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Elastic and inelastic scattering were measured for beams of 100-MeV '°B and 155-MeV !*N on targets of '2C
and '0. These data and previously measured one-nucleon transfer data for the same four incident channels
were analyzed simultaneously. A single set of optical potential parameters, fitting all the elastic scattering
data, was obtained. Distorted-wave Born approximation analyses of the inelastic and transfer reactions were
also done with this potential, resulting in good fits to the data. The common features in all of these peripheral

collisions are emphasized.

NUCLEAR REACTIONS NUCLEAR STRUCTURE 2c(!B, 1'B), *c(!'B, 19B’),

IGO(IOB, 10B), 160(10B, IOBI )’ E=100 Mev; 12C (MN, 14N)’ IZC (IAN’ I4NI )’ 160(14N, 14N),

8o (1N, N’), E=155 MeV; measured o(6); optical potentials, EFR-DWBA an-
alyses extracted §’s.

I. INTRODUCTION

Direct reactions produced in collisions between
1p-shell nuclei with incident energies around 10
MeV /nucleon have been studied in our laboratory.
While much interesting information concerning
reaction mechanisms and nuclear structure can be
obtained from individual reactions,'”® it is also im-
portant to understand the systematics of these pro-
cesses. For this purpose we consider the common
features observed in various processes from four
incident channels, namely 100-MeV °B and 155-
MeV N beams colliding with 2C and '°Q targets.

It was noted that the elastic scattering angular
distributions for these cases showed a typical dif-
fraction pattern. This suggested that the gross
features of such collisions can be understood in
terms of simple wave optics without considering
effects of detailed individual characteristics such
as shell structure. Therefore an attempt was
made to obtain a common optical potential that can
fit all the cases.

The inelastic scattering data provide further
evidence for the simple description where the in-
dividual structure does not have significant effects.
In particular, the strong excitations of collective
states (2* and 37) show similarities in these four
different channels. Furthermore, the common
potential is tested for one-nucleon transfer reac-
tions in a reanalysis of data published previously'
for these channels.

The single-nucleon transfer reactions induced by
heavy ions occur predominantly in the nuclear
periphery; hence they should be well explained by
first-order distorted-wave Born approximation
(DWBA). In fact, such analysis of more than 20
of the single-nucleon transfers seen in these ex-
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periments has already been performed, and ex-
cellent results were obtained.! In the present
work, only a few examples of single-nucleon trans-
fers will be discussed in the context of the common
optical potential.

II. EXPERIMENTAL PROCEDURE

The details of the experimental procedures are
not presented here as they are described else-
where.! The incident °B* and “N* beams were
obtained from the Texas A& M University cyclo-
tron. Natural '®C foil targets of 200-400 ug/cm?
and a gas target with enriched '°O operating at a
pressure of 100-200 Torr were used. The counter
telescopes typically consisted of about 50, 50, and
2000 um for AE,, AE,, and E, respectively.
Typical energy resolution was 400-500 keV, main-
ly due to kinematic broadening. A multiple Gaus-
sian peak fitting program was utilized to extract
peak areas even though the energy resolution was
good enough to separate the peaks adequately. The
estimated errors in absolute cross sections are
~20%, while statistical errors are quite small as
indicated in the individual results below. Uncer-
tainties in the absolute angle reading were esti-
mated to be less than +0.2° in the laboratory,
while errors in the relative angles in a given angu-
lar distribution are believed to be much smaller
than that.

III. ELASTIC SCATTERING

The experimental elastic scattering angular dis-
tributions are shown in Fig. 1(a). In these cases,
the Fraunhofer approximation should be applicable
as in these scattering processes the Sommerfeld
constant n~2 and 2R ~30 (n<<kR). Thus these dif-
fraction patterns are quite understandable. Under
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FIG. 1. Angular distributions of elastic scattering:
(a) the experimental points are compared to the optical
potential model fits, i.e., the solid curves show the
results of the common potential (Set A in Table I), while
the dashed curve in the “N+1%0 channel shows the fits
using the different diffusenesses (@, =0.80 fm and a;
=0.47 fm). (b) The experimental points are compared
to the Blair model fits shown by the solid curves. (c)
All results in (b) are displayed together with the univer-
sal curve to show their similarity.

such conditions, it is also expected that the pro-
cesses involved are insensitive to the details of nu-
clear structure. This in turn suggests that all
these four cases should follow a similar scattering
mechanism, and that the apparent differences in

the experimental angular distributions are only due
to kinematical differences of masses and energies
and geometrical difference of nuclear sizes. The
angular distributions are thus replotted using mo-
mentum transfer g, so that these dependences are
minimized. The results, shown in Fig. 1(b), ex-
plicitly show their similarities not only in phases
of oscillations but also in magnitudes [see also
Fig. 1(c)]. In fact, such diffraction features should
be well explained by the Blair model,* where the
differential cross section is related to the simple
analytical form (the so-called “universal” curve?)

