetic energies of the incident particle
and emitted particle in the center-of-mass system (CMS),
respectively.

M,, My, My, and Mg are the masses of the incident par-
ticle, emitted particle, target nucleus, and residual nucleus,
respectively.

a(k) is the spectroscopic factor.

Gy is the strength of a zero-range interaction.

Uy is the excited energy of the residual nucleus.

L,, I,, and J, are the orbital, spin, and total angular mo-
mentum of the incident particle, respectively.

Ly, I, and J), are the orbital, spin, and total angular mo-
mentum of the emitted particle, respectively.

[ is the transfer angle momentum.

14 and Iy are the spins of the target nucleus and residual
nucleus, respectively.

Ic is the spin of the core.

The angular momentum coupling relations are given below,

Jo =1, + L,

Jp =1y + Ly,
l=La _Lba
Jpa = Ip — Iy,
Jpa =1, — 1,.

According to the conservation of angular momentum,

Li+L,+1i=1+Ly+ Ip.

Jpa and [ can be written as

Jga = Jo — I,

I = Jpa + Jpa-

74 and g are the parities of the target nucleus and residual
nucleus, respectively.

The conservation of parity, 8[mwamg, (—1)'].

The differential cross section can be expressed as

dog(Eq, Ep, 0) Ky 10
dQ T ke QL+ DL+ 1)
xa(k)Gy Y 0,,(0), (1)
JBA

where o, (6) can be expressed as

> Slrams, (— D W=Dy Lady(Lay 0., das MalJas ma)

X ALp, =My, Iy, mp | Jp, —myy, + mp) (Jp, my — my,,, Jpa, My, — my + mglJy, mg)

Jo. I, L,

1JbaBa

x4 J, I, L, x LodoLala (=1)"™s |:

Jea  Jpa

QLy + 1)Ly — my,,)! ‘”Pm,BA ©)
4t (Ly + my,,)! Ly

) (@)

where my,,, m,, and m; are the magnetic quantum numbers of Jpa, I, and I, respectively. PLmb 5(9) are the Legendre

polynomials. X “*"*£+/« can be written as

1JbadBa
1
LbeLaJa
1JpatBa
? E.Ep

. B A
- Loy 7114, 0,L,. 011, 0) / draXLfb(kb, Era) X Ghas rOF R, (o), 3)

b
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where XZZ (ky, ry) and XLJ;
which are calculated by the optical model. Fj7%,
baYBA

. . A A :
XW(Ja,IB»]ﬁ,IA;ICvJBA)(E) Unazaja(—ra)Unﬂzﬁjﬂ<—Va> js I gy,

where U, ;, ;. (‘gra) and U, sl s (%ra) are the wave functions of
the target nucleus and residual nucleus, respectively. ngy, Iy,
and j, are the radial quantum number, orbital angular momen-
tum, and total angular momentum of the emitted particle in the
target nucleus; ng, lg, and jg are the radial quantum number,
orbital angular momentum, and total angular momentum of
the incident particle in the residual nucleus.

A
The definition j = /2 4 1 is used in the above equations.
The angle-integrated cross section can be expressed as

2k 10
V%t QL + DL+ 1)

Uab(Ea’ Eb) = Ol(k)G

180
xznZ/ 0, (0)sin 6d6.  (5)
0

Jga

B. Effective excited energy

Due to the influences of the discrete excited energy levels
of the compound nucleus, it is difficult to reproduce resonance
structures by the direct reaction model. Therefore, the energy
levels of the compound nucleus "Li are systematically investi-
gated, and an effective excited energy formula is proposed to
describe their effects.

Considering the energy-momentum conservation in the
CMS, the total energies of the incident channel and emitted
channel can be expressed as

«_ Ma
E = VEL + Bng (6)

C

* Mc
E" = M_St + B; + Uy, @)

B

where B, and B, are the binding energies of the incident neu-
tron and emitted triton in the compound nucleus, respectively.
E* is the total energy of the compound system. E; and &
are the energies of the incident neutron and emitted triton,
respectively. Uy is the excited energy of the residual nucleus,
and Uy is O in our calculations. My, Mg, and M. are the
masses of the target nucleus, residual nucleus, and compound
nucleus, respectively.

Considering the conservation of energy between the inci-
dent channel and the emitted channel, one can get Eq. (8),

Map g M, 8)
— = —& )
Mc L Mg ! !

