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Angular distributions for the '*C(°Be,’Be)'*C(g.s.,4.43 MeV) reaction have been measured at Be
bombarding energies of 39.68 and 43.75 MeV over an angular range from 13° to 158° c.m. Back angle
cross section enhancements were observed in both the elastic and 4.43 MeV channels. The enhancement of
the back angle elastic cross section could not be described in terms of a simple optical model or coupled
channels analysis. In an attempt to explain these back angle data, several reaction mechanisms were
investigated. The importance of heavy ion resonance formation was determined from an excitation function
measured in 200 keV intervals from 40 to 45 MeV at 158° c.m. A Hauser-Feshbach calculation was used
to place an upper limit on the statistical compound nuclear contribution to the cross section. Finally, an
exchange calculation in which a *He cluster was transferred between the two *Be cores has been made.

NUCLEAR REACTIONS !2C(°Be, °Be) 12C (g.s., 4.43 MeV); measured o(0), 0

=13-158° c.m. at 39.68 and 43.75 MeV and o(E) =40—45 MeV, A E =200 keV;

deduced reaction mechanism. Enriched targets. Hauser-Feshbach, coupled
channels, and exchange analysis.

INTRODUCTION

In recent studies of elastic scattering of heavy
ions with identical cores, angular distributions
were found having large back angle cross sections
which could not be described by simple optical
model calculations. A number of authors have
attributed these large back angle cross sections
to elastic exchange. In particular, these effects
have been experimentally observed in the back
angle cross sections for the elastic scattering of
1B, (Ref. 1), °B (Ref. 2), and 0 (Ref. 3) from
12C and have been attributed to proton, deuteron,
and alpha particle exchange, respectively. If that
interpretation is correct, then another system in
this mass region which would be expected to show
this back angle cross section enhancement is *2C
and °Be because of the large *He spectroscopic
amplitude of '2C calculated by Kurath and Millen-
er.* Experimental data for the 'C scattering by
°Be have been taken by Barker et al.® at 2C bom-
barding energies from 14 to 21 MeV. Back angle
cross section enhancements were observed. How-
ever, because of the limited angular range of
these data, reliable optical model parameters
could not be obtained and no exchange transfer
calculations were attempted. The more recent
data of Lang et al.® cover a more complete angu-
lar range but were also measured at low energies.
A recent study” of 2C and °Be scattering in this
energy range shows weak structure in the experi-
mentally measured excitation function indicative
of some compound nuclear process. To avoid both
of these difficulties, complete angular distribu-
tions have been measured at energies of 39.68 and
43.75 MeV, and an excitation function was mea-
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sured from 40 to 45 MeV at 158° c.m. to assess the
importance, if any, of resonance contributions.

The cross sections have been calculated by taking
a coherent superposition of the elastic scattering
amplitude obtained from the optical model with a
distorted-wave Born épproximation (DWBA) ampli-
tude for the transferred particle. The inclusion
of elastic exchange leads to an increase in the back
angle cross section and to interference around
0cm =90° where the elastic scattering and exchange
processes are of approximately equal magnitude.
This analysis quantitatively explains the elastic
scattering of °Be on 2C and supports the calculated
3He spectroscopic amplitude of Kurath and Mil-
lener,* although an accurate experimental deter-
mination of the spectroscopic amplitude is impos-
sible due to the limitations inherent in the first
order optical model plus DWBA. Hauser-Feshbach
calculations for the ‘2C and °Be results place an
upper limit on the statistical compound nuclear
contribution to the back angle cross section of
about twenty percent.

Finally, to determine the importance of coupled
channel effects, calculations which included coup-
ling to the '2C 4.43 MeV level and the reorienta-
tion coupling of this state were performed within
the framework of a simple collective excitation
using a Woods~-Saxon geometry.

EXPERIMENTAL PROCEDURE

Using the Florida State University super FN
tandem accelerator, two sets of *2C +°Be elastic
scattering angular distributions were measured
at °Be laboratory bombarding energies of 39.68
and 43.75 MeV. A °Be beam was obtained from
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the FSU inverted sputter source using a Be metal
cone to which small amounts of NH, gas were ap-
plied. Up to 500 charge nA of BeH™ were emitted
by the source. Typical intensities of °Be*" ranged
from 50 to. 150 charge nA on target. The center-
of-mass angular range from 13°to 134°was
covered with an array of three silicon surface bar-
rier detectors separated by 10°in the lab. The
detector depths were decreased with increasing
angle so that only °Be or heavier particles were
stopped in the detectors. Consequently, there
was no background in the vicinity of the elastic
°Be group due to light mass reaction products.
The extreme back angle data, from 130°tg 158°,
were measured by recording the yield of recoil
12C nuclei at forward angles with a solid state
E-AE counter telescope. A monitor detector at

a fixed angle was used to normalize between all
runs.

