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The first results on the interaction of antiprotons with nuclei obtained in experiments at the Low
Energy Antiproton Ring (LEAR) put into operation at CERN at the end of 1983 are presented
and analyzed. In contrast to the case with protons of the same energy ( ~50 MeV), elastic p—
nucleus scattering manifests a pronounced diffractive nature and is described well by the
Glauber-Sitenko approximation taking into account the Coulomb interaction. The effective
nuclear radius determined from antiproton scattering is significantly (1.5 times for '*C) larger
than the radius determined from proton and electron scattering. We discuss the possible reasons
for the applicability of the Glauber—Sitenko approach for antiprotons at such low energies. We
show that it is possible to determine the parameters of the p N amplitude (in particular, the ratio of
its real and imaginary parts) from the nuclear data. Data on the yield of *He nuclei in p*He
annihilation are presented. The p—nucleus optical potential is analyzed. We discuss the
phenomenon of the cancellation between off-shell and nonadiabatic effects in the amplitude of the
reaction pd —e™* e n, which leads to specific experimental consequences. The p—nucleus
scattering lengths and level shifts of antiprotonic atoms are discussed.

INTRODUCTION

In recent years the study of the antiproton interaction at
low energies (from several MeV to ~ 100 MeV) with nuclei
has entered a qualitatively new stage, signaled by the appear-
ance of a new, independent field—low-energy antiproton
physics. To a considerable degree, this field owes its exis-
tence to the fundamentally new experimental possibilities
created by the operation, beginning in mid-1983, of a unique
low-energy antiproton storage ring-LEAR (Low Energy
Antiproton Ring) at CERN. In contrast to, for example, the
SppS collider, in this storage ring antiprotons are not accel-
erated. On the contrary, they are decelerated to almost zero
energy (the minimum antiproton momentum is 100 MeV/c,
i.e., the minimum energy is ~5 MeV). The other difference
is the successful extraction of an antiproton beam at LEAR,
with the momentum of the antiprotons in the beam varying
from 100 MeV/cto 1 GeV/c. The antiproton beam at LEAR
has an important advantage over the currently existing anti-
proton beams at Brookhaven (USA ) and KEK (Japan):itis
nearly monoenergetic over the entire momentum range, and
its intensity, especially at low momenta ( =300 MeV/c), is
6-10° p/c, which on the average is 10 000 times greater than
the intensity of the other beams. The resolution attained at
present is already Ap/p~ 10~7; however, there are plans to
introduce electron cooling in the next year or two (planned
for the end of 1987), which will make it possible to obtain a
resolution of order Ap/p~107°-10°,

A set of statistics which formally took months or years
to obtain can now be obtained at LEAR in a few hours. Of
course, the creation of such a unique tool for study using
low-energy antiprotons must give rise to qualitatively new
theoretical ideas. This has been confirmed by the first experi-
ments' on low-energy antiproton scattering on nuclei car-
ried out at LEAR and the subsequent activity of theoreti-
cians attempting to understand how nuclei ‘“look” to
antiprotons. As a result, it has become clear that antiproton—
nucleus scattering can be very helpful for solving a number
of problems in nuclear physics. Some of these are described
below.

599 Sov. J. Part. Nucl. 18 (6), Nov.-Dec. 1987

0090-4759/87/060599-18$04.40

1. Study of the nuclear reaction mechanism

In the scattering of hadrons on nuclei there are several
problems which seem to be tangled up into a single, unyield-
ing knot. For example, the Glauber-Sitenko approach,®?
which has successfully been used for analyzing hadron-nu-
cleus scattering at high energies (R 1 GeV), is applicable
when two basic conditions are satisfied simultaneously: a)
the trajectory of the hadron in the nucleus should be a
straight line (the eikonal approximation); b) it should be
possible to neglect the motion of the intranuclear nucleons
during the time of passage of the hadron through the nucleus
(the adiabatic approximation). In particular, the rescatter-
ing of intranuclear nucleons on each other is neglected. Ex-
perience with calculations shows that both of these approxi-
mations work considerably better than might have been
expected from simple estimates. It has been found* (Fig. 1)

“that in the case of antiprotons the Glauber—Sitenko mecha-

nism™? remains valid up to energies of ~50 MeV, whereas in
the case of proton scattering at this energy it is in sharp
conflict with experiment. Why does this happen, and what is
the actual range of applicability of the Glauber—Sitenko ap-
proach?

In order to answer these questions, it is necessary to
separately study the range of applicability of each of the ap-
proximations listed above. It is impossible to do this for a
proton beam, because conditions (a) and (b) are satisfied or
violated simultaneously, depending only on how large or
small the incident hadron momentum is. Conditions (a) and
(b) can be separated when antiprotons are used. The reason
is that low-energy pN scattering is very strongly directed
forward; moreover, the slope of the diffraction peak" grows
with decreasing energy. For comparison, the slope of the
diffraction peak in pp scattering® is 35.6 (GeV/c)” at an en-
ergy of ~50 MeV, while elastic pp scattering at 50 MeV is
practically isotropic.® The slope of the diffraction peak in pp
scattering at energies above 1 GeV is no greater than 6
(GeV/c)?, while the slope in pp scattering is no greater than
15 (GeV/¢)? even at superhigh energies (at the collider en-
ergy, i.e., ~ 100 TeV in the laboratory frame). We note that
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FIG. 1. Elastic differential cross sections for 5'>C (solid line) and p'*C
(dashed line) scattering at kinetic energy T; = 46.8 MeV. The dotted line
is the p'>C cross section in the model of a perfectly black sphere [Eq. (16)
for R.. = 3.96 F]. The experimental data are from Ref. 1.

up to now such large values of the slope have been encoun-
tered only in the scattering of hadrons on nuclear targets
(for example, in 7~ *He scattering for the 7~ meson energy
roughly equal to 200 GeV; see the summary of the data in
Ref. 7). This feature peculiar to pN scattering can ensure
that condition (a) holds when there is no apparent reason
for condition (b) to be satisfied, i.e., it offers a unique possi-
bility of independently determining, on the basis of experi-
mental data, the applicability of the adiabatic approxima-
tion. For the first time these two problems are separated.

It should be noted that many very curious facts have
been discovered in the theoretical study of the mechanism
for hadron scattering on nuclei. Many seemingly unrelated

effects (for example, rescatterings of intranuclear nucleons
and departure from the mass shell in amplitudes) almost
completely cancel each other.® Any attempt to improve the
Glauber-Sitenko approximation by including only one of
these effects only makes the result worse. These facts, which
were discovered in scattering on deuterons, up to now have
been viewed as isolated and limited observations, and it has
not been entirely clear whether or not they would survive
when more complicated graphs were taken into account and
in the case of heavier nuclei. Moreover, there are esthetic
grounds for seeking the deep reasons for these phenomena:
when one observes that several important contributions can-
cel, it is impossible to escape the feeling that there must exist
some theory in which these contributions are absent from
the start. It is with these troubling questions that we come to
antiproton—nucleus scattering, but under conditions more
favorable to an accurate experiment and with a new tool—
the antiproton.

