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Evidence for nuclear molecular orbital effects in the ' C+ ' C~'2C+'~C transfer reaction
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Detailed measurements of the angular distribution for the "C+' C~' C+' C single neutron
transfer reaction as a function of bombarding energy from just above the Coulomb barrier to approx-
imately four times the barrier energy are reported. The distorted-wave Born approximation for the
transfer process does not reproduce the strong oscillations observed in both the experimental angular
distributions and excitation functions, while analyses using a two-pole model for the transfer ampli-
tude indicate significant multistep contributions. We show that the cross section in the 96 region in
the center of mass is characteristic of an increased collision delay time and of an effective Q value l
MeV smaller than the asymptotic observable Q value. Angular distributions calculated using the
dynamic two-center shell model of Konnecke et al. also succeed in reproducing the salient features
of the data. The present experiment provides evidence for the occurrence of single-particle nuclear
molecular behavior in a heavy-ion neutron transfer reaction. Data for the elastic scattering of
' C+ ' C are also presented and analyzed. We conclude that the elastic scattering excitation func-
tions are consistent with the occurrence of orbiting in the dynamic interaction.

~ NUCLEAR REACTIONS ' C('3C '2C) '4C and ' C(' C '4C) ' C measured ~

~(E;L9), E(lab) =16.0—50.0 MeV, 0(la& ) =17.8'—51.4', comparison with DWBA
, calculations, analysis using two-pole model, interpreted as evidence for reduced
' effective Q value in the surface region and an increase in the collision delay time
compared to values expected for a single step process; "C(' C, ' C)' C, measured
o.(E},0(lab) =25', 30', 35', 40', 45'„E(lab) = 14.5—71.0 MeV, optical model cal-
culations, analysis using one pole model, gross structure oscillations interpreted as

a geometrical effect.

I. INTRODUCTION

The nature of the process of nucleon transfer in heavy-
ion collisions is not fully understood. In some cases the
distorted-wave Born approximation (DWBA) provides an
adequate representation of the experimental observations,
while in other cases there are significant discrepancies. '

It has been proposed by several authors that single-particle
molecular orbital (MO) effects may play an important role
in the transfer process and would resolve the apparent
discrepancies. Such effects would include, for exam-
ple, the distortion (or polarization) of the wave function
describing the motion of the transferred nucleon from its
asymptotic form and a corresponding shift in the internal
energy when the colliding nuclei are in proximity. The oc-
currence of these effects would imply that there is a time
interval during the reaction when the motion of the
transferred nucleon is strongly and simultaneously influ-
enced by both the nucleus to which it was initially bound,
and the nucleus encountered during the collision. This
behavior, analogous to atomic molecular motion, is of in-
trinsic interest.

Von Qertzen et al. ' have presented evidence for molec-
ular orbital behavior in the elastic scattering of ' C+' C.
However, to date, no unambiguous evidence of nuclear
single-particle MO behavior in a nucleon transfer reaction
has been established. In this paper we report the results of

experiments to investigate the angle and energy depen-
dence of the cross section for a neutron transfer reaction
considered to be a good candidate for the occurrence and
observation of MO effects. We have found that the
DWBA does not reproduce the salient features of the data.
Using a two-pole model for the transfer amplitude, the
systematics of the data can be understood as arising from
a shift in the internal energy during the scattering process
and an increase in the collision delay time over that value
expected for a single-step (DWBA) process. Our findings
suggest that single-particle molecular orbital behavior may
play an important role in the nuclear reaction dynamics.

We chose to investigate the ' C+' C ' C+' C reac-
tion for evidence of MO behavior. Spin-averaged angular
distributions for the ground state to ground state transi-
tion were measured at eighteen energies in the region ex-
tending from just above the Coulomb barrier to approxi-
mately four times the barrier energy, i.e., 16.0(E&,&
&50.0 MeV. This range was studied because at these en-
ergies the transfer reaction is not dominated merely by
barrier penetration, and, in addition, the energy is not so
large that the collision time can be considered negligible
compared to the internal rearrangement time. We have
also measured excitation functions for ' C+' C elastic
scattering to provide information concerning the relative
Inotion potentials. This paper is the more thorough
description of the experimental work and analyses previ-
ously summarized. "
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A. Particle beam and targets

Common to all of the experiments described here were
the ' C particle beam and ' C targets. The carbon-13
beam was obtained by directly extracting ' C negative ions
from a UNIS sputter source fitted with an enriched (90%%uo)
' C cone and accelerating the ions to 15—71 MeV using
the MP tandem Van de Graaff accelerator of this labora-
tory. Before striking the target the beam was momentum
analyzed and had an estimated energy spread of approxi-
mately 15 keV. The beam spot size (=1.5 mm), angle of
incidence, and angle of divergence of the beam at the tar-
get contributed less than 0.15' to the angular resolution of
the experiments. Beam currents were chosen in the range
of 10 to 400 nA so that, depending on beam energy and
detector angle, electronic dead time was limited to less
than six percent.

The targets consisted of isotopically enriched (97%)
self-supporting ' C foils having a nominal thickness of
30 pg/cm . This thickness results in an effective loss in
beam energy of approximately 80 keV at the lowest ener-
gies (=30 keV at the highest), and increases the average
upper limit for the energy uncertainty about the mean en-
ergy to about +60 keV when straggling is also accounted
for. Besides the desired ' C component, the targets con-
tained observable amounts of carbon-12 and oxygen-16
contarninants. To eliminate possible background contribu-
tions from these contaminants, we used kinematic coin-
cidence techniques in obtaining the elastic scattering and
transfer reaction cross sections.

8. Elastic scattering measurements

The detection apparatus for the ' C+ ' C elastic scatter-
ing measurements consisted of pairs of large area (1 cm&&
5 cm) silicon surface barrier detectors. The detectors of a
given pair were placed on opposite sides of the beam axis,
separated by an angle of 90' in the reaction plane, and
were operated in slow time coincidence (ht &1 ps). Data
were collected simultaneously at five angles by using five
pairs of detectors.

One detector from each pair was used to form a group
of five defining detectors. The detectors of the defining
group had arc-shaped polar angle apertures of 0.3' and an
average solid angle of 0.8 X 10 sr. After accounting for
beam definition effects, the estimated total angular resolu-
tion of the experiments is still better than 0.5'. The defin-
ing detectors were placed at angles corresponding to the
center of mass angles of 50', 60', 70', 80', and 90'. The
placement of each detector was determined to within 0.1'
of the aperture defined beam direction. The scattering an-
gle was verified by the observed symmetry of the cross
section about 0=90 in the center of mass. To ensure
complete detection efficiency for ' C+ ' C elastic scatter-
ing events, and yet reject events corresponding to ' C+ ' C
elastic scattering, the angular apertures of the detectors
constituting the coincidence group were chosen to be ap-
proximately 1' wide and to subtend a substantially greater
out of plane angle than the defining slits.

