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Thc total clastic cioss scctlon, Li( n, cK) 8 cross section, dlffcrcntlal cIoss section, and polarlzatlon arc
calculated for the n- Li system in the energy range 0-5 MeV by using general R-matrix theory and taking
into account various coupled channels in addition to the direct channels. The results are compared with the
experimental results and earher calculations. Our calculations are helpful in estimating the contribution of
dominant coupled channels to the cross sections in 0-5 MCV energy range.

NUCLEAR REACTIONS R-matrix theory, n- Li system, cross sections,
po1arization.

I. INTRODUCTION

The analysis of the n-'Li resonance reaction in
the MeV region has been described using the com-
pound nucleus formalism. Wigner's A -matrix the-
ory is quite feasible to study the neutron scatter-
ing from 'Li in the low energy range. For the
n-'Li. system relatively few experimental and the-
oretical studies have been performed in the MeV
region. This is perhaps due to the difficulty of in-
terpreting the resonance structure above 1 MeV.
For example, the excitation function in this energy
range is smooth and exhibits no definite structure. '

The interest in this system in the MeV region has
been increasing due to recent developments in the
field of fusion-powered reactors. Moreover, the
polarized neutron studies have proved to be highly
success ful' ' in providing measuremegts which
are amenable to an interpretation in terms of a
general R-matrix reaction theory. The analysis
of neutron scattering from 'Li is complicated by
the fact that 'Li is a spin-one nucleus so that both
S = ~ and S = ~ spin channels are open. Further-
more, if we confine ourselves in the energy range
0—5 MeV, the (n, o') channel also dominates along
with the elastic channel. Of course, the other
reaction channels in this energy range can be ne-
glected in the analysis because they have an ex-
tremely small contribution to the cross sections.
Recently Holt et al. ' have studied the ~z-'Li reac-
tion using the reduced 8-matrix theory by varying
the energy level parameters of the compound nu-
cleus 'Li and the parameters of the A matrix. In
their calculations they have assumed that the angu-
lar momentum, spin, and channel spins do not
change between the entrance and exit channels.
However, in the analysis of the e-'Li reaction in
the low energy range it is not necessary to do this
approximation; in fact the general 8-matrix the-
ory of %igner which incorporates dominant cou-

pled channels is quite feasible in this case. %e
have calculated the total neutron cross section,
total 'Li(n, o.')'H cross section, differential cross
section, and polarization for the energy range
0-5 MeV by general R-matrix theory and have
compared the results with the experimental data.
For varying 8-matrix parameters we have made
an automatic search program4 on the IBM 1130
computer to get the minimum X' to fit the experi-
mental data. Finally a comparative study of our
results is made with the results of Holt et al. In
Sec. II we give a brief discussion of 8-matrix
theory. Section III contains the discussion and
conclusions.

II. THEORY

In the collision theory, one can get the general
expressions for the reaction cross sections but it
has little specific physical content. It is based en-
tirely on the S matrix, which gives the asymptotic
form of the wave function of a system. To deter-
mine the S matrix, it is necessary to know some-
thing about the wave function in the internal region
where the two particles actually interact. Then,
using the property that the wave functions and their
derivatives are continuous across the boundary,
one can derive the S matrix. A similar but more
general boundary formulation' has proved to be
very important in the study of nuclear reactions.
In brief, the S matrix is expressed in terms of an
8 matrix which involves various quantities evalu-
ated on or just outside the surface of the region
(internal) within which all A particles of the sys-
tem may interact and outside which (external re-
gion) there is no further interchange of nucleons
between the products of the reaction. Thus, the
8 matrix itself is still as formal a construct as
the S matrix, but it is defined in terms of a hypo-
thetical set of states of the system inside the inter-
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action region. Therefore, once some physical
picture of nuclear processes and nuclear structure
has been attained, it can be connected more
readily with the R matrix than with the S matrix.
Thus we require (i) the expression for an I/ matrix
involving some of the physical properties of the
compound nucleus and (ii) the relation between
R and S matrices.