1 do _J3(gR) 1)
RR*dQ~ (qR)?’

where the notations are standard. The compari-
sons to the experimental data are displayed in Fig.
1(b) with the curves. The locations of maxima and
minima as well as the magnitude at forward angles
are reproduced quite accurately as expected. The
slower decrease of the theory with angle is due to
the sharp-edge assumption of the model. Such
general agreement obtained indicates that this type
of nucleus-nucleus collision is indeed insensitive
in its gross features to the microscopic details

of the nuclear structure.

This similarity in turn suggests the existence of
a common optical potential that could explain all
these four cases. Furthermore, if it is found,
such a potential should be applicable to other sys-
tems under similar conditions due to this insensi-
tivity to the individual structure. It should also be
pointed out that finding of such a common potential
is quite useful in practice since optical potentials
are always needed in various reaction calculations,
e.g., the DWBA calculation and the compound nu-
clear Hauser-Feshbach calculation. It is especial-
ly useful in systems where unstable nuclei are in-
volved for which experimental data on elastic scat-
tering cannot be obtained. Therefore a search was
carried out to find such a set of parameters. A
Woods-Saxon potential with volume absorption and
with the Coulomb part corresponding to that of a
uniformly charged sphere was used. A modified
version of the computer code JIB6° was utilized
with the usual minimization of 2. In the actual
search, the Coulomb radius parameter 7, was kept
a constant 1.20 fm for simplicity, resulting in a
six-parameter search.

Different sets of potentials differing widely in
depths and other parameters have been found to fit
the elastic scattering data of several similar hea-
vy-ion systems.”®7 It has been found often that
the real depth of 100 MeV provides good fits.
Therefore, fixing V,=100 MeV, we obtained a set
of parameters given in Table I (Set A), which fits
all four channels. The fits to the individual cases
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TABLE I. Optical potential parameters. The poten-
tial is given as

1 W 1
T+explr—R,)/a,] " 1+explr—R;/a;]

+V,,

Ulr)==V

where R=7(4;1/3+ 4,'/3) and V, is the Coulomb potential
for a uniformly charged sphere with 7,=1.20 fm. In the
Set A, a better fit for the (N+1%0) channel was obtained
by changing a,=0.80 fm and a;=0.47 fm (see text). The
x? for all these fits were less than 10, typically ~2.

\4 Yy a, w 7;

a;
Set Chammel (MeV) (fm) (fm) (MeV) (fm) (fnzl)

A Common 100.0 0.97 0.65 40.0 1.18 0.45
(all 4)

B UB+1c 447 1.04 072 15.0 1.33 0.37
pg4+180 54,5 1.09 0.72 15.0 1.31 0.37
Un+2c 59,1 1.02 0.80 15.0 1.23 0.70
UN+180 549 1.06 0.84 18.6 1.28 0.60

are shown in Fig. 1(a) as solid lines. As seen,

all these data were fitted quite well except possibly
for the N on '°0 case. It should be pointed out
that the experimental cross section was measured
with a finite angular acceptance (typically A9,
=~0.6°), while the theoretical curves were not cor-
rected for this effect. Thus the discrepancies seen
at the sharp minima should not be taken seriously.
These successful fits ensure that the gross fea-
tures are governed by the scattering dynamics.
Because of the insensitivity on the microscopic
structure of the nuclei involved, the potential
should be applicable to systems of similar masses
and energies. In fact such tests were made, and
two examples are presented here. The angular
distributions® of 59-MeV °Li on '?C and 100-MeV
10B on !N elastic scattering® were analyzed by the
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FIG. 2. Optical model fits using the common potential
(Set A in Table I) to two additional systems. The data

points are from Refs. 8 and 9 and the calculated results
are shown by the solid curves.
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FIG. 3. Angular distributions of inelastic scattering.
The data are shown together with the elastic scattering
for comparisons. The lines are drawn through the points
to guide the eye.

present common potential and comparisons to the
data are displayed in Fig. 2. The calculated re-
sults agree well with the data, except for the back-
ward angles in ®Li scattering where even a more
careful study® encountered a similar problem. In
the case of N on '°0, where the fit to the data
was not good, a further search was made to im-
prove it. It was found that changes in the dif-
fuseness parameters to a,=0.80 fm and a; =0.47
fm improved the fits, seen in Fig. 1(a) as dashed
lines.

