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Calculation of Double-Differential Cross Sections of n+7Li Reactions Below 20 MeV
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Abstract A new reaction model for light nuclei is proposed to analyze the measured data, especially for analysis
of the double-differential cross sections of the outgoing particles. Many channels are opened in the n + "Li reaction
below E, < 20 MeV. The reaction mechanism is very complex, beside the sequential emissions there are also three-body
breakup processes. Because of a strong recoil effect of light nucleus reactions, the energy balance is strictly taken into
account. The comparisons of the calculated results with the double-differential measurements indicate that the model

calculations are successful for the total outgoing neutrons.
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1 Introduction

With the abundance 92.5% of "Li in lithium element,
the neutron interaction with “Li is important from the
application point of view, accompanying with the evalu-
ated data of ®Li needed in thermonuclear fusion reactor
system. On the other hand the reaction mechanism of
n + "Li is very complex, there are many opened reaction
channels below 20 MeV. Besides the sequential particle
emissions, the cluster separation and three-body breakup
process like °He — n +n + a are also involved. The to-
tal neutron energy-angular spectra consist of the outgoing
neutrons from various reaction channels, which strongly
differ from each other. The double differential cross sec-
tions could provide the information for analyzing the com-
ponents from the differential reaction mechanism. A new
method has been proposed for neutron induced reactions
on light nuclei, and analyzed the energy-angular spectra
of n+12C,11 n+OLil2 and n+1%008] successfully. Now this
approach has been applied for n + “Li reaction. The neu-
tron energy-angular spectra have been measured by Baba
at E, = 5.1, 6.6, and 15.4 MeV in 1979.[4 Afterwards,
Chiba and Xia measured the neutron energy-angular spec-
tra at E, = 14.2 MeV in 1985 and in 1993, respec-
tively. Recently Chiba measured neutron energy-angular
spectra at F,, = 11.5 and 18 MeV.["] These double mea-
surements provide the analytic data based for this work.

In view of the emission processes for n + ”Li reactions
below 20 MeV, all of the emissions proceed from the com-
pound nucleus of 8Li to the discrete levels of the residual
nuclei. This kind of reactions can be described based on
the unified Hauser—Feshbach and exciton model.[8]

The phenomenological spherical optical potential is
used in the model calculations. The neutron optical model
parameters are determined by fitting the total, elastic
scattering, non-elastic cross sections and elastic-scattering
angular distributions. The optical model parameters of

charged particles like protons, deuterons, and tritons are
determined by fitting the corresponding reaction cross sec-
tions.

Since the pre-equilibrium emission is the important re-
action mechanism from the compound nucleus to the dis-
crete levels of the residual nuclei, each of which has its
individual spin and parity, the angular momentum cou-
pling effect must be taken into account for angular mo-
mentum conservation.[l Three motion systems are used
in this model calculation, the physical quantity is indi-
cated by the superscripts I, ¢, and r for the laboratory
system (LS), the center of mass system (CMS) and the
recoil residual nucleus system (RNS), respectively.

In Sec. 2 the reaction channels of n + "Li are listed
in detail. The representations of double-differential cross
sections of sequential particle emissions for cluster sepa-
ration have been obtained,[!] which are used for the sec-
ond emitted particles in the (n, 2n), (n, np), (n, nd),
(n, nt), and (n, pn) reaction channels of n + "Li. The
energy-angular spectra of the second particle emissions
from discrete level to discrete level have a ring-type form
in CMS. This type of double-differential cross sections is
called D to D for short. Meanwhile, equations (19) ~ (29)
in Ref. [1] are used for the cluster separation of *He as the
residual nucleus of the reaction channel (n, nd). °He is
unstable and separated spontaneously into a neutron and
an alpha particle with @ = 0.894 MeV, each cluster has
definite value of outgoing energy in RNS. Since the clus-
ter separation comes from a ring-type spectrum, which is
treated as a continuum spectrum, so this type of double-
differential cross sections is called C to D for short. Since
all of the formulae mentioned above have been given in
Ref. [1], so in this paper we do not repeat the representa-
tions. In the case of n+7Li reactions there are three-body
breakup processes from the excited state of SHe as the
residual nucleus of the reaction channels (n, np), (n, pn),
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as well as (n, d). The ground state of *He only has the
B~ decay. The first excited state of “He has the energy of
Er—1(%He) = 1.797 MeV, while the neutron binding en-
ergy is 1.869 MeV, so it could not emit the neutron, only
decays via three-body breakup into two neutrons and an
alpha particle with the @ value of Q3 = —0.973 MeV. The
formula of three-body breakup processes from the discrete
levels of the residual nucleus of (n, d) channel is given in
Ref. [2], which is called D to C for short. But in the case
of n 4 "Li reactions the three-body breakup from (n, np),
(n, pn) channels are the emission processes from contin-
uum spectra to continuum states, which is called C to
C for short. This kind of description for the three-body
breakup process is presented in detail in Sec. 3.