Using the detector array described above, ' C+ ' C elas-
tic scattering differential cross sections for five angles

were measured at 1 MeV energy increments (lab) from
Eb„——14.5 to 71.0 MeV. Relative energy to energy cross
sections were obtained by correcting the laboratory parti-
cle yields for integrated beam current (including average
beam charge state correction), and electronic dead time.
Angle-to-angle normalization was accomplished by rotat-
ing the system of detectors and making overlap rneasure-
ments. The results were consistent with the geometrical
solid angle ratios. Absolute normalization of the data, as
well as an independent consistency check on the angle to
angle normalization, were obtained by matching the
70', 80', and 90 excitation functions with previous mea-
surements of ' C+' C angular distributions made by our
group in the region of the Coulomb barrier. ' These nor-
malizations are supported by the observation that the
cross sections for the more forward angles (50 and 60') at
the lowest energies are close to the calculated Mott values.

The experimental ' C+' C elastic scattering excitation
functions are plotted in Fig. 1. The data are shown as ra-
tios to the Mott scattering cross section in order to remove
some of the average energy dependence and to display
more clearly the effects of the nuclear interaction. We
note that the calculated oscillations in the energy depen-
dence of the symmetrized Coulomb cross sections have
longer periods and smaller amplitudes than those observed
in the experimental excitation functions, and that the
gross structure oscillations evident in this figure are
indeed of nuclear origin. The errors illustrated in Fig. 1

are predominantly statistical; the uncertainty in absolute
normalization is approximately five percent. For com-
pleteness, the data from our previous experiment, which
largely determined the absolute normalization factor for
the present experiment, are also plotted (70', 80', 90',
5 (E, &7.5 MeV). We note that our values for the 60'
excitation function are in excellent agreement with those
measured by Helb et al. ' in the range 7 (E,~ ( 12 MeV.
Our relative 90 cross sections are also in good agreement
with theirs in the energy range studied; however, our abso-
lute 90' cross sections are nearly two times larger. We
have been unable to explain this as a discrepancy arising
from a systematic error in the present experiment and we
attribute it to a difference in the technique used to remove
' C+' C elastic scattering background, which can be sig-
nificant in the 90' region.

C. Neutron transfer measurements

To measure the cross section for the ' C+ ' C
—+' C+' C reaction over a wide energy and angular re-
gion efficiently and to use the kinematic coincidence
method to identify events, we replaced the multiple pairs
of standard solid state detectors used for the elastic
scattering measurements with a single pair of large area
(1 cmX5cm) position sensitive detectors (PSD's). These
PSD s were silicon surface barrier detectors with approxi-
mately 1% position resolution along their length. The de-
fining and coincident PSD's were positioned on opposite
sides of the beam 15.2 cm and 13.4 cm from the target,
respectively. We masked the defining and coincident
PSD's to subtend polar angles of approximately
14' and 20, respectively, while in the azimuthal direction
the pair of detectors was collimated to 4' located symme-
trically about the horizontal reaction plane. To obtain an-
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FIG. 1. Experimental ' C+ ' C elastic scattering excitation functions.

gle and solid angle definition, a machined mask consisting
of fifteen rectangular apertures was situated in front of the
defining detector aperture. This provided an angular ac-
ceptance of approximately 0.25 per slit and a slit separa-
tion of approximately 1.0'. The corresponding solid angle
per slit was approximately 0. 1 &( 10 sr.

The combined effects of the finite detector aperture and
beam definition yield an angular resolution of the transfer
reaction experiments of better than 0.5'. Because the slits
were machined as a single unit, the possible error in
separation between the slits, and thus in the correspond-
ingly defined angles, was less than 0.02 . The absolute an-
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gle of the entire array was determined to within 0. 1 by
optical alignment. This setting was also verified by the
observed symmetry of the transfer reaction angular distri-
bution about 0=90 in the center of mass.

The positioning of the centers of the defining and coin-
cidence PSD's, Od and O„was determined by examining
the kinematics for the reactions of interest at several ener-
gies in the interval to be studied. An optimized configura-
tion (8d, 8, ) was chosen by noting the behavior of the an-
gle of separation Od+0, for the transfer reaction as a
function of beam energy, scattering angle (8d), and nucleus
detected. The configuration was also required to intercept
a portion of the elastic scattering kinematics to provide a
means of normalizing the transfer data. To cover the
desired angular range, three pairs of settings of the PSD's
were used: (1) 8d =24.0', 8, =74.0', (2) 8d ——34.5',
8, =64.0'; and (3) 8~ ——44.0', 8, =53.0. For each of the
three angular settings of the PSD's, measurements of the
differential cross section for neutron transfer were made
as a function of energy in the interval Eb„——16.0 to 50.0
MeV. Because the detection of ' C and ' C at a given lab-
oratory angle corresponds to different center of mass an-
gles for the ' C+ ' C~' C+ ' C reaction, 30 distinct
points were obtained for each angular setting of the PSD's
giving a total of 90 data points per typical angular distri-
bution.

For the transfer reaction measurements the two PSD's
were operated in fast time coincidence (b, t & 15 ns) and the
energy and position signals from both were routed to an
on-line computer for analysis. To identify uniquely
those events corresponding to the ' C(' C, ' C)' C and
' C(' C, ' C)' C reactions, the four pieces of kinematic in-
formation (two energies, F., and Ed, and two positions, X,
and Xd) were required to satisfy a series of appropriate
pairwise correlations. The correlations tested were E,
versus Ed, Ed versus Xd, and X, versus Xd. Using the
energy-energy correlation, events corresponding to the
' C+' C~' C+' C neutron transfer to the ground state
were easily separated from elastic and inelastic scattering
events (in particular, ' C scattering from ' 0 contamina-
tion) because the transfer reaction has a relatively large
positive Q value (Q =+3.23 MeV). Events corresponding
to '3C(' C, ' C)' C were separated from those correspond-
ing to ' C(' C, ' C)' C by examining the energy-position
and position-position correlations.

