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types of data tc which the table refers genera. vy
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are zer - Ir tte stric?! Iscerir-conservation limit).

Indeed, the experimental differences are largelv re- [
-~

rroduced with mixing widebke onlv 2% of the single-
pasti.le value which charucterizes the d-d widths

———————e
[
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observed in the ¢ + ¢ reaction cross sections mav be rrasurements of Theus et al; the solid anc dashecd cur-
exrlained entirelv bv Coulomt effects. ves are R-matrix calculations with and witheut internal

isoapin mixing, respectively.
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Table 1I1. He Syster Analysis
CHANNELS INCLUDED: d-t
4
n- He
&4
n- He*
No.
Energy Observ-
Range able Ne. Do*a
Reaction (MeV1 Tvpes Pcints

T(d,d)T
T(¢,n)“He
T(d,n) “He»
aHe(n.n)aHe

Ed-O-S & 752
Ed'O-B 13 852
Ed-E.B-B 1 11
En'0-28 2 799

TOTALS: 22 2414

The fits 2o a smnll sample of the 2400 data peints

4
are shown for the reactions T(d,d)1, T(d,n) He, ard

& 4
He(n,n) He ir. Figs. 3-%. Figure 3 shcr
Rectic.: and pclarizatior angular

distributiens for
T(d,d)T ir the range Ed « 1,7 tc 8 MeV. Figure ¢

4
showe fits tc a selecticr cf the T(d.=) He ...

at ercriley tevweer and " tieV: cross sect’. - and
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Fits to T(d.n)aHe cross sactions and peolariraticn at
energies between 1 and 7 MeV'.
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Fig. 5. Fits to ‘He(n.n)aHe croas aecticna and polar-
izaticns at energies betweern C.9 and 24 MeV.
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lasec lrv-erere creoss sectior. which mares the T(d,n)
reacti~c cuck ar attraczive fuslen ene. vv nrocesvy,
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Fig. 6. R-matrix calculation (sclid curve) compared

tc vacious measurements of the T(d.n)aHe integrated
cross section at energies below 8 MeV.

The effecc of the 110-ke\' s-vave resonance on the
T(Z.,r) cross section persists down to very low
deuteron energies. This can be aean in an expanded
plot of the low-energy cross sections ahown in Fig. 7,

in whick the inverse-energy and Gamow-penetrability
deoendence have been removed. What remains, the so-
called "gstrophvrical S-7unction”, would plot as a
horizentsa! straight line if the assumpticns implied
by the usual Garcw extrapoiaticn of the low-enerpy
cross sections were valid, In fact, the dashed .!ne
labeied "Gamew extrapclation’ corresponds tc the
cross sectior values repcrted By Arncid et a:i. ‘e

1
place of their cwr experimental measurerests’

-

! ) at energies below 20 keV. The P-ra:cix fal:cu-
lazion clearly doee nct follow the Gamev degencernce
at iov snerpiec due 0 the rescnance, anc tencs to

it
confirr the hehavior of the cripiral measuremenie,

| IS

-m._.ﬂu_j_ﬁih-_-ﬂ_":_ P
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L TORe

Fig. 7. Aatrophysical S-functicn for T(d.n)aHe a5 a8
function of laboratory energvy. The aclid curve is the
R-matrix cal:zulation, and the dashed line is the Gumirw

extrapclation reported by Arncld et ai. ir place of

their measurecd points18 ( ) at energies below 2C keV.
We are alac doing a siuilar analvsis cf reacticns

5

in the “Li (d-JHe. p-aHe) svster wvhich uses ar even

more extensive dats base. The calculated 3He(d.p"h‘e
integrated cross sectior we cbtair peaks at a vaiue
nearly in the middle :-f the hrcad range of measured
values that have been cbtainec at the peax : frox 'OC
to 900 mb. Neither of the five-nuclecr analyses is
yet final, since new measurements have beer added
recently in beoth cases wvhich appear tc conflict with
some of the data previcusly being analvzed, bu! the
esser,itial features of the calculated reacticn cross
sections digcussed here have not ¢ -anged.

Six Nucleons: 5He System

Our atudy o! reaction in 6H cester is mctivated

by large unc rtainti=s in the T(t.:n)aHe cross section



at low energiea, corresponding to large discrepancies
apong tha measurements. As can be aeen in Table III,
very feuw measurements are available feor rea:ztions in
this system, making this analveis ar exacple of one
of the simples: we have yet done.

