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We report, the first experimental evidence for Coulomb-nuclear interference in the ex-

citation of high-spin states by very heavy projectiles. The data are intepreted with use

of a model described previously, and the feasibility of using this method to study the de-

formed nuclear surface is demonstrated.

Inelastic excitation in the Coulomb-nuclear in-
terference (CNI) region has been studied exten-
sively for ions such as helium, ' carbon, ' and oxy-
gen. ' However, little attention has been given to
CNI in the scattering of very heavy projectiles
from highly deformed nuclei. I'reviously4 we in-
troduced a new theoretical formalism describing
such processes. We present here the first ex-
perimental data for such systems, and interpret
the results with that formalism.

We have studied the systems Kr + Th, Ar
+"'U, and "0+'"Dy, with projectiles from the
Berkeley SuperHILAC, and the Oak Ridge iso-
chronous cyclotron. In all cases the de-excita-

tion y-ray cascade was detected in coincidence
with backscattered particles, using standard
Ge(Li) and annular silicon-detector arrangements.
The annular geometry yielded average particle
scattering angles of 0, ~ -165.

Thick targets were used, and y-ray spectra as
a function of incident beam energy were generat-
ed by taking coincidence cuts in the heavy-ion
spectrum, each corresponding to a different ef-
fective beam energy. The relation of incident
beam energy (checked by time-of-flight measure-
ments) to detected particle energy was determined
using elastic kinematics and theoretical stopping
powers. With these methods we obtained spectra
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simultaneously at several different energies, with
an estimated uncertainty - lojp in the definition of
incident beam energy on a given nucleus in the
thick target.

The number of particle-y coincidences iV
&

was
determined from the areas of the y-ray peaks
corrected for efficiencies, y-ray angular distri-
butions, conversion coefficients, and cascade
feeding. Because of the backward-scattering par-
ticle coincidence requirement only m -0 magnetic
substates are excited, whether the excitation
mechanism is nuclear or Coulomb. Therefore,
the y-ray angular distributions were calculated
using the Winther-de Boer formalism. ' The num-
ber of heavy ions h'~ detected at a given angle
was determined from the relevant energy cut of
the singles heavy-ion spectrum, and the excita-
tion probability was defined by P =iV z/N~. We as-
sume in this definition that the projectile follows

an approximate Rutherford trajectory, a condi-
tion which should be fulfilled for the present sub-
barrier data.

The excitation functions for various states are
displayed in Fig. 1, along with an example repre-
sentative of results obtained in 0.'-particle ex-
periments. The solid line in each figure repre-
sents the result expected for pure Coulomb ex-
citation, calculated as described in Ref. 4, with
use of the best experimental values of B(E2, 0

2) and B(E4, 0-4)"' and the rotational model.
The high accuracy of this method has been dis-
cussed by Donangelo et al. ' Calculations with the
Winther-de Boer method' yield the same proba-
bilities as Ref. 4, to -+10%. The accuracy of
the Winther-de Boer method (and hence the pres-
ent method) has been demonstrated experimental-
ly for heavy-ion Coulomb excitation. ' For the
highest spins in Fig. 1 we have taken probabilities
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FIG. 1. Excitation functions in the CNI region. The solid line is a calculation for pure Coulomb excitation. . He

data are from Ref. 1. The approximate energy uncertainty is indicated by the horizontal bars at the bottom corners.
Dashed and dash-dotted lines are calculations using a nuclear potential as described in Ref. 4. The potential param-
eters are taken from Refs. 9 (dashed) and 10 (dash-dotted), and correspond to potentials III and II, respectively,
in Ref. 4.
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p
- j 4 ("forbidden states"), (2)

where the three terms in Eq. (1) arise from the
coherent contribution of two different initial rotor
orientation angles for a particular state. The
classical action in units of A. is denoted by C, and
the lower-case p's are the purely classical proba-
bilities for a given initial orientation. Only a sin-
gle exponentially damped term contributes to I'
for classically forbidden states (the highest-spin
states).

In the following we assume only that the nuclear
interaction can be approximated by a smooth com-
plex potential which is largely real in the surface
region. Then to a good approximation, the initial
effect of the potential is confined to the phases of
Eqs. (1) and (2), decreasing the real phase differ-
ence in Eq. (1), and increasing the imaginary
phase of Eq. (2); with the small p's not affected
very much. 4 Therefore, in this region the effect
of the CNI can be predicted from the effect of the
nuclear potential on the sine term in Eq. (1), and
the exponential damping factor in Eq. (2). Re-
membering that the oscillations in the pure Cou-
lomb excitation probabilities for allowed states
arise from the sine term (see, e.g. , Ref. 4), and
that the forbidden states (highest spins) are char-
acterized by steeply rising excitation functions,
the following general rule emerges: The initial
Coulomb nuclear interference zu-ill be construe

summed over 2-3 states to minimize errors in
correcting for feeding, but the dominant contribu-
tion is from the lowest state in the sum.