For each of the three settings of the PSD's, the yields
were corrected for integrated beam current (including
average beam charge state effects), electronic dead time,
and the relative solid angles of the apertures. These labo-
ratory yields were then converted to relative center of
mass cross sections. To rnatch the three angular distribu-
tion subsets, we determined the best single normalizing
constant (averaged over all energies) for each of the two
angular regions where the measurements overlap. The ab-
solute normalization for the entire transfer data set was es-
tablished by extracting ' C+' C elastic scattering yields
from the PSD-PSD data at the lower energies and more
forward angles, where ' C+' C elastic scattering contam-
ination is smallest, and comparing them mith our mea-
sured elastic scattering excitation functions, which were
normalized to the theoretical Mott cross sections for indis-
tinguishable spin- —, fermions as discussed above.

Figure 2 shows an experimental ' C+' C~' C+' C
angular distribution for a representative energy. Note that
six different data point symbols are used in the figure.
These correspond to the three settings of the PSD's used
and the detection of either ' C or ' C. The continuity of
the data over the entire angular region demonstrates the
validity of the normalization procedure. We note that the
center of mass angles corresponding to the detection of
' C and ' C at the same laboratory angle differ by approx-
imately five degrees. Thus the continuity of the curves
provides additional evidence that the reactions were prop-
erly identified. Further support for the reaction identifi-
cation is provided by the observed syrnrnetry about
8, =90' that is required for the identical particles in the
entrance channel.

The entire PSD-PSD transfer data set is displayed in
Fig. 3. In addition to the dominant statistical contribu-
tion, the error bars of Fig. 3 include an estimated uncer-
tainty of 1—2% in the integrated beam current and
charge state correction factors, and (4%%uo for the relative
normalization factors. The absolute cross section scale
has an associated error of =10 /o.

To provide a composite view of the measured cross sec-
tions, Fig. 4 shows an energy-angle cross section surface
plot generated from the experimental data. The curves in
Fig. 4 were produced by fitting smooth curves through the
experimental angular distributions and extracting the dif-
ferential cross section at 1' intervals. These condensed
data were then energy interpolated to obtain angular dis-
tributions in 250 keV increments.

One striking feature of these data is the strong angular
oscillations which are present at all energies and which ex-
tend to the most forward angle measured. Their presence
suggests that the reaction is dominated by a single 1
transfer. The successive increase of the angular momen-
tum of the dominant partial wave with increasing born-
barding energy is also apparent in Fig. 4. A phase shift
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FIG. 3. Complete i3C+ i3C~ i2C+ i~C angular distribution data set.

analysis of the angular distributions indicates that the
dominant partial wave at E, = 19.0 MeV is about
1.=14%, while at E, =8.5 MeV the most important
contribution is from L =8k.

The change in line density as one follows the ridges of
the cross section surface near 0, =40, 65', and 90' indi-
cates the excitation functions also show marked structure.

This is made explicit in Fig. 5 where the measured 40',
65', and 90' excitation functions are plotted. Peak to val-
ley ratios of greater than two to one are common, a
feature similar to that observed in heavy-ion elastic and
inelastic scattering data. At 90 the peak to valley ratios
are greater than 3 to 1, and equally important is the fact
that the cross section at the peaks is nearly constant
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below, the calculated DWBA prediction does not agree
with this observation.

Figure 5 also displays the angle integrated transfer cross
section as a function of energy. The mean value is —1.5
mb with fluctuations at the 25% level, well outside the
statistical uncertainty in the integrated yields. A phase
shift analysis suggests that the remaining forward angle
sector (0'&0&32'), for which no data have been mea-
sured, will contribute approximately another 0.5 mb to the
total cross section.

III. THE ELASTIC SCATTERING OF ' C+ ' C
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FIG. 4. Energy-angle differential cross section surface for the
' C+ ' C~' C+ ' C reaction.

A. Systematics of the experimental data

To study the systematic features of the ' C+ ' C elastic
scattering data we have compared them to some available
data for other systems in this mass region. Because analy-
ses of heavy-ion elastic scattering to date indicate that the
dominant component of the effective interaction is spin
independent, we have chosen the differential cross section
at 0, =90' as the basis for the comparisons. At this an-
gle only even values of the orbital angular momentum
contribute regardless of the spin statistics because

Pl ~d[cos(vr/2)] =0 .

Figures 6 and 7 show the experimental 90' excitation func-
tion for ' C+ ' C together with the corresponding data for
several other systems. '

%hen we examine the figures and consider that the
various systems are characterized by different spatial
sizes, proportional to (A I +32 ), and different charge
products, Z~Z2, we realize that the gross structure (i.e.,
features remaining after averaging over energy intervals of
-2 MeV) is remarkably similar. The ' C+' C system
also shows structure which is apparently a common
feature of the elastic scattering in this mass region.

The fact that the average magnitudes of the cross sec-
tions are not too different suggests that the general ab-
sorptive properties in the different systems are similar. In
fact, although the fragmentation of the gross structure
into components of narrower width obviously calls atten-
tion to the uniqueness of the ' C+' C system, measure-
ments of the total reaction cross section by our group'
show that there are no anomalies in the average absorptive
properties of this system. It thus appears that the gross
structure is closely related to the geometrical properties of
the colliding nuclei and is relatively insensitive to differ-
ences in the microscopic nuclear structure. The gross
structure oscillations described above also occur for the
system of closed shell oxygen nuclei (' 0+' 0); conse-
quently, this phenomenon is not believed to be related to
an elastic exchange process. These considerations have led
us to treat the ' C+' C excitation functions in terms of
the standard optical model.

B. Optical model calculations

In the DWBA for rearrangement reactions, the relative
motion potentials that determine the distorted waves in
the entrance and exit channels are usually those that best
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describe the elastic scattering in the corresponding chan-
nels. In general, MO models for a given nonelastic reac-
tion predict a modification of the relative motion poten-
tials even in the absence of explicit channel couplings.
Thus, the first step in evaluating whether or not the
DWBA is a viable model for the transfer reaction under
investigation is to determine phenomenological effective
potentials which provide a satisfactory representation of
' C+' C and ' C+' C elastic scattering. Potentials that
have been used to describe the average behavior of
' C+' C and ' C+' C elastic scattering to date have been
tested only over a relatively restricted range of energies
near the Coulomb barrier. ' ' Consequently, as part of the
present study we have sought to construct a potential that
provides a good description of C+ C and C+ C

elastic scattering over the entire energy interval of present
interest.

We have argued above that the general features of the
' C+' C 90' excitation function are very similar to those
of ' C+' C (energy averaged), ' N+' N, and ' 0+' 0
elastic scattering data and that the available ' C+ ' C elas-
tic scattering data fit into the same pattern. Because the
behavior of the data for all of these systems is similar, the
gross structure can presumably be described by the optical
potential. %'e have performed an extensive search to
determine the parameters of a Woods-Saxon optical poten-
tial which provides the best description of the ' C+' C
elastic scattering excitation functions that we have mea-
sured.