2. The study of nuclear structure

Since the mechanism for low-energy antiproton scatter-
ing on nuclei is given by the Glauber—Sitenko approach, that
is, it is considerably simpler than in the case of protons, anti-
protons offer new possibilities for studying nuclear struc-
ture. In addition, the following important fact has been dis-
covered in p'°C inelastic scattering with the excitation of
levels of the residual nucleus': in the spectrum of nuclear
level excitation by antiprotons the continuum is significantly
smaller than in the reaction '>C(p,p') "*C*. In Fig. 2 we show
the nuclear excitation spectrum in the reaction
2C(p,p') '2C* for fixed emission angle of the scattered anti-
proton. We clearly observe levels with energies 4.44, 9.64,
and 15.1 MeV, two of which (9.64 and 15.1 MeV) lie in the
continuum (owing to the absence of a rule which energeti-
cally forbids the breakup of the nucleus). We see that anti-
protons cause the peaks corresponding to nuclear level exci-
tation to be very sharp. There is less contrast when the
nucleus is “seen” by a proton. For comparison, the differen-

FIG. 2. Energy spectrum for the excitation of final states
in p'*C scattering at the angle 25° (Ref. 1). The number of
events is plotted as a function of the excitation energy of
the residual '*C nucleus. The elastic peak is decreased by a
factor of 10.
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tial cross section in the continuum near 10 MeV for protons
is 0.66 mb/(sr-MeV) at the angle 35° and 0.75
mb/(sr-MeV) at 25°, while for antiprotons these cross sec-
tions are no greater than 0.1 mb/(sr-MeV) (Ref. 1). This
fact is very interesting for nuclear physics, since it indicates
that it is possible in principle to study states lying in the
continuum (such as giant resonances in heavy nuclei) under
much more favorable background conditions.

3. Determination of the parameters of the g~-N amplitude from
nuclear data

The most ill-determined parameter of the pNV amplitude
is the ratio £ of its real and imaginary parts. This ratio is
usually found from very difficult experiments based on inter-
ference between the Coulomb and strong interactions. The
data of different groups contradict each other (Fig. 3).
Owing to multiple rescatterings of the antiproton on the in-
tranuclear nucleons, in the nucleus the pN amplitudes corre-
sponding to scattering on different nucleons interfere, even
when the Coulomb interaction is absent. The cross section at
the diffraction minima is proportional to £* (Ref. 4). The
inclusion of the Coulomb interaction between the antiproton
and the nucleus, which is very important at low energies,
distorts this dependence, but does not weaken it. Here the
antiproton-nucleus interaction plays the role of an arbitra-
tor and makes it possible to decide which value of ¢ is the true
one. Getting ahead of ourselves, we note that the nuclear
data display a preference for the value of £ obtained at
LEAR.

To reliably extract the parameters of the NN amplitudes
from the nuclear data we need to be confident of the mecha-
nism for the process and to have reliable data on the proper-
ties of the nucleus (the density, transition form factors, and
so on). Therefore, investigation in the three directions dis-
cussed above actually corresponds to the study of a single
problem.

We now have a clear idea of the problems confronting
us in this new field of investigation, that of antiproton inter-
actions with nuclei. In the present study we shall discuss
these problems and present the results which have been ob-
tained.
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FIG. 3. The ratio £ of the real and imaginary parts of the pNV amplitude:

O—LEAR data of Ref. 24; ®—data of Ref. 29; ®—data of Ref. 61; A—
data of Ref. 62; ®—values of £ obtained in Ref. 4 from p-nucleus data.
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In Sec. 1 we discuss in detail the conditions for the ap-
plicability of the Glauber-Sitenko approximation and the
phenomenon of the cancellation of the various corrections to
it. In Sec. 2 we review the Glauber—Sitenko formalism for
elastic scattering and use it to analyze the data of Ref. 1 on
antiproton scattering on the nuclei '>C, “°Ca, and ***Pb and
the KEK and BNL data for 2’Al and **Cu. In Sec. 3 we
discuss the p—nucleus optical potential. In Sec. 4 we analyze
the reaction cross section o, = o,,, — 0. In Sec. 5 we begin
by giving the formulas for the amplitude of antiproton scat-
tering on nuclei with the excitation of a level of the final
nucleus. These formulas, in which all the information about
the level excitation process is contained in the electromag-
netic transition form factor, are obtained in the approxima-
tion of a single inelastic collision which amounts to the great-
est possible simplification of the basic formulas of the
Glauber-Sitenko theory. The calculations are then com-
pared with the LEAR data on the antiproton excitation of
the 2 level (4.44 MeV) of the nucleus '>C. In Sec. 6 we
study the annihilation reaction pd—e e~ n, whose ampli-
tude also contains curious cancellations which lead to non-
trivial experimental consequences. We also present the
LEAR data on the yield of *He nuclei in p annihilation on
“He. In Sec. 7 we discuss the antiproton scattering lengths
for the nuclei 'C and '°0 and compare the level shifts of
antiprotonic atoms calculated using these data with experi-
ment. In the concluding section we sum up the results and
briefly discuss the problems confronting theory and experi-
ment.

1.THE APPLICABILITY OF THE GLAUBER-SITENKO
APPROXIMATION

In the Glauber-Sitenko theory>? the picture of particle
scattering on nuclei is in close analogy with optics: An inci-
dent particle, or rather, a plane wave similar to a flux of light
rays, passes through a nucleus, scattering on the nucleons of
the nucleus and being partially absorbed by them. The nu-
cleons are assumed to be stationary during the time of pas-
sage of the particles of the nucleus, that is, it is as though the
particle takes an instantaneous photograph of the nucleus.
The scattering amplitude is obtained by averaging over all
positions of the scatterers (nucleons). As discussed above,
this picture assumes that the eikonal and adiabatic condi-
tions are satisfied simultaneously.

a) The eikonal approximation. The conditions under
which the eikonal approximation is valid and the corrections
to it have been discussed in Refs. 9-16 and 71. For small
momentum transfer gR < 1 the eikonal approximation is val-
id for kR > 1. In other words, the wavelength of the incident
beam A = 1/k must be much smaller than the size of the
nucleus. However, if gR> 1, the eikonal approximation is
valid only when a stronger condition is satisfied'*: kR> (1/
8) (gR)*. These conditions are satisfied in, for example, the
scattering of protons of energy roughly equal to 1 GeV on
nuclei. In this case the Glauber-Sitenko approximation
gives a good description of the experimental data.'” From
Fig. 1 (open circles and dashed line) we see that at energies
of around 50 MeV proton-nucleus scattering is not de-
scribed by the Glauber—Sitenko theory and is not at all dif-
fractive in nature. This seems natural, because at low ener-
gies none of the conditions listed above is, at first glance,
satisfied. The energy 50 MeV corresponds to an incident-
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nucleon momentum of the order of 300 MeV/c, which is
comparable to the momenta of the intranuclear nucleons.
On the other hand, as seen from Fig. 1, at this energy the
scattering of antiprotons on '>C is strongly diffractive in na-
ture and is described well by the Glauber—Sitenko theory.
One arrives at the same conclusion after analyzing antipro-
ton scattering on the nuclei “°Ca and ***Pb at energies of 48.6
MeV and around 180 MeV (see below). It can be assumed
that in this case the validity of the eikonal approximation is a
consequence of the extremely narrow forward cone in pN
scattering. More simply, it can be stated that a low-energy
antiproton moves along a straight line, because it cannot be
scattered off to the side. ]

We note that the appearance of such a narrow cone at
low energies and its further narrowing with decreasing ener-
gy are themselves consequences of the fact that even at very
low energies in NN scattering the contributions of several
partial waves corresponding to nonzero orbital angular mo-
menta are important. As was shown in Ref. 18, this phenom-
enon is not related to annihilation processes, but can be attri-
buted to the presence of the spectrum of quasinuclear NN
states corresponding to nonzero orbital angular momenta /
of the relative motion of the N and N (levels are predicted in
practically all spin-isospin states'?). This is what leads to
the significant enhancement of the contribution to low-ener-
gy pp scattering from partial waves up to / = 3. The total
number of partial waves (taking into account the various
spin-isospin states) is % 20. Interference between partial
waves causes low-energy pV scattering to be strongly direct-
ed forward. )

The angular distributions in pN scattering have also
been described in other models by means of the construction
of an annihilation potential.®*-°°

We stress the fact that the amplitude of p/V scattering
behaves dramatically as a function of the momentum trans-
fer. It is this dependence which enters into the Glauber—Si-
tenko formulas. This dependence is softened in the angular
distributions, but still remains much more prominent than
in pp scattering at the same energies.””

