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R-MATRIX AYAI.YSIS OF THE 7M SYSTEM*
.

G. M. Hale
be Alamoa Scientific Laboratory, University cf”Califormia

Theoretical Divinfon
Lo. Alantoe, New Mexico 87545

ASSTRACT

We deacriue a multichannel, multilevel, R-matrix analyeis of reactions in the 7Li eystem which
wae ueed to provide the EhTT ‘ neutron cross sections fnr 6LI at low c!lergiee. Resonance

parameters obtained from the R-matrix levels are presented. Various Feacuree of che data are
Iaterpreced in ccrme o{ these resonance.

(7LI Syetem; 6Li(n,t); R-Matrix; reeonance parameters; etandard)

Introduction

Di~crepanc measurements la a problcm one almost
alwaye faced In the evaluation of neulron cross sec-
tions, bllt in the caae of a standard cross section,
the problem intensifies the difficulty of obtaining
evaluated cross-sectio~ values of the desir~d accuracy.
Rowever, one knows from general consideration.g of nu-
clear rcnction theory that the standard cross section
is linked by unitarity to data for other refictione in
the lame compound 9vsKi?rc, and thus une has the pros-
pect of reducing the uncertainty 6r the evalunted
atandnrd cross section by .’6nnlyzinR it simultaneously
with tlmsc other aata in a unita~ framework. R-matrix
theory i is ~ ~ar:icularly appropriate unita~ frame-

work for fiuch ~nalysee, ns ww discussed in Ref. 2.

We have uqed multichannel }, multilevel R-matrix
analyses of reactions in the Li system to provf.de
●valuated crona sections for the neutron-induced ;eac-
tiona on 6Li at Iow energies for versirms TY and V Of

the Evaluated Nuclear Mta File (Eh’!!F/N). .M the time
of t!m vcrnion IV analyfiis.z” th~ data set dominating
the fit wae the neutron total cress s?ction measurs-
=nt from llarwell,b bo tn because of lts qunted precl-
aion and nwmhcr of points. The resultlng 6Li(n, t)
croea 66ection (the “standard” in this svatem) was not
amch different from that obtained in Version 111, vhich
has been largely based on the I!arwell measurement.

The value of the calculated ‘Li(n,t) cross sertion
●t tha peak of the 24fl kt=’.l resonance u~a 3.5 h, snme
16% higher than the \’alue ind:~;ted hv a contcmporarv
group of rlircct measurements. Ilowever, WP noticed,
ma had the Ilnrwell Froup, &hat unit;lry constraints
forcad the total sectlnn unacceprnb]y hifih above
DiMOnt’L tm?asurement:l in the peak when the (n,t) cross
●ectiun wcw lowered to bet?cr ngree with the direct
swaauremcnts. [t Is tw’cphaaJzcd thnt this discrepancy
between thu cro~~ section ncaswremrnts wns indicated by
attempts to fit thcm unitarily. The common prnctice of
evaluating th~ total and (l~,t) cross sertionH sopnr.ntc.ly,

then abtnining the el~lstic crctis section by subtraction,
would not ner.e~anrily have miRnnlcd a problcm.

Wc noticed in pcrformJnR the Version IV nnnlyai@
that in nddition to thlH t6trong unlt~t.v link to the to-
tal cross scctton in the ro~lon of the rasonance, tho
(tt,t)CrnasMccti(ln w,ls nlno quitt’ nwtsitivc to ~he
differcnttnl cro~ti Mcctinn for t + N elastic ~c:lttcrin~,
At that tlmn. howwcr, mrflsuromrnt~ of this cross s(.t.-
tion” hnd not hccn mndr with occurnrv crmpnrnhlc to thnt
of the Ililrwcl 1 totnl rrtlMtI srct!on m~,.i~lllrmwtm,Prr-
cine mrnflurrmvntpl of rhc t .} ,1 J! ffor.,ntla] crnuh Nrt~-
tions w’rro Iutcr mmlc :It LOH Almort, iIIId thrsv wvre ln-
corporntrd Ill th~ illllll}-!+l$ , :IIIIIIK wltll flew mo,l:~ulvmrill~
Of thr LnLi\l c1 (>:.~1 ::(~~.!Ii!u I’r,!m [Jilk 1{{,1,:!., ‘“ l’:’l$lfml-
nnry rrnulrp i)r Lllin I17;Ilv!t19, rvp~lrlud .It thi, (I~lnlrt-

