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The neutron nuclear data of ®Li and ’Li stored in JENDL-3PRl have
been partly revised for JENDL-3 by taking account of the experimental
data measured after their evaluations. The revision was mainly based
on the double-differential neutron emission cross section data measured
in Japan. The ’Li(n, n't)a reaction cross section was slightly enhanced
around 14 MeV on the basis of recently measured data using the tritium
counting method. The spectra of the continuum secondary neutrons pro-
duced by the 5Li(n, n'd)a and “Li(n, n't)a reactions were calculated by
the three-body phase-space model with the Coulomb interaction between
the two charged particles in the final states. In the evaluated files,
they were described by about 30 pseudo levels with a 0.5 MeV interval.
The secondary neutron spectra from the 8Li(n, 2n) and ‘Li(n, 2n) reac-
tions were given by the conventional evaporation mode. Two higher
resonant states, which had not been contained in the JENDL-3PRl evalua-
tion, were included in the present evaluation for each nuclide. A
coupled-channel chalculation was performed to interpolate and extrapolate
the elastic and some inelastic scattering cross sections. The present
revision was restricted to the neutron emitting reactions. In this
report, method of the revision and status of the produced data files

are described.

Keywords: Revision, Neutron Nuclear Data, Lithium—-6, Lithium-7, Phase-
space Model with Coulomb Interaction, Pseudo Levels, (n, 2n)
Reaction, Evaporation Model, Coupled-channel Calculation,

Cross Section, JENDL-3
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1. Introduction

The preliminary version of Japanese Evaluated Nuclear Data Library
3 (JENDL—BPRl)l) was prepared in December 1983 to respond to the strong
requests from the analysts of the Japan-US cooperative experiment using
the JAERI Fusion Neutronics Source (FNS) and of the University jointed
programs on fusion experiments using the intense l4-MeV neutron source
at Osaka University (OKTAVIAN). The JENDL-3PRl consists of the data for
eight nuclides, 6Li, 7Li, %Be, 12C, !®0, Cr, Fe and Ni. These nuclear
data are essential for the design of neutronic properties of fusion
reactors. They were intended to resolve the drawbacks in JENDL-22) when
applied to fusion meutronics calculations. The main purpose was to give
evaluated nuclear data files that can reproduce the experimental data on
the double-differential neutron emission cross sections (DDX), measure-
ments of which were just started very intensively in Japan at that time.

The problems for the structural materials, Cr, Fe and Ni, were
mainly due to lack of the direct and pre-equilibrium components of the
inelastic neutron scattering in the JENDL-2 evaluation3). Therefore the
spectra of the secondary neutrons produced by the inelastic scattering
and some reactions were too soft compared with the measured DDX data.

In JENDL-3PRl, the contributions of these processes were calculated and
added to the JENDL-2 data which were evaluated on the basis of the
statistical model., The JENDL-3PRl data reproduce the measured DDX data
very well as a whole.

On the contrary, the continuum neutron spectra produced by interac-—
tion of neutrons with the light nuclides are produced by the few-body
break-up reactions. Mechanisms of these reactions are not understood
well at present, and the statistical and pre-equilibrium models are no
longer good approximations for these nuclides. Hence they can not be
appropriately applied to the light-nuclide evaluations. There seem to
be at present no "a-priori' way to calculate the continuum neutron spec-
trum emitted from light nuclides with good accuracy.

In JENDL-3PRl, the neutron nuclear data of lithium were evaluated
by Shibata”ss). The continuum neutron spectra produced by the 6Li(n,n'a)
and ‘Li(n,n"t)a reactions were calculated by the three-body phase-space
model, as well as the 6’7Li(n,2n) reactions. Two excited levels were
considered for each nuclide.

After the evaluation of the neutron nuclear data of 611 and ‘Li for
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JENDL-3PR1, the DDX data were measured at Osaka University around 14
MeV using a natural lithium samples), and at Tohoku University at 4,2,
5.4 and 14.2 MeV for °Li and at 5.4, 6.0 and 14.2 MeV for 7Li using
isotopically enriched samples7). They compared their data with the
prediction of JENDL-3PR1 and concluded that there were still some prob-
lems in JENDL-3PRl1. The main features of these problems were common to
both groups and are summarized as follows;

1) Some higher resonant states, which were not included in the JENDL-

3PR] evaluation, should be taken into account as discrete levels.

2} The energy spectra of the continuum neutrons emitted from the

6Li(n,n"'d)a and “Li(n,n't)a reactions, as well as the 6:7Li(n,2n)
reactions, are not appropriately given in JENDL-3PRI.

3) The ®Li(n,2n) reaction cross section is overestimated by about

207 in the 14-MeV region.

4) The angular distributions of inelastically scattered neutrons

from ‘Li should be anisotropic in the center-of-mass system.

These suggestions are considered to be highly reliable, because
these problems were also pointed out from the analyses of some integral
expeirments by Hashikura®) and Sugiyamag).