The strong dependence of the NN amplitude on the mo-
mentum transfer corresponds to a large radius in coordinate
space. This increases the effective nuclear radius in the p-
nucleus interaction compared with that in the nucleon—-nu-
cleus interaction [by one and a half times in the case of the
nucleus '*C (Ref. 4) . It is clear that when the wavelength is
comparable to the scatterer size a significant increase of the
scatterer size improves the conditions for the optical approx-
imation.

Another possible reason for the smallness of noneikonal
corrections is, according to Ref. 71, the strong absorption of
the antiproton in the nucleus.

In the Glauber-Sitenko approximation one includes
graphs in which the incident particle can scatter on a nu-
cleon of the nucleus no more than one time, that is, the maxi-
mum multiplicity of particle scattering in the nucleus is 4. In
the case of the deuteron this is the double-scattering graph
(Fig. 4). A deviation of the antinucleon trajectory from a
straight line and the motion of the intranuclear nucleons can
lead to multiple-scattering effects. The corresponding graph
for scattering on a deuteron is shown in Fig. 5. It is estimat-
ed'*?! that the contribution of n-fold rescattering (n>2)
relative to the double-scattering amplitude at low momen-
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FIG. 4. Graph for double scattering on the deuteron.

tum transfers is proportional to (o, /0., )"~ For antinu-
cleons of momentum 300 MeV/c, we have o, /0, =1/3,
which can lead to a sizable correction in scattering on a deu-
teron. Nevertheless, the use of the Glauber-Sitenko theory
for pd scattering at low and intermediate energies has led to
good results?>?* (other aspects of 5N and p4 interactions are
also discussed in the reviews of Refs. 23 and 63).

b) Cancellation of nonadiabatic and off-shell effects. In
the Introduction we have noted that the Glauber-Sitenko
theory for hadron scattering on nuclei is to a considerable
degree based on the so-called adiabatic approximation. This
approximation corresponds to the picture in which the inci-
dent particle interacts with a set of free, stationary, “frozen”
nucleons. One then averages over all possible positions of the
nucleons using the wave functions of the initial and final
nuclear states. In terms of the optical analogy, the picture is
that of x-ray diffraction on a slowly vibrating crystal lattice.

The surprise here is that the calculations carried out in
the adiabatic approximation give a good description of the
experimental data in a region which would seem to be far
from that where this approximation is applicable, for exam-
ple, at large momentum transfers. In the case of x-ray dif-
fraction it is as if the lattice parameter varied with a frequen-
cy close to that of the incident radiation, but the diffraction
picture still remained valid. This larger-than-expected re-
gion of applicability has until recently not been understood,
since there are relatively large effects which are not included
in these schemes. These are: a) the nucleons in the nucleus
are not stationary, but they move and are exchanged in the
interaction with the incident particle, whose propagation
function is changed accordingly; b) the particles inside the
nucleus are virtual, that is, the relation between their energy
and momentum is not the same as that of a free particle.
Because of this the amplitudes of elementary events must be
computed off the mass shell; ¢) during the passage of the
incident particle through the nucleus the intranuclear nu-
cleons can rescatter on each other, which also significantly
changes the physical picture compared to the adiabatic one.

There are many studies in the literature devoted to the
more or less exact inclusion of each of these effects. The
result was not very comforting: the inclusion of each of these
corrections separately only worsened the agreement with ex-
periment. The natural conclusion is that the success of the

FIG. 5. Graph corresponding to multiple rescattering of the incident par-
ticle on the nucleons in the deuteron.
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FIG. 6. Graphs describing the rescattering of intranuclear nucleons on
each other between scatterings of the initial hadron (antinucleon) on
them: a) scattering of the hadron on different nucleons; b) scattering of
the hadron on the same nucleon.

simple physical picture of the interaction of the incident ha-
dron with free, stationary nucleons is related to the cancella-
tion of the corrections from these effects. At first glance this
cancellation seems impossible or, at least, accidental because
of the different physics behind the different corrections.
However, a closer study reveals the presence of fairly clear
physical relations between these effects based on a relation
analogous to the Ward identity in quantum electrodynam-
ics.

The possible reasons for the cancellation of the nona-
diabatic and off-shell effects have been studied in detail for
the simplest example, that of hadron elastic scattering on
deuterons.® The Feynman graphs corresponding to single
and double scattering of the incident hadron on the nucleons
of the deuteron were studied for this purpose. The graph in
Fig. 4 corresponds to the Glauber or “‘shadow”’ correction to
hadron scattering on a deuteron. The graphs in Fig. 6 de-
scribe this process when the incident hadron successively
scatters on different nucleons (Fig. 6a, where the indices /
and j denote nucleons) or the same nucleons in the deuteron
(Fig. 6b). The Feynman graphs shown in Figs. 4, 6, and 7
exhaust all the possibilities for single and double scattering.

For comparing the nonadiabatic corrections, it is neces-
sary, first of all, in the graphs of Fig. 6 to exclude the “extra”
np scattering, after expressing the amplitude for this scatter-
ing in terms of the deuteron vertex function. This is done
using the integral relation between the off-shell np scattering
amplitude #(p, k, E) and the vertex function M, (k):

Mgk)
eqg+E

—gd:“p (pd(pwr();;‘ k, E) , (1)
> E———110
m
where M, (k) = (k*/m + £, )@, (k), @, (k) is the deuteron
wave function in momentum space, and k is the relative mo-
mentum of the nucleons in the deuteron. A relation of this
type is similar in meaning to the familiar Ward identity in
quantum electrodynamics. We shall now qualitatively dis-
cuss the result of this comparison® without writing out the
awkward formulas corresponding to the explicit form of the
graphs in Figs. 4 and 6. We use AM to denote the difference

FIG. 7. Graph for single scattering.
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between the exact expression for the Glauber graph (Fig. 4)
and the expression obtained in the adiabatic limit, that is,
assuming that the nucleons are at rest. The quantity AM also
directly corresponds to the nonadiabatic correction to the
graph in Fig. 4. We add AM to the exact expression for the
graph in Fig. 6a. Using the relation (1) in Ref. 8, it has been
shown that this sum is close to zero. Therefore, the nonadia-
batic correction to the Glauber graph (Fig. 4) cancels with
the contribution of the graph in Fig. 6a describing the pro-
cess in which between successive rescatterings of the hadron
on different nucleons of the deuteron these nucleons rescat-
ter on each other. The accuracy of this cancellation at small
momentum transfers g is of the order of several percent. As
the momentum transfer increases the parameter character-
izing the degree of cancellation becomes equal to (1/
8) (gR)?, where R is the deuteron radius.

Let us now consider the other graphs in Figs. 6b and 7.
Since the nucleon in the nucleus is bound, the corresponding
hadron-nucleon scattering amplitudes are off-shell (we re-
call that the Glauber-Sitenko theory always involves the
scattering amplitudes on the free nucleon). Nevertheless, it
can be shown® that the amplitude corresponding to the sum
of the graphs in Figs. 6b and 7 is close to the amplitude for
single scattering (Fig. 7), but with the elementary amplitude
taken at the energy corresponding to scattering on the free
nucleon. A similar result has been obtained in Ref. 67.
Therefore, there is cancellation of the effect related to depar-
ture of the hadron-nucleon scattering amplitude from the
mass shell and the rescattering of nucleons between succes-
sive hadron scatterings on the same nucleon in the deuteron.
The level of this cancellation is the same as in the case of
nonadiabatic corrections.