ence on Nuclear Cross Sections and Technoloey2 two ve?rs

ago, indicated che effect of the new data was rc lnxer
the calculated (n,t) cross saction in the peak Of KhF
resonance (co 3.4 b) and raise the calculated peak tr,tal
croes section (to 11.1 b). This trend hns.concinued in

%ubaequent analyses, including that used recently to
provide ENT!F/fl-!’ neutron croee sactions for bLi sc en-
ergies below 2 MeV.

TM Version V analy9is will he described briefly in
the following section, indic&tit?R the types of iats. in-
cluded, and the fits obta!.ned to representative ,!~ta
sec9 frO~ edch reaction. ihe third section presents
resonance parameters corresponding to R-natrix leveis
requir~d foi- the fit, and the concludin~ section dis-
russes the interpretation CF specific featurea in the
data for reactionc in the 7Li ayutem in te=a of
resonances.

Version V Analysis——

The 3 arrangement channels considered in th
vsis ~~re t + ‘He, n + %i, md n + 6Li* (2.1S).
oue quantities specifying the channel configurate
given in Table I.

TASLE I

7
Channel Configuration for Li Analysis

these

Arrange- Channel ~ Channel
ment Radius Max— .—_ Spin6(s)

t + ‘He 4.02 fm 5 lf2

n + ‘Li 4.20 fm 1 3/2, 1/2

n + ‘Li* 4.50 fm 1 712, 5/2

fhta for all possible renction~ were considcr~d at tri-
ton encr~les below 14 F!cV, .~nd at neutron rnerp,irs !T-
10W 2 t’!cv. AILhouRh specific t’afercncen to all thv datn
included will nut he p,iven, the diffarcnt types of t!(lta
analyzed for each reaction Are listed in Table 1.1.

TABLE II

Typen of Dmta Included in 7Li Analvnis

Inte- l~iffpr-
Totnl Reaction p.rnted entit61
Croon Cronn CronH Crcan l’olnr-

Rcncttnn Srrtion St,rtinn !iI.rrlon Scctl[,n jz,}t!,,l,. .

‘Ile(t,t)bll[, x N
al. l(n, t)~llu x
61,! (n,u)’’l,l

x.
x x x

(1+.
n + 61,1

x
x
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Fig. 1. Calculated and ❑eaeured obnervablae for 4He(t, t)411e. The croea eectlnn
daea &ro from Refm. 9 and 12; rhc analyzing power data are from Ref. 13.

TfIe data were fitted in the ununl ~~ast-nquaren eenee
by tha R-matrix andyeie coda Elm. Rcnmnalizacions
end energy ●hiftn were alkwcd for some of the d.lta scte;
in these cae=a, the rlevictionn from the c.r{~lnnl experi-

nntal ocalee contributed co t!ie ovcrnll x- of the fit.

TIM remulting f{.:a to come of the t + a elastiu
●catterfng mwmmrcnentn ere shown 111 FiK. 1. Anmnliee
occurrfng in the tl:ffercntial cross nectlon and annlv-
zing paver excitation curvam (left Hide of thr figure)
at triton encrRice of approximntcly :1.9, 7.3, R.R tuwl

12.4 HcV correspond co the firnt ~ rcMon~ncen in JLt

above the t + II thrcahold. I’armetcrn for thrtw rren-
❑ancos, which hwe total angular momenlum und parity

