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alnc he fdernr1fied wit® sherter-lives "direct" pro-
cesses, like singie-particie acattering, strippiryp,
etc., since the F-matrix ‘crmalisr {r not speclalized
te & parvicular reaiticr mecrhatfer,

Corrmiboedon:

free t™e~e LAtI¢T T lCSNET Arve €' eric T ortate
froarrldiatic s 7o fewonu-lelr TUstert, ac U ee
dlec - yrwer T tre frllouing cervicr,
Tiiatioe
A-- -
i -
.
.-
V-
.l
Tt
dlamrel -t -
Trur.atine the Thel e .
shoed-e ¢! clamnel . ¢ at .
~amtere B, tte Bematrin teranalar
T an- are aftoered Yoar altrmated flitl:, MY

| ST N
senge tc all the data included.
capabilfty to treat the channe] radii, as well as

norealiraticne and enerev o> ifir for the experimenta’

Zat-, as ac-tustatle raTaTelers,

ti actieve a Test flit f1 the leasi-nGuales
The code alsc has the

ae ot v

. T a.l” L LI
TiTe ir s “ . -

Foaveter ~atiteTIivy aPe oalt meLl TeTrTe -y
TrIe 1eo= e ot oe¥rloTIT, u oA LT i
bar TIAT b ar - »othe Peratros HE S
L a7 booser SiTT - NS S-S L -
s R oL lent forces Lall -
WPt s TrOrer welr T b the

T ttern sav:

mreTves dsercic T anc v

..e{T SVSteT, thal the T = 1 sar

e F=zatria which deacrites reasticnt 1rn the Ko
sVhLeT f+ erscntiallyv the same as that which cer.riber

p—JHc scattering, which, in turn, 1s essentially the
same ar that which describes n-T scattering. Accoun?-
ing for the differences in the 7 = ! R-patrix para-
weters due tc internal Ccoulomd effects by simplv

hJ

shifting the F, 's’ appears tc work quite wel:.
The 7 = ] parameters fer thir svater were actuali:

determined by fitting most of the svailatle p-]He
scattering data bhelew 20 HeV.l These parameters,
eneryv—s*ifted te acceunt fer the de-reared (couler?

-
repuisicr energy Ir He, were used in a larger

analvsis of reactions amcng p-T. n-JH-, and d-¢
‘shere onlyv the enerpy a%ifr and parameters fcr the

T = 0 par- of the R-matrix were adjusted tc it the
data, In addition. iscspin conservatior relates the

3
widthe ir tlc p-T and n- He channvle for beth
T =0 and T =~ [ levels tc reduce further the ruche:
of parameters.

A sumzarv of the data included for each rea.ti..

4
in the He svstez analveie ir giver ir Tatle I. The
types of data tc which the table refers peanerally
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parti.le value which charucterizes the d-d widths Fig. 2. Ratics of the integrated cross secticns,
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Table 11. 5He Syster Analysis

CHANNELS INCLUDED: d~t
n-aHe
n—aHe'

No.
Energy Obeerv-
Range able Nc. Da*a
Reaction (Me\) Tvpexs Points

T(d,d)T E ~0-8 6 750
T(d,n) “He E,=0-8 13 852
T(d,n)‘He* Ed-L.B-B 1 11
“Ye(n,n) “He E_=0-28 2 799

TOTALS: 22 2414

The fits to a small sample of the 2400 data peints

are shown for the reactions T(d,d)1, T(d.n)AHe. and

& 4

He(n,n) He ir Figs. 3-5. Figure 3 shc<r cross
Rectio.. and pclarizatior angular distributicns fer
T(d,d)T ir. the range Ed = 1,2 tc 8 MeV'. Figure ¢
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Fig. 6. R-matrix calculaticn (sclid curve) compared

tc various measurements of the T(d.n)“He integrated
cross section at energies below 8 MeV.

