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Resonance Phenomena in Antiproton-Nucleus Scattering
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This Letter suggests that p-nucleus scattering might display resonant phenomena at
certain energies, arising from the orbiting of the p in a pocket of nuclear attraction ex-
tending beyond the region of strong absorption. This results in resonances of typical
widths 15-150 MeV in the 180 excitation function and large polarizations for large-angle
elastic scattering.

PACS numbers: 24.30.-v, 13.75.Cs, 25.90.+k

There has been a great deal of experimental
and theoretical interest' in the interactions of
antinucleons (N) with nucleons (N). Experimental
work has thus far concentrated on the pp and pd
systems: Elastic, charge exchange, and total
cross sections have been measured in the low-
and medium-energy region. At various times,
there has been evidence for narrow structures
in these elementary cross sections, although the
experimental situation remains confused. ' It is
hoped that such structures may correspond to the
long-sought "baryonium" states predicted in both
quark and potential models. "

The corresponding interactions of antinucleons
with nuclei [p-X for A(X) & 3] are essentially un-
explored, either theoretically or experimentally.
With use of currently available p beams at either
CERN (Centre Europ0en de Recherches Nuclh-
aires) or Brookhaven National Laboratory, it
should be possible to investigate p-induced nucle-
ar reactions experimentally in the near future.
The proposed Low-Energy Antiproton Ring (LEAR)
facility at CERN will greatly increase the poten-
tial scope of such experiments. In view of these
prospects, it is important to pose some theoreti-
cal questions. Among these are the following:
(i) If there are narrow two-body resonances or
bound states, how are they reflected in p-X scat-
tering? (ii) Are there any new phenomena which
could be anticipated in p-% scattering because
of the unique features of the many-body system?
We present here some preliminary results along
these lines.

The first question also arises in 71-nucleus scat-
tering, where one looks for the effects of the 6
and K" resonances inside a nucleus. One ob-
serves an energy shift and a considerable broad-
ening of the b, , even in light nuclei. Similarly,
a two-body NN resonance such as the S(l930), if
it exists, ' is Fermi and collision broadened and
will not remain as a narrow peak in p-X total or
annihilation cross sections. Difficult as this

structure has been to observe in the NN system,
it may be virtually unobservable in a nucleus. An

interesting effect of broad NN resonances still
remains, however, in that the N annihilation po-
tential will be very strong, much deeper than for
nucleon scattering at comparable energies. The
p-X total cross section o„„although varying
smoothly with energy, can considerably exceed
the naive geometrical limit o~ = 2v(R+K)', where
R = (v(r'))"' is the equivalent spherical radius.
The difference 0,~ —o~ is sensitive to the shape
of the nuclear density in the extreme surface re-
gion", even in the absence of narrow structures,
measurements of o„, and the reaction cross sec-
tion o~ should prove very revealing.

It was hoped that despite the strong absorption
resulting from annihilation even in the NN con-
figuration, narrow bound or resonant molecular
states' would arise at least for sufficiently large
orbital angular momentum l. If, as now appears
increasingly likely, sharp resonances are absent
in the elementary NN system, one may still look
for resonant structure in p-2 cross sections (not
arising from embedding a two-body resonance in
the medium).

The real part of the average p-X potential is
generated by meson exchanges of effectively long-
er range than the processes which gives rise to
annihilation. Thus the N-nucleus interaction will
possess a pocket of attraction extending beyond
the edge of the strongly absorbing region, and
many-body shape resonances can arise. We now
explore the likelihood of such a phenomenon, us-
ing a simple optical-model picture for the p-nu-
cleus interaction.

In principle, the N optical potential is derivable
from a folding of the nuclear density p (r) with an
effective NN interaction V,ff inside nuclear mat-
ter. The qualitative features of this optical po-
tential are apparent from the start. The short-
ranged two-body annihilation will create an ab-
sorptive part for the optical potential which more
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or less follows the nucleon density distribution
p(r). Thus if we write

then we expect W(r) = —Wo p(r)/p(0) to be a rea-
sonable first approximation, with the value of Wp

somewhat uncertain, but in principle consistent
with known two-body annihilation and p atomic
data. ~' On the other hand, the real part obtained
from

V„-'~'(r) = f d'r'V„, (r —r)p(r') (2)

will extend appreciably beyond p(r) F.or F inter-
actions with a spin-isospin saturated core, V(r)
will obtain contributions from attractive co- and
e-meson exchanges as well as from a consider-
ably longer-ranged nonresonant 2v exchange (sec-
ond-order tensor force). In addition, V(r) will
contain an annihilation-generated dispersive
term. '