Therefore, the scattering of a hadron on a deuteron in
the single- and double-scattering approximation looks as
though the hadron had scattered on a stationary nucleon and
the scattering amplitude were off-shell. This result general-
izes both to the case of inelastic scattering (with deuteron
breakup) and to the case where rescatterings of higher mul-
tiplicity are included.®

The eikonal, Fresnel, and nonadiabatic corrections for
the case of complex nuclei have been studied in Ref. 16 using
the potential model. All of these corrections turn out to be of
the same size. It has also been shown that if for the elemen-
tary amplitudes one uses the exact amplitudes, for example,
those extracted from the experimental data (as is done in
practice), rather than the amplitudes calculated in the ei-
konal approximation, then the part of the corrections con-
taining the term 1/k is thereby taken into account, so that
the conditions for the applicability of the Glauber—Sitenko
approach are worsened. On the other hand, it has been
shown in Ref. 67 that the cancellation between off-shell ef-
fects and the rescattering contribution can be violated for
AR3.

Up to now there has been no detailed study similar to
Ref. 8 of the cancellation of different corrections for hadron
scattering on complex nuclei. Therefore, the results present-
ed above for hadron—deuteron scattering can be viewed only
as an indication (although quite a convincing one) that the
adiabatic approximation might be applicable in the scatter-
ing of slow antiprotons on complex nuclei. More precise sta-
tements about the degree of cancellation of nonadiabatic and
off-shell effects can at present be made only on the basis of
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comparison with the experimental data. We again stress the
fact that the scattering of low-energy antiprotons on nuclei is
a unique process in this context, owing to the fact that the
requirements of the eikonal approximation and the condi-
tions for cancellation are satisfied independently.

2.ELASTICSCATTERING

In the studies of Glauber? and Sitenko® a formula was
obtained for the amplitude of the scattering of a hadron on a
nucleus 4 with the transition of the nucleus from the state ;
to the state f, which expresses the amplitude in terms of the
hadron-nucleon scattering phases and the nuclear wave
functions:

k

Fyp=l5- 5 d?h exp (— iqb) de? (v, oooixy)

A
% (1—-exp (21%«%(1%—1;))) @il -4 g @)

Here 7, (b) is the phase of hadron scattering on the & th
nucleon in the impact-parameter representation, ¢, and ¥,
are the nuclear wave functions, and 7 are the nucleon coordi-
nates. This formula is the starting point for obtaining the
approximate expressions used in numerical calculations of
both elastic and inelastic scattering.

The scattering of low-energy antiprotons on nuclei dis-
cussed below is unique in that Coulomb effects, which play
an important role in the cross section at the diffraction mini-
ma and at small angles, are very important in the region
where the Glauber-Sitenko approximation is valid. In con-
trast to high-energy hadron scattering on nuclei, where Cou-
lomb effects lead to small corrections, in pA scattering at low
energies this effect is significant even for light nuclei. In the
Glauber-Sitenko approach Coulomb effects are taken into
account by adding a Coulomb phase to the nuclear scatter-
ing phase. It is assumed that the nuclear wave function in
(2) factorizes. This enables us to abandon multiparticle nu-
clear wave functions in favor of a simpler object—the nu-
clear density. After some transformations the amplitude (2)
for elastic scattering on anucleus 4 taking into account Cou-
lomb effects can be written as*'”

exp (ixe) Fer (2) = Fo (g) + ik | T, (0) exp (i ()
0

X[1—exp(i(yy (B)

2, ()] b, (3)

where
Fol)= —2 - exp (ig); 4)
fe=—28In (&) 420, n=arg I (1+ib); (5)
%o (b) = 2E In (kb); (6)

e -1 (4 — B
%1 (b) = 8ak 5 p(r) {hf L‘—fb‘;L:l
—(1— b2/ } rtdr, (7

where the Coulomb phase is y, = y, + y, and J,(gb) is the
Bessel function. The parameter £ in Egs. (3)—(6) is
&= — Zam/k, where Z is the nuclear charge and
@ = e*/#ic = 1/137. The minus sign in the formula for £ cor-
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responds to Coulomb attraction. Equation (3) involves the
unimportant screening phase y, = — 2£ In(2kR,). The nu-
clear phase y, has the form*

Ay () = % f exp (—iqb) fy (q) D (q) d%, (8)
where
© @ = p () exp Gar) g (9)

q is the momentum transferred to the nucleus, k is the inci-
dent-hadron momentum, and p(r) is the nuclear density
(normalized to 1). We assume that the charge density p(r)
entering into (7) coincides with the nuclear density. The
amplitude for scattering on a nucleon is

ko (i 1
o () =20E0) o (L g,

We have used the following parameters of the BN amplitudes
at the energy T, = 46.8 MeV (Ref. 24): o, = 240 mb, 05,
=200 mb, &, =&, =0, B;, =B;, =35.6 (GeV/c)~2

= 1.4 F°. We found the value of o, starting from o, = 380
mb (Ref. 25) and taking into account corrections for screen-
ing. In Eq. (8) we have made the necessary changes related
to the difference between the amplitudes for scattering on a
proton and a neutron. These amount to defining the phase
X~ (D) as the half-sum of the expressions (8) with the pp and
pn amplitudes.

The parameters of the pNV amplitudes at the energy 180
MeV are the following™**: o, = 157 mb, o3, = 136 mb,
£ = &5, =02, B, = B,, = 22.2 (GeV/c)? = 0.86 F2.

The nuclear density for 4<4<16 is parametrized in the
form?¢

(10)

Ry
p(r):[AR8n3/2]—l[4 -{—%(A—Q (’_}%)je = (11)

where R ? = 2.50 F* for '>C and R ? = 2.92 F* for '°O (Ref.
26). The phase y, (&) is calculated analytically using the
parametrization (11). For heavier nuclei the density is given
by the Woods—Saxon formula:

g s (12)

14exp ( ) :

where R =ryd ', r,=1.07 F, 7=0.545 F (Ref. 27),
Po="1.675-10"7 F 2 for *Ne, p, = 4-10~3 F~3 for *°Ca,
and p, = 0.8732-107* F~3 for 2**Pb.

When the density (12) is used it is impossible to com-
pute the phase y (&) analytically, and the numerical calcu-
lation is more complicated than in the case of high-energy
hadron scattering, because the presence of the large param-
eter B in (10) makes it impossible to move the amplitude
Jf~ (g) infront of the integral sign in (8). We have calculated
the phase y (b) by two methods.

1. We approximated the density (12) by the formula

p(r)=

12
p(r)= E: ¢, exp (—nri/ry), (13)
which is used to calculate the phase y y (&) analytically. The
parameters in Eq. (13) are given in Ref. 4.

2. The form factor ®(q) (9) was calculated analytically
using the density (12) (see Ref. 28). After substituting
®(q) in (8), the phase y, (b) was found numerically.
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The nuclear recoil was taken into account by multiply-
ing the amplitude by the factorexp( <7 > ¢?/64) (Ref. 17).

We note that when Coulomb effects are neglected the
elastic scattering amplitude has the form

Fo (q) = ikS T (b) J, (gb) bdb, (14)
0
where
T (&) =1 — exp (ixny @) (15)

The calculated cross sections given below are very sen-
sitive to the parameters of the pN amplitude (10), especially
to the ratio £ of the real and imaginary parts. At present the
uncertainties in the value of ¢ are very large, and the data of
different groups contradict each other. This is seen from the
summary of the data given in Fig. 3. In our calculations we
shall use the value of £ obtained in the LEAR experiment,
but for comparison we give the results of calculations using
the value of £ from Ref. 29.

