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CHARGED-PARTICLE ELASTIC C1iOSS SECTIONS

G. H. Hale dnd D. C. Doddrr
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Los Alamos, New tfrxiro 8754S US.4

J. C. DrL’emIx

214 Nuclear Engineering Laboratory
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IIrhanfi, Illinoik b1801 USA

Modern Lrcatments of enerRy loss in plasmas throuRh elastic srnttrring of eIIFr~rLir ions rrqulrr

compleLc knowledgr of charged-particle elastic cross scrlions. R-matrix lhrory providrs RII rM-

]Illrit separation of nuclear ant-l Coulomb effects in Lhesr cross srcL ions, and Eivrs rra~onaljlv

exlrapOIaLiOns to small angles and low energie~, whrrr rlnta moy hr scarrr. We out lint. tlIr rdl -

rulation of charged-parlicle elastic cross sections frnm N-matrix parnmrlrrs,
\

,11111 givv l,x~m Ilt, ti

[or d-T, (1-u, and L-a scattering, obtained frcm cumprehrrrsivr anfilyues nf rt,,]cliuns III 1111’ “111-,

‘Ii , and ‘Li compound systmns. Expansion cosfficlcntti for an eXa~L polynomial represrnlill ion Inr

the rfitfrrcnce of the sraLLrring and Rutherford cross nertinns (UN,) tirr givrn for d-’r $~111-
ter]nE. ]IILP,Qrdl quantities involving 0 calculalrrt from lhc prt=sent crnfik srcl lIllls ~lisilp.rrr

N]
sulIslaIllIJl]y in some cases nrar rrsmancrs WILh a rerenL Livrrmnrc rvalunlion.

[Chnrged-pnrlic]e elastic cross 6rrtions calculfite(l lrnm R-maLrix throrv, d-1, d-u, 1-(1 slill-

lrrinR al rnrrp.ies helok’ 5 ttrV. Pulynornidl reprrst,lltal ion and illlrRr.lls [(jr uN1l

Illtrnduclion ..-

Cl];)rged-parllclc rlaslic’ (CPE) scuLtlmrinR is aII lm-

p(]rLilllL pnrr~y-lnss mechanism i n i{)nizrtl lll;lsmn~.

‘Trddilion.lllv, thr slnwinR-dnwu Lrratmrnt II;I* lJhrII

IIILO drItIIInl orlly thr rflerls of IWthrrfortl (nr “purr
l:nulom~l”) srir Llrrirlg, in wlli,.11 Lllr cIIIrrgy l(Isri comr~

Irnm smnmirR ovrr l~lr~r numbrrs 01 Kmall-angle drllrl-
t 11111s This dppruxim; ]t ion is v;llid in mu~t Cil Sf, S J(

lnk cnrr~i(,s, wllrrr llIr (olllnmll ampl illldr llomillnLf,s

[III, nu( lrnr ~mpl illlde%. Il(,wrvrr, nl hiRtlrr rnrrRitss,

dlrrr l’ner~y l[,hHrK drr rnorr stlllbl~ntial , Iluc]r.;lr
,Imlll i LllIlrs !11 II*CL I 111, lnrgc-allgir tlIIss tirclioll~
sl~lli[l(,llllly, Jnd rntrr rvrn at hmill I MORIVS Lhrough
ill((.1 I(,rf,ll[r will, 1111, Cuu!omh nm]ll i!. u(lr. 11 Is

imporl~inl , Ihrrrinrr. 10 hnve a mvlholl I(]r drst. rihing
,111 1Ill, trc,ml,tbnellt h (1 f (’1’t t rlvns SI, CI i{]ns, WI, i III

]Ill,i,iflrs 1 -llsoll,lhlc rxtrill.!jl,ili(]ns Ln rrgil,lls Iltlt
,Ir[, rsslblr III llll.,l sllr(,lllt.ll[s (Ilsl”dlly hnl.111 illlglf’s {III(I

lIIW rllt,lgit,s).

