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Abstract:

Finite range distorted waves Born approximation calculations, which

included recoil effects exactly, were performed for the reaction
13q 3He, 6He-)1o

' + o +
C leading to the O , ground state and the 2 , 3.35 MeV
state in loC for a bombarding energy of 70.3 MeV. The results . of the
analysis showed that, contrary to the findings of & zero range DWBA

study, this reaction can be interpreted as a direct cluster transfer

to both of the final states in lOC.
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I. Introduction
Experiments reported by Kashy et al.l) measured angular distributions
: +
for the reaction 130( 3He, 6He)loc leading to the j"=0 , ground state and

the J"=2" , 3.35 MeV state in 10¢ for a 70.3 MeV SHe beam. The experiments

showed that both transitions, despite their low cross sections, were well
resolved and diéplayed rather marked oscillatory struéture indicative of

a dirgct transfer reacfion. The structures in the.experimental differential
cross sections for the t&o transitioﬁs were in phase at larger angles (25 -
»h30vcm) and were out of phase at smaller angles ( T - 250 cm). Furthermore,
at the fOrward angles the observed st?ength to the 2+ étate in lOC vas as
much as 40 times greater than that to the O+ state. In an atfempt‘to‘
describe these features of the data Kashy eﬁ al. performed distorted waves
Born approximation calculatipns and in their analysis, to simplify the
computations; these authors assumed that the interaction occuring in the
expression for the DWBA transition matrix amplitude was of zero range. The
results of the analysis showed a strong disagreement with experiment, part-
icularly for the relative strengths of the transitions to the 0+ and 2+
states, respectively, in loC. It is not only this discrepancy ,found in the
previous analysis ,which provided the motivation for the present study but
also consideration of features peculiar to three-neutron pick-up. In general,
transfer reactions on light nuclei at energies of 10.MeV or more per nucleon
are characterized by strong transitions which can be interpreted 2) as

transfer of a spatially symmetric cluster [n] of the nucleons. A recent

study of two-proton pick-up3) on lp-shell targets found that symmetry [2]



transfer dominates and that symmetry [11] is very wesk even for states calc-
ulated to h;ve large nuclear structure amplitudes fof such. transfer. Three-
neutron pick—ﬁp offers an interesting test in thatvthé Pauli principle for-
bids symmetry [é] clusters so that symmetry [21] is the most symmetric

spatial state allowed.

: Kgshy et al. concluded that nuclear structure considerations would not

correct the discrepancy with experiment predicted by the zero-range DWBA
. L 13, 3 6,110 . o s

analysis, and that the ¢( “He, He) “C reaction mechanism is probably not
direct transfer. In the present study a full finite range DWBA analysis,
which included recoil effects exactly, was performed and the results indicated

' ei 134, 3. 6. \10 . . .
that the reaction C{ “He, He) C can be interpreted as a direct cluster

transfer to both finsl states in lOC.

II Theory

In this section a schematic development of.theitheory is made to
indicate the procedure for the present analysis. The notation is similar

4,5)

to that developed elsewhere and expressions are ﬁresented which

emphasize the features specific to this reaction.

In the pick-up reaction B(b,a)A the three transferred neutrons are

assumed to be bound as a cluster to the nucleus b with orbital angular
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momentum L and total angular mgmentum_i,.and to the nucleus A with orbital

"

» B

_Ugnguia;{momentum L and total angular momentum J.ﬂFerthgﬂgengiqn
.}3C({3He, §He)loc J=1/2 and I, the spin of the final nucleus lQC,,is 0 or 2.
If j denotes the total angular momentum of thewclugﬁer,‘and_Q'anq Qlyhe

number of oscillator quanta carried in the relative wave functions for the

lOC:_a_r_ld ?He, respectively, then the cross section for the

l3c( 3He, 6He)_lO

cluster_bouhd to
pickfup‘reqcpiop“ C, in the absence of spin-orbit interactions

in the optical model potentials, is given by

) ; ' 'v' e2
SH_ U k 1 '
do a b. a. . z . Z <A
= - B \ B (k s ) <l)

where the dependence of the cross section on:the kinematics of the reaction

’ is contained in the factof |
A v I o
KB (ko) = J_ (-1)"7 <LI-Mi[A-p> -
| - |
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and,the_dependence on the nuclear structure in the faétor
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where ¢ refers to quantum numbers of the cluster other than its total
»
angular momentum. The factor K (where KK = 2)+1 ) is included here to keep

