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Abstract

‘The 'Li first Jlevel inelastic scattering neutron angular
differential Crosé sections in the energy range from 8 to 10MeV
were calculated in this work. The calculations was performed by a
zero-range apbroximation DWBA code DWUCK4. The calculated results
were compared with the corresponding measured data. The comparison
results show that the DWBA can be used for calculation of the
data. l

1. introduction

Some reasons are leading our attention to the measurement
and the calculation of the inelastic neutron angular distribution
of 7Li(n,n’)(477.6ke\/). The first reason is that the nuclear data
of TIJ.‘ are very important because of the developments of the
controlled nuclear fusion reactor. Especially, the cascade neutron.
inelastic scattering process 1is considerable in the triton
generation reaction 7Li(n,n’t)(l. 71& is of 92.5 percent abundance
in the natural lithium. So the angular differential cross
section(ADX) is important for neutron transport calculations in
the reactor blanket. But because of the time resolution limit of
the TOF technique, the TLi first level inelastic scattering
neutrons are very difficult to be separated from the elastic
scattering neutrons when the incident energy is higher than 6MeV.
up to now, the measurement data for the 7Li first level inelastic
neutron angular distribution are very few, The second reason is

that there 1is no suitable mono-energy neutron source in

* This work 1is mainly supported by Splendid Youth Teacher
Foundation of National Education Commission, P.R. China, and
also partly supported by Nuclear Data Section, IAEA under the
contract No. 5430/RB . :



neutron energy range from 9 to 13 MeV, which makes the
measurement even more difficult in the 'neutron energy
region. In 1986, Dr. H. Liskien and his co-worker developed the
Doppler broaden and shif ted gamma ray measurement method for
measuring the neutron angular distribution with the incident
energy below 8.5MeV[ b The primary results were also got in the
energy region 8.5 - IO‘MeV[ 2 .Comparing the data with the earlier
calculated data, the consistencies are not satisfactory[ t . So a
new theoretical calculations are necessary. Therefore,the efforts “
were  made both in experiment measurements and the
theoretical calculations in our. laboratory. The direct process
is dominant for the reaction "Li(n,n’)(477.6keV) at rather high
incident energy. The usual model for calculations of the direct
inelastic scattering cross section aie the DWBA and the Coupled
Channel Approximation(CCA). In this work, the calculations was
performed Q‘ith the code DWUC-K4[ 2 based on the zero—range‘
approximation DWBA. The code was programed by Dr. P. D,
Kunz(Colorado Univ.) and got from' RSIC, ORNL, USA. In order to
do the calculation better, we added a subroutine to the code
DWUCK4, which was used for automatically searching the optical
potential parameters, residual interaction potential parameters
" and the deformation parameter 3. Some original subroutines were
changed slightly to fit the parameters searching. Using the code,
the ADX of the reaction TLi(n,n’}(477.6keV) in the ehergy range
from 8 to 20 MeV were calculated. The calculated data were
compared with some measured data from 8 to 10 MeV. In ° the
energy region 8 to 14 MeV, the elastic plus.inelastic(the
first levell ADX were also calculated and the results were
compared with experiment data. The comparisons show that the

DWBA can basically be used for description of the reaction.

2. Principle

The interaction between the incident particle and the target

nuclei can be divided into two parts. One of them is the average

potential that includes the coulomb potential, which can cause
the large distortion of the incident wave, but do not induce
the nuclear reaction. The other is the residual
interaction which induced the reaction. Suppose the incident

channel is @ and the exit channel is #, then the Hamiltonian of



the reaction system can be written as

H=H, +V, +U, =Ha+ Vo + Uy (1),

where H(1 and.Hg are the corresponding channel Hamiltonian, Uaﬁ
Ug and Ve s VB are the average potentials and the residual
interaction potential of the corresponding channel respectively.
The transition amplitude of the nuclear reaction can be

141
expressed as

- + g
T= <o 8[\/},3]@ o : | (2).

where*ﬁ_g‘(?, ﬁg) = ¢+3(?, —ﬁR), and,¢+3(?, gg) Satisfied.the

Schrédinger equation
+ E)05(T, K

(H, +U )= 0 (3),

3 B

where E is the center of mass total energy for the reaction
system. That means, ¢+P(;’ ﬁ') is the distorted wave of the exit
channel , lQ s is the scattering resolution of the SchrOdlnger
equationI{IQ >=E, |§ a’

Using !¢;} to replace ]§;>, one gets the distorted wave

Born approximation.
So the transition amplitude now has the form

T = <¢ 3|v3|¢ (4).