The expression of the R matrix is given by'

L, =S,+iP, ,

S.= [/. (&.&.'+ G,G,')/(&, '+ C,')1„
, = [p, /(F, '+ G,')]„

g —g&&c-yc (2.5)

(2.1)

where the vector y~ has component y„„the re-
duced width amplitude for channel c and state X;
E, is the level energy for the state A,. The rela-
tion between R and 8 matrices is as follows'.

s'= nw'n

with

w~ = 1+2iSx/2(1 I/ zI o)-xI/rfiii/2

Lo=L -B

(2.2)

(2.3)

(2 4)

where L, Q, S' ' are diagonal matrices, and B is
the real, diagonal boundary condition matrix.
The components of L, 0,8' ' are given by

io, =- iii„=Q tan '(tl „/n) .
n=l

The quantities S„P„andB, (the components of
B) are called, respectively, the level shift factor,
the penetration factor, and the boundary condition
constant for channel C; while -Q, is called the
hard sphere scattering phase shift and g is the
Coulomb field parameter for the pair &. E, and
6, are regular and irregular wave functions for
channel C, and I", and 6,' are, respectively, their
derivatives with respect to p, =k,x, . The channel
radius is taken to be a, = 1.4(1+4' ') where A is
the atomic mass number of 'Li. Thus once the
regular and irregular wave functions are known
for all C, one can determine the S matrix and
hence the total elastic cross section and reaction
cross section" as follows

w
o(n, n) = g~~6, 5...5, ,, -S~, , „~'(for n =n')

= ", Ps, g (s-2sss:,„,.„+Pls.'.., ,
,„„l'),

I,s l's'

o(n, &)=, g g~~S~. . .„,~' (for o'ssi2')

SS

(2.6)

(2.7)

(2.8)

where the spin statistical factor is given by gz = (2J +1)/[(2I+ 1)(2i+ 1)]; i and I are the spins of the inci-
dent particle and the target nucleus. Re in Eq. (2.6) stands for the real part of S „.„.The expressions
for the differential cross section and polarization for &' —& collisions are given by

I+' I'+j' 2

s~l I-il s'=I P-i'I I,=o

[2(2i + ] )(i + )1j/li2 //+i I'+ — 2 (2L + 1) i /2

4k.2(2I+l)(2i+i), , ~ ' ' 2I.(I. +1) (2.9)

where P~(cos8) and P~(cos8) are Legendre polynomials and associated Legendre polynomials, respec-
tively, and i' and I' are spins of outgoing particle and residual nucleus, respectively. The coefficients
B~ and C~ are related to:the 8 matrix by the expressions' '

B~(n's'; ns) = (-1)'"" Q Z(l,Z, /2J„sL)Z(/',J',/282; s'I )
&y&2l yl2

r', i'
Re[(&a,a&ss&iil —Sa/s'i'. asi, ) (~a'a s's i'i a's'i ~ iasi (2.10)
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gI(o~, ;o&)= g i»-»"1-"( 1)'-*'- "i'~-'[(2/, +1)(2/, +1)(2/', +1)(2/,'+1)]'"(2s'+1)
~i~a~x~~

~i~l
x (2 J„+1)(2 J, + 1)(/, /, 00

~
LO) (/', /,'00

j I 0)

x W(i's'i's', I'1)W(/, J,/,J„sL.)X(J,/,'s', J,/,'s', LL1)

(2.11)

where

g (/ J / J sL) —P-»+»(2/, + 1)'~'(2/ + 1)' '(2 J', + 1)' '(2 J, + 1)' 'W(/ J /,J,; sL)(/, /, 00 ' I 0) (2.12)

and W(/, J',/,J,;sL), (/, /, 00jLO}, and
A (J,/,'s'; J', /,'s'; LLl) are Bacah coefficients,
Clebsch-Gordan coefficients, and X coefficients,
respectively. In Egs. (2.10) and (2.11), Be stands
for the real part of the expiessions in the brack-
ets.

III. NUMERICAL CALCULATIONS AND DISCUSSION

The analysis of n-'Li is made by an R-matrix
fit to the total elastic cross section in the energy
range 0-5 MeV. In this energy range, we have
both elastic as well as reaction channels. How-
ever, the (n, o.') reaction channel dominates while
the other reaction channels have an extremely
small contribution to the cross section in the en-
ergy range 0-5 MeV as mentioned earlier so that
we can neglect all other reaction channels except
(n, o'. ) channel in the present analysis. Further-
more, we use 8 and P partial waves only in the
elastic channel because other parti, al waves have
a negligible contribution to the cross section in
the above energy range. In the reaction channel

j. 3we use S and P partial waves for J= ~. For J= ~

and & we use D partial waves also in addition to
S and P partial waves in order to get better agree-
ment with the experimental data. In the analysis
we vary the R-matrix parameters to get the min-
imum X

to fit the experimental data. Here o,'„,and o,'~
are the experimental and calculated cross sec-
tions, respectively, at various energies. An auto-
matic search program was made on the IBM 1130
computer for varying the R-matrix parameters
to get the least. x'.