Table III. 6He Syste- Analysic

CHANWELS INCLUDED: t-7

n-5He (?n-aHe)
lic.

Energy Observ-

Ranpge atle No. hata
Rea:tion (Me?) Tvpes Points
T(t,t)T Et-o-: 1 27
T(t,2n; “He E,=0-: 1 7

TOTALS: 2 98

The fits to most of the few available t-t dif-
ferential elastic scattering cross section measure-
merts are showr. ir Fip. B at triton enerpies betveen
1.5 and 2 Mel. Alt! ug! these fi:s are quite fcoo,
it is doutzful whetrer ther constrain very ruch the
fit to the T/t,?r: reacticr cross sections shown in
Fig. 9, particularly at low energies.
F-rmatrix calrilatior shows a definize preferenze for

19
the re-atively rece=t measvrerents cof Sercv et al.

ir. the low-enerpgy regior. This remains the case ever
when the Sercv data are remcved fror the fit, indi-qa-
tirng that the low-energy bekavicr of the calculated
cress section is actually beirnp determined by con-
sistency witl. the data at energies above 100 ke,
vhere the neasuremerts are in much better rutual
apreement. ' (f course, the low-enerypy extrajclaticn
of the creoss section is te some extent a functicon cof
the extremelv c«izrle parameterizaticr cf the R-matrix
necessitated b lack of data, but the agreement with
the Serov data is an indication that this parameter-
ization ma- be adequate at energies below 2 MeV’. In
particular, we take into account cnlv contributucons

from the 6He ground state, and from a level which is
responsible for the slight bump in the t+t reaction
cross msection at energies close to 2 MeV.

Large differences betwsen our calculated curve
and some of the earlier measurementa at energies
below 100 keV (aee Fig. 9) result in significant
differencea between Maxwellian reaction rates calcu-
lated from the R-matrix crosa sections and those based
on the earlier data. Our reaction rates become a

factor of two or more lower than those of Greenez1 and

of Dunne22 at temperatures below kT = 10 keV.

Seven Nucleone

Although thke analysis discussed here is a charge-
symmetic R-matrix analysis of all the 7-nucleon reac-
7L1 and 7Be Eystems,
This 18 be-

7L1 system

tions, including those in both the

we shall mention only the 7Be reactions.

cause aimilar analyses of reactions in the

5,6,23

have been discusse! elaevhere in connecticn with

L 2utron standards applications, and because the 7Be
system contains charged-particle reactions of great

intereat in advanced fusion concepts.z

Neverttelesz, the

Fig. B.

Fite to T(t,t)T differental crcss secticns at
energies between 1.6 and 2 Mel.

1:%7 ' i AT i
F
1 VoA L i
; 1L ] {
ot . (Y H
si i ;
: 1
a o * i
N :
Se_ | ’ .
v = ’ j
1
- Agnrwn el al (199]- .
(=4 i Jarisme- A Alley, 1109 .
e oNaIvarpy b At v,
Nesrs el AL }
-r: — K marnix fn 3
e —. . !
"o’ 10’ 1°
E(MrV1
Fig. 9. R-matrix calculation (s0lid curve) compa‘ed

with various measurements of the T(t,2n) He integrated
cross aection at energies below 2 MeV.

A summary of the data included for the 7-nucleon
resctions 18 given in Table IV. Cross section and
polarizaticn measurements are available for the four

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

independent reactions 6Li(p.p)6Li. 6Li(p.3He)"He. and
aHe(JHe.3He)6He in Figs. 10-12.

The probler in the 6Li(p.aHe)"He reaction. wvhich

is of greatest current interest in the 7Be syster,

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

anaiysis we described at the Harwell ccnference7 ac
an example of our -harge-independent aprroach, the



Table IV, Seven-Ruclson Analysis

CHANNELS INCLUDED: p-O11  n-®L1
3He-"He t-‘He
No.
Energy Observ-
T

6 i¢p.p)CL1 F =1-2.5 1 187
SL1(p, YHe) “Hewinv. E =0-2.5 3 559
“He (e, Ye) ke E§He--.')—l.‘ 2 1467
SL1tn.n) %L1 E_~0-:.7 3 330
®Li, () “He E_=0-1.7 2 46E
“He, (t,t)“He E =0-11 2 1355
TOTALS: 13 4386

LRCE e

Fig. 10. Fits to be(p.p)bLi cross aectirns a:

energies below 2.5 MeV.

experimental cross-aection data included for che

eL:(p,JHe) reacticn required extensive rencrmalization
in dlmcst every case. We have therefore been uncertain
about the reliability of the scale of our calculsted
cross sections, which presumably was determined by

data fer other reactions in the analyais.

