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ABSTRACT

Angular distributions for elastic scattering of 180 MeV antiprotons from 2¢, *Ca, and
208p}, have been measured over a wide angular range with a magnetic spectrometer. In general,
microscopic calculations agree fairly well with the data. Optical-model fits with Woods-Saxon
parametrization determine the magnitude and the relative strength of the real and imagirary
potentials at the nuclear surface. When the shape of the potentials is derived from that of the
charge distribution, the depth of the real potential is found to be shailow
(30 MeV < V < 70 MeV). These results are in some disagreement with several models and
predictions, but are consistent with the results of p-'>C scattering at 46.8 MeV and with a recent
analysis of p-atom data.
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The study of p-nucleus interaction is a topic of great interest, especially since the availability
of high-quality antiproton beams delivered by the Low-Energy Antiproton Ring (LEAR} [1]. In-
deed the experimental data taken at other facilities are quite scarce and of rather poor quality.
They consist mainly of bubble-chamber data [2], antiproton cross-sections on carbon, alumini-
um, and copper [3, 4], and level widths and shifts from X-ray studies of antiprotonic atoms [5].
From the analysis of these data, it was not possible to know if the real and imaginary parts of the
p-nucleus potential were deep or shallow, and what were their relative strengths and ranges [6,
7]. From the theoretical point of view, large ambiguities in the determination of the p~nucleus
potential also existed. Calculations which involve the folding of NN interaction with the matter
density distribution of the nucleus led to real potentials which ranged from strongly attractive to
repulsive values [7, 8]. In the relativistic mean field approach, the p-nucleus potential was pre-
dicted to be strongly attractive [9]. However, in this approach, annihilation is treated phenome-
nologically, so that the effect of dispersive corrections on the real potential i< not known.

The first high-quality elastic and inelastic angular distributions measured at LEAR by
Garreta et al. [10] for the p-'2C system at 46.8 MeV already set some constraints on the
p-nucleus potential. Using a Woods-Saxon geometry with reasonable values for the radius and
diffuseness parameters, it was shown that the real potential is attractive but shallow
(10 MeV < Vg = 50 MeV), whilst the imaginary potential is about two times stronger so that
orbiting [7] is not expected. Furthermore, although some ambiguity concerning the depth of the
potentials in the nuclear interior still existed, the magnitude of both V and W was well deter-
mined at a distance of 3.7 fm. It was also pointed out that microscopic calculations {8, 10] with
no free parameters agreed fairly well with the data. Following this measurement, the results of
several theoretical calculations and analyses [11-18] have been compared with these data. By and
large the conclusions concerning the optical potential at the nuclear surface were similar, and
some of them [17, 18] also confirmed the good description of the data by microscopic calcula-
tions.

In the present paper we report the results of Pelastic scattering from carbon, calcium, and
lead at 180 MeV using the LEAR facility and the magnetic spectrometer SPES II. The main pur-
pose of the experiment was to study how these characteristics of the p-nucleus potential depend
on incident energy and target mass. In contrast with recent differential cross-section measure-
ments [4], the present data cover a much wider angular range, and the elastically scattered anti-
protons are well resolved, with no pion contamination [10], so that they provide the necessary in-
gredients for optical-potential determination. Using microscopic calculations, they may also
provide a test of the elementary NN amplitudes. Finally, it was hoped that these results, along
with those at 46.8 MeV, would supply some information on the probability of fin oscillations
[19].

A description of the apparatus and experimental procedure is given elsewhere [10]. Natural
C, Ca, and enriched 2°*Pb (86.5%) targets with a thickness of about 1 g/cm?* were used. The
energy resolution was about 1.2 MeV (FWHM) and the overall angular resolution, including
multiple scattering in the target, varied from about 2° for the C and Ca targets to about 3° for
the Pb target. The uncertainty on the absohute scattering angle was 0.2°.

The three measured angular distributions for antiprotons are shown (solid dots) in Fig. 1,
which also displays the angular distributions for protons (open circles) measured at Uppsala [20].
The etror bars correspond to the statistical uncertainty and to a 5% uncertainty in the solid



angle. The uncertainty on the absolute normalization is 10%. It is apparent that the angular dis-
tributions for antiprotons are diffractive, as has already been observed at 46.8 MeV; but unlike
the situation at the lower energy, the magnitude of the differential cross-section in the observed
angular range is larger for antiprotons than for protons.

Results of two microscopic calculations are also shown in Fig. 1. The dashed and dotted
curves represent KMT-type [21] calculations done with the PN amplitudes of Dover and Richard
[22] or of the Paris potential [23], respectively. The proton density was taken from electron-
scattering analysis [24] and the neutron density from scattering of high-energy protons and kaons
[25}. Both predictions, which have no free parameters, agree with the data reasonably well, al-
though for '>C those of Dover and Richard seem to agree better. A final decision as to which am-
plitudes are preferred should await the more sensitive test of inelastic scattering [11, 26]. The
agreement between the experimental results and the microscopic calculations is somewhat surpris-
ing in view of the necessary conditions for KMT calculations to be valid. We note that both KMT
and recent Glauber-type [27] calculations [18] also agree with the data at 46.8 MeV., A possible
explanation for these agreements is that the elementary pN scattering is forward peaked, a con-
dition favourable to multiple-scattering calculations. Our results also agree with the predictions
of von Geramb et al. [17] (not shown), whose method was originally developed for nucleon -
nucleus scattering with the nuclear matter approach [28]. The agreement of the prediction by
Niskanen and Green [8] with the 46.8 MeV data all but disappears at 180 MeV [29]. We note that
the predicted ratio V/W is very high. The disagreement could be attributed to the too early trun-
cation of the elementary amplitude {only s and p waves) and to the use of the local t matrix at an
energy which is too high [29].

