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Angular distributions for elastic and inelastic transitions in ' Ne+ ' 0 scattering have been measured at
E(' Ne) = 50 MeV. For the 0+, 2+, and 4+ members of the Ne ground-state rotational band, the angular

distributions exhibit pronounced backward peaking characteristic of an Q.-cluster exchange mechanism. The
analysis of the ground-state transition in the first-order elastic transfer model yields no satisfactory fit

although microscopic cluster form factors and full recoil corrections are employed. A coupled channels

calculation for the 0+, 2, and 4+ transitions reveals very strong coupling effects, indicating that the coherent

superposition of first-order optical model and distorted-wave Born-approximation amplitudes may not be an

adequate model for these reactions.

NUCLEAR REACTIONS ' O(2 Ne, ' 0) and '60(2 Ne, Ne), elastic and inelastic trans-
fer; E = 50 MeV; measured (T (E&, g ); optical model+ DWBA, and CCBA analyses.

I. INTRODUCTION

Several recent studies of the '"Ne ground state
rotational band in microscopic n-cluster plus core

-models have led to the conclusion that it may be
characterized as an n-particle-like configuration
of s-d shell nucleons rotating around a spherical
"Q core. ' ' Furthermore, these calculations
showed that the core may be, to a good approxi-
mation, identified with the ground state of "Q. In
the scattering of "Ne from "Q, the exchange of
the a cluster between two identical "Q cores
should then contribute to the observed cross sec-
tions. ' Viewed as a simple one-step direct re-
action mechanism, the cluster can remain with
the "Q core of the incident '"Ne projectile lead-
ing to elastic or inelastic scattering; in the latter
case, the angular momentum transfer l of the re-
action arises from the excitation of cluster rota-
tion with angular momentum L= l leading to a final
"Ne state with J = L. This part of the reaction
may be described by optical model and distorted-
wave Born-approximation (DWBA) amplitudes,
respectively. In a coupled channels treatment,
the corresponding amplitudes include the effect
of virtual transitions between the rotational states
of "Ne in the reaction. If, on the other hand, the
cluster is exchanged to the "Q target nucleus
forming one of the "Ne rotational states, the final
reaction products are the same, but the different
kinematical situations in the two reaction paths
make their contributions to the cross section
show up in different regions of scattering angles.

At reaction energies above the Coulomb barrier
the nonexchange cross section is forward peaked,
whereas the exchange process contributes pre-
dominantly at backward angles. " The amplitude
of the exchange path may be obtained in the DWBA
approximation as an n transfer process
"0("Ne, '"0)"Ne, where the transferred angular
momentum equals the spin of the "Ne final state.

In a fully antisymmetric treatment of the re-
action both contributions would be automatically
included along with other, more complicated mech-
anisms. As a first approximation for the transi-
tion to the ground states of both "Ne and "Q, a
coherent superposition of the elastic scattering
amplitude obtained from the optical model with a
Dg&A, l= 0 a-transfer amplitude appeared worth-
while. Such a treatment has been successfully
applied'" to the scattering of "Bfrom "C, and
"Si from "Si, where a single nucleon is exchanged
between identical cores. The contribution of "elas-
tic transfer" was demonstrated to lead to a sub-
stantial backward rise in the cross sections and
to a characteristic interference structure in the
region around 90 scattering angle where both am-
plitudes overlap. In addition to explaining the
observed backward rise in the angular distribu-
tions, this analysis offered a new way of deter-
mining the spectroscopic factor of the transferred
nucleon or cluster in the nuclear states involved.
In conventional transfer reactions the crass sec-
tion is proportional to the spectroscopic factor S
of the transferred object in the final (stripping)
or initial (pickup) nuclear state. In elastic trans-
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fer, the amPlitude is proportional to S because
the transferred nucleons are stripped from the
initial and picked up by the final nuclear states
which are identical. In the case of the "Ne+ "O
ground-state transition, the exchange amplitude
is proportional to the square of the n relative mo-
tion form factor'