Begides the problems mentioned above, the cross section of the
’Li{n,n't)a reaction stored in JENDL-3PRl was pointed out to be teoo small
compared with the high accuracy tritium counting experimentslo) preformed
recently around 14 MeV. Furthermore, according to the recent data, the
Li{n,n")’Li (Q=-4.63 MeV) reaction cross section might be overstimated
in the energy range of 7 to 13 MeV. Considering these problems, we
decided that the neutron nuclear data for °Li and 7Li stored in JENDL-
3PR1 should be revised partly.

This report describes the method of the revision and full results
of the produced data files. 1In the following sections, the method of
revising the neutron nuclear data of °Li and ’Li stored in JENDL-3PRI
is described. Those data not revised in the present evaluation are also
presented to be complete and for users' convenience sake. All the data
span the energy range from 10™% eV or the threshold to 20 MeV. The

status of the presently revised quantities is listed in Table 1.



JAERI—M 88— 164
2. Revision and Status of the Neutron Nuclear Data for 614

The total, elastic and inelastic scattering, radiative capture,
photon-production, {(n,2n), (n,p) and (n,x) reaction cross sections and
the angular and energy distributions of secondary neutrons were evaluated
in JENDL—3PR1”). Among them, the elastic and inelastic scattering and
(n1,2n) reaction cross sections and angular and energy distributions of

secondary neutrons have been revised in the present evaluation,
2.1 Total Cross Section

The total cross section was not changed from the JENDL-3PRl evalua-
tion.

In JENDL-3PR1, the total cross section was calculated by the R-
matrix theory below 1 MeV, using the code RESCAL!!), Tow chanmels, the
elastic scattering and (n,a) reaction, were taken into consideration.
One negative and three positive resonances were included. With regard
to the Ps/p resonance at 250 keV, the following experimental data were

considered for the fitting:

total cross section Smith et al.lz)
elastic scattering cross section Knitter et al,l3)
(n,n) reaction cross section Macklin et al,l%)

The R-matrix parameters are listed in Table 2. The total cross
section was calculated to be the sum of the elastic scattering cross
section, the (n,a) reaction and the (n,y) reaction cross sections, because
the radiative capture cross section was not included in the R-matrix
calculation.

Above 1 MeV, the total cross section was evaluated by fitting the
spline function to the experimental data of Knitter et a1.13), Lamaze
et‘al.ls), and Guenther et al.lG) using the Neutron Data Evaluation
System (NDES)Zl).

The results are shown in Figs. 1-3. The solid line labeled as
SHIBATA is the data adopted in JENDL-3PRl and it was also adopted in the

present evaluation without any change,
2,2 Elastic Scattering Cross Section

The elastic scattering cross section of %L1 was evaluated as follows:

_3i
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below 'l MeV it was calculated by the R-matrix theory, i.e., no change
from JENDL-3PR1. Above 1 MeV, it was given by subtracting the reaction
cross section from the total cross section. The presently evaluated
elastic scattering cross section was slightly changed from JENDL-3PR1
data due to a change in the (n,2n) reaction cross section described
below., The result is shown in Figs. 4 and 5.

Angular distribution of the elastic scattering was not also changed
from JENDL-3PRl below 14 MeV. It was calculated by the R-matrix theory
below 500 keV. Between 500 keV and 14 MeV, the Legendre coefficients
were obtained from the experimental data of Knitter et al. (500 keV ~
3 MeV)13), Knox et al. (4 MeV ~ 7.5 MeV)3O) and Hogue et al., (7.5 MeV ~
14 MeV)29), _

Above 14 MeV, the elastic scattering angular distribution for °Li
was newly calculated by the coupled-channel theory assuming the symmetric
rotational mode. The computer code ECIS793%) was used in the calcula-
tions. The coupling scheme was taken to be l+(G.S5.) - 3+(2.185) - 2+
{4.31) - 1+(5.7) (K=l band). The optical potential and deformation
parameters were taken from ref.35. These parameters were determined by
fitting the experimental elastic and inelastic scattering data of Hogue
et al.?9) between 9 and 14 MeV. Although applicability of the model to
these light nuclei as lithium and wvalidity of the parameters used will
still be an open question, there seems to be no other way to calculate
the angular distribution of elastic¢ and inelastic scattering appropriately.
The similar approach has been also made by Hansen3€) in the analysis of
the 9Be(n,n) reaction and by Koori et al.37) in the Li(p,p') reaction.

The angular distributions of elastically scattered neutrons from
6Li are shown in Fig. 6. The agreement between the present evaluation

and experimental data is generally very good as seen in the figure.
2.3 Inelastic Scattering Cross Section

2.3.1 The First Level (2,185 MeV)

The cross section to this.level was not, except the angular dis-
tribution above 14 MeV, changed from JENDL-3PRI,.

In JENDL-3PRl, the cross section to this level was evaluated with
the eye-guide method by using NDES. The experimental data of Hogue et
al. (7 MeV, 14 MeV)zg), Guenther et al. (3.5 MeV, 4.0 MeV)lG), Lisowski
et al. (5.96 MeV, 9.83 MeV)gl), Fortsch et al. (7.75 MeV)az) and Drake
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(14 MeV)4l) were used. The result is shown in Fig. 7.

