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Angular distributions of the differential cross sections for the elastic scattering of 210 MeV °Li
from '2C (3°-61°) and *Ni (3°-48°) have been measured. The cross sections exhibit diffractive os-
cillations at small angles and exponential falloff characteristic of nuclear rainbow scattering at
large angles. The data beyond the rainbow angle make it possible to obtain unique optical model
potentials for the °Li + nucleus interaction, thus eliminating the discrete ambiguities inherent in
the lower-energy studies. By truncating the angular distributions, data up to the rainbow angle
could be fitted with several discrete ambiguous potentials. Extrapolation of the unique potentials
to lower energies provides an energy dependence of the real potential volume integral given by
Jr /64 =J3 /64 —BInE,, with J}/6A ~800+30 MeV fm* and B~ 100 MeV fm?, a result which
is essentially consistent with proton elastic scattering.

I. INTRODUCTION

The elastic scattering of hadronic projectiles from nu-
clei has been a subject of experimental and theoretical
studies for several decades. The main purpose of such
investigations is to understand the mean field encoun-
tered by the projectile while traversing the nucleus. This
field is usually described in terms of a complex optical
model (OM) potential.

The OM potentials for the scattering of nucleons from
a wide range of nuclei have been fairly well established
from the lowest energies to about one GeV.! However,
complications arise for complex projectiles such as *He
and SLi due to the strong absorption of these projectiles
by the nucleus. Low-energy elastic scattering of such
projectiles (E =10 MeV/nucleon) is thus sensitive only
to the extreme surface region of the nucleus. Conse-
quently, the data do not show much sensitivity to poten-
tials in the interior region, and hence the OM potentials
deduced from the data can be defined properly only for
large radial distances.

Analyses of low-energy data have led to so-called
discrete ambiguities in the potentials, first noticed for al-
pha particles by Igo.? It has also been found that poten-
tials with distinctly different depths (varying in steps of
~50 MeV) provide equally acceptable fits to the °Li
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data.>* For alpha particle scattering, measurements at
sufficiently high bombarding energies (E, R 35
MeV/nucleon) seem to have resolved these ambiguities
in the OM potentials.> Measurements over wide angular
ranges at the higher energies have provided differential
cross sections beyond the diffraction region, in which os-
cillations are observed, into the refractive or so-called
rainbow region, where the cross section exhibits a
smooth exponential falloff with angle and no diffractive
oscillations. The angle of transition between these two
regions is normally referred to as the rainbow angle 6.
In alpha particle scattering it has been found that mea-
surements beyond Oy are necessary and sufficient to
select a unique potential from the discrete set of ambigu-
ous choices.®

Extensive investigations of low-energy °Li elastic
scattering have been carried out up to a bombarding en-
ergy of 50 MeV.” Data are also available for several tar-
gets at 73.7 MeV,® 88 MeV,’ and 99 MeV.? Measure-
ments were made on 2%Si at 135 MeV up to 6, =67°.*
At low bombarding energies, where 0y is relatively
large, it is very difficult to extend measurements into the
rainbow region even for light nuclei and nearly impossi-
ble for heavy nuclei because of the rapid decrease of
cross sections with angle. For example, for 28Si at 135
MeV, 0y is ~67° and the cross section at that angle is
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less than 1 ub/sr. Measurements on **Si at 154 MeV
(Ref. 10) and on '2C and “°Ca at 156 MeV (Refs. 11 and
12) extend somewhat into the rainbow region. However,
the extraction of unique potentials from these investiga-
tions may be questionable. Measurements on *°Zr and
208py at 156 MeV (Ref. 12) barely cover the diffraction
regions.

