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R-MATRIX ANALYSIS OF THE 7L1 SYSTEM

G. M.

Hale

Los Alamos Scientific Laboratory, University cf California
Theoretical Division

Loe Alamos, New Mexico

87545

ABSTRACT '

We descrive a multichannel, mulctilevel, R-matrix analysis of reactions in the L1 syster which

was used to provide the ENDI ' neutron cross sections for °Li at low cuergies.
paraneters obtained from the R-matrix levels are presented.

iaterpreted in terms of these resonances.

7
(L1 System;

Introduction

Discrepant measurements is a problem one almost
alwvays faces !n the evaluation of neuiron cross aec-
tions, but 1in the case of a standard cross saction,
the problem intensifies the difficulty of obtaining
evaluated cross-sectior values of the desirrd accuracy.
However, one knows from gereral considerations of nu-
clear rcaction theory that rhe standard cross section
ig iinked by unitarity to data for other reactions in
the 3ame compound syvstem. and thus ovne has the pros-
pect of reducing the uncertaintv of the evaluated
standard cross section by analyzing it simultaneously
with these other cata in a unitary framework. R-matrix
:heory‘ is a particularly appropriate unitary frame-
work for such wnalyses, as was discussed in Ref. 2.

We have used multichanne;, multilevel R-matrix
analyses of reactions in the ‘Li system to provide
evaluated cross sections for the neutron-induced reac-
tions on "Li at low encrgies for versions TV and V of
the Evaluated Nuclear Data File (ENDF/B). At the time
of the version IV analysis,?’’! the data set dominating
the fit was the neutron total crcss section measure-
ment from Marwell," Lutn “ecause of its quoted preci-
sion and number of points. The resulting aLi(’n.t)
croes section (the '"standsard" in this svstem) was not
such different from that obtained in Version 111, which
has been largely based on the tlarwell measurement.

The value of the calculated *Li(n,t) cross section
at the peak of the 240 ke'! resonance was 3.5 b, some
162 higher than the value indicated by a contemporarv
group of dircct measurerents.® ' lowever, we noticed,
a8 had the larwell proup, that unitary constraints
forced the total section unacceptably high above
Dimont ' mecasurements in the peak when the (n,t) cross
saction was lowered to better apree with the direct
measurements. It is emphasized that this discrepancy
between the cross sectlon measurements was lndicated by
artempts to fit them unitarily. The cormon practice of

evaluating the total and (n,t) croas sections separately,

then obtaining the elastic crcus section by subtraction,
would not necewsarily have signaled a problem.

We noticed in performing the Version IV annlysis
that in addition to this atrong unitaty link to the to-
tal cross scction in the reglon of the resonance, the
(n,t) croaa section was also quite sensitive to the
differential cross mection for t + a clastic scattering.
At that time, however, measurements of this cross scec-
tien” had not heen made with accuracy comparable to that
of the llarwell total cross seection measkmenents. Proe-
cime mensurements of the t + 4 Mifferenttal croas secs
tion® wvere later made at Los Alames, and these were in-
corporated [n the analvsie, along with new measurements
of the otal crowy sectfon from Oak Ridas, 1 Prelimi-
nary resulte of this analvais, reported at the Confer-

Regsonance
Various features of the data are

6
Li(n,t); R-Matrix; resonance parameters; standard)

ence on Nuclear Cross Sections and Technoloeyz two vears
ago, indicated the effect of the new data was tc lower
the calculazed (n,t) cross section in the peak of the
resonance (to 3.4 b) and raise the calculated peak tntal
cross section (to 11.1 b). This trend hes-.continued in
subsequent analyses, including that used recently to
orovide ENDF/B-V neutron cross sactions for *Li ac en-
ergies below 2 MeV.

The Version V analysis will ke described briefly in
the following section, indicating the typres of iata in-
cluded, and the fits obtalned to representative Jata
sets from each reaction. 7The third section rresents
resonance parameters corresponding to R-matrix leveis
required foo the fit, and the concluding section dis-
rugses the interpretation of specific features in the
data for reactionc in the 'Li syutam in terms of these
resonances.

Version V Analvsis

The 3 arrangement channels considered in this anal-
vels ware t + “ke, n + ‘Li. and n + °Li* (2.18). Vari-
ous quantities specifying the channel configuration are
given in Table I.

TABLE 1

Channel Configuration for 7L1 Analyvseis

Arrange- Channel ¢ Channel
ment Radius max Spins(s)
t + “He 4.02 fm 5 1/2
n+ ‘Lt 4.20 rm 1 3/2, 1/2
n + SLi* 4.50 fm 1 7/2, 5/2

Data for all possible reactions were considered at tri-
ron encrgies below 14 MeV, and at neutron energies ho-
low 2 MeV. Although specific references to all the data
included will not he piven, the different tvpes of data
analyzed for each reaction are liated in Table 11.