Optical-model analysis of the 180 MeV data has also been performed using the ECIS code
[30] with an optical potential parametrized by a Woods-Saxon geometry, with volume absorp-
tion, and with no spin orbit. Just as in the analysis of p-'*C scattering at 46.8 MeV [10], good fits
(0.8 < x*/N < 1.5) were achieved with optical potentials having quite different geometrical par-
ameters. Typical examples of the optical-model fits are displayed as the solid curves in fig. 1. The
depth of the real part (Vo) ranged from 10 to 100 MeV, whilst the strength of the imaginary part
(Wo) was always bigger. Consequently, we could again determine the magnitude of the real and
imaginary potentials only at R, the radius of the strong absorption [31], whose values are dis-
played in table 1. We note that the optical potential is probed te a smaller distance than at 46.8
MeV and that | W(R}| = 2| V(R)| . This indicates that a necessary condition for orbiting does
not exist [7, 16]. When the geometrical parameters of the real and imaginary parts are assumed to
follow those of the point charge distribution, corrected for the interaction range, taken as a
Yukawa function with z' = 0.6 fm, V, and W, become well determined. These values are also
shown in table 1, where we can see that always Vo < 70 MeV and W = 2V,. These results agree
with those of the 46.8 MeV scattering data [10] and with a recent analysis [15] of p atoms, which
all but removed the ambiguity [6] in the antiproton-nucleus interaction, by rejecting the shallow
(S type) imaginary potentials. Moreover, the depth Vo, which for '*C does not show the strong
energy dependence predicted by some models [8, 9], is shallower than that calculated in the relati-
vistic mean-field approach [9], and provides a lower limit for the fin oscillation time [19], 7, of
about 3 x 10 s. Despite the optical-model ambiguities, the reaction cross-sections are well deter-
mined in the present analysis, and their values are given in table 1. The decrease with incident
energy of both R and og, as seen in the table, is consistent with the energy dependence of the pN
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cross-section. The reaction cross-section can be represented by the expression or = w(a + To
AYH2, with a = 0.65 fm and ro = 1.44 fm. Our determination of or for '2C agrees with that of
Nakamura et al. [4], whereas the value quoted by Aihara et al. [3] is 20% lower.

In summary, we have extended the measured information on antiproton-nucleus interaction
to 180 MeV, and have again found that the real and imaginary potentials are well determined by
elastic scattering only at the nuclear surface, where | W(R)| = 2| V(R)|. If we assume a
Woods-Saxon geometry the real potential is found to be attractive but shallow. If the geometry is
derived from that of the charge distribution, Vo and Wy are well determined, with Vo < 70 MeV
and Wy > 2 V. These results confirm those derived from the 46.8 MeV measurement [10] and
indicate that the surface of the nucleus is not transparent to antiprotons up to 180 MeV, even
though 180 MeV antiprotons seem to probe the nucleus more deeply than 46.8 MeV ones. Our re-
sults do not support the orbiting idea [7, 16], the relativistic mean field approach [9], and one
microscopic calculation [8, 29]; they do confirm our previous conclusions [10], as well as those of
Batty et al. [15], that shallow imaginary potentials should be ruled out, and are in fair agreement
with several microscopic calculations. .

We would like to thank the LEAR and the South Hall Area teams for making this experi-
ment possible. The continuous support of the techmical groups of DPHNME Saclay, CEN
Grenoble, and CRN Strasbourg was essential for the success of the experiment. We are grateful
to B. Loiseau, J.A. Niskanen, J.M. Richard and H.-V. von Geramb for supplying us with their
results prior to publication.
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Table 1

Real and imaginary potentials at the radius of the strong interaction and

calculated reaction cross-sections. Also shown are the strengths of the real and

imaginary potentials obtained by using a geometry derived from that

of the charge distribution (see text).

Target E; R V(R) W(R) or Vo Wo
(MeV) (fm) (MeV) (MeV) (mb) (MeV) (MeV)
2" 46.8 37  |-35+15 —85+1 600+ 30 35+4 | 77+4
2¢ 179.7 3.3 —78 +15/-196+2| 500 + 25| 44 + 4 96 + 2
WCa 179.8 494 |-62+1.5/—-13.3+2| 990+ 50| 43 + 4 119 + 3
08py, 180.3 8.15 ~5.4 + 1.51 —10.2 + 2]2670 + 140| 60 + 6 152 + 2
a) Ref. [10].




Figure caption

Fig. 1:

Differential cross-sections for p-elastic scattering from '2C, *°Ca, and ***Pb (solid
circles). The cross-sections for proton elastic scattering [20] are also shown for com-
parison (open circles). The dashed and dotted curves are KMT calculations (see text)
using NN amplitudes of refs. [22] and [23], respectively. The solid curves result from an
optical-model fit to the data (see text) with the following parameters:
Vo = 30 MeV, rgy = 1.225 fm, and rey = 1.1 fm for all three targets, and Wy = 118,
124, 172 MeV, a, = 0.514, 0.572, 0.672 fm, and a, = 0.500, 0.590, 0.649 fm for C,
Ca, and Pb, respectively.
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