~(E) (20) t/2 @+(16O)ply(~)@(20Ne) +
where R is the relative distance between "O and
n, and the 4 are antisymmetric internal wave
functions. The n spectroscopic factor of "Ne is
given by

S„'- =
I x(E) I'E'~, (2)

II. EXPERIMENTAL TECHNIQUE AND RESULTS

The experiments were carried out at the 88-in.
cyclotron of the Lawrence Berkeley Laboratory.

therefore the cross section at the very backward
angles, where interference with the nonexchange
contribution may be neglected, is proportional to
S '. Furthermore, the interference structure at
intermediate angles is very sensitive to S . 'This
quantity can thus be determined from measured
absolute cross sections more sensitively than in
a transfer reaction like "0('Li, d)2'Ne.

In order to test the prediction of microscopic
models that the members of the "Ne ground state
rotational band are a cluster configurations with
more or less constant a-particle spectroscopic
factors, we have measured angular distributions
of the reactions "Ne+ "0-"O(g.s. )
+ "Ne(O'g. s. , 2;4') at an incident "Ne energy of
50 MeV which is slightly above the Coulomb bar-
rier. The analysis of the ground-state transition
was performed with various microscopic "Ne
cluster wave functions" and a superposition of

optical model(OM) and DWBA transfer amplitudes;
recoil effects were included in the DWBA formal-
ism. " As we shall show in the following sections,
this analysis can qualitatively reproduce the
ground-state transition data, lending support to
the hypothesis of an n-elastic transfer mechanism.
However, the limitations and ambiguities inherent
in the first order OM+ DWBA approximation ren-
der impossible an accurate determination of the a
spectroscopic factor, calling for a more consistent
treatment of the reaction mechanism.

It did not appear worthwhile, therefore, to ana-
lyze the 2' and 4' transitions in the framework of
our first-order approximation. The importance
of second-order contributions to all the observed
transitions was demonstrated by a coupled chan-
nels calculation for the 0', 2', and 4' states.
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FIG. 1. Spectra of outgoing Ne and ' 0 at 8&,b =36 .

The energy of the '"Ne beam was 50 MeV, corre-
sponding to 22. 2 MeV in the center of mass
system. The average beam intensity was 100 nA
on target; a collimator was used to fix the beam
spot and reduce it to an area of about 2 mm'. Self-
supporting targets of aluminum- and nickel-oxide
with a thickness of 250 and 100 pg/cm', respec-
tively, were mounted in a scattering chamber
equipped with a liquid nitrogen cooling finger close
to the target as a trap for pump oil vapors, in
order to reduce carbon buildup on the target during
the experiment.

Two L1E-E counter telescopes with 5 p, m ORTEC
4E transmission detectors and a solid angle of
2 & 10 4 sr were used along with a monitor detector.
The telescope events were sent to a computer,
stored in ~-(E+ hE) arrays, and analyzed off
line with a program for energy calibration, peak
integration, peak unfolding, and background sub-
traction. Energy calibration of the spectra was
obtained from the peak positions of the elastic

Ne scattering from ' Ni, Al, and ' O. The over-
all energy resolution was about 500 keV, which
was sufficient to separate the transitions to the
"Ne ground state, 2' state at 1.63 MeV, and 4'
state at 4. 25 MeV. The corresponding peaks were
identified by their kinematical shift with scatter-
ing angle from the peaks due to inelastic scatter-
ing and a transfer reactions on "Al and target
impurities. For each scattering angle and tele-
scope, both the spectra of outgoing "Ne and
"O(g.s. ) productswere obtained. Figure 1 shows
these spectra for 8„,= 36'. Since the "O(g.s.) angu-
lar distributions at forward angles correspond to
the angular distributions of the elastic and inelas-
tic "Ne backward scattering it was sufficient to
cover only the forward angles.