The angular distribution was estimated from the experimental data
of Hogue et al.29) and Hopkins et a1.27) below 14 MeV. Above 14 MevV, it
was calculated by the coupled-channel theory described above. The angular

distribution is shown in Fig. 8.

2.3.2 The Second Level (3.562 MeV)

The cross section and angular distribution for this level were not
changed from JENDL-3PRl evaluation. Note that this level decays by
emitting y~ray to the ground state and hence does not contribute to the
6Li(n,n'd)e reactiomn,

In JENDL-3PRl, the data of Presser et al. (4.1 MeV ~ 7.0 MeV)39)
and Bestonsnyj et al. (l4 MeV)“O) wvere adopted and the evaluation was
made by fitting the spline function to these data with NDES. The result
is plotted in Fig. 9 with experimental data.

The angular distribution was assumed to be isotropic in the center-

of-mass system.

2.3.3 The Third Level (4.31 MeV)

This level was newly considered in the present evaluation. This
level and the fourth level (5.7 MeV)} were added to JENDL-3PRl because
the JENDL-3PR1 data did not reproduce the DDX experiments measured at
En=14,2 MeV.

No excitation function and angular distribution were reported for
this level. Therefore the cross section and angular distribution were
calculated by the coupled-channel method described above. The calculated
excitation function was normalized to the experimental data’) at 14.2
MeV, although the numerical data on this peak were not published because

of large uncertainties in yield estimation.

2.3.4 The Fourth Level (5.7 MeV)

This level was newly considered in the present evaluation. The
reason has been already described above.

The cross section and angular distribution were calculated by the
coupled-channel theory. The calculated excitation function was normalized
to the experimental data at 14,2 MeV7), although the experimental data

have large errors and hence were not published.
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2.3.5 Continuum Inelastic Scattering

The inelastic scattering cross section to the cotinuum state (break-
up channel) was calculated to be the difference between the evaluated
total ®Li{n,n'd)a reaction cross section and a sum of the discrete
inelastic scattering cross sections except the second level which decays
by the y-ray transition. The total ®Li(n,n'd)a reaction cross section
was evaluated based on the measurement of Rosen and Stewart*2). The
evaluated total Li(n,n'd) reaction cross section is plotted in Fig. 10
with the experimental data.

The angular and energy distributions for these neutrons were evalu-—

ated by the method that will be described in Sect. 2.9,
2.4 The ®Li(n,2n) Reaction

There are three experimental data for this reaction. Two were ob-
tained by the coincident counting method*3:%%) and one by unfolding the
measured secondary neutron spectrum assuming a simple functional form?).

In the JENDL-3PRl evaluation, these data except ref.7 were considered
but the evaluated results were slightly modified so that the elastic scat-
tering cross section reproduce the experimental data. This procedure
resulted in the overestimation of the 6Li(n,Zn) reaction cross section
as pointed out from the DDX measurement. In the present evaluation,
therefore, these data?,%35%4) yere directly adopted without any modifica-
tion. The result is shown in Fig. 1l.

The angular distributions of the secondary neutrons emitted from
this reaction were replaced by the experimental data’). They are given
in the laboratory system.

With regard to the energy distribution of the secondary neutrons
for this reaction, the conventional evaporation model was assumed as
described in ref.7. The evaporation temperature {(8) given in the refer-
ence was adopted at 14.2 MeV. This temperature was extraporated to
lower and higher energy region assuming a relation which is deduced from

the Fermi gas model;
6 = (E/T)1/2

where T is a constant.
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2.5 The °Li(n,p) Reaction

The {n,p) reaction cross section was not changed from JENDL-3PRI.
The evaluation curve follows the experimental data“s'ug), as shown in

Fig. 12.
2.6 The ®Li(n,t)o Reaction

This cross section was not revised. In JENDL~-3PR1, it was calculated
by the R-martrix theory below 1 MeV. The calculated thermal value of
940.33 barns is in good agreement with the value of 940 * 4 barns recom-
mended by Mughabghab et al.5%) The peak value of the Pg/; resonance was
calculated to be 3.364 barns at 230 keV.

Above 1 MeV, the experimental data of Bartle51) and of Bartle et
al.52) were adopted and evaluation curve was determined by a least-
squares fit to them. The 6Li(n,t)a reaction cross section is shown in

Figs. 13-15.
2.7 The Radiative Capture Reaction

This cross section was not revised in the present evaluation. From
10-% eV to 100 keV, the cross section was extrapolated as 1/v, normalizing
the scale at the thermal energy to the recommendation of Mughabghab et
al.50), i.e., 38.5 mb. Above 100 keV, the inverse reaction data of Fer-
dinande et al.®%) were added by using the principle of the detailed

balance. The result is shown in Fig. leé.
2.8 Photon Production Cross Section

The Photon. Production data stored in JENDL-3PR1 have not been changed
in the present evaluation. Because the threshold for the particle break-
up is very low (Ex = 1,473 MeV), all the excited resonant states except
the second level decay by particle emission prior to y-ray transition.
Hence we need only the photon production data for the second level and

radiative capture channels.

