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ABSTHACT

Angular distributions for the 12C(p,t) 10C reaction for E = 80 M('V
are analyzed within the framework of the zero-ranqe distort~-wavcPBorn
approximation (DWBA). An approximation i5 formulated to account for cen-
ter-of-mass (CM) effects in the 10C+2n form factor. The CM approximation
can be implemented by altering the input to DWBA corles 5uch as DWUCK or
MERCURY. Forro factor CM corrections lead to significant improvements in
the shape of the calculated 12C(p,t) angular distribution for the qround
and excited state transitions. In addition, improved nonnalization5: are
obtained for heavier maS5 target reactions sllchas 40Ca (t.p) and :"f)Apb(p,t).

H.SUMEN

Se analizan las distribuciones angulares para la reacción 1?C(p,t) lOe
para E =80 MeV en el contexto de la aproximación de onda distorsionada de
Born eR el rango cero (DWBA). Se formula una aproximación que considera
los efectos del centro de masa (CM) para el cálculo del factor de forma
del lOC+20. La aproximación de Ol puede llevarse a cabo alterando la infor
mación de entrada de DWBA usando, por ejemplo. DWUCK o MERCURY. Las correc-
ciones del factor de forma por el CM mejoran significativamente la forma --
de la distribución anqular para el fondo y las transiciones de estados exci
tados, calculadas para 12C(p,t). También se obtienen mejores normalizacio=
nes para reacciones con blancos más pesados, tales como 40Ca(t.p) y
208pb(p,t) .
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l. 1~'fROrucrI ON

In a recent papcr, Shcpard et al. (1) have shov.'T1 that s inglc-

stcp zcro-rangc di storted-wave Boro approx ima! ion (Zm\'RA) calculat ions

failcd to ;1tlcquately reproduce the 12C(p.t)lOC data at 80 r-feV pro tao ('ocy.

gy. The ZRIJI'ffiAcalculations of Re£. 1 lcd ShC[\1rd et al. to concludc

th:1t the discrepancies hcth'ccn cxpcrirncnt aod D\'ffiAresul ts are not \\Iho11)'

attributahlc to nn impropcr treatrnent of finite-range effects aod that it
1S possiblc two-stcp mechanisms cDuld aceouo! [OY the discrepancics. This
interpretatlon should not he evokod unti! al1 single-step iS~les have beco
addrcsscd. Onc ffi:1jor unrcsolvC'd issuc 1S the proper treatmen! DE the cen-
tCf-of-m..'lsS (0 ..1) motion in the 10(+ 20 two-nucleon [onn factor.

111c importance of Dl effeets in the zero-rangc fonn factor for

t\~'O-HC'Utron stripping \o/as Hoted by Pinkston(2) and Pinkston and Iano(3).

Feng et al. (4) 03150 ohserve improved D\\'BA results \o/ith the proper treat-

ment of the nuclear stnlcture.

111e implementatlon of the aforcmentioned 01 correetion approaehes

requires the modifieatlon of Il\'BA codeso It \o,'ould be highl)' dcsirable to

have a Gl corrcction method, cven if it i5 on1)' an aprroximation. \o/hieh

could be implemented \o,ithin the frarnework of existing corles by only alter-

ing the eode jnr~Jt. Such a model \%uld permit estimates of al effeets

\o,'ithout significant effort.

The prescnt paper \o/i11 attcmpt to aeeompli5h this task. Spceif-

ieal1y. our :lpproximation \o,:i11he eompared with a more rigorous method(2)

of ohtaining the core plus two-nueleon fonn factor. In addition, the

rrC'sent arrroach \o,Iill be ;)llp1icd to the 10C+ 2n fonn factor in arder to

dctcnnine the' cffeet of Gl eorre'ctions on the 12C(r,t)10C rc;)ction. t1cav-

ier systems, 40Ca(r.t) and 208Ph(p,t), \o/iIl also be considercJ. Thus, it

is the intcnt of this papcr to rC501vc the ()1 issuc in the 12C(r.t) and

other renet ions. Moreover. the rcso1ut ion wll1 he provided .....i thin the
fr~unc-work of an cas i ly :lppl icd 01 corree! ion arrro;:¡ch.

