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Elastic scattering of 10 MeV ®He from !2C, ™*Ni, and °"Au
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A radioactive nuclear beam of 10.2 MeV ®He, with typical intensity 5 x 10% s

~1, was produced

via the °Be("Li,*He)'°B reaction and elastically scattered from targets of 2C, ®**Ni, and °7Au.
Scattering from C and Ni was observed through sufficiently large angles (up to 60° c.m. and 85°
c.m., respectively) to show large deviations from Rutherford scattering. The Au target gave, as
expected, pure Rutherford scattering. Optical potentials previously used for low-energy ®Li and 8Li
ions generally accounted for the shapes of the angular distributions but, for *>C, predict oscillations
not present in the ®He data. *He optical potentials predict much smaller deviations from Rutherford

scattering than those observed.

PACS number(s): 25.70.Bc, 25.60.+v, 24.10.Ht, 27.20.+n

I. INTRODUCTION

Elastic scattering is a traditional method of finding
the interaction between two nuclei; most often, a Woods-
Saxon optical-model potential (OMP) is used to describe
the interaction. The availability of radioactive nuclear
beams (RNB’s) can now give us new information on
whether the potential parameters vary systematically
with N and Z. For instance, Moon et al. [1] used very
similar OMP’s to fit the scattering of 60 MeV /nucleon
6Li, "Li, and °Li on protons, but their 1'Li data required
a more shallow real potential and an imaginary potential
with a longer tail, presumably reflecting the halo prop-
erty of 1'Li. Becchetti et al. [2] found satisfactory OMP’s
for 14-MeV 8Li on nuclei from °Be to 33Ni which differed
only in their imaginary potential depths, and which also
fitted published ®Li and Li elastic-scattering data.

8He is an interesting nucleus because of both its par-
ticipation in the helium-burning reaction chains in nu-
cleosynthesis and its neutron halo whose measured [3]
thickness, 0.9 fm, agrees with realistic microscopic mul-
ticluster calculations [4]. Little is known about the ®He
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OMP; however, since it has many low-|Q| reaction chan-
nels, its behavior may therefore resemble that of “He
less closely than that of the light Li isotopes. Only one
elastic-scattering study, that of Smith et al. [5], has been
reported at low energies. They bombarded targets from
®Be to °7Au with 8- and 9-MeV ®He. Deviations from
Rutherford scattering were observed only for Be and C,
which were measured only for laboratory angles less than
35° and 30°, respectively.

Our present measurements of 10-MeV ¢He elastic scat-
tering on 12C, *2tNi, and '°7 Au extend the work of Smith
et al. [5]; data are obtained for sufficiently large angles
to show large deviations from Rutherford scattering for
both C and Ni. We compare the data with optical-
model predictions using parameters originally obtained
from “He, °Li, and 8Li scattering data.

II. EXPERIMENTAL PROCEDURE AND
RESULTS

Our radioactive nuclear beam facility, the University of
Michigan 3.5-T superconducting solenoid installed at the
University of Notre Dame tandem van de Graaff accel-
erator, has been described in detail elsewhere [6,7]. The
present measurements utilized the °Be("Li,%He)°Be pro-
duction reaction, initiated by a 16.0-MeV “Li primary
beam on a 12.7-um °Be target. A ®He beam of aver-
age energy 10.2 MeV, with 0.8-MeV FWHM and typical
intensity 5 x 10% s~!, was focused by the solenoid on
secondary targets 2.1 m further downstream. The ®He
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projectiles emerged from the production targets at labo-
ratory angles between 3° and 8° and, due to the solenoid’s
angular magnification, reached the secondary target trav-
eling at angles between 1° and 2.7° to the axis of the
system.

The secondary targets were 0.9 mg/cm? 2C, 1.0
mg/cm? "*Ni, and 0.5 mg/cm? '%7Au, in which the in-
cident particles lost 0.6, 0.4, and 0.1 MeV, respectively.

Scattered particles were detected and identified by a
Si telescope having a 22-pym transmission counter, 300
mm? in area and 12.1 cm from the target, and a 160-
pm stopping detector with lateral dimensions 25 mm x 25
mm. The conical beam, and large detectors required by
the small beam intensity, lead to relatively large angular
acceptance. A typical case is ®He+12C at 30° lab (44.5°
c.m.) where the rms angular deviation in the c.m. system
is 3.8°.