2.8.1 The 6Li(n,n2y) Reaction

The second state of °Li decays by emitting y-rays into the ground
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state with a probability of 100%. Thus the multiplicity for this y-ray

is 1.0. The angular distribution of this y-ray is known to be isotropic.

2.8.2 The 6Li(n,y) Reaction
In JENDL-3PRl, the y-ray multiplicities were deduced from the data

of Jurneysu) as follows:

Transition Multiplicity
cap. + B.5. 0.61
cap. + 0.47761 MeV .39
0.4776 MeV » g.s. 0.39

The .augular distributions of the y-rays were assumed to be isotropic.
2.9 The Angular and Energy Distribution of the Continuum Neutrons

In this section, a method is presented of obtaining the angular and
energy distribution of the continuum neutrons emitted from the ®Li(n,n'd)a
reaction.

In general, the double-differential cross section of producing par-
ticle 1 of an energy E in the direction R(8,¢) 1is proportional to the
prodgct of the available phase-space volume and the reaction T-matrix

element as follows:
420/ (dEdR) = 2m/v + p(E,8) * [|T|? Q23 (1)

where v is the relative velocity between the projectile and targer,
p(E,8) the phase space factor, T the transition matrix and fly3 the direc-
tion of the relative momentum between remaining two particles (2=d and
3=q, for example) in the final state. T contains all the physical
information'on the reaction mechanism. Here we assume the process re-

presented generally by the following diagram is dominant.

v U
p+ T+ 1+ (2+3)
(2+3)»2+3
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where p denotes the projectile (neutron), T the targer (511), 1, 2 and

3 the three particles in the final state (put 1 = n, 2 = d and 3 = o here),
V the potential that induces the first step reaction, U the potential
betwéen the two particles interacting in the final state. 1In this case

the T-matrix can be written as®!)
Thea = Fd3q' <pp™ |x(q')> <x(q')|vegt> (2)

where a and b denote the initial and final state, respectively, Wa+ and
Yy~ the scattering state wave function in the initial and final states,
respectively, and x(q') a complete set of plane wave states. The pro-
ducing term, <x(q')|VWa+>, will not be dependent strongly on the relative
momentum ¢q between particle 2 and 3. Hence in the range of maximum
contribution to the integral (where the final-state amplitude is maximum),

the above equation can be approximated as

Jr

<xp |Vt rddqt <ppT (@) | x(a")>
<xp|V¥a*> ¥2377(q,r23=0) (3)

Thea

where $i;3(q,r;3=0) is the wave function for the relative motion of par-
ticle 2 and 3 at the origin and is called to be the factored wave functionmn.
Using this expression for the T-matrix, the energy and angular distribu-

tion of particle 1 (in this case, neutron) is written as

2

d?0/(dEdR) ~ p(E,8)S|T|2+dfys
p(E,0)/ | T0| 2+ |y;37%(q,0)| 2-dapsg

Al ¥y37%(q,0)|2+p (E,0) (4)

where A is an arbitrary constant factor which is independent of the
secondary neutron energy and angle. The factor |¢23‘*(q,0)L2 is in-
terpreted as the density of the state of system 2 + 3. Because the
resonant components that can be seen in the scattering cross section of

d + o were already considered as the discretely excited atates in L1,
here we are concerned only with the non-resonant contribution. Therefore
taking the pure Coulomb interaction as the potential U, the relative

wave function between particles 2 and 3, wzg'*(q,O), reduces to a simple
Coulomb wave function. Then the above equation becomes finally as
follows
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- d20/(dEdQ) = A+2mn/lexp(2nn) ~ 11+p(E,8) (5)

where n = 2nZ,Z3e?/(hv) is the Coulomb parameter for the particle 2 and
3 system, Z; and Z3 are the charges of particle 2 and 3, respectively
and h the Planck's constant. Though to take the pure Coulomb potential
as the potential U is not, strictly speaking, allowed in this theory,
we took this as the form representing the energy and angular distribution
of the secondary continuum neutrons emitted from the 6Li(n,n'd)a reaction
in the present evaluation. This expression was found to reproduce the
secondary neutron spectra produced by the ®Li(n,n'd)a and 7Li{n,n't)a
reactions at low incident energies better than the phase-space model
adopted in JENDL-3PRl., 1In the low incident neutron energy, only a few
discrete levels are energetically open and it was easy to check the
validity of the model that describes the continuum neutron spectra. This
model was firstly suggested by Holland et al.t2) in the analysis of the
neutron spectra measured in their experiment on the 6Li(d,n3He)a reaction.
The phase-space factor p(E,B) is expressed very simply in the center-

of-mass system as;
p(E,0) = Co[E+(Epayx - E)I}/2, (0 < E < Epay) (6)

ware E denotes the kinetic energy of the secondary neutrons relative to
the center-cf-mass of d+o system, Epyy its kinematically allowed maximum
energy and C a normalization constant., In this expression, it is assumed
that the angular distribution of the secondary neutrons is isotropic in
the center-of-mass system. Using the incident neutron energy (Eo) in

the center-of-mass system, the reaction Q-value (Q) and the excitation
energy (Ex) of the residual nucleus, the above relation is rewritten as

follows;