Angular distributions were measured in steps
of 1 for angles between 10 and 48 in the lab sys-



teIQ, coll espondlng iQ the center of IQRss system
to an angular region from 22. 6 to 156' (for the
ground-state transition) covered ln s'teps of about
2.5'. Angular distributions for excited "Ne states
above the 4'level, as well as for transitions to
excited "Q states, could not be obtained because
the outgolDg Ne px'oducts were stopped iD the AE
detectoxs. The ¹iQtargets turned out to be vexy
inhomogeneous and wexe only used for a few for-
ward angles where the kinematic separation of the
elRstlc peRks from Al RDd Q was lIlsufflclent.

The relative normalization of the angulax' dis-
tributions was obtained from the beam charge in-
tegx'Rtlon ln the FRIRdRy cup RQd the monitor coun-
ter. Qverlapping angles were taken to normalize
the data fx'om the NiQ and Al, Q, targets to each
other. The absolute cross section scale was ob-
tained by normalizing the "Ne gxound-state tran-
sition to Rn optlcRl model cRlculRtloIl Rt for%'Rld
angles where &r-o (Rutherford). The absolute
cross sections were determined independently from
the known solid angles by weighing an area of 1 cm' of
the Al,Q, tax get. The results agreed to within 15k.

The resulting angular distributions for the ground
state, 2', and 4' states of "Ne are shown in Fig. 2.
The error bars include errors due to statistics,
background correction, Rnd uncertainties in the
UQfoldlng of 1IQpurlty peRks. For the 4 trRDsltloQ,
the peaks could be identified with sufficient reli-
ability only in the "0 spectra, thus limiting the
angular distribution to 8, & 70".

A backward rise is observed in all three angular
distributions, suggesting that a mechanism dif-
fexent from direct elastic or inelastic scattex ing
takes over at angles beyond about 90 . The pro-
nounced Gscillations at intermediate angles, ob-
served ln the ground-state transltxon, appeax
damped in the inelastic reactions. The observed
cross sections at about 160 ax"e four times highex
f'or the 2' and 4' transitions than for the ground
state. This would be consistent with the assumption
that the back angle cross section is due to R co-
herent n transfer contribution because ground-
state l= 0 transitions are USURBy kinematically
SUppx'essed lIl heavy-ion Q tx'Rnsfel x'eRctlons on
8-d shell nuclei Rt enex'gles close to the CoulGIQb
bax'rier. " In fact, the same ratio of 0' to 2'and
4' cross sections is observed" in the reactions
16O(7l i f)20Ne and 16O(16O 12C)20Ne

Note that these relative reaction cross sections
may be compared directly to ouxs because the n-
spectroscopic factors should be approximately the
same for all three states. "'

Fax' the quantitative analysis of our data, we mill
turn first to the ground-state transition and apply
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FIG. 2. Angular distributions for elastic and inelas-
tic Ne+ 6 scattering to the gxound state, 2 (1.63
MeV), and 4 (4.25 MeV) states of 0Ne. The smooth
curve for the gxound-state transition is drawn to guide
t e eye.

the optical model plus DNBA coherent superposi-
tion approximation" (elastic transfer). in order
to Rvold QQ Sop assumptions~ the esseQtlal param-
eters were taken from systematic investigations
of scattering and transfer reactions in the s-d
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shell. Therefore, we used a standard set of opti-
cal model parameters that describe the average
features of elastic scattering in the "p, "Ne re-
gion. " Recoil effects in the DWBA transfer ampli-
tude turned out to be very significant"; they were
included using the quasiclassical approximation
described by Braun-Munzinger and Harney. " Mi-
croscopic form factors and n-spectroscopic fac-
tors have been used to specify the n-cluster bound
state wave function used in the DWBA amplitude. "
Nevertheless, no satisfactory fits were obtained,
which is presumably due to the omission of sec-
ond-order contributions to both the elastic and
transfer amplitudes. Such second-order effects
should be important because of the highly collec-
tive, deformed structure of the "Ne states in-
volved. This was substantiated by a coupled chan-
nels calculation for the nonexchange part of the
cross sections.