3

(kp, %ra) are the distorted-wave functions of the incident channel and the ejected channel, respectively,
(r) can be written as

A th Ia lOt
4)
¢ ¢ Jpa a1
[
Equation (8) can be further simplified as
Mg | My
& =—|—7E B,—B
t M [MC L+ ( r):|
or
Mc (Mc
E = —(— B B,l>. 9
L M, \Mj & + B, ()]

To consider the energy levels of the compound nucleus "Li,
a part of E*, labeled as E¢(k), is assumed to contribute to
the energy levels of the compound nucleus rather than triton
emission. However, the residual part of E*, labeled as Ej;,
totally contributes to the triton emission. Therefore, E* can be
written as

E* = Ec(k) + Ex, (10)

where E; is named as the effective excited energy.

According to Eq. (7), the relationship between the effective
excited energy and the effective triton emitted energy ¢; can
be written as

Mc
El = M_38’ + B,. an

Inserting Egs. (7) and (10) into Eq. (11), one can get

Eq. (12),

M
g =g — —2Ec(k). (12)
C

M
Considering the conservation of energy between the inci-
dent channel and the emitted channel, one can get Eq. (13),
M M,
A Ei +B, = rc
Mc Mg
where E; is named as effective incident energy, contributing
to the direct reaction model calculation.
Inserting Eq. (12) into Eq. (13), one can get Eq. (14),

& + B, 13)

M, M My
PAp Bn:—[ _2BE k] B, 14
MCL+ MB& Mcc()+z (14)
then,

. Mc (Me Mp

=l 2B | +B,—B,

MA{MB[S’ we e )]+’ }

Mc|Mc g B)— Eck)

ol 8 —DbD, J—

M| Mz ' ¢

M,
— E, — “CE~(k). 15
LT, c(k) (15)
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Furthermore, it is assumed that Ec-(k) is a function of
widths and excited energies of the energy levels with an ap-
proximate Gaussian distribution form. E¢ (k) can be expressed

as
4(E* — E;
( = )), (16)

Ec(k) = ZA Eexp ( 5

where E; and I'; are the energy and width of the ith discrete
energy level of the compound nucleus, respectively. A; is
adjustable parameter.

According to our assumption Eq. (16), the expected value
of energy distribution is dependent on E;. The standard devi-
ation of energy distribution is determined by the energy level
width T';. A low I'; indicates that the energy of the energy
level tends to be close to the maximum value, whereas a high
I'; indicates that the energy of the energy level is spread out
over a wide range.

The binding energy of the incident neutron in the com-
pound nucleus "Li is 7.25 MeV, whereas the energies of the
first three energy levels of "Li are less than 7 MeV. Moreover,
according to the calculations, the postseven energy levels have
no contribution to the cross sections for the °Li(n, t) reaction
in incident neutron energy below 3.0 MeV. So only fourth—
seventh energy levels are adopted in the calculation.

The energy E; (i = 4-7) and width I'; (i = 4-7) of the
discrete energy levels of the compound nucleus are derived
from the experimental measurements [48-50] as fixed input
parameters. A; (i = 4-7) are treated as adjustable parameters
determined by fitting the experimental data.

In terms of Eq. (16), Eq. (15) can be rewritten as

, Mc HE* — E;)?
E[=E —— § AE, ). a7
’ ’ Ma i—4 LeXP( 9Fi2 a7

Equation (17), named the effective incident energy for-
mula, is employed in the knockout model.

J

L+1>2(2L+5

L aoliji) = ——=
01 ool jj) Li2 21

x(2j — L)2j + L+2)2j — L) wp 2o j)or 2T j)O1 L j i),

The recurrence formula of w;,(JIyj) can be expressed as

w2 j) = apriap — Bry — b _ aLH'BL'BL_l. ,
a1 ar_ o))
wy(JInj) =6 AA+1)—8J(J + 1)j(j+ 1),
A=Ll+1)—JUJ+1)—j+1). (20)

The coefficients ¢« and By, can be written as

2L+ 1
= —2A—L(L+1
o =7 [F2A-LL+ DI,

L 2 2 g2
BL=——[2j+ 1> = L[]+ 1 —L*]. (1)