Because of the level widths and energy resolution in
the measurements, according to the Heisenberg’s uncer-
tainty relation, the measured data are always in a broad-
ening form. Therefore, in fitting procedure the broadening
effect must be taken into account with the Gaussian ex-
pansion form. Since all of the calculations are carried out
in CMS, so that the transformation from CMS to LS must
be performed in the fitting procedure. The formulation of
the broadening expansions and the formulation of the mo-
tion system transformation can be found in the Sec. 5 of
Ref. [1].

The calculated energy-angular distributions of outgo-
ing neutrons at F,, = 5.1, 6.6, 11.5, 14.2, and 18 MeV
are shown in Figs 1 ~ 10 in Sec. 4. Because of the very
low excited energy 0.478 MeV of the first excited level of
Li, so that the inelastic scattering spectrum is overlapped
by the elastic scattering peak. This situation is shown in
Fig. 11. The calculated results of the outgoing neutrons
agree fairly well with the experimental data. The analy-
sis of the contribution from the individual components at
E, = 11.5 is shown in Fig. 12. A summary is given in
Sec. 5.

2 The Reaction Channels of n + "Li Reaction

The reaction channels of n + 7Li reactions for E,, <
20 MeV are listed as follows:

( v+ 8Li, Q = 2.033 MeV,
n' + TLi*, Q = —0.4776 MeV ,
d + %He, Q = —7.750 MeV,
t + 5He, Q = —3.3362 MeV,
o TLi— 2n + SLi, Q = —7.249 MeV ,
n,p + SHe, Q = —9.974 MeV ,
n,d + °He, Q = —9.618 MeV,
n,t+ a, Q = —2.467 MeV ,
2n,p + °He, Q = —11.842 MeV ,
2n,d + «, Q = —8.724 MeV

The discrete level schemes of every reaction channel at
E, < 20 MeV are taken from Ref. [9]. The reaction situa-
tion from the compound nucleus 8Li* to the discrete levels
of the residual nuclei up to 20 MeV is presented in Tables 1
and 2, respectively. One can see that the first excited level
of "Li cannot emit any particle, so it purely contributes to
the inelastic-scattering channel. The second and the third
excited level of "Li can only emit triton, so they purely
contribute to the (n,nta) reaction channel. Above the
fourth excited level of "Li the second neutron emissions
appear, while the levels above the seventh excited level
can emit proton. In this case the emission branching ra-
tios can be obtained by means of the model calculation to

issue the competition.

Table 1 The reaction situation from the compound nu-
cleus ®Li* to the discrete levels of the residual nuclei from
(n, n'), (n, d), (n, t), and (n, 2n) reactions up to 20 MeV.