0(E,8) = p'(Ex) = C-[(Eo - Ex) + (Q + Ex)1'/2, (-Q < Ex < Fo)
(7)

According to eqs.(5) and (7), the spectrum of secondary neutrons emitted
from the 6Li(n,n'd)a reaction was converted to the excitation energy
spectrum in the brLi system,

In the present evaluation, pseudo levels were set in energy 0.5

MeV excitation energy interval. Thirty two pseudo levels were necessary
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to cover the energy range from threshold to 20 MeV., The cross section
for each level was calculated according to the excitation energy distribu-
tion given by egs.(5) and (7). With this method, the continuum neutron
spectrum produced by the ®Li(n,n'd)a reaction was given by the sum of
the inelastic scattering to these levels.

At the incident neutron energy of E;.,, the cross section for the
i-th pseudo level, with the excitation energy Ej, can be calculated as

follows if Eo z Ei (otherwise it cannot be excited);

Eupper
0e(B1ab) * Lo (Es-0. 25mev,-q) T (Bx) T Ex
01 (E1ap) = 5 (8)

[Q°¢(Ex) dEy

where ¢(Ey) is the excitation energy spectrum in oLi produced from eqs.
(5) and (7) at Ejzp. The upper limit of the integral in the numerator,
Eupper, was taken to be Eo if Eo < Ej4j, and Ej + 0.25 MeV if Eo 2 Ej4].
The denominator is a normalization constant so as the sum of the cross
sections for all the pseudo levels [Ijc4(E1a})] should be equal to the
continuum inelastic scattering cross section (0.(Ejz})) determined in
Sect. 2.3.5.

In Fig. 17, some examples of the cross sections for pseudo levels
calculated as described in this section are presented. The secondary
neutron spectrum in the center-of-mass system is obtained by putting
these values in order according to their Q-values. Transformation to
the laboratory system is straightforward: it can be done by using the
kinematics of the two-body reaction.

The angular distributions for these pseudo levels were assumed to

be isotropic in the center—of-mass system.
2.10 Comparison with the Double-Differential Data

In this section, the DDX data produced from the presently evaluated
library are compared with the existing experimental data. Typical results
are shown in Figs. 18 and 19. These graphs were kindly offered from Dr.
Fukahori of JAERI Nuclear Data Center to the authors.

In Fig. 18, the presently evaluated data (histogram) are compared
with the data measured at Tohoku University7) at 14.2 MeV, Generally

speaking, the present evaluation reproduces the measured data very well
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at all the angular regions. Especially in the high secondary neutron
energy region of the forward amgles, the present data reproduce the
measured ones better than JENDL-3PR1, This is mainly because, in the
present evaluation, two higher resonant states at Ex = 4.31 and 5.7 MeV
have been newly included.

In Fig. 19, the present data are compared with the data measured by
Drosg et al.%3) at 14,1 MeV.. At very forward angles, the resolution of
their data is not so good and hence the elastic scattering peaks are
broad. Even this case, the evaluation is in good agreement with the

experimental data.

3. Revision and Status of the Neutron Nuclear Data for ‘Li

In JENDL-3PRl, the total, elastic and inelastic scattering, radiative
capture, photon-productien, (n,2n), (n,d) and {(n,n't)s reaction cross
sections and the angular and energy distributions of secondary neutrons
were evaluated for ’Li5). Some data concerning the neutron emitting

reactions have been re-evaluated in the present work.
3.1 Total Cross Section

Below 100 keV, the total cross section of ‘Li was given by the

following expression in JENDL-3PRI:
Utot = 0097 + GR’Y

where op  1s the radiative capture cross section. The value 0.97b is
the thermal scattering cross section recommended by Mughabghab et a1.%%)
Below 100 keV, the total cross section was not changed from the JENDL-
3PR!l evaluation,

Above 100 keV, the total cross section was evaluated based on the
experimental datal5,17,19,20)  The presently was evaluated values are
close to the most recent values of Lamaze et all®), 1In this energy
range, the total cross section was not changed from JENDL-2,

In Figs. 20-22 shown are the adopted total cross section of ’Li

with other evaluated curves and experimental data.
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3.2 Elastic Scattering Cross Section

As described above, the thermal scattering cross section of 970 mb,
recommended by Mughabghab et al.50), was adopted. Below 100 keV, the
elastic scattering cross section was fixed to this value. This part was
not changed from JENDL-3PRI1.

Above 100 keV, the elastic scattering cross section was given by
subtracting the reaction cross section from the total cross section.