The cross sections for the elastic scattering of antipro-
tons on the nuclei >C, *°Ca, and >°*Pb at the energies 46.8
and 47.8 MeV are compared with the data' in Figs. 8-10.
The solid lines correspond to the calculation taking into ac-
count Coulomb scattering at £ = 0 (the LEAR value®*; see
Fig. 3). To illustrate the Coulomb scattering, the dot-dash
lines in Figs. 8-10 show the Coulomb cross section for scat-
tering on a point charge [the squared modulus of the ampli-
tude (4)]. The dotted line shows the cross section for e =0
neglecting Coulomb scattering. At the minimum of the cross
section in Fig. 8 and at the second minimum in Fig. 9 the
dotted line practically coincides with the dashed line. The
dashed lines show the cross sections for ¢ = — 0.25 (Ref.

2107

10%

10?2

do/dQ,. ., ., mb/sr
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FIG. 8. Differential cross section for p'°C elastic scattering at 46.8 MeV.
The solid line corresponds to & = 0, the dashed line to £ = — 0.25, the
dotted line to purely nuclear scattering, and the dot—dash line to Coulomb
scattering on a point charge Ze. The data are from Ref. 1, and the curves
are from Ref. 4.
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FIG. 9. Differential cross section for p*’Ca elastic scattering at 46.8 MeV.
The notation is the same as in Fig. 8.

29). The diffraction minima tend to disappear at £ = 0 and
become extremely deep at £ = — 0.25, owing to Coulomb-
nuclear interference, and the cross sections are very sensitive
to the value of £ (except in the case of the nucleus ***Pb,
where the dominating role of the Coulomb effects weakens
the sensitivity of the cross section to £). The strong sensitiv-
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FIG. 10. Differential cross section for p>"*Pb elastic scattering. The nota-
tion is the same as in Fig. 8.
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FIG. 11. Differential cross section for 5'*C elastic scattering at 179.7 MeV
(€ =0.2). The notation is the same as in Fig. 8.

ity of the cross section to £ arises from the fact that in the
absence of Coulomb scattering the cross section is propor-
tional to £” at the diffraction minima (Ref. 4).2 When Cou-
lomb-nuclear interference is present, the £ dependence of
the cross section at the minima becomes more complicated,
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FIG. 12. Differential cross section for p*°Ca elastic scattering at 179.7
MeV. The notation is the same as in Fig. 8.
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FIG. 13. Differential cross section for p***Pb elastic scattering at 180.3
MeV. The notation is the same as in Fig. 8.

but, as before, it remains very strong, with the cross section
becoming sensitive to the sign of €. This fact has been pointed
out earlier in Ref. 17.

Therefore, at £ = 0 we obtain a good description of the
cross sections on the nuclei '°C, *°Ca, and *°*Pb at the energy
46.8 MeV. The value e = — 0.25 is excluded by the experi-
mental data of Ref. 1 on antiproton scattering on nuclei.

On the other hand, it is significant that pronounced dif-
fraction behavior is not observed in the scattering of protons
of the same energy on '>C (Ref. 1), and that the p'>C cross
section calculated using the Glauber-Sitenko model does
not agree with experiment (see Fig. 1).

In Figs. 11-13 we show the cross sections for antiproton
elastic scattering on the nuclei '*C, *°Ca, and 2°®Pb at the
energies 179.7 and 180.3 MeV together with the experimen-
tal data.' At this energy the cross sections are very sensitive
toe. For £ = 0.2 our results agree with the LEAR data®* and
are consistent with the data of Ref. 30, so we obtain a good
description of the experimental data on the antiproton—nu-
cleus cross sections.

The differential cross sections for antiproton elastic
scattering on the nuclei *’Al and %*Cu for antiproton mo-
menta in the range 450-900 MeV/c have been calculated in
Ref. 28. These cross sections are shown in Figs. 14 and 15.
They are in good agreement with the KEK?' and BNL*?
data and also are extremely sensitive to the value of ¢ at the
minima.

It should, however, be noted that the values of the cross
sections at the minima might be sensitive not only to &, but
also to the corrections to the Glauber-Sitenko approxima-
tion and also, according to Ref. 33, to the pNV amplitude with
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in the figure. The calculated curves (solid lines) are from
Ref. 28. The data at the momentum 514 MeV/c are from Ref.
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FIG. 16. The profile function I'(b) [see Eq. (15)] for 5'*C (solid lines)
and p'>C (dashed lines) scattering.

spin flip. Therefore, the accuracy with which £ can be ex-
tracted from nuclear data must be determined by indepen-
dent study of the values of these corrections. The solution of
this problem might be aided by the recent data on the anti-
proton polarization in p4 scattering® and also by a com-
parative analysis of the cross sections for antiproton scatter-
ing on the nuclei '*0 and '®0 measured in Ref. 35.
Therefore, the use of nuclear data makes it possible to
decrease the uncertainty existing in the determination of £ at
low energies. It is clear that when the antiproton-nucleus
data are included there is a preference for the LEAR data.
In Fig. 16 we show the function I'(4), which deter-
mines the amplitude of purely nuclear scattering according
to Eq. (14). It is nearly equal to unity inside the nucleus for
both antinucleon and nucleon scattering (see Ref. 4). This
means that to these particles the nucleus is a perfectly black
(in the central region) sphere with a fuzzy boundary. For
this reason our calculation of the antiproton-nucleus inter-
action cross section does not depend on the spin structure of
the pN amplitude (10), which is important in pp scattering.
Let us find the effective radius R,; of a perfectly black
sphere. We determine it from the condition that the cross
section for scattering on a black sphere of radius R .

k2 Ré
a = Tt (@Rer) (16)

coincide at ¢ = 0 with the squared modulus of the amplitude
(14). We note that for Eq. (16) and the Glauber approxima-
tion to be valid, we must have kR ;> 1. From Egs. (14) and
(16) we find

Rﬁfﬁzl Tl‘(b) bfm|_ (17)

For p'*C we obtain R,; = 3.96 F, which corresponds to
the coefficient 7, in the formula R = r,4 '/* being equal to
1.73 F, compared with the accepted value r, = 1.07 F and
R =1.07-12'"% = 2.45 F. For p'C scattering, R, = 3.06 F
(Ref. 4).

We also note that the black-sphere model [see Eq.
(16)] gives a good reproduction of the cross section for p
scattering on '*C up to the first minimum, ¢ S F~' (see Fig.
1). The calculated value is larger than the experimental one
forg>1F~', owing to the enhancement of diffraction by the
sharp boundary.

608 Sov. J. Part. Nucl. 18 (6), Nov.-Dec. 1987

3. THEOPTICAL POTENTIAL

The other approaches currently used to describe the
scattering of low-energy antiprotons on nuclei are directed
to explaining the structure of the p—nucleus optical poten-
tial. This potential has been derived microscopically in some
studies,*®® while in others®*~*? the data of Ref. 1 have been
used to obtain the parameters of the optical potential. The
stability of the parameters of these potentials has been
checked in a number of studies."***° Below we compare the
potentials for the antiproton energy 46.8 MeV obtained by
Batty et al.,*® and Garreta et al.,' with the potential calculat-
ed in the eikonal approximation® and show that these poten-
tials practically coincide. The closeness of the optical poten-
tial that we calculate to the phenomenological potentials is
an additional argument in favor of the eikonal approxima-
tion, since it implies that a calculation using the optical po-
tential in the eikonal approximation gives essentially the
same result as the exact calculation using optical potentials.
On the other hand, the exact microscopic derivation of the
optical potential, to which several studies*®** are devoted, is
at present an extremely difficult problem. It is therefore not
surprising that the optical potentials obtained microscopi-
cally including the effect of the medium on the function de-
scribing antiproton propagation in nuclear matter do not
give a description of the low-energy p-nucleus interaction
with as few parameters as the diffraction theory.