The secondary beam included about eight times as
many 15.3-MeV a particles from the °Be(7Li,°He)''B
reaction as ®He projectiles. The intensity ratio I/Is
of these two components was in fact constant in time.
The strongest evidence for this is that repeated mea-
surements, for the same target at the same angle, gave
statistically consistent ratios S;/S¢ (where S; particles
of type 7 are elastically scattered) even when they were
days apart and had high statistical accuracy. Examples
are given in Table I. Thus, the o particles were useful for
experimental tests and normalized purposes, as we later
explain.

III. DATA ANALYSIS

Measurements with the 1°” Au target were made at lab-
oratory angles between 15° and 55°. For the a particles,
o/or (the ratio of the elastic differential cross section to
that for Rutherford scattering) is exactly 1, since 25-MeV
a+Au elastic scattering 8] follows the Rutherford law to
at least 60°. We can therefore determine o/og for ®He
from the equation

Se Iy E? Jgsin*(0s/2)
_ S Iu B} Josin*(6s/2) 1
(0/9R) = g T, B2 J,5in%(6a/2) v

where J; is the c.m.-to-lab transformation coefficient, E;
is the c.m. energy, and 6; is the c.m. scattering angle
for particles of type i. We take a cross-section-weighted
average of J, E, and sin? 6 over the beam directions and
detector area. We determine the beam intensity ratio to
be 8.371+0.38 by assuming (0 /0r)e to be exactly 1 at 15°
lab. The cross sections at larger angles are then found

TABLE I. The ratio Ss/Se of *He and ®He elastically scat-
tered at 15° lab.

Run Target Date S4/Se
75 C 6/19/92 3.7240.13
97 C 6/21/92 3.61+0.12
74 Ni 6/19/92 3.45:0.04
99 Ni 6/21/92 3.41+0.03
106 Ni 6/21/92 3.40+0.02

s1 ELASTIC SCATTERING OF 10 MeV ‘He FROM 2C, . .. 179

2.0 T I
197Au (SHe, 6He) at 10.1 MeV
15 —]
o
© I
T SN S 20 S — —
05 | l
0 30 60
OLas (deg)

FIG. 1. The ratio of the elastic-scattering cross section for
10.1-MeV ®He on '°7Au to Rutherford scattering, as deter-
mined from Eq. (1).

and displayed in Fig. 1; they are consistent with pure
Rutherford scattering with x2/N = 0.9. One could in-
stead assume Rutherford scattering for *He and consider
these data a test of the experiment.

We determined the ®He+Ni elastic cross section from
(a) the elastic-scattering ratio Sg/S4, and (b) optical-
model calculations for a+Ni. This is necessary since
the incident flux is too small to measure with a Fara-
day cup, which in any case would also count the beam
contaminants. Good optical-model fits to a+58Ni elastic-
scattering data exist at both 10.1 and 16.1 MeV [9,10].
We interpolated between calculations for these energies
to find the cross section at 15.3 MeV, the o energy fo-
cused by the solenoid. This interpolation is reasonable
considering the statistical uncertainty of our data; for
example, at 45° lab the 10.1- and 16.1-MeV ratios-to-
Rutherford are 0.64 and 0.73, respectively. The result-
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FIG. 2. Elastic scattering of 10.0-MeV °He from **'Ni.
The curves show optical-model predictions, using parameters
shown in Table II. Symbols near the curves identify the pro-
jectile for which each OMP parameter set was first used.
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FIG. 3. Elastic scattering of 9.9-MeV ®He from *?C, similar
to Fig. 2. The data were normalized to fit the 5Li and ®Li
optical-model predictions at the smallest angle.

ing angular distribution, expressed as o/og, is shown in
Fig. 2. Here, again, we have allowed for the difference be-
tween o and ®He c.m. scattering angles and energies, and
have averaged the Rutherford cross section over beam di-
rections and detector area.

Normalization of the ®He+2C data to the elastic o
yield was however unsuitable since (a) the a-!2C elastic
cross section [9,11-13] varies rapidly with both angle and
energy, and (b) the a-12C optical-model fits are of vari-
able quality. For example, predictions of o/og for 15.3
MeV a’s at 15° lab varied from 0.75 to 1.3 for various
OMP sets [9,11,13] used to fit 9-18-MeV a-'2C data. The
12C data were therefore normalized to counts by a fixed
detector located at 30° in the second scattering chamber.
This number, in turn, was compared with the product
of running time and current on the accelerator’s high-
energy shutter. The ratio of these two quantities usually
remained within +8% of its average value; runs showing
larger fluctuations were discarded. The 8He+!2C elastic-
scattering data are presented in Fig. 3, where the error
bars include statistical uncertainties and the +8% mon-
itoring uncertainty added in quadrature. All data were
renormalized by a common factor so that the smallest-
angle datum fitted two of the optical-model predictions.
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IV. OPTICAL-MODEL PREDICTIONS

Figures 2 and 3 show predictions from various optical-
model parameter (OMP) sets for comparison with our
data. The parameters are listed in Table II. The calcu-
lations, which employed the code SNOOOPY8Q, assumed
a standard Woods-Saxon six-parameter nuclear potential
with volume absorption and without spin-orbit coupling,
and the Coulomb potential of a uniformly charged sphere.
They were done at the target-center energies of 9.9 and
10.0 MeV for the 2C and Ni targets, respectively.