Figs. 23 and 24 show the present result. Because in most experiments
the inelastic scattering cross section to the first 0.478 MeV level cannot
be separated, in those figures also shown are the sum of the elastic and
inelastic scattering cross section to the first level by a dashed line.
The data of Batchelor and Towle23), and Knitter13) do not include the
inelastic component and hence are purely elastic scattering. The agree-
ment between the present evaluation and experimental data of Knox et
21.30) is excellent around the resonance at 4.4 MeV.

The angular distribution of elastically scattered neutrons was not
changed from JENDL-3PRl below 14 MeV; below 10 keV it was assumed to be
isotropic in the center-of-mass system. Between 10 keV and 4 MeV, it was
calculated by the R-matrix theory using the parameters of Knox and
Laness). From &4 MeV to 14 MeV, the data in JENDL-2 were adopted.

Above 14 MeV, the elastic scattering angular distribution for L
was newly calculated by the coupled-channel theory. The symmetric rota-
tional model was assumed. The coupling scheme was taken as 3/2-(g.s.) -
1/2-(0.478) - 7/2-(4.63) - 5/2-(6.68) (K=1/2 band). The model and the
coupling scheme are the same used in the analysis of the Li(p,p")
reaction by Koori et a137), The optical potential and deformation para-
meters were taken from ref.35.

In Fig. 25, typical results of the presently evaluated angular dis-
tributions of elastically scattered neutrons from 7Li are compared with
other evaluations and experimental data. In general, the present evalua-

tion reproduces the measured data very well.
3,3 Inelastic Scattering Cross Section
In the present evaluation, two higher excited resonant states at

Ex = 6.68 and 7.467 MeV were included as the third and fourth levels in
7Li. Because the particle decay threshold lies at Ex = 2.467 MeV, all
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the excited states but the first 0.478 MeV level decay via the 7Li*st+a
process. Therefore they contribute to the "Li(n,n't)a reaction. The
first level decays by emitting y-rays and it is well known that this

y-ray has an isotropic angular distribution.

3.3.1 The First Level (0.478 MeV)

The cross section was not changed from the JENDL-3PR1 evaluation.
In JENDL-3PRl, the (n,n'y) data measured by Morgan et al.69) yere adopted
in the whole energy range. The evaluation was performed using the spline
function fitting by NDES, The result is shown in Fig. 26.

The angular distribution was revised in the present evaluation.
Below 4 MeV it was calculated by the R-matrix theory. Between 4 and 10
MeV, the data evaluated by Liskien’5) based on his experiment on the
Doppler-broadened y~ray spectrum were édopted. Above 10 MeV, the coupled-

channel calculation was made.

3.3.2 The Second Level (4.63 MeV)

There is inconsistency among the measured data for this cross sec-
tion between 7 MeV and 14 MeV. Hogue et al.?9) and Dekempenner et al.7%)
give higher wvalues while Hopkins et al.27), Schmidt et al.76), Birjukov
et a1.67), Lisowski et al.3l), Cookson et al.2%) and Chiba et al.78) give
values considerably smaller than them. In the JENDL-3PRl evaluation,
the data of Hogue et al. were adopted because they span a large energy
range from 9 to 14 MeV. In the present evaluation, this cross section
was revised taking account of the recent experimental wvalues. The
evaluated curve is compared with the experiments in Fig. 27.

In JENDL-3PR1, the angular distribution of inelastically scattered
neutrons from this level was assumed to be isotropic in the center-of-
mass system. Experiments show, however, that the cross section is strongly
forward peaked above several MeV. Hence this part was newly evaluated:
below 14 MeV, experimental values29:38,78) gere adopted. Above 14 MeV,
the angular distribution was calculated by the coupled-channel method
described above,

Some examples of the angular distribution for this level are shown
in Fig. 28. 1In Fig. 29, the present evaluation are compared at 18 MeV
with the recent experimental data and other evaluations for ‘Li(n,ng+n)
and (n,n,) reactions. In this higher energy region, the present evalua-

tion can predict the measured data better than JENDL-3PRl as seen in
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this figure.

3.3.3 The Third Level (6.68 MeV)

This level was newly included in the present evaluation. There are
two experimental data at 14 MeV6’7), although they have not been pub-
lished. ' In the present evaluation, the results of the coupled-channel
calculation described above were normalized to these data. Angular
distribution was also calculated by the coupled-channel method. The

result is shown in Fig. 30.

3.3.4 The Fourth Level (7.467 MeV)

This level was newly included in the present evaluation. There are
two unpublished data in Japan around L4 MeV6s7), In the present evalua-
tion, the excitation function for this level was assumed to be the same
as that of the third level except very near the threshold.

Angular distribution for this level was assumed to be isotropic in

the center-of-mass system. The result is shown in Fig. 30.