The calculations were carried out using the computer
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code ATHREE. We considered two classes of potentials
distinguished by whether the real part of the nuclear po-
tential was relatively shallow ( Vo —16 MeV) or deep
(Vo -100 MeV). By adjusting the remaining potentia1 pa-
rameters (ro„a„;Wo,ro;,a;), it was found that both classes
of potentials could describe the data adequately. This lack
of sensitivity to the value of the potential for small separa-
tion distances presumably reflects strong absorption ef-
fects, but we note that sufficient surface trans-
parency is required to reproduce the gross structure oscil-
lations. If the region of strong absorption extended to ra-
dii larger than that at which the maximum in the real po-
tential occurred, the calculated structure was strongly
damped.

Although this inherent ambiguity in the real potential
strength was apparent, we found it considerably easier to
control the fitting process using a shallower potential.
Thus, for practical purposes we chose to fine tune the pa-
rameters of this shallower potential and use it in subse-
quent calculations. The parameters which provided the
best reproduction of the five ' C+' C excitation functions
shown in Fig. 8 are

Vo ——16.0, ro„——1.35, a, =0.45,
8'o=0 22&Ec.m. roi = I 35, ai =0 30

The agreement with the data represents a significant
improvement over those potentials for which the ratio of
the imaginary strength to the real strength in the surface
region is larger. For each angle the magnitude and oscilla-
tory behavior of the cross section are well reproduced,
and, generally speaking, the positions of the maxima and
minima are correct. Disagreement with the measurements
is most pronounced at 80' where the actual oscillations are
somewhat more compressed in the range 10&E, &30
MeV than those of the model. The model correctly de-
scribes the deviation from Mott scattering as the energy is
increased just above the Coulomb barrier.

To place this parameter set into context, it is compared
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' C+ ' C elastic scattering.

to elastic scattering potentials for other identical particle
systems of similar mass in Table I. The parameter sets are
qualitatively similar, which is consistent with the similari-
ties observed in the experimenta1 data. Although the sys-
tems have intrinsically different sizes and charge products,
and hence differing phases and periods of oscillations in
the excitation functions, the parameters of the real poten-
tial are almost identical after the A

& +22 factor is re-
moved from the radius. This is a good indication that
geometrical aspects, resulting from strong absorption
within the barrier, dominate. This also suggests that the
optical potential that would best describe ' C+' C elastic
scattering in model calculations should not be radically
different from the potentials used to describe ' C+' C
elastic scattering.
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TABLE I. Comparison of optical parameters for identical light heavy-ion systems.

12C+ 12C

13C+ 13C

14N+ 14N

16O+ 16O

16'+ 16O

~o
(MeV)

14.0
16.0
15.0
17.0
17.0

ror

1.35
1.35
1.35
1.35
1.35

(fm)

0.35
0.45
0.49
0.49
0.49

8'o
(MeV)

0.4+0.1XE,
0.22XE,
0.4+0. 125 XE,
0.4+0.1XE,
0.8+0. 1 XE,

(fm)

1.40
1.35
1.35
1.35
1.27

(fm)

0.35
0.30
0.49
0.49
0.15

15
This work

14
16

21(b)

The characteristics of surface transparency and strong
absorption within the barrier are apparently common to
all of the systems. This type of potential is necessary to
obtain the oscillatory gross structure and also maintain the
magnitude of the cross section over the wide energy range.
A number of authors' ' ' have studied in detail the proper-
ties of the scattering by shallow surface transparent poten-
tials in the case of ' 0+' 0 elastic scattering. For exam-
p1e, Gobbi et al. were able to correlate the positions of the
maxima and minima of the 90' excitation function with
the energy regions where the S-matrix elements of even
partial waves are near unity and very small, respectively.
Assuming that the surface transparent potential is the best
representation of the data, they concluded that orbiting
probably occurs in ' 0+' 0 scattering. We demonstrate
in the next section that our results constitute evidence that
orbiting also occurs in the ' C+ ' C system.

C. Interpretation of gross structure oscillations

An interpretation of the origin of the elastic scattering
gross structure can be obtained from the barrier top
model. As discussed by Friedrnan and Goebel, this
model basically depends upon the following assumptions.
For each value of the orbital angular momentum L we
consider the real potential that is generated by the sum of
Coulomb, nuclear (optical), and centrifugal potentials. We
assume that the heavy-ion interaction is strongly absorb-
ing inside some radius which is interior to the barrier of
the total real potential. The scattering should not be sensi-
tive to the real interaction inside the strong absorption re-
gion, and so the major feature of the real potential is the
barrier.

In the spirit of obtaining an analytic expression for the
elastic .7-matrix elements, the model approximates the po-
tential barrier by an inverted parabola. The width, height,
and radial position of the inverted parabola, for each value
of L, are chosen to duplicate the total r'eal potential near
the top of the barrier. Analytical solutions to the
Schrodinger equation can then be obtained for the various
regions of radial separation: interior to, at, and exterior to
the barrier. To obtain the complete solution, the total
wave function is required to satisfy the appropriate boun-
dary and matching conditions. In the asymptotic region
the incoming flux is normalized to unity, while the outgo-
ing flux is represented by the total reflection coefficient
RL (or, equivalently, the square of the S-matrix element,
I)L,

——~SI
~

). The boundary condition in this model is
that the wave function consists of only ingoing waves at
the strong absorption radius. In this way the final solu-
tion is independent of the nature of the real interaction in

a =a(E,L)= [L —L„b(E)]/I (L) . (2)

The functions L„b(E) and I (L) are obtained from the
real potential. If VII(L) is the value of the total potential
V„,(L) at the top of the barrier for a given value of the
angular momentum, then the orbiting angular momentum
L„b for a given center of mass bombarding energy E is
defined by the relation VII[L„b(E)]=E. Thus, L„b is
that value of the angular momentum for which the bom-
barding energy will just be sufficient to bring the particles
to the top of the barrier in the total radial potential of rel-
ative motion. Classically, in that situation the particles
have no radial velocity and so will orbit about each other
at fixed separation. We note that L„b is not, in general,
an integer, and when considered as a function of L„b, Vz
describes an elastic rotational band or trajectory.

The width I (L) is related to the sum of Coulomb and
nuclear potentials, which we denote by V(R), through the
relation

I (L)= V"R
VI

T11c primes II1 Eq. (3) Indicate dlffcrcntlatlon wltll 1cspcct
to R, and R~ is the radius at which the total potential
V„,(I.) has its local maximum.