H- III;ILI’IM LhrIIIVl i~ II IKIIIV sllil;ll,lr lot HIItlI u IIC -

hlrllltloll, xill(f,, ,I!i h,In bvt-n Ilf,illlr[l IJIIL :1( 111’f,\’ l!lllh

(~li)fi:; S1 [.1 11111 m,, rl ill~s2 4, il iIllnwk n p,lrnml’tl Ir
L rr,l Lmrl!l 1)1 shorl-Ion ReIl (nu(lrilr) rli”rrts, wlIIlr
;, I,, II II II IIIE rx.1t.1 Iv for lllll~-l’illl~fhll lhlfl)l’’ll, !.111’11 .l~~

!11(, (:( 1111IImlI ,11111alIMlllar m[]mrnlum 11.lrrirrfl. vwti, Illr
Irl, lil’. ionsllllt hrlwrrll Ll]r Ct)till)ml) nllll Illlc’ loin pill’tH (11

111(, ( Irt Bsri Sri. t 1,111 an ,1 tullft ion UI rllvrxy 4rllIl nnRII,
i s I. II IISI I ,1 1111.11 hV a (Ilt.t,ry ~hm[ rmllt]~lirs (III. lumla -

mr;ll ,1 I III [Iljrr( irk (II II IIi, lriI, lnlt”ra II II IIItl hIId t*liHblrt,ti

1111, [I}rlt,(’1 1 lmlliit~ hrhilvi[, r 411 Hmlll I IIIlglcK n;l~l lIIW
rllrr~ll,s , Will.l!, till. 11)11~-rilll~f.(1 l.llr(. tfi [Il)mlllalr.

Ill 1111, l“[}ll,lwin~ MI,(1 iIIII, Wr (lilt I inr 1111, I; Il(lllul i(lll
III [:1’1; I.r IISM xr(t it,llf. from Ii-mu! rim l)nrnm~lers, thrli
show I(1I a II*W Imll(,rlnlll I.nfirfi hou Ihrsr Inltl11411r Il

1 Itlli!; Krl II IIIIA Ilf, )lllvl. ilN [Illlrtinllll of rlIIIIRy 1111(1

.Illp,lt, nllIl lIIIW lhvy (omllllrr willl rxl,rrimf.lltnl tlrilm, 111

!ivIll IIn Ill, wrI ,Irvrlol, nn rnaIl pulynomlal rrp -

rl’~{’lllfil 1~~111(11’ Ih?’ dll f!, rrnrr of Lhr (’IIE MIId kulhrr -
flllIl t IIIF+% NrI.1 itlllfl
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illll#lratr thr lle-
IlilvltllIllI.hi+ I rI)I~ri III.( 1011 n:,d tiomr III ilm rnpalI-
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,If (1 aIr flif;{uN~rd Ill Srtl [(111 Iv, Wlllirli I- PRII]IN
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I Imlll,lt,l,!l with fiIIIIl hvr l’elrlll t,v IIlunl i~ln. ‘rhr fillnl
KI.11ion mIImnnrir ISH Ihr Impl)rlnrll p[lllltll 1)! l:lr plr -

Vi[ll l!; 111Nl,llkh i(#ll 111111HIV( N l.t)llt Ill flillllt! ,

N-mnllix 1)1, N{IilIl ii,ll III (:1’t Srnllrrin~

Ilvm!,lllk ~11 tlII, N m4111in JIr MI VI.11 lIy 11111,11.11iIIIIII (II
(,!41 .111111,1 Iy Ill, GI” FFII’!4 111111’111111 IIpelill(lr 1(11 111!,

11111,111.11 Ilnmi Il,)llinll III n hvslrm IIt Il,lrr.ltt IIIM llnl-

I 1( Irmh 1111 !hF !WU-l,(ld V I,halllllml hllll~!l ?- ~lf 1111. MVHIIWU2,

llIry kau Ibr rxprrn~vd 1111

Y,.IAY,.A
u =1,*C 1,

A A-’” ‘
(11

whrrr III(, y
rigrllrllrrgil;$

,111(1 1.
A

ilrr I,(,flll((,[l-k’i(lltl .Imljl I 111111.s ,11111

,, rrsl)rt I ivt, lv, 1111’ sI,, I,.M 1A) h,lV,,,~

Iog,ll-l I Ilmi 1’ tlprivdt Iv,, I}lt,,lrlt II Ifl S II 011 I Ill, ( 11,111111,1

rillrfu[.f, Ilrl inrtl Ily ril[li i r .- ,1 , +l,r ,1,,,1,,,,,1 I!ll,t,l

10 - Ili,lsf) (Irlllltrh ;1 I.1- It IIIV ‘,Ir I ;Ilbgrmf,ltl (1 (,1 1111,

tiystfwl III Il;lrl i( Ios lIJv Ing alui,l,lim IIImIhi,Ih .1,:.,1’ .I:. -

I,ot Iillrtl WIIII LIII, II tillglll, ll Mlmlfsllll; ill, 1111111 !. 1,111, ,11141

att III (J I mIKIIlar momrn[ um. lrKIIr# I Ivrly

If. 01,1,.1 I II t’ill[.lllilll, 1)18:; 1,1 \,,lll 11,1, , !.Ilt )1 .1s , 1!!!,!,