For the reactlon A(a, b)B, expre551on (4) has the integrated form
-
r

T= J[d;q [dr ®-

= 9 C+Dd =
3 (kB, r ) <Bb|viaa> ¢ " (k_,

REENGIE

The distorted wave satisfied the boundary condition:

S o
L= S ik-r
C+d) e d ik-r

by (kT e T+ fO)—F (6)

a a a’ r=> X

In order to simplify the calculations of integral of the space
vectors, which needs 6 dimension integrals, DWUCK4 uses the zero
range approximation, which suppose the outgoing particle is
absorbed in the position of the incident particle location, so
that
- A -
r, = r

b B a

where A and B are the mass of the target and the residual nucleus

(7,

respectively. For the inelastic scattering, we automatically have



?az?b' Then we can make an expansion of the interaction matrix
elements <BblV|Aa> into terms which corresponding. the transfer to
the nucleus of a definite angular momentum .j, which is comprised
of an orbital part 1 and spin part s. If the incident and outgoing
particles have spins s, and S, and the target and the residual
nuclear spins are JA and JB respectively, we define

- - - - -
J = 3 -J_ . S= 8 - S

- =
A B a b ) T" J_S (8)5

Very bften, in a definite transition only one set of i, 1, s value
. . 161 . .
is important . According to the vector coupling (8), the

expansion can be expressed as
G MSm>IVIIMS m>2)B, I MM-M I M>s smm-nlsm>
B %Lb b 1A A a a :Z_lsj A A g A ! BMB b b a bl a a
5]

~

. . - A- 1l me
<lsnmq—mb|JP%-+k>flsj(rﬂ)5(rb-—§rq)1 Y (r) (9),

where Blsj is a measure of the strength of the interaction, M, ,
MB' m_ and m,_are the corresponding z-component of the spin JA, JB,
s, and.sb, m:MB—MA+mb--mﬂ .

If the optical potential includes the spin-orbit coupling, the
distorted wave is a matrix in spin space. The time
reversal relation is

0" (R, T) =(-) " (<K, T) (10},

m’ m 3 -m'm

where m, m' are the third component of the particle spin before
and after their interaction with the optical potential. Then

¢;,l“(§, T) can be written as

o (K, T) =———’f;:211 <LsMm| M >{ZLH1 ¢ (k, T)<LsM' -m’m’ | '>
JL )

M -m’ "L *
Y (r)d0 M’ —m’ (11),

where d;m is the rotation function for integer spin . The
radial part of distorted wave functions satisfied the

following equation:

—_—t+ k-~
ar’ r’ 1

2 )
d 2 L(L+1) 2y 1 i
[ - S5 UH Y )]¢>_,L(k,r_) =0 (12)



and the boundary condition is :

10
. R
; [ H {kr)-n H ékr)]e

¢.IL(k’0):0’ Q.IL(k'r) I — oo 21 (13)!

v . . J
where HL(_kr)zGL + iFL is the outgoing wave coulomb function, 7

L

are the (complex)element of the scattering matrix. GL is the
n -1

coulomb phase shift. The quantity 5T is the usual elastic

partial scattering amplitude. Then the expression of the

transition amplitude have the form

_ Y4 C2 T . ' mm w
T = qub—AB ;ﬁzul By 5 Uy MMM, IJBMB >8] 45 (14),

where C is the sum of the mass of the transferred particle and
’ mm m

nucleus, SLS: is the quantity that includes the interaction
shape factor and the internal freedom degree of the nucleus.
If the interaction is treated as perturbation, then the expression

of the differential cross section can be written as:

ooy k
lo b b
go: —— 2J1+1 zsl+1 > )
(27k ) d A A M Mmoo
A B a b
ZJB+1 mm m

k 2
_ 1 1 b LC (2 1 - a b2
"7, +147 EE K GP zs3T 2 | 2d21+1B 8, 7 717 a8
: a b Qa . a mm m lsj .
. a b
The states most strongly excited by inelastic scattering are
those recognized as involving collective motion of some kind,