1 l. FOR\IALIS-l

Thc [)\','BA differcntlal cross s("etion may be written aseS)



da
dil

57)

(1 )

whcre i };¡,bcls the cntr:lnc(' channcl, f labels the cxit channcl. r i5 the
rcduced r.l.3SS, aOO k = llv/h, \,"hcrc v i5 the particle velocity. T i5 the
transition matrix cIernent which i5 dcfined as

Tfi (2 )

Thc wavc functions X~+) and X(-) describe the rclative motion of the clus-
1 f

tcrs in the cntrance and exit channcls. Thc X's are distortctl \,'aves aris-
ing from the Coulomb and nuclear intcractions which are generatod froro ap-
tical pot('nti315 that describe appropriate clastic scattcring data. Thc

averIap (R,bjvIA,a > i5 the transfcr fonn factor representing the con:
plus tJ"'llsfcrred cluster \,'ave fUBetion. The coordina.tes Ti 300 r

f
are

the cntr:lIlcc (B+b) and exit (A+a) channel coordinates.

rhe fom [;Jetar cantains a}} the nuclear structure infomation.
For tKo-nuclcon (p, t) tr3nsfer re;:let ioos the identifications

aOO

B A + x

b + x

(3)

are made in arder to facilitate dcscription of the B(b,a)A reaction. Thc
quantity x in Eq. (3) is the transferred cluster. Spccifically, the fol-
10King identifications can be made for the 12C(p,t)lOC reaction

R = 12C, b = p, a = t. A = 10C and x = 2n (.¡ )

Fol10wing integration Dver all target and projcctile coordinates
the fonn factor becornes

(B,blvIA," > (5)

where V i5 the effective interaetion beh,;cen h :100 x, aOO the lÍJ'~ are the
houoo statc V.'avefunctions ¡"'h1chdescribe the motion of the tr:msfcrred
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cluster x rclative to A and h. For convcnicncc, the spectro~copic
strengths have bcen absorbed iota W. The hound statc ~nve functions are
usually a!1prOximatN by shcl1-modcl eigcnfunctions \<o'hich do no! properly

account [ar center-of-mass effeets.
Since the calculation of the form factor and T matrix requiTes

considerahle computer time, it is desirable in (p,t) reactions studies to
introduce the zcro-rangc (ZR) approximation by rcplacing the radial de-
pendencc of V by él delta funetion

\<o'hefe

v(r
b
) 'iJ (rb )x a x

o ó (r
b

)
o x

(6 )

IIo
(7 )

The introduction of the delta function reduces the T matrix to the three
dimensional integral

I~wcver. the centcr-of-mass dif-

com¡:xment

mine 1PB.

FollO\dng Ref. 1, D2 = 2S x 104 ~leV2 fro3.
o

flculty of the lOe + 2n fom factor (1./JB) rcmains.
In arder to remove the al difficulty •.•..:c
into the core plus n~-rnJcleon potcntial

The ca re + 2n wave function is ~cncratcd

(8)

introduce a rePJIs ive
l,o,'hich is used to deter-

from the potential U:

Wo 1 df(r,r ,3 )_ s.o. s.o. L'S
:f5"":"! r dr

(9)

This only requircs the acidition oí a single bound state potential card to
the in¡:ut for ll\\'BAcedes "uch as 11\'UCK(6) or \!ERC1JRy(7). In Eq. (9), ro

is the central patentinl, V} i5 the rcpulsive component potcntial, A is

the Thomas spin-orhit tern, a, is rhe diffusencss p':HnmNer. r, i5 tlle ra-
1 1

dius paramC'ter, nnd V is thC' Coulomh interacrion hetw('C'n rhe coreCoulomb
and transferroo cluster. The factor £(r,r, ,a,) has the ~\Ioods-Saxon fom

1 1
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( l:j)

"",here A 1S thE:' core rnass. The v.11uC's oC VI' TI and al are chnscn ro he

\' 1

O.44ro (11)

'11)(' use of ;1 rcrulsivl' oo[C'lltbl cOr.lponC'nt lC'ads [o <l core + ~n

fonn factor \,hich p(,;lks ar a sI ip'htl~' grcater r:ldl;.J1 location th;m the

tlSU<l1 shcll.ITKXiel forro factor. Physical1y, the uSe' of a rcnulsin' poten-

tial arises [rcm (l considerarían oC the' SchrOdin,ger c'luntion \\"hich is
lIsed to gencratC' thC' [onn [netor J.l¡:

(T • [J)~ ( 12)

wherc T is [he kinct ic cllcrgy of the nucl('on~nucleus fnnn factor. (J is

the nucleon-nuc1C'lls pott.'ntial, ;.md E is the binding C'llcrgy of the nucleon-

nuclcus SrS[('In. According to Pinkston{2.3). the shell-model \,<I\'(' fUllerían

1S too ~all in the nuclear surface :md exterior regiolls. O1anges to the

W;IV('fUIlCtioTl c,Jn hC' ;¡ffectC'd hy alter1ng eithC'r LJ 01' E. Since E 1S ~n

C'xperimentally detenninN v~lu(' and ti i::; U~lI;¡J1y :1 funct101l of :ldjuq('(j

paramcter~, ir 1S logical to alter U. Thc ~l1ter~tioll to II mll..;t hl' such

tl1<1t ir reproduce", th(' centcr-of-rn;¡",s corr('cted l\'<'lVCfllllCtioll. i.C'., the-

surfac(' exterior wave fUIlet10n must he largC'r than tlw ~h('11-m()d('1 \,;1\'('

funcrioll(Z.-l). Previollsl\', it has heen notro that rhC' ~lIrf;¡cC' rC'£lr:'\1l:md

:1 feTm1 ar so bcyond domi~3te rhe (p,n dlfferenti.l1 cr(l~S 5el't1('1;1(S),

"me dC'~irC'd ('[[C'et of <lrrroxim3t1ng the t:dl of the c(,l1tc1'-of-

mass corrected fOml faLtor C<ln be ohtainC'd hy :ldding ;1 J"l'pulsh'C' tcnn ro

the fonn f~ctor rotC'ntbl U. TI1e rt'rulsi\'c parentia1 fol"l.:'C'stlw \\<l\,("

function out~ide the ~ttr<lcti\'e rntC'llti<ll \\'el1 <llxl. incrC';l";C'''; tllP nl:lgnitlldC'

of the surfaee region wave fUIlCtioll. Tlw st!'('n~th ('If 1'C'!'Hl--i1'(' l'0t('t]ti:l!

is chosen to reproJw:e the c(,lltt'r-of -m;J~5 ("nfl"ectcd fnnll f;lcwr. T1H"

reader should not(' th;lt "o 15 determincd .tust ;1"; in ~Llndilrd [JfR\ ••."0-

d•...•s(6,7) Ilellcc, tlw simu1ntinn of tht." cC'ntt'r-of-m:l~s •.."()IT{•••.•tlU fnnn f:lL'-
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tar is obtaincd by addin~ a repulsive component to the form factor calcu-
lation with a "trength -5Vo and a range of 0.44 ro (see Eq. (11)). The
oet result i5 a forro factor which. ayer the dominant (p,t) spatial region,
provides a good approximation to Pinkston's approach. The application of
Eq. (11) to the 160+20 fom factor wil1 he discusscd and compared with
Pinkston's approach in the next scction.

111. FO~1 FACTOR C~WARISON (160 + 2n)

The approaeh of Eq. (11) ;5 applied to thc 160 + 2n fonn factor,
and comparcd with Pinkston's form £actor(2) in Fig. 1. The bound sta te
parametcrs are takcn from Ref. 2. 80th calculations of Fig. 1 aSSlIDlC the
two ocutTaos are in ldS/2 orbits coupled to form a 0+ state in 180.

Thc agrccmcnt hetwecn model and Pinkston's forro factors would
initial1y arrear to be quite poor. f1owcvcr, the approachcs nced only
agree in the vicinity of the nuclear surface rcgion(4) and possibly a fer-
mi or two bcyond(8), because thcsc regions dominate the (P.t) cross sec-
tion. The equivalencc of thc two form factor approachcs in the vicinity
of the nuclear surfacc region can be dcmonstrated by integrating the form
factors over the region

r "r<r + 2 fmsurface surface (13)

o

The resulting overlap" o(e.£. Eq. (8)),

rSurfre+2 fm J J xi-l' F xtl x r2 Sin (e) dr de d~ • (14)

r = rsurface e = 0° ~= 0°

arc csscntially independent of the iOfUt Gl correctcd fonn factor, i.c.,
Pinkston's form f3ctof appraach af the approach utilized herein. The nu-
clear surfacc OCCUf5at about a radius r .surface'

rsurface (1 5)

whcre c = 1.1 fm(9). FOf the 160+ 20 systcm, Eq. (12) nlaces the surfacc
at about 2.9 fm. lhe approximation model of Eq. (11) i5 well within 10\
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Fig. 1 Zero-range two-particle form factors for the 'd~/2 J:: O state in
180. The salid curve is the forro factor obtained in Ref. 2, and
the dashed curve is the approximation of Eq. (11).

oí Pinkston's form factor in the vicinity oí the 180 surface, and provides
3n adequate approximation to the more rigorous approach oí Reís. 2 and 3.
OJr approximation method, may no \o' be confidcntly :lpplied to the 12C(p.t)

reaet ion to iovest iga!€' the impaC! oí 10C+ 2n 01 form factor corree! ions.
This will be addressed in the next section oí this papero
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IV. lOC + 2n rOR'1 rACTOR

