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The 'Li(a, d)'nt)sa reaction is studied in the expectation that exchange contributions will be enhanced
relative to the more usual light particle stripping process. Angular distributions of deuterons were

measured at bombarding energies of 20 and 24 MeV and are found to exhibit back-angle peaking
characteristic of the exchange process. Calculations including only a direct stripping mechanism are not
able to account for the back-angle ~»~g and disagree with the back-angle data by more than two
orders of magnitude. A two-mode 6nite-range distorted-wave Born-approximation analysis including

cluster exchange contributions accurately describes the observed backward peaking at both energies. The
importance of exchange contributions is attributed to favorable kinematic conditions and large cluster
amplitudes associated with the exchange process.

NUCLEAR REACTIONS ~Li{0'.,d}, E =20, 24 MeV; measured o {tII), 8 =15'-175'.
Enriched target. Two-mode, finite range DWBA analysis. Be; calculated nn

radial function.

I. INTRODUCTION

Nuclear mass transfer reactions at energies
where compound effects are expected to be mini-
mal are generally treated as direct pickup or
stripping processes. A light particle is either
stripped from or transferred to the projectile
which then carries away the majority of the for-
ward momentum. Such reactions are character-
ized by forward peaked angular distributions.
Many observed angular distributions are in ac-
cord with this description and attest to the fre-
quent dominance of the direct stripping or pickup
mechanism.

A complete theoretical treatment of any reaction
requires antisymmetrization of the total wave func-
tion which gives rise, in general, to a variety of
exchange terms in the transition amplitude. The
most important' of these terms describes the situ-
ation which occurs when the incoming particle
picks up from the target nucleus all but the parti-
cle or cluster to be detected and retains the ma-
jority of the forward momentum. As a result, the
exchange ampl. itude generally yields a backward
peaked contribution to the angular distribution. If
this exchange effect is to be significant there must
be a large cluster spectroscopic amplitude for the
detected particle in the target nucleus as well as a
high probability for the final state of the residual
nucleus to be formed from the projectile plus the
transferred core.

The 'Li(a, d)'Be reaction was studied in the ex-
pectation that it would be a good example of an
exchange dominated reaction. The direct contribu-
tion to the transition amplitude is inhibited by a

number of factors. The wave functions that de-
scribe the a and 'Be systems as dd and d'Li
clusters, ' respectively, are rather constricted in
space due to the large separation energies of the
respective fragments. The overlaps of the rela-
tive wave functions with the distorted waves are
therefore confined to a small spatial region near
the origin. For low partial waves, the distorted
wave function is attenuated by absorption, while
high partial waves are excluded by the angular
momentum barrier. The cluster probabilities
which weight the transition amplitudes are expect-
ed to be small, thus further reducing'the light par-
ticle stripping contributions. On the other hand,
the wave functions which describe the 'Li and 'Be
systems as ed and 0.n clusters, respectively,
have relatively large amplitudes and are not tight-
ly bound, suggesting that exchange contributions
will be very important.

Data for this work were taken at two energies for
consistency and far enough back in angle to reveal
the shape of the last maximum. The expected en-
hanced back angle cross sections were observed
and the angular distributions were reasonably well
described by the calculations presented below. The
'Li(tx, d) reaction has already been investigated by
other authors, ' ' but the data were either too low
in energy or lacked sufficient angular range for
our purposes.

II. EXPERIMENTAL METHOD

Angular distributions of deuterons from the 'Li-
(n, d) Be„reaction were measured at n labora-
tory energies of 20 and 24 MeV. The beam was
produced by the Florida State University super
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FN tandem accelerator with intensities of 100-300
nA on target. Targets of 99.9% isotopically en-
riched 'Li were prepared by evaporation of the
enriched metal onto thin plastic backings. The
targets were stored and transported under vacuum
of 10 ' Torr to prevent contamination. Target
thickness was continuously monitored by observ-
ing elastically scattered a particles with a fixed
geometry counter. Neither deterioration of the
target nor target nonuniformity produced any ap-
preciable error, since the deuteron yield was nor-
malized to the o. elastic yield from the fixed geom-
etry counter.