S(I( 1 1(111s, of ,, K(,lllrl’l,lg 11111, l,!. s, II I !, ,11,(1. h!. .lly

la I II, IVV mall I IX rlrrnrlbl h (It 1 ),,! I ,,,,, ~,1 ,,,,, #,,,,, ,,, it,,

Ttll.sl. .111. ll. I. IIIWI 111 thr. N Ill,lt I IX IIV ~’,r’

“’’(’,,l/:,,,. I
11,1

‘l,, f,
I 1’

-(1,-11)1:! I“’;’r ‘
II

A
;’ I (1,1 -Ill

at
1, (.’)

l’t

IN llIr (l III UIIt I,Il mill I IM 41! tI(IIIIIIln, Iy-l 1111111111111

II ;11111 1. 1!4 41 Illd)tllllrll m.11 I lx Illlll,lllllllp, 111):,1.

\I!,llvilllvrs Ill t Ilmllllll, l l,lll~tllllg s~llll,l II .11

Wilvl,ll , bill (II { ,111 Ill, 1,%111I,!; :il,ll 41!.

:; I 11” (1)
1 1’

ill tf.lm74 III Illr I hallll~,l hlII II AI III III-III*I tltl Il II Iv 111111 -

I tl)llfi, s 1111(1 1’ , ‘1111. 1111;111111 1!. s Ik, .11111 .O 8111.
Ilh,ltle HII1” IIH 11)1 ‘i:lllllllmll ;1111111!1111-1. plll”lr ;14 !11 I 1!1 Ill)!,

rrMllr~l iv!. ly. NIIIV 111111 III, ( ,111+1. (II 1111, m.ltl lx Ill.

vr. rNi IItjn III (?) , nlly rlr. mf, tll III “1 Ilol If.llll :,, Ill ~f,lll. 1.11 ,

(Ill 1111 I Ilr rlrmr,lll N ,,1 N, Illltl VIII. \t, l!..,,

lNIf, rtv IIhlr M for 101(1111II Iltnttt,l IIIH Illvlllvr 1,11l\’ Illr

T-mnl I in rlIwII.nl II 1411 wlIIth Ii’ 41. II 111,, !.1. ,11,.

II PI1411 rtl II,,,

1. . ((f’ [i) 1:,, !,3,*,.1,

th@ll IIli, !-ill N! II ll#41ti#-1 ill K t IIIN!I N*.1 ! 11111 till (Il,llul),l

ll~liil l,-N 14111 Ill, WI II 1-11 rlrl Illr 1111111II! 1111,.1. IV. IIIQ, L:

(!( 11) - H“(p) I llN(p) I {1,(11) , ,/,)



where fOr p ❑ COS(~CM), the “phre Coulomb,” or
8 Rutherford sraLLerlng cross riection is

f OR(P) = [~~~j]z , (5)

the “purr nuclear” crnss section is

LJN(p) = [(2s1+l)(2~2+l)k2]-’~~ (-1)6’-S
L S*E

all,l Lilt, C(biilonbtj-111A(,lr4r intrrferrnrr cross firction is

q irf@rl$( l-p)
[1,(p) = - —.. . —.

(2sl+l)(2x2+l )k2( l-p)
IIr[r?

> (2,1+1)1:1 *g I’Q(,I)I (7)

.Jsv
.,

ill }111S. (5)-(7). k is the, rrn[er-of-milxs wovr nllml,rr

;Ifl’1 II 1111, Ct,lllnml, Ijfiramrlrr fnr i) (Iislillgllisllill]l(,
],,811 ,,1 illlrrilrlin~ llnrli~.lt,r;, R urr Ll]f,ir
Kl, ll!s, 7 Is ii m[,(li[irfl Pa I.alI ,~:lr }I::il,l:% drf,,,,,(l
Ill RI*I ‘I , ;In(l 1’,, (}1) iti lllr n [Irtlrr l, I,ur. IIIlrr 110 IV-

Il[,mimml ,

Elr,slit til Olllrril\R (r[)ss fivt 1 it)lbs ci+lt.uli Ilr I! from
rt,lilll{llls (h)-(/) ilrr till IIwll ill ti Es. 1- I 101, 111(, (.;!s1,
(, I d-T, II-1*, .11111 I -(1 H[nilt,rillu, ‘rhr,slm ~llf. 1111,

I,lim,lry lrabss Ht. [ I ,011s th,Il nrr rr(illi rr,tl WIIr II 11111-

31tlf,I ill~ I 111, slslb,ilhg (Iowll [11 1;1s1 i IIIIS Ill il 11-’1’