L+1

C. Hauser-Feshbach model with width fluctuation correction

The general formula of the differential cross section for
the Hauser-Feshbach model is given in Refs. [51,52]. For the
incident particle and the outgoing particle with spins of %
the coefficients of the Legendre polynomials in the general
formula can be reduced to a recurrence formula [53]. The
differential cross section expressed by a recurrence formula
in the j-j coupling scheme can be written as

daab 1 i
b — 8, (—1
10 822+ 1) Z{ [z, (=1) o]
Lizljlj

x 8w, (— 1) 'm0, 101 (o1 j 7 )(2T + 1)

o T )Ty (E")

e hue OSG)W“M,/,} (18)

where / and j are the orbital angular momentum and total
angular momentum of the incident particle, respectively. [’
and j’ are the orbital angular momentum and total angular mo-
mentum of the emitted particle, respectively. Iy and I’y are the
spins of the target nucleus and residual nucleus, respectively.
mo and 7] are the parities of the target nucleus and residual
nucleus, respectively. L is the transfer angle momentum. J
and 7 are the total angular momentum and parity of the
total reaction channel, respectively. k, is the wave number
of the incident particle. P.(cos 6) represents the Legendre
polynomials. T;;(E), Tyy(E’), and T J7 are the penetration
coefficients of the incident channel, the outgoing channel,
and the total reaction channel, respectively. Wajl?bl, J is the
width fluctuation correction factor. The recurrence formula of
Qj (b1} jj') can be expressed as

)[(2J+L+3)(2J+L+2)(2J —L-1)Q2J-L)2j+L+2)

QolijjHr=1. (19

(
D. Optical model

The phenomenological spherical OMP is employed in
the calculations of the distorted wave functions. The OMP
adopted in this paper is the Woods-Saxon type [54] for the real
part, the Woods-Saxon, the derivative Woods-Saxon type for
the imaginary parts corresponding to the volume and surface
absorptions, respectively, and the Thomas form for the spin-
orbit part.

The energy dependence of the OMP depths is expressed as
follows:

The real part,

A—
VA(EL) = Vo +VIEL + VE} + V53—
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TABLE I. Neutron and triton parameters of the OMP obtained from Ref. [56]. Only two neutron parameters a, and r, are slightly adjusted

in this paper.

Parameter Neutron Triton Parameter Neutron Triton
Vo 36.8312 155.56735 U, —0.03566 0.13199
Vi —0.75812 —0.17920 Vso 6.24281 8.90004
Vs 0.004462 —0.44748 Ty 1.546276 2.13954
V3 —24 0.03094 T 1.338627 1.50830
Vi 0 6.93479 Ty 1.99 1.97878
Wo 0.323586 10.19150 Tso 1.526276 1.93601
W, 1.030198 0.72566 a, 0.670343 1.20778
W, —12.0 0.00021 ag 0.340605 0.96054
Uy —0.75004 —8.80010 a, 0.797172 0.92900
U, 0.75 3.24032 Ao 0.736343 1.62509
The imaginary part of surface absorption, The simulated annealing algorithm, which reportedly per-
formed well in the presence of a high number of variables
(A-27) . : o
W.(EL) = max {O,Wo + WE +W,———2 } (23) [55], is able to jump out of the local optimization and search
A the next point. Therefore, it is reliable to obtain optimal values
The imaginary part of volume absorption, of the parameters A; (i = 4-7).
W, (Er)= max 0,Up+U, E,+U,E;* (24)

where Z and A are the charge number and mass number of the
target nucleus or residual nucleus, respectively. E; is the inci-
dent neutron energy in the LS. The radius of the real part, the
surface absorption, the volume absorption, and the spin-orbit
couple potential are r,, rg, ry, and ry,. The diffuseness width
of the real part, the surface absorption, the volume absorption,
and the spin-orbit couple potential are a,, a;, a,, and ay,. The
unit of the potential depth V,, W;, W,, and V, are in MeV,
the lengths r,, rs, ry, 1y, ar, ag, a,, and ay, are in fermis.
The unit of the energy E is in MeV.

E. Simulated annealing algorithm

The four parameters A; (i = 4-7) in the effective excited
energy formula (17) can be properly adjusted to fit the mea-
sured differential cross sections for the °Li(n,?) reaction.
The simulated annealing algorithm [43], which automatically
searches the global minimum or maximum of the cost func-
tion, is used to obtain a set of optimal parameters in the model
calculation.

The best parameters are optimized with the usual min-
imization of the cost function Xz, which represents the
deviation of the calculated results from the experimental
values.

The cost function x? can be expressed as

1
Xt = ¥ Z [07.theo(8) — Ti.exp (@)% (25)

TABLE II. The parameters of phenomenological formula (17)
optimized with the simulated annealing algorithm.