In an effort to obtain unique OM potentials for °Li
ions, we have measured differential cross sections for the
elastic scattering of 210 MeV °Li ions on ?C and *Ni
targets over angular ranges extending well into the rain-
bow region (g ~25° and 30° for '2C and *®Ni, respec-
tively), thus allowing the derivation of unique OM po-
tentials. Unique SLi potentials are of intrinsic interest
because °Li is a projectile in the transition region be-
tween that characteristic of light-ion ( A <4) and heavy-
ion (e.g., '2C, 1%0) elastic scattering. Comparison of the
results for ®Li with those of the light ions and the heavy
ions will provide a more systematic insight into the in-
teractions between nuclei. Also, °Li is a feasible projec-
tile for particle transfer reactions since, unlike heavier
projectiles, it has no particle-stable strongly excited
states. Thus, like heavy-ion reactions, it can transfer
large amounts of angular momentum, and yet the spec-
tra resemble light-ion reactions. However, to analyze
the ®Li-induced reactions one needs reliable OM parame-
ters to generate the entrance channel distorted waves in
reaction calculations.

Another concern relevant to the present data is the
applicability of the various semimicroscopic potential-
folding models for °Li elastic scattering. Both single-
folding °Li potentials based on an a+d cluster model>"?
and double-folding potentials generated from realistic
nucleon-nucleon interactions'* have provided reasonable
descriptions of lower energy data, although some renor-
malizations of the derived potentials have been neces-
sary. Because of the higher energy and large angular
range, the present data will provide a more stringent test
of the existing folding models. This will be the subject
of future investigations; the present work is concerned
only with the phenomenological OM potential.

In Sec. II the experimental methods are described.
The results of the measurements are presented in Sec.
III. The OM analysis is discussed in Sec. IV. Finally,
Sec. V contains the summary and conclusions of our in-
vestigation.

II. THE EXPERIMENT

The elastic scattering differential cross sections were
measured using a 35 MeV/nucleon °Li beam at the Na-
tional Superconducting Cyclotron Laboratory at Michi-
gan State University. The uncertainty in the beam ener-
gy was estimated to be 1%, based on previous operating
experience of the cyclotron and its extraction system.
The targets were mounted at the center of a 40 cm diam-
eter scattering chamber, and ranged in thicknesses from
0.5 to 20 mg/cm? Thin targets were used for the for-
ward angle measurements where the yield for elastic
scattering was large, and thick targets were used for
measuring the low cross sections at large angles. The

beam spot on target was usually 1 mm wide X 3 mm
high. The beam current was varied between a fraction
of a nA to over 200 nA (electrical), depending on the
scattering angle, in order to keep the data acquisition
dead time below 10%. The dead time was monitored by
feeding pulses at a random rate to all detectors and pro-
cessing the signals in the same manner as those from the
real events in the detectors. The ratio of the number of
processed pulses to those fed into the system was taken
as the live time for each run. The real data were then
corrected with these same live times.

Scattered particles were detected with a quadrupole-
quadrupole-dipole-sextupole (QQDS) magnetic spectrom-
eter' followed by a focal-plane detection system. The
entrance slits to the spectrometer ranged from 35 to 660
usr, depending on the angle of measurement. The corre-
sponding angular resolution, A8, was 0.35°-1.5°. The
parameters of the spectrometer were adjusted at each
scattering angle in order to maintain optimally focused
elastically scattered ®Li particles at the center of the fo-
cal plane. Since the energy bite of the spectrometer was
about 20%, inelastic scattering up to ~10 MeV excita-
tion energy was also observed, and will be reported else-
where.

The focal-plane detection system consisted of two
resistive-wire proportional counters, two ion chambers,
and a stopping plastic scintillator. All signals were pro-
cessed by conventional electronics. A true event was
defined by a coincidence between the front ion chamber
and the plastic scintillator. The ion chambers, which
served as energy loss AE counters, and the plastic scin-
tillator, which stopped the SLi ions, were used for parti-
cle identification. They provided a clean separation be-
tween the SLi and "Li particles which arrived at the focal
plane. A window on the two-dimensional display of
these two detectors was used to gate the proportional
counter spectra and thus the position on the focal plane
(consequently the energy) of the scattered ®Li particles
was determined.

The angular position of the spectrometer could be
read to an accuracy of 0.02°. The angular offset of the
readout of the spectrometer was determined to be 0.10°
by making elastic scattering measurements on both sides
of the beam. The beam current was measured with two
different Faraday cups. For angles > 6°, a counter-bored
retractable Faraday cup which subtended an angle of 3°
was used; for 6 <6° a Faraday cup fixed to the target
chamber, which allowed measurements down to 2°, was
used. Sufficient overlap data were taken with both cups
to check the consistency between the two Faraday cup
measurements.