Ill ,,s111,1 ‘Tllr f4-m.il rix ll,lr;!mrlf.lh uNr, Il ill tl~I.s(, i,Il-

1 Ill ill 1(111s tOImrU f r[bm tt~nllllt.llf.llhivt, Htu(lirfi of rI,,I( -
11111!. 111 1111, “III,, “141, ;11111 71.1 svHtrms, filll i{- Ill Wllllll

11.IvI, l!i, f.1, Ilf. hI, I illrtl Ill 14rl s i! ,11111 I ‘Illr 111.111 “(tlm-
l,ll,lll.IIv Ivr” Imlvlloh Illill m~lnv mril~llrmu~,lll~ fIIr (1111(.r
1,..1, I 1(111!. 411,1 t,llsrrvnllBlrM WI*I I! ih( 111111,11 ill lhr 1111-

,Ilv:, r!; ,,ll~llg wllll JOlnllll, ti,cllloll,l~ {-:l,tih fil.~li,,ll

,1,11 ,1, 11,11!1 1111 1)[11!,1 rro I I IIIIIS illf 1114,111.1, 1111, I, I; I!.I I(

‘l-lll.ll I IX rlf. ml,lll !, ltl 1(111Kll 1111, If.l #11 i{lli tlrlwl-!hli t{ JIIIIt
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Fig. I c311cIws prr(lirtion B for d-T JL fiO ●n,l 200 krV,
Lht. n comll,lri nona willl thr dmla of Slral lone at .96

HFI’ (thu IOWPBL rnrrgy ■cauurrme,,tm) an,l ?.46 PIrV,
anti wilh thosr of Ivanovlch7 al 5.18 HrV. TIIe aRree-
mn[ of Lhr calculfltioll with the dnta i~ fair at the

low$r two rnerRirs anti good at thr upppr ●nrrgy, Thr
3/2 rrsollance flivrfi atronR contrihuLton8 from Lhr
int vrlrrt, n[. o rrnna sections in the ualcul at inns for
d-T, CmISIIIM Lhr inter frrcnrc minimum that dimininhrn
JII{I moves I, nmill lrr ;lnglrx ● K the enemy increanra.

TIII. ill Lerierrncr iR :,n SLrOn~ at 80 krV, howrver,

[h.il Lhr ❑raLLering crous nrrt ion ftills brlow tt,r
Rulllerlnrd crtlas RPc Lion aL MI I mnu]rn ~realrr than
!00

FIR. 2 KIInwq lirr(iir Linns fnr II-IT at 500 kel’ and rum-

p,lrlx!jnfi KIL II lIIC dala 0[ Galon Rkyn at ].07 III-V, of
SCllh(IIlr, t.s ,It 2.q6 HI-V, ●nt! of O1l]Rt. nlo at 5.tl(l Hcv.

Tllt,rl, IS KIIIII] Jurrrmrnl he Lwrrn thr cllculn,. ionm

Jllll 1114, mrdsurrmrn Lm in Lhis PIIPI.RV raflRr, TIIr f)-
b,. \,l. ra,u(,n,lllrf ,It 1.07 f’lPV causrm rmre sLrl!rlur - i!l

t Ill. dllfilllilr l]ls Lrlllullnll nlIIl n rfrrper intr-rfercnrr

mallimlbm J1 [Iliu rnt, rnv tlltill aL nrrtrl)y rnrrfiirn.

FIE. I NII,,WS ]Ir,,tli L’L I,,IIq f or 1 -m at I ~rV dIId cOm-

I,tIr I.si, IIh WIL II mtnilnllrrmrn Ln (,1 lvill]llvlk’lt7 SIl 3, 13 mntl

‘1. (IA tl(, v. Th(, ,b~rr~mrn[ llrlwrrn LIIC Calculnt inn ●n(l
1111, IIalt ,1 IS I)c)tbr ml 1, I I HrV mIIIl Er,o[l at 5.04 PII. V.

Ill 1111 H (,)!,1., 1111, rllcr~y nf LIIr rvnnllancr In rclti -
I IvI, ly II IEII, N,, LII,II (It,vldti{,llti lr[~m l~llrr (Iuu]!}mli
si,llll,rlfl~ ,111, It, sti [ll~m,ll It. J1 IIIW cllt,rgirti Lh~n

III] Itlt, <Iltlfsl LLII It, al L II IIIS.

tx.lrl I’(llynoml,tl Rr,llrf’!ivll l(lt inn Ior (IN,
. .