The '2C targets were self-supporting with thick-
nesses varying from 50-100 yg/cm? The product
of solid angle and target thickness for each count-
er was determined by scattering 19.84 MeV *°0O
from the 2C foils at forward angles where the
scattering is Rutherford. The absolute cross sec-
tions obtained are estimated to be accurate to
within 15%.

ELASTIC SCATTERING OPTICAL MODEL ANALYSIS
AND RESULTS

The optical model parametrization of the elastic
data, see Fig. 1, was made with the computer code
JIB® using a Woods-Saxon real and imaginary po-
tential of the form

Uw)=-V{1/[1+exp(r -R,/a,)]}
—iW{1/[1+explr =R, /a;)]}+ V@),

where

Z Z,e® r?
Vi) =2 (3-};?), v <R,

_ZZge?

¥>R
r (4

b

and
R =7’0(AT1/3 +Ap1/ 3) .

The determination of the optical potentials which
best describe the data involved several steps.
First, the best four-parameter optical model set
was found for the 43.75 MeV data by searching on
V, and W, at each point of a grid in 7, and a, from
7,=0.85 to 1.6 fm and a=0.35 to 1.15 fm in 0.5 fm
steps. Only angles forward of 64° c.m. were used
in this analysis, since the regular diffraction
structure appears to end around 64°, indicating
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FIG. 1. Angular distributions of the elastic scattering
of ’Be from '?C. The data at laboratory energies of
39.8 and 43.75 MeV were measured in the present work,
those at 20 and 26 MeV are taken from the work of
Lang et al. (Ref. 6). The curves are discussed in the
text.

the presence of some additional mechanism con-
tributing to the cross section at back angles. The
best geometries were taken to be those which min-
imized the parameter yZ given by

x2: Z: {0' exp(oi) 0B (gi)}z /Ac exp(oi)z s

where 0., (0;), oyp (8;), and Ac.,(6;) are the ex-
perimental and calculated differential cross sec-
tions and the experimental error, respectively.
Several local x® minima were found in this grid.
At these points the values of 7 and 7; plus a, and
a, were uncoupled and a six-parameter search
was performed. A marked improvement in xZ was
obtained when six independent parameters were
used; consequently, only six-parameter sets
were considered when parametrizing the data at
the other projectile energies.
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TABLE I. Parametrization of the °Be scattering from
12C, The parameters are described in text.

VO Yy

ay Wy ¥ ar
(MeV) (fm) - (fm)

(MeV) (fm)  (fm) B

Optical model
33.686 0.964 0.921 6.524  1.509 0.478

Coupled channels

35.093 0.992 0.882 6.262 1.529 0.446 ~0.267

It should be noted that for a fixed geometry (for
a particular # and a), only one set of V,and W,
were found to fit the experimental data, i.e., no
discrete ambiguities were observed. A continuous
Igo-type ambiguity was found, however.

The six-parameter sets from the 43.75 MeV
data were then used as starting parameters for
searches on the 39.68 MeV data set, again only
including data to 64°. Only one parameter set was
found to fit both sets of experimental data without
large changes in V, or W,. This geometry was
‘used in all subsequent optical model calculations.

Finally, in order to determine if an energy de-
pendence in V,, and W, was necessary to describe
the *C +°Be scattering over a large range of pro-
jectile energies, the 20 and 26 MeV data of Lang
et al.® were fitted with this fixed geometry while
allowing V, and W, to vary. No energy dependence
of V, and W, was observed. The final values of V,
and W, were found by averaging the values obtained
at the four bombarding energies. The final param-
eter set is listed in Table I and the fits to the data
at all energies are displayed in Fig. 1 as solid
curves. The forward angle, high energy data are
well reproduced, as are the overall falloff, phas-
ing, and magnitude of the low energy data.