(Jp) amelgnmontnof 712-, 5/2-, 5/2-, and 7/2-, renpee-
tivdy, arc given in the next section. The third rcsn-

nancc ie th? Jr ■ 5/2- lev~l which ehowe up prnmtnnntly

in thr neutron crosn nectlonn nt E - 250 keV. AnMur
dimtributionn @f LhI! rrons mertion’’nnd imnlvzinR powor
are shown on the rixht nido of tho CIRurc nt triton rn-

●rglen clonr to thlM rrnwnnncc. TIIC lnw-oncrl!v munwlrv-
rnntn @f the croM~-~rctirm vxrltntlnn arc thow nf Ivmt-

ovich,lt whllcqtlmHe n: ovrrlnpplrt! rnur~:lvn md hln!w~r

●rr of Jnrr,lr. WC c:llrulattxt rurvc 1“01 IOWH thP nuwer,

mre prrc.1.w Jcimlr dntn [n tlm rf,~~lmi or thu ovcrlnp.
mIe dlffcrct,li,ll rroMM PIICL1OII dii IIIIOW nrc nlno thmr

of Jermie,9’la while the ●ua?.vzlng pnwer cxcitntign and
an@ar dietributione were meaaured by ll~rdekopf.l’

Flguru 2 comparee the R-matrix calculation with
eelectcd data for the %i(n,t)bl:e reaction. (ln the
left are mhown rcccnt maqrcmenteib nf the ar.l(n,t)
eroem eection rtvcr the 5/2 renonancc at center-of-maue
an~lcm of 0 and 160s. Thama mcamuremente bccamu IIVUL1.-
able after the Vornlnn V nnalynim wns rompletcd, MC that

the curvce repreecnt N prediction, rather than a fit.
The right nlclc df the fi~ure I;h@um the fits to Ovcrlav’s
Iruwaeurrnmnts15 of the al,l(n,t) ●nRular dlntrtbutLons at
En = .1 ●nd 1.0 MrV. The pronounced aeymmtry in the

crone nection evident n: lt)fl kd pcrsintm dawn to @ner-
It Tl,ene l~nnar~y fla~rmrtryEion ne lnw an ?5 kdr.

●ffecte in th~ crmn nectinn are well reproduced hy the

calculntlnn~, nnd can he cxpl,aincd in torme of rceonunce
Interfercncc, no diucuueed in the conclutlin~ mection.

Rcprencntntiwm fits tol}he %i(n,n)%g angulnr din-
tributlnnn nuonwrcd hy Iinnc mtd ICnittcr arc Klwwn

In FIR. 3. Thr I.nne nn~ular difitrlhuttonn rrqnirod
rnd~mtnntlnl rcnorm~lllzntion~ at rnwr~ivn near the peak

nf the ?4tl krt’ rononnncm, with the r~pult. th~t ou: rnl-
rulutod ‘nte}:rntcd rlnfltlr rronN .wcrtlnn Lien mmuw!lnt
:11-ove l,nnv’~ plllntM over thr pvnk. I’IIIFI n~rrve with
rcrrnt rrnultfi of knlttrr It for Llle cln6ttc crmn ~rl.-
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Fig. 2. Calculated and rncanured obscrvablee for 6Li(n, C)4HC. Data for the ●xcitation

curves are from Ref. 14. Khtn for the angular dimtrlbutionn are from Ref. 15.

tioo over the remonance. Calculated values of th~ pala-
risation (not shown) for elamticnlly scattcfgd neutrons
aleo ap,ree well with mcaswremantn by Lnne.

Figure 4 shown the fitn to the total croon oections
of prima~ interest in thin discusnlwn, the neutrnn total
md ‘Li(n,t) integrated rroae noction. Of couroe, the
latter cromti section la the ntandnrd and lo, nt thnt,
mly rtcomacn?ed for une at energies below the ?40 keV
rasonancc. But bccnunp of the stron~ lnflumce of the
rmonancc on thp ‘Li(n,t) crons section nn it ho~inn to
deviate frnm I/v behnvior (at about 20 kek’), and hecmme
of thu clode unitnry connectlnn, alremlv mcntlme,l, it

ham with tho neutron total cross nrction, an ioolntcd
dimcuesian of the ntandard crons nection would not
●uffice.