Ep® Kk ks (p+ R)3® Channel
(n,n') "Li 0.5463 1 (n,n")
(n,d)%Hegy,s | 8.868 gs°© (n,d)
(n,d)SHe* 9.978 1 (n,2nd)a
(n,t)5He 3.845 gs—2 (n,na)t
(n,2n)SLi 8.532 4 gs Y +6Li  (n,2n)SLi
(n,2n)SLi 11.06 5 gs, 2 Y +6Li  (n,2n)SLi
(n,2n)SLi 11.06 5 1 d+a (n,2nd)o
(n,2n)Li 11.266 6 gs,2 Y +5Li (n,2n)SLi
(n,2n) SLi 11.266 6 1 d+a (n,2nd)a
(n,2n) SLi 12.856 7 gs,2 Y +°Li (n,2n)°Li
(n,2n)SLi 12.856 7 1,3 d+a (n,2nd)a
(n,2n) SLi 15.670 8 gs,2 Y +°Li (n,2n)°Li
(n,2n)SLi 15.670 8 1,3-5 d+a (n,2nd)a
(n,2n) SLi 15.670 8 4—-5 p+°He (n,3np)a
(n,2n)Li 16.813 9 gs,2 Y +5Li (n,2n)8Li
(n,2n) SLi 16813 9 1,3-5 d+a (n,2nd)a
(n,2n) SLi 16.813 9 4—-5 p+3He (n,3np)a

2The term Eyy, refers to the threshold energy needed to open the
k2 level of the residual nucleus via the k1 level in unit of MeV
(As the same as in Table 2).

bThe acronym (p+ R)3 refers to the third emitted particle and
its residual nucleus.

¢The acronym gs stands for the ground state (As the same as in
Table 2).

It must be stressed that all of the excited levels of 6Li
can emit the secondary particle like neutron, proton and

deuteron, except the second excited level (3.563 (01)),?!



No. 4

Calculation of Double-Differential Cross Sections of n+7Li Reactions Below 20 MeV 467

which only decays by gamma emission, so the (n, 2n) reac-
tion channel comes from the two neutron emissions reach-
ing to the ground state and the second excited state of
5Li. The (n, d) reaction channel comes from the deuteron
emission to the ground state of ®He with the threshold en-
ergy of 8.868 MeV, while the deuteron emission to the first
excited state of SHe* contributes to the (n, 2nd )a chan-
nel via three-body breakup process (*He — n + n + «)
with the threshold energy of 9.978 MeV. Meanwhile the
reaction channels (n, pn)SHe* and (n, 2np)°He belong to
(n, 3np)a channel. From Table 1 one can see that the
fourth and the fifth excited levels of 6Li can emit proton
with the residual nucleus °He to open (n, 3np) reaction
channel, which needs the eighth excited level of "Li* to be
reached from the compound nucleus 8Li* by the first neu-

tron emission with the threshold energy of 15.670 MeV.

Table 2 The reaction situation from the compound nu-
cleus 8Li*
the (n, np), (n, nd), and (n, pn) reaction channels up to

20 MeV.

to the discrete levels of the residual nuclei of

FEin k1 ko Channel
(n,np) S Heqy 12.856 7 gs (n, np)
(n,np) S Heqy 15.670 8 gs (n, np)
(n,np) SHe* 15.670 8 1 (n,2nd)o
(n,np) He 16.813 9 gs (n,np)
(n,np) SHe* 16.813 9 1 (n,2nd)a
(n,nd)®He 11.060 5 gs (n,2nd)a
(n,nd)%He 11.266 6 gs (n,2nd)o
(n,nd)%He 12.856 7 gs (n,2nd)o
(n,nd)5He 15.670 8 gs—1 (n,2nd)a
(n,nd)5He 16.813 9 gs—1 (n,2nd)a
(n,nt)a 5.296 2 gs (n,nt)a
(n,nt)a 7.64 3 gs (n,nt)a
(n,nt)a 8.532 4 gs (n,nt)o
(n,nt)a 11.06 5 gs (n,nt)a
(n,nt)a 11.266 6 gs (n,nt)a
(n,nt)a 12.856 7 gs (n,nt)a
(n,nt)a 15.670 8 gs (n,nt)a
(n,nt)a 16.813 9 gs (n,nt)a
(n,pn) Heqy 11.919 9 gs (n,np) S Heqy

3 Three-Body Breakup Process

The kinetics of the three-body breakup process has
been given by Ohlsin.l'®! The analytical expression of the
double-differential cross section is obtained by

d%s o
=—S5 i)y
dedq ~ o)

i=1,2,3, (1)

here the normalized spectrum satisfies fel(ma’)‘) S(e;)de; =
1 and the explicit expression reads
8
S(e) = ———