INELASTIC SCATTERING: DWBA AND COUPLED
CHANNEL ANALYSIS

Angular distributions were measured for the
strongly populated '*C 4.43 MeV level at both °Be
bombarding energies measured in this study. As
is the case for the elastic channel, the '*C 4.43
MeV level shows oscillations at forward angles,
as can be seen in Fig. 2. No °Be excited states
could be observed since these states are particle
unstable. No data for the 2C 4.43 MeV state have

. been reported in the literature at the lower bom-
barding energies.

The theoretical cross sections were calculated
with the computer code DWUCK® using the macro-
scopic, collective form factor option. The opti-
cal model parameters listed in Table I were used
to generate the distorted waves and bound state
wave functions. The DWBA cross sections were
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FIG. 2. Angular distributions of the inelastic scatter-

ing of *Be from !2C leading to the 4.43 MeV first ex-

cited state of *C. The curves are discussed in the text.
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calculated both with and without Coulomb excita-
tion. When it was included, the Coulomb scatter-
ing length B.R. was assumed to be equal to the nu-
clear scattering length §,R,. The change in mag-
nitude of the forward angle cross section due to
the Coulomb interference was small, approximate-
ly 15%, and no change in shape was observed. The
results of the DWBA calculations are given in Fig.
2. As can be seen, the overall phasing between
the data and the theoretical predictions is good.
The calculated forward angle minima are too-deep,
but because of the large deformation of both the
12C and °Be nuclei, coupled channels effects are
expected to be significant and an improvement in
this angular region might be expected.

The deformation of the optical potential is de-
scribed by a multipole expansion of the radius
R=R{1+73,,B.YX0, $)]. The nuclear deforma-
tion parameter §; describes the effective defor-
mation of the target-projectile system as opposed
to the actual deformation of the target. As has
been pointed out by Hendrie!® and by Thompson
and Eck,'! the quantity which is invariant between
the different interacting systems is the nuclear
deformation length 8,R,. The deformation length
determined by Thompson and Eck!! for a variety
of projectiles on '2C is —1.78%0.11 fm. Since the
above DWBA analysis is insensitive to the sign of
the deformation the magnitude of the deformation
length obtained in this study B,R,=1.4 fm is in sat-
isfactory agreement with the magnitude of the
deformation length determined by Thompson and
Eck.!! (The radius R was taken to be the average



of the real and imaginary radii, as was done in
the calculation by Thompson and Eck.!?)

The coupled channels calculations for 2C and
°Be were also done within the framework of a
simply collective excitation using a Woods~-Saxon
geometry. The computer code SOCC'? was used.
The couplings included in the calculation were be-
tween the '2C ground state and the 4.43 MeV level
and the reorientation coupling of the 4.43 MeV
state. No couplings to the °Be states were included
since these levels could not be observed experi-
mentally. No Coulomb excitation was included in
the coupled channels calculation since this was
found to be a small effect in the DWBA analysis.
The coupled channels parameters were determined
by searching on the six-parameter optical model
set and on the deformation parameter. As can be
seen in Table I, no significant change in the pa-
rameters resulted, nor could an improvement in
the fit to the 'C 4.43 MeV data be obtained (see
dashed curves in Fig. 2). The coupled channels
deformation length —1.47 fm agreed well in both
magnitude and sign with the global deformation
length of Thompson and Eck.

BACK ANGLE CROSS SECTION ANALYSIS

A number of examples of enhancements in the
measured back angle cross sections, similar to
those observed for the **C and °Be system stud-
ied in this work, exist for systems in this mass
and energy range.'”® Several mechanisms might
account for these back angle cross sections: stat-
istical compound nuclear formation, heavy ion
resonance formation, and the exchange of a nu-
cleon or cluster between the projectile and target
nuclei. An attempt has been made in the present
work to assess the importance of each of these
mechanisms for the *2C and °Be system.

The statistical compound nuclear contribution
to the cross sections to the **C ground state and -
4.43 MeV level was estimated using the Hauser-
Feshback (HF) code HELGA.® This code has been
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discussed previously by Gomez del Campo et al.'*
It has been demonstrated by Klapdor et ql.'® that
the results of HF calculations are sensitive to
various calculational parameters in different ways.
For compound nuclear cross sections, the ratio

of the calculated cross sections between discrete
final states is dependent primarily on the value of
the angular momentum cutoff J .y . The absolute
cross sections for all discrete final states in a
particular exit channel are all decreased or in-
creased by the same amount when the level density
parameter a is varied. Finally, the adsolute cross
section depends strongly on the optical model pa-
rameters used to describe the various exit chan-
nels.