5)

to standard riotation : it is clear that it cancels in Eq. (1). The Racah
coefficient, W , exhibits the angular momentum couplings, and A is the
"transferred" orbital angular momentum.

The spectroscopic amplitudes, A , are defined 5) as coefficients in the
expansion of the overlap integrals into internal and centre-of-mass (CM)

functions for the transferred cluster. The integral over the internal coord-

inates , 53, of_3He is
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where €6 and’gx are the internal coordinates of 6Hé ahd the cluster x, resp-

3

ectively ,and pi3 is the coordinaté of CM motion of x about ~He. Thus the

amplitude A is analogaus to the familiar cs®/?

faétor of single-nucleon
transfer reactions. It is assumed that 6He is represented by a full Os
level with twé lp neutrons in a lS state, and 3He is represented by 0Os
nucleons in a sﬁatially symmetric 2S state having the same oscillator const-
ant as 6He. de quanta are thus contained in the t?ansfefred nucleons which

have spatial -symmetry[21] and total orbital angular momentum egual to zero.

In the expansion into internal and CM motion in Eq.(4) the internal orbital
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angular momentum must equal the CM quantity L, J equals Lz 1/2 and the
number of oscillator quanta in internal excitation plus the cM quantity Q.
must equal two.vThere are then only three contributing terms possible, one
with two internal qganta in a 2s state with j=1/2, eoupled to a 0S function
for the CM motion. The other two terms have one quantum in a 1p state with
j=1/2 or J=3/2,land a 1P function for the CM motion;.The spectroscopic

amplitudes are given by

2(25+1)) 3

Al/g(jcéi) = - (5),

3(2L+1)

since the nature of c¢ is determined by the value of L.

From the (;30}100) overlap expansion analogous to Eq. (4) only those
terms are required wherein the internal wave function of the three-neutron

cluster is the same as it is in the He overlap These w1ll arise from

transfer of three lp-neutrons with spatial symmetry [21], orbltal angular
momentum Lpfl o?_2 and spin equal to 1/2, i.e. 1/2, 3/2, 3/2 and D5/2' The
spectroscopic amplitudes between the ground state of 13C and the loC state

with angular momentum I are given by

13)9/2 5 1
A_(I ={—] _ ’ 2 1 REAR
;(Tcqr) o I (20 +1)(25+1) = W(y 3 LL;LT)

IIWI lO

x <y 2 c)] IX T(L [21]) C)><L [21]]cqL> (6)



The next—to—lﬁst bracket is the parentage amplitude, which was computed from

6)

the wave functions of Cohen and Kurath ’'; values are given in Table I. The
last bracket afises from the expansion of the orbitai functions into internal
and CM factoré; values are given in Table II, toge£her with the number of
quanta, Q,.gnd the orbital aﬁgular momentum, L, of the CM functioh. The
dependence‘of the spectroscopic amplitudés on j,‘the_total internal angular
momentum of«the cluster, is given explicitly in Eqs. (5) and (6). Thérefore,

the summation over j in Eq. (3) can be carried out using the orthogonality

relationshipvof the Racah coefficients which requires that Lp equals A3 thus

Q 1 R v
’ e T A3 10t o111l 10
B . = -k§(L_ A |—— | <¥ 2 (20| (L [21]]]¥y (TTe)>
D) Tes/2 | D
x <Lp[21]lcQL> - - (3")

Since the cross section is incoherent for summation over A, this property

also holds for'Lp.

