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Results are presented of zero-parameter calculations of antiproton-induced elastic and inelastic
scattering from '2C, *¢0, and *°Ca for five kinetic energies from 0.23 to 1.83 GeV. The Glauber
model is employed with microscopic shell-model wave functions, Woods-Saxon single-particle wave

functions, and experimental N amplitudes.

I. INTRODUCTION

With the construction and subsequent operation of the
Low Energy Antiproton Ring (LEAR), beams of low-
energy anitprotons with previously unobtainable inten-
sity and quality were possible. Elastic- and inelastic-
scattering experiments were performed on several nuclei
in both the p and sd shell [1-5] as well as on targets of
heavier mass. In the very near future experiments with
antiprotons having momentum of up to 2 GeV/c will be
possible. It is the purpose of this article to report results
of initial calculations of p-nucleus scattering for energies
that span this new energy region and for which the ele-
mentary pN amplitudes are known.

The Glauber model [6] has proven capable of provid-
ing an excellent description of the low-energy p-nucleus
scattering [7, 8]. Unlike the case for proton-nucleus scat-
tering, the Glauber model appears to provide a reason-
ably accurate description of antiproton-nucleus scatter-
ing even at 47.9 MeV [9]. The results from Glauber
model calculations at 180 MeV agree astonishingly well
with experiment [9, 10]. A plausible reason for the valid-
ity of the Glauber model for antiproton scattering even
at low energies is the presence of several partial waves
that contribute to the reaction already at low energies,
thus producing a very forward-peaked cross section near
threshold. This earlier work using the Glauber model has
been summarized at the 1988 PANIC meeting by Dalka-
rov and Karmonov [9]. Subsequently, the Glauber model
was used to study the effects of annihilation and spin-flip
on p-nucleus reactions [11-13].

In this work we shall use the Glauber model which
is not only quite accurate, but requires a minimum of
input data for the calculations. This is essential when
no p-nucleus reaction data exist. Only the pN elemen-
tary amplitude — which is characterized by the total pN
J
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where b is the impact parameter, k£ the incident pion
momentum, q = k — k’ is the momentum transfer, and
T'; is the single-particle profile function
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cross section and the ratio of the real-to-imaginary pN
forward amplitude, the value of the diffraction-slope pa-
rameter — is required. These have been measured by
Kaseno et al. [14] at 700 MeV/c and at several energies
above 700 MeV/c by Jenni et al. [15]. Our version of the
Glauber model uses microscopic wave functions deter-
mined from shell-model calculations. With the use of the
experimentally determined pN interaction, we produce a
zero-parameter calculation of elastic and inelastic scat-
tering that includes both Pauli correlations and nucleon-
nucleon correlations that are included via the shell model.

II. THE GLAUBER MODEL AND
MICROSCOPIC WAVE FUNCTIONS

The details of our approach have been discussed in
prior publications [16, 17] so we shall only summarize
the method here. The shell model has been found
over the past 40 years to be able to successfully pre-
dict and correlate large amounts of nuclear structure in-
formation. Our philosophy is to make use of this de-
tailed information available from shell-model wave func-
tions. Although Franco and Glauber had already ap-
plied the Glauber model to proton-deuteron scattering
[18], the Glauber model was apparently first applied to
hadron scattering on complex nuclei using (albeit ex-
tremely simple) microscopic wave functions by Bassel and
Wilkins [19]. Our model extends this early work on using
the Glauber model to describe hadron-nucleus reactions
by using more sophisticated nuclear wave functions de-
scribed by a series of Slater determinants-thereby includ-
ing Pauli correlations-and by employing realistic single-
particle wave functions.

The amplitude for (5, 7') on a nucleus of A nucleons in
the Glauber model may be written as

J,~T,-M,-> , (1)
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in which s; is the projection of the vector position of a

bound nucleon on the impact-parameter plane. The vari-

ables k and ¢ in Eq. (1) are the laboratory variables while

those in Eq. (2) refer to the pN center-of-mass system.
Equation (1) may be rewritten as

FMIM'.(qz) = ’L'keiAMﬂ-/z / bdb]AM(qb) FM,M'.(I)),
0
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In Eq. (3), AM = M; — My, ¢; is the azimuthal angle of
b, and T'ar,p,(b) is the nuclear profile function resulting
from evaluating the nuclear matrix element. The angular
distribution is calculated by averaging over initial and
summing over final states:

do _ 1 2712
M;,M;

The single-particle profile function of Eq. (2) is ob-
tained from the $N elementary amplitudes, f(V)(q),
which are assumed to have a Gaussian form

f(N) — lkO'(N)(l b ip(N))e"%,@2q2 ’
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The values for o, the total pN cross section, p, the ratio of
the real-to-imaginary pN forward amplitude, and § the
value of the diffraction-slope parameter, are taken from
the experimental evaluations of Kaseno et al. [14] and of
Jenn et al. [15]. We have assumed the p-neutron and p-
proton interactions are the same. At the higher energies
considered in this paper, one may expect the effect of the
Coulomb interaction to be small and we omit it from the
calculations. Its effect will be primarily to increase the
cross section at small angles (6 < 5°) and to make the
minima less deep.

The initial and final nuclear wave functions that enter
Eq. (1) were calculated as a sum of Slater determinants
using a version of the Glasgow shell-model code [20]. The
nuclei 0 and *°Ca are treated as closed-shell nuclei
for which there is a single determinant; 2C is treated
within the complete p-shell basis for which there are 51
determinants. The wave functions for mass twelve were
obtained using the matrix elements of Cohen and Kurath
[21]. Because the wave functions are expressed in terms
of Slater determinants, the many-body matrix elements
of the Glauber operator, Eq. (3), may be expressed as
the sum of A x A determinants. No problems of time-
ordering occur. Our method of evaluating the scattering
amplitude has the virtue that the effects of antisymmetry,
or Pauli correlations, are explicitly included. No free
parameters enter into the calculation.

