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6. A::*::-. :Ca. -(-c?: - -:. . . **:::-:. ., .a::ta. {-:. . . . .

e:-~..;. ::,.:. :,~..:i ,t -- . . . . ..- .4.. . .
. ..”. . . . . . . :.. - .- ... :L: .... . ,.. : :. :-- i: -..:

:Ie. ‘. !:;: :: :. ....,.,.. :. . ,-: .,, ::. :(’7: :(’. :
:., :: at’ ...-.:--- ,.-~. L:.. :.::. . :: .-., 1“.1-..----
T. ., .?:!,-.: >., :-.’.: -:, !:,,:,.: .. ---.::-.
,f: , :.-:, : ! :..-.:... !-------- .-:, (.7-. . . . .

,.- .4..,-!.. . ,.. . . . .. 1:.. . :.a rt..l .1:: :-.,):-..7.
.r. .c - . . .

7 -::.. .. !: * .6: :<- ~~( -. !:!..
,. . . . .. ,:, .:, . .. . . . . ::.:.. .. :,> :, . : ‘a : ,L ~..,
.:., -’.-,.’ :, :* :-# :.. ,..,.Y,...L. ;.. A.,:!
. . . . . .:.

,1:- .:. ,.
L

free which it fc:lo+s i-ti-t?ly that
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= (c:~.} in the “reduced width ●mr:itude”,

A.. .~-.> ,.? ::. -.._.



:-t,..-

.; .:-
.,.
J--

.-.. . . .
. . . .

..( T :

,: .:,-..

:, . . . .

~.. , i .-:-

:., :T. ’e-

~e.,. .

..

.
rhamne~ (n-JHe and p-T) penetrabilities, ●tc., would
arnear tc give the o~poeire effect tc that observed -
le. the enharrermnr of tht proton branch. However,
wt r.r:::er! G coupensatirp e~hancement of the neutron
!-rar.c! :r t!.e p-wave states corrin.r from isospir,
tcix!EF in :he externai Cculoti field, ●lrhmqzt, it was
not sufficient :(, ●~lair. the ●xperimentally obrerved
tiifferences.

I
t

[

Fig. 2. Ratics of the integrated croEs secticns,

~
0,,(0) @ (o)
—;~, fur the

CP
, ~A ‘f the ‘s~etriea’ cn(90)

P

:r. Itif=‘r. Y = ~ levels. This is ●ntirclv consiscmt
sit! the Mrr.i:udc c! the ❑atrix element one miRht
●xpect fror Ictemal CculcrnF mixing, irviicatimp that
per!-ars anerrlcu= differences ●ver. as larFe as thoce
rhsem,ec! in the d + d reaction cross eection6 MY be
●xrlalned ●ntirel~ h~ Coulomb ●ffects.

two branchea of the d + d reaction. The points are
m:~surements of Theus et al; the solid cmd dashad cur-
ves are R-matrix calculationfi with and withc,ut internal
ieoapin mixing, respectively.
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Table 11.
5

He Sys:c L M.alys!. s

.

CHAmEx INcL~DE13: d-t

n-&He

n-4 He*

No.
Energy Oboer_v-
Ranpe able Nc. D:, ?a

React Ion QkJL Tvpes Pcints

T(d, d)T Ed=9-E 6 75:

T(d, n)6He Ee-o-8 13 852

T(d, n)6He* Ed+ .8-8 1 11
4

He(n, n)LHe En”O-28 2 799

TUTALS : 22 2LIL
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Fits to T(d, n)4He cross sections and polar i:aticn at
en?rgiep between 1 and 7 NeV.

Tht fits :0 a small sample of the 2400 data peinta

●re shown for t!w reactions T(d, d)l , T(d, n) LHe, and



in whick the Inverse-energy ●nd Gamm-penetrabil ity””-”
dcaendencr haw been remmved. What ramaina, the so-
ca~led “ao[rophy~ica] S-ftmctiOn”, would plot ●s ●

horizcn;&I straight line if the asfiu=pticns implied
by the usual Gamw ●xtrapolation of the los-ener~y

cross 6ecti2ns were valid. ln fact, the dasktet line
laheied “Gamcb- excrapeiation” correspcmds tc the

17
cross Sectiar va!ues repcrred t: Amoid er ai. it

ik
place of their cwr experimental measurer.er.ts

( ) at ●nerpies b~low ~C key. Tht P-rfi:r:x :&i:L,-
la:icfi ciear:y doeE net follow the GancL c!e~enicr.ce

at iO,.’ PZt:gles duc :0 ttie rescnance, anc tents [(
iE

confin CEC heha~ior C! the cripir.al masu:eren:s,
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FIR. 5. Fite to 4Me(n,n)%e croaa ●ectiuw amd polar-
iza::vs at enerRies be:weer. C.9 and 24 Mel’.