The prescription for calculating I)1(E) is summarized
for completeness. We first find the radius Rg at which
the total potential

III'L„b(L„b+1)
V~ot = V.-+Vc-~+ —"

2pR '
2

has a local maximum (Vz) as a function of the variable
L„b. The relation Vz(L„b)=E can then be inverted to
give L„b(E). Finally, at R =Rz we also evaluate the po-
tential V(R) = V„„,+ Vc,„I and its first and second deriva-
tives. This determines I (L}so that I}L,(E) can be calculat-
ed.

We have found that for nuclear potentials of the
Woods-Saxon form, L„„(E}and I (L) can be represented
by the following functions:

1/2

L,„b(E)= (E EP ) — —1/2—
2I

the strong absorption region.
The expression for qL that is obtained within the bar-

rier top or inverted parabola model is

I)r. ——~SL
~
=1/RL ——(1+e )
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I (L)=I p+ L+1
The parameters Eo, L, and y are determined by specify-

ing the parameters of the real Woods-Saxon potential (Vp,
rp„, and a, ) and carrying out the procedure described
above. In physical terms, Eo is the Coulomb barrier ener-

gy, I is an effective rigid body moment of inertia of the
rotating system, and I is inversely proportional to the col-
lision time. We note also that in the barrier top model
L,~ and I are interpreted as specifying the position of the
dominant pole in the complex L plane, I =L„b+iI /2, for
a given scattering energy.

The optical model parameter set that best describes the
' C+ ' C elastic scattering data (Vp ——16.0, rp„1.35, ——
a„=0.45) yields these barrier top parameters:

fi
Eo ——6.0 MeV, =EI ——0.063 MeV,2I

r,=0.0, @=44.0.
We have calculated the elastic scattering using gl from

Eqs. (1)—(6) and the parameters listed above. For the nu-
2i 5Iclear phase shift 51 (Si ——pie ), we have used the

parametrization

5r =47)I ( 1 —7)i )(5p+ 51 &(L)

The values of the parameters 5p( —7.5') and 51 (1.5') were
chosen to provide a small and slowly varying real phase
similar to that observed in the optical model calculations.

The calculations show that the values of the band pa-
rameters Eo and EI given above reproduce the positions
of the structure in the excitation functions quite well.
However, we find that the model incorrectly predicts the
behavior of I (L). The rather large value of I for small L
results is an underestimation of the cross section just
above the Coulomb barrier energy, while the rather small
value of I for large L results in an overestimation at
higher energies. A possible reason for this failure is that
the actual potential barrier is not parabolic in shape. For
small L, for example, the barrier is much wider than is
determined by evaluating the second derivative at the top
of the barrier. The actual barrier is also quite asymmetric
in typical optical potentials. Thus, the effective width of
the barrier should be increased for small L which results
in a reduction of the corresponding L width, i.e., I be-
comes smaller. In fact, we have found that a better
description of the experimental data is obtained if we
choose I 0——3.0 and y=0.0. This is consistent with the
observation of Friedman and Goebel that the displace-
ment of the pole off the real axis in the complex L plane is
approximately constant as a function of energy in optical
model calculations.

The elastic scattering excitation functions calculated us-
ing the barrier top model with I"(L)=const are presented
and compared to experiment in Fig. 9. The agreement is
comparable to the relatively good results obtained with the
optical model. The slope of the departure from pure
Coulomb scattering and the average cross section above
the barrier are also we11 described. From the quality of
the agreement of the barrier top model with experiment

we conclude that the oscillations seen in the excitation
function are consistent with the notion of orbiting. In
other words, the gross structure oscillations arise from the
interplay between strong absorption at small radiii and sur-
face transparency at the barrier.

IV THE 13C+13C 12C+ .'4C

NEUTRON TRANSFER REACTION

A. Introduction

To evaluate the extent to which a single step process is
able to represent our global transfer data, we have carried
out DWBA analyses of the ' C+ ' C~' C+ ' C reaction
using the optical potentials deduced above. Correspond-
ingly detailed theoretical energy-angle differential cross
sections using single particle MO models are not yet avail-
able. However, a number of general observations and con-
clusions concerning the failure of the DWBA and applica-
bility of MQ models are discussed. We consider a two-
pole Inodel for the transfer amplitude to analyze the
transfer'data for contributions from multistep processes.
The analysis demonstrates that modifications of the S ma-
trix qualitatively characteristic of MQ effects are required
to reproduce the salient features of the data satisfactorily.
In addition, we report the results of extensive dynamic
two-center shell model calculations that were carried out
for the transfer reaction by Konnecke et al. They have
attained qualitative reproduction of our experimental data
and their calculations provide a quantitative measure of
the degree of adiabaticity required to obtain good agree-
ment with experiment.

B. DWBA calculations

The radial integrals for the DWBA transfer amplitude
were calculated using the code PTOLEMY. Since a single
step process for the ' C+ ' C—+ ' C+ ' C reaction effec-
tively selects the 1@~~2 parentage, we have restricted the
transferred neutron to the 1p &&2 shell model orbital for the
DWBA calculations. In this case the allowed 1 transfers
are b,l=0 (normal) and El = 1 (recoil). These correspond
to changes in channel spin of 0 and 1, respectively. The
spectroscopic factors were taken from the calculations of
Cohen and Kurath. The potentia1 we11 for which the
neutron bound state wave functions were calculated had
radius R =rQ'~, with rp ——1.25 fm, and diffuseness
a =0.6S fm. The ' C+' C Woods-Saxon optical model
parameters listed in Table I were used for the calculation
of both the entrance and exit channel distorted waves.

To compare with experiment and to study the energy
dependence of the DWBA prediction, the PTOLEMY calcu-
lations were carried out for 31 energies in the range
6.0(E, (' C+' C) (36.0 MeV. Properly symmetrized
cross sections were obtained by including the direct and
dominant exchange terms in the transfer amplitude. The
exchange terms that are most important are discussed by
several authors. We have followed their precedent and
have included the terms which are analogous to those in-
cluded in typical elastic exchange calculations. When the
dominant exchange terms are included, proper symmetri-
zation of the ' C+' C~' C+' C amplitude requires re-
placing the unsymmetrized amplitudes f '= (0,$) and

fEl =1(0 y) b
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1

vZ [fEl=0(0 P)+fill=0(~ 0 P+~)]

ff '='(00) f —'='( 00—+ )l
2

respectively.
In terms of a partial wave decomposition of the transfer

amplitude, the antisymmetrization requirement together
with angular momentum and parity conservation force the
change in channel spin S, orbital angular momentum

I

transfer 1, and change in channel spin magnetic substate
projection I to be identically equal. In addition, the rela-
tive orbital angular Inomentum L is conserved, i.e., the or-
bital angular momentuIn of the exit channel is necessarily
that of the entrance channel. Finally, the terms of the
decomposition corresponding to even partial waves contri-
bute only to the 6/= AS = Am =0 transition, while those
corresponding to the odd partial waves contribute only to
the 6/ =M =Am = 1 transfer.

