VoLuME 39, NUMBER 8

PHYSICAL REVIEW LETTERS

22 Aucust 1977

Transition between Light- and Heavy-lon Elastic Scattering

R. M. DeVries
Nuclear Structuve Research Labovatory, University of Rochestev, Rochestev, New York 14627

and

D. A. Goldberg
Department of Physics and Astronomy, Univevsity of Mavyland, College Pavk, Mavyland 20743

and

J. W. Watson
Department of Physics, University of Manitoba, Winnepeg, Manitoba R3T 2N2, Canada
and Crocker Nucleayr Labovatory, University of California, Davis, California 94720

and

M. S. Zisman
Lawvence Bevkeley Laboratory, Bevkeley, California 94720

and

J. G. Cramer )
Nuclear Physics Labovatory, University of Washington, Seattle, Washington 98195
(Received 24 June 1977)

We have measured the elastic scattering from Si of 135.1-MeV ®Li and 186-MeV '2C
ions. The shapes of the angular distributions and the resultant optical-model analyses
indicate that SLi scattering is quite similar to that of light ions, while 2C ions behave
like heavier ions. Thus there appears to be a pronounced and quite rapid transition of
scattering characteristics with projectile mass.

Recently we showed' that high-energy (E; =215
MeV) %0 +288i elastic scattering exhibits angular
distributions and resultant optical-model param-
eters which are quite different from those ob-
served for light ions. In particular, high-energy
light-ion angular distributions exhibit at angles
beyond the diffraction oscillations a structureless
falloff characteristic of a nuclear rainbow.?
These rainbow data not only allow the determina-
tion of the strength of the real part of the poten-
tial but also indicate that light-ion optical poten-
tials have a central imaginary well depth 5-%
of the real depth. Furthermore, both the real
and imaginary depths of light-ion potentials are
energy dependent.® In contrast, our results for
160 scattering® indicated (a) no evidence of rain-
bow scattering effects, (b) W/V =1 in the nuclear
surface, and (c) good fits with an energy-indepen-
dent potential.

The purpose of the present study was to explore
what happens with projectiles of masses interme-
diate to light (d, °He, o) and heavy (*°0) ions. Da-
ta were taken using ®Li®* (135.1 MeV) and 2C**
(186.4 MeV) beams from the Lawrence Berkeley
Laboratory (LBL) 88-in. cyclotron. Most of the
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data were taken using the counter system de-
scribed in Ref. 1; a portion of the °Li data was
acquired using the LBL quadrupole-sextupole-di-
pole spectrometer. An additional experimental
refinement consisted of correcting for the zero-
angle drift in the beam by monitoring the ground-
state/2%(1.78 MeV) intensity ratio as recorded by
a counter placed at a fixed angle. The error bars
in the data include the +0,1° uncertainty associat-
ed with these corrections. Existing ®Li data at
13 MeV* and "*C data at 24 MeV ® and 49.3 MeV°®
are shown in Fig. 1 along with the new data. The
difference in the shapes of the two high-energy
data sets is striking. Specifically, SLi+2%Si dis-
plays at large angles the characteristic structure-
less falloff of nuclear rainbow scattering typical
of light-ion scattering, while 2C +2%Si displays
instead a diffractive, oscillatory angular distri-
bution very similar to '°0 scattering.
Optical-model analyses of the data sets yield
equally distinctive results. The '>C data have
been analyzed in a manner similar to that em-
ployed with the 'O data'; i.e., searches were per-
formed (with the code GENOA") on the 24- and
186.4-MeV data simultaneously. The potentials
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FIG. 1. Elastic scattering of 2C and ®Li from 8Si. Note that the high-energy 12C scattering is similar to %0 scat-
tering (Ref. 1) while the high-energy ®Li data is similar to light-ion data (Ref. 2).