TABLE II

Typea of Data Included in 7L1 Analvais

Inte- Mffer-

Total Reaction prated ential

Crosa Croas Croms Croan elar-
Reaction Sretion Section Sccrion Sectfon  fzatfon
“He(t,t) “lle X X
Litn,t) e X X
L, "1t X X X
o+ X

n+ S X



Ahece, ) e c(0)
By = 150°
'§ Ivar (1967), Ja (1976)

B i s Bt

T
% .i“He(:.:)AHe c(9)
¢ {Ee = 8:790 Mev
1§ Jarmie (1976)

I o , pood A - oo
' ' ) B '
o i U - i I VO B ooy b
L Y B P
J4 4 S . Do Co T
=k ‘.I . \N . :.‘ - . ."',..
\*-./ ' R el
- +T i o ) T - e, @I e
J ' . . - .- . 0 l‘;’l - .-
i« NIL THSL LETRLE [ CAN"IN F mAlY Sngof
| ..__-_iﬂ P ro ol |’F‘\. o
= s \ T Vyece,eyime Ay T AT
""" """ _,.-"" \ o . 1B, = B.785 MoV . !‘. .-
et oo o0 ACCIETINNEIEE SRR B . ¢ Hardekopf (1976)
' L= T . _ . _'_\ L
{ v -..-0 . i\“-.
. - [ R e mpe e wes - " ..,. - .‘ - ﬁ
d: o B
Lo “He(e,t) e A9) bt AL TN L
f g 496" _ N
i - g Hardckopf (1976) BRI
b g e v
’ ' A .
3 . * Ty
Tl ' ' Wl
- I. r A ] b ATy " ¥ ” - - I e :u - »

[ NL LI L LD 1)

COmign OF majlk Ml

Fig. 1. Calculared and measured observables for ‘He(:,t)kue. The croass section
data ara from Refw. 9 and 12; che analyzing power data are from Ref. 1].

The data were fitted in the usunl least-squares sense

by tha R-matrix analyeis coda EDA.'! Renormalizatione
and cnergy shifts were allowed for some of the data sets;
in these cases, the devistions from the nrtnlnnl experi-
mental scales contributed to the overall x~ of the fit.

The resulting fils to swome of the t + a elanmtic
scattering measurcrents are shown Iin Fig. 1. Anonolies
ocecurring in the d:fferential cross section and analv=-
ging power excitation curvaes (left side of the figure)
at triton encrpics of approximatecly 3.9, 7.3, 8.8, and
12.4 McV correspond to the {irat 4 resonancea in 'Li
above the t + n threshold. Varameterm for these reso-
nances, which have total angular momentum and parity

(JP) ase lgnmonts of 7/2°, 3/2°, 5/2°, and 1/2°, rempec-
tively, are given in the next section. The third reso-

nance is the Jp = 5/2° level which showa up prominantly

in the neutron cruss sections atr £ = 250 keV. Anpular
diatributions of Lhe cross section'and annlvzing power

are shown on the right aide of the Cigurec at triton en-
ergies clorr to this resonance, The low=enerpy measure-
aonts of the crons=section excltitlon are those nf Ivan-
ovich,!? while those a% overlappier enerples ard hipher
are of Jarmie, The ecalculated curve follows the newer,
wore precipe Jarmie data (n the reefon of the overlap.

The differential crouwn rection da nhown are also these

of Jarmie,?"!? yhile the sualvzing pover escitatinn and
angular distribhutions verc measurad by Hnrdekopf.”

Figure 2 compares the R-matrix calculation with
selected data for the *Li(n,t)“lle reaction. OUn the
left are shown recent measurcments'® of the Li(n,t)
croas section aver the 5/ resonance at center-of-mass
arplen of N and 160°. Thesme measmurements became nvall-
able after the Veralon V nnalynin was completed, sc that
the curvea represcnt a prediction, rather than a fit.
The right side of the figure shows the fits to Overlev's
meagurements'? of the ".i{n,t) angular distributlons at
En = .1 and 1.0 MeV. The pronounced asymmetry in the

crons nection cvident at 100 keV persists down to ener-
glea as low an 25 keV.'® These low-enarpy asymmetry
effects in the croun section ara well reproduced hy the
calculations, and can he cxplained in terma of resonance
interfercnce, ns diwcuvsed in the concluding section.