The effecc of the 110~keV s-wave resonance on the
T(Z2,n) cross section persists down to verv low
deuteron energies. This can be sean in an expanded
plot of the low-energy cross sections shown in Fig. 7,

in whict the inverse-energy and Gamow-penetrability
deoendence have been removed. What remains, the so-
called "aptrophvrical S-7unction”, would plot as a
horizentsa! straight line if the assumptions implied
by the usual Gamcw extrapoliation of the low-enerpy
cross sections were valid., 1In fact, the cdashed line
labelecd "Gamow extrapelation' corresponds tc the
cross sectior values repcrtec By Arnoid et ail. ’ ir
1
rlace of their cwr experimental measureme::s'E
{ ) at energies helow C keV. The P=ra:rix caizu-
lation clear:y doee nct follow the Gamew derencerce
at low cnerglec due to the rescnance, anc tencs tc

it
confirr the behavior of the cripiral measurerents.’
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Fig. 7. Astrophyvsical S-functicn for T(d.n)aHe as a
function of laboratory energvy. The sclid curve is the
R-matrix calculation, and the dashed line is the Gamew

extrapclation reported by Arncld et ai.l in place of

their measured pcints18 () at energies below IC keV.
We are alsc doing a siullar analvsis of reactions

5

in the “Li (d-aHe. p-“He) svster which uses an even

more extens:ive data base. The calculated 3He(d.p\"h'e
integrated cross section we obtair peaks at a vaiue
nearly in the middle of the broad range of measured
values that have been cbtainec at the peak -~ from TOC
to 900 mb. Neither of the five-nuclecr analvses is
yet final, since new measurements have beer added
recently in beth cases which appear tc conflict with
some of the data previcusly being analvzed, but the
eesential features of the calculated reaction cress
sections discussed here have not ¢ -anged,.

Six Nucleons: 5He System

Our study o! reacticn in 6H cvster {6 mctivated

by large unc rtainti«s i{n the T(t.ln)LHe croes section



at lov energies, corresponding to large cdiscrepancies
apong the measurements. As can be seen in Table III,
very feu measurements are available for reactions in
this system, making this analvsis ar exacple of one
of the simples: we have yet done.

Table 1I1. 6He Systex Analysis

CHANWELS INCLUDED: t=T

n-5He (Zn-LHe)
No.

Energy Observ-

Range atle No. Lata
Reacticn (Mev) Tvpes Poirts
T(t,t)T zt-o-: 1 27

L&
T(t,2n) He E[-O-Z 1 71
TOTALS: < 98

The fits to most of the few available t-t dif-
ferential elastic scattering cross section measure-
merts are showr. in Fip. B ar tritorn enerpies between
1.5 and & MeV'. Alt' up! these fite are quite fgcod,
it is douttful whether ther constrain very nuch the
fit to the Tf/t,?n) reaction cross sections shown ir
Fig. 9, particularly at low energies.
F-matrix calculatior shows a definize preference feor

19

the relativelv recent measurerents cof Sercv et al.

ir. the lmw=-energy reglorn. This remains the case even
wher the Sercv data are remcved frorm the fit, indi-a-
ting that the low-energy behavier of the calculated
cross section 1s actually being determined by con-
sistency witl the data at energies above 100 ke,
where the wmeasurements are in much better rutual
apreement. ' Uf course, the low-enerpy extrafclaticn
of the cross section 1s tc some extent a functicn of
the extrermelv <imrle paraveterizaticr cf the Re-matrix
necessitatec bv lacky of data, but the agreement with
the Serov data is an indicatjon that this parameter-
ization ma- be adequate at enerpies below 2 MeV. In
particular, we take into accourt onlv contributions

from the 6He ground state, and from a level vhich is
responsible for the slight bump in the t+t reaction
croes section at energles close to 2 MeVl,

Large differences betwsen our calculated curve
and some of the earlier measurements at energies
below 100 keV (see Fig. 9) result in significant
differences between Maxwellian reaction rates calcu-
lated from the R-matrix cross sections and those based
on the earlier data. Our reaction rates become a
factor of two or more lower than those of Greene21 and

of Duane22 at temperatures below kT = 10 keV.

Seven Nucleone
Although the analysis discussed here is a charge-
symmetic R-matrix analysis of all the 7-nucleon reac-
tions, including those in both the 7Li and 7Be Eystems,
This 16 be-
7L1 system

we shall mention only the 7Be reactions.

cause aimilar analyses of reactions in the

5,6,23

have been discusse! elsewhere in connecticn with

u2utron standards applications, and because the 7Be
system contains charzed-particle reactions of great

interest in advanced fusion can:epts.z

Nevercttelessz, the

Fig. B.

Fits te T(t,t)T differencal crcss secticns at
energies between 1.€ and 2 MeV.
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Fig. 9. R-matrix calculation (solid curve) compared

with various measuremeuts of the T(t.2n) He integrated
cross gection at energies below 2 MeV.