The measurements were made by first increasing the
scattering angle in large angular steps, and then taking
intermediate points in the decreasing angle sequence.
This procedure provides a check on long-term drifts in
the experimental conditions (beam changes or target
deterioration). However, no such drifts were observed.
Enough data points were obtained in each angular distri-
bution to adequately define the angular dependence of
the cross sections. The criterion for each data point was
to obtain statistical accuracy of at least 2% or a max-
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FIG. 1. Energy spectra for the scattering of 210 MeV °Li
ions from '?C at 6,,,=18° (a) and from **Ni at ,,=27.5° (b),
showing the ground and first excited states.

imum data acquisition time of 30 min.

Several overlap points were taken with targets of
different thicknesses. These data permitted correction of
errors in target thickness measurements. The values for
the thick targets were taken to be correct, and
thicknesses of other targets were adjusted with the aid of
the overlap data. Similar corrections were also made
when spectrometer acceptance slits and beam current in-
tegrator scales were changed.

The overall energy resolution was typically 400-500
keV. This was sufficient to separate cleanly the ground
state from the first excited state for the targets used.
Spectra obtained for '2C at 6,,=18° and *Ni at
6,,,b=27.5° are shown in Figs. 1(a) and (b).

Raw information for every event was recorded on
magnetic tapes for off-line analysis.

III. RESULTS

Cross section measurements were made from 3° to 61°
in the center of mass (c.m.) for '>C; they ranged over
eight orders of magnitude. The *Ni data covered nine

orders of magnitude in the angular range 3°-48°. The
results are shown in Figs. 2 and 3. The lowest cross sec-
tion measured was 1 ub/sr.

The relative errors in the cross sections due to statis-
tics are generally 1-2 %. Only for the largest angles do
the errors exceed 10%. The uncertainty in the dead-
time correction was kept below 1%. The uncertainty in
the beam current charge collection was estimated to be
~19%. The error introduced by the variation in the
beam position on the target (due to nonuniformity of the
target thickness) ranged from ~3% for the thin targets
to ~0.5% for the thick targets. The uncertainty in
effective scattering angle due to variation in beam direc-
tion during measurements was estimated to be about
0.04°. This introduced an additional relative error of up
to 8% depending on the slope of the cross section. The
relative errors from all sources were added in quadrature
for each data point. These values ranged from ~3% to
~12%, and are displayed in Figs. 2 and 3 when the er-
rors are larger than the data points. Differences in re-
peated measurements also indicated that the minimum
error is ~3%. The absolute (systematic) error for each
angular distribution due to uncertainties in target thick-
ness, spectrometer solid angle, and charge integration
was estimated to be ~10%.

Figure 2 shows that for '?C, diffractive oscillations are
observed at small angles but a transition to refractive
scattering occurs at a rainbow angle 6z ~25°. For *Ni
one observes diffraction scattering up to ~30° and rain-
bow scattering at larger angles.

5Li +'2C |
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FIG. 2. Differential cross section angular distribution for
the elastic scattering of 210 MeV °Li ions from '?C. The solid
curve is the optical model fit that provides the unique potential
listed in Table I. The dashed lines represent calculations with
the ambiguous potentials given in Table II.
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IV. OPTICAL MODEL ANALYSES

The OM analyses were initially carried out with the
code SNOOPYS.!® This program provided good fits for
the '2C data but was unable to perform the calculations
for *®Ni because the maximum number of partial waves
(100) allowed for in the code was insufficient for these
data.

Calculations for the *®Ni target were, therefore, car-
ried out with the code ECIS79,'7 which has no partial
wave limitation for the present data. As a cross check
for computational accuracy, the '?C data were also
reanalyzed with ECIS79. The results obtained from both
codes were found to be essentially identical.