Deuterons were measured with particle tele-
scopes. The thickness of the surface-barrier
transmission counters varied from 40-400 p.m
depending on the deuteron energy observed (typ-
ically ranging from about 4 to 20 MeV). Care was
taken so that the deuteron consistently lost some
20-50% of its energy in the transmission counter,
thus providing satisfactory particle identification
of deuterons. Figure 1 shows a typical particle
identification spectrum containing proton and deu-
teron groups. Heavier particles were not observed
since they were generally stopped in the transmis-
sion counter. Figure 2 shows a typical energy
spectrum of particles gated by the deuteron peak
in the particle identification spectrum. The sharp
peak corresponds to the Be~, the broad peak
corresponds to the first excited state of 'Be which
has a widih of 1.5 MeV6 and contains additional
continuum contributions resulting from the break-
up of 'Li. The identification and separation of the
'Be, peak is such that there is little error due to

background subtraction from peak areas.
The relative error in the data, presented in

Sec. IV, is due primarily to counting statistics
and is typically smaller than the size of the data
points. The absolute normalization of the data
was determined by measuring 6.86 MeV proton
elastic scattering at 95' and comparing with pre-
viously measured absolute cross sections. ' Error
in the absolute normalization of the data is due to
error in determination of deuteron solid angles,
error in beam current normalization, counting
statistics and the absolute error in the proton elas-
tic scattering data mentioned above. The total un-
certainty in the absolute normalization of the data
ls +9%.

III. THEORY

The data obtained in this work were analyzed
within an exact finite-range two-mode multi-inter-
action distorted wave Born approximation (DWBA)
formalism which has been fully described else-
where. ' We mention here only the specific details
essential to the understanding of the ensuing anal-
ysis:

The direct stripping process is represented as

(n =d&d)+'Li- ('Be =dS'Li)+d, (I)

where the deuteron is stripped from the projectile
into the target, forming 'Beg„as the residual nu-
cleus. The DWBA transition amplitude for the
direct process is

7 =(f I Vega+ Veen; —Ua a~le) ~

where V„„designates the interaction between clus-

rotons

I I I

Particol Identification Spectrum

Li( o, d) Be

E~ =24 Me Y

e =30
lob

6 . 8
Li ( a, d) Be

EN =24MeV

e} b
=30

UJ

X

D

I-z
O

peuterons

UJz
cf

D
IL

O
D

l00 I25 150 l75 200 225
CHANNEL NUMBER

250 275
I

75 I00 l25 l50 l75 200 225
CHANNEL NUMBER

FIG. 1. Particle indentification spectrum from boxn-

bardment of eLi ~ith 24 MeV 0 particles.
FIG. 2. Energy spectrum of events gated as deuterons

from the 6Li(o, ,d) Se reaction at 24 MeV.



M. B ~ GREENFIELD, M. F. WEBBY, AND R- J. PHILPOTT 10

Vp

{MeV)

g+d {1s)
'Li+u {1d~

66
91.3

TABLE I. Interaction potentials.

ao
{fm)

0.8
0.7

the computer code FANLU2 automatically includes
interference terms between the direct and exchange
contributions wherever necessary, these terms
were identically zero in the present calculations
by virtue of the angular momentum selection
rules. '

IV. CHOICE OF INTERACTION PARAMETERS

Note that one of the 0.'s is primed to indicate that
it originates in the target nucleus. Although two
of the interactions have the same functional form,
the corresponding two matrix elements are differ-
ent because the interactions are functions of dif-
ferent coordinates. Following the terminology in-
troduced previously, ' V«and V~6~; give rise to
light particle stripping and heavy particle knock-
out, respectively, while V& ~ and V& give rise to
heavy particle stripping and light particle knock-
out.