Representative fita to she Li(n,n)*Li angular dis-
tributiona meosured hy Lane'” nnd Knitter!® are shown
in FILR. 3. The Lane anpular distributiona required
snubstantial renormalizations at energies near she peak
of the 240 keV remonance, with the remult that our cal=
culated ‘ateprated clastic croas section lien somewhat
alove Lone's points over the peak. This apreea with
recent results of knltter for the elastic crosm acc-
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Fig. 2.

curves are from Ref. 1l4.

tion over the remonance. Calculated values of the pola-
rization (not shown) for elastically scattered neutrons
also agree well with measurements by Lane. ©

Figure 4 shows the fits to the total cross sectiona
of primary interest in this discusselion, the neutron total
and SLifn,t) integrated cross section, 0f cource, the
latter cross section is the antandard and 18, at that,
only recommended for use at cnergies below the 240 keV
resonance. But becaure of the strorp influence of the
resonance on the °Li(n,t) croas section am it hepins to
deviate from 1/v behavior (at ahout 20 keV), and hecaure
of thu close unitarv connection, already mentiomed, it
has with the neutron total cross section, an isolated
discussion of the standard cross section would not
suffice.

We see that the calculated *Li(n,t) cross section
is generally in very pood apgroement with recent measure-
sents made at the Nationa! Bureau of 3tandarda®! (NBS)
up to 600 keV. 1In the reglon of the resonance, the cal-
culated cross acction han come down by roughlyv half the
difference between the Version IV remults and the carlier
direct meas:arements, and sti1l execedt the NBS data
by about 2.%% in the poak of the resonance. The Jdata
shown are thone that were uned {a the analvais. Correc-
tions to the duta mince that time have raised the exper-
imental values {n the mininum areund 90 keV to agpree

Calculated and measured cbscrvables for
Data for the angular distributions are from Ref. 15.

Li(n.c)bHe. Data for the axcitation

even better with the calculation, but have reduced rome-
what the axpericental values in the peak. The largest
uncertainty of the calculated cross section in thc
standarda region (below 13C keV) occurs in the vicirity
of the 70 keV minirum. At lower energies, the thermal
value of 235.9 b 13 in excallent agreement with leadows'
value,”  and the cross sectiosn is quite consiatent with
Sowerby'a ratio mcasurerents'’ below 8D keva when con-
nidered in conjunction wirh the Version V !°B(n,a)

crons mectinn.

The calculated total croess section agrees well with
measurecwents of Dimeat‘ und Harvey, except for a svete-
matic tendency to overshoot the cxperimental values in
the peak of the resonance and undershoot them in the
praceeding minilmum. These differences are of the order
of 2-6%, and ray he within the bounds of realistic un-
certainties on the total creoss sectionm in theme repions,
if not within the stated erccra. The energv scale of
these total crosas mection monnurengntu“' 0 eRsent tally
determined the pousition of the 5/2 remronance, with the
calculated peak total crows scetion occurring at 245
keV, and the calculated peak (n,t) crows nection ar 40
ke, in agreement with rost of the reasurements using
time=of={]1{gh: neutron cnergy determination.
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Resonance Paramecters

Since experimertal data for nuclear reactiona are
most directly related to matricea (such as the Sematrix)
of amplitude ratios for asvmptotic wavefunctiois, it 1is
appropriate that resonance parameters for asymptotic
measurenents be related to the polus and residues of
such matrices. The R-matrix Is not, of course, un
asywptotic quantity, and its poles and residues depend
on the boundary conditions imposec¢ at the nuclear sur-
face to dafirc the R-matrix, and upon the channel radii
ahizh d2finc the uullear surface. llowever, one can
alvays transform the R-matrix to an asymptotic form
having poles and residues which, although encriy-
dependent, no longer depend ovn houndary conditions at
the nuclear surface, or uron radial distances outside
that surface. .

We chooso the asymptotic form to ha the S-mrtrix
80 that our specification of resonance paramectora cor-
rasponds with the prescription eiven by lumblet.2® The
tranaformed R-matrix in that case has the form

T

vhere the gu and Eu are known, complex (energy-dependent)
functions of the parameters YX'EA of the original R-ma-

trix. If, for some corplex energy EO'
Eu(Eo) - Eo -0 |,
then En is & pole of RL snd thus, of the S-matrix as

well. The rcsonant anergy and total width associated
with ihe poie are

EIt - R.(fo)
-2 Im(Eo).

wvhile the partial widths are given by

2
) _'iuc.“o" P.(E)

c e 1% (b
3Ry (E) 1P (B
e
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The 6Ll(n.t)‘lle integrated cross asection
and n + 6L1 total cromss section for En he-

tveen .01 and 2 MeV, The solid curves are
the ENDF/H-V results, and the dashed curves
are ENDF/B-IV. Data for the upper curve
are from Refs. 5, 21, and 23: data for che
lower curves are from Refs. 4 and 10.

wvhere 0 18 the product of the channcl radius with the
channcl “wave number, and 0. 1s the channel outpoing~-
spherical-wave function, all evaluated at the comp lex
energy Fo.