which result from such an energy-independent as-
sumption provide a convenient characterization
of the data and permit comparison with *°0 poten-
tials derived in an identical manner. Two real
well depths were chosen (V,=10 and 100 MeV)
while all other parameters were varied, result-
ing in the parameters shown in Table I and fits
displayed in Fig. 1(a). The V,=10-MeV potential
(H12) yields excellent fits with parameters very
similar to those obtained from the '°0 analysis’;
the V,=100 MeV potential (L8) fails to give com-
parably good fits to the data, also in accord with
our %O results. One slight difference between
12C and %0 scattering is that a somewhat better
fit to the low-energy (24 MeV) '2C data (x®/F im-
proving by a factor of 2) can be obtained by fitting
those data separately; no such effect was observed
in analyzing the '°0O data.

The 10-MeV potential (H12) also predicts cor-
rectly the overall behavior of the data of Kohno

el al.® at the intermediate energy of 49.3 MeV,
although it fails to reproduce the oscillations ap-
pearing at larger angles [see Fig. 1(a)]. However,
here again the situation parallels the '°0 case
where similar structure is observed which cannot
be fitted by any potential resembling those capa-
ble of fitting either the high- or low-energy data.®
In contrast, the optical-model analysis of the
Li data yields quite different results. As might
be expected from the presence of the nuclear rain-
bow, a reasonable fit to the 135,1-MeV data can-
not be obtained with a well depth shallower than
~100 MeV; as can be seen from Fig. 1(b), the
“best-fit” 10-MeV potential (Z8), which is quite
similar to E18 and H12, fails utterly to fit the da-
ta in the rainbow region. However, a potential
with V,=150 MeV (R22) or greater yields an ex-
cellent fit to the complete angular distribution.
Moreover, it is not possible to fit both the 13-
MeV and 135.1-MeV data sets with a single poten-

TABLE I. 2C + %Si Woods~Saxon optical-model potentials.

Parameters X/F

Vo 7y? ag W 72 a; (186,4-MeV
Set (MeV) (fm) (fm) (MeV) (fm) (fm) data)
H12 10 1.32 0.617 30.3 1.16 0.609 2.3
L8 100 0,868 0.838 42,7 1.08 0.743 5.1

4R = »(121/3 4 28172),
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TABLE IL. °Li+ %#Si Woods-Saxon optical-model potentials.,

Parameters X/F Volume
Vo 792 a, W, 72 a;  (135.1-MeV  integral  ©pP
Set (MeV) (fm) (fm) (MeV) (fm) (fm) data) (MeV fm3) (deg)
Z8 10 1.34 0.809 82.1 0.955 0,727 12 478 -11
var 100 0.828 0.833 53.2 0.841 1.10 3.0 1384 - 56
R22 150 0.727 0.877 44.4 0.904 1,06 2.6 1587 -T2
R27 150 0.682 0.828 38.8 1.02 0.889 28 1318 -T71
Q5 200 0.679 0.871 66.1 0.795 1.08 2.8 1809 - 95
M4 250 0.636 0.872 54,7 0.848 1,07 2.7 1964 -112

ap = (28173 + 61/3), i.e., the heavy-ion convention; more reasonable values of » are
obtained with the light-ion convention R =#(281/3),

bNuclear rainbow angle (Ref, 2).

tial. The best simultaneous fit to the 135.1-MeV
and 13-MeV data sets with V=150 MeV yields a
x2/F for the 13-MeV data which is a factor of 15
greater than that of the best fit to those low-ener-
gy data along (potential R27). We have also ap-
plied the potentials of Table II to intermediate-en-
ergy data® with the result that no set of energy-
independent °Li optical parameters could be found.
Therefore, in terms of both energy dependence
and well strength, the ®Li potential much more
nearly resembles those for light ions than those
for 2C and '€O.