For the '2C and °Be system a value of 15 7 was
used as the maximum allowed angular momentum
for the 43.75 MeV data. This value for J; ap-
pears reasonable for the '2C and °Be case if one
considers both the °B+1%C and the *3C + !N sys-
tems for which the critical angular momenta have
been measured.'®'® Since the '*C +1°B system has
a critical angular momentum of 14+ 1 7 at 45
MeV, and that for the *2C + !N system has been
measured to be 14-157% at 53 MeV, the critical
angular momentum for the '2C and °Be system
must be <157 at 43.75 MeV. The value of the cri-
tical angular momentum at lower bombarding en-
ergies was found by scaling the 43.75 MeV critical
angular momentum by the ratio of the calculated
grazing angular momenta. The '2C +°Be optical
model parameters used in the HF calculation were
taken from the present study; the remainder of the
optical model parameters, listed in Table II,
were taken from the literature.”# The level
density parameters, pairing energies, and energy
of the last discrete level for each exit channel are
listed in Table III. The results of the calculation
are shown in Figs. 1 and 2.

The Hauser-Feshbach calculation predicts the
statistical compound nuclear cross section to both
the ground state and the 4.43 MeV levels in 1%C
and should be compared to data for both states.

TABLE II. Optical model parameters for the Hauser-Feshbach calculations.

|4 v a w 174
Channel (MeV) (fm) (fm) (MeV) (fm) ar Type Ref.

n +*Ne 47.01-0.267E., —0.0015E2,,  1.308 0.660 9.52—0.53Ecm.  1.259  0.480  Surf. 17
p +2F 36.330 1.197 0.746  11.310 1.196 0.786 Vol 17
d +YF 94.300 1.027 0.806 7.490 2.175 0.560 Vol 18
3He + 180 179.000 1.140 0.660  16.760 1.610 0.910 Vol 19
a +0 160.800 1.500 0.535  27.550 1.500 0.390 Vol 20
8Be +13C 7.5+0.4E o 1.350%  0.450 0.4+0.125E.,, 1.350 0.450 Vol 21
9Be +12¢ 33.686 0.9642 0.921 6.524 1.509 0.478 Vol

2 Real and imaginary radii taken as R =74 71/3+4,/3).
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TABLE III. Level density parameters. For definitions
and parameter values see Refs. 14 and 15.

Residual al/A A Eet ® Number of discrete®
nucleus (MeV~l) (MeV) (MeV) levels

WNe 0.16 5.10 7.20 9

Ny 0.16 0.0 2.20 9

1o 0.16 2.55 5.50 20

30 0.16 5.10 5.40 9

be) 0.16 2.55 5.75 9

3¢ 0.16 2.55 9.50 9

2¢ 0.16 5.10 10.80 5

? Energy of last discrete level.
b Reference 22.

Since the direct contribution to the '2C 4.43 MeV
data is smallest at back angles, we consider the
39.68 MeV data initially since angular distributions
have been measured to 130° c.m. for the 4.43 MeV
level at this energy. The ratio between the experi-
mental elastic and inelastic cross sections near
130°c.m. is 0.73; the Hauser-Feshbach estimate
of this ratio, assuming J ., =12 7 at 39.68 MeV,
is 0.23. The calculated ratio o, /o, 4 could not
be altered by a variation of either the level density
parameter ¢ or the '2C and °Be optical model pa-
rameters, ‘a result consistent with the results of
Klapdor et ql.'® The calculated cross section ratio
could only be made to approach the experimental
cross section ratio by increasing the critical an-
gular momentum cutoff to a value of approximately
30 7. This value for the critical angular momen-
tum is clearly too large for the **C and °Be sys-
tem at 39.68 MeV when compared with the critical
angular momenta of 14 to 15 7 measured at simi-
lar energies for the *C +*N and °B +'*C sys-
tems, 1516

Since the cross sections calculated with this set
of level density and optical model parameters
just reproduce the magnitude of the data for the
12C 4.43 MeV level at back angles (see Fig. 2), it
is clear that the elastic cross section (see Fig. 1)
is at best underpredicted by a factor of 4 to 5.
It will be seen later that this is most likely the
extreme case, since there is some evidence that
the back angle cross section to the 2C 4.43 MeV
state is at least partially due to the transfer of
a 3He cluster to this level and is not entirely due
to a statistical compound nuclear process. A re-
duction in the magnitude of the calculated statis-
tical compound nuclear cross section to the 4.43
MeV level by a variation in either the level density
or optical model parameters would result in a
similar reduction in the predicted statistical com-
pound nuclear cross section to the elastic chan-
nel.