The cross sections for the reaction can thus be expressed in térms of
- the Bﬁ(QL,Qi) , the form factor integrals of Eq. (2), by inserting the
numerical values from Tables I and II. For the I=0 ground state of 10C‘only
J=1/2 with.A=Lé=l contfibutes,‘so the cross section is proportional to the'
square of the first parentage amplitude of Table I, and the summation in"

Eq. (1) becomes
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0.7052‘o.26hsi(2n,1P)-o.2368i(2s,1p)+o.3588i(1p,os) (7)
pt

For the 3.35 MeV, I=2 state, there is a contribution with J=3/2 and =

and also contributions for A=Lp=2 with J=3/2 and J=5/2. Thus the summation

of Eq. (1) for this case becomes

L1 Bap, J(ar, QL), (0.656+1.178) Z 0.354 8°(2p,1P)| +
JXxp'! QLQE R

0.29521o.26hei(2n,1P)-o.2363i(es,1P)+o.358st(1p,os) | (8)
u

In a zero-range DWBA analysis only the Bt(lP,OS)'integral is non-

vanishing 1) in Eqs.(T),(s). Since the difference in the DW integrals due

to the excitation energy of the I=2 state is not expected to be great, the

expected ratio of the cross sections is given approximately by the ratio of

the squares of the spectroscopic factors

+
gig—l o~ 0.295 = 0.418

a(o") 0.705

This feature was pointed out in ref. l), and the calculated value of that

analysis disagreed strongly'with the experimental ratio of about 4.5 for

the cross sections integrated up to © = 45° (CM). However it is clear from
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Egs. (T) and (8) that if 'the B(2D,1P) integrals are larger than the B(1P,0S)
integral, the calculation could be closer to the éxperimental result. Such
a possibilityvis reasonable in a finite range DWBA calculation because the
DW integrals not present in the zero-range case afise from the presence of
more quanté‘ih'the CM motion of the transferred cluéter. From transfer of

7)

alpha particies and tritons it is known that transfer with the largest
possible nqmber of quanta in the CM motion is most important_at the nucleér
surface. The'pfesent analysis shows that this featﬁré“leads to a large
difference betwéen the finite range and zero;rangé DWBA éalculations for

130( 3He; 6He)loc.

I1T Calculations and results

Finite range DWBA calculations which included recoil effects exactly
were performed with the code KUNDRY. Details of the code are given in Ref.8);

here, only those points relevant to the reaction under consideration,are

summarized.

The clustef wave functions were generated by varying the depth of a
Woods~Saxon potential of radius l.2SCl/3 fm, with C=3 or 10, and diffuseness

0.65 fm, to reproduce the 3n separation energies. The separation energies

13

were 21.55 MeV and 36.80 MeV respectively for 6He and C and for the latter

the same separation energy is assumed for both transitions. The truncation

radii for the cluster wave functions where typically of the order of

CN
=

of the cluster wave functions were of the order of 1o'h. Using the relations

r_,=6.3 fm, and r§x=7.7 fm corresponding to the region where the magnitude
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8)

of Ref.”® the truncation radii for the double radial integrals evalﬁated in

KUNDRY were r2A=7.9 fm and range ArgBﬁh.B fm. In contrast to typical single

) 1
nucleon transfer reactions, the reaction 13C( 3He, 6H ) OC has 2ArbB aA,l.e.

the transverse'region(of the double radial integrals of the DWBA ) defined

by r o= aA..Ar - ( with only positive values of TvB gllowed ) is broader than

the lateral region O to rzA.