On the other hand, analysis of the 135-MeV da-
ta indicates differences between °Li scattering
and that of the lighter ions. Despite the presence
of a nuclear rainbow, we are unable to determine
unambiguously the central well depth of the real
potential (see Table II). Possibly this is simply
due to the fact that although the data clearly indi-
cate the presence of a rainbow, the analysis does
not conclusively indicate that the data extend be-
yond the actual rainbow angle, the condition re-
quired for unambiguous determination of the po-
tential in light-ion scattering.? However, it may
be that the more strongly absorbing nature of the
scattering, manifested by the large values of the
imaginary diffuseness shown in Table II (they are
almost double the values observed for a parti-
cles), is beginning to reduce the sensitivity of the
scattering to the real part of the potential. Other
contrasts with a-scattering results, namely the
breadth of the continuous ambiguity, as observed
in the analysis of the forward-angle diffraction
scattering,'® the fact that inclusion of the large-
angle data appears almost to obliterate the dis-
tinction between the various so-called optical-
model families, and the fact that all potentials
give virtually identical predictions at forward an-
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gles, give credence to this interpretation.

In summarizing our results, we have deter-
mined that there is a pronounced transition from
light-ion to heavy-ion scattering, the most strik-
ing aspect of which is the rapidity with which it
occurs., By A=6 it appears to have only begun;
by A=12 it appears to be complete. While energy
dependence of the potentials has been predicted!!
to decrease with increasing projectile mass (con-
sistent with our data), we are unaware of any the-
oretical treatment which explains the abrupt change
of the potential from moderately absorptive and
refractive to very strongly absorbing and diffract-
ing. Clearly also, further high-energy experi-
ments in the A=7 to 11 mass region are needed
to elucidate the nature of this transition.
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Nonlinear Evolution of Collisionless and Semicollisional Tearing Modes
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The evolution of a single tearing mode is investigated. The “collisionless” and “col-
lisional” tearing modes nonlinearly evolve into the “semicollisional” regime where the
dynamics of the “singular layer” are dominated by electron diffusion along the perturbed
magnetic surfaces. The “semicollisional” mode grows algebraically in the nonlinear
phase as in the “collisional” calculation of Rutherford.

Tearing instabilities are believed to have an
important role in both the overall stability and
energy confinement of tokamak discharges. The
m =2 tearing mode (where m is the poloidal mode
number) is experimentally found® to precede the
“disruptive instability”, although the role of this
mode in the disruption is still unknown. Higher-
order tearing modes, though smaller in ampli-
tude, may break up the magnetic surfaces in
tokamaks, resulting in enhanced particle and en-
ergy transport.®® It is important, therefore, to
develop an understanding of the nonlinear evolu-
tion of these instabilities. Previous nonlinear
theories have been largely based on the collision-
al magnetohydrodynamics (MHD) equations. We
have recently shown,* however, that the usual lin-
ear stability analysis which results from these
equations® is not adequate to describe present
high-temperature discharges. Evidently, the non-
linear treatment of these instabilities®” must be
modified accordingly.

For simplicity, we consider a model in which a
current slab J,, of width a in the x direction and
uniform in the y-z plane flows along an external-
ly produced B, field. A self-consistent field
B (x) is produced which is given by B ,,(x)~B, x/
I, near x =0, with I,=B (8B ,,/9x)"! the shear
length of the field. Density and temperature gra-
dients are neglected. The magnetic energy in the
field B ,, drives the tearing instability and, for a
wave number k in the y direction, produces the

magnetic islands shown in Fig. 1. _The magnetic
perturbations are represented by'I§=V><Zigéz,
where Az is the vector potential. The magnetic
energy released is dissipated by an induced elec-
tric field E,=—-c"'3A /6t which accelerates elec-
trons in a narrow region |xl< A«a, where 1?-—130
=0 (“singular layer”). The current J, is filament-
ed along the y direction by this induced field so
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FIG. 1. The variation of 15” with y and the magnetic-
field configuration around the tearing layer are shown.
We assume B, > |B,|,|B,]|.
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