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ently the mass parameters still change consider-
ably with A., although the potential is rather more
constant. This effect will be taken account of in
a three-dimensional calculation, where the wave
function is set up as

and X = A(t) determined from the classical equa-
tion

B ggA = —&V[A, F (A)]/83 —y A.

$,(A) can be chosen such as to minimize V for
each A. The introduction of a frictional term
with a coefficient y could yield y-dependent mass
distributions, and a comparison of these with ex-
periment may give information on friction in the
fission process.

A second and most important application of the
idea of quantized fragmentation dynamics lies in
the field of heavy-ion collisions, "where it is
rather straightforward to calculate fragment dis-
tributions after collision, their energy depen-
dence, and their resonance patterns.
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The inelastic scattering of 115-MeV + particles from Ca shows an enhancement of the
continuum at about 18.25 MeV excitation energy. This observation supports recent elec-
tron, proton, and 'He scattering analyses which ascribe similar enhancements at E„
= 63j&~ 3 MeV to an isoscalar giant quadrupole resonance. Although contributions from
a monopole excitation cannot be ruled out, attributing all observed yieMs to a giant quad-
rupole resonance exhausts only 32"/o of the energy-weighted suDI rule.

Studies of the inelastic scattering of protons, '"
electrons, '~ and helium ions'" in the region of
excitation from 10 to 25 MeV have revealed the
existence of a broad resonance. The centroid of
the resonance has been found to be consistently
2-3 MeV below the energy at which one expects
to find the giant dipole resonance (GDR) as deter-
mined by photonuclear experiments. Further-
more, the strength of the resonance is much
larger than that predicted by the energy-weighted
sum rule for isovector dipole transitions. Al-
though the electron data and some of the proton

data" are consistent with a monopole assignment,
the interpretation of the resonance as an iso-
scalar quadrupole vibration is generally favored.
A monopole excitation is expected to appear at a
higher energy because of the incompressibility
of nuclear matter. An isovector quadrupole vi-
bration is also expected to be associated with
larger field energies. More recent inelastic pro-
ton data, "as well as the inelastic helium-ion
data, tend to favor the quadrupole assignment.
A precise determination of the transition strength
of the giant quadrupole resonance (GQR) is dif-
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ficult since the GQR is not clearly separated
from the GDR. Furthermore, the continuum
background is not well understood. Nonetheless,
the reported measurements suggest that the GQR
has an appreciable fraction of the energy-weight-
ed sum-rule strength.

The existence of a GQR as well as the strength
with which it is excited is of considerable theo-
retical importance. This experiment was under-
taken to determine whether or not the proposed
GQR is excited in n scattering. Inelastic a-par-
ticle scattering will only strongly excite the iso-
scalar modes of vibration. Thus overlap from
the neighboring GDR is avoided. Furthermore,
o. particles are known to excite 0' levels weakly,
except by inelastic scattering to backward an-
gles. " The a particle should therefore be a sen-
sitive probe for studying the GQR.

e particles were accelerated to energies of
79.1 and 115.4 MeV by the 88-in. Texas A &, M
University variable-energy cyclotron. The ener-
gy of the e particles was determined by passing
the beam through a 159' analyzing magnet. " Self-
supported metal foils of "Ca and "'Pb were
used as targets. Natural calcium, which is 97%
'Ca, was used to prepare the calcium target.

Pb(NO, ), isotopically enriched to 99% 'O'Pb was
used to prepare the lead target. The targets were
in the neighborhood of 1-2 mg&~cm' thick. The
scattered e particles were analyzed by an Enge
split-pole spectrograph, "and were detected in
a 1~30-cm' position-sensitive detector placed on
the focal plane of the spectrograph. The detector
was a single-wire, charge-division proportional
counter. A plastic scintillator placed behind the
counter gave a measure of the total energy of the
detected particle. The scintillator signal was
used to gate signals from the proportional count-
er, thereby eliminating the unwanted x-ray and
y-ray background. The low-energy continuum of
deuterons from the (a, 0) reaction was removed
from the e-particle spectrum by placing a digital
baseline on the summed signals from the ends of
the counter. The dispersion of the spectrograph
allowed the detector to cover -12 and -21 MeV
of excitation at bombarding energies of 79.1 and
115.4 MeV, respectively. The region of excita-
tion energy from 0 to 25 MeV was studied at labo-
ratory scattering angles between 3 and 25' for
each target nucleus and bombarding energy.