Resonance parameters obhtained in this wav from the
Version V R-matrix pnrameters are presented in Tahle

III, along with wvidths and resonance
Selove's lateat compilatlon for 'Li.°
tesononces listed are those visibhle |

Ennltions from F.
The first 4
n the excitation

curves shown tn Fip. 1.

The agrecnent of our calcu=

lated paramwnterr for those resonances with values taken
arom the cumpllntlonle il satliafactory, although not
alwvays wvithin the errors assipned by Selove.

The last two remonanced lle above the hiphest ener-
Ry at vhich experimental data were Included, ond their
paramcters are therefore quite uncertain.  They do cor-
reapond roughly with the levels found by Hole et al.”

in thelr aralysis of n + €1.1 elastic polarizations at
neutron ¢neriies heiveen ' and 5 MeV, except that our
calculated wvidths are sorewhat narrower.

It should be menticned in this connection that the
preacription we usc ca) 1esult in resonance parametsrs
that are quite different -rom those obtained from the
usval expressions?® relating R-matrix parameters =o
external widths and reson.nce positions at real ener-
gles. This is particularly true at higher excitation
energies, vhere the comple:: pole prescription tends o
give smaller widths whick a:pear to correspand more
closely with the widths rf rhe experimentally observed
anomolies. We also note tnat the coeplex puvles and
partial widths defined a%ive are formally radius-inde-
pendent in the external rciion, while those resulting
from the usual R-matrix relations are not.

Cxrluaions

This analyeis 'nd.c.ites that many of the features
observed in the measurscents for reactions in the ‘L1
syster can be interpreted in terms of the rescnances
identified. 1In additfon to tha cbvious strucsture in
the cross scctions ard polarizationa due to the pres-
ence of the firidr & levels above the t + a thresholed,
one can sacribe the behavior of the low-energy °i.!(n,t)
cross section to broader, more distant states. Year-

+
background levels having JP = 1/2 (one of which ray be
asnociated with the broad structure at Ex = 16.8 MeV in

+
_’Li). and the broad 3/2 resonance tentatively identi-

fied in this analyais uyeers to be mainlv responsible

for the large 1/v inte.rated crosw sections at low
energica. Interference terms, arising froc the presence
of the prominant 5/2 resonance at 7.46 MeV excitation

+
enargy and of the 3/2 level higher up, cause most of
the asymmetry in the differential cross sections at low

+
energies, with interference hetueen the 1/2 and nepa-
tive parity levels having non-zero zrn widths contrib-

uting to a lesser extent. More recent extensions of
this analysig to somevhat highor energies indicate
that the 3/2 level ims responsible for the broad struc-
ture seen in hoth the neutron elastic arnd total cross
sections at En ~ 3.5 MeV, and at the same time, produces

a "shoulder” in the *Li(r,t) integrated cross saction
at En ~ 2.2 MeV.

Racent measurements for reactions in this system
appear to bhe ¢pproaching unitary consistencv. At this
stage, Lowcver, the precise experimental determination
of the total cross section below and over the reeoaance
seenms to ha moat elusive, hoth in terms of the mapnitude
of the cross scction near the peak, and the energy of
the peak. New measurements of the total cross section
by Knitter'? and by Smith?° agree well in mapnitude with
the Version V calculations, but pot in encrgy scale.
Questiona abnut the 6Ll(n,:) cros. section persist in
relation to ratio measurements. while Gavther's’' new
ratio measurement of 2'3U(n,f) relative to "Li(n.t)
appears quite consistent with the Version V results,
Macklin's®? ratio of '*’Au(n,y) relative to SLi(n,t)
cdoes not. The rcaolution of Lhese differences will
doubtlcas require further (but hoEofully. small) chanpes
in the neutron crens sectiuns for “Li. We feel, however,
that the utility of this approach, and the importance
of analyzing atandard cross sections in a unicarily
consistent way with other data from the mame system,
have been demonstrated bv the Version V results.
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TABLE Ill1

Resonance Paramcters for the 7L1 Synten

o b
i’ I E, State Partial Width® Toral Ktdth® Total Wideh®
720 w2 66334008 %F, .071 .071 '.093+.008
5/27  6.596 b &75£.054  F 944 .945 875772
S .001
n
/2 7.455  7.4674.006  CF, .023 .077 .0E9+.007
&
P, .054
7/2  9.568  9.61#.81 %, .294 412 --- .
8
P . .118
3727 9.853% 10.25+.1 %, .182° 1an* 1.44.1
4 c
P, .969
C
% .020
y2t  1.279° %, 1.360° 2.517¢
4 c
s, 1.157

4. Values (in MeV) derived from the Version V R-matrix parameters.
b. Values (in McV) tabulated in Ref. 26.

¢. Values given for resonances above the range of the analysis,

which are therefore quite uncertain.
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