While the results of the Hauser-Feshbach cal-
culations would seem to allow a significant cross
section due to some mechanism other than statis-
tical compound nuclear formation, the possibility
remained that some nonstatistical compound nu-
clear process, i.e., heavy ion resonance forma-
tion, was taking place. This possibility could only
be eliminated experimentally. Excitation func-
tions have been measured in 200 keV intervals
from 40 to 45 MeV in which the recoil **C particles
were detected at 11° in the lab with a AE-E sili-
con telescope. This is equivalent to detecting °Be
at 158°c.m. The measured yield (see Fig. 3) is
flat within our counting statistics (~7%). This re-
sult suggests that the rise in the back angle cross
section at this energy is not due to resonance
formation.

An alternate explanation which could account for
the back angle cross section enhancement is a 3He
cluster exchange between the '*C nuclei and the
incoming °Be projectile. From kinematical con-
siderations and from optical model calculations,
the *C(°Be, °Be)*?C cross section is expected to
decrease as a function of increasing angle. At
large angles the predicted elastic scattering cross
section is small (<1073 ¢ /o), whereas the com-
peting transfer cross section peaks at back angles.
The unique properties of elastic transfer reac-
tions, identical bound state and elastic scattering
states in the initial and final channels, should lead
to a good overlap of the internal wave functions,
and consequently, large cross sections. The large
calculated* spectroscopic amplitude for *He in '*C
also suggests a cross section enhancement. In a
fully antisymmetric calculation of the elastic scat-
tering cross section, the transfer contribution
would be automatically included. As a first ap-
proximation for the transition to the ground state
in identical core systems, it has been shown that
a coherent superposition of the elastic scattering
amplitude obtained from the optical model with a
DWBA amplitude to account for the transfer de-
scribes such systems well.! The exchange transfer
amplitudes do not include the additional terms
usually present in exchange calculations, namely
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FIG. 3. The measured energy deperdence of the elas-
tic scattering of *Be from °C at 6, 5 =158.8 (Ref. 6).
The straight line is a guide to the eye.



the heavy particle knockout term. Thus we are
employing the usual DWBA assumption®

G/ V(°Be - °Be) - V(*Be - 1C) /x{¥) ~ 0.

For the '2C +°Be case, the elastic scattering
amplitudes were generated with the computer code
SOCC!2 using the optical model parameters in
Table I. The ®He cluster transfer amplitudes were
generated with the finite range DWBA version of
the computer code OUKID.** Distorted waves for
the incoming and outgoing channels were calculated
from the optical model parameters measured in
the present work. The bound state was calculated
with a Woods-Saxon potential using the known 3He
binding energy of 26.282 MeV and with the num-
ber of nodes estimated from the harmonic oscil-
lator approximation for clusters:

2N+L= Z @n;+1,),

i=1

where »n; and /; are the individual nucleon shell
model orbitals. The allowed ground state angular
momentum transfer is § with both N and L equal
to one. The Woods-Saxon radius and diffuseness
were taken to be R=1.2(4,3+A,Y3) fm and a
=0.65 fm. The calculated cross section was found
to be stable against changes in the bound state ra-
dius and diffuseness parameters. Variations in
the parameters as large as 15% were tried and
found to produce only slight changes in the slope
of the calculated cross sections and small (20%)
changes in the predicted magnitude. The spectro-
scopic amplitude was taken from the calculations
of Kurath and Millener* for a ®He cluster in 2C.
The spectroscopic amplitude was not treated as a
free parameter in this calculation. The calcula-
tion represents an extreme “pre-formed” *He
cluster model. The results are shown in Fig. 1.
At low energies the magnitude of the back angle
cross section is correctly predicted, and so is
the general structure and phasing. At the energies
measured in this experiment, 39.68 and 43.75
MeV, the agreement in overall magnitude is still
good; however, the agreement between the theo-
retical and experimental shapes is poor. As can
be seen by the dashed curve in Fig. 3, the trans-
fer calculation reproduces the shape of the energy
dependence at 158° c.m. quite well. The fact that
the shape of experimental cross section does not
change rapidly from 39.68 to 43.75 MeV and the
transfer calculation reproduces the general ener-
gy dependence of the experimental cross section
does suggest that a significant part of the back
angle cross section is due to an exchange process.