After we make use of the properties of the spherical
harmonics, the DWBA cross section for the
' C+' C~' C+' C reaction is given as

2

(0)= —S;Sf 2 g II L YL(0) +2 2 g IL L YL(0)
i f i L(even) L (odd)

l

2

O

0
CO
I—
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FIG. 9. Barrier top model calculations for ' C+ "C elastic
excitation functions.

In the above equation, II I is the radial integral calcu-f
lated by PTOLEMY, E; and Ef are the c.m. energies in the
entrance and exit channels, respectively, and k; and kf are
the corresponding wave numbers. The factor S;Sf denotes
the product of the spectroscopic factors and is calculated
by Cohen and Kurath to be S;Sf-1.06.

We begin the discussion of the comparison of the
DWBA with experiment by considering the angular distri-
butions at a single energy, E, =17.5 MeV. In the lower
portion of Fig. 10 the individual components of the
DWBA angular distribution, 6/ =0 and 6/ = 1, are plotted
together with their sum. As can be seen, the two com-
ponents are of approximately equal magnitude and for
30' & 6, & 60' are roughly out of phase. This results in a
rather smooth DWBA differential cross section. In con-
trast, the experimental angular distribution, displayed as a
solid line in the upper portion of Fig. 8, shows evidence of
strong oscillations in this angular region.

If one of the 1-transfer contributions to the theoretical
cross section were to be enhanced relative to the other, the
calculated differential cross section would have oscilla-
tions. The discrepancy between the calculation and exper-
irnent may therefore be a result of the failure of the
DWBA to predict the correct ratio of the two strengths.
It is possible for models in which multistep processes are
important to predict angular momentum transfer
strengths that are significantly different from the DWBA
values. For example, a qualitative model of MO
behavior predicts the ratio of hl= l to Al=o transition
strengths to be smaller than the corresponding DWBA
value. This is because the entrance channel (' C+' C)
states of channel spin S=1 are forbidden from mixing
with the exit channel (' C+' C) states of channel spin
5 =0, aIld thus the 6/=AS = 1 tiaIlsition occuls OIlly via
recoil effects. Multistep processes can mix the states con-
tributing to the 6/=AS'=0 transition, however. In par-
ticular, a molecular distortion of the valence neutron wave
function enhancing the probability of finding the neutrons
near the line joining the cores (corresponding to a AI=0
transfer) or a molecular shift of the valence neutron ener-

gy levels would enhance the probability of the 6/=AS
=- 0 component. %'e note, for example, that the asymp-
totic ' C+ ' C and ' C+ ' C ground state configurations
in the linear-combination-of-nuclear-orbitals model, that
have channd spin 5 =0 and contribute to the LS'=0
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transfer, are degenerate in the limit A ~0 if the reaction
occurs adiabatically.

It has not been possible to extract unambiguous values
for the individual Al =0 and Al =1 contributions to our
measured cross sections for direct comparison with
theoretical models using a phase shift analysis. This is
largely due to the fact that the contributing spherical har-
monics are not orthogonal in the limited angular range
30'(g(90. In addition to the present data, measure-
ments in the interval 0 & 0 & 30' (with special emphasis on
the very forward region, 0 & l') are necessary to extract the
separate AI=O and 51=1 contributions in a model in-
dependent fashion. Although a quantitative ratio could
not be determined, the data for all energies suggests that
the Al =0 transfer provides the dominant contribution in
the energy range studied.

In Fig. 11 we compare the DWBA calculations to the
experimental data over the entire energy region by consid-
ering energy-angle surface plots of the differential cross
section. Again, we see that the DWBA predicts far too
little structure in the 30' to 60' region. However, the
El=0 and El=1 terms separately have the oscillatory

FIG. 10. Comparison of the DWBA transfer calculation to
experiment at E, = 17.5 MeV.

behavior observed in the data. At the lower energies the
DWBA, as well as multistep models, predicts the El=0
transfer to dominate because the nuclei remain spatially
separated and thus finite-range and recoil effects are
small. The failure of the DWBA at the lower energies
must therefore reside in either the choice of interaction
potentials or in the reaction mechanism itself.

At higher energies, the difference between the critical
angular momenta of relative motion in the entrance and
exit channels becomes relatively smaller. Thus, the phase
and period of the angular oscillations are less sensitive to
changes in the effective interaction and more sensitive to
the 1 transfer. By examining the surface plots for the
higher energy data we see that the hl =0 contribution is
more nearly in phase with experiment. In the region near
30, for example, both the experiment and AI =0 DWBA
calculation show a ridge in the cross section surface. The
EI =1 DWBA calculations, however, show a valley in the
same energy and angular region. Thus, to obtain better
agreement with experiment it appears that the role of the
AI=O transfer should be enhanced. We note that al-
though a phase shift analysis of the present data was un-
able to fix a value for the (hl = l)/(b, l =0) ratio, adequate
fits to the experimental data over the entire energy range
could be obtained if a pure hl =0 transfer was assumed.

It is an intriguing possibility that the discrepancies be-
tween the DWBA calculations and exp=-riment are the
manifestation of molecular orbital type multistep process-
es. Because of the qualitative nature of the MO predic-
tions we cannot make a definitive statement. However, if
MO effects are responsible for the discrepancies at the rel-
atively low bombarding energies we have investigated,
then the DWBA should become better at higher energies
where the collision time is shorter. Measurements of the
differential cross section for a reaction similar to the
' C+' C~' C+' C reaction, but at significantly higher
energy, have been made by Liu et al. The reaction they
studied was ' C+' C elastic scattering, but the measure-
ments were carried out in an angular region where the
cross section is dominated by the neutron transfer ampli-
tude, i.e., the amplitude for ' C(' C, ' C)' C.

The data of Liu et al. are graphed in Fig. 12. The an-
gular distribution is characteristically a smooth function
of the scattering angle. Compared to the data is the
DWBA calculation by DeVries. ' This calculation shows
that the incoherent addition of the Al =0 and hl = 1 con-
tributions, which are out of phase, is absolutely necessary
to reproduce the experimental observations at E, =45
MeV. Hence, the highest energy neutron transfer data are
adequately explained by a single-step mechanism
(DWBA), but the low energy data presented here are not.
The observation of dramatic oscillations in the
' C+' C~' C+' C angular distributions at lower energy
suggests that higher-order processes are important and, in
particular, that the anomalies may be of MO origin.