vibrational or rotational. The 7Li ground(% ), the first
excited(0.478MeV,%f) and the second excited(4.63MeV,%f) states
belong to the rotational band with K:—%[6’7] . So we think that
the collective excitation play an important role in the 7Li first
excited state neutron inelastic scattering. Suppose  the
deformation for the first excited state is symmetry, the residual

interaction potential with first order deformation has the form

R A df
} . » 0 1' Io N
V--Bz = VO = X2(9) (16},
r-R Ai/3

where Xs———— 6 is the angle between the particle scattering



direction and the nucleus symmetry axis. When the nucleus rotate
angle around the symmetry axis, the internal Hamiltonian
represented by the attach-body coordinates remained constant. So

the internal nuclear wave Tunctions can be written as

J o _ /_2J+1 JnJd ¢ J-3_ 3 J n
i/ T [.1’ kDKM'+(_1, .1_KD_KM] (17)
‘ 167

then we can get

R, . df, / 27, +1
! -] / !
<JBMBsbmbfV}JAMAsme> 3, —V, dx/ 75, +1

<J, 1KO | J K>
m 7 .
<J 1M, MM, I M Y () (18).

For the inelastic scattering, the spin transfer s=0, so j=l. The
channel parity is conservative in the reaction. So the orbital

momentum transfer 1 must be even. From (8), we can get j=1=2,

Comparing (18) with expression (9), we may writeBlsj as
/ ZJA+1
BlsJ=B101=f32<JAlKO!JBk> / _7£§_IT— (19).
14
According to (15),
d(]l 2 2 1 o 32 1 -
—3a— = 5, L IR0 K> [ o L (8) = 0,28 0, (9) (201,
where
. a g
(JDW(,Q)_H—'E_‘E—T (ﬁ) -‘Z-S:-—"'—l- z Islsj | .
a b a a mmﬂmb

The compound inelastic scattering is not included in the DWBA
calculation. But when the incident energy 1is rather high,
many exit channels are open, so the probability for the compound

inelastic scattering is rather small.

3. Results and Discussions
The spherical optical potential parameters and the residual
interaction potential parameters were automatically searched by a

complex shape method[sl. The optical potential used in this work



is expressed as

df(x_ ) df (x ) > =
b 7 R 10 s _] RO . .
\OM-VRf(xRO)+LV[—a§::—- \LE - s LS (21),
173
r-R, ,Ap :
Wherexgo=“—‘7;i;———(1:R,I), \R:VRO+CROEC, &I:VIO+CIOEC: Ecls
1

the center of mass energy of the incident particle. ‘
As the excitation energy of TLi first excited state 1is rather
small, the optical potential parameters for the incident and the
exit channel are talen as the same in this work. The adjustable
parameters are:'VRO,CRO,RRO,aRO,VIO,CIO,RIO,a[O,VLS. The chi-
square in the parameter auto-search code was constructed as

i h

e X . t. h

- a7 -0 a
AN thL(Ei) Gtot(Ei) 2+W 1 y & (Ei’ej) ¢ (Ei’ J)
WTOZ, . ex 10 N 4 ex .
Ac (E: ) =Lt Ao (E ,0 )
i t.ot. 1 1] 1 J

where, Gt(WL(E) is the 7Li neutron total cross section and ¢(E,?)
is the eléstio plus the first inelastic scattering neutron
ADX, W__=0.05, W _=0.95. N is the number of angle.

Because there are no experiment data for the ‘Li neutron elastic
ADX G:x(E,Q) but for elastic plus the first inelastic scattering
ADX Uéx(E,Q) and the elastic scattering ADX is far greater than
the inelastic scattering ADX in the energy rande from 8 to 20MeV.
So a set of rather suitable initial optical potential parameters
and interacl.ion potential parameters are adopted for calculations
of the inelastic scattering ADX ﬂ:h(E,Q)- which remained unchanged
during searching the optical potential parameters. The expression
!th(E,G):G;h(E,9)+U:h(E,9) will not affect the quality of the
searched optical potential parameters. The 7 energy points of the
measurement. elastic plus the' ihelastio scattering ADX and the
evaluation total cross section with incident energy range from 8
to 14MeV were taken from H. H. Hogue et al[ol and the ENDF/BVI
data file. During the searching, the weight factors WTO andlwto
are taken to be 0.05 and 0.95 respectively. The chi-square and the
searched optical parémeters are listed in‘table l1{energy unit:

MeV, length unit: fm}.