Recently, new absolute measurements of

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

energles be:ween 0.14 and 3 Me\' have been made by

Elwyn et al.zz at Argorne Nstional Laboratory. A
comparieon of their integrated cross sections with

our predictions7 is shown in Fig. 13. It can be seen
that the agrzement of the calculations with thte new
measurements is excellent, both in shape and magnitude.

Fig. 11.
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Fits to 6Li(p.aﬂe) He cross sections and
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Fig. 12. Fits te He(JHo. He) He (reoss seczions and
polarizations ar enorpies belouw 10 MeVl.

The agreemert of the calculated angulsr distributicns

5
.

with the new data is generally poorer, especially
at energies above 2 Me\', indicating that somewhat
different interferences among the partial-wave ampli-
tudes are required (possibly even those involving

p-6L1 d-waves, which have been neglected thus far in
the calculations) which do not affect the integrated
cross sections

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



conjugate relationahips, correctlv deteriine the

3

scale of the 6l.i(p. He) reacti... .10ss aection, much

as other 7L1 data had constrained values of the

€ 23

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

the EN2F/B-V 611 evaluatior at low energies.
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Fig. 13. Preiiciions fren tie trarge-symmerric 7-

7 ;
nuclecr. analvsis cozpared with recen: measurements cf

Elgyr et al. for the 6Li(p.JHe)‘He integrated cross

secion.
Concliusions

As the examples described in the previous sez-
tics sugges:, a great deal of information is avallatle
frox these multireaction R-matrix analvses, having
beer determinec in most cases btv a large and varied
collection of experimental input. Clearly, the
R-matrix parame:ers provide detailed information
about the spectro.copy of light syvstems, and even
informaticr about the macroscopic properties of
nuclear forcra. Of more direct concern to the sub-
ject of this conference, however, are the amooth (as
functions of both energy and angle) charged-particle
cross sections which result from them.

The dominance of Coulnmb effects in charged-
particle croas sectiors 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 for all
the reactions discussed. R-matrix theory provides a
framewcrk 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-
erergy cross sections than that obtained from the re-
presentations of fusion r°~ss sections commonly

used.za There are indicoric 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 mea- -~ments in the low-energy
region, such as those fo.sthcoming from the fusion

vrogs-section meesurement program at Los Alamos.3

At higher energies, the reactions appear to be
dominated by broad, overlapping structures, fe cf which
appear as definite bumrps iIn the integratec cross sec-
tions. These structures car be asscciated wizh def-
inite R-zmatrix levels, however, with the hel; of angu-
lar distributiorn meas:raments, particulariv tkcse fcr
polarization copservatles. Artenmpiing te use all the
available experimental data in these anaivses als: *as
obvicus statistical advantages, espezlailv in cases
where cirect: measuretenls 0f the creoss se 2:ic
conflicting or incempiete. In these rasce,
data inciuded, even for differernt reacticn:
dictate more corre:: va tes fc? crcss se-:

illuscrated b+ the p-ﬁli exa=;pie.

we feel tka: such R-ma:rix analvses, =a;
zax:icas wse cf the avzila*le experizental Cull wrn:il
izposing some minizmal Irnformation abcul nucieev :
constitute the hest technique currently at hani !rr
evaluating lighz-elemert cross sections. One ot:iairs
froz these analvses unjfied creoss-section sers, in
which the elastic scattering anc reaction crcss seu-
tion for a giver svster are casculated froc the sace
R-watrix parameters. We therefore sugges! that ccr-
pilers cof evaluated char,ud-particle cross sections
make use of these calculations, where available,
rather than rely on methoda having leas physical con-
tent and experimental input.

Acknowledgrments

K. Witte, whce developed and maintains the ELA
code, has bee.a cur ccllabcrater on several :f these
analvses. Iilkewise, . D. Baker ani E. K. Biege-:
ccllaberated with us on -nalvses cf the T-n.:ilecn Te-
actions.