The procedure of calculating the cross sections
is as follows: we first calculate the R matrix
from Eq. (2.1) using the energy levels E~ as the
states of the compound nucleus 'Li and the cor-
responding reduced width amplitudes y~ as the
variable parameters. In the energy range 0-5
MeV we have four states for 'Li: one for 4

TABLE I. 8-matrix parameters used in the analysis
of neutron scattering from 6Li.

Eus J (MeV) '4ls J (MeV)

Elastic
channels

2

3
2

23
2

5
2

0—1

1
2

3
2

0—32

1—12
3
2

3
2

-0.69

2.45

3.88

0.245

0.465

O. j.80

0.100

1.280

0.650

0.200

1.250

1.030

Reaction
channels

22

0.600

0.150

0.150

0.100

0.135

=-,' (X=1), two for J=~ (X=1,2), and one for J
=-, (A =1). These states' are S, &,„S,&„P,&„nad
P,&, at energies -0.69, 2.45, 3.88, and 0.23 MeV,
respectively. Corresponding to these energies,
we take thirteen parameters for the reduced width
amplitudes p),„'five for S,&„one for S,&„five
for P3/Q and two for P, &, . The components of the
diagonal matrices P, S, and 0 are evaluated by
calculating the regular and irregular wave func-
tions and their derivatives for elastic and reaction
channels at r, =a, from Eq. (2.5) which are the
Bessel functions and the Coulomb wave functions,
respectively. The regular and irregular Coulomb
wave functions and their derivatives are calcu-
lated by a power series expansion method. " The
8' and hence the 8 matrix are now calculated from
Eqs. (2.3) and (2.2). The unitary condition of the
S matrix Z,„S„„S~,,„=5„,is checked. Finally we
calculate the total elastic cross section from Eq.
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(2.6) by varying the reduced width amplitude pa-
rameters. The fitted values of these parameters
are listed in Table I. In our calculations we also
take the boundary condition parameters &1 3/2 3/2,

and —0.35, respectively. The resonance energy
level I'5/2 is also shifted to 0.245 MeV as shown
in Table I. The value of X' for i =1 to 22 for total

elastic cross section comes out to be 0.497. The
total 'Li(n, o')3H cross section, differential cross
section, and the neutron polarization are calcu-
lated by using the parameters which are fitted
for the total elastic cross section.

For differential cross sections we use the follow-
ing expression' for B~ [Eq. (2.10)] to facilitate the
computational calculations

J+s J+s'
II' (o, 's', o.s) = ( 1)'-" Q Q Q Z(/J/J; sL)Z(/'J/'J ;s'L)

~

'&
~ &,;&,., -&;.,'„„I'

J=o g=lJ-sl r'=I J-s'I
J1+S J1+S' a J2+S J2+s'

+2( 1)3-3' g g p & g g p Z(/, J,/, J,; sL)Z(/', J,/2'J2; s'L)Re[ ]
Jl=o l l=l Jl-sl ll-l Jl s I J2=J1+1 l2=I J2-sl l =I J -S I2 2

J+s J +s'

+ g g Z(/, J,/, J,; sL)Z(/,'J,/,'J, ; s'L)Re[J2= J,]
2-~1+1 '2 'Jl"' ~

J1+s'

e P 3(l,Z S J„s3(3(S'JVJ,;s'QRe[J, = J„S,=lJI, (S.l)
l 2"/1+1

where Re[ ] means the real part of the square bracket in Eq. (2.10); Re[J, =J,] and Re[J, =J„/,=/, ] are
for the real part of the square bracket in Eq. (2.10) with J, set equal to J', and J,=J„/,=/„respectively.
Similar expressions can be used for the neutron polarization [Eq. (2.11)]. In addition to the restrictions
indicated on the various sums, the following restrictions reduce the number of actual terms

l, +l, —I = even; l', +l,' —I = even.