The folded potential of Eg. (2) can be converted
to an equivalent Woods-Saxon potential

where f„~(r)=(1+exp[(r -R„~)/as ~] } '. We
take R~, I =re gA The central point is that we
have r,&&rpr, i.e., a longer-ranged real poten-
tial. For a Yukawa two-body interaction, the
folding model gives R„ I= (z (r')@+6g„ I ')'I',
where pI '=nzz '=0.2 fm and p„'~0.5-0.V fm
are the ranges associated with annihilation (bary-
on exchange) and meson exchange (e or uncorre-
lated 2v exchange). Writing roz =ro~+6, we have
6=0.9A ', i.e., 6=0.3 (A=16) or 0.1 fm (4=27).
For convenience, we take an average value 5= 0.2
fm here, and so we user»=1. 1 fm andrpg 1 3
fm. In principle, the diffusivities az and ar can
also differ (we expect a„&a~); in the absence of
a detailed calculation of V„-'P', we simply assume
a& =ar = 0.52 fm, a value used in the analysis of
antiprotonic-atom data. ' Note that a reasonable
difference a& —aI &0 is also effective in produc-
ing the type of orbiting phenomenon discussed
here, although the resulting resonances are some-
what narrower and more closely spaced in ener-
gy than those generated by having r& -rr &o.

The depth parameters V, and Wp can be esti-
mated from meson-exchange models" or from
fits to energy shifts and widths in antiprotonic
atoms. ' From Barnes etal. we obtain V, =240
MeV and Wp= 120 MeV, while from Roberson et
al.' we get V, = 70 MeV and Wp~ 210 MeV. The
depths are not well determined by the somewhat
crude experimental antiprotonic-atom data, and

also depend strongly on the choice of radius and
diffuseness parameter for p(r) .The values of
Vp and 8'p given above serve only as rough guides.
Other estimates are obtained by taking Vgf f to
be either (a) the free-space two-body potential

v, plus the annihilation potential of Ref. 6,
or (b) the ÃN t matrix. ' From (a) we obtain ex-
tremely deep potentials with V, = 1 GeV and Wp
~ ZOO MeV, and from (b) we obtain a repulsive
real part with V, = —70 MeV and Wp= 65 MeV.
Neither of these methods yields a potential re-
motely consistent with the antiprotonic-atom da-
ta, indicating a very strong modification of the
NX interaction in the nuclear medium. The cal-
culation of V,ff is in itself a very interesting
problem, which we will not address here. For
the sample calculations shown below, we have
chosen &V„W,}=&300,100}or &100,200} MeV
as representative values, corresponding roughly
to Hefs. 4 and 5.

The most natural way for resonances to arise
is through a radius difference (ys &r~) On.e can
also force the appearance of backward enhance-
ments with r~ =rr, if Wp is unrealistically small.
However, such extreme values are not consistent
with the antiprotonic-atom data. Such peaks gen-
erally correspond to smaller backward cross sec-
tions and larger widths than those which occur
for rg &rl ~

Some of our results for p+ "0and p+4'Ca are
shown in Fig. 1. The fact that the real p-nucleus
potential extends beyond the imaginary part has
dramatic consequences: This longer-range
"pocket" of attraction can produce a strong radi-
al localization of the p wave function, which is al-
so focused by the centrifugal potential. If the ab-
sorptive potential is relatively weak in this "pock-
et," one can get orbiting of the nucleus by an anti-
proton. The signature for this phenomenon is a
strong enhancement of the backward p-nucleus
elastic scattering cross section for characteris-
tic energies. The excitation function for 180'
scattering in Fig. 1 displays the most noticeable
resonances for parameter set (a), which corre-
sponds to r„&rr, a deep real potential, and an
absorption which is sufficiently weak to permit
orbiting. If we remove the radius difference (i.e. ,
take r~ =r,), but keep a deep real potential [set
(b)], backward peaking still occurs, but is con-
siderably reduced in magnitude. A "background"
curve is generated by taking stronger absorption,
a weaker real part, and yz =rl [set (c)]. Although
the excitation function still exhibits diffractive
oscillations for set (c), the strong maxima which
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is of opposite sign, and now largely cancels
against the e contribution. However, the I= 0
tensor force for the NN system is coherently at-
tractive, ' unlike the NN case, and thus second-
order tensor contributions to V„- could be very
large. Thus it is not even clear what the sign of
V„- should be at low energy, and measurements
of do/dm and P(6) for p-X scattering should be
encouraged. If the orbiting phenomenon is found
experimentally, one may obtain some useful in-
formation on both the real and imaginary parts of
the NN effective interaction. The appearance or
nonappearance of p orbiting is rather delicate; it
depends sensitively on the choice of well depths
and the difference in the radii and diffusenesses
of the real and imaginary potentials. The re-
sults presented in Fig. 1 are only representative
of a number of calculations we have performed.
In the presence of extremely strong p absorption
in the nuclear interior, the existence of narrow
surface localized resonances would be somewhat
remarkable, and we11 worth more detailed study.
Finally, it should be noted that the N absorptive
strength should be roughly energy independent be-
low the pion production threshold, since it arises
predominantly from two-body annihilation rather
than N-nucleus inelastic effects. Hence if reso-
nances appear in the 10-60-MeV region, they
should also be present at higher energies.
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