The terms
~ i} and (f ( contain both bound state

and distorted wave information appropriate for the
particular transfer process. In particular, each
interaction V between bound state clusters xy and
yz in the scattering amplitude represents a six
dimensional integral of the form

T"=
I $~@„V&|&„&)&&dr,

where the P's and Q's designate continuum and
bound state wave functions, respectively. In the
present analysis, these integrals are evaluated
exactly, as described in Ref. 8. A possible spin-
orbit coupling in the exit channel is ignored. While

TABLE II. Optical model parameters.

Vo op ao W~

System {MeV) {fm) {fm) {Me&) {fm)
a

{fm)

6Li + 0& 194 3.0 0.6 15
8Be+d 63.1 2.75 0.991 10

3.5 0.5
2, 75 0.991

ters x and y. Although it is common to assume
that the contribution of V~s~; cancels with that of
the exit channel optical model potential U~8~, this
approximation was not considered appropriate
here. All three terms were therefore included in
the present analysis. The exchange process is
represented as

a+('Li = a'$&f)- ('Be =a'Sa)+d,
where an e particle is picked up from the target
and combines with the projectile to form 'Be, .
The transition amplitude for the exchange process
is

~'=(f
I }'g + l'~ ~ -U~si. li&.

The initial and final states which appear in the
above expressions for the transition amplitudes
contain optical model wave functions representing
the elastic scattering process in the initial and
final channels, respectively, and form factors
which reflect the cluster structure of the involved
nuclei. The model parameters which determine
these functions were fixed in order to avoid the
prohibitive tedium and ambiguity of an extended
parameter search. In the present instance, we
have used optical model parameters that were
used to describe the 'Li a channel of the 'Li-
('He, a}'Li reaction as well as elastic scattering
data on other 1P shell nuclei. '

The 'Lid and the dd bound relative wave func-
tions were determined by varying the strength of
Woods-Saxon wells of standard geometry until the
observed binding energies were reproduced. I The
geometries and corresponding depths are given in
Table I. The o. d relative wave function was de-
termined" by folding an o, -nucleon potential given
by Sack, Biedenharn, and Breit~ with the deuteron
relative wave function &t&,(r} to produce an effective
ed potential of form

~~(p) = Jt &t&,(~)r. )'„(p+ 2 r) + V,(p ——.'r)]P, (r) dr .

(5)

This potential was then employed to generate a 2s
or 1d ad relative wave function, as described in
Ref. 11. For the 2s function, a reduction of less
than 5% in the strength of the potential was re-
quired to reproduce the observed binding energy
of the o.+d system. For the 1d state the strength
was increased by approximately the same amount
in order to reproduce the observed cluster separa-
tion energy.

A suitable potential model for the 'Bed channel
is more difficult to obtain because the instability
of the 'Be nucleus prevents direct observation of
elastic scattering. At the same time, the loose
structure of the 'Be nucleus suggests that appro-
priate potential parameters may be different from
those associated with standard targets. In this
work, the real part of the 'Bed potential was
generated by folding the ad potential derived
above with the unbound 'Be ea relative wave
function described below. The resulting numer-
ical potential could be well represented by a
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%oods-Saxon form. The imaginary part of the
'Bed potential was arbitraril. y assumed to have
the same radial form as the real part and a depth
of 10 MeV. The parameters of the equivalent
Woods-Saxon potential are listed in Table II.

In addition to the above potentials and wave func-
tions, one needs, finally, a model for the relative
wave function describing the 0,e cluster struc-
ture in 'Be. The continuum nature of this wave
function, which arises because the 'Be ground
state lies above the threshold for 0. emission, in-
troduces certain well known'3 formal complica-
tions into the treatment of the distorted wave over-
laps. In the present instance these complications
are minimized by the strong influence of the Cou-
lomb barrier, which effectively decouples the 'Be
interior from the asymptotic region. At the ob-
served" resonance energy of 95 keg, the outer
classical turning point is not reached until the two
a particles are 60 fm apart. within this radius,
the 'Be wave function behaves like a bound state
and has been treated as such in the calculations
described here. Our 'Be wave functions are
matched to the correct asymptotic form at 60 fm,
but normalized to unity over the region 0 «r «60
fm. At 60 fm, the magnitude of the radial func-
tion R(r) has fallen to some 3x 10 ' times the mag-
nitude at 3.5 fm and the radial integrals required
to calculate the exchange transition amplitudes
appear to have converged.