Ay As As Ay

0.2400386 0.0000345 0.7192635 0.0217633

III. RESULTS AND ANALYSIS

The parameters of the OMP are rather critical in the
DWBA calculation. The neutron and triton parameters of
the OMP for the SLi(n, ) reaction were searched automat-
ically by fitting the experimental data of total nonelastic
elastic-scattering cross sections and angular distributions in
the energy range from 5.0 to 20.0 MeV [56] by the APMN
code [57] in our previous works. The extrapolation had been
successfully applied to determine the parameters of the OMP
at low energies in the previous DWBA calculations of the
light nucleus reaction [25,30]. Therefore, the parameters of
the OMP for the ®Li(n, ¢) reaction in the energy range from
5.0 to 20.0 MeV [56] are extrapolated to the present DWBA
calculation. Only two neutron parameters (a, and r,) of the

0.30
0.25 |

0.20 |

EJE,

0.15 |
0.10 |

0.05 |

0.00 L
7.0

E" (MeV)

FIG. 1. The excited energy dependence of Eq. (26) for the
SLi(n, r) reaction below 3 MeV. The positions of the fourth-seventh
energy levels of the compound nucleus are shown in this figure.
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FIG. 2. The incident energy dependence of the weighting coef-
ficients for the knockout process and the heavy-particle knockout
process in the energy range from 1 eV to 3 MeV.

OMP are slightly adjusted from 0.736 343 and 1.526 276
to 0.670 343 and 1.546 276, respectively. The neutron and
triton parameters of the OMP used in this paper are given in
Table 1.

Based on the 1200 measured differential cross sections of
80 energy points from 1.0 eV to 3.0 MeV [9], the minimal
deviation between the experimental data and the model cal-
culation is searched by the simulated annealing algorithm. In
Table II for the optimal parameters of the effective excited
energy formula (17), the values of A4 and Ag are obviously
much larger than those of A5 and A7. It implies that the effects
from the fourth and sixth energy levels of the compound
nucleus on cross sections are larger than those of others. It
is reasonable because there is an obvious resonance peak
at around 0.24 MeV in the measured angle-integrated cross

T T T T T T MR |
—— This work

- - - ENDF/B-VIIIL.0 E
----- JEFF-3.3 ]
H. Y. Bai (2020)

100 | 5Li (n,t)

Cross Section (b)

10°

Gt
E_(MeV)

10°

107

10"

10°

0.1 Lot v,
10°

FIG. 3. Comparison of the calculated angle-integrated cross sec-
tions of the emitted triton for the neutron-induced °Li reaction with
the experimental data [9] and the evaluated data from ENDF/B-VIIL.O
and JEFF-3.3.
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102 B o H.Y. Bai (2020) o L. E.Kirsch (2017) o

E 2 C. Romano (2006) v G. H. Zhang (2006) {

. o G.H.Zhang (2003) <« M.Drosg (1994) 1]
fe) o J.C.Engdahl (1981) o C.M.Bartle (1979) -
~ R. L. Macklin (1979) o G.P. Lamaze (1978)-
S .. C. Renner (1978)
-‘.L:) 10 E e
8 E
w
7]
8
S 10°E

10-1 6 5 -4 3 2 1 0

10° 10° 10 10° 10° 10 10
E (MeV)
n

FIG. 5. The same as Fig. 3 but for different experimental data
[9,79-88] as labeled in this figure.

sections due to the fourth energy level of the compound nu-
cleus. Because of the large energy width of the sixth energy
level (I's = 2.752 MeV), there is no obvious resonance peak
caused by the sixth energy level in the angle-integrated cross
sections.

According to Eq. (17), the ratio of the effective incident
energy to the actual incident energy can be written as

E] Mc 4(E* — E;)?
L —1-=N"4 —— ). 26
EL M, é exP( or? (26)

The excited energy E* dependence of the ratio for the
®Li(n, t) reaction in the incident energy range from 1.0 eV
to 3.0 MeV is shown in Fig. 1. It can be seen that the effects
of the energy levels of the compound nucleus cover the whole
excited energy region, and the effective incident energy is less
than one-third of the actual incident energy in this region.
Obviously, the ratio reaches its minimum value at 7.454 MeV
corresponding to the fourth energy level of the compound
nucleus.

0.30 . . . T " T
—— This work
°Li (n,t) - - - ENDF/B-VIILO
~025pP>i JEFF-3.3
o) o H.Y.Bai(2020)
c
Kl
8 020
n
2]
[0}
o
O o015
0.10 : ! . L . . :
1.0 1.5 2.0 2.5 3.0

E. (MeV)

FIG. 4. The same as Fig. 3 but incident energy only in 1.0-
3.0 MeV.
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FIG. 6. The same as Fig. 3 but incident energy only in 0.5-
3.0 MeV for different experimental data [9,79-88] as labeled in this
figure.