The optical potential used to fit the data was of the
conventional form, consisting of a complex central term
with Woods-Saxon form factors (volume and surface ab-
sorption) and a Coulomb term. The form of the poten-
tial was

Ur)=—Vfo(r)—i[W,—4a, W (d/dr)]f,(r)+U.(r),
where
fo()={14expl(r—r, 4% /a,1}7",

No spin-orbit potential term was included since the rela-
tively weak spin-orbit interaction for °Li has little
influence on the differential cross section.

The Coulomb potential was taken to be that of a uni-
formly charged sphere with a charge equal to Ze of the
target nucleus and a radius equal to R =7, 4!/3, where
r.,=1.2 fm. Thus the Coulomb potential had the form

Ze r?
= _— f R
Vir) F— 3 'ElE orr<R ,
and
Vir)= ¢ , forr>R .
dmreyr

Initial searches were carried out with only a volume
absorption potential (W, ). The starting parameters were
taken from the various sets of the 99 MeV analyses.?
Searches were made on various combination of the six
parameters to minimize X2, defined by

N cal __ exp)2

=3 (0§ —0of*P)

i

where o¢® is the calculated cross section and o and
Ao ; represent the experimental cross section and its un-
certainty, respectively. N is the number of data points.
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When a minimum X? value was reached, a surface ab-
sorption component (W,) was introduced and searches
were then made on all seven parameters. It was found
that while the parameter values readjusted, practically
no improvement in the quality of the fit in terms of the
X? criterion or visual observation was obtained. Since
the introduction of an additional parameter produced
essentially no improvement, the surface term was set to
zero. The final parameters thus obtained are listed in
Table I. Fits to the data are shown as solid lines in Fig.
2 and 3.

By gridding on the strength of the real potential and
varying the other five parameters, searches were made to
obtain other potential families. No other families were
found for ¥, ranging from 40 to 500 MeV. Thus it was
concluded that the derived potentials are unique for the
data.

An attempt was made to determine the maximum an-
gular range of the data for which ambiguous potentials
still exist. This was done by successive elimination of
large angle data, until acceptable fits could be obtained
for other potential sets. It was found that if the data for
the 12C angular distribution are limited to 29°, several
additional potentials provide equally good fits. These
analyses were carried out by gridding on the strength
(V) of the real potential from 40 to 500 MeV in steps of
5 MeV, and searching on all the other five parameters.
The results are displayed in Fig. 4. It is observed that
X%/N (dashed line) remains essentially constant over the
entire range, with three shallow minima. These minima
correspond to the best fit for the three distinct families
of volume integrals (~300, 400, and 500 MeV fm?),
shown by the solid line. Also shown in Fig. 4 are the
X%/N values for the full data set (dot-dashed line). They
illustrate that the full data set selects the unique poten-
tial for °Li+'2C at 210 MeV.

The ambiguous sets of parameters for the other two
minima in Fig. 4 are listed in Table II. Differential cross
section calculations were made for the entire angular dis-
tribution using new parameters. These are shown as
dashed lines in Fig. 2. Similarly for the *®Ni data, the
angular distribution up to 27° yields ambiguous poten-
tials. Three such parameter sets are listed in Table II
and the corresponding calculations are shown as dashed
lines in Fig. 3.

It is observed that cross sections calculated from the
ambiguous potentials deviate substantially from the data
for angles beyond the cutoff angle (29° or 27°). Thus the
large-angle data are essential for eliminating the ambi-
guities in the potentials. These results emphasize the im-
portance of making large angle measurements at
sufficiently high bombarding energies in order to deter-

TABLE 1. Best fit potential parameters for elastic scattering of 210 MeV °Li ions from ')C and **Ni. The convention

R,=r, A" is used.

v 7o a, w, rw a, Jr /64 " Jw/64 ox
Target (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV fm?) (MeV fm®) (mb) X*/N
2c 113.5 1.305 0.793 34.2 1.682 0.784 298 160 1090 3.9
BN 174.5 1.136 0.907 32.0 1.607 0.806 253 108 2084 10.2
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FIG. 3. Same as Fig. 2, but for a **Ni target.

mine unique OM parameters for the elastic scattering of
®Li particles.