Il,,m t(ls. (’II-(7), lt 1,111 Ill, Ht, [,ll Lhdl 1]1(0 Rlllll 11[ Lhl-

1111$1(, !11, ,1s I ]Illf,rfl,r[,ll[r crt~fis ti[,~.ti[)ljs,

(’N,IIII (Ih(ll) + u](p) .
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1,,111 Ill W,lv,,:, 1,,, 11111It. nr HI ml Ir, t IIIM RII(IVI. from. AH

1,111 Ill. :i,.~.11 llllnl tl/M, (’l) /111!1 [1(l), thr I.,, rfllt irlllh

II , .II - ~,,mlllrn (III. mr III- l’rI), 11,r h Illr lPIII, Illltl

,1,,, IWl, ,4(.,. ,,,, ,,(,, ,,,,lqlr,,,l,.,,,, ‘I’lf,.,,,,,,, r, ,, ,,

11,11 II II W*II, II, ttl Ill PRIII. I Iml,lll,ll (Intn Illlrlllv Ill
I l~lrn,, Ilf

‘V
nlt,l Ii ~ 1,11, lfitl Pmllt!J \lPni,.li Ah 1 lldrprll-

,11,111 Itntdmt.lrl ,, AII illlrlmr,llillr- ulrp, RIIIh dH aII

14-mlltl 1A ,11 Illlrrfil. -#lllfl 1111. llv, ,l!,, I t, Ilrlrnmaly !,1

r.lllnl, l 1111 1110 ,F 1.1 ,,,,, “.n, hBh.. *1... .,.. . . . . . 1., - ., ,

The ex.qrt polynomial ex~)ansion rfrscril]t, (l ahnvr is one

npL ion allowrd for rrl)rcstnLirlg FIMS1l C 6Cnt LrrinR
crt]fis sccl ions in a n-w ENI’)F charg~. d-p~rt i,:le fOr-
mat’1, Thr formal simply sprrifir~ J tahul,ltioIl of

Lhr a and hl t-et, ffirient~ as a function 0[ rcrr Ry.
Filrsfof tbe coefficients calcultitrd from R-m~trlx
pflramcLrrs arc availahl,, at LnR AlamnR NaLII,IIiI1 l.ah-

nratory for the reactionn and rnrrRy ranue~ ]IsIr,I ir,

Table 1. From thrsr Cnrflicit-nls, (.la!ill(. ~(.JL-

tering cress mectiono can hr connLrllcLv(t nvrr lIIC rn-

Lirr arrRu]ar rhngr [nr m>st of thr. rra[tlona 3mul,R

light charRrd purliclrs frnm protons LllrollRh al])h~
parLiclrs.

Tril)lc I Chmrgcd-I’arLiclf= E];I!III[ CrnSh Srr’l]tJnN

Av+ilahlr from LnK Alamfls R-m,ll] IX AII,tlysI,s

Hal // firacl inn F:n.rrgy Ii:!ngr (Nr\’)—.—

2002 p-~1 0-20

2004 p-l’ o-l I

?005 ~-ql,m 0-10

2f)3fJ p-~lli. 0-20

:100:) II-( I 0-10

10[)4 rf-T ()-R
)005 ~-.lpe ()-n
.\(lofj [1-qllv O- 10

4odA L-1 0-:1.’)
40U(I 1-411(, ()- 14

soob ~111.-tll(. ()-1;1

Tlir hrh,lvinl ol thr rMII,IIINlnn 1(11,1 I i[lrnLH d ,! 1111 II

.,II n llln[’Li(,ll of rllt”rgy ix lllllslr~(rd Ill tlp,i, !1, ,,1,,

5 101 11-’l’ k!,lLtt”rln~. Fin. 4 shows 1111, Im:I(IrliIfIl IIV

II,vlfirlt,rlls fnr oxllallll]ll~ Illr 1111(lrar I’rf,!;:; hrll 1,,11

●l rllvrfiir~ Iv’lmw ‘I HI*VI “ItIIS l(lW-PIII. Igy d-r S- W,lW
rrn[)nan[r, is I IrJrly I,vl II I, Ill ;1:; ,1 ]Il,,lk Ill 11,1, 11(,

I, IIrl I i[ll,llt ,It 2(10 krIoV. I’IIv rr;ll :Illtl Im,igln;llv 1,:11.1$

of Lhr #
Q

I,ll,fll(lcllls II rt, Nlltlwll Ill tlg. !) , wilt.rl~

,ly,,llll, (Ilr r-f [1,(1 of (111. S-w!lvr I l, S(III, II II’ I- I ti !.1,4,,1 !11

I,JW rllt,rgirs ill ;l,).