The spectroscopic factor is related to the preformation
probability of a cluster configuration in a nucleus [58]. For the
configuration of ¢ +° He in °Li, the spectroscopic factors can
be found in Refs. [38,59-64]. The results are between values
of 0.1 and 0.9. Similarly, the published spectroscopic factors
for the configuration of d 4 o vary from 0.42 to 1.39 [59,65—
78]. Obviously, the spectroscopic factors extracted from the
different reaction types at different energies fail to agree with
each other. Due to lack of self-consistent research on the
spectroscopic factors for configurations of t 4> He and d + «,
the spectroscopic factors of the knockout process and heavy-
particle knockout process are assumed to be 1.0 in this paper.

In order to illustrate the relative contributions from these
two different reaction processes, the different values of the

45 GLi (In t') C T e HY. IBai'(20|20)'l—"I'hiéwc')rk§
1.4x10 E =1.00%10° MeV - - ~ENDF/B-VIILO ----- JEFF-33 3
. 080 50 0 00 0 0 LI ¢ oa
5 1.2x10* . 3
E 1.26x10° ' ]
E- PN i he ; - T
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S E1,58x10" ]
(@]
& 3 ® o0 00,0040
F o0 e @ (] E
501" 200x10° * -1000;
S L set i s tisasty
6.0x10°F  251x10° -20007
) ]
40X1O3: L1 i §| i §| §. i i E ? |§ E |§ .E é A
’ 0 20 40 60 80 100 120 140 160 180

Angle (deg)

FIG. 7. Comparisons of the calculated differential cross sections
of the emitted triton for the neutron-induced °Li reaction with the
experimental data [9] and the evaluated data from ENDF/B-VIIL.0 and
JEFF-3.3.
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FIG. 8. The same as Fig. 7 but for different incident energies as
labeled in this figure.

weighting coefficients for the knockout process and heavy-
particle knockout process are used in this paper. The energy
dependence of the weighting coefficients is particularly
noticeable. In other words, the relative contributions from
these two processes are energy dependent. Furthermore, the
calculated results can precisely reproduce the experimental
data at most of the energy points if the weighting coefficients
represent a cubic function of energy. The relationship between
the weighting coefficients and the incident energy for the
knockout process can be, thus, expressed as

Pinockout = 1.0 — 0.64934E; + 0.27411E7

—0.02608E;, < 3 MeV. 27
7X103- T T T T T T T T T T T T T T T T T 4
: 5Li (n.t) ® H.Y.Bai (2020) —— This work
o F ’ - - —ENDF/B-VIILO - - - - - JEFF-33
6x10° FE =1.00x10"° MeV 4900
= %% .
~5x10° E §5§§§ §§§§§§§§ E

g 3 1.26x10 +600
E o' IHHHHHHH 3
£ 1.58x10° T :
& 3x10° I Y W
2 | I ITrerlt
2 LE 2.00x10° -800 1
B I IIEEETEREEEEST
10 E 251x10° 2200 3
MO A E N E I

0' " 1 " 1 n 1 N 1 1 1 n I I
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FIG. 9. The same as Fig. 7 but for different incident energies as
labeled in this figure.
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FIG. 10. The same as Fig. 7 but for different incident energies as
labeled in this figure.

The weighting coefficients for the heavy-particle knockout
process are (1 — Pynockout)- The incident energy dependence of
the weighting coefficients in the energy range from 1.0 eV to
3.0 MeV is shown in Fig. 2.

The comparisons of the calculated results with the
measurements of the differential cross sections and angle-
integrated cross sections for the ®Li(n,t) reaction in the
incident neutron energy range from 1.0 eV to 3.0 MeV was
performed.

The comparisons of the calculated angle-integrated cross
sections with the recently measured data [9] and the evaluated
data from ENDF/B-VIIL0 and JEFF-3.3 for the SLi(n, 1) reaction
are shown in Figs. 3 and 4. In Fig. 3, the calculated results
below 0.1 MeV agree well with the measurement except in
the energy range from 1 to 100 eV due to the fluctuation of

‘ 6|_I (n t) e H.Y.Bai(2020) —— This work :
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FIG. 11. The same as Fig. 7 but for different incident energies as
labeled in this figure.
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FIG. 12. The same as Fig. 7 but for different incident energies as
labeled in this figure.

neutron energy spectrum for experimental measurement in
this region [9]. The shape of experimental data above 0.1 MeV
can be reasonably reproduced by the calculated results,
whereas the calculations are slightly worse in the energy range
from 0.1 to 0.6 MeV. In Fig. 4, the evaluations are obviously
higher than our calculations as well as the experimental data
in the energy range from 1.0 to 3.0 MeV.