In the case of Pb, indications of the reso-
nance were observed at 115.4 MeV bombarding
energy, but these results have not been analyzed.
Recent measurements" at this laboratory using

surface-barrier detectors corroborate the exis-
tence of a resonance in the 20'Pb(o, a') spectra
near 63/A"' MeV excitation energy at 115 MeV
bombarding energy. An unambiguous indication
of the GQR was found only for "Ca at a bombard-
ing energy of 115.4 MeV. As is shown in Fig. 1,
a peak —3 MeV wide was observed at 18.25+ 0.25
MeV of excitation in the spectrum of n particles
inelastically scattered from "Ca. The peak was
observed at each angle at which the experiment
was performed. Between 8 and 12' the peak is
obscured by the 'H(a, n) elastic peak. The back-
ground was approximated by linearly extrapolat-
ing the higher excitation region into the reso-
nance region. This procedure was chosen be-
cause of its simplicity and because the back-
ground continuum is not understood in detail.
In Fig. 1 the approximation used for the back-
ground continuum is indicated by a dashed line
under the resonance. It seems clear that this
procedure will overestimate the background.

The angular distribution for the excitation of
the resonance is shown in Fig. 2. We have as-
signed a 10% uncertainty due to the background
subtraction procedure. The remaining uncertain-
ty is that due to the normalization procedure.
The solid curve in Fig. 2 is a prediction of the
angular distribution for a quadrupole surface vi-
bration, while the dashed curve is that of a mono-
pole breathing mode. The calculations were done
in the distorted-wave Born approximation using
the computer code D%UCK. " Form factors de-
rived from a generalized optical potential were
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FIG. 1. A spectrum of inelastically scattered & par-
ticles between 6 and 27 MeV of excitation in OCa.
Dashed curve, approximation used for the continuum
background.
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FIG. 2. Experimental differential cross sections for
the excitation of the resonance observed in Ca com-
pared with distorted-wave Born-approximation predic-
tions.

the background as subtracted has the same shape
as the continuum in the F.* = 19-23-MeV region.
Since the background, as subtracted herein, is
almost an order of magnitude larger than the res-
onance yield, present estimates of the latter may
be subject to larger errors than quoted. In or-
der to obtain more reliable information as to the
nature of both the background continuum and the
resonance, investigations of the excitation and
decay modes in the GQR region in many nuclei
have begun using several projectiles. Experi-
ments on the (n, a'y) and (a, o'P) reactions should
provide information on the nature of o. particle
scattering to the continuum region.

It is a pleasure to acknowledge many stimulat-
ing discussions with Dr. A. M. Bernstein and
Dr. F. E. Bertrand on the subject of giant reso-
nances.

used for both the monopole" and quadrupole'
cases. The four-parameter optical potential de-
rived by fitting the previously published elastic
scattering data at 115.4 MeV" has V= 109.7 MeV,
8'= 61.5 MeV, r, = 1.35 fm, and a = 0, 7 fm. The
deformation length P+ for the monopole case was
calculated assuming a one-phonon breathing mode
for a uniform mass distribution which exhausts
the almost model-independent energy-weighted
sum rule. " In the case of the quadrupole vibra-
tion, the deformation parameter for the best fit
is P, =0.14.

