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THEORETICAL CALCULATIONS OF THE 6L1(n.t) CROSS SECTION

Gerald M. Hale

Theoretical Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

The origin of the 1/v cross section for the 6L1(n,t) reaction and the be-
havior of its angular distribution sre discussed in the context of (1) con-
ventionsl R-matrix analyses, (2) PWBA calculations of geuteron exchange, and
(3) consistent R-matrix analyses. Results of a comprehensive, conventional

R-matrix analysis of reactions in the !

Li system are presented, asnd the pos-
sible interpretation of some of itr parameters in terms of the deuteron ex-
change mechanism is discussed. An extension of the usual PWBA calculation to
include internal bound-state effects in & simple model is shown to introduce
additional poles into the T matrix and broaden the energy range over which
particle exchange may be important. A consistent R-matrix treatment of the
scattering equations in the internal and external: regions leads to channel
overlap terms that appear to include pasrticle-exchange effects automatically

with the resonances in an unitary fashion.

I. INTRODUCTION

The 6I.:l(n,t) cross section has been an interesting and sometimes controver-
sial subject for the past several yesars. Although measurements and theoretical
descriptions of the reaction have been converging in recent years, questions of
interpreting the theoreticsal results in terms of resction mechanisms have re-
sained open. The major qQuestions to be anawered are (a) What is the origin of
1/v bebhavior of the cross section at low energ.es? and (b) How does one account
for the rather complicated behavior of the angular distribution at higher
energics”’ These questions will be discussed in the context of three different
descriptions: (1) conventional R-matrix approach; (2) deuteron exchange in
plane=-wave Born approximation; and (3) consistent R-matrix approach.



II. CONVENTIONAL R-MATRIX APPROACH

In conventiunal R-matrix analyses, the 1/v cross section comes from poles
in the R matrix located either above or below the n-‘Li threshold. At low
energies, about 80% of the cross section comes from the J = § S-wave transi-
tion.l Early ltteiptlz'a to explain the n-6Li reactions put a pole in the J = §
S-wave just below the n-6Li threshold. Our comprehensive ltudy‘ of reactions
in the 7I.i system, including t-oa scattering, from which the ENDF-V cross sec-
tions for 6Li wece obtained, found that such ¢ pole was inconsistent with t-o
scattering dsta, & result thzt was lster reinforced by a utudy5 of low-energy
n-6Li rlastic s«<attering done in the Soviet Union. Distant levels both above
and below the n-6Li threshold wvere tentatively ascribed ia Ref. 4 to a direct-
reaction mechanism for the §+ transition. Knox and Lane6 recently reported an
R-matrix analysis of the n-oLi reactions in which the 1/v cross section in the
J = § state is attributed to a level above the n-6L1 threshold that they asso-
ciate with a compound nuclear state.

All of these R-nmatrix analyses appear to agree, however, that the J = 3/2
component that accounts for th~ remaining 20% of the low-energy 1/v cross sec-
tion comes from a 3/2+ level in 7Li that occurs lt'Ex ~ 9.5 MeV. Therefore,
the pole positions and associated reaction mechsnisms seem to be least clear
for the J = & transition, which accounts for most of the 1/v cross section at
low energies.

Recently we extended the snalysis that wes used for ENDF-V 6L1 cross sec-
tions to include more data and higher energies so that it isé the most compre-
bhensive R-matrix study of reactions in the 711 system thut has been done. This
analysis will provide Li(n,t) cross sectivns for the combined ENDF-VI standards
file, as described by Clrllon7 st this conference, as vell as the other neutron
cross sections at energies below 4 MeV for the END¥-VI 6Li evaluation. The
table below lists the channel configuration and the types of data for the

various reactions that were included in the analysis.