I’hr hop,lt”d Li(, n Ill Cl)t u r(,9r4 HI* I I 1111114 Intt, t IItallu,lII,lll 5

fiIvrtl lIy Ii-m,l:rix f,tltlllntl(,lh ;Ill,,b’fi ,Illt, tl, tif,l, .114

Ihlrrrfit IIIU fc;lllirr I]tll Ilom;ll 1>, vinllllr 1,, I,x[ll, l 1-

mrlllal rlnt;l: 1111, rnl]i(l nHCI 1 1111II IIIS d! nmrll I .IIIK II:.
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Fig. 5. Significant a coeffirlent~ for d-T scatter-

ing ~L energies Irlow % MeV,

iii LIIc inlrrfcrrllcr rross srcl ioi] 111.31 nre m;ls kc(l tly

LIIO Hutllrrforti cross srrt ion, Thehc flrr illusl].,lrrf
In Fig, () hy l~]ollillR (1-p)17N (p) Itlr d-r xrall,,rillg

;1t 200” krl’ (tl IIl L iplyin R (] ~,(pi t):’ (1-p) rt!mo~,’s lhr

p,llr ;Il p ❑ I in nl(,p); *CI, E(II 7.) Su{.1) nsiill.l-
1 i{,lls ,Irt, im]lnrt ,1111 In I]rarlicr IIllly iIl JllR]!I~ for
wllitll (1(11) * (1 (p) (in Ltlis !.nst, , 0.

R
~ 50) , wile l-(.

1111, Y SIIMCI Imrs i]lll)(,ilr in thr II,ILJ os ‘(PIIII I ,,mll-llut i r; I r
illlf,rl(,rl,ll~.1,” nlillim,l, hut lhry inlrotlu(e 141, millllr-
111,111( ,1I tlillillll(y lh; jl init. ~r,lls ~,1 U (It) (,vt, r llIfI

1,111 I I(8 !Illgul,ll ran Kr ,1 rr 1111(1!.1 1111.(1. IYt! will rr[hrlI

10 1111s 1)01111 ill 1111. 11(, MI Sr(’1 i[jll,

g.. 1 T-r-llmr ,. !--,~,-,,- r-, , :,,,..

/,

q; ,,,,,,,,, I I 1~11111 I I 1~1, ill I 11111111

:()’ 1[)’ I(r 1[/ 1[/

Integrals of CJl,l
——

In many CPE energy-loss calculations, the Rlltherford
croqq section is Lrr?ated wiLh a continuous slowing-

down model, while the remair,dtr af Lhe cross section,

UN1(P), ia used in a discrete-event, ~lo~Le-~arl~
transport framework. In such appl~cations, ]nteRrals

of rs~l(.p) with other functions of p are required, in

principle, over the entire angular range.
I’”11 ‘s

to have the physical $iignificaricc of a cross sec 1011,

itq integral over all angles must exist and hc posi-
tjvc definite. The nuclear part saLisfics

‘f ‘N~(lt, .>these conditions, with CI (int.) = 2rtb0,

mee;ig;e~at Lheendof ?hela9Lsect~on, th;;;~~
over all angles iq undefined duc Ln rfiver-

gcntosci{lations aap+l. Therefore, itisn-cessary
to introduce a small-angle cuLuff into the inLegraIs

( ) in order to define a value for tht. inte-
~;a;)J ?ross section, which in convr-lllional usragv

should be positive.

For lhese reasons, integrals of o rirfinrrl by Perkins
~1200 (P=,94), nr a!

and Cullen’z are cut off al tl

the larfymst anRle (if > 20°) wk~re u crossrs Ltlrollgtl

zern and remains positivr.
For tl,p ]!T ~r(,s~ a,,rti”r,

shown “in Fig. {J, the cul(jff an~lc arcortling 10 thrir
presrripLion would he 66°. Such an intrgral fnr d-T

at BO krV pr~sumably WOIII(I “r zern,

mains negative aL SIIRICS OLII to 1800.
s,;’’~i:i ,%{, ~:: -

.. ,

Lllis prrsr’riplim nf!giert~ (hi. “illt(’rft,rthflctm” r[”~lnrl
1>I llIr c,rr.r9s srcticrrl, tihrrr (l/llR = I + ,JNI/(lR 1.