Our attention so far has focused on the ' C+ ' C~' C+' C angular distributions. For another compar-
ison of the DWBA to experiment, we consider the energy
dependence of the transfer cross section. Because the
cross section at 6, =90' appears always to be a local
maximum in the angular distribution, it is convenient to
choose this angle for the comparison. The theoretical and
experimental excitation functions are plotted in Fig. 13.
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FIG. 11. Global features of the DWBA and experimental differential cross sections for the "C+"C~'~C+ '4C reaction

Like the data, the DWBA excitation function shows evi-
dence for oscillations. This can be attributed to our opti-
cal potential, which incorporates the gross structure oscil-
lations observed in the elastic scattering of ' C+' C. Al-
though the DWBA does predict oscillations, it fails to
reproduce the general energy dependence of the experi-

mental cross section. Experiment shows that the cross
section at the peaks of the oscillations remains relatively
constant over a wide energy range. The DWBA, however,
predicts a cross section which generally decreases with in-
creasing bombarding energy. This discrepancy is con-
sidered significant, and in the following subsection we

300——

13C (13C 12C) l4C 9 s

90 EXCITATION FUNCTION

EXPERIIVIENT

5—
200

L
P

E50—

U

b10—

/
Recoil

I
I

Components
)/ ~ I

1

' ~. oFDwBA
'v'

] .t X with Recoil
1 jI

I)

t

20 3P

IOO—

300

0
I0 20

FIG. 12. Behavior of neutron transfer at higher energy. The
measurements are those of Liu et al. (Ref. 30) and the DWBA
analysis was carried out by DeVries (Ref. 31).
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FIG. 13. DWBA and experimental 90 excitation function for
the ' C+ "C—+ ' C+ ' C transfer reaction. (Energy in units of
MeV. )
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show that it can be interpreted as evidence for molecular
orbital effects.

C. Two pole model

and

P2(E) =Lo.b(F-+QG)+
r.
2

It has been suggested by Carlson and McVoy that the
occurrence of multistep processes in a heavy-ion transfer
reaction can be evaluated using a two-pole or two-
pole —one-zero parametrization of the S matrix. The idea
is based on two findings. One is the observation of Fuller
and McVoy and Friedman and Goebel that the DWBA
amplitude for typical heavy-ion reactions is dominated by
two-poles which are associated with the grazing partial
waves in the entrance and the exit channels. The other is
their finding that the L dependence of the S matrix for
coupled-channel Born-approximation (CCBA) transfer
calculations that have large multistep contributions is
often characterized by either a shift in the poles from the
positions determined by the entrance and exit channel
elastic scattering, or a prominent dip (characteristic of a
zero) believed to be caused by the interference of the am-
plitudes corresponding to different multistep routes. Be-
cause of the success of the barrier top (one-pole) model in
reproducing the ' C+' C elastic scattering data, and be-
cause the position of the poles are related to the value of
the potential at the barrier and to the intrinsic collision
time, we have considered the two-pole model to look for
evidence of MO effects in the ' C+' C~' C+' C reac-
tion.

As discussed previously, there is reason to believe that
the AI=0 component of the transfer dominates over the
energy region of present interest. Taking this as a hy-
pothesis, we have carried out two-pole calculations with
only a AI =0 term included. The expression used for the
transfer S matrix is

where L„b(E) and I are parametrized according to Eqs.
(5) and (6), and E is the entrance channel c.m. bombarding
energy. For the parameters that fix the trajectory of L„b
we took the values used for ' C+' C elastic scattering cal-
culations, namely,

Ep ——6.0

and

2I
=0.063 MeV .

The only free parameters of the model are QG, which is
interpreted as the Q value in the region of the barrier, and
I, which is related to the collision time through

If we set QG to the asymptotic Q value (3.23 MeV) and
I to the value determined by the analysis of ' C+' C
elastic scattering excitation functions (I =3.0), then we
expect to obtain cross sections with features similar to the
DWBA prediction. Figure 14 (bottom) shows the 90' exci-
tation function calculated with the values of the parame-
ters specified above and C =0.18. As with the DWBA
calculation, Fig. 13, the two-pole calculation with these
parameters shows a large cross section near threshold
which rapidly decreases as the bombarding energy is in-
creased. The excitation functions also show mild oscilla-
tions, although the maxima do not occur at exactly the
same energies as those of the DWBA.

([a, (L)+crf(L)) . (L L&)~— —

S(i)=

Because the model only predicts the L dependence of the
transfer amplitude, the constant C sets the absolute cross

i [o;(,L))+o (L)]section scale. The phase factor e ' accounts for
the Coulomb phase shift in the entrance (i) and exit (f)
channels. The purpose of the factor

500

400

I3C lac l2C

TWO POLE CALCULATIONS
90 EXCITATION FUNCTION

(L Ls —iy)exp[ —(—L Ls) /i) ]—
is to regulate the L ' dependence of the pole contribu-
tions with the gaussian factor, and to provide a smooth
background phase with the zero factor. Although Lz, y,
and 6 are parameters of the model, Carlson and McVoy
have found that the angular distributions are not very
sensitive to the exact values. We have obtained good fits
to the experimental data and the El=0 DWBA angular
distributions for the ' C+' C~' C+' C reaction by set-
tingy=4. 0, 6 =36, and

Ls = [Re(p, ) +Re(pz ) j /2 —10 .

To introduce systematics into the study of the energy
dependence of the transfer cross section we did not consid-
er the positions of the poles as explicit parameters. Rather
we took

p) (E)=L,b(E)+—I'
I
2

300

~ 200

IOO

0
b

400

100

8 IO l2 l4 l6 I 8 20 22 24 26 28
Ec.m.

FIG. 14. 90 transfer excitation functions calculated using the
two-pole model. The pole trajectories are specified by a simpli-

fying parametrization, as described in the text.
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FICr. 15. Pole model comparison to smoothed experimental
angular distribution. The range of experimental uncertainty is

indicated by artificial error bars.