The nodeless 'Be wave function shown in Fig. 3
was generated from the a-n potential of Ali and
Bodmer" by adjusting the strength slightly (about
4 parts in 1000) to bring the s wave into resonance
at 95 keV. The s-wave Ali-Bodmer potential has
the form

V(r) = Vs exp(-p rs') —V„exp( p„'r')-+4e'/r,

nent which was fitted to g-wave phase shifts ob-
tained from a-n scattering experiments, and V„
= 500 MeV, p.„=0.'7 fm ' are the strength and in-
verse range of an additional short range repulsive
component. The last term in Eq. (6) represents
the Coulomb interaction.

The repulsive part of the nuclear interaction
prevents the formation of bound states in the po-
tential, with the result that the calculated reso-
nance wave function has a 1s character. The lack
of nodes in this wave function is inconsistent with
results" obtained from the more realistic cluster
model, in which the wave function for 'Be is rep-
resented by two interacting a particles and the
antisymmetry with respect to nucleon coordinates
is properly taken into account. The cluster model
wave function has a Ss character and exhibits two
interior nodes. A 3s wave function may be ob-
tained from the potential of Ali and Bodmer if the
repulsive nuclear part is omitted. The resulting
wave function is also shown in Fig. 3. Somewhat
surprisingly, perhaps, the modified potential re-
produces the measured s-wave phase shifts at
least as well a,'s the Ali-Bodmer potential over the
same range of energies 0 «E~o„«12 MeV, to
which the Ali-Bodmer potential was originally fit-
ted. There is thus no compelling reason to prefer
the calculated 1s function over the 3s function. A
more realistic a-0. interaction would be expected
to exhibit strong nonlocality at short ranges which
would tend to damp" the inner oscillations of the
wave function relative to the Ss wave function of
the local potential well (Percy effect). One might
therefore expect that a better relative motion wave
function would lie between the two extremes calcu-
lated above. This expectation appears to be borne
out by explicit cluster model calculations. " In the

where V„=130 MeV and p.„=0.475 fm ' are the
strength and inverse range of an attractive compo-
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FIG. 3. Calculated resonant wave functions for the
Ge ~ representation of the SBe ground state.
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FIG. 4. A comparison of the 24 MeV experimental an-
gular distribution from the Li(n, cj) Be reaction with the
calculated cross section, assuming an (o. e &)3, resonant
final state wave function.
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FIG. 6. A comparison of the 24 NeV experimental an-
gular distribution from the 6Li(&, d)SBe reaction with the
direct and exchange contributions to the cross section.

following w'ork, both form factors of Fig. 3 have
been used in an attempt to bracket the uncertain-
ties introduced via the 'Be resonant wave function.

When the potentials and form factors have been
fixed, the only variable parameters entering into
the calculation of the transition amplitudes are
products of spectroscopic amplitudes. ' Although
these amplitudes may be considered adjustable to
some extent, their permissible range of variation
is strongly limited in practice by contemporary
cluster-model expectation.

V. RESULTS

The measured deuteron angular distributions
from the 'Li(n, d)'Be reaction at 24 MeV is shown
in Figs. 4 through 6 and at 20 MeV in Fig. 7. As
mentioned earlier, the relative errors are repre-
sented by the size of the bar on each data point and
the total absolute error is about +10%.

The curves represent calculations performed by
the two-mode multi-interaction exact finite-range
code FANLU2 which takes into account all reaction
processes discussed in the theory section. As
mentioned previously, the optical parameters a.nd

interaction potentials were fixed in advance and
only the products of spectroscopic amplitudes were
allowed to vary. The present calculations include
only the 1d component of the 'Lid relative wave
function and the 2s component of the ad relative
wave function. Values of 0.013 for the product
S8B; S„, and 3.25 for the product S'~S'Lj were em-
ployed to generate the curves shown in Figs. 4
through 7. S„', is the spectroscopic factor for the

breakup of z into xy. These values were obtained
by best y' fits to the data. .