Howcvrr. in order 10 rrrmll,+rr with tlIts ~ijrk ni R(, I

!2, WI, h;Ive cnlchltilrd trom our R-miltrix rrt~ss sf,t-

Lions Lllc fol]win~ irllr~l.ills fnr o ~,(11):

11,,
krac( iflll IroIII, -- ‘ov = M ,r v

-1

=V , ,, ](’R

,r,l, ) : .!n ‘~’ (J., f~llllll

-1

,,, (IN, (Il),ip

(i,ll .),

11{
,

“N I
,1 ~1-11~ 1~,(11) (Ill,(k.) -,

l“Ii It rltf, rgv

t\vr,, 1.,11, . S{; I

“ “1,,111

ll!:s/lllllt1),1111 l,,ll}:~h .;:’; , [IN, 1111 ),

1. 1’I)SIIIP

11, m II
.! II

‘“II .)
.—— -—. —

“N I
(inn, !,

; “N, (I I)WI
J“i ‘ “’” I n’:’’’’”.’

will) Illr I,Ilt{,lf II : mlli (,~)/1, no), (7

I,tul I,BIII IIIIiIIIl il’ir!: ;1 rr, ,Illlllv(l ft)Pltl~#)!:t il:it.l:”:l;:

:1S Ilil!illt, tl IIIIU!.F ill tI~. 1, {(111111.111.11 1,, XII] Ill 4 Illvt, !,

11,111 rtl I.111 (IIR I lIr rv, I 1 II;II i,llt ii! I’,,lklll:. .IIIil ‘“llll(. I,l; ,

‘1’hr :lMrrIwlI,lll iw lmlil Iv K.,(,11 J! rIII. IX II. h ,Ih, ivI, : Ml,\’,

1111! 1111.rv al,. t+lll I:llslIl ‘i;ll (111 Ivtvllt I,!. ,11 Ii,w r,llrt~lt.:.

Ill Ill!. lr~l(lll [If I Ill, !i-wrl\,l Q 11. ,+(lll,lll! 1,, Wll,. 1(. 0111 ( ,11-

II Ilat II IIIN XIVIC mll{h l: IIKr I 11,.lt I 111,1 181! I.:q !111!1 I,llt,luv

1,,:, !,l, !’. ‘1’: n!; I 11.1111 1,. .11!.11 l.\, llll,lll Ill Illmll,ll 1!.1111,.

1,, , Ill 111.1 It,nlt I 11111!: ~dll,lr 1111, 111 I 11,1,.11, 1,!. ,111. 114,1

qu I I f’ a,: I:llfif’, t~llt l!ll~l, !.1 Ilt,,l I I Ill. It, !!(lll .1111,. !!,
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1111,1[,1 .< II 11, ws III(* S(, I
“’’’’’” ‘“ “fil

III((, its [IIIISlI-

[111,11[ :, ,11 1(, !11 .IIIII (“s,lll[unll-llllt lt,.l I- If]lrrlt, rrm[r, I~;Irls

“1Ill, 1111~11, !lr 1,.111 Ills ,1 Wl,ll-lll,hflvl,,l l,r~rlllllr rxll,lll-

!.1(11, XIII) ]11, 1]1,, lf 1,. s 1,11,111 1 (’.11 111 11111s1, lls(, !1 1(1 rl,l,-

‘1,:.*.111 Ilt, llt 1’1111 ( 1(1ss St, { I ,,,11 !,, ‘TIIIS Ill:rrlrrfllt I. lIiIIl

.Il!. !l 1,.1s ,1 I.l, gl.111111, I,xll,lll .,11111, 1)11[ f,xhllllls (llvl,l~lrl~,

1111 rl,.lslll~ly 1,111111 (1!+( 111,111 111s ,1s )1 . 1, III l,r,!~-

1 11 l,, 1111,!.(, ,) ;,, 111,111011s ,,1,, Imlll,rl.1111 tIIIl V -II JTIfllf, s

““ k’::,:::; ,.’’;,,:::~ ~l,l:,:,;, \;,;~, ,,,
11111 i[.rcll)ly I rom ZI.I. I, wII,. 1,.

I Ill,y 11)1f,rlt,lf,i)~ r mIIIIm,I’o Ill 11)(,

( Irll, >!, !! (,( 1 1! .11:,

[’1,1,1I 14 1(,111 !: 1(11 I Ill, l,o~l,ll(llr t,xll,lll!;lt)ll ,,1 [I

I-III,!!
;,,,,, y{,’ip:’’;:,

“.’S f,lll’l~V Ill ,1 Ili,w ttilll, It)rm,ll ,

f,!, 1111,5I ,,1 I Ill, 1’1,,11I Illlls llli,f!lvil]~ Inrfvltlll:: II) II IIIXII

‘1111, ‘1111.sI, (I II-I ; II II, IIIS ,Ir II 14111111,1 [VII lrt,m 1{-m,llt IX

1, l!.lllll, [1,1!. Irl, !,ll[l 111~ I ,,,,,, , ,,,,,,, ,,%l,,.,,:; ,”,< :;1 ,,,1, ,,:, ~f