A. O.-cluster relative motion form factors

In the DWBA treatment for four-nucleon trans-
fer, the wave function y for the bound nucleons
is usually obtained as a cluster form factor from
a Woods-Saxon (WS) potential by specifying the
appropriate number of nodes and the separation
energy of an asymptotically free n particle. The
n-particle spectroscopic factor is then identified
with the normalization integral of y„ i.e.,

S = cp R -'R'dR,

where R is the relative distance between cluster
and core. S~ is then determined by fitting the
DWBA to the experimental cross section. For the
ground state of ~Ne, y is given as the Ss state"
with separation energy E = -4.73 MeV. No clear
cut prescription exists for the choice of the radius
and diffuseness parameters of the Woods-Saxon
well. If they are taken to resemble closely the
real part of the optical model that describes low
energy a particle elastic scattering'7 (R = rgu„„'~'
with ro=1.4 fm, a=0.65 fm), the resulting well
depth is Vo = 114 MeV.

From systematic DWBA studies of heavy-ion-
induced four-nucleon transfer reactions such as
("0,"C) at energies close to the Coulomb barrier
it is known that the predicted cross sections are
approximately proportional to the square of the
bound state amplitude in the external region. "
The insensitivity of peak cross sections to the in-
terior parts of the wave functions results from
the surface localization of direct transfer reac-
tions. " The essential features of the bound state
form factor are, therefore, the slope which is
unambiguously determined by the cluster separa-
tion energy, and the absolute magnitude in the ex-

ternal region. The latter depends on the overall
normalization S and on the choice of the radius
parameter Ro of the Woods-Saxon well. Thus, the
absolute value of S„extracted from a DWBA fit
to the experimental cross section, depends strong-
ly on R, and does not provide a well-defined re-
sult. However, relative spectroscopic factors for
states belonging to the same intrinsic four nucleon
configuration may be obtained by means of this
procedure. 3

In order to test the prediction of the first-order
elastic transfer model for the "0+"Ne ground-
state transition, together with the additional as-
sumption that 'ONe has a pure a-cluster configura-
tion, the asymptotic part of the cluster form fac-
tor had to be unambiguously specified. A Woods-
Saxon solution was therefore fitted to the external
parts of various microscopic cluster model form
factors by proper choice of S" and R, . The re-
sulting WS solutions were then used in the recoil
DWBA code to generate the exchange part of the
elastic amplitude. This corresponds to specifying
the n particle reduced svidtA, s, rather than the a-
spectroscoplc facto1 corresponding to the WS folm
factor, by the fit to the microscopic model rela-
tive-motion form factor. Because of the insensi-
tivity of the transfer reaction cross section to the
interior parts of the radial wave function, our ap-
proach does not imply that we consider the WS so-
lution as an overall approxlmatlon to the micro-
scopic form factor. As we shall show below, the
amplitude of the latter is drastically reduced in
the interior as an effect of the antisymmetrization.
The WS solution used in the DWBA code serves
only to reproduce the exterior part. The corre-
sponding normalization S~ is, therefore, more
or less arbitrary; the n spectroscopic factor S
is appropriately given by the normalization S' . of
the microscopic relative motion form factor [Eq.
(2)l