Several things should be noted concerning these
examples: (1) The probabilities agree well with
Coulomb excitation calculations at low energies.
(2) The interference effects are large. (3) In con-
trast to the usual o, -particle results, there are a
variety of constructive and destructive interfer-
enees in the regions where CNI first begins.
(4) The sign, strength, and energy for onset and
extrema of the interference are state dependent.

We now demonstrate that the general features
of these data are explained by the simple model
underlying the calculations of Ref. 4. To conserve
space, we assume some familiarity with that
model in the following discussion. The excitation
probability for backward scattering from a de-
formed rotor can be written as

P ~P, +P, + 2(P,P, )'~' sin[Re(4, -4, )]

("allowed states"),

tive (destructive) if the excitation function for
pure Coulomb excitation is approaching or at a
minimum (maximum). Consulting Fig. 1, we
note that this simple prediction holds for every
ease displayed except for the 4+ state in the "Ar
+"'U reaction. This is probably associated with
the interference beginning in this case at a higher
energy (-195 MeV), where P„'s are also affected,
and the conditions for the above rule are not ful-
filled.

From the rule and Fig. 1 it is apparent why on-
ly destructive initial interferences are seen for
O. -particle rotational excitation of 2' and 4'
states. For sub-barrier scattering, the mono-
pole-quadrupole interaction is not sufficient with
0. particles for either the 2' or 4+ probability to
have passed its first maximum, and the CNI is
always destructive. That is, a critical value of
the quadrupole coupling strength q, is necessary
for constructive initial interference when the sim-
ple rule applies. In practical terms, for well-
deformed targets the Z of the projectile must ex-
ceed a value lying roughly in the region between
Ne and Ar projectiles, before the initial interfer-
enee may be constructive. It foll.ows that the
seemingly different qualitative behavior of o -par-
ticle and "O CNI compared to heavier-particle
CNI actually arises from the same physics. This
does not preclude the possibility of quantitative
differences, to be discussed shortly.

We emphasize that the simple rule discussed
here becomes less valid for deeper penetration
into the complex nuclear potential. In that ease,
one must rely on detailed calculations. ' However,
the agreement of the results quoted here with the
rule suggests that it is applicable for a large
number of cases, and that the basic model of Ref.
4 is correct. As pointed out in Ref. 4, experi-
ments of this type are expected to be delicate
probes of the surface nuclear potential, due to the
sensitivity of inelastic excitation to the phases 111

Eqs. (1) and (2). The existence of this sensitivity
requires only that the model underlying those cal-
culations be qualitatively correct. The results
presented here demonstrate that this is so.

To calculate excitation probabilities in the CNI
region, it is necessary to define a nuclear poten-
tial. The few experimental potentials available
for very heavy ions are suspect because the true
elastic events are not experimentally separated
from a number of quasielastic ones. Despite
this, the quasielastic peak is often used as if it
were an elastic peak to determine a potential.
The dashed and dash-dotted curves in Fig. 1
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show calculations, described in Ref. 4, using
complex deformed Woods-Saxon potentials deter-
mined in this manner from 'Ar+"'U and '4Kr
+ "'Pb scattering. '"

The qualitative effect of these potentials, par-
ticularly the one of Ref. 10, is seen to be correct
for several cases. However, they do not consis-
tently fit all of the states for a particular system.
For example, the potential of Ref. 10 (dash-dotted
curve) seems approximately correct for the 12+
and the sum of the 16' to 20+ states in the Kr re-
action, but misses badly for the 10' and 14'
states. These results are not surprising in view
of the above discussion and that of Ref. 4, and
they suggest the following: (1) Nuclear potentials
determined from experiments in which elastic and
and inelastic components are not cleanly separat-
ed are not adequate to describe inelastic excita-
tion in deformed nuclei. (2) The fact that these
potentials fit some states but not others suggests
that all states are not equivalent for determining
nuclear potentials, and that inelastic excitation
may carry information about the nuclear poten-
tial beyond that contained in the elastic scatter-
ing. (3) The success of the experimental method
described here, and the calculations of Ref. 4,
demonstrate that it is now possible to probe the
nuclear surface by studying excitation of collec-
tively coupled states directly, rather than by ap-
proximating their effect on the elastic channel as
in Love, Teresawa, and Satchler. " In our opin-
ion, this is necessary to describe properly the
scattering of heavy ions from deformed nuclei.

The methods described here make it feasible to
determine nuclear potentials in deformed sys-
tems by the requirement that they fit all inelastic
states simultaneously. Because this is expected
to place severe restrictions on the class of accept-
able potentials, 4 a systematic determination of

potential parameters by these methods should
yield fundamental information about the structure
of the deformed nuclear surface which cannot be
obtained by more traditional methods.
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