I,”h -1]111 IIS,,II ky!. lt, m:, ,]!,II,. ,11 l,,,:; Al,,nI,,$ ,,v, l 111,, ,,., :. I

s,. \,l, , ,1 I ,1. ,11.s “Iht, N-twill IX t Al, II I;II IIIIIS gf, II I. 1,11 IV

,1~11.1. ,/rl I !JI III I. XISI Illp, tll l\!;- st I I 1(111 m~,ilsllrt~ma,lll h ,

.11111 1111,vltla 11,11 .111. r f,xll,llllbl,ll 11111s I II t.llt, l ~1 t’!! ,Illtl

.111)!1,.s !JIll, l t, 111,.,);.11. ,,,11,.11[:, ,Ilt, 11(II ;Iv;, l 1.11111,,

1.,11 I hr 11111,1111;1111 , ;,s,, 411 ,1-’1’ s,,,{~,.,,1,~, f,,, ,,,-

Sl,l!, ,., t tt,!.*-st~tl IfBI, nlr,.lhljlt,lllt.ills 4111 11(11 t, 1(1,1111 Ill

l,lll,l~ll~s Ill? ,,*lllllKh I(1 s,,, 1110 m,ll,,l ,. ffl.,ls ,,1 !1,,,

: 111.11~ 1/: ,S-h, il v,. 11, s(llls 1111 l,, ‘Tllr. !.l r.ltl,lls il 1 1,

, 1!,,11 l.: ,. VI, I,.,,1 :11 t hr. low-rll(,,’J(v ~; II II 11, Il itln;:,

llllk,,\,,~, , .1!. Ilr,,lks Ill III(. ,Ir ,11111 I,f l,~l,;lllsi,,li ,t,r-

Illlt. ill!., !.1 11.11~ 11111,1 if If,lllr lrtms i II I 111, I I’ll!is

!,l, , I ,,, ,1, .11111 1S1,,114,11, ,,,1 ,lr\, l;lf I(BIIS fl:,m !tIlllIrI ft,ltl

!, (,1111,1111)( 111 11,11 kw,llll ;lll~lf.%, ‘l’lIf. I* I 11,, :1: (If Il]f.

If,:sl 11.llllf, .111, ,11 ..,1 11, !.111111511111. 111, l., r~,. (Ilflrt,.l,,rs

oil 1,1~ v’11~.l~lf’!l Ilf,lwl, f,ll l;llllll,qlt~,: ll)i,.~,,,l,; ,,1 (j .

.111,1 .1 10,11,111 l~v.llll,lt 14111 Ill I’rlllllls ,11111 (: I I lrll,
NJ

inlerfert’nrt, rrgil)l] art> II CR14.111,11 I; IIISI, difl icul-

1 it-s !, II,gxcsl lilal JII Impr,n,t,(i m!”lilo!t 1,1 (11,.ilillg h’lth

CIJE cross src[iolls ill slnwlng-d I)wII r; Il[ul;Il ions is

rctlulrrd. One poss i hi 1 ily is 10 aI)lIIv Illt t-ont inllf,us

slowing-down tre,]tmrnl 10 the sum nl the Rulheriord

and interfrrr’nce crnss scc’1 ions , leaving Lhr wtll-

hehavt-d nuclrar rross srclil),l LO hr usrd in tfunll.-
C.arlo trana])orl. Another is tn USII Llltm presrnl

) separation, hut pl~,e t!,i, Lulnff anglt, wlII,Ie

~~~~~s tosfcviate from a. lh,sprt,sc~i~,(, t,,],l,,[,s
not gu;lranter a positive-J& finiLe inlrgratt=(f cross

section for n~~,, howt=ver, and w[]L)lII ri.qulrc physl[-,11

interpretation In thr ffontr-Carln 1 r.lns}~nrl o! a

cross se[Liorl Lh~t is s~melimrs ocgiltivr with r(,sprc t

to Rutherford scislterinR.

The present calculations provi[l(, Lht. :irpflr.lli[, rl .IIII]

drtai] nrcrssary (n br Usl.ful, rrgardlrss III {III-

mt. t hods finfl]ly chosrn LO ,Ipll Iv C1l.lrg(, tl-pdrl it’ll,

Plastic cross scrtions 10 llle ,m[, orlalll prnl]l em:, (, I

fusion encrgv defiign.
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