Various microscopic n cluster model calcula-
tions for "Ne have been recently reviewed by
Arima. ' In general, the n-particle relative mo-
tion form factor is given by

yi(R) = nL {4,4,.„„.Fi i n(4 4,„„.F~E~(R))),

where L is the cluster angular momentum, g~ a,

normalization factor, and the quantity in the right-
hand side of the bracket is the antisymmetrized
model wave function for "Ne. The relative mo-
tion part E~(R) is normalized to unity. The prob-
ability of finding an o. particle in ' Ne is then given
by the normalization 8"'" of Xz(R) as given in Eq.
(2). In most cases, it is smaller than unity due
to the effect of antisymmetrization on Ez(R). For
example, describing the K=0' ground-state ro-
tational band in the (8, 0) representation of SU„
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one finds' a maximum spectroscopic factor of
S (8, 0) =0.23. With j-j coupling wave functions
and configuration mixing in the s-d shell, McGrory
et al. ' obtained S~ = 0.18 for the ' Ne ground state.
Since the nucleons outside the "0core are limited
to the s-d shell, in both cases, one may call a
value of about 0.2 the shell model limit for S .

In order for S to approach unity, as is familiar
for single nucleon spectroscopic factors, higher
lying shell model orbits have to be admixed to the
s-d shell, giving the n cluster a higher degree of
localization than is implicit in the normal shell
model wave function. ' As S -1, the cluster be-
comes more discernible in the nuclear density
distribution and moves towards the surface. For
the o.-"0 molecular rotator states, ' encountered
in elastic n scattering from "0, clearly S =1.
However, these are highly excited states; much
less localization is possible in the "Ne ground
state.

In our analysis of elastic transfer, we used wave
functions obtained by Tomoda and Arima, ' and by
Hiura, Nemoto, and Bando. ' In the model used

by Tomoda and Arima, shell model wave functions
with SU., representations (X, p) = (8, 0), (10, 0),
(12, 0), and (14, 0) are mixed into the relative mo-
tion function, assuming the "0core and the n
cluster to be in their lowest internal states:

4 ~(' Ne) = Q +z(~)+z
(2N+I =X)
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to which they apply angular momentum projection
and the generator coordinate method with respect
to R = ~R, —R, ~, which represents the distance be-
tween the two clusters. Using the Volkov 2 two-

body potential, they obtain satisfactory agreement
with the "Ne excitation spectrum, and a ground-
state a-"0 binding energy of E~ = -4.55 MeV
(the experimental value is Es = -4.73 MeV). The
cluster relative motion form factor of both models
is obtained by the overlap integral (4); the spec-
troscopic factor S'™is given by the normalization
(2). The resulting S'„ for the '0Ne ground state
are 0.32 (Tomoda) and 0.45 (Hiura), respectively.

The corresponding cluster form factors are

(5)

The coefficients a~(X) are obtained withaVolkov2
two-body potential, fitting the "Ne ground-state
binding energy and the excitation spectrum of the
K= 0' rotational bar@i.

Hiura ef, al.4 start with a two-centered Brink-
Bloch wave function

FEG. 3. n particle relative motion form factors for
the Ne ground state. Microscopic calculations of
Tomoda and Arima (Ref. 5; upper part) and Hiura et al.
(Ref. 4; lower part) are matched by Woods-Saxon solu-
tions in the external region (R & 5 fm).

shown in Fig. 3, together with Woods-Saxon form
factors obtained with x, =1.4 fm that are normal-
ized so as to fit the asymptotic parts (R) 5 fm).
In the nuclear interior the microscopic form fac-
tors are drastically reduced due to the antisym-
metrization, and the major part of the a particle
probability amplitude is pushed into the surface
region. The form factor of Hiura et al. with S'
=0.45 exhibits the same surface amplitude as the
Woods-Saxon form factor with ro = 1.4 and a nor-
malization S = 0.8. The latter will be used in
the DWBA analysis.