Although less extensive back angle data were
obtained for the inelastic scattering to the 4.43
MeV level in *C, a 3He cluster transfer calcula-
tion was made to determine whether or not the
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TABLE IV. Allowed total angular momentum trans-
fers, harmonic oscillator quantum numbers, and spec-
troscopic amplitudes from Kurath and Millener (Ref. 4)
for the *He cluster transfer calculation discussed in the
text.

o transfer N L 6
T 0 3 —-0.520
% 0 3 —0.062
% 1 1 0.164
T 1 1 0.787

theoretical calculation could correctly predict
the magnitude of these back angle cross sections.
The spectroscopic amplitudes calculated for this
state by Kurath and Millener? were used. The four
allowed total angular momentum transfers along
with the harmonic oscillator quantum numbers
and the Kurath and Millener* spectroscopic ampli-
tudes are listed in Table IV. The final cross sec-
tion was found by taking an incoherent superposi-
tion of four partial cross sections for the allowed
angular momentum transfers. No attempt was
made to take a coherent superposition of these
summed scattering amplitudes with the scattering
amplitudes from the forward angle collective cal-
culation described earlier. Consequently, a cor-
rect prediction of the total cross section at the
region where the two cross sections are of equi-
valent strength should not be expected since the
interference term has been neglected. However,
for the farthest back angle data where the inter-
ference term should be small, the *He transfer
calculation does predict the magnitude of the ex-
perimentally measured cross section (see Fig.2).
SUMMARY

An excitation function for °Be scattering from
12C from 40 to 45 MeV at 158° c.m. together with
angular distributions covering an angular range
from 13°to 150° c.m. at energies of 39.68 and
43.75 MeV have been measured in an attempt to
understand the mechanism responsible for the ob-
served back angle cross section enhancement. The
usual optical model parametrization of the data
could not reproduce the back angle cross sections,
although it could account very well for the strong
forward angle diffraction pattern observed over a
large range of °Be bombarding energies. In ad-
dition, it was found that coupled channel effects,
at least those involving the '2C 4.43 MeV level,
were small and that the inelastic scattering to the
4.43 MeV level was well described out to angles
of 60°c.m. by a simple DWBA collective model
calculation. Again, coupled channel effects did not
account for the back angle cross section enhance-
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ment present in either the elastic or inelastic
(4.43 MeV) data. Three other mechanisms were
investigated to account for the enhancement of the
back angle cross section: heavy ion resonance
formation, statistical compound nuclear forma-
tion, and the exchange between °Be cores of a

3He cluster. From the measured excitation func-
tion, no significant contribution to the cross sec-
tion from heavy ion resonance formation is evident
at these energies. This effect could not be ruled
out until the experimental excitation function was
measured, since some weak structure in the elas-
tic excitation function had been observed at lower
°Be bombarding energies.” The contribution from
statistical compound nuclear processes was es-
timated by a Hauser-Feshbach calculation. This
calculation placed an upper limit on the contribu-
tion to the back angle cross section from statis-
tical compound nuclear formation at approximate-
ly 20% of the elastic cross section. The most
successful description of the data was obtained
from a 3He exchange between the two °Be cores.
Using a 3He spectroscopic amplitude calculated
by Kurath and Millener,* the calculation was able
to describe not only the magnitude but also the

shape of the back angle data for the low energy
angular distributions which had been measured
previously by Lang et al.® The description of the
back angle data was less satisfactory at the higher
°Be bombarding energies measured in this study.
The magnitude of the measured back angle cross
section was reproduced, but the agreement be-
tween the slope of the calculated cross section and
the slope of the experimental results was poor.
However, higher order processes which were neg-
lected in this cluster transfer approach might be
expected to become more important as the bom-
barding energy is increased.