.
i
.
:
-.

rig. 7. Astrophysical S-functicn for T(d,n)4He as a
function of laborato~ energy. The sclid curve ie the
R-matrix cal:ulacion. and the dashed line is the G.]nw

17
●xtrapolation reportad by Arncld et ai. in place of

their measured pcints
le

( ) at enersie.s below 2C keV.

We ●re also doing a siuilar analysis cf reactions

in the 5Li (d-3Hc, p-4He) systec which uses an even

more extensive data base. The calculated 3He(r!,pJ-tit
integrated cross sectior we cbtair peaks at a value

nearly in the ❑iddle cf the broad range of meaaured
values that have been obtained ar the peak - from 70C
to 900 mb. Neither of the five-nuclecr analyse~ is
yet final, since new measuremant~ have been adder!

recently in brth cases which Appear tc conflict with
some of the data previously being analyze:, but the
essential features of the calculated reecticn cress
sections discussed here have not c anged.

k ,,,.l, ,, tin,,

i

,(:’i . ~-.-. . ..— -.. . .— .. —. ---- -T - - . . .

1(1‘
,,

I(I La (U1.”.l Iu I(J’

FIE, 6. R-matrix calculation (solid ccrve) compared

tc va:ious measurements of the T(d,n)4He integrated

croe.s section at ●nergies below 8 FteV.

Six liucleons:
5

He SystemThe effecc of the 110-keV s-wave resonance on the

T(i,n) crosg nection peroists dovn to ven lob’
deuteron energies. ThiB can be ●ean in ●n ●xpanded

pl~t of the low-energy cross sections shcwn in Fig. 7,

Our study of raacticn In % ..,~tem is m~tivated

by large unL rtainti+s in the T(t,Jn)AHe cross setti@n



at low ●nergies, corresponding to large dLscrepancie6
among the meanurementfi. A6 can be seen iIITable III,
very feu meaauremsnt6 are ●vaila51e for rea:tions in
this ~ystem, making thi6 ana2y6is an exa~le of one

of the simplest we have yet done.

Table III. 6Ht Syste= Analysis

CHAV:EL5 lSCL~PEi): t-;

5
n- He (2n-LHe)

!;0 .
Energy Observ-
R&~Et atie No. hata

Reaction ~ T~Je= _ Points

T(t,t)T Et-O-: 1 ~~

T(t,2nj&He Et-&2 1 71

TO?ALS: 2 96

The flt6 to msc of the few available t-t dif-
ferential ●lastic scattering cross 9ection measure-
ments are shorn in FIE. R at trico~ enerpies betueec
].S an~ ; YeJ:. Alt~ UC!, these fi:s are quite CCCIL,
i[ IS Clcuk:fu] whc:her th.s:: constrain ve~: 17uc1: tt.e

fit to the T~t,?nl reaction cross sections shovn in
FIF. 9, particularly at lob’ ener~ies. Nevertt.eless, the
P-~a:riy ca!:cla[jcr. shck,s : defizi:e preference frr

19
the ?e:a!i\-ely recent measurements cf Sercv et al.
ir, tt,f. lw-enerp regior. This re=ain$ the case even
when CEE Serc,t, .Sa:a are reqcved frtw the fit, indi~a-

ticg that the low-enerfl hehai,icr cf the calculated
cross section is actually bcin.g determined by con-
sistency wit!. ttie data at energies above 10@ ke’~,
Khere the neasureme~rs are in much better Eutual

apreeraent. “Of course, the lcm’-enerry extra~clatim
o! rhe cress section is tc scme extent a functicn cf
the extrem:y =~:.~:e parameterizatirn cf the R-catrix
necessitated h:: lack C: data, but the a.creemenc ~itt:
the Serov data is an Indication th~t this parameter-
izatir.n ma:: be adequate at ener~ies helm 2 XeV. In
particular, we take into account cnlv contributions

from the 6He ground state, and from a level vhlch is
responsible for the alight bump in the t+t reaction
cross section at energies close to 2 14eV,

Large differences betwen our calculated curve
and some of the ●arlier measurement at ●nergies
belw 100 keV (ace Fig. 9) result in significant
difference between Maswallian reaction r8te6 calcu-

lated from the R-matrix erosa sections and thoee baaed
on the ●arlier data. Our reaction ratea become a

factor of two or more lowar than those of Greene
21

and

of Duan~2 ●t temperatures below kT - 10 keV.