The optical potential corresponding to the Glauber—Si-
tenko amplitude can be found from Eq. (8). In the case of
potential scattering the phase in the eikonal approximation
has the form

x(0) == [ V(g exp (—iqh) 5, (18)

where F(g) is the three-dimensional Fourier transform of
the potential. Comparing (8) and (18), we find

Vy (=25 { fx (@ @ (@) et -ZLo (19)

Substituting (11) into (9) and then into (19), we find

VN(;-)=_M[1_(1 ——4/A)%(1__2_L2_)]

?.."[31"3an3 3 7?2
xexp ( — r¥ R?), (20)

where R2 =R+ 2B.
The Coulomb potential has the form

T <]
Ve(r)=—dnze* (< [o(ryr2ar + [ pyrrar). 1)

1] r

In Figs. 17 and 18 we show the potentials calculated
using Eqs. (20) and (21) at the energies 46.8 and 179.3 MeV
for the nucleus '*C and the potentials from Ref, 1. We see
that Im V) (#) dominates and that the imaginary parts of
the potential ¥, () and the optical potential of Ref. 1 are
very close for > 1.5-2 F. The difference between the imagi-
nary parts for r<2 F (7, = 46.8 MeV) and r< 1.5 F (T,
= 179.7 MeV) is completely insignificant, since for » <2 F
the function I" (&) is with good accuracy equal to 1 (see Fig.
16) and the variation of the phase XY~ (b) practically does
not change the absorption of a perfectly black nucleus in this
region.
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FIG. 17. The optical potential for p'*C scattering at T;
= 46.8 MeV. The solid lines were calculated in Ref. 4
using the theoretical potential corresponding to the Glau-
ber—Sitenko amplitude [calculation using Eq. (20} ]. The
dashed lines were calculated using the phenomenological
potential of Ref. 1 (the Woods-Saxon parametrization).
The dotted line shows the Coulomb potential for scatter-
ing on the nucleus [Eq. (21) ]. Since £ = 0, the solid line
in Fig. 17a coincides with the horizontal axis.

Substituting the optical potential (20) together with
the Coulomb potential (21) into the Schrodinger equation,
we must obtain the same result for the amplitude as in the
Glauber-Sitenko approximation (apart from corrections to
the eikonal approximation). At the same time, the value and
sign of Re Fy (r) are determined by the behavior of ¢ for the
elementary pN amplitude, and the radius of the potential is
related to the slope parameter in pN scattering. It therefore
seems to us that the Glauber—Sitenko approach is more at-
tractive, since it gives formulas for the p—nucleus amplitudes
which are clear and convenient for analytical analysis.

We note that the explicit expression for the p-nucleus
potential in the eikonal approximation reveals the reason for
the marked enhancement (by a factor of 1.5) of the nuclear
radius in antiproton scattering. In Eq. (20), R 2 =R2+2B.
In the case of low-energy antiprotons, B~R */2, that is, the
slope parameter B is of the order of the squared radius of the
nuclear density, which is known from electron scattering.
This gives R % ~2R ?, that is, R.; = 1.5R.

o=

4, THE REACTION CROSS SECTION

The reaction cross section is the difference between the
total and elastic cross sections: o, = 0,,, — 0. The total
cross section o, is expressed by means of the optical
theorem in terms of the scattering amplitude at zero angle,
while the elastic cross section o, is obtained by integrating
the square of the elastic amplitude over angles. As empha-
sized above, the Coulomb scattering contribution dominates
in the amplitude, especially at small angles. However, this

contribution completely drops out of the difference o,
= 0,,, — 0. This can be seen from the following formula,
obtained in Ref. 3:
A
o, = g d%h g dt {1—exp (-44 Tm >\ (by, -—b)) }

1

X[§; (rgy eey )% (22)

The Coulomb phase which is added to 7, is real and there-
fore does not contribute to the reaction cross section (22).
After some transformations the reaction cross section takes
the form

0, = 21 5 (1 — exp (—2 Im xy (b))] bdb, (23)

0

where the phase yy (b) is given by Eq. (8). Two features
should be noted. First, it would be incorrect to attempt to
obtain the reaction cross section starting from Eq. (3) for
the amplitude. This formula is applicable at angles
6> 1/kR,, which is more than sufficient for calculations of
elastic cross sections, but still does not permit the applica-
tion of the optical theorem to the amplitude (3). Second,
Coulomb scattering has no effect on o only in the Glauber-
Sitenko approximation. When this approximation is not
used, Coulomb effects can influence the value of ..

In Fig. 19 we show the reaction cross section for the
interaction of antiprotons with the nucleus *’Ne. We see that
the calculated cross sections are 10-15% greater than the
experimental data.** A possible reason for this discrepancy

o
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i ®
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FIG. 18. The optical potential for p'’C scattering at T5
— 179.7 MeV. The notation for the curves is the same as
in Fig. 17.
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FIG. 19. Reaction cross section for the interaction of anti protons with the
*'Ne nucleus. The calculated curve is from Ref. 28, and the experimental
data are from Ref. 43.

is the following. In the calculations it was assumed that the
slopes B are identical in 5p and pn scattering. In general this
is not so. There are no experimental data on the slope param-
eter in pn scattering, and from the theoretical point of view it
seems quite probable that this slope is smaller than in pp
scattering. The point is that the slope in pp scattering is de-
termined by the contribution of pp resonances with isospin 0
and 1, while the pn system exists only in the state with isospin
1. A 10% decrease of the slope in pn scattering would lead to
a decrease of the calculated reaction cross section, so that it
would agree with the experimental data. We note that this
same effect (a decrease of B,, relative to B;,) would cause
the minimum of the differential cross section for PA scatter-
ing to be shifted slightly toward larger g(Ag/q~5%) and
would decrease the cross section by roughly 10%, which
would lead to better agreement with experiment (see Figs.
8-13).

5. THE CROSS SECTION WITH NUCLEAR LEVEL
EXCITATION

The amplitude for scattering with nuclear level excita-
tion is given by Eq. (2) for i#/. In what follows we shall use
the single-inelastic-collision (SIC) approximation,**** in
which it is assumed that the level excitation occurs as the
result of a single event. After some transformations, the am-
plitude for inelastic scattering with the excitation of a nu-
clear level of natural parity with angular momentum J and
its projection M on the incident-beam direction in the SIC
approximation is expressed in terms of the electromagnetic
form factor of the transition and the elastic scattering ampli-
tude. We take into account Coulomb effects in inelastic scat-
tering by including the Coulomb phase in the elastic scatter-
ing amplitude entering into the inelastic amplitude. We
stress the fact that in this approximation the (single) event
causing the level excitation occurs only because of the strong
interaction of the incident hadron with an intranuclear nu-
cleon. After the inclusion of Coulomb scattering, the expres-
sion for the inelastic amplitude obtained in Refs. 44 and 45 is
conveniently written as

" Fites (2) = { Goau (8) d5c (g0) b, (24)
]
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where
Grn (b) = CnAfy (0) 875 b) b

X axp it fiy () + %o () + 00D (25)
the phases y,, y,, and y are given by Eq. (6)-(8);

21 /2 .
C,M=(--1)M-(ﬁﬁ IM (—:2;-, 0); (26)
~ = _ A Bge
Sru®)={ Ssl@)e T Ty (ab) qda, @7

[0

and S, (¢) determines the electromagnetic form factor of the
inelastic transition and is parametrized as

Sy () = ¢* (ay + by ¢* + ¢y*) e-ae?, (28)

which allows the integral (27) to be calculated analytically
(see Ref. 4). The parameters in (28) are known from the
data on electron inelastic scattering. For the excitation of the
27 level (4.44 MeV) of the nucleus '2C we have taken them
to be*® @, = 0.25, b, = — 0.021, ¢, = 0.0004, and & = 0.54
[in Eq. (28), gisin F~'].