Cross section data for the reactions discussed
in this paper are deposited in the Physics Auxiliary
Publication Service.?

The authors would like to express their apprecia-
tion to Dr. John Fox, Dr. Leigh Harwood, and
Mr. Roy Cutler for their assistance in taking the
data. We would also like to thank Dr. Kirby Kemp-
er for his helpful discussions of the analysis of
the results. This paper was supported in part by
the National Science Foundation.

!w. Bohne, C. K. Gelbke, P, Braun- -Munzinger, W. Gro-
chulski, H. L. Harney, and H. Oeschler, Nucl. Phys.
A222, 117 (1974).

W, von Oertzen, H, H. Gutbrod, M. Miiller, U. Voos,
and R. Bec, Phys. Lett. 26B, 291 (1968).

’R. M. DeVries, Nucl. Phys. A212, 207 (1973).

“D. Kurath and D. J..Millener, Nucl. Phys. A238, 269
(1975).

P, H. Barker, A. Hubner, H. Kneth, U, Matter,

A. Gobbi, and P. Marmier, Nucl. Phys. A155, 401
(1970).

6J. Lang, R. Miiler, E. Ungricth, L. Jarczyk, J. Oko-
Yowicz, A. StrzaYkowski, in Clusterving Aspects of
Nuclear Structuve and Nuclear Reactions, edited by
T. H. Van Oers (AIP, New York, 1978), p. 682.

'J. F. Mateja, A. D. Frawley, A. Roy, J. R. Hurd,
and N. R. Fletcher, Phys. Rev. C 18, 2226 (1978).

8F. G. Perey, Phys. Rev. 131, 745 (1963); A. W. Obst,
Florida State University “Technical Report No. JIB,

1973 (unpublished).

%, D. Kunz, University of Colorado (private communica-
tion).,

D. L. Hendrie, Phys. Rev. Lett. 31, 478 (1973).

1w, 3. Thompson and J. S. Eck, Phys Lett. 67B, 151
@977).

2p, Nagel, Florida State University (unpublished).

183, K. Penny, Oak Ridge National Laboratory (private
communication).

43, Gomez del Campo, J. L. C. Ford, R. L. Robinson
P. H. Stelson, and S. T. Thornton, Phys. Rev Ccy,
1258 (1974).
by, v, Klapdor, H. Reiss, and G. Rosner, Nucl. Phys.
A262, 157 (1976).

BA F F. Zeller, M. E. Williams-Norton, R. J. Puigh,

G. E. Moore, K. W. Kemper, and G. M. Hudson, Phys.
Rev. C 14, 2162 (1976).

e, M. Perey and F. G. Perey, Nucl. Data Tables 10,
539 (1972).

18p, Dehnhard and Norton H. Hintz, Phys. Rev. C 1, 460
(1970). B

R, W. Zurmuhle and C. M, Fou, Nucl. Phys. A129,

502 (1969). ’ -

20p. Gaillard, R. Bouchg, L. Feuvrais, M. Gaillard,

A. Guichard, M. Gusakow, J. L. Leonhardt, and J. R.
Pizzi, Nucl. Phys. A131, 353 (1969).

Ay, c, Greenwood, K. Ka Katori, R. E. Malmin, T. H.
Braid, J. C. Stoltzfus, and R. H, Siemssen, Phys. Rev.
C 6, 539 (1972).

2y, Ajzenberg-~Selove and T. Lauritsen, Nucl. Phys.
All4, 1 (1968); F. Ajzenberg-Selove, ibid. A152, 1
(1970) Al166, 1 (1971); A190, 1 (1972).

By, Tobocman Theory of Divect Nuclear Reactions
(Oxford University Press, Oxford, England, 1961),

p. 35.

X“pierre Nagel and R. D, Koshel, Comp. Phys. Comm.
15, 193 (1978).

%See AIP document No, PAPS PRVCA-20-176-4 for
four pages of cross section data. Order by PAPS num-
ber and journal reference from American Institute of
Physics, Physics Auxiliary Publications Service, 335
East 45th Street, New York, New York 10017. The
prices are $1.50 for microfiche or $5.00 for photo-
copies. Airmail additional. Make checks payable to
the American Institute of Physics. This material also
appears in Current Physics Micvofilm, the monthly
microfilm edition of the complete set of journals pub-
lished by AIP, on frames immediately following this
journal article.