WC ●ec that the calrulnted ‘Li(n,t) crona nection
ie generally in very RrIod a~rocmcnt wlLh recent mraswr@-
Rntm mnde at the Nnt.icnml Ilureau of ;t.mwlarda:’ (MS)
~ to -60fI kc?, in the rrglon of thr rusonunro, the cnl-

culatod crmnn tmction !UIh crmw down by rou~hlv hnl~ the
diffcroncr brtwccm thg Vrrsion IV ronults i-ml :110 cnrlirr
dirrct mons:.lrrmuntH,5 ‘ dnd ntill cxerrdl thm SF:: dat.1
by nbout 2.$% in Lhr po.lk of Lhc rrNnnnncri Tlw daLfi
●hnwn are threw thfll wrru mid [n tlw mnlv~fk. Correc-

tion tn thr dnt~t ninrc thnt tlnm hnvo rnlnrd the oxpcr-
i=ntal vnluo~ in thr minimum nrowml 90 keV to up.rw

●ven better with the calculation, but haw reduced nme-
w’hat che experimental values in the peak. The largest
uncertainty of the calculated croee eection in Lhc
●tandarde region (below 15C keV) occuru in the virirltv
of the 90 keV minimum. At lower energien, the tht~rnal
value of 035.9 b ie in excallent ngrecment with k!eadows’

value. 22 aud the cross ❑ectian is quite coneiatent slLh
!iovnrby’e ratio mcanurerwnts:’ below RO keV whrn con-
sidered in conjunction with the Version V l~B(n,a)
cromo nertinn.

The calcuhtcd total croon mec~;on agrees well with
umnmure=nte of tlimcmtk und Narvry, enccpt for a svr.to-
matic tcndencv to overnhoot the cxperimentnl valwos in
the peak of thp rceontince ond undershoot them in tlw
pracceding minlmwm. The~c rliffcrencem arc nf the nrt!ur
of 2-6%, and rwy hc within Lhe bounds of renlintic m-
certaintlem on the total crosm sectitmn in thcne rvrions.
if not within the mtntrd crrora, The enerp.v ~rnln IIf
theme tot.11 rrLWR ncctinn mcnnwrcngntm’”1° onarnt 1;1! Iy
rleterminrd thr pusitlon of the 5/2 renonnnce, with tho
calculated ptwk total cronn ncction occurring (IL 2.’!’*
kef’, and thu rnlculntcd peak (n,t) rrnrn~ ttrctf,sn ;II .“,[1
kpl’, in :lNrt*cmrnt wftll rr,st Of tllr ~onRllrcmt.nLH Il~Iqll:
timr-nf-fllgh: neutron wnrr~v drtcrnination.
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Saaonanca Parnmctera

Since ●xpcrimortal data for nuclear reactiona are
-at directly relatad to matrices (such ae the S-matrix)
of ●mplitude ratioa for amvmptotir wnvefunctto”lfi, it in
●ppropriate that resonance parameters for amynptotic
nasuruswnts be related to the POIUO and reMiduee of
such matricea. The R-matrix 1s not, of courne, m
asymptotic quantity, and itu poloe and rcElduee depend
on the bounda~ conditions imposed at the nucleor sur-
face to dmfinc the H-mntrix, and upon the ch.mnel radii
%+.!:?. :Cf:fic :Sie lmwiudt mrincc. Ilovevcr, one can

●lways transform the R-mntrlx to an usymptntic fnrm
having poles and reniduee which, although onurl!y-
dapendent, no lonRer depend un hound.~rv cnndltlons at

the nuclear ❑:fface, or urnn radial dlstnnces outnide
that ■urface. .