The single-particle wave functions were calculated as-
suming a Woods-Saxon central potential and binding
the nucleons at their experimental energies. The single-

N=mn,p. (5)

particle functions were then expanded in terms of three-
dimensional Hermite polynomials for which the matrix
elements of the profile function are easily calculated. The
matrix elements of the profile functions were evaluated
as described in Refs. [16] and [17]. Analytic expres-
sions have been obtained for the single-particle profile
function in the case of harmonic-oscillator functions [22].
However, in the case of using an effective charge § # 1,
the quadrupole component of the matrix element of the
single-particle profile function is enhanced by a factor of
[ and the integral is performed numerically.

III. RESULTS

The values of the total pN cross section o, the ratio
of the real-to-imaginary pN forward amplitude p, and
the value of the diffraction-slope parameter 8 used in
our calculations are given in Table 1. One may expect
the pN interaction to be renormalized inside the nucleus.
In Ref. [10] it was found that a better reproduction of
180 MeV p scattering data could be achieved by increas-
ing the magnitude of & by about 5 to 10%. There is a
precedent for this: in studying pion- and kaon-induced
reactions, Mizoguchi and Toki [23] found a similar effect.
However, we shall not in this paper take this into account;
if experience at lower energies is a guide, our calculations
will be slightly lower than experiment.

The experimental values have uncertainties of a few
percent. The calculated results are essentially indepen-
dent of small variations in the value of 8. Changing p
will essentially only affect the depth of the minima which
should not be expected to be accurately reproduced in
our calculations since we have omitted the Coulomb in-
teraction. Thus, the only essential sensitivity will be due
to 0. The errors on this quantity are relatively small.
The principal unknowns are the values of the three pa-
rameters for the pn interaction; we have taken them to
be equal to the pp interaction, an approximation that has
worked quite well at lower energies.

In Figs. 1-3 are shown results for elastic scattering of
antiprotons on 2C, 160, and %°Ca for five kinetic ener-
gies from 0.23 to 1.83 GeV. The forward-angle cross sec-
tion increases as one increases both the target mass and
the incident energy. The maximum energy of antipro-

TABLE I. The values of the total p/N cross section o,
the ratio of the real-to-imaginary pN forward amplitude p,
and the value of the diffraction-slope parameter 3 used in the
calculations. The values for 799 MeV/c are from Kaseno et
al. [14]; the parameters for the remaining four energies are
from Jenni et al. [15].

P T 4 P B
(GeV/e) (GeV) (fm~2) (GeV™?)
0.799 0.232 13.2 0.26 15.9
1.174 0.565 10.6 0.22 14.9
1.412 0.757 10.0 0.24 14.2
1.776 1.070 9.2 0.14 13.2
2.607 1.833 8.1 0.04 13.1
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FIG. 1. Differential cross section in laboratory system for
p-elastic scattering on 12C, 10, and *°Ca. The solid lines are
results for 232 MeV and the dashed lines for 565 MeV.

tons with the upgraded LEAR should be intermediate
between 1.07 and 1.83 GeV. Thus, even at the maximum
energies, one should anticipate being able to measure the
angular distribution for scattering from 2C and %0 out
to the second minimum and perhaps the subsequent max-
imum. However, it will occur at the highest energies in-
side 20°. For *°Ca one conceivably could measure past
the third minima. It is in this region that effects due
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FIG. 2. Differential cross section in laboratory system for
p-elastic scattering on 2C, 10, and *°Ca. The solid lines are
results for 757 MeV and the dashed lines for 1070 MeV.

FIG. 3. Differential cross section in laboratory system for
1.83 GeV j-elastic scattering on 2C, 160, and *°Ca.

to the single-particle wave function and the value of the
diffraction-slope parameter 85, of the pn interaction will
become more pronounced. Measurement of the angu-
lar distributions for 1%:!80 or several of the Ca isotopes
should allow one to more reliably extract the pn interac-
tion from experiment.

In Fig. 4 are shown results at the five energies of in-
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FIG. 4. Differential cross section in laboratory system for

p-inelastic scattering to the 2% of !2C at five energies. Note
that the 232 and 565 MeV curves extend to 45° whereas the
remaining curves extend only to 30°. An effective charge of
£=1.5 was used.
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elastic excitation of the 2% of 12C. Although the complete
p-shell basis was used in the calculation, it is known from
electromagnetic excitations that one must use an effective
charge in order to reproduce the strength of the 2+ — 0+
transition. A similar result applies to both pion- [24]
and p-induced transitions [10]. We have used an effec-
tive charge of f=1.5, a value consistent with electromag-
netic transitions and other hadron-induced reactions. A
value of f=1 would have resulted in angular distributions
of essentially identical shape but having a magnitude of
approximately two smaller. We emphasize that unlike
earlier work, our approach includes one-body through A-
body scattering (always with the eikonal restriction that
no nucleon is struck more than once). The p strongly in-
teracts with the nucleus and a single-scattering approxi-
mation could be quite inaccurate.

Although no experimental data are now available for
comparison with the theoretical predictions in this paper,

the present results are sufficiently reliable to be a guide
for measurements in the very near future. We believe
that antiproton-induced elastic and inelastic scattering
on nuclei at intermediate energies are particularly inter-
esting. Some new and possibly unexpected phenomena
may occur owing to the unique features of the many-
body system. It may also produce new information on
both the nuclear structure and the antinucleon-nucleon
interaction, in particular the p-neutron interaction.
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