Previous measurements can be used as a consistency check
of the new measurement. So the available experimental data
of the angle-integrated cross sections for the ®Li(n, t) reaction
after 1977 [9,79-88] are given in Figs. 5 and 6. It can be seen
that the calculated cross sections are in agreement with most
of the experimental data.

® H.Y.Bai(2020) — This work

T T T T ]
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i - - ~ENDF/B-VILO ----- JEFF-33
E,=1.00x10"° MeV
6x10° F = T I T =
T 20
2 : 1.26x10° ¢ '
= 5x10? e e :

Cross Section
S
X
B

3x10% |

2x10 |

0O 20 40 60 80 100 120 140 160 180
Angle (deg)

FIG. 13. The same as Fig. 7 but for different incident energies as
labeled in this figure.
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FIG. 14. The same as Fig. 7 but for different incident energies as
labeled in this figure.

The comparisons of the calculated differential
cross sections with the available experimental data
[2,9,81,82,84,85,89-99] and the evaluated data from ENDF/B-
viiL0 and JEFE-3.3 for the °Li(n, ¢) reaction are shown in
Figs. 7-24. It can be seen that the calculated results agree very
well with the measurements and the evaluations below 0.1
MeV except some discrepancies in the energy range from 1 to
100 eV due to the fluctuation of the neutron energy spectrum
for experimental measurement as illuminated in Ref. [9]. The
reason of the discrepancies between the calculated results
and the experimental data in the energy range from 0.1 to 1.0
MeV is probably that the equilibrium reaction mechanism
was not taken into consideration. The calculated results above
1.0 MeV are reasonable in accordance with the experimental
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® H.Y.Bai(2020) —— This work 1
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FIG. 15. The same as Fig. 7 but for different incident energies
and different experimental data [9,84,89] as labeled in this figure.
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FIG. 16. The same as Fig. 7 but for different incident energies
and different experimental data [9,90] as labeled in this figure.

data and the evaluated data except for small angles at some
energy points above 2.0 MeV. The discrepancies for small
angles grow with the increase in incident energy. The reason
could be the emergence of other reaction mechanisms, i.e.,
the preequilibrium mechanism [7].

It is worth mentioning that Engdahl’s experimental data at
0.0228 MeV from EXFOR [8] is lower than the calculated result
with two orders of magnitude, and the appropriate experimen-
tal data can be found in Ref. [84] and used in Fig. 15.

Figure 25 shows the partial differential cross sections of
the emitted triton from the knockout process and heavy-
particle knockout process at incident energies of 1.4, 2.4, and
3.0 MeV. The black solid lines denote the total differential
cross sections of the emitted triton for the neutron-induced °Li
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FIG. 17. The same as Fig. 7 but for different incident energies
and different experimental data [9,91,92] as labeled in this figure.
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FIG. 18. The same as Fig. 7 but for different incident energies
and different experimental data [9,91-94] as labeled in this figure.

reaction. The red dashed lines and blue dotted lines denote the
contributions from the knockout process and heavy-particle
knockout process, respectively. Obviously, the differential
cross sections of the emitted triton from the knockout process
have a forward trend. On the other hand, the heavy-particle
knockout process is found to dominate at backward angles.
Disagreements between the calculated differential cross
sections and the experimental data are mostly significant in the
energy range from 0.1 and 1.0 MeV. With the increase in the
incident energy, the shapes of the measured differential cross
sections change from the forward trend to approximate 90°
symmetry and back to the forward trend again. Furthermore,
it is arduous to fit the shapes of the measured differential cross
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FIG. 19. The same as Fig. 7 but for different incident energies

and different experimental data [9,91,92,94,95] as labeled in this
figure.
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FIG. 20. The same as Fig. 7 but for different incident energies
and different experimental data [9,81,91,94,95] as labeled in this
figure.

sections in the energy range from 0.1 to 1.0 MeV by means
of the knockout process and heavy-particle knockout process.
The features displayed by the measured differential cross sec-
tions suggest that the equilibrium reaction is very important in
this energy region. The Hauser-Feshbach model is a general
and basic tool used in the analysis of the equilibrium reaction.
However, due to the statistical hypothesis inapplicable to this
energy region, the cross sections with the resonance peak
can hardly be adequately calculated by the Hauser-Feshbach
model, which fails to reproduce the measured angle-integrated
cross sections for the ®Li(n, r) reaction below 3.0 MeV. In
order to investigate the effect of the equilibrium reaction
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FIG. 21. The same as Fig. 7 but for different incident energies
and different experimental data [9,81,91,96] as labeled in this figure.
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FIG. 22. The same as Fig. 7 but for different incident energies
and different experimental data [9,81,82,85,97,98] as labeled in this
figure.