V. SUMMARY AND CONCLUSIONS

Measurements of differential cross sections for the
elastic scattering of 210 MeV °Li ions have been made
for '2C (0, ,, =3°-61°) and *Ni (6, =3°-48°). The
angular ranges are sufficiently extensive for the deter-
mination of unique OM potentials while calculations
with truncated data sets (over a limited angular range)
result in ambiguous potential sets. Clearly, measure-
ments at angles well into the rainbow region are required
in order to select the correct potentials from the various

ously associated with the low energy data. Such an at-
tempt is shown in Fig. 5. The volume integrals per nu-
cleon pair (Jg /6 A) of the real potential from the present
and published analyses®'?!® are shown as dots for ’C
[Fig. 5(a)] and %®Ni [Fig. 5(b)] as a function of the bom-
barding energy. For !C, the present results along with
results from analyses at 156 MeV (Ref. 12) and 99 MeV
(Ref. 3) provide the guide for extrapolation to lower en-
ergies. The volume integrals clearly follow a logarithmic
energy dependence of the form

Jr/6A=J3 /64 —BInE

with J2/64 =830+30 MeVfm® and B=~100+5
MeV fm3. This is shown by the solid line in Fig. 5(a).
The extrapolation of the *Ni potential used a value ob-
tained from a recent reanalysis of the 99 MeV data.!®
The volume integrals again follow a logarithmic energy
dependence with J2 /64 =800+30 MeVfm® and

TABLE II. Additional parameter sets describing truncated angular distribution data of 210 MeV °Li ions. The convention

R,=r, A" is used.

| 4 ro ay Wv rw a, JR/6A JW/6A Opr
Target (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV fm?) (MeV fm?) (mb) X2/N
2c 220.0 1.118 0.760 420 1.541 0.835 401 166 1105 4.2
2c 395.0 0918 0.762 423 1.540 0.831 493 167 1102 4.3
8Ni 55.0 1.486 0.782 59.6 1.407 0.862 149 144 2157 3.6
8Ni 85.0 1.354 0.837 62.9 1.409 0.847 184 152 2069 43
*Ni 110.0 1.273 0.860 57.1 1.447 0.825 206 146 2057 6.3
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FIG. 5. Energy dependence of the volume integrals for the
elastic scattering of °Li from '2C (a) and **Ni (b). The solid
lines are extrapolations of the present unique potentials at 210
MeV to lower energies. The X’s represent the ambiguous po-
tentials obtained with the truncated data sets. They seem to
correspond to other families found at lower energies.

B=100+5 MeV fm’, shown as a solid line in Fig. 5(b).
The volume integrals of the ambiguous potentials ob-
tained from the truncated data sets are shown as crosses
in Fig. 5. If one assumes the same energy dependence
for these potentials with a different Jg /64, it is ob-

served that they correspond to other families found at
lower energies.

The J3 /6 A obtained in both cases are in excellent
agreement with the proton elastic scattering results of
Nadasen et al.! (815115 MeV fm?), but, as expected, the
energy dependence is weaker. According to the above
energy dependences, the SLi-nucleus real potential is ex-
pected to become zero at an energy of 3500500 MeV.
In terms of energy per projectile nucleon, the °Li value
(~600+£100 MeV/nucleon) agrees well with the 600
MeV value found for protons in analyses using Woods-
Saxon potential form factors.?’ The imaginary volume
integrals for both '>C and Ni are not sensitive to the
potential ambiguities. They remain essentially constant
with Jy, /6 A ~140+30 MeV fm? for all values of V.

The total reaction cross sections, o g, have been calcu-
lated from the various sets of optical potentials. These
are indicated in Tables I and II. The values of ~1100
mb and ~2100 mb for 2C and *%Ni, respectively, are
about twice as large as those for nucleon-nucleus scatter-
ing"?! at comparable energies per nucleon, in agreement
with lower energy °Li elastic scattering.’

Finally, since unique phenomenological OM potentials
have been obtained for the SLi + nucleus interaction at
210 MeV and their energy dependence has been estab-
lished, it is now possible to evaluate the various prescrip-
tions for the potential-folding models. This will be the
subject of future investigations.
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