Seven Nucleons

Although the ●naly6is disclssed here is a charge-
symetic R-matrix analy6i6 of all the 7-nucleon reac-

7
tiorm, including thoee in both the Li ●nd ‘Be Eystems,

7
we shall ~ntion only the Be reactiona. This is be-

7
cauae simtlar analyaes of reactfona in the Li system

5)6s23 in Connection withhave been discuss?+ F16ewhere
7

hsutron scandarda applicaciona, and because the Be
system contains charged-particle teactiona of grrat

intereet in advanced fusion concept6.
2

-.-..,.,
.——4..

.-—-—~ ---- Q_- . - _. ---

,

--- - — - .
,:-; =-: :----- _ ....=

tii.:k: = -“*-: =’”=LL* : ‘
. - - . . . . . . -— .—

::. :. :. ..-_ -—-—-: n= = ..;--: .,,. , ., > .=. .= —-.. .
=.=4+.:3. A.&&&.

. - -. - - - . --. -... . . .:;-
U ....i-.A&.i_i : ~ :

r 2..2— 2 ...4 -—,.

. - . . . . - .

: : :-u : - : -.—-.... -.—-.+- .:
L-i >- 2-.
. . ..J —---- -.-. L .. -—..

. -- . . . . -—.-..

t:zi:.x::: ““-— -==2.- :. n
. : .— . :==*.. ,
. - .—..—..._ ~—
=“============4” .’

—-. .. - ..- ..— —.—--
----- - —. -—. ———- ,—---- .— --- —-—

— - .-
,.

. . . .

-!-----

—A–a. . . . ..
-— - .—+..--—.. .- — .

EiEZLi-++iii:.’;.
,....2 - - - - L .

,----- . . .. .. . .. . ..

. . .
—2 .— —L..

.- - .-..-—..- .-—-.-.- ..-. ______ —.= .
‘ti=-::==”==’~:;. “;-

~ ---—.. . ..— —--
.4 ._——- —-- —>. . .

=J --- .= -T*> :x. :,

-—-. .,

1 ,,, , ,, _,... — —.,-

.. - . . .

Fig. R. Fits cc T(t,t)T tifferen:al cress sec:icns at
energias betweec i.6 and 2 !4eL’.
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Fig. 9. R-matrix calculation (solid cume) compared

wiLh various Uasuremelits of the T(t.h,)Ll{e inte~r.lt~d
croaa section at ●nerpie6 below 2 MeV.

A suma~ of the data included for the 7-nucleon
reactions ie given in Table IV. Cross eection and
polarization measurements are ava’.lable for the four

reactions poseible among p-t Li an~ 3He-”He (’Be systeuj.

The fits to some of these are 6hokm far the three

independent reactiona 6Li(p,p)6Li, 6Li(p,3He)4He, and
h

He(3He,3He)4He in Figs. 10-12.

The problem in the 6Li(p,3He)4He reaction. ~!:ich
7

is of greatest current interest in the Be aystec.,
has been that the few ●xisting differential cross
section meaeurementa have been relative, ●nd the
●baolu:e determinations of the integrated cross acction
have differed by ●s much as 50%. In the 7-nucleon

anaiyaia we described at the Haruell crnfetence7 aG
m example of our .harge-independent ap~roach, the



Table IV. Seven-mlclmrl &elyBls . . . . . . . . .
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CHAXZLS INCLLDE2: p-bl,i n-6Li
--- .~

,,-,...—. — .— .—’

%e-4He t-4He
, ,.:—L_.T. -

,... .- —. — -- ——

..-. ~——xc,
Observ-

able
Types

—..— ~.- - -___,
,,

.._-— a —-. —— -- -—

1

...—-- ----- _____ . .

i
.-..,..

.

,..-. —— L. .—. —

... .- .-____i -- .-...–
/

Energy
Ran Ee

~

EP4-2.5

EP=O-?.5

‘We
“:tiil

En. o-:.7

En-O- 1,7

Et=O-ll

TOTALS :

,-...-— _— ---
.._ -—-.—— - .-—,.
... ——— — ----=- —=
...— _— __
.. . -r—

1 . -----

.

.-

. —— ____ ___

. . . A .—— .-- .-— .- ~ L’..
,...— - ---—---—-
-----..___ _- ___ .-

;,. .—. _ .. -J—

)40. Eata
Polnt-—.