Figure 4 shows the calculated 24 MeV cross sec-
tion which results when the 3s'Be resonant wave
function is used and Fig. 5 shows the correspond-
ing cross section obtained from the 1s 'Be reso-
nant motion wave function. Both calculations pro-
vide reasonable fits to the data. The separate con-
tributions of the direct and exchange terms to the
calculated angular distribution at 24 MeV are
shown in Fig. 6, to illustrate their relative im-
portance. The direct part taken alone falls below
the data by over 2.5 orders of magnitude at back
angles. The exchange contribution roughly repro-
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FIG. 7. A comparison of the 20 MeV angular distri-
bution from the Li{ct,p Be reaction with the calculated
cross section.
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duces the back angle data and, when combined with
the direct contribution, provides a reasonab1. y good
fit over the entire angular range of the data. The
20 MeV data is also reasonably well reproduced
when the exchange contribution is included, as il-
lustrated in Fig. 7.

Some pilot calculations w'ere carried out to in-
vestigate effects associated with form factor com-
ponents not included in the calcul. ations reported
above. The 'Lid relative wave function is ex-
pected to contain a 2s component in addition to the
1d component. The 2s component provides a small
additional contribution to the cross section which
is strongly peaked in the forward direction. How'-

ever, a significant contribution to the cross sec-
tion is only obtained if an inordinately large prod-
uct of spectroscopic factors is assumed. It is
therefore quite permissible to omit this compo-
nent of the 'Lid wave function.

Similarly, the n+d relative wave function is
expected to contain a 1d admixture with a prob-
ability of 2-4. " The contribution of this compo-
nent to the calculated cross section may somewhat
alter the normalization of the exchange term, but

is not expected to exert a strong influence on the
shape. Preliminary calculations which include the
1d contribution tend to support this expectation.
A fairly smooth cross section is obtained which

peaks at backward angles. Although the 1d contri-
bution has an appreciable influence on the magni-
tude of the spectroscopic factors extracted by fit-
ting the observed back-angle cross section, it was
not possible to improve the description of the var-
ious minima in the observed cross section by in-
cluding this contribution. Further examination of
this contribution was prevented by the prohibitive
time required for such calculations.

The product of spectroscopic factors which gov-
erns the strength of the exchange contribution con-
tains a spectroscopic factor for the breakup of 'Be
into two a particles. It is reasonable to assume
that the magnitude of this spectroscopic factor is
approximately 2, close to the maximum value as-
sociated with a pure a+ n configuration (a factor
of 2 in the spectroscopic factor arises from the
symmetry with respect to O.-cluster exchange of
the fully antisymmetrized 'Be wave function, see
Appendix). The present value of 3.25 for the prod-
uct of spectroscopic factors therefore appears to
be about twice as large as one might reasonably
expect. A rough calculation including between 2

and 4% of the ld term of the nd cluster reduces
the product of spectroscopic factors from 3.25 to
less than 2.00. The rather strong contribution of
the 1d component arises because the angular mo-
mentum matching condition favors the transfer of
two units of angular momentum.

VI. CONCLUSION

Angular distributions of the I.i(a, d)BBe reaction
were measured at 20 and 24 MeV in order to in-
vestigate the importance of exchange processes.
The large differential cross section observed at
backward angles is typical of a strong exchange
process which, on the basis of cluster considera-
tions, is expected to dominate the reaction. An

analysis of the angular distributions including both
direct and exchange amplitudes is in good agree-
ment with the data.
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APPENDIX: SUM RULE ARGUMENT FOR S=2

Assume that the 'Be internal wave function has
a structure describable as two nonoverlapping a
particles in a relative bound state, viz

gs, (1234, 1'2'3'4') = N8$„(121'2'; 343'4')

where

P „(121'2';343'4') =- y (r)y (121'2')X„(343'4') .

Unprimed coordinates refer to protons, prim ed
coordinates to neutrons, N is a normalization con-
stant, and 8 is an appropriate antisymmetrization
operator. The wave functions X are assumed to
be normalized and antisymmetrized. They depend
only on the internal coordinates (spin and relative
spatial coordinates) appropriate to the nucleon
coordinates given as arguments.