A summary of the data included for the 7-nucleon
reactions is given in Table IV. Cross section and
polarization measurements are ava‘labtle for the four

reactions possible among p-eLi and 3He-"He (7Be system).
The fits to some of these are shown for the three

independent reactions 6Li(p,p)GLi, 6Li(p.BHe)hHe. and

4e( He, He) *He in Figs. 10-12.

The problex in the 6Li(p.aHe)"He reaction. which

is of greatest current interest in the 7Be syster,

has been that the few existing differential cress
section measvrements have been relative, and the
sbsoluze determinations of the integrated cross section
have differed by as much as 50%. 1In the 7-nucleon

anaiysis we described at the Harwell crnference7 ac
an example of our -harge-independent aprroach, the



Table IV, Seven-Rucleon Analysis

CHANWELS INCLIDED: p-S11  n-%1L¢
3He—‘He t-‘He
Ne.
Energy Observ-
. Range aktle No. Lata
Reacti
aeticn (MeV) Types Point-_
6Li(p.p)(’u Ep-ﬂ-z.s 1 187
®Li(p, He) “Hewinv. E m0-2.5 3 559
&3 3 4 L
He( He, "He) He E;H =311 2 1467
5 6 e
Li(n,n) L1 En-0-1.7 3 330
L1, en, ) He E_=0-1.7 2 468
“He, (t,t) “He E,=0-11 2 1355
TOTALS: 13 4386

e m my - e

Fig. 10. Fits to bl..l(p.p)bLi cross sectirns a:t

energies below 2.5 MeV.

experimental cross-section data included for che

eLi(p.JHe) reacticn requirec extensive rencrmalization
in #lmest every case. We have therefore been uncertain
about the reliability of the gcale of our calculated
cross sections, which presumably wae determined by

data fer other reactions in the analysis.

Recently, new absolute measurements of

6Li(p.JHe)l‘He differential cross sections at proton

energies between 0.14 and 3 MeV have been made by

Elwvyn et a1.22 at Argorne National Laboratory. A
comparison of their integrated cross sections with

our predictions7 is shown in Fig. 13. It can be seen
that the agrezement of the calculations with the new
measurements is excellent, both in shape and magnitude.
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Fig. 11. Fits to 6Li(p,aHe) He cross sections and
polarizations at energies below 2.5 MeV.
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Fig. 12. Fits to He(JHc, He) He (ross seczions and
polarizatiorns at enorgies below 10 MeV.

The agreement of the calculated angulsar distributions

-
-

with the new data is generally poorer, especially
at energles above 2 MeV, indicating that somewhat
different interferences among the partiai-wvave ampli-
tudes are required (pessibly even those involving

p-SLi d-waves, which have been neglected thus far in
the calculations) which do not affect the integrated
croes sections

This compariswon indicatee tha: the other 7-nucleon
data in the analyveis, through unitary and charge-



conjugate relationships, correctlv deteriine the
scale of the 6u(p.JHe) reactic.. _10ss section, much
as other 7L1 data had constrained values of the

é 23

Li(n,t) cross section ir the analysis”~ used for

the EXNIOF/B=V 6Li evaluaiior at luw energies.
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Fig. 13. Predictions fron the crarge-symmetric 7-

7 ;
nuclecr anulvsis cozpared with recent measurements cof

22 6 3. .4
Elgyr et al. for the "Li(p, He) He inteprated cross

section.

As the examples described in the previous sec-
ticn sugges:, 8 great deal of infcrmation is availakle
fror these multireaction R-matrix analyvses, having
beer. detercinec in mos:t cases by a large and varied
collection of experimental input. Clearly, the
R-matrix parameters provide detalled information
about the spectro.copy of light systems, and even
informaticern about the macroscopic properties of
nuclear forces. Of more direct concern to the sub-
ject of this conference, however, are the smooth (as
functions of both emergy and angle) charged-particle
cross sections which result from them.

The dominance of Coulnmb effects in charged-
particle cross sections at low cnergies is modified
by nuclear resonances in many cases of interest in
fusion applications. This is most apparent for the
T(d,n) reaction, but is true to some degree four all
the reactions discussed. R-matrix theory provides a
framework for fitting and extrapolating these cross
sections in which both the long-range effects, like
penetration of the Coulomb-angular momentum barrier,
and the short-range (nuclear) effects arise in a
simple and physically meaningful way. Moreover, the
interaction of these effeccs in the theory leads in
general to a different energy dependence for the low-
elergy cross sections than that obtained from the re-
presentations of fusion ~~~ss sections commonly

used.z4 There are indiceric s from the T(d,n) and
T(t,2n) examples that the R-matrix dependence is more
nearly correct, but a firm conclusion requires more
and better-quality meac -~mence in the low-energy
region, such as those fo.thcoming from the fusion

3
cross-gection meesurement program at Los Alamos.