(/, +/', ) and (/, +/', ) =[even, odd] if channels & and &' have [equal, opposite] parities.
Using the above restrictions and the properties of Racah coefficients the expressions for the n- Li dif-

ferential elastic cross section and polarization can be written as

o(6) = Q B~P~(cos6), (3.2)

o(6)P(6) = g C~P~~(cos6),
s

(3.3)

where the Legendre coefficients B~ and C~ for neutron elastic scattering from Li are given below'.

lsJ y 2 I s's l'l 0/s'l'; nial I

1 3 s 1/2 1 ~p 1/2 + 1 ~p 3/2 1 ~s 3/2 l~p 1/2 + lp p 3/2 lp p 3/2 1 ~p 3/2
p 12 p s 1/2 1/2 12 ~p 1/2 1/2 12 p 3/2 1/2 6 s 3/2 3/2 6 p 1/2 3/2 6 ~p 3/2 3/2 4 p 3/2 5/2 12 p 1/2 1/2

1 ~p 1/2 1 ~~p 3/2 + 1 ~~p 1/2
12 P 3/2 1/2 6 P 1/2 3/2 6 ~P 3/2 3/2 )

1 ~~pp 3/2 + 1 ~ss 3/2 1 ~~pp 5/2 1 ~Pp 1/2 1 ~PP 3/2
1 3 ~ss 1/2 1/2 1/2 6 ~pp 1/2 3/2 3/2 2 ~ss 3/2 3/2 3/2 6 ~ss 1/2 1/2 1/2 3 ~ss 3/2 3/2 3/2 r

1 3 pp 3/2 S „pp 3/2 + 7 ~~pp 5/2 + 1=PP 3/2 + 1 =pp 3/2 + 3 =pp 5/2
2 6~PP 3/2 1/2 1/2 75~PP 3/2 3/2 3/2 50~PP 5/2 3/2 3/2 3 ~PP 1/2 1/2 1/2 30~PP 1/2 3/2 3/2 1P~PP 1/2 3/2 3/2

2l~pp 5/2 . . 2 p pp 3/2 ~PP 3/ 2 .pp 3/2 -„pp 3/2
3P PP 3/2 3/2 3/2 (3 PP 3/2 I/2 3/2 yg PP 3/2 3/2 (. /2 3~10 ~PP (. /2 I/2 3/2 r10 ~PP 1/2 3/2 3/2 '

3v

The Legendre coefficients for the differential polarization are given below

1 ~PP 3/2 . 5 ss 3/2 1 „pp5/2 1 ~~pp 1/2 1 -.pp 3/2
1 18~ss 1/2 1/2 1/2 35 ~pp 1/2 3/2 3/2 4~ss 3/2 3/2 3/2 18~ss 1/2 1/2 1/2 9~ss 3/2 3/2 3/2 ~
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1 ~PP 3/2 1 ~~PP 3/ 2 2 ~~PP 5/2 0 044,fry ~pp 5/2
2 yg pp &/2 &/2 & /2 y80 pp &/2 3/2 3/2 yg pp &/2 3/2 3/2 + 0 044 " '

pp 3/2 3/2 3/2

-.pp 3/2 1
+ -.PP 3/2

ls~lP -» ~/»»»2+ i8~yP -» ~/»/»/2.

Figures 1-5 illustrate the results of oug calcu-
lations. Figure 1 shows the total elastic cross
section in the energy range 0-5 MeV obtained by
varying the 8-matrix parameters as shown in
Table I with the experimental points. ' In Fig. 2
the total 'Li(n, o.')'H reaction cross sections are
calculated in the same energy range with the ex-
perimental points. ' Figures 3 and 4 illustrate the
8-matrix predictions for differential cross sec-
tions at various energies with the experimental
points. '" In Fig. 4 the experimental data are not
available for neutron energy greater than 2.0 MeV.
In Fig. 5 we plot the neutron polarization at vari-
ous energies along with the experimental points. '"
It is clear from the figures that a reasonably good
agreement for the cross sections and polarization
is obtained between the experimental data and the
A-matrix prediction throughout the energy range
0—5 MeV.