1B7

559

lLb7

330

466

1355

4386

Reaccicn

6
Li(p, p)6Li

6
Li(p,3He)-H-inv.

k
H~(3!ie,3He)4He

5Li(n, ~)6Li

6
Li, (r, t)4He

4He, (t, t)&H~

1

3

:

3

2

2

13
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‘Fig. 11. Fits [O 6Li(p,3He)AHe cross sections and

—--- ---- -
polarizations a: ●nergies below 2.5 YleV.
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Fig. 10. Fits to bLi(p, p)bLi cross aeccimo a:
●nergies below 2.5 USI’.
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●xperimental crose-Eection data included for the

6L~(p,3He) reacticn req,~ired extensive renO~ali ZatiOn

in almcst every case. We have therefore been uncertain
about the reliability of the ecale of our calculated
cross sections , which presumably wa6 detemnined by
data fcr other reactions in the analyeis. The agreement of the calculated fingulsr distributions

‘~ith the new data” is grnerally poorer, ●specially
at ●nergies above 2 MeV, indicating that 6omewhat
different interferences emsng the partial-wave ampli-
tudefi are required (pcssibly ●ven those involving

p-6Li d-uuve6, which have been neglected thus far !n
the calculations) which do not affect the integrated
croaa eections

Recently, new ●bsolute ~amurements of
6

Li(p,3He)4He differential cros6 aectiona at proton
energie6 be:veen 0,14 end 3 Mel’ have been made by

Elk~n et al.
22

at Argonne National Laboratory. A
comparison of their integrated cross eectiona with

our predictions’ 16 ah- in Fig. 13. It can be Been
that the agreement of the calculation with the n?w
❑easurements is excellent, both ill ❑hape and magnitude.

Thie comrariuon indicatea that the ocher 7-nucleon
data in the enalyaia, through unita~ and charge-



conjugate ralationohiprn, correct!~ deten!ne the

scale of the 6Li(p,3He) reaCtiL.. .IJS.S eection, much

a9 other ‘Li data had conscrainet velue6 of the
6

Li(n,t) croes s~ction in the analynis
23

u6e~ for

the E!::F/B-v 6Li ●valuation at low ●nergle6.

/
n2:Lecr. analysis coqared wi:t. recer.t measure~en:s of

Elc.yr. et al,
22

fcr the 6Li(F,31ie)4He integrated cross
se::iar..

Coricitision.=

As tie ●xamples described in the previous sec-
ticn suggefi:, a great deal of infcrca:ion is available
frou these multireaction R-matrix analyses, havin&
been detercinec in ILOSC cases by a large and varied
collection of experimental input. Clearly, the
R-matrix parameters provide detailed inforc@cion
about the spectroscopy of light systems, and even
i.nfcrmaticfi about the macroscopic properties of
nuclear forcee. Of mre direct concern to the eub-
ject of this conference, however, ●re the emooth (ae
functions of both ●nergy and angle) charged-perticle
croes sections which result from them.

The dominance of Coulnmb effects In charged-
particle cross eectior.s at 1~ energies is modified
by nuclear resonances in many ceees of intereet in
fusion applications. This is most apparent for the
T(d,n) reaction, but ie true to come degree fur all
the reactionfi 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-rande (nuclear) effects arise in a
ainple and physically meaningful way. Moreover, the

interaction of these effects in the theory leads in
general to a different ●nergy dependence for the low-
elergy croes eections than that obtained from the re-
presentations of fusion p--~e eections comonly

used.24 There are indic.=ri. M from the T(d,n) and
T(t,2n) ●xamples that the R-matrix dependence la mre

nearly correct, but a firm conclusion requires more
and better-quality mear ‘mencs in the low-energy
region, euch as those fo~”thcoming from the fusion

croee-section meveurement program at Loe Alamos.
3

At hiBher ●nergie6, the reactions appear to be

dominated by broad, overlapping structures, fe cf which

apPear ●u definite bumps in th inte~ratet cross sec-
tions. Thesr str,~ctures can be ●bscciated wi:t. def-
inite R-utrix lt~-e]-, !lowe\-er, wltF, the %]: o! ar,gu-
lar distribution= meas,:re~ncs, partirulariy CF,cse fcr
po;arizet!on Cbservat]es. A?te=p:lng cc ~$c al: tit
available experimental data in :hese anzlyscs als: ?.a~
obvious statistical ad.caz:apes, espe:iaily in c~se+

where direc: mea+~reritr::s o! t!?t cress st~::c.r.s art

conflicting cr inccmF:e:t. In :F,cst case+, ::,v ~::.e:
da~a inciuded, ever, fc.r differer,t rescticn$, car. :itii:

dictate rcore cfirre:: ‘va. ~es fc. r crc5s s~::flon: , a.
6, ;