At higher energies, the resctions appear to be
dominated by broad, overlapping structures, fe cf which
appear as definite bumps in the integrated cross sec-
tions. These structures car be asscciated with def-
inite R-zatrix levels, however, witk the hely of angu-
lar distributior meas:raments, particulariv these fer
po.arization coservatles. Attempring tc use all the
available experimental data in these anaivses alsc hae
obvious statistical advantages, especiaily in cacecs
where cdirect measuretents 0f the crose se ticne are
conflicting or incomplete. In these cases, tiic ciner
data inciudec, evern for cdifferent reacticns, can heis
dictate mwore correc: va.ues fcr cress se::ione, as

illustratec b+ the p-ﬁli exazpie.

wWe feel tha: such R-ma:rix analvses, Zani
zax:csl use ©f the aveilatle experizental cu il
impesing some minlzal informarfon abcut nuciear T
constitute the hest technique currently at hand !rr
evaluating light-elemernt cross sections. One obiairne
fror these analvses unifiec crcss-section sers, in
which the elastic scattering anc reaction crcss sec-
tion for a given sveter are calculated froc the same
R-matrix parameters. We therefcre suggest that cco-
pilers of evaluated char_ed-particle crose sections
make use of these calculations, where available,
rather than rely on methods having less physical con-
tent and experimental input.
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scale of the 6Li(p.sHe) reaction cross section, much
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Conclusions

As the examples describec in the previous sec-

ticr sugges:, a great deal of information is availatle

fror these multireaction R-matrix analyses, having
beer determined in most cases by a large and variec
collection of experimental input. Clearly, the
R-matrix parameters provide detailed information
about the spectroscopy of light systems, and evern
informatiern about the macroscopic properties of
nuclear forces. Of more direct concern to the sub-

ject of this conference, however, are the smooth (as
functions of both emergy and angle) charged-particle

cross 6ections which result from them.

The dominar 2 of Coulomb effects in charged-
particle cross sections at low cnergies 15 modified
by nuclear resonances in many cases of interest in
fusion applications. This is most apparent for the
T(d,n) reaction, but is true to some degree fur all

the reactions discussed. R-matrix theory provides a

framework for fitting and extrapolating these cross
sections in which both the long-range effects, like

penetration of the Coulomb-angular momentum barrier,

and the ghort-range (nuclear) effects arise in a
simple and physically meaningful way.
interaction of these effects in the theory leads in

general to a different energy dependence for the low-
energy cross sections than that obtained from the re-

presentations of fusion ~-~ss sections commonly

used.?® There are indicati. s from the T(d.n) and

T(t,2n) examples that the R-matrix dependence is more

nearly correct, but s firm conclueion requires more
and better-quality meas ~-~ments in the low-energy
region, such as those focthcoming from the fusion

3
cromss-section measurement program at Los Alamos.

4
for the Li(p, He) He integrated cross

Moreover, the

At higher energies, the reactions appear to be

dozinated by broad, overlapping atructures, fe of which
appear as definite bumps in the integrated cioss sec-
tions. These structures can be associated with def-
inite R-matrix levels, however, with the help of ang:-
lar distribution measurecents, particu.arly thcese fer
poiarization observakles, Attecpting tco use all the
avajilable experimental data i{n these analvses als: ~ac
obviocus statistical advantapes, especially in caser
where direc: measutemenis of the cross secticns arve

conflicting or incomplete.

In these cases, the ciher

data included, even for different reacticns, can hely
dictate more correct values for cross sezticne, ac

illustratec bx the p*bL: exacple.

zaximal use ¢f the avallatl.e experizerntal cata
impeosirg some tinimal info matior abeoul nuclear

We feel that such R-mitrix arnalvees, zaning

constitute the best technitue currently at hand f-r

evaluating light-elemenrt cross sections.

One obiaire

from these analvses unifiec crcss-section sets, ir
which the elastic scattering and reacticn crcss sec-
tion for a giver svstem are calculated froc the same
R-matrix parameters. We therefcre sugges! that cco-
pilers of evaluated char,ed-particle cross sections
make use of these calculations, where available,
rather than rely on methods having less physical con-
tent and experimental input.
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