B tan s o L.
. tie Vil " «
H Vavis PG
e leat P U BT SN TS T
LoAgslria (GuTHy,
2. Row. Comn, Boll. Am. Pavs. Soc, Zu, RS 9 87-n
3. N. Jarmie, Bull. An. Phws, Spe, 2., 820 2127w

4., D. C. Dodder et al., "Models Based or. Multichanne!
R-Matrix Theory," JAERI-M 5084, p. 1 (1%75).

5. G. M. Hale, "R-Matrix Analvslr of tiic Lighr Mlc-
mer:t Standards,’” NBS Spe.icl! fubifcation 305,
p. 302 (1975).

6. G. M. Hale, "R-Matriv Mcthocs for Lipht Svetem:,”
IAEA-90, Vol. 1I, p. 1 (i976).

FooNL Ol Tkedder ot G ML K
proximate Isospin Conscrvatios. in R-Matrix Ajal-
vses " ux Scutren Physics and Xnolear Data
(Harwell), p. 490 (1975).

Crrvlicatiens 7 Ar-

E. A. M. Lane aud D. Rebson, Phys, kev. 151, 774
(1966).

9. E. P. Wiprer and L. Eiserlmd. Phvs. Rew. =1, 2%
(1947).

10. A. M. lLanc and R. G. Themas. Rev. lod. Fhve, 37,
257 (195R).

11. D. C. Dodder. K. Vitte, and C. M. Hale, "Li'A, aun
Energy Depe:.ert Ana.vsis Code for Nuuiear Reac-
tions,” (urnpublished).



conjugate relationahip: correctly deterrine the At higher energies, the reactions appear to be
dominated by broad, overlapping atructures, fa of which
7 appear as definite bumps in the integrated cioas sec-
as other 'Li data had constrained values of the tions. These structures can be associated wi:h def-
(] inite R-matrix levels, however, witrt the hel; of aigu-
6 lar distributios meascrecents, particu.sarly thcse feor
the ESDF/B-V "Li evaluatior at lowv energies. po.arization observaklec, Attempting tc use ali the
available experimertal data in :these analvses als: -ar
obvious statistical advantapes, especislly in cacer

scale of the 6Li(p.3He) reaction cross section, such

Li(n,t) cross sectior in the an|1y31523 used for

E where direct measuremeris 0f the cross secticns arc
e conflicting or Incompiete. In those cases, zhe ciier
.17, 3T 4 data included, even for differewnt reacticns, ca- hel;
=~ dictate more correc: values fc: cress sez:ions, a«
c 1
- [ 4 illustratec >x the p*bLi exar.ie.
<F ) V
=1 T B We feel tha: such R-mezrix analvees, zaviig
EE ) iy zaximal use cf the ava'lat.e experizental cate =n_l.
- } : imposirf some minimal info matior adcul nucleas Tes,
t-cﬁ } '?‘- ! constitute the best technicue currently at hani ¢-:
E o chn atly ni f-:
v, :)'- T ) evaluating light-element cross sections. One obrairs
v. = 4 3. fron these analvses unifiec crcss-section sets, ir
% LA which the elasric scattering and reactior crcss sex-
E‘ tion for a giver svstem are calculated froc the sa%e
¢ R-matrix parameters. We therefcre sugges® that ccz-
pilers of evaluated char,ed-particle cross sections
g make use of these calculations, where available,
° 1679 rather than rely on methods having less physical con-
E tent and experimental input.
el
o¢c 04 OF 12 16 22  ze 2 Acknowiedgments
Fez il ENIEIY awing
K. Witte, whe developed and maintains the EDA
code, has been our colladcrater on several :f these
Fig. 13. Predic:ions fron thie charge-symmeiric 7- analyvses. likewvise, S. D. Baker anc E. K. Bleger:
. s i ‘. . . ccllaberated witk us on nalyses cf the 7-muclec: Tre-
nuclecr analvsis cozpared with recert measurements of
22 6 3 4 actlons.
Elgyr et al. for the “.i(p, He) He integrated cross
sezzion. Referer,. e
Conclusions Voot E. bead, UNuoledr Dwion Hegod e L -
nets: Tusicn Power frecre- Lrite
As the examples describec in the previous sez- of Ameri.a.” presents §oal .
ticr sugges:, a grear deal of inforematjon is svailatle Meeling on Nuclear Dota o Te e
fror these multireaction R-matrix analyses, having wriopy, Viernnao Aastria (1478,
beer. deternined in mest cases by a large and varied
collection of experimental input. Clearly, the 2. R. W, fonn, Buli. Am. Puys. Sl 2e, RAS 71070,
R-matrix parameters provide detailed information
about the speztroscopy of light svstems, and even 3. N. Jarmice. Bulas. Am. ™ave. Soc. Jo, 95 0 1WTG
informaticn about the macroscopic properties of -
nuclear forces. Of more direct concern to the sub- 4, D. C. Dodder et al., "Models Based or. Multichanncl
ject of this conference, however, are the smooth (as R-Matrix Theory," JAER1-M 5984, p. . (1975).
functions of both energy and angle) charged-particle
cross sections which result from them. 5. G. M. Hale, "R-Matrix Analvei: of the Light Elc-
ment Standards." NBS Special Publication 4l3,
The dominar 2 of Coulomb effects in charged- p. 302 (1975).
particle cross sections at low cnergies is modified
by nuclear resonances in many cases of intecest in 6. G. M, lale, "R-Matris Mcthuds for Light Sveters.”
fusion applications. This is most apparent for the IAEA-90, Vol. I1, p. 1 (1976).
T(d,n) reaction, but is true to some degree for all
the reactions discussed. R-matrix theory provides a 7. b €. podder st Go ML NHave. TAppliratiens oF Ap-
framevork for fitting and extrapolating these cross proximate Isospin Couscrvatice:s, in R-Matrix Anal-
gections in which both the long-range effects, like vses," un YNeurron Phvsd:s ané Nu-lear Data
penetration of the Cuulomb-angular momentum barrier, (Harwell), p. 490 (1978).
and the short-range (nuclear) effects arise in a
simple and physically meaningful way. Moreover, the B. A. M. lane aud D. Robson, Phws. hov. 151, 77.
interaction of these effects in the theory leads in (1966).
general to g different energy dependence for the low-
energy cross sections than that obtained from the re- 9. F. P. Wigrer and L. Eilsenlud, Phvs, Rev. 72, 2%
presentations of fusion ~-~ss sections commonly (1947).