In the literature, relatively few experimental
and theoretical studies have been made on the
n-'Li system as mentioned earlier. Recently
Holt et a/. ' have made experimental and theoreti-
ca'l studies on this system in the energy range
0-5 MeV. They have calculated the total elastic
cross section, total 'Li(n, o'.)'H cross section, dif-
ferential elastic cross section, and the neutron
polarization in the above energy range. In their

analysis, they have expressed o(n, n) and o(n, o')
using the optical model expression for the elastic
and reaction channels. This could be done by
them because of the fact that in the reaction chan-
nels only the o(n, o') process wa, s dominant. Fur-
thermore, in their calculations, they have as-
sumed that the angular momentum, spin, and
channel spins do not change between the entrance
and exit channels. That is, they have considered
only diagonal elements of the scattering matrix.
The effect of the reaction channel (n, o'.) was taken
into account using the complex "reduced 8 ma-
trix"'"

2
yxlsJ oo

isz gE ~ i Z~ + rsvp~
Xls J 2 XlsJ

where y», J', E~„J,and I'y), J are the reduced
widths, level energies, and the &-particle widths,
respectively. R"„Jis the complex contribution to
the R matrix from the distant levels. Holt et al.
have varied these parameters along with the
boundary condition parameters to fit the experi-
mentally observed values of the cross sections and
obtained a good fit. Our calculations show that in
the case of the n-'Li analysis at low energies, it
is possible to incorporate the contribution of non-
diagonal terms of the scattering matrix. In our
analysis we calculate the cross sections and po-

7

K
O—5.
O
LLJ

4
V)
O
CX'.

D 3

0 0 0

NEUTRON ENERGY ~ M~V )

FIG. 1. The total neutron cross section for the n- Li system in the energy range 0-5 MeV with the experimental points.
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FEG. 2. The total Li(n, a.) H cross section in the energy range 0-5 MeV with the experimental points.
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PEG. 3. The differential cross sections for the n- Li system below 2 MeV with the experimental points.
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FIG. 4. The differential cross sections for the n-6Li system in the energy range 2-5 MeV.

larization by general R-matrix theory taking the
nondiagonal terms of S matrix and elastic and
reaction channels into account. That is, we vary
the reduced width amplitude parameters y~, of both
elastic arid reaction channels to get the experi-
mental fit. It is clear from Table I that the param-
eters y~, for the reaction channels are comparable
to the parameters y~, of the elastic channels.
These parameters are eliminated by Holt et a/. in
the reduced R-matrix theory by making the R
matrix complex and introducing the &-particle
width parameters in the R-matrix expression.
The contribution of the nondiagonal terms in their
calculations may come implicitly from the param-
eters R"„J.In fact, it is found that the contribu-
tion of the nondiagonal terms is significant. How-
ever, in the parameter fitting type calculations,
the experimental data can be reproduced by varying
a reasonable number of parameters and neglecting
the effect of the nondiagonal terms. Thus our pro-
cedure has the advantage in the sense that we are

getting quite reasonable results for the cross sec-
tions and polarization, varying roughly the same
number of parameters as used by Holt et al. ,
taking nondiagona1. terms into account, and showing
the contribution of reaction channels more expli-
citly. Moreover, in our analysis we keep the en-
ergy level parameters Eg)g J fixed at the values of
compound nucleus 'Li levels, except a small shift
in the resonance energy level P,&,. Also, the
parameters R"„Jare not included in our analysis.
Finally we can say that the general R-matrix theo-
ry is quite feasible for analyzing the n- Li reac-
tion in the energy range 0-5 MeV taking the real
R matrix in contrast to the complex reduced R
matrix, and for giving the contribution of nondia-
gonal terms of the scattering matrix and the reac-
tion channels in a more explicit way.

ACKNOWLEDGMENT

The authors thank the Information Processing
Centre of Birla Iristitute of Technology and Science



15. R-MATRIX ANALYSIS OF NEUTRON SCATTERING FROM ~ Li 1251

0,4i
E& = 0 25MeY

8g = 0.50 hleV

0 3 0.1—

0.2 0.0

' 0.1 0.1—

L02

O~ 0.2—I-
D
LLI

Ep = 3.2 NeY 0.2— E~= 4 4 NeV

0.1— 0.1

O.p O.p

-0.1 -0.1

0.2 I

30 60 90 120 150 180 0

ec.m. (deg)

l

30 60 90 120 150 180

c.m. (deg)

FIG. 5. Neutron polarization for n- Li system in the energy range 0-5 MeV with the experimental points.
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