3.3.5 Continuum inelastic scattering

The continuum inelastic scattering in 7Li is due to the reaction
Li{n,n't)a. The system t + o has some resonances and these resonances
were considered as the second, third and fourth levels in Li as de-
scribed above., Therefore, the continuum inelastic scattering cross
section was obtained by subtracting these discrete inelastic scattering
cross sections from the total 7Li(m,n't)a reaction cross section. The
method of evaluating the 7Li(n,n't)a reaction cross section will be
described in the next section,

The energy distribution of the continuum neutrons produced by this
reaction was calculated by the similar way described in the section 2.9
for ®Li. Replacing d with t, equations (5) and (7) are also applied for
7Li. They are expressed by pseudo levels as similar to 6Li. Thirty
levels were necessary to span the energy range from threshold to 20 MeV,

With'regard to the angular distribution of these pseudo levels, the
angular distribution of continuum neutrons reported in a ref./ was

adopted.



JAERI—-M 88— 164
3.4 The “Li(n,n't)a Reaction

After the evaluation of JENDL-3PR1 data, several measurements were
reported on this quantity. They all used the tritium accumulation and
B~counting method which is considered to be highly reliabe. 1In the
present evaluation, the measurements by D.L. Smith et al.89), Maekawa
et al.gz), Takahashi et al.!9) and Goldberg et al.%1) were newly con-
sidered and the cross section was slightly (about 5%) increased in the
14 MeV region compared with the JENDL-3PRl evaluation. The result is
shown in Figs. 31 and 32 by solid lines. 1In the data files, this cross

section is given with the MT number of 205 (MT=205) for users' convenience.
3.5 The ‘Li(n,2n) Reaction

The JENDL-3PR1 data were not revised for this reaction in the
present evaluation. 1In JENDL-3PRl, the data measured by Ashby et al.43)
and Mather and Pain“%) were adopted at 14 MeV. The result is shown in
Fig. 33.

The angular distribution of neutrons emitted from the “Li(n,2n)
reaction was replaced by the experimental data7). It is given in the
laboratory system.

The conventional evaporation model was assumed for the secondary
neutron energy distribution. The evaporation temperature (9) reported
in ref.7 was adopted at 14 MeV., This temperature was extrapolated to
lower and higher energies according te the relation that 6 should be

proportional to the square root of the incident neutron energy.
3.6 The 7Li(n,d) Reaction

The 7Li(n,d) reaction cross section was not revised from the JENDL-
3PR1 data. In JENDL-3PRI, this cross section was calculated with DWBA
assuming the proton pickup mechanism. As the optical potentials, the
neutron parameters of Watson et al,%%) and the deuteron parameters of
Bingham et al.%5%) were used. The bound state wave-function for the p t+
bHe system was calculated by the separation energy method with the form
factor parameters of: rq = 1.25, r, = 1.25 and a = 0.65 fm. The calcu-
lated values were normalized so that the cross section at 14,2 MeV might

give a value of 9.8 mb which was obtained by Battat and Ribe*5). The
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result is shown in Fig. 34

3.7 Radiative Capture Cross Section

The data in JENDL-BPRl, which are the same as those in JENDL-2,
They are expressed as

were adopted without any revision.

_ 7.22 x 107° [En(eV)1-1/2 (barns) (9)

In,y

The result is shown in Fig. 35.

3.8 Photon production Cross Section

m the JENDL—BPRl evaluation.

71,4i% and radiative capture

This cross section was not changed fro

tion from the 71i(n,n1)

1t includes the contribu
icle decay is very low

reactions. Because the threshold for the part

(Ex = 2.467 MeV), all the eXx the first level decay

cited states except

by emitting particles prior to y=Tay rransition.

3,8,1 The (n,nyY) Reaction

The y-rays emitted from this ability of 100%

reaction have 2 prob

and an isotropic angular distribution. Therefore, & value of 1.0 was

given to the multiplicity.

3,8.2 The (n,Y) Reaction .
g for capture y-rays were deduced from the y-ray

The multiplicite
60) at the thermal energy. The result is

intensities measured by Jurney

the following:

-

Transition Multiplicity
cap. > g5 : 0.894
cap- > 0.98 MeV 0.106

0.106

0.98 MeV + -5

The angular distributions of the y-rays were assumed to be isotropic.
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3.9 Comparison with the Double-Differential Data

The presently evaluated data were compared with some of the existing
DDX data and are shown in Figs. 36-38.

In Fig. 36 the presently evaluated curve is compared with the data
measured at Osaka Universitys) around l4 MeV using a natural lithium
sample, The present evaluation reproduces the experimental data very
well from forward angles to backward angles., Especially in the secondary
neutron energy region just below the 4,64 MeV state, the agreement is
considerably improved. This is because in the present evaluation, two
higher excited states at Ex = 6.68 and 7.476 MeV were included.

In Fig. 37 the present data are compared with the data taken at
Tohoku University at 14,2 MeV’). This experiment was made using an
isotopically enrich sample (99.9% in 7Li). Generally speaking, the
agreement between the present evaluation and experimental data is also
excellent including the valley just below the elastic peak.

In Fig. 38, the present results are plotted with the measured data’)
at 6.0 MeV. In the experimental results, the elastic scattering peak
was already subtracted. Agreement between the evaluated and measured
data is satisfactory. The structures seen in the evaluated data arise
from the discretization of the continuum neutrons with a 0.5 MeV interval

in excitation energy.