The ®He+Ni data (Fig. 2) show a clear preference
for the ®Li and 8Li OMP’s over these for “He. This
is expected, especially for 6Li, which resembles ®He in
both structure and binding much more than the a par-
ticle does. The ®Li and ®Li parameters [15,2] were de-
rived from 12- and 14-MeV data, respectively. We did
other calculations (not shown) using OMP’s from 51-
and 210-MeV 6Li data [16,17]; these predictions dropped
less rapidly with increasing angle than those shown, and
therefore fitted the data less well.

For 2C (Fig. 3), as for Ni, the “He OMP fails to predict
the decrease with angle of the cross section. (Another
OMP set for 9.3 MeV a+'2C, with real potential depth
149 MeV (7], shows a deep minimum at 45°, but rises to
a still greater maximum beyond 60°.) The ®Li and ®Li
predictions drop at large angles but seem to show more
oscillations from the data. Holding other parameters of
the 8Li OMP fixed, we made a limited but unsuccessful
search for imaginary potential depths and radii which
would reduce the oscillations.

The ®Li OM fit shown in Fig. 3 uses one [14] of two
energy-dependent 8Li+12C OMP sets [14,18] which have
been reported. Their primary difference is that Vine-
yard et al. [14] use a volume imaginary potential while
Poling et al. [18] use surface absorption; the two stud-
ies fit available data from 4.5 to 156 MeV, and from 4.5
to 63 MeV, respectively. The fit shown in Fig. 3 was
judged marginally better than that obtained with the
Poling OMP since, for the latter, o /og rises to 0.61 at
46° vs 0.55 for the displayed curve. Otherwise, the two
fits are nearly indistinguishable throughout the range of
our data. Still other calculations (not shown) using ®Li
OMP’s [16,17] with deep imaginary potential (W ~ 30
MeV) gave predictions very similar to that for 8Li.

The findings that “He OMP’s are unsuitable for ¢He,
and that those for ®Li work better, are not surprising
when we consider the binding and structure of these

TABLE II. Optical-model potentials for ®He elastic scattering. The first two columns name the
target nucleus in the present study, and the projectile for which an OM set was originally used,

respectively. We use the convention R = roAi 8

|4 Tor a, w T0s a; Toc

Target Origin (MeV) (fm) (fm) (MeV) (fm) (fm) (fm) Ref.
Zc ‘He 88.6 1.42 0.39 0.22 1.42 0.39 1.30 [9]
12¢ SLi 171.5 1.26 0.79 3.63 2.40 0.62 2.24 [14]
12¢ 8Li 175.0 1.30 0.80 15.10 2.25 0.80 2.44 2]
Ni ‘He 165.0 1.62 0.40 11.40 1.62 0.40 1.30 9]
Ni SLi 152.0 1.39 0.75 6.32 2.33 0.61 1.44 [15]
Ni 8Li 175.0 1.30 0.80 4.00 2.25 0.80 1.97 2]




three nuclei. It would however be useful to have accu-
rate OMP’s specifically for *He. We know that those for
8Li are not fully satisfactory for He, yet they must some-
times be used in DWBA calculations of reactions produc-
ing ®He in the exit channel, such as [19] 8Li(6Li,%He)%Be.

V. CONCLUSIONS

10-MeV SHe projectiles undergo pure Rutherford scat-
tering from a !°7 Au target, but have elastic cross sections
well below Rutherford scattering at angles greater than
about 20° c.m. for 12C and 50° for Ni. Optical-model cal-
culations fit the angular distributions much better when
parameters first obtained for éLi or 8Li rather than *He
are used. However the ®He+'2C data fall more steeply
with increasing angle, and oscillate less, than the OM
calculations.

More comprehensive and accurate SHe elastic-
scattering data are needed to further constrain the
optical-model parameters. Improved parameters are
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needed for both a better understanding of the ¢He-
nucleus interaction and more realistic DWBA calcula-

tions of nucleon transfer and charge exchange reactions,
such as ("Li,%He) and (5Li,®He).
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