We chaoao the aa~ptotlc form to he the S.w.trix
so that our qpecificntion of renonnnce paramrtar:5cljr-
rmsponda with the prescription given hv llumblet. The

trenoformed R-matrix in thnt caae has the form

T—._

where the Rv and EU ● ra known, ccmplex (ener~-d~pendent)

functionn of the paremetera yx,~l Of the 0rf8inal R-m~-

trix. If, for come complex energy ~o-

EV(EO) -EO=O ,

then En IS % pole of 1$ snd thue, of the S-matrix am

well. The rcnonant ●nergy ●td total width aeeociated
‘--iih iil~ poic are .

ER- ~(ro)

r ~ -2 Ym(Eo),

while the partinl widtha are given by

rc =
IRPCWO)12PC($.J

‘~n,c(ro)lzrci; ‘

c
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Fig. 4. The 6Li(n, t)%@ integrated croan aeccion

●nd n + 6Li total crunn section for En he-

twean .01 and 2 MeV. The ●o!id curves are
the ENDF/li-Y renults, and the danhed curven
mra Eh!DF/B-IV. Data for the upper curve
● re from Refs. 5, 21, and 23: data for the
lower curvca are from Refa. L and 10.

with
Re(oe)

PC(EO) =

~’

wh~ru O la the product of the channel radium with the
channclcwave nmbur, find 0. iw t!w rhanncl outRoin~-

●phericml-wava functinn, nll evaluated at the complex
●nerey F .

0

Rmonancc fwwametcrn ohtainod in thi~ wav from the
Version V t&mntrix pnrwrctcra arc prescntud in T.lhlc

111, ●long with wldt!~n nnd reNonnncv
Selove’a intent compilation for ‘1,1.

,~,lnlticms frum F.
Tile firsl 4

lcaonanccn ]lr6ted arc thcw vifllhlr in the rxcilatlnn
curves Hhmm {n FiK. 1. The a~rrvncnt 0[ our cnlru-
latcd pmrmnotcrR fnr thnr6r rcwtn.tnr,,l ulth vnluvs taken

16 lM ~at:,+f~~t,)rv, n]though nt!tiM91 tllc cumpllntion
alwaya within the crror~ nHaIEnml hy klovc.

tll •~mmtic polarization atin tl,eir an;~lyslh k-f n + .
neutron i.ncrt.ies %tvpr.n ? and 5 ?luV, ●xcept chmc our
calculated widcha ar~ torlewhat narrower.

It should be men~lcazd in this connection that the
prencripticn we uac ca.1 I*aulc in reaonanco paramtera
that are quite different ‘rem chose obtained fron ~he
usual expres~iona;c relat~ng R-matrix para~tera :0
●xternal widthg and rearm,.n~e pomiticna at real entr-
Eiea. This is particular~~ trug at higher excitation
energies, where the conpl~:: pole prescription tendg to
give smaller widths whick ,i:pear to correspond rrr,re
cloae]y wiLk the widths r,z’ the ●xperimentally observed
enumoliea. h’e alno nocc cnmc the cmplex pules and
partial widths defined at]%e are formally radius-inde-
pendent in the external rc?lon, while those raaulting
fmm the usual R-matrix rclationa are not,

CYuluaionn..-.

Thfa analyaiti ‘nd~c.’lteg that many of she featurea
observad in the meaaur~~enta for reaccions in chc ‘Ii
●yatem can be interpreted in terms of che reacnances
identified. In addit!,on tn tha obvious etrueture in
the croba ●cctions and polarization due co the Fres-
●nce of the first 4 Ievela above the t + m thraahold,
one can aacrlbe the behavicr of the Iow-energv Ci.!fn,t)
croma section to broader, more distant ●tatea. Sear-

back,grcund levcla having Jp . If?+ (one of ~hich ~ay be
●amocinted with the broad ❑ truct.~re at E = 16.8 WV in

x
‘Li), and the broad 3/2+ resonance tentatively ider.ci-
fied in thin awalyaia Yeems to be metnlv responaihle
for the large l/v inre~ratcd rroom sactiona at low
●nergica. Interference terms, ariaing fro= the pt’gsence

of the prominant 5/2 resonance at 7.L6 MeV ●xcitation

energy and of the 3/2+ level hi~her up, cauae mat of
the aaymmetry in the differential croaa aectiona at low