TABLE I
CHANNILS AND DATA TYPES INCLUDED IN 'Li R-MATRIX ANALYSIS

Arrangesment Channel Redius (fm) L.

t-He 4.02
64 4.50

n-
n-‘Li* 4.50

- N W

Integrated Differential
Energy Croas Cross Number
Range (MeV) Section Section Polarization Data Points

e 3.1-14.2 oh x x 2063
4 8.7-14.4 x 39
'1* 12-9 X ‘.
i 0-4 oT' oElll x 761
e 0-3.5 x x x 734

e 1 shows the types of fits obtained to the t-a elastic scattering
ion and asnalyzing-povwer measurements of Jarmie et 11.8 One sees
le structure in these observables an funétionl of both energy and
:responding to relatively narrow resomances in 7Li. Fits to n-6Li

attering cross sections®*10 11,12

snd polarizations are shown in Fig.
% 3 and & show calculated neutron total and elsstic scattering croas
13-16 Calculated 6Li(n,t) cross
plotted at low energies as on'tl: to show de:%:ﬁtonn from 1/v behav-

in Tig. 5. These

ogether with the comparisons of thersal cross sections given in Table

ompared to some of the measurements.
showvn compared with some of the measurements

.rate that the analysis gives generally very good representations of
ated cross sections in the standards region.

TABLE I1I
THERMAL n-®L1 CROSS SECTIONS
Recozmended” Calculated from R-Matrix Analysis
% ¢ (®) 940 £ 4 939.46

B,
On.n (d) .73 ¢ .02 0.74

en froa tron Cross Sections, Vol. 1, Part A, by 8. F.
habghad, H. vadense, and N. B. Helden, Academic Press (1981).



The 6Li(n,t) angular distribution changes markedly in tke region lll S 4
MeV, but there does not yet seem to be an experimental concensus on the details
of the changes. Calculations from the R-patrix snmalysis of the zero-degre= amd
180-degree differential cross sections are compared in Fig. 6 with recent meas-

u:e-entlzo'zl

at neutron energies below 400 keV.
cients of Knitter et 01.20, vhich were derived froa rather complete angular dis-
tributions st energies between 0.035 snd 325 keV, have been converted to zero-

and 180-degree cross sections whose normalizations are determined by the fitting

The relative Legendre coeffi-

process. Also shown are absolute measurements at zero and 180 degrees by Brown
et al.,21 which appear to be energy-shifted with respect to the Knitter data.
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Fig. 1.

t-a elastic scattering at E
matrix calculations and the data are those of Jarmie et al.®

= 7 and 13.5 MeV.

Differential cross sections (left) and analyzing powers (right) for

The nolid curves are the R-
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. 2. Difforentisl cross soctions (left) and polarizations (right) for n-°Li
ptic scattaring st B_ = 0.25 and 3.5 MeV. The s0lid curves are the R-matrix
culations and the daPa are those of Lane,®'10 Smith,?! and Drigo.1%
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Fig. 3. Comparison of the R-matrix calculation (solid line) to the n+®Li
total cross-acction measurements of Knitter,!4 Harvey,!® GQuenther,!® and to

the ENDF-V cross section (dashed line). The scales for the three parts of
the figure wsro offset by a factor of 10.
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Fig. 6. R-matrix calculations (solid curves) compared.to the measurements of
Knitter29 and Brown?! of the ®Li(n,t)%He differential cross section at 0° (left)
and 180° (right).

Absolute 4He(t,n)6Li zero-degree differential cross-section measurements
by Drosg22 are compared with the calculatic .s in Fig. 7. The cslculation lies
~ 16% below the data in the region 9\ S Et S 13.5 HeV. 1In a comparison with

Overley'nz3 6

Li(n,t) differential cross-section measurement in Fig. 8, one sees
JEiin the tendency of the calculation to be low st forward angles in the range

0.6 3 En S 1 MeV, although the overall shape agreement is fairly good.

The problems with shape disagreements asmong recent measurements in regiomns
where the angular distribution is changing rapidly are illustrated inm Figs. 9
and 10. The top psnel of Fig. 9 shows relative measurements of Condéza com=
pared with 0ver1ey's23 absolute measurements (bottom panel) at pearly the same
energies, and with the calculations. One seess that, with the exception of a
few isolated Condé points, the measurements are generally conyistent with each
other and with the calculations at these epergies. The situation is not 8o

clear in Fig. 10 where the Condé data (top) are compared with ‘He(t,n)61-1



ﬁth;sl cross-section measurements by Drolgzz (bottom) at nesrly equiva-
;in?i‘iCl. In this case, the fit has sssumed a shape intermediate between
M ﬁl.nz.ento, but clearly more data are required to better define the
lar distributione in the 2-4 MeV region.