B. Elastic transfer and coupled channels calculations

The "0+' Ne ground-state transition was cal-
culated as a coherent superposition of elastic scat-
tering and cluster transfer using the code BRUNHILD
of Braun-Munzinger, Harney, and Wenneis. ' In
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the react1on amplitude

the relative phase is fixed by the symmetry of the
system. a The set of optical model parameters, '
used in both amplitudes, was Vo=100 MeV, %=35
MeV, x, =x =1.2 fm, a„=0.49 fm, and a =0.32 frn,
representing a strongly absorbing potential. No
l dependence of the absorption was taken into ac-
count because several direct exit channels are
available to carry the grazing angular momentum
10 =10; among these the low lying collective states
are particularly strongly excited in inelastic scat-
tering (c.t. Fig. 2).

Effects of recoil and finite range should be high-
ly important in the n-"O system because the
transferred mass cannot be considered small rela-
tive to the eoxe mass. " This is d1fferent from the
situation encountered in single nucleon elastic
transfer reactions like "Si+ "Si and precludes,
in our case, the use of the LCNO model of von
Oertzen and Norenberg ' which does not incorpor-
ate recoil effects. The DWBA amplitude used in
the code BRUNHII. D treats recoil in the local mo-
mentum approximation, which is applicable to re-
actions with strong absorption in the entrance and
exit channels where the reaction is localized to a
radial domain outside the quasiclassical grazing
radius. " In our calculations, the finite range and
recoil effects led to a reduction of the extreme
bRck RQgle cx'oss sectloQ by Rlnlost Rn oldel of
magnitude, and to a damping of the oscillatory
structure at angles 8, - 120".

The results of the optical model and elastic-
transfer calculations are compared with the
ground-state transition data in Fig. 4. Both fits are
ldeQtlcal for 8, 80'; 1Q tI11s domain, the dRtR
are well xeproduced. The OM cross section con-
tinues to fall off towards larger angles, in a man-
ner typical for strongly absorbing potentials,
whereas interference oscillations and a backward
rise develop in the elastic transfer angular dis-
tribution for 8, &80'. However, the experimen-
tal cross sections are largely underestimated at
intermediate angles, where the phase of the os-
cillations is also not well reproduced.

A variation of the optical model parameters did
not yield significant improvements insofar as a
better agreement with the backward oscillatory
pattern could only be achieved at the expense of
fit quality at forward angles. Apparently, the
DWBA amplitude falls off too rapidly from back-
ward angles towards 90, or the OM amplitude is
inadequate for 8, &80 . Attempts to improve the
fit by scaling the DWBA amplitude with a larger
bound state form factox normalization were un-
sueeessful. For example, an arbitrary normaliza-

'60+ ONe, clast. scatt.
E= 50 MeV

OM
OM+DWBA, ro -&,4fm

So™O,45
OM+ DWBA, rO

-l.75fm

0.01—

0.001—
I

0 20 60 100

8, Ideg)

FIG. 4. Results of optical model (OM) and elastic
transfer (0M+0%HA) calculations for the 20Ne+ ~60

ground- state transition.

tion to 8 = 2 shifted the angular distribution up-
ward by a uniform factor of about 4 for 8 ~ 100',
improving the agreement at intermediate angles
but far overestimating the cross sections at the
very backward angles. A somewhat better overall
f1t was obtained by increasing the Woods-Saxon
well radius from x, =1.4 fm, as prescribed by the

microscopic models, to ro =1.75 frn, at the same
time reducing the overall normalization to 8" =0.5.
The corresponding fit is also shown in Fig. 4.
However, this procedure implies an e-particle
sul fRce r'educed w1dth twice Rs high as given by
the microscopic wave functions appropriate to the' Ne ground state. This corresponds to an @-
cluster localization far beyond the limits indicated
for low lying "Ne states by microscopic models. '

It was therefore concluded that the first-order
elastic scattering and exchange mechanism„un-
dex'lying the OM plus DWBA approximation to
elastic transfer, is not appropriate in the ' 6+ Ne
ease. An improved calculation would have to in-
clude virtual transitions to the excited collective
states of "Ne both in the entrance and exit chan-
nels, as well as the transfer of the n cluster
among excited states. No computer code was
available to the authors that would take all these
transitions into account, along with an appro-
priate treatment of recoil effects.