4, Concluding Remarks

The neutron nuclear data SLi and 7Li, stored in JENDL-3PRl, were
revised for JENDL-3 by taking account of the experimental data measured
after the evaluations. Much empahsis was placed on the double-differen-
tial neutron emission cross section data. The 7Li(n,n't)a reaction cross
section was also revised, and it was increased slightly around 14 MeV
according to the recent measurements using the tritium counting methed.

The spectrum of the continuum secondary neutrons produced by the
6Li(n,n"d)a and “Li(n,n't)a reactions were calculated by the three-body
phase-space model with the Coulomb interaction between the two unobserved
particles. In the evaluated files, they were described by the pseudo-
level representation with a 0.5 MeV interval. The secondary neutron

spactra from the SLi and 7Li(n,Zn) reactions were given by the conven-—
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In Fig. 36 the presently evaluated curve is compared with the data
measured at Osaka Universitye) around 14 MeV using a natural lithium
sample., The present evaluation reproduces the experimental data very
well from forward angles to backward angles. Especially in the secondary
neutron energy region just below the 4.64 MeV state, the agreement is
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was already subtracted. Agreement between the evaluated and measured
data is satisfactory. The structures seen in the evaluated data arise
from the discretization of the continuum neutrons with a 0.5 MeV interval

in excitation energy.

4. Concluding Remarks

The neutron nuclear data °Li and 7Li, stored in JENDL-3PR1l, were
revised for JENDL~-3 by taking account of the experimental data measured
after the evaluations. Much empahsis was placed on the double-differen-
tial neutron emission cross section data., The ‘Li(n,n't)a reaction cross
section was also revised, and it was increased slightly around 14 MeV
according to the recent measurements using the tritium counting method.

The spectrum of the continuum secondary neutrons produced by the
®Li(n,n'd)o and ‘Li(n,n't)a reactions were calculated by the three-body
phase-space model with the Coulomb interaction between the two unobserved
particles. In the evaluated files, they were described by the pseudo-
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spactra from the 8Li and 7Li(n,2n) reactions were given by the conven-
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tional evaporation model. Two higher resonant states, which had not
been included in the JENDL-3PR1l evaluation, were included in the present
evaluation. A coupled-channel calculation was performed to interpolate
and extrapolate the elastic and some inelastic scattering cross sections.

The present results were compiled in the ENDF/B-V format.
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Table 1 Status of the presently revised gquantities (will continue)

Quantities . | Energy range (e¥V)¥  Comments
min max

a) Cross Sections

Elastic scattering 8.61+6 2.0 +7 Figs. 4, 5
(n,2n) 6.6146 2.0 +7 Fig. It
tnelastic scattering

to the 3rd level 5.03+6 2.0 +7

to the 4th level 6.66+6 2.0 +7

to the continuum tevels 1.75+6 2.0 +7 Fig., 17

Pseudo levels
h) Angular distributions of
secondary neutrons

Elastic scattering 1.5 +7 2.0 +7
Inefastic scattering

te the 1st level 1.5 +7 2.0 +7

to the 3rd level 5.03+6 2.0 +7

to the 4th level 6.66+6 2.0 +7

to the continuum levels 1.7546 2.0 +7 Pseudo levels
(n,2n) 6.61+6 2.0 +7

c) Energy distributions of
secondary neutrons

Inetfastic scattering to

the continuum levels 1.7246 2.0 +7 :
(n,2n) 6.61+6 2.0 +7 Evaporation model

W R e e e W W W R W R e N S S M e o W W W M W S S M e e e e M A o o e i

% 2.0+7 denotes 2.0x107
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Table 1 {continued)

L
Quantities nergy range (ey Comments
min max
a) Cross Sections
Etastic scattering 1.0 +7 2.0 +7 Fig. 24
Inelastic scattering
to the 2nd fevel 5.3 46 2.0 +7 Fig. 27
to the 3rd level 7.63+6 2.0 +7
to the 4th level 83.53+7 2.0 +7
to the continuum levels 1.0 #7 2.0 +7 Pseudo fevels
(n,n’ D a 1.0 +7 2.0 47 Figs. 30, 31
k) Angular distributions of
secondary neutrons
Etastic scattering 1.5 #47 2.0 +7 Fig. 29
Inelastic scattering '
to the Ist level 5.46+5 2.0 +7 Fig. 29
to the 2nd level 5.3 48 2.0 7 Fig. 28
to the 3rd level 7.63+6 2.0 +7 Fig. 30
to the 4th level 8.53+6 2.0 47 Fig. 30
to the continuum levels 2.8246 2.0 +7
{(n,2n) 8.3 46 2.0 +7

c) Energy distributions of
secondary neutrons

Inelastic scattering to
the continuum levels 1.72+6 2.0 +7
(n,2n) 6.61+6 2.0 +7 Evaporation model

------------------------------------------------------------------------
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