Of particular interest in this analvsic is the level structure affecting
spin-} trsnsitions (of which the l¢+ is one). In the 3- and P-waves, there
levels a few MeV below the t-a threshold (in the P-waves, they are bound
»s), positive-energy levels at E‘ ~ 12.0 MeV, and hipher-lying background
ts. The reduced-width products, YpYy» in the negative-energy (relative te
levels have the opposite sign from those in the ~ 12 MeV positive-energy
Is. A possible interpretation of such structure comes from considering the

eron exchange contribution to the 6I.:l(n,t.) reaction in plane-wave Born ap-
imation (PWBA).
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Pig. 7. R-mstrix calculation of the “He(t,n)®Li differential

cross section at zery degrees compared with the measurement
of Drosg.32
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Fig. 9. R-matrix calculations (solid curves) of ®Li(u,t) differential cross
nections compared with measurements of Condé24 (top) and of Overley23 (bottom)
at energies near ln = 1,3 and 1.8 MeV.
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I11. DEUTERON EXCHANGE IN PWBA

Weigmann and Hnnakolzs bave suggested that deuteron exchange may account
for the \+ component of the Li(m,t) 1/v cross section at low energics, and
serve as a "background" mechanism at low energies for the resonant behavior of
the angular distributions. Their PWBA calculation (which appears to have in-
herited errors in numerical factors from earlier work) makes the standard as-
sumption that the bound-state wavefunctions for 6L1 and 3H have their exponen-
tially decaying asymptotic forms all the way in to zero radius, with the result
that the Born-spproximate T matrix has only negative-energy poles. A more
realistic calculation would take into account the internal behavior of the
bound-state wavefunctions, properly matched to the exponentially decaying
aaymptotic forms. This calulation cannot be done in a model-independent fash-
ion, but even a simple model of the internal behavior of the bound-state wave-
functions gives qualitatively different effects.

We have assumed S-wave, square-well eigenfunctions (sine functions) for
the internal bound-state wavefunctions. The depths (Vo) and ranges (c) of the
sjuare wells were determined by matching the binding energies and asymptotic
normslization constants (Ez) for d-~a binding in 6Li.and for n-d binding in 3H.
These values are given in Table III.

TABLE III
SQUARE-WELL POTENTIAL PARAMETFRS FOR SLi AND JH BOUND STATES
0 ~2 ~2(a)
Zi.(HQV) ci {(fm) Bi (MeV) Ci Recomnended Ci
61i(d-a) 5.08 4.45 1.474 4.62 4.60
%H(n-4} 38.51 1.9% 6.258 2.57 2.59

(2) Taken from M. P. Locher and T. Mizutani, Phys. Rep. 46, 43 (1978).

The Born-approrimste T matrix in this model ic given by

4 K.K,
™A0) = -1 vO0(1-0)3 E_(p.p.)" 13 m
31 ant 13 HyHg 173 D(c,e)(D(e,a)-(l-a)Vg][D(c,O)-(l-u)vg]
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in which the label 1 refers to n- Li, 3 refers to a-t, Hy is the d-a reduced

mass, |, is the n-d reduced mass, B1 is the binding energy of a and d in 6Li,
2
BS is the binding energy of n and d in 3H, aad 52 - _E% 31 The energy denom-
-ﬂ
inator is
D(¢,8) = B, + By + (1+¢c)e - 24a(e+31526+335 ccrd (2)

in terms of the total center-of-mass enmergy ¢ (relative to the n+d+a mass), and
scattering angle O between thc incident neutron and ovtgoing triton. We also
have the residue factors