As usual, it is not claimed here that these po-
tentials are unique solutions; therefore additional
attempts were made to search for a completely
different family of potentials. Another family of
potentials was adopted with the real depth of ~50
MeV and the imaginary depth of ~15 MeV. The
six-parameter search was conducted first to find
a common potential as in the case of the deeper
potential above. The search, however, never con-
verged to one set of parameters. It provided in-
stead individual fits with slightly different sets of
parameters listed as Set B in Table I. The fits to
the data are as good as those obtained with the po-
tentials A.

IV. INELASTIC SCATTERING

We expect that the inelastic transitions to collec-
tive states also should show strong diffractive fea-
tures as in the elastic scattering discussed. It
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FIG. 4. Angular distributions of inelastic scattering
and Austern-Blair fits: The Austern-Blair calculations
are compared to the data. The strengths extracted from
these comparisons are listed in Table II.

can be assumed again that the process is quite in-
sensitive to the choice of projectile nucleus. Thus
we consider the inelastic excitations of '2C to the
2* state at 4.44 MeV and the 3~ state at 9.63 MeV,
and those of 0 to the 3~ state at 6.13 MeV and 2*
state at 6.92 MeV with the '°B and N projectiles.
The angular distributions are shown in Fig. 3,
together with elastic scattering for comparisons.
They indeed show strong oscillations, and in par-
ticular the transitions to the 2* state in '2C and the
3™ state in 0 demonstrate the well-known Blair
phase rules® in their angular distributions com-
pared to those of the elastic scattering. The pat-
terns are not quite so demonstrative in the transi-
tion to the 3~ state in '2C and the 2* state in '°0,
where the oscillations are also damped. In fact,
the 3" excitation in '2C by **N is almost out of phase
with the elastic angular distribution. In these lat-

ter two transitions, however, it is expected that
the processes are not so simple as in the former
two cases, since the residual states are considered
less collective and a simple macroscopic descrip-
tion for these states may not be adequate. Never-
theless, we carry out the analyses for these tran-
sitions also.

Before the analyses of the DWBA are discussed,
the application of a simpler model is considered.
Austern and Blair*!° derived a simplified treat-
ment of the DWBA calculation. The radial over-
lap integral in the DWBA is replaced by the deriva-
tive of the amplitude of the scattering waves 17,,
i.e.,

e vV iE an
arf,(k,v) e f,(k,7) = o =2t
L £l 7 i 2k 9R

where, in the overlap integral of the left side, f,
is the radial part of the partial scattering wave and
8V /o7 is the usual form factor. For the purpose
of the analyses here, it is not necessary to adopt
this simplified treatment, since the full calcula-
tion of the DWBA is carried out. However, it was
considered worthwhile to examine the model for
the present cases, because there have been very
few attempts of application of the model to heavy-
ion-induced processes. And the validity of such a
model together with the common potential will en-
sure easy access to analyses and predictions of
heavy-ion inelastic scattering in general.

The real advantage of the model lies in the fact
that the calculation can be made using very simple
forms for n, such as the parametrization of the re-
flection coefficients. We used, however, the nu-
merical amplitudes calculated from the optical po-
tential described in the elastic scattering cross
section. Some of the results are shown in Fig. 4.
The theoretical calculations are seen to reproduce
the experimental results for the more collective
states reasonably well. The success of these fits
again confirms the argument that the general fea-
tures of these collisions can be treated in a quite
simple manner. Attempts were also made for ex-

TABLE II. Extracted deformation lengths (B8R values).

Residual states

IZC 160
Analysis Projectile 3" 3" 2%
Austern-Blair g 0.8 0.7 0.8
1y 0.5 0.5 0.7
DWBA? g 1.5, 1.8 0.8, 1.0 0.9, 1.1 0.7, 0.8
Uy 1.2, 1.5 0.6, 0.7 0.9, 1.1 0.6, 0.8
Previous values® 1.1-1.8 0.7-1.1 0.9-2.4 0.6-0.8

2Two values quoted are the results using the real and imaginary radii, respectively.

b References 11, 12, 13, and 14.
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FIG. 5. Angular distributions of inelastic scattering
and DWBA fits: The DWBA results using the common
potential (Set A in Table I) are compared to the data.
The strengths extracted from these comparisons are
listed in Table II. The dash-dot line in the O ("N, 1N)
160 case is the result using the different diffusenesses
@, =0.80 fm and a;=0.47 fm).