Ei(max)

€) (2)

€ (ei(max) -

where €;(mayx) is the maximum outgoing energy of the ith
particle and Ep = E—1(%He) — Q3 = 0.824 MeV stands
for the energy released from the first excited state of *He
in the three-body breakup process. So the final state of
the three-body breakup process is a continuum spectrum
with €;(min) = 0 and

Mfmi

€i(max) — M Ebrka

i=1,2,3, (3)

where M is the mass of $He, m; refers to the mass of the
1th outgoing particle in three-body breakup process. The
energy carried by each particle is obtained by

€i(max) 1
E; :/ €iS(ei)dei = J€i(max) ,
. 2
i=1,2,3. (4)

It is easy to prove that the total energy carried by the
three particles is obtained by E; + E5 + E3 = Ey, . Thus
the energy balance is held analytically.

When SHe*

reaction channel "Li(n, np+pn) in the case of three-body

is yielded as the residual nucleus of the

breakup process, the particle is emitted from a ring-type
spectrum of the residual nucleus to continuum spectrum,
so the reaction description is from a continuum state to
a continuum state (C to C for short). We denote mo
and M, as the masses of the second emitted particle and
its residual nucleus. Bs refers to the binding energy of
the emitted second particle. Therefore, the normalized
double-differential cross section of the ith particle is given

by
d%o €5 S(el)

1

d’ / dES, dOS &
decdQs MTTMe g g, dQs, e ar

7

PPk 211 (e )Pi(cos ). (5)

1

The normalized double-differential cross section of the

residual nucleus M, is given by using the Legendre ex-

pansion form as
d?o

dEf,, dQg,

20+ 1
= Z 4—:_ fi(ESy, ) Pi(cos ) . (6)
]

Multiplying P;(cos65) on both sides of Eq. (5), and inte-
grated over Q2 the Legendre coefficient of the ¢th particle
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in CMS is obtained by tion in Eq. (6),

d%o €

C 1 c
fl(Ei) = E/m g PL(COSQMZ) ZYLm @ (D)YLm(Q ) (8)

2L+1

x S(e;)Pi(cos eic)dEJC\/Ide?\Jg dQy. (7) Carrying out the integration over cos® and &, then the

If © is the angle between (35, and (7, by using the rela-  Legendre coefficient becomes into the form

/fl Ejr,) \/7 (€/)Pi(cos ©®)dE},, d cos©. (9)

Changing integration variable from cos © to €!, equation (9) becomes into the following form

m;
b €+ —FE5;, —¢€;
1(E de? v My %
w/ / dES,, Sl Afz) L S(e))P, My . (10)
@ V& 2 i S €5
\ M, M2
For the given values of € and E]C\/[z, by using the composition of velocities but written in energy scale, the integration
limits of €] are obtained by

(f M2>2, b:min{e (ma) <f+\/7M)2} (11)

The integration limits A and B of Ej, for a given €] are given by

M. 2
mf (ﬁ_ \/ 6:;(rnax) > ’ \/ 1(max) + EMz,mln = \/77

C
Esz

A= (12)

min otherwise,

B :min{Eglbmax, —(f+ NZ. )2} (13)

The energy region of the ring-type spectrum of the residual nucleus M> is given by (see Sec. 3 of Ref. [1])

Eﬁdg,min = E;(l - ’yMz)?? E&g,max = E;(l + ’yMz)Q ’ (14)
Ee(M;) M, s

— (2 E="2(p _B,—E,). 15

Yoy B3 M, 2 Ml( b — Bz — E) (15)

The energy region of the ith particle from the three-body breakup process in CMS is given by

c [ e I
6i(max) = ( EEMz,max + Ei(max) ) ) (16)
m; EC ' 2 f ™ m; Ec
. ( M, Mz, min — \/ 6i(max) ) ’ 1 Ei,(max) < E Ms,min >

Ei(min) = (17)

0, otherwise .