The relative function y(r) may be written as a
superposition of even and odd functions with re-
spect to the parity operation r- -r. When g„ is
totally antisymmetrized, contributions from the
odd component of y(r) are automatically removed.
There is therefore no loss of generality if )((r) is
assumed at the outset to be an even function of r.
[This condition is of course assured if y(r) is an
angular momentum eigenfunction with even L.]

The antisymmetrizer 8 contains (4l/2) 2) )*=36
distinct partitions. The normalization constant
can be obtained from the result

=36K (gnal8I Pna) . .
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The last matrix element reduces to 2, since there
are two partitions of the coordinates, namely
(121'2'; 343'4') and (343'4'; 121'2') which each
provide unit overlap. Thus we obtain N' =1/72.

The spectroscopic factor can now be calculated
for the state p„which exhausts the sum rule.

The factor of 2 is seen to arise from the sym-
metry with respect to e-cluster exchange of the
fully antisymmetrized 'Be wave function.

*Work supported in part by the National Science Founda-
tion Grants Nos. NSF-GU-2612, NSF-GP-15855, and
NSF-G J-367.

~Present address: Department of Physics, Florida AC&M

University, Tallahassee, Florida 32307.
~Present address: Department of Physics, Case West-

ern Reserve University, Cleveland, Ohio 44106.
L. Madansky and G. E. Owen, Phys. Rev. ~99 1608
(1955).

2K. Wildermuth and W. McClure, Cluster Representa-
tions of Nuclei (Springer, Berlin, 1966).

3B. Feidman and J. L. Yntema, Nucl. Phys. 12, 298
(1959).

H. E. Wegner, W. S. Hall, and D. W. Miller, in
Direct Interactions and NucLear Reaction Mechanisms,
edited by E. Clementel and C. VQli (Gordon and Breach,
New York, 1963), p. 1004.

SJ. Cerny, B.G. Harvey, and R. H. Pehl, Nucl. Phys.
29, 120 (1961).

6T. Lauritsen and F. Ajzenberg-Selove, Nucl. Phys. 78,
1 (1966).

~H. G. Bingham, A. R. Zander, K. W. Kemper, and N. H.
Fletcher, Nucl. Phys. A173, 265 (1971).

8S. Edwards, D. Hobson, T. L. Talley, %. J. Thompson,

and M. F. Werhy, Phys. Rev. C 8, 456 (1973).
M. F. Werby and S. Edwards, Bull. Am. Phys. Soc. 18,
626 (1973); Nucl. Phys. (to be published); and
T. Gray, T. Fortune, W. Troat, and N. Fletcher, ibid.
A144, 129 (1970).

~ON. Austern, Phys. Rev. 136, 81743 (1964).
~~M. F. Werby, M. B. Greenfield, K. %. Kemper, D. L.

McShan, and S, Edwards, Phys. Rev. C 8, 106 (1973).
~2S. Sack, L. C. Biedenharn, and G. Breit, Phys. Rev.

e3, 321 (1e54).
3R. Huby and J. R. Mmes, Rev. Mod. Phys. 37, 406
(1965}; C. M. Vincent and H. T. Fortune, Phys. Rev.
C 2, 782 (1970).

~4T. Lauritsen and F. Ajzenberg-Selove, Nucl. Phys.
78, 1 (1966).
S. Ali and A. R. Bodmer, Nucl. Phys. 80, 99 {1966};
S. A. Afzal, A. A. X. Ahmad, and S. Ali, Rev. Mod.
Ihys. 41, 247 (1969}.

~6S. Okai and S. C. Park, Phys. Rev. 145, 787 (1966).
~F. G. Percy, in Direct Interactions and NucLear
Reaction Mechanisms, edited by E. Clementel and
C. Villi (see Ref. 4); N. Austern, Phys. Rev. 137,
8752 (1965); J. F. Reading, ibid. 153, 1377 (1967).