mechanism, a tentative method is used to analyze the shapes
of the measured angular distributions without considering
its absolute cross sections in the energy range from 0.1 to
1.0 MeV. First of all, the absolute differential cross sections in
ENDF-6 formats can be represented as a Legendre polynomial
series [100],

do _ o,(Epr) Z 21+ 1

49 _ P 2
15 7 > fiPi(cos 6), (28)

=0

where o(Ey) is the angle-integrated cross section at E;, MeV.
And f; represents the coefficients of the Legendre polynomi-
als. The absolute differential cross sections calculated with
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FIG. 23. The same as Fig. 7 but for different incident energies

and different experimental data [2,91,92,94-96] as labeled in this
figure.
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FIG. 24. The same as Fig. 7 but for different incident energies
and different experimental data [2,85,91,96,99] as labeled in this
figure.

different reaction mechanisms can also be expressed as

do! _ ol(EL) Z 21+ 1

— = ‘P 2
10 . 5 fiP(cos 0), (29)

=0

where i represents the type of reaction mechanism.

It is assumed that only the direct reaction mechanism
and the equilibrium reaction mechanism contribute to total
differential cross sections in the energy range from 0.1 to
1.0 MeV. The knockout process and heavy-particle knockout
process are both considered in the direct reaction mechanism.

100 ————————————————
® H.Y.Bai(2020) — — —Knock-out process
90 E total results = - - - Heavy-particle knock-out process -
6y :
Li (n,t)
80 F E,=1.4 MeV

+60

Cross Section (mb/sr)

0 20 40 60 80 100 120 140 160 180
Angle (deg)

FIG. 25. The partial differential cross sections of the emitted
triton for the neutron-induced °Li reaction from the knockout process
and heavy-particle knockout process at incident energies of 1.4, 2.4,
and 3.0 MeV.
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TABLE III. The weighting coefficients o LEL. of the equilibrium reaction in the incident energy range from 0.1 to 1.0 MeV.

wau\l (Er)
E, MeV) 0.1 0.113 0.127 0.144 0.162 0.183 0.207 0.234 0.264 0.298
L 0.0 0.04 0.05 0.06 0.2 0.4 0.55 1.0 1.0 1.0
E, MeV) 0.336 0.379 0.428 0.483 0.546 0.616 0.695 0.785 0.886 1.0
RS 1.0 1.0 0.9 0.8 0.77 0.7 045 0.42 0.4 0.35
Obviously, the total differential cross sections are equal to Eq. (32),

the sum of the partial differential cross sections caused by
different reaction mechanisms,

do.lotal do.dir dot 30
aQ ~de Tde GO

With the insertion of Eq. (29) into Eq. (30), based on the
orthogonality and completeness of the Legendre polynomials,
the relationship between the coefficients of the Legendre poly-
nomials for different reaction mechanisms can be expressed as

di equ
fltotal _ Oy "(EL) fdir n Oy (EL)fequ (31)
= ; ,
O-storal(EL) O-Stotal(EL) !
dir equ . . .
where ;T((%)) and g"‘a‘((léi)) are weighting coefficients of

the direct reaction mechanism and equilibrium reaction

. . equ
mechanism, respectively. The :fom((fi))’s are treated as pa-
rameters to represent the contribution from the equilibrium
UA-diI(EL) 5

reaction mechanism. Obviously, the s are equal to

(1- o M(EL)

O'J‘O‘*‘](EL)
According to the discussions mentioned above, Eqgs. (29)
and (31) can be used to analyze the measured angular
distributions. By inserting Eq. (31) into Eq. (29), one can get

— Y7777
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FIG. 26. The same as Fig. 7 but for different incident energies
and different experimental data [9,91,92] as labeled in this figure.

d total total E 21 1
i = o ( L)Z + Pi(cos 0)

a2 2r
1=0

« 1 — Usequ (Er) [dir i
o Stotal ( E 9 )

The o°@!(E,)’s are treated as fixed input parameters taken
from the measured angle-integrated cross sections. The pa-

equ . . .
g;;‘,m(éi)) are determined by fitting the experimental
angular distributions.