Table 1. The searched Optical Parameters‘and chi-square Ij

: , o . , -
Yeo RO 8ol Cro Vio Riol 210l €10l Vil %

-40.6611.31 0.7410.43}125.721 1.18}0.4710.39}28.4]1.79
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2 int >~
1:wT12|: X
e x

Ao

The comparisons between experiment data and the calculations are
shown in Fig, 12, From the results, We can find that the
calculated elastic plus inelastic scattering ADX in the forward
angle are increased with the incident energy in the range form 8
to 14MeV, We think it is reasonable. But the measurement ADX have
not such tendency. The data at 0n are around 700mb/sr.. Therefore
the calculated data in forward angle at 8MeV are larger than the
experimental and are relatively consistent well with the
measurement data in energy range from 9 to 12 MeV. In energy
region 13 to 14 MeV the calculated data became larger than the
experimental. Generally speaking, the consistencies between the.
calculated and the experiment data are good. After the

determination of the optical parameters, the interaction potential

. parameters and the deformation factor were adjusted and

determined. The expression of the residual interaction potential

has the form

tsa] r R 2 1 11
Vin TR A a VF; dx,, t1 Vi 2 (22},
' R1 R 8p dx’
I1
13
A ¢
. - f Y - Ty 7
where_\“- p (1 =R, I}, VR‘\91+C91EC '

Vi:\/11+C11EC .
v . ; 3 ) { I3
The ad justable parameters are f: ,'VR L CR L RP. R

2

s C oy
1’ 711

R“and Ay The following form of chi-square were used during

searching these parameters,

t h ex t h

(E )-0"" (E.) o (E 9 V-0 (E .6 )2
i int 1 ] ]

12{ i in Ti'j

(E.) AO (E. 0 )
i i J

i int

where @ (E) is the angle integrated inelastic cross section,
0,1 n(_E, 6) is the normalization inelastic angular distribution. the
measurement angle integrated cross sections were taken from Hogue
et al{ 9‘] measured data and the the angular distribution data taken
from references [1,2]. Total of 4 energy points(8, 8.25, 8.5, and
10 MeV) measurement data took part in the parameters searching.
The weight factoxs W and ‘wl‘lwere ‘taken to be 0.3 and 0.7

respectively. 'I‘he searched parameters .are listed in table 2,



2 .
Table 2. The searched Bj- the interaction

2
potential parameters and the chi-square ¥

C v R a c. b x*

v R R 1 It 11 11 11

2
2 R R1 9R1

1.501-40.66 1.3910.99) 0.34149.16}11.3410.35]10.3916.79]

The detormation parameter Bz determined by the calculation is
1.5, which is a little higher ;han the value in reference [6,7]
H33:1.4).'We_think that the deformation parameter relies on the
exéerimental data which are used for parameters searching. Using
the determined parameters, the calculated results in the energy

range from 8 to 20MeV are shown in Fig. 3-6. The comparisons

" between the calculated ‘and the experiment data in the energy
region 8-10MeV are alsq shown in Fig. 2. The comparisons show that
the the calculated data have a good agreement with the experiment
data at 8.5 and 10 MeV and the consistencies are not so good at 8

and 8.25MeV. The shapes for the calculated ADX in the energy

region 8-8,5MeV are similar but rather different for the

measurement ADX, We think that more measurement data will benefit

the calculation.

4, Conclusion

From the above results and discussions , we can conclude that

the DWBA can be used as a primary.method to calculate the ' Li

neutron inelastic scattering ADX at ' rather high incident
energy(e.g. EnZSMeV). Because the coupling between the ground and
the first excited state may exist, we think the coupled chamnnel.
calculation will be better for the reaction, that will be our work

in near future.
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Figure captions:

Fig.1-2. The comparisons between the calculated and the measured
7Li elastic plus inelastic scattering neutron ADX in the
energy range from 8 to 14MeV.

Fig.3. The comparisons between the calculated and the measured
"Li inelastic scattering neutron ADX in the energy range
from 8 to 10MeVv. |

Fig.4-6. The Calculated inelastic scattering neutron ADX in the
energy range from 11 to 20MeV.
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