tracting the absolute strengths. The comparisons
to the experimental results yield the deformation
lengths BR and the results are summarized in
Table II. As seen, the present results are in good
agreement with earlier results in the litera-
ture, -4

The DWBA analyses with macroscopic complex
form factors were carried out using the common
potential derived in the previous section. Since
the procedure is very straightforward and well
known, no description is given here. The fits to
the data are displayed in Fig. 5. It can be seen
that the 2* state in '*C and the 3~ state in '°O are
fitted quite well, while the 3" state in '2C and the
2* state in '*0 are almost out of phase with the
calculated angular distributions. As mentioned
above, the complexities in the excitation of the
latter two cases remain for further study. In fact,
such difficulties were noted in similar DWBA anal-
yses of SLi scattering'? and in the more sophisti-
cated analyses of N scattering using the double-
folding method.’* With these fits, we obtained the
deformation lengths BR which are listed in Table
II. Two values are quoted, depending on the choice
of the real or imaginary radius. It is seen that the
present results are in good agreement with the
previously known values. This successful result
shows that the common potential is good for the
analysis of these inelastic scatterings. It should

be emphasized that the inelastic scattering is
sensitive to the potential in a different manner
from the elastic scattering. Therefore, a suc-
cessful fit is not automatically obtained by using
the potential which fits the elastic scattering. This
different response from the potential used is much
more amplified® in the analysis of transfer reac-
tions, since the process takes place in a very lo-
calized region near the surface and the detailed
behavior of the distorted waves generated from the
common potential becomes even more critical.

V. ONE-NUCLEON TRANSFER REACTIONS

Systematic studies of proton and neutron transfer
reactions from these incident channels were made
for more than twenty transitions.’ The exact finite
range (EFR) DWBA analyses yielded in general
very successful results. Here we intend only to
test the present optical potentials for these trans-
fer channels. Examples of such calculations using
the common potential A are shown in Fig. 6. One
transition from each incident channel is presented
as an example. As seen in the figure, good fits
to the experimental results are obtained in their
shapes; all spectroscopic factors calculated
showed satisfactory agreement (within a factor of
2) to various known values just as described in de-
tail in Ref. 1. It is thus concluded that the present
common potential provides satisfactory descrip-
tions for various one-nucleon transfer channels
also. Considering the stringent criteria for the
fits for transfer reactions this can be taken as ad-
ditional evidence for the goodness of the common
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FIG. 6. Angular distributions of one-nucleon transfer
reactions and EFR-DWRA fits: The transitions are to
the ground states as indicated. The EFR-DWBA results
using the common potential (Set A in Table I) are shown
by the solid curves.
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potential.

The potential sets B were also tested for these
transfer reactions. The calculated results are
quite similar to those using the potential set A in
the angular regions studied here. However, it was
found that in the backward angles there were dif-
ferences. The potential B produces a secondary
maximum in the angular distribution at certain
backward angles which yields a somewhat plateau-
like pattern. Such behavior can be understood
theoretically when a potential has a weak absorp-
tion and a shallow real depth.’® Unfortunately, dif-
ferences in the calculated results using these two
types of potentials A and B appear beyond the angle
ranges of the present measurements. Although ex-
perimental measurements become difficult due to
the drastic reductions of reaction yields in back-
ward angles, studies of the backward angles are
certainly desired.

VI. SUMMARY

Experimental results of the elastic scattering
of four heavy-ion systems were collectively anal-
yzed. In the present dynamical situation of about
10 MeV/nucleon incident energies between light
nuclei, the Fraunhofer-type diffraction pattern

dominates the elastic scattering and details of the
microscopic structure of the colliding nuclei are
not noticeable. A common optical potential was
thus found to reproduce these data quite well.
Moreover, two additional elastic scattering data
were also fitted. The macroscopic DWBA analyses
using the common potential seem to give a fair
description of the inelastic excitations of the 2* and
3" states in '*C and '°0. In detail, however, the
present DWBA calculations could not reproduce
the transitions to the second-excited states as pre-
viously noted. The common potential also produced
good results when it was applied to one-nucleon
transfer channels in the EFR-DWBA calculations.
It will be interesting and useful to extend the pre-
sent analysis to a greater variety of incident sys-
tems. It is also desirable to extend this systema-
tic analysis to more exit channels such as multi-
nucleon transfer reactions and compound process-
es. Possible deviations from such common fea-
tures stressed here, if observed, will certainly
extend the understanding of nucleus-nucleus colli-
sions.

We wish to thank our colleagues M. Hamm and
R. Hanus for their help in various phases of the
work.
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