In the case of C to C, the spectrum of f(€$) is normalized. In fact, by exchanging the order of the integration variable

S fo(BS,) [ der (/miBigy [0+/e7)
/ )de = / dES, — / ZTS(EI)/ , def
S i Vi, Ve (i, i)

\/7/ Mz(mx) Az, ]%(E’]c\/[z)/eﬂmax) dﬁ:n,- S(e", )4 W

Mo (min)

one get
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ERry (maw) . .
= / AES, fo(ES,) = 1. (18)

EM2 (min)

The representation of fo(Ej,, ) is given in Ref. [1] as

_ 1
4y, B3 '

fo(Eir,) (19)

The first excited level of He from (n, np + pn) channel decays by three-body breakup process into two neutrons
and an alpha particle, all of them belong to (n, 3np)a reaction channel.
The energy carried by the ith particle from the three-body breakup process in CMS can be calculated by

6f(max)
Bem) = [ e po(enaes
€i(min)
2
1 [My [Bhames — fo(BSy) [ der - p(/mBMEYT)
= dEy, ——=— TS’(ei) , € de;
4V m; Mo, min \% EMz 0 \/g (1 /miEfuz/Mz—\/e—;‘)
Ej e
m; M3 max c c . i(max) o~ o
M / B, fo(Ei,)d By, +/ S(ei)e; de;
2 E?MZ,min 0
m; my; 1
— E’r Ec M T . 20
]\42 2 + ]\41 ( 1) + 261(max) ( )

The explicit expressions of E5 and E°(M;) can be found in Ref. [1] (see Eqs (4) and (44)). The energy carried by the
second emitted particle in CMS is (see Eq. (48) of Ref. [1])

. M, ma M1 , .,
E (mg):E(Ekl_Bz_Ek2)+EM—C(E _Bl_Ek1)~ (21)
In LS the energy carried by ms is (see Eq. (50) of Ref. [1])
El(mg) = "2 4 Eelmsy) — 202 [T g Be(My) fE(my) . 22
(m2) M2 (m2) Mo\ (My) fi(ma) (22)

The energy carried by the first emitted particle m4 in LS is given by (see Eq. (45) of Ref. [1])

My M1 Ml My
E! = "F,+—(E*—~B,—E 20— | =2 E,E(M;) f¢ ) 23
(ma) = " Bt (B = By = Bi) 27 [ER BB (M) fiomn) (23)
The energy carried by the ith particle from the three-body breakup process in LS is
1 _ mym; c m; my c c
E'(m;) = TCQETL + E°(m;) — 2MC EEnE (My) fi(mq). (24)
Therefore, the total released energy is obtained by
EL = E'(mq) + E'(ma) + E'(m;)
i=1,2,3
=FE,+By,—-B1—-B:—Q3=E,+Q, (25)
where @@ = —10.948 MeV is the Q-value of the reaction | sults with the double-differential measurement are shown
channel (n, 3np)a. Thus the energy balance is still held in Fig. 1 at an incident neutron energy FE, = 5.1 MeV
exactly in the C to C reaction mechanism. for outgoing angles of 30°, 45°, 60°, 75°, 90°, and 120°,

respectively. The comparisons of that are shown in Figs 2

4 Results and Discussions and 3 at an incident neutron energy F, = 6.6 MeV for
The LUNF code for n + 7Li is developed for calcu- outgoing angles of 30°, 45°, 60°, 75°, 90°, and 120°,
lating the reaction cross sections and the energy-angular  respectively; in Fig. 4 at an incident neutron energy
spectra of all kinds of outgoing particles from n+"Lireac- E, = 11.5 MeV for outgoing angles of 60° and 120°, re-

tions below 20 MeV. The comparisons of the calculated re-  spectively.
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Meanwhile, the comparisons of the outgoing neutrons
at an incident neutron energy F, = 14.2 MeV for out-
going angles of 30°, 37.5°, 43.12°, 50°, 60°, 75°, 94.28°,
104.2°, and 150° are shown in Figs 5 ~ 7, where the elastic
scattering peak is not added, by which the inelastic scat-
tering partial spectrum is overlapped. As an example, we
show here in Fig. 8 the total neutron energy-angular spec-
trum at E,, = 14.2 MeV for the outgoing angle 60°, in
which the added elastic scattering peak overlaps the in-