In preliminary attempts to improve the agreement of
the two-pole model calculations with experiment, it was
found necessary to reduce the separation between the poles
and to move them closer to the real axis. These shifts in
the positions of the poles correspond to a reduction of the
Q value in the region of the barrier and an increase in the
collision delay time. Figure 14 (top) shows the results of
the two-pole calculation when the Q value in the region of
the barrier is reduced by 1 MeV to QG ——2.23 MeV and the
I. width is decreased by a factor of —, to I =2.0, corre-
sponding to a 50% increase in the collision time. These
values provide the best reproduction of the experimental
angular distribution at a representative energy E, = 15.5
MeV, Fig. 15. The value of the normalization constant
was slightly reduced to C =0.14 to scale the cross section
for the lowest energy calculated (8 MeV) to roughly that
of the corresponding point of the excitation function in
the bottom portion of Fig. 14.

We note how these basic changes in QG and I dramati-
cally enhance the 90' cross section at the higher energies.
In particular, the excitation function oscillates strongly
and the peak cross sections are nearly constant over the
wide energy range studied —in qualitative agreement with
the experiment. The calculated peak cross section does in-
crease gradually with increasing bombarding energy, sug-
gesting that the actual reduction in the Q value decreases
with energy. This is to be expected if multistep processes
such as MO effects are important at the lower energies
and the likelihood that the reaction proceeds as a single-
step process increases as the collision time is reduced.

To summarize, we note that the enhanced magnitude,
and not the oscillations, of the experimental 90 excitation
function appears to be the significant feature of the data.
To improve the agreement of the two-pole model calcula-
tions with experiment it is necessary to reduce the separa-
tion of the poles from approximately 1.5A to approximate-
ly 0.8A and to move the poles closer to the real axis.
These effects reduce the innate destructive interference of
the even partial wave spherical harmonics at 90' that
differ by two units of angular momentum; see Eq. (7) and
note

yO (g 90o) ( )L/2 ~

v4~
This diminished interference causes a general increase in
the cross section at the backward angle region, i.e., near
90'. The analysis of the data shows strong evidence for
the occurrence of significant rnultistep contributions. We
cannot prove that the required shifts in the positions of
the poles are of molecular orbital origin, but the relation-
ship between the positions of the poles along the real axis
and the values of the potentials at the barriers in the en-
trance and exit channels naturally suggests that the shifts
may arise from changes in the internal energy of the sys-
tem of valence particles. Likewise, the trend toward
smaller I can be interpreted as an indication that the two
valence neutrons become more bound when the two nuclei
are in proximity.

l3. Dynamic two-center shell model

Konnecke et al. have recently completed an extensive
numerical dynamic two-center shell model (DTCSM) cal-
culation for the single neutron transfer process in the
specific case of the ' C+' C~' C+' C reaction. The
model. which is molecular orbital in spirit, describes the
excitable ' C cores via a collective rotator-vibrator forrnal-
ism and the valence neutrons via TCSM wave functions.
Transfer and excitation of the valence neutrons is assumed
to result from the dynamic radial and rotational cou-
plings. Of particular significance in their approach is the
inclusion of the static polarization effects on the two-
center wave functions and the dynamic polarization of the
valence particle wave functions as a consequence of the
proximity of the nuclear cores during the collision.

The optical model parameters used by Konnecke et al.
are those of the shallow potential we have found to
describe our elastic scattering data. They also assume that
the ' C ground state is adequately represented as a 1p~~2
valence neutron coupled to an unexcited ' C core. The de-
tailed and complex model calculations explicitly incorpo-
rate the required antisymmetrization of the extra core neu-
trons in addition to the symmetrization of the cores. In
all, some 29 coupled channels were included in
Konnecke's calculations, and we refer the reader to his
work for details.

In Fig. 16 we show the comparison of typical results of
Konnecke's calculations with our data for the ' C+' C
elastic 90' excitation function and the ' C+ ' C~' C+' C transfer angular distributions measured at
E, =10.0 and 15.5 MeV. The parameter e denotes the
degree of adiabaticity of the assumed interaction with
e = 1 representing the sudden limit and e =0 the strictly
adiabatic case. In general, e=0.65 provides the best
overall qualitative reproductio~ of the experimental data.
As is evident in this figure, the model transfer cross sec-
tion magnitudes are particularly sensitive to the adiabatici-
ty parameter. The figure also illustrates that the molecu-
lar orbital model as implemented by Konnecke et al.
succeeds in reproducing the dominant structure of our
data. These results provide additional evidence that neu-
tron transfer in the ' C+' C system is dominated by a
molecular orbital rather than a direct (DWBA) mechan-
ism.
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FIG. 16. Comparison of dynamic two-center shell model cal-
culations of Konnecke et al. (Ref. 34) to selected transfer angu-
lar distributions.

transfer reaction as part of a systematic search for single-
particle molecular orbital effects in nuclear systems.

We find that our elastic scattering data are adequately
described using the optical model, and that the optimum
Woods-Saxon parameters are similar to those used to
describe other systems in this mass region, such as
' 0+ ' O. %"e have shown that the barrier top model also
describes the experiment and that it provides a physical in-
terpretation of the ' C+ ' C gross structure in terms of or-
biting. These findings suggest that the elastic scattering is
dominated by geometrical effects and that there is no evi-
dence for strong elastic exchange processes. The results
also support our contention that the same optical model
parameter set can be applied with confidence to ' C+ ' C
elastic scattering.

Distorted-wave Born approximation calculations were
unable to reproduce the salient features of our transfer
data, either in terms of the oscillations in the angular dis-
tributions or in the magnitude and structure of the excita-
tion functions. The data appear to be characterized by a
larger ratio of the 61=0 to 6/=1 orbital angular mornen-
tum transfer contributions. Polarization of the neutron
orbits and/or a shift in their single particle energy would
favor such an increase. We used two-pole model calcula-
tions to analyze the transfer data for multistep contribu-
tions. An observed displacement in the pole positions
compared to those expected for a single step process sug-
gests a significant increase in the collision interaction time
and a shift in the single particle energy of the neutron lev-
els during the collision. Sophisticated dynamic two-center
shell model calculations carried out by Konnecke et ah.

for our transfer data succeed in reproducing the main
features of the experiment. With the adiabaticity of the
reaction an adjustable parameter, they show that the sud-
den approximation fails to describe the data and that the
best agreement obtained includes significant multistep
contributions corresponding to single particle nuclear
molecular behavior.

From our study we conclude that the motion of the
valence neutrons in the ' C+ ' C~' C+ ' C reaction are
strongly and simultaneously influenced by both cores dur-
ing the transfer process. This behavior is characteristic of
a molecular (single-particle) rather than a direct (DWBA)
mechanism, and our results present evidence that the
single-particle analog of atomic molecular motion plays an
important role in nuclear rearrangement reactions in this
mass region.
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