The dashed curve in Fig. 2 represents all of
the transition strength available to a monopole
breathing mode. Because of the approximation
used for the background continuum, the data rep-
resent at worst a lower limit. Furthermore,
since a particles weakly excite 0' levels, the
quadrupole assignment to the resonance is fa-
vored. Although contributions from a monopole
excitation cannot be ruled out, attributing all ob-
served yields to a GQR exhausts only 32% of the
energy-weighted sum rule. Another 13-25/p can
be accounted for by lower-lying 2' levels. ""
Hence a significant fragment of isoscalar quadru-
pole strength remains unaccounted for.

Thus the inelastic scattering of 115-MeV a par-
ticles provides one more weak piece of evidence
in support of the GQR. The principal defect in
the present case is the inability to rule out an EO
transition based on the sum-rule limits. This
stems in part from the large background in the
region of interest. The angular distribution of
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In critical or nearly critical heavy-ion collisions, induced as well as spontaneous en-
ergyless e e pair creation result in the decay of the neutral vacuum. Induced transi-
tions from the negative-energy continuum into a vacant molecular 1s level can occur
even in the absence of diving and produce a substantial enhancement and broadening of
the previously considered spontaneous positron spectrum. Total cross sections of 5 b
have been calculated for U-U collisions.

Intermediate quasimolecules, which will be formed in the collision of very heavy nuclei, show with
respect to their electronic structure all properties of superheavy atoms. ' ' In the case that the charge
number Z, +Z, of the colliding nuclei is larger than the critical charge number Z„=169-172, the 1s, /2

level enters the negative-energy continuum. If the K shell is ionized, e e creation results. This has
to be interpreted as the decay of the neutral vacuum, which is unstable in overcritical fields. '

Up to now calculations were done for the spontaneous positron creation. ' The cross sections will be
increased, however, by two effects because of the nonadiabacticity of the heavy-ion collision: First,
during the "diving" process e'e pairs are created, in addition to the spontaneous ones, by induced
autoionization. Second, before and after the diving a large number of positrons will be created by in-
duced transitions from the negative-energy continuum to the 1s», level. The latter transitions will oc-
cur even if there is no level-diving during the collision.

To calculate the total transition amplitude, all the transitions, from the negative-energy continuum
to the 1s», level, along the classical ion path must be added coherently. ' These transitions may be
approximately grouped into first, pre- and after-diving amplitudes C» ~, and second, the during-
diving amplitude CD. Then we have

C,„,= f „'"dt'exp((f/I) f'.df-[E-E„, (f-)]-(2ff) 'J'„r(f")df-M, (f ))
I

+ J df exp{(f/n) f df "[E-E„(t")]-(2K) 'f F(t")dt-M, (f )), (1)ter

where

fvf (t') =- (~,(f') l(s/sf') lv(f')&

and I'(t") represents the decay ls», level due to the interaction with the continuum (to be determined
later) and t„edn teotshe "critical" time at which diving occurs. ~(t~& and ~y& are the wave functions
for the positron (negative-energy continuum) and the 1s„,vacancy, respectively. The time integra-
tion can be replaced by an integration over dR/UR along the ion hyperbola, where R is the distance of
the two ions and v„ the radial velocity.

The matrix element M~(t') can be computed by expanding the bound state I &p(t')& =
~ p(R)) and the con-

tinuum states [g~(t )) =
i i~(R)&, which are eigenstates of the Hamiltonian R(R), about the 1s„,, diving

radius R„; i.e. ,

ly(R)&=f(R)Elm, r&+ J dE'~z «)I"z,„&), l~z(R))=~(E, R)(l~„&+ f« f. (E, R)lg, ~ „&),

with the following normalizations:

(q (R) ly(R)&=1, (j'E(R) l~, (R)&=&(E-E'), (q, (R) lp(R)&=o. (4)

ln the expression (3), the higher bound states, i.e. , 2$„„2s»„etc., have been neglected. Such ef-
fects are expected to be most important at large ion separations where the matrix element M~(t) is
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