LN INNLE LI L L L L L L L L I R e -

Cross section (mb/sr-MeV)

[T AT

[
o

[

o T

o
[

T T T N O I |
2 4 6 8

E, (MeV)

n

Fig. 5 The neutron energy-angular spectra of 30.0°, 37.5°,
43.12°, and 50.0° at E, = 14.2 MeV. The data are taken
from Ref. [5].

As an example, the calculated cross sections from dis-
crete level to discrete level, the energies of the first emitted
particles in CMS, and the energy region of the residual nu-
cleus after the second particle emissions are shown in Ta-
ble 3 at E,, = 14.2 MeV. The recoil effect of the secondary
particle emissions is very strong in light nucleus reactions.
In general the nucleon emissions (neutron or proton) give
energy region with several hundred keV of the ring-type
spectra, while the triton emissions give the large energy
region with a few MeV, due to the relative heavier mass.
However, all of the ring-type spectra must be treated as
the continuum spectra to keep the energy balance. The
third row in Table 3 corresponds to the energy region in
the ring-type spectra after the second particle emissions
to show this fact.

The total energy-angular spectrum for each angle con-

elastic scattering peak. This is the reason why many of
the measurements for the elastic scattering cross sections
are always together with the inelastic scattering cross sec-
tion. The comparisons of the outgoing neutrons spectra
at an incident neutron energy F,, = 18 MeV for the out-
going angles 20°, 30°, 37.5°, 45° 52.5°, 60°, 70°, 80°,
90°, 105°, 120°, 135°, and 150° are shown in Figs 9 ~ 11.
All of the fittings in this paper agree fairly well with the
measurements.

LA L L N A S N M S B B D 4

i (n, 2n)

1007

10

Cross section (mb/sr-MeV)

100

10E

3
Ll b L b T @ |
0 2 4 6 8 10

E_(MeV)

n

Fig. 6 The neutron energy-angular spectra of 60.0°, 75.0°,
94.28°, and 104.2° at E,, = 14.2 MeV. The data are taken
from Ref. [5].

sists of many partial spectra from different reaction chan-
nels. This reaction situation, for example, in § = 60° at
11.5 MeV is shown in Fig. 12. The high-energy compo-
nents of the energy-angular spectrum mainly come from
the first neutron emissions. The neutron from the three-
body breakup of ®He* only contributes to the low-energy
region with the designation k.

The pre-equilibrium mechanism dominates the reac-
tion processes of n + "Li below the energy 20 MeV, and
the calculations indicate that only the equilibrium mech-
anism could not give the reasonable results even at low
neutron-incident energies. At E,, = 14.2 MeV, as an ex-
ample, the pre-equilibrium state occupies the percentage
of Pyre-eq = 57.6%, while the equilibrium state only has
P = 42.4%.
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Ref. [5]. elastic scattering peak is plotted by dashed line.
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Fig. 9 The neutron energy-angular spectra of 20°, 30°, Fig. 10 The neutron energy-angular spectra of 60°, 70°,
37.5°, 45°, and 52.5° at E,, = 18 MeV. The data are taken 80°, and 90° at E, = 18 MeV. The data are taken from

from Ref. [7]. Ref. [7].
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Fig. 11 The neutron energy-angular spectra of 105°,
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taken from Ref. [7].
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Fig. 12 The partial spectra of the secondary neutrons
of 60° at E, = 11.5 MeV. Designations K = 1 through
K = 6 correspond to the first emitted neutron from
the compound nucleus 8Li* to the Ky excited levels of
"Li*, respectively; designation el corresponds to the elas-
tic scattering peak; designations i and h correspond to
the emitted neutrons from *He as the residual nucleus
of (n, t) channel, respectively, at the ground state and
the first excited state; designation k corresponds to the
neutrons from the three-body breakup process of *He* as
the residual nucleus of the (n, d) channel; designations
1 and j correspond to the neutrons from the fourth and
sixth excited levels of “Li to the ground state of 6Li of
the (n, 2n) channel; designations m and n correspond to
the neutrons from the fifth and the sixth excited levels of
"Li to the first excited level of °Li of the (n, 2n) channel.
The above full line is the calculated total energy-angular
spectrum.