K, = C, (cos q,c, + A gin g )e-Bici (3)
i-4 944 q, 4% ’
which are functions of momentum transfer
2y
g = [—— n(e,0) - 2)V2 (4)
(l-a)n

and the mass factor a = -= 2
m, m 9
Li
Using the identity
(1-)%vlv o o v? vo
1 3 1 1 1
0, b° W0y * 5 (5)
D[D-\l-a)VII[D-(l-u)Vaj 3 D (l-a)v V3 D (l-a)v

EqQ. (1) can be reduced to a swn of pole terws, in which D gives the negative

2

-energy pole in the nquared momentum transfer (qi = -Biz), and the other terms

give positive-energy poles, the lowest of which has a residue with opposite
sign from that of the D-1 term since Vg > V?. This is qualitatively the same
as the pole structure seen in our R-matrix anaiysis for the spin-} transitions
although the comparison is quite approximate. The point is, bowcver, that in-
cluding the internal behavior of the bound-state wavefunctions appears to
broaden the energy range over which particle exchange contributes to a reaction,
so that its sffects need not be concentrated just at low energies in negative-

energy poles, but may be manifest in positive-energy poles as well.



V. CONSBISTENT R-MATRIX APPROACH

The similarities between our R-matrix amplitudes for the spin-} transi-
ijons and a PWBA calulation including internel bebavior of the bound-state
wvefunctions lead one to seek a more definitive correspondence within the
aitary framework of R-matrix theory. The deuteron exchange mechanism in the
[i(n,t) reaction belongs to a larger class of effects that come from non-
rthogonal channels that are neglected in con-entional R-matrix theory. This
} because the equations used to relate the R matrix to the T (or S) matrix
we from matching to an asymptotic scasttering solution that is valid only at
1finity, where the channel overlap effects vanish.

When a consistent R-matrix formulation of the scattering equations in the
tternal (asymptotic) region is mstched to the R-matrix solutions in the inter-
1l region, sadditional terms due to channel overlap appesr in the relation
stween the T matrix and R matrix, which can be considered as off-~diagonal con-
tibutions to the "hard-sphere" amplitude. These terms are mathemstically
lmilar to the PWBA T-mairix contributions from particle exchange, except that
ley are properly unitary. We are presently reducing the integrals for the
irtisl-wvave amplitudes of these terms to computational form so that they can
} included in our R-matrix calculations. The expectation is that these terms
11 accouat for most of the spin-§ transitio. strength presently coming from
)les in our counventionsl R-matrix snalysis.

SUMMARY AND CONCLUSIONS

A comprehensive, vonventional R-matrix fitr to reactions in the 7L1 system
ves 8 good representation of almost all the data included. In this analysis,
i@ 1/v cross section for the 6Li(n.t) reaction at low energies comes primarily
‘om the comstructive interference of J = § S-wave levels below the t-o thresh-
4 and above the n-611 threshold. Similar levels for the r = § P-wave transi-
ons provide the forweri-peaked background underlying the behavior of the
4(n,t) sngulsr distributions, although this zontributiou appears to be some-
at too small in the region 0.4 < E <1 MeV,

A PVBA cealculation of the deuteron exchange contribution to the reaction
at takes into account the bebavior of the internal bound-state wavefunctions



gives, in addition to the pole normally encountered at negative squared momen-
tun-transfer (q2 = -Bz), poles at positive qz that interfere constructively
(residues with opposite sign) with it. This is qualitatively the pole struc-
ture we see for the s = § transitions in the R-matrix analysis, and suggests,
along with the similazity of the shapes of the angular distributions calculated
for those t-ansitions with the PWBA results, that the dominant mechanism for
the s = § transitions in the Li(n,t) reaction is deuteron exchange.

Channel overlap terms that correspond to deuteron exchange in a simple
model of the bDound states for this reaction arise nasturally in R-matrix theory
with a properly consistent treatment of the scattering equations in both the
internal and external :.gions. These terms, which are similar to the PWBA
results except that they are unitary, may account for most of the s = 4 transi-
tion strength observed in the 6Li(n,t) reaction. The final results of the Los
Alamos 7L1 R-matrix analysis, including these channel overlap effects, will be
used in the combined ENDF/B-VI standards evaluation and in the Version VI

gencral-purpose cross-section evaluation for 6Li.
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