accuracy, in evaluating the double radial integrals the squares which have the

Consequently, without significant losses in

48 point quadfature 8) are approximately 2 x 2 fm. The. two dimensidnal form
factors of the double.radiai integrals, containing the respective overlaps,
"need only to be evaluated once. Subsequent calculation of the DWBA amplitudes
for aifferent oﬁtical model parameters (OM) required only the evaluation of
the double fadial integrals, computation ofbthé trénsition matrix amplitudes,

their summation, and'forﬁation of the cross section. The computation times
for this stagé of the calculation were approximately 2.8 and 8.5 seconds for
the O+ and 2+ transitions, respectively. These rapid cémputation times made
possible an eitensive analysis of the dependence of the DWBA cross sections

on the choice of OM parameters, particularly for the 6He+lOC channel. This

was necessitated by the lack of elastic scattering data for 3He on 130 at

T0 MeV bombardihg energy and because it is not poésibié to obtain elastic
scattering data for 6He on loC at thé two énergies éorresponding to the

tﬁo different transitions in the reaction under study. Initially a sequence
"of 14 DWBA calculations were performed for both transitions using identical OM
parameters for EOth channels.»The'parameters,used vere taken from the lite;

rature9 15). A review of these calculations revealed that the most promising.

results for both transitions came from using the OM parameters of the system
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nearest in enérgy, i.e. elastic scattering of uHe,on 12C at 56 MeVl5). The
results for the parameter sets A,B,C and D of Gaillard et al. showed that
set A yielded cross sections which bore no resemblance to the data whatever,
whereas, to varying degrees, sets B,C and D were more successful. Of the
latter three sets, C ﬁas the most promising and was‘used as the basis for
extensive grid searches on the DWBA calculations to determine the optimum
parameters.'fgr the ground state transition a large number of DWBA calcula-
tions were_éerformed in the grid searches varying the OM parameters away

130 channel the strength

from parameter set C of Gaillard et al. In the 3He +
of the real ﬁotential was decreased from 152 MeV to léS MeV (a trend éxpe-
cted with ipcreasing bombarding energy of 3He), and the strength of the
imaginary potential was décreased from 28 MeV to 20 MeV. For the 6He + lOC
channel both thé real and imaginary parts of the interaction were made
considerably stronger. The OM parameters determined for the ground state
transition are given in Table III, and the corresponding cross section is
shown in Fig.'l. The predicted shape and magnitude are reasonably close
to experiment for the ground state cross section. Also shown in Fig. 1

is the cross Séction calculated for the 2+ transition with the same OM
parameters. -Abo?e 250 the 2+ cross section also resembles experiment ,but
while the calculgtion differs from that for the ground state at forward
angles, the nascent peak is much too gmall. Nevertheless the ratio of

integrated cross sections is about 2.7, much larger than the zero range

result of 0.4

. . . . ' +
It is also possible to fit the shape and magnitude of the 2 cross

section by changing the OM potential of the 6He + lOC channel, and the result
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is shown in Fig.2 for the parameters in thé last iine of Table III. Since the
energy of the outgoing 6Hevdiffers in the O+ and 2+_cases such a treatment is
not unreasonéble as the OM parameters would be expected to differ. Further-
more the DWBA calculations showed that it was not pOSSible to fit both

shapes and magnitudes for the two transitions with the same OM parameters

0

in the 6He + 1 C channel. However the grid searches did reveal that the OM

10

parameters for the 6He + C channel 1lay in the range spanned by the two

parameter sets shown in Table III.

In Fig..é two additional curves are shown - these are the contributions
to.the 13C(_3He, 6He)lOC'(2+) cross section corresponding to the two values,
1l and 2, of X, the transferred orbital angular momentﬁm. It is‘clear fhat
the A=2 cont?ibution, corresponding to the 85(2D,1P)>term of Eq.(8) dominates
the 2% cross section and gives rise to the differenée_between the 0" and 2"

cross sections in the finite range DWBA'predictioﬂé.
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Iv Conclusions

Finite range DWBA calculations, which included recoil effects exactly,

130( 3He’ 6 e)lO

He)™~C at TO MeV, assuming trans-

were performed for the reaction
fer of a three-neutron cluster to the O+, ground state and 2+, 3.35 MeV
state in loC. After some searching on the relaﬁiveiy unknown optical model
parameters it was possible to obtain a satisfactory description of the
qualitative features of the observed cross section shapes and.magnitudes
for the two fransitions with different OM parametefé for the 6He + loC
channel. In view of the approximations made in the calculation, e.g. the

interaction of the three-neutron cluster with 3He depends only on the rel-

ative coordinate, the degree of agreement with experiment is quite satisfactory.