The calculated inelastic 5'C cross sections with excita-
tion of the 27 level (4.44 MeV) are shown in Figs. 20 and 21
for the energies 46.8 and 179.7 MeV, respectively. The anti-
proton data of Ref. 1 are described satisfactorily (solid
lines). However, the calculation (dashed line in Fig. 20)
does not agree with the proton data, as in the case of elastic
scattering (see Fig. 1).

The slightly higher values of the antiproton data com-
pared with the calculation in Fig. 20 for 8> 35° (g>0.8
F~!) can be attributed to several factors. In particular: a)
the uncertainties in the transition form factor (28); b) the
decreased accuracy of the Glauber-Sitenko approximation
inlarge-angle scattering; c) the collective nature of the excit-
ed 27 level and the inapplicability of the SIC approximation
in this case. In connection with possibility (c), we note that
the model which takes into account the collective (rota-
tional) nature of the 2+ level (4.44 MeV) gives a cross sec-
tion for the inelastic scattering of protons of energy 1 GeVon
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FIG. 20. Differential cross sections for inelastic [with excitation of the 2+
level (4.44 MeV)] p'*C and p'C scattering (the solid and dashed lines,
respectively) at 46.8 MeV. The dotted lines are the cross sections do,/d(}
and do,/dQ) for p'°C scattering with definite projection of the spin
(M=0, 2) of the excited nucleus '2C*(2*) on the beam axis
(do/dQ) = doy/dQ) + 2do,/d)). The experimental data are taken from
Ref. 1, and the curves are from Ref, 4.
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FIG. 21. Differential cross section for inelastic [with excitation of the 2*
level (4.44 MeV)] 5'2C scattering at 179.7 MeV (¢ = 0.2). The notation
is the same as in Fig. 20.

12C (see Ref. 47) which is larger than that calculated in the
shell model® and leads to a good description of experiment.
A similar increase of the experimental value relative to the
calculated value within the framework of the SIC in the re-
gion to the right of the maximum has also been observed in
the cross section for excitation of a '®Olevel (37, 6.13 MeV)
by high-energy 7 mesons (Ref. 48). This discrepancy van-
ished in a model which treats the level (37, 6.13 MeV) asa
rotational level, with the calculation*® being carried out us-
ing the Glauber—Sitenko theory, rather than the SIC approx-
imation (Fig. 22). Such studies of the effect of nuclear struc-
ture on the antiproton-nucleus interaction are therefore
certainly interesting.

We stress the fact that the level-excitation amplitude is
very sensitive to the nuclear surface.**** In fact, the factor
¢*¥ =1 — ['(b) in Eq. (25) is equal to O inside the nucleus
and becomes 1 outside it. On the other hand, the function
S(b) falls off rapidly outside the nucleus. Therefore the inte-
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FIG. 22. Differential cross sections for excitation of the 3~ level (6.13
MeV) of the '®O nucleus by pions of momentum 2 GeV/c corresponding
to spin projections M = 1 and M = 3 of the nucleus '%0* (37) on the
beam direction. The solid lines correspond to the calculation of Ref. 49
using the GlauberSitenko formulas,™* and the dashed lines correspond
to the calculation in the approximation of a single inelastic collision. The
experimental data are from Ref. 48: A for M =1, O for M = 3.
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gral (24) is determined by the overlap region near the nu-
clear surface. The function G, (b) determining the ampli-
tude (24) is thus nonzero only in the overlap region near the
nuclear surface.

We note that the calculation of the level-excitation
cross section in the black-sphere model with a sharp edge is
very crude and decreases the result by a factor of 2-3.

In Figs. 20 and 21 we also give the predictions for the
antiproton cross sections with the projection M of the spin of
the excited nucleus on the beam axis equal to 0 and 2:

do o dUn dUg_ _‘H"‘
o T e

according to Eq. (26), C,, = 0, and therefore do,/d2 = 0.
The measurement of these cross sections, which, as seen
from the figure, have a very complicated angular depen-
dence, would provide more detailed verification of the theo-
ry.

The cross section do,,/d() can easily be obtained from
the angular distributions of photons emitted when the nu-
cleus makes a transition to the ground state. Such experi-
ments for the nucleus '°0 in a beam of 7~ mesons and pro-
tons at high energy have been carried out in Ref. 48. The
photon angular distribution is determined by the polariza-
tion density matrix of the excited nucleus:

pane (@) = Finer (9) Finer (9) /% |Fiter (g)]2. (29)

From the expressions (24)—(27) we find
Parm’ = Padrjad®sPop,-M" = (— DM parare
poararr= (— DM parar.

Therefore, for the level with J = 2 the density matrix is de-
termined by only three independent elements: poo, P22, and
pao [according to Eq. (26), the amplitude F i, (¢) is non-
zero only for projections M having the same parity as J]. The
angular distribution of photons emitted in the transition
J—0 can be obtained from the formula

W6y, 93 )= B% parnr (9) YV 0. @) YWP(B?, ),

(30)

where Y{}; (6,,¢,) are the known spherical vectors of the
photon, @, is the angle between the direction of the incident
beam and the photon momentum, and ¢, is the angle
between the (p,p') scattering plane and the plane formed by
the momenta of the incident beam and the photon. Explicit
expressions for the angular distributions of photons emitted
in the de-excitation of nuclei with J = 2 and J = 3 are given
in Ref. 4.

6. ANNIHILATION CHANNELS

Up to now we have considered only inelastic reactions
in which the scattering of the incident antiproton causes the
nucleus to make a transition into one of the low-lying excited
states. There are also other interesting inelastic reactions in
which the antiproton ““disappears” in the nuclear matter be-
cause of annihilation with a nucleon of the nucleus. In this
case, the reaction products include not only the products of
the nucleus breakup, but also states with baryon number
equal to zero (systems of several 7 or K mesons, lepton
pairs, and so on). In this process the antiproton annihilation
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FIG. 23. Graphs describing the reaction pd—e*te n,,
neglecting the pn interaction.

occurs not on a free nucleon, but on a nucleon bound in the
nucleus. It would seem that this makes it possible to obtain
information on the amplitude for antiproton-nucleon anni-
hilation in a kinematic region inaccessible to study in reac-
tions with a hydrogen target. However, as we have already
noted above, owing to unique cancellations of nonadiabatic
and off-shell effects this process occurs as though the inci-
dent antiproton were interacting with a free nucleon, that is,
an on-shell nucleon. As we shall see below, because of this
experiments using nuclear targets cannot give information
on the annihilation amplitude in a region inaccessible in free
kinematics. However, it does lead to rather curious predic-
tions concerning the annihilation of slow antiprotons in nu-
clei which can be checked experimentally.

Here we shall consider an example related to the study
of the amplitude for lepton pair production in the annihila-
tion of slow antiprotons on deuterium, i.e., the process
P+d—e*e” +n, (here n, is the spectator neutron). This
reaction is interesting mainly because knowledge of the am-
plitude for the elementary process P<E<p>—ete™ «p> is
the proton bound in the nucleus) is actually equivalent to
study of the proton electromagnetic form factor in the un-
physical region, that is, for ¢° < 4m?, where g is the four-
momentum of the e* e~ system and m is the nucleon mass.

The amplitude for this process corresponds to the infi-
nite series of graphs in Fig. 23, in which the proton of the
deuteron rescatters on the neutron between two successive p
£p> rescatterings. The simplest of these—the impulse-ap-
proximation graph (the pole graph)—involves the follow-
ing expression (the amplitude of the virtual process
pd—vy*n):

My = g4 (ps) G (u). (31)

Here @, (p, ) is the deuteron wave function, p, is the momen-
tum of the spectator neutron, and G(u) is the amplitude of
the annihilation P<p> —y* at energy u, that is, the form
factor. The energy

2

P
= ., =p— 25 g
K 4m m a=U m Ea

(32)

corresponds to # = \/g” — 2m, that is, the total energy of the
eTe” system minus the two nucleon masses (% is the mo-
mentum of the incident antiproton), and

v = (k + p,)*/4m, (33)

where v is the kinetic energy in the center-of-mass system of
the free p and p, and ¢, is the deuteron binding energy.