Table 3 The calculated cross sections of the partial reac-
tion channels to the k> level of the residual nucleus via the
k1 level.

Channel | k; ka CS (mb) FE(k1)*> ER2(min-max)®
(n,n) 1 47.38 10.443

(n,d) gs 5.38 3.501

(n,d) 1 16.9 2.153

(n,t) gs 84.33 5.663

(n,t) 1 41.05 3.162

(n,2n) 4 gs 3.85 4.337 0.307-0.812
(n,2n) 5 gs 0.02 2.404 0.002-1.277
(n,2n) 5 1 2.41 2.404 0.129-0.526
(n,2n) 6 gs 8.21 2.246 0.007-1.285
(n,2n) 6 1 2.15 2.246 0.079-0.589
(n,2n) 7 gs 2.27 1.031 0.160-1.232
(n,2n) 7 1 1.7 1.031 0.023-0.744
(n,2n) 7 2 0.54 1.031 0.012-0.363
(n,np) 7 gs 0.72 1.031 0.005-0.609
(n,nd) 6 gs 0.93 2.246 0.049-0.54
(n,nd) 7 gs 3.09 1.031 0.127-1.009
(n, nt) 2 gs 60.58 6.811 0.048-2.916
(n, nt) 3 gs 51.31 5.019 0.496-3.932
(n, nt) 4 gs 41.37 4.337 0.754-4.232
(n,nt) 5 gs 22.31 2.404 1.728-4.838
(n,nt) 6 gs 9.14 2.246 1.825-4.869
(n,nt) 7 gs 2.03 1.031 2.720-4.967
(n,pn) gs gs 16.33 1.747 0.044-0.511

2FE(k1) refers to the emitted energy for the first emitted
particle in CMS.
bERZ(minfmax) refers to energy region in the ring-type spectra

of the residual nucleus after the second particle emissions.

5 Summary

The reaction mechanism of neutron induced Li is very
complex, all of the four possible kinematics of (D to D), (C
to D), as well as (D to C) and (C to C) are included in the
description of the energy-angular spectra with the energy
balance analytically. If the residual nucleus was treated
as a static nucleus in CMS, then neither the reasonable
shape of the energy-angular spectra nor the energy bal-
ance could be obtained in the model calculation.

The three-body breakup process is a special mecha-
nism in the n+7Li reactions. In this paper the description
of the angular-energy spectra of the three-body breakup
process following two particle emissions has been devel-
oped.

The level-broadening effect and energy resolution in
measurements must be taken into account for fitting
energy-angular spectra of outgoing neutrons. All of the
level widths are taken from the experimental data as
fixed parameters. So far there are no File-6 for double-
differential cross sections of n+ "Li in the worldwide neu-
tron data libraries, so only the isotropic spectra of the
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outgoing particles are given in File-5, such as (n, np)%He,
(n, 2nd)a, (n, 3np)a, and (n, 2n)5Li reaction channels,
with the many-body phase space method. Meanwhile,
only the neutron information of the reaction channel (n,
nt)a was given by means of pseudo-levels as the inelastic
scattering cross sections in File-3 without any information
of outgoing charged particles. With this approach and
based on the good fitting to the double-differential mea-
surements the Files-6 of the reaction channels (n, 2n)°Li,
(n, np)SHe, (n, 2nd )a, (n, na)t, and (n, 3np)a have been
set up by using the LUNF code in the neutron data li-

brary with full energy balance. To do so in this way the
pseudo-levels used in the present neutron libraries could
be erased. The information of the energies released from
the outgoing charged particles is needed in several appli-
cations. For example, the kerma factors are of specific

interest regarding the heat produced in fusion reactors.
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