In order to demonstrate the higher order effects
on the optical model amplitude alone, a coupled
channels calculation was done for elastic and in-
elastic "O+-"Ne scattering using the code of
Aseuitto and Glendenning. " No exchange contribu-
tions were taken into account. The usual eollee-



tive macroscopic model was used" for the de-
formed nuclear field:

v(r R(e))=v(r R) gp, F„R,,
'v

with

R(8)=Rr+R~ 1++ p„F~(p)~, X=2, 4

corresponding to a spherical "0with radius R~,
and a deformed ~Ne projectile with radius R~.
All deformation constants are to be associated
with the radius R =1.2(20)' '. The deformation
lengths P"R were taken from de Swiniarski et al. ~

The Coulomb deformation P, =O.S was reduced
slightly from the value 0.87 reported by Stelson

and Grodzins" because we include A. =4 in the Cou-
lomb field expansion, in addition to A. = 2.

The results of this calculation are shown in Fig.
5, which also gives the optical model fit (without
channel coupling) for elastic scattering. The ef-
fect of channel coupling (CC) for the ground-state
transition is clearly exhibited. At intermediate
scattering angles where the elastic transfer cal-
culation (Fig. 4) was systematically underestimat-
ing the observed cross section, the CC cross sec-
tions are much larger than the OM cross sections.
The 2' transition cross section is underestimated
at very forward angles. It should be noted, how-
ever, that we did not attempt any parameter op-
timization, and that the experimental error bars
are large in this region (c.f. Fig. 2) due to nor-
malization and background correction uncertain-
ties.

IV. CONCLUSIONS
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FIG. 5. Hesults of optical model (OM} and coupled
channels {CC, no exchange} calculations for Ne+ 0
scattering to the first three states in 2 Ne, Potential
parameters are the same as in the elastic transfer cal-
culation except 8'=15 MeV. Deformation parameters
are P& ——0.43, P4

—-0.36, Pf =0.8, and P4 =0.4.

The shape and structure of the cross sections
measured for the "Ne+ "6 scattering to the three
lowest states of "Ne are in qualitative agreement
with the assumption of an n-cluster exchange pro-
cess dominating at backward angles. Calculations
in. the framework of a first-order optical model
plus DWBA description of elastic transfer did not
lead to quantitative agreement with our data, al-
though microscopic form factors and recoil cor-
rections were employed. The fits did not repro-
duce the interference structure at intermediate
angles, indicating inadequacies in either the OM
or the DWBA amplitudes, or both. The quality
of the fit is better at forward and extreme back-
ward angles where higher order corrections to
the dominating amplitudes are less important.
In such a limited sense, we may say that the @-
particle spectroscopic factor S' = 0.45 obtained
for the ' Ne ground state in the microscopic model
of Hiura et al.' is consistent with our data.

The coupled channels calculation for the ground
state transition indicates that the GM amplitude
is too small at backward angles. This may ex-
plain in part the low cross sections and wrong
phases obtained in the intermediate angle elastic
transfer calculations. One might therefore try
to improve the model, replacing the QM amplitude
in (7) by a coupled channel amplitude. This was
not done for the following reasons:
(a) The higher order effects should be equally im-
portant for the transfer amplitude at intermediate
angles (indirect transfer via excited states).
(b) The model would still be unsatisfactory as long
as ' Ne is treated macroscopically in the CC am-
plitude and microscopically in the D%BA transfer
amplitude, resulting in difficulties in determining



14 CONTRIBUTION OF ALPHA CLUSTER EXCHANGE TO. . 1831

the relative phases of the interfering amplitudes.
We may then hope that the present data and anal-

ysis will stimulate a more comprehensive theo-
retical investigation of the cluster exchange mech-
anism, leading to a reliable determination of the
n-particle spectroscopic factor in the "Ne ground-
state rotational band.
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