By summing the Feynman graphs taking into account
intermediate rescatterings, the authors of Refs. 8§ and 50
showed that the amplitude of the transition pd—y*n corre-
sponding to the sum of all the graphs in Fig. 23 will be

M =My + M, + M, + ... = @g (ps) G (v). (34)
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Comparison of Egs. (31) and (34) shows that the addi-
tion to the pole graph of Fig. 23a of the infinite series of
graphs (the first two of which are shown in Figs. 23b and
23c) leads to a surprising and highly nontrivial result: the
sum of all the graphs in Fig. 23 corresponds to the pole graph
of Fig. 23a, but with the argument of the form factor G shift-
ed relative to (31). Instead of the form factor G(u) corre-
sponding to the annihilation reaction 7<p> —7* and de-
pending on the energy u, it is possible to use subthreshold
values; as a result, this form factor comes in at the energy v
corresponding to annihilation on a free proton. It is as
though the inclusion of rescatterings pushes the energy of
the pp system above threshold. In the derivation of Eq. (34)
it is important to use the fact that the Dp interaction in the
initial state, which is determined by the amplitudepp»e*e™
and the form factor pp—y* (Fig. 24), is given by the same
dynamics as pip rescatterings inside the deuteron. The ampli-
tudes z;, in Figs. 24 and 23 are the same amplitude.

The order of the corrections to Eq. (34) is determined
by the relation AM~g, (p,)|G(u) — G(v) |/8 and, as
shown by model calculations,® does not exceed 30%. Of
course, the corrections to Eq. (34) can complicate this for-
mula and distort the result, but there is no reason to think
that they lead to the inverse replacement of the argument vin
(34) by the argument «. It should be noted that, as we have
seen above in calculations of the cross sections for p scatter-
ing on nuclei in the Glauber approximation, this sort of can-
cellation of off-shell effects in practice occurs with very high
accuracy.

Let us now discuss the physical consequences of the
result which we have obtained. It follows from (34) that, in
spite of the fact that the “kinetic energy” of the colliding
antiproton and proton in the c.m.s. frame of the particles e+
and e™, equal to u = \/g° — 2m, can become negative (i.e.,
we enter the “unphysical” region of values g*> S 4m?), never-
theless the form factor entering into the annihilation ampli-
tude M(p<p> —e™e ), effectively depends on the energy v
[see Eq. (33)] corresponding to the free p and p. This leads
to a unique sort of “reflection” which can be seen when the
form factor G is plotted as a function of the variable [see

FIG. 24. Graphs describing the annihilation reaction pp—ete”, where
I, is the elastic pp scattering amplitude, which also enters into the graphs
of Fig. 23.
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Eq. (32)]. This is the dependence which is usually studied,
because it is erroneously assumed that the form factor for the
argument equal to the energy of the e*e™ pair, i.e., u, is
extracted from the cross section of the reaction pd—e*e™n.
Using Eqgs. (32) and (33), it is possible to select the kinema-
tics such that when the variable « falls off monotonically, the
variable v does not behave monotonically, for example, first
v decreases to zero, then it increases. It is well known that the
proton electromagnetic form factor grows as the boundary
of the unphysical region is approached, that is, for
g*>—4m* + 0 (which corresponds tov— + 0). The nonmon-
otonic behavior of the variable v will lead to the experimental
observation of a peak.
In order to check this prediction it is interesting to carry
out the following experiment. First we select events with p,
=0 and decrease the incident antiproton momentum
(k—0). Then from (33) it is clear that v—0, while G(v)
increases as the pp threshold is approached and at v =0
reaches its maximum value (this correspondstou = —g,).
Then we must select events with p, > 0 (here the antiproton
momentum should be k = 0). This leads to a decrease of u
with increasing p, and to an increase of v = p2//4m>. Since v
grows with increasing p,, the form factor G(v) decreases (in
terms of the variable v we are receding from the “unphysi-
cal” region). Therefore, a peak appears at u = — &,. Under
other kinematic conditions this peak can be shifted or can
completely disappear. In fact, let us take the minimum value
of the incident antiproton momentum k = k,, and assume
that the neutrons go off at an angle of 180° to the direction of
the incident antiproton in the laboratory frame. Then for
sufficiently large k, the value v = (k, — p,)°/4m cannot
reach zero, but will only decrease with increasing p,. There-
fore, the value of G(v) will increase, but will not reach the
maximum. This picture is illustrated by direct calculations
of G, the graph of which as a function of the energy u is
shown in Fig. 25. The curve for G at large values v>0 (in the
physical region ¢>>4m?) is taken from Ref. 51. In Fig. 25 we

1 1

=10 -eq 0 10 u, MeV

FIG. 25. Behavior of the form factor G(v) = G(u + pi/m +¢,) as a
function of the variable u = \s — 2m, where s is the effective mass of the
e*e~ system. The solid line corresponds to zero momentum of the specta-
tor neutron (p, = 0), and the dashed line corresponds to annihilation of
stopped antiprotons (k = 0). [ The numbers on the curves give the values
of the spectator-neutron momentum in MeV/c. The dot—dash curves la-
beled 1 and 2 were calculated in the kinematics corresponding to emission
of the neutron at an angle of 180° relative to the incident antiproton mo-
mentum in the lab frame (the antiproton momentum is 100 and 200
MeV /c for curves 1 and 2, respectively) ] (Ref. 8).
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TABLE L. Relative yields of *He nuclei in 7*He annihilation.

Antiproton kinetic | Cross section for pro- et .
energy T;, MeV | duction of the *He nu- Rﬁl;‘ln;'e yield of “He,
.} cleus, o(*He), mb fCHe
T TSN T

19.6 93,2:+7,9 0,13620,012

48.7 58.6+4.0 0.118+0.008

179.6 35.7+2.8 0.101+0,008
clearly see the peak at u = — &,. The range of values of the

energy u below threshold is quite broad (up to 10MeV), soit
is fully possible that this effect can be observed experimen-
tally. It becomes possible to increase the range of u in the
case of lepton pair production in the annihilation of slow p
on nuclei heavier than deuterium, that is, in processes like
pA—eTe” + A.

The work scheduled to be carried out at LEAR, which
has been discussed above, includes the high-priority study of
antiproton annihilation on deuterium with lepton pair pro-
duction. This means that we shall obtain an answer to the
question discussed above in the very near future.

Let us discuss another process, the interaction of p with
the nuclei *He and *°Ne. The experiment carried out at
LEARS32% measured the total cross sections,’” the charged-
particle multiplicity,’* and the relative probability of the
yield of *He in the 5*He interaction,> which is of great inter-
est for astrophysics (see Ref. 68 and the reviews of Refs. 54
and 55). The results for the latter process are given in Table
1. These data were used to obtain the first estimate of the
amount of antimatter in the early universe, which is*?

R = nﬁ'n,, < (0.7 — 1.1)-10-3,

The new experimental data on the strange-particle (A,
A, K2) yields in antiproton annihilation on complex nuclei®
are also very interesting. These yields have turned out to be
considerably (several times) larger than in annihilation on
the proton (see the review of Ref. 70).

7.SCATTERING LENGTH OF ANTINUCLEONS ON THE
NUCLEI '2C AND 6O

The investigation of the nuclear interaction between an-
tiprotons and nuclei at zero energy is directly related to the
study of the spectrum and properties of antiprotonic atoms.
Owing to the strong interaction, the levels of antiprotonic
atoms