Illue:rated by the F- -4 ●xa=pie.

k’e feel tha: suet. R-ma:rix analyses, :aj.ir.g
~ax:~~~ .u~t c: :hc a..!z:l~k:~ experi=e:.:~1 c.,:: .. . ...1.

izpcsir.F sa~e F.ir.i=fil :r,fcrr,s::o~, a:c~: r..~ciear f< r:e~.,

-k-j<.de cUrrer,[ly at F,ar.< !,-rconstitute the best te . ....

evaluating ligh:-elemect cross sections. Onc ck:air.s
frou these analyses unified cress-section se::, 1..
which th~ elas:ic scattering anti reactier, cress s.E:-
tion for a giver sysce~ are calculated froc the sar~
R-matrix parameters. h’e therefcrt sugge~t that ccz-
pilers cf ●~-aluated charetd-particle cross sect:cns
make uae of these calculation, where ●vailable,
rather than rely on methode having ?.eaa physical con-
tent and ●xperimental input.
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conjugate ralatlonahip? correctly detea!ne the

ecale of the 6Ll(p,3HeJ reaction cross eaction, much

as other 7LI tiata had constrained values of the
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for the
6

1.i(p,3He)4He integrated cross
sec:~on.

Conclusion=

As the ●xamples describec in the previous sec-
ticc sugges:, a great deal of infcrcation is available
frou these multireacrion R-matrix analyses, having
beer determined in most cases by a large and varied
collection of experimancal input. Clearly, the
R-matrix p~ramecers provide detailed Infomtion
about the spectroscopy of light systems, and even
infcrmatic~ about tl-e macroscopic properciefi of
nuclear forces. Of ~re direct concern to the eub-
ject of this conference, however, are the ●mooth (as

functions of both ●nergy and angle) charged-particle
croee sections which result from them.

The dminar * of Coulomb ●ffecre in charged-
particle cross sections at low energies la ❑edified
by nuclear resonances in many caues of inte~est in
fueion epplicationa. This is meet apparent for the
T(d,n) reaction, but ie true to some degree fur all

the reactions discussed. R-matrix theory provides a
fratmwork for fitting and ●xtrapolating theee cross
tsections in which both :he long-range effects, like
penetration of the Cuulomb-angular momentum barrier,
end the shore-range (nuclear) ●ffects ~rise in a
simple and physically meaningful way. Moreover, the

interaction of these effecce in the theory leadfi in
general to a different ●nergy dependence for the 10W-
●nergy croaa sections than that obtained from tbe re-
presentations of fusion ---=s eections commonly

ueed.zb There are Indicztf. la from the T(d.n) and

T(t,2n) ●xamples that the R-matrix dependence la more
nearly correct, but M firm conclusion requires more

and better-quality maa- ‘menta in the low-energy

region, such as those forthcoming from the fu6ion
-f

croee-section ~aauremant program at Lo~ Alamoe.

At hi6her ●nergies, the reactions appear to ba

dofiinated by broad, overlapping atruccurea, f. of wt.ich
●ppear ●s definite bumps in thn integrated ctoas ●ec -
tions. Thear structures can be afisociated wi:t, def-
inite R-fiatrix level~, however, b’itk the hcl~ of ang::-
Iar distribution measure-nts, partlcu.arly these fcr
polarization observable=. Atte~ptlng t@ use al; the

●wailahle experimental data in :hese an=lys~s als: ‘.=s
obvious ~tatistical advantages, ●specially i!? case=
where direct mess.urentc:s of th~ cress stc:lc:.sarc
conflicting or incc~:ete. In thcs~ casts, :ie L::lt:

data included, e~er, fcr differer,t reacticns, car. :E:;
dictate more correct val~es fc: cress se::!c:k, a.

illustrated h:.’ the p+6Li exas:ie.

h’e feel tlia: such R-m~.:rix ar,alyses, =a;,.ir.g
maximal USE C: the avatlak..e experi=e:.:61 LA:: A’T..l,

irzpcsirF some c.inizfil irfc%a:ior abcu: cticlear ~cr:~s,
constitute the btst tech~itue currently at har,~ f:r
●valuating light-element czoss sections. Onc Ob:air.s
frou these analyses unified cress-seccion SC:S, ir.
which the elas:ic scattering and reacticn cress sec-
tion for a giver system are calculated fro~ the sa=
R-matrix parameters. lie therefcre suggest that cc=-
p:lers of evaluat~d charoed-particle cross sections
make uae of these calculations, where available,
rather thmr rely on -thods having leas phyeical con-
tent and ●rperhental input.
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