●nergies. with Interference hetbeen the 1/2+ and nepa-
2

the parity levels having non-zero Fn widtha contrib-

uting to a leaaer ●xtent. More recent ●x$;naione of
thie analysig to somewhat higher ●nergies indicate
that the 3/2 level in reapnneible for the broad struc-

ture seen in both the neutron ●lautic azd total croea
aectiona at F . 3.5 HeV, and at the ●ams ti~, produces

n
a “shculje~”y~ the ‘Li(r,t) inteRratad croaa aecticn
atE - . .

n

Recent meaaurementa for reacticna in thj.a nyptem
appear to he approaching unitary conaintencv. At this
stage, tiowcvcr, the precise experimental dcterminGtion
of the total. cross section below and over thp reuo,mncc
eeema to hn moat e.luaive, hnth in turm of the ~afmitude
of the croaa ❑cction near the peak, and the energy of
the peak. New muaaurcmcntn of tha total croan section
hv knitter” and by Srnitl~~O a~ree well in mnRnitudr with
Lhe Verulon V calrulmtlona, hut not in encr~y rrcalc.
Weatima ah-t the 6Li(n,t) cros- ~ection pcrmi~~ in
relation to rntio mcarmrcmcnta, While Gaythrr’6r ncw

2JsU(n,f) relative ‘oratio maaurement of ‘iLi(n.t]

aPPenra q~$t@ connintcnt with the Vrrsion V results,
197Au(n,y) relative t“!%cklin’s ratio of %.l(n,t)

dcee not. TIIC rcaolutlon of Lhenc differenco~ will
doubtlrtwr rrquirr furthrr (but ho rftlllv, Ntill) ch~n~cNFin the neutron ctunnaectiutwr for 1,1. MC frcl, htwrvor,
thnt the utilttv uf this ~lpproacll, and the importance
nf nn;llvzin~ ntandwtd cro~s acctionn in a unitnri]y
conaintcnt wny with other datn from the name fivatrm,
have been dmonatrr6Lvtl bv the Version V rcmltn,

The lnnt twu rcnonanccq l[c nhovr the hi~:hvflt enrr-
gy ●t which exprrlnlmt;ll {!ntn wcrv Inrlwdrd, rnd thulr
paramrter~ nrc tllvroforr qultu unrrrtnln. They dn c~~-
renpond rnughly with thv lvvrln found by Ilolt ct al,



~P

T/2-

5/2-

$i/2-

7/2-

312-

TABLE

Resonance Pnramutero

J/2+ 11.279c

State

2Ft

2FL

kPn

2Ft

hPn

2Ft

111

for Lh@ 7Li Synteb

Partial Wldc!la ToCdl Widtha Total widthb— —. ——..

.071 .071 . 09~. 008

.9b4 .945 .D75:::

.001

.023 .077 .ol?y.oo7

.054

.
.294 .412 ---

8Pnm .118

2Pt .11S2C 1.171= 1.4~.l

4Pm .969=

%m .020=

2Dt 1. 360= 2.517C

%n 1.157C

.
~. Valuee (in MeV) derived from the Version V U-matrix parmecero.

b. Values (in tlcV) tabulated in Ref. 26.

c. Valuen given for renonancce above the range of the analysis,
which are therefore quite uncertain.

A@iowledsrnenta 7.

TMa ●rulyaie is an outgrovth of work begun by D.
C. bddmr ●nd K. IJitte. The ●ffort still benefits from
collaboration with them on mny aapecca of the problem.
I am grateful tu N. Jarric, R. Brown, L. Stewart, and 8.
P. Young for their help in collecting and reviawlng the
~erimontal data.
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