Pinkston :!nO 1:1IloL\) find th;lt (:" corrccted form faetor overl;lps

fclev:lllt to (t,r) fe:IL'tion;.; on ¡I'll, to°C;¡ anu 90Zr result in amplitude ('1)-

h:lIlu'lTIl'lIt" of roughly ~()~. 2(l~ :ml.! lO"", re"pc(tively. ~lodel fonn factor

O\ll'r1:lps h:l\'<.' hCl'n l';¡lculat<.xl to furthl'f verify rhe :ldequ;ll"Y of rhe ap-

proxjm:Jtioll nf Fq. (11). Tlw resul!..:, of thC'.:;C' c~llclllations are sunlTlarizl'J

in T;¡hI(' I :lIxl ;¡fe Idthin 10~ of rhe rcsults of Pinbton and lana. TI1CSC

f('sult..; SIl~~gCq 1;'1. (11) is pr()vidin.~ a rcali:-.ti(" solution to the centC'f-

or -ITl;I•..•" fnon Ll("tnr rrnhlclll.

T,\Rr.E I

Enh;¡nccmcnt s due to c('ntcr -of .m:Jss corree! ion

l/-. (1

IlU{:,:.

90 :r

Pinbton :mu Lmo (fkf. 3)

l. ¡

1.2

1.1

This \.\Qrk

1.30

1. 1O

1.05

Table I form factor amplitude enhanccments for (p,t) transfer reactions
(A=16-90).

(J~ing the :lprro;lch of Eq. (11), \\"('

f:Ktor ;lllll stllmn:Jri:e tlw results in fig. 2.

Cllrs at :1 r:hlills nf ;¡hout 2.5 fM (El). (13)).

c:l1culate the lOe + 2n fom

'¡he 12C(10(+2n) surfaceoc-

The 01 [om factor (lnd shell-
moJ" I fonn [. 11."tOl' hav" ,oOl('\,'h:l t di ffer<mt ",h:IP('''; l)('t ••...(,('1l 2.5 :111<.1.)" n fm.

\,'hich may infllH'llc(, th" L"rnS~ ~('Ction sh:Jpe. Ik'yon<.l the llIlCl(':lr surfacc

reg ion, tl1<.'01 [n 1"'11Lictor is :lI'l()ut .I(l~ l:ll)!cr th:m tht' ..;hell-model rc~ul t"

'111i~ is L-Oll~ist('llt hith tlw rt'''ulb of Pl'f..'L 111e ,,[[ect of rl1<.'altercd

surf:ll't' sh:qw :lIlJ ftllllt CI(tnr "nh:IIKnnent \\'ill h~ dis(usscd in tlll' next

Sl'L't ion.
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Fig. 2 zero-range two-particle forro factors f('lr the 1!J;/2 .1= O state in
12C. The salid curve is the center-nf-mass cnrre~tPd form factnr
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582

tions for the 12C(p,t) reuction were performed within the frame~Qrk of
the computcf code D\\UCK(6). The ca1culations aSSLnnc the ~imll1t~meous

pick-up of thU p ocutraos coupled to S ~ O .•..,¡th zero rclativc angular
3(2 (10)

momcntwn. lhe rncthod of Ba}man and K311 io "/:l.S uscd to compute the

n./o-neutran [onn factor. Standard DWBAcalculatlon:; wcrc compared with

those of Rcf. 1 in arder to vcrify the moJel pararnctcrs.

Optical paramcters for the p + 12C aOO t + lOe ch:mncls. and the
n + lOe bouno statc are taken fran Shepard el al~l). Following Sherard's
an;¡lysis. the fonn factor ovcrlaps werc cvaluatcu using the half-separa-
tion-energy ansatz for the single particlc wave functions, togcthcr \vith
shell-mcxlel spcetroscopic arnpl itudes. Al though this proccdure neglects

corrc13tiolls hetwccll the tr:l.llsferrcd ncutrons, its imp¿¡ct on tlle cross

section is small 3nd does not significantly 3lter the conclusions of thi5

st!ldy (see rig. " Ref. .1).

Shepord ct al.(l) havc noted that the 12C(p,t)lOC(O+,g.s.) trall-

sition i5 very sensitive to the triton optical potC'lltia1. Thus, as noted

carl ier, care ••.•.as taken to insure that our pararneters matchcd those of

ReL 1. The uncofrectcd Dh'BAcalculation (see r-ig. 4, Ref. 1) for the 0+

tr;msitioll generally reproduccs the d3t;'} for e ";;;20°, hut the fit is
c.m.

poorer be}'ond thi5 angle. The local minimum nt aoout 22° 311<.1the primary

minimum at ahout 50° <lrc not reproduccd hy the uncorrected fl~'BA calcula-
t ions.

'111euncorrected Dh'B:\ calculation5 of Ref. 1 can be comparcd

",'ith a ()I correctcd caJculation in Fig. 3. The al corrections irnprove the

c;¡ll1.JlatC'tl sh;lpe ",'Ilen comparcd with the llllcorrcctcd Il\'ffiA model. lOe re-

sult of Fig, 3 indicates that (}'I corrections can have a significant impact
on ()h"BA calculations.

Poorer agrccmcnt hct\.:een exncrirnent and n\\'BA calculat ions is oh-

taincd for the 3353 keV (see Fig. 4) ~md 5280 kcV (scc Fig. 5) transition~.

Roth transit ions involve 2+ st:l.tes I••.ith an angular ffimentLnn transfcr of 2.

TIlC' DI correctcd Il\'BA Gllculations for hoth transitions are significantly

hettef than stand:lTd IMBAcalclllation5 (.5e(' Fig, 4, Ref. , ror compnrison).
+

As ""'1th the O tran<.;ition, thC" ()f effects <lrt' signific.1nt .:lIld le3d to im-
provN angular distrihlltion~.

TI1C nonnaliz:ltion !\ for thC' 12C(p,t)IOC reaction is cssentially
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Fig. 3 Center-of-mass corrected DWBA calculations for the
12C(p,t) IOC(O+,g.s.) reaction at 80 MeV. The data is from Ref. 1.
The normalization oE the calculation i5 given in Table 11.
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Fiq. 4 Samc as Fig. 3, except for thc 12C(p,tl10C{2+,3.353 MeV) transition.
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Fig. 5 Same as Fig. 3, except for the 12C(p,t) lOC(2+,5.2BO HeV) transition.
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the factor requircd to bring the ~~A caleulations into agreement with
data. The DWBA cross section DDWBA is related to the experimental cross
section by

o
exp

(16)

where 51/2 is the two-neutron spectroscopic arnplitude(11). Do is thc zero-
range normalizatíon factor and L is the angular momentum transfer. The
DWBAcalculations oí Reí. 1 and those presented herein are oí difíerent
shapes. This suggests that normalizations may be guided by personal bias.
In arder to avoid this diffieulty. we present a modified normalizatíon
factor NI:

N' 0CM.DWBA'6c•m.:::: 0°)

DDWBA(Se.m.:: 0°)

(17 )

where 0CMDWBA is the G1corrccted Dh'BAcross section. The use oí Eqs.
(14) and (15) will permit the render to compare OUT calculations with
those oí Reí. 1 in an unambiguous manner. The valucs of N' for the tran-
sitions of Figs. 3, 4 and 5 are surnmarized in Table 11.

TABLE II

lOe Final state
E
x

(keV)

o
3353
5280
a) Table 1, Ref. 1.
b) Eq. (14).

N")

0.863
0.255
0.255

2.95
1.03

1.14

Table 11 Normalizations for the 12C(p,t)IOC reaction.
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VI. EXTE:,SION OF CALUlLATIO"S TO IIT,AVlm \1JCLEI

For cOJTIf>leteness, calrulations havc hecn extended to the

40Cl(t,p) and 208Pb(p,t) rcactions. OlDl\13Aealculations \.¡cre comp<'lTcd

\...,rith data (12-13) anó standard Dl\'BA calculations. The 01 correctcd m,EA

calculations have sh.Jpes which are vcry simi lar to standard DWBAprcdic.
tions(R), but nOl1no.liz;nions have improvcd(8). 1I00~'evcr, improvemcnts are

not as significant ;lS in 1 ighter targct reílctions hecausc ()l effccts be-

come les5 important as rhe target Mass increases.

VII. CO:-':CLUSIONS

Center-of-mass corrections to the 10(+ 2n fom factor lcad to

improvcments in rhe calculated 12C(p, t) lOe aH.guIar distributions. 111e DI

corrcction method uscd to calculate rhe 10C+ 2n form factor onl}' approxi-

mates a more rigorous !11ethod by Pinkston, but can be casi ly inrut into

existing [MBAcodeso The (J.I fom factor approximation pennits <l qualita-

tive assessment of 0.1 cffects, and has the advantage that I1\'BA cad e modi.

fications are not required. As cxpected center-of -mass corrections have

been found to he ~ost imnortant for light systcms (12C and 160), hut also

im~rovc the calculatod cross section nonnalizations for transfer reactions
involving hcavier nuclei such as 40Ca and 2081Jb.
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