24
used. There are indicati. s from the T(d.n) and 10. A. M, Laue and R. G. Themas, Rev. Mod. Fhve. 30,
T(t,2n) examples that the R-matrix dependence is more 237 (1958) : —
nearly correct, but s firm conclusion requires more - o
and better-quality mear ~-~ments in the low-energy 1 ro~

. . Dodder, K. Witte, and CG. M. Hale, "LDA, a1
region, such as those fovthcoming from the fusion Energy Dependent Anal.sis Code for Nuclear Reac-

cross-section meagsurement program at Los Alanos.3 tions."” (unpublished).



1?. G. M. Hale, J. Devarey, D. C. Dodder, ard X. 20. S. L. Grecre, "Maxwell Av.--apcd Cross Sectlona for
Witte, Bull., Am. Phys. Soc. 19, 506 (197i). Some Thermonucicor Remw::, u~ un Light lmotopes,”
L'CRL=70322 (1967).
11. Sec, for 1irstan.e. R. B. Theus, W. . M Garv, and
1. A. beath, Huvl. Phys. 80O, 277 (1%66). 2. B. K. Duane. "Fusicn €rose Secrion Therrs.™ BWYD -
1685, . VS (1%12).
‘e V. AL Serpevev, Phve. Lett. 38PF, 2RF (1uT>), .
Ao 0, TIwve et al., "Cross Section- for the  1Lon,
JHEJ-HI ACar 1220 Al Lrereior Rolweer 700 mre o0
NeVL" snkritted 2 Phve, Rev., £ HiGgl
guhnitted o Nug,. Phvs. (1979, .
€ the Li Swero-

% UL FEude et 2., "Dnvestigation of Charze S
Iatisn in the Mirror Res:otions <Id. gk

Z.r e,

. : Undvervily, persnuil NRE Spo.oiad K I
Zer Mnothese reprocert
DT WL Ry ATroid e ad., Phvs. Rev. P3L LB2 (193. explicil in the ¥
is the Garow oxtr.
Lo Foow Arnsld el al., TAhsclute Cross Sectlon for oxery e oarl Res.
. .
Uit Paae tdon Tl Lvile” frar 10 te 120 ko™ Wi T, B
Ta-ToTU (TuIn, -

160V, 5L Fferow, 8. X, Abramewi. i, and . 4. Morkir.,
Gk frGT7,