By fitting the recent experimental data [9] in the energy
range from 0.1 to 1.0 MeV, the parameters g‘:al((%)) are listed
in Table IIL. A

As can be seen, the contribution from the equilibrium re-
action mechanism is much important in this energy region.
Moreover, the weighting coefficients of the equilibrium reac-
tion vary with the incident energy and peak at 0.234 MeV. The
calculated differential cross sections from Eq. (32) are com-
pared with the experimental data [9,81,91-95] in the energy
range from 0.1 to 1.0 MeV as shown in Figs. 26-29. It can be
seen that the theoretical values of the newly calculated differ-
ential cross sections increase at large angles and small angles
in 0.1-1.0 MeV, compared with the results by the DWBA.
And the minimum values appear at around 90°. For the en-

oy "(EL) equ
astota] (EL ) fl

(32)

rameters

L A L AL
This work (direct+compound) — — ENDF/B-VII1.0- - - JEFF-3.3

oF
1.8x10° ¢ ® H.Y.Bai(2020) W Y. Baudinet (1963) (0.19 MeV)
E A J.C.Overley (1974)(02MeV) @ S.J. Bame (1959)(0.2 MeV)
F L. E. Darlington (1953)(0.2 MeV) <« J. C. Overley (1974)(0.24 MeV)
s E P J.C. Overley (1974)(026 MeV) W J. C. Overley (1974)(0.3 MeV) ]
1.5x10° k.. & - 8 | (nt) @ _S.J. Bame (1959) (0.3 MeV) E
: O-q. ) E =0.183 MeV +1200 1
fr= E ~. 1 [ ] [ ] _ 1
0 £ e 9 v O VY 1]
5 SE A 3z 3
£ 1.2x10 LY E
z L e 0.207 +800 ]
o F —5—
= 2 E.
G 9.0x107 f~~ 2 @
n E
2] F
3 o
S 6.0x10° F 3
3.0x10° F.__
00 E " 1 " 1 " 1 " ) 1 i 1 " 1 " 1 " 1

80 100 120 140 160 180
Angle (deg)

0 20 40 60

FIG. 27. The same as Fig. 7 but for different incident energies
and different experimental data [9,91-94] as labeled in this figure.
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FIG. 28. The same as Fig. 7 but for different incident energies

and different experimental data [9,91,92,94,95] as labeled in this
figure.

ergy above 0.234 MeV, the comparisons of the calculated
results with the experimental data are considerably improved,
whereas the calculated results below 0.234 MeV are barely
changed. Obviously, there are almost uniform agreements be-
tween calculated results and experimental data in the energy
range from 0.298 to 1.0 MeV.

IV. SUMMARY AND CONCLUSION

With the combination of an effective excited energy for-
mula proposed in this paper, the knockout process and
heavy-particle knockout process based on zero-range DWBA
theory well reproduced most of the available experimental
data for the differential cross sections and angle-integrated
cross sections of the emitted triton for the neutron-induced
®Li reaction in the energy range from 1.0 eV to 3.0 MeV. The
effects of the energy levels of the compound nucleus were
reasonably taken into account. The weighting coefficients
illustrating the relative contributions from the knockout pro-
cess and heavy-particle knockout process, were determined
by fitting the recent experimental data [9]. Furthermore, we
found that the weighting coefficients could be expressed as a

E T T T T T T T T T T T T T T T T E
E—— This work (direct +compound ) = = -ENDF/B-VIIL.0 - - - - JEFF-3.3 ]
350 E ® H.Y.Bai(2020) B J. C. Overley (1974)(0.6 MeV)
E @ L. E. Darlington (1953)(0.6 MeV) G. Robaye (1965)(0.6 MeV)
300 £V - C-Overley (1974)(0.7 MeV) A J.C. Overley (1974)(0.8 MeV)
E 4 J.C. Overley (1974)(0.9 MeV) > J. C. Overley (1974)(1.0 MeV)
= ° :Li (n,t) G. H. Zhang (2006)(1.05 MeV) E
L 250 Fem= ¢ E=0616MeV +200 3
o 3 k’“‘a\‘t‘ * ¢ OT_L_
= 3 2O z-of0 =B —aEO—STTE 3
S 200 | ] 3
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o
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A D el
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FIG. 29. The same as Fig. 7 but for different incident energies
and different experimental data [9,81,91,94,95] as labeled in this
figure.

cubic function of energy. The shapes of the measured angular
distributions in the energy range from 0.1 to 1.0 MeV were
successfully explained by a tentative method through con-
sidering the contribution from the Hauser-Feshbach model.
This investigation indicates that the 6Li(n, t) reaction at low
incident neutron energies still proceeds mainly through the
direct reaction process, and the effects of the energy levels of
the compound nucleus must be considered in the theoretical
calculation. However, the contribution from the equilibrium
reaction should not be ignored in the incident neutron en-
ergy range from 0.1 to 1.0 MeV. These theoretical methods
are expected to analyze other light nucleus reactions at low
energies.
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