These results are in contradiction to those obtained with the DWBA
in the zero range approximation. In particular, an important result of the
present analysis is that the ratio of the integrated cross sections,

0(2+)/0(0+), is c¢alculated to be of the order of 2 to 3 even when the same

10

set of OM parameters is used for the 6He + C channel in both transitions.

This ratio differs substantially from the value of 0.4 given by tﬁe DWBA

in the zero range approximation, and is also much closer to experiment. The
difference arises because the transition amplitudes present in the zero
range DWBA calculation play only a minqr role in thg finite range case.

In the present calculations it is other transition amplitudes which dominate,
namely, those corresponding to more oscillator quanta in the CM motion.‘

The preferénce fér transfer to the I=2 state in the calculation arises from

the dominance of transfer with orbital angular momentum A equal to two, a



term that is absent in the zero range DWBA.

The present finite range DWBA analysis shows that the reaction

l3C( 3He, 6He)lOC can be interpreted as proceeding by:direct cluster
10

 transfer to both the O+, ground state and the 2+,'3.35 MeV state in C.

A1l the finite range DWBA calculations reported in this study

were performéd at the Lawrence Berkeley Laboratory computer centre.

15.
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" TABLE I. Parentage and amplitudes between the

130 ground state and states I of lQC.

I J Lp Parentage Amplitude
0 1/2 1 . +0.8396
2 3/2 1 -0.5430
2 3/2 2 -0.8102

2 5/2 2 +1.085k

17.
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~  TABLE II. Expansion coefficients for (lp)3 of

carbon into cluster, ¢ , and CM function QL.

L, e+l QL .<Lp[21] |eqL>
1 0 1P -2/9

1 1 28 +2/9

1 1 2D -V5/9

2 1 2D +/15/15 -
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TABLE III. Optical model parameters for 130(3He,6He)lOC

. cm
nuclei - B T a v r '
v v wv WV v e

(Mev) (fm) (mm)  (MeV) (fm) (fm)  (MeV) (fm)

34 + 3¢ 57.07 1.240 0.6650 125.0 1.240 0.6400 20.00 1.260

%e + 1%(0*) 41.82 1.650 0.9500 175.0 1.400 0.6400 35.00 1.260

(2) 38.47 1.460 0.7300 195.0 1.460 0.6400 50.00 1.260

The potential has the form C-Vg(v)—iwvg(wv), where

g(x)={1+exp[(r;riAl/B)/ax]}—l,C is the Coulomb potential

for 4 uniformly charged sphere of radius rcAl/3 and A=13

and 10,respectively,for the initial and final channels.
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Figure Captions

3. 6. .10

13 He, He) ~C

Fig.l Exact finite range DWBA calculations for the reaction ~~C(

. .
for a 70.3 MeV 3He beam. The upper curve is the transition to the 0 ground

. .
state in lOC, and the lower curve the transition to the 2 , 3.35 MeV .state

10 10

in ©.°C for the same set of optical model parameters in the 6He + 7 °C channel

( the parameters are those given in the second line of Table III). The data

‘are those of Ref. 1) .

1 6

Fig.2 Exact finite range DWBA calculations for the reaction l3C(3He, )lO

He C
) + .10 : 3 .
leading to the 2., 3.35 MeV state in C for a T70.3 MeV “He beam. The optical

10

model parameters for the 6He + ~7C channel are given in the third line of

Table III. The broken curve is the A=2 component of the cross section and the

dashed-and-dotted curve is the A=l component. The final cross section is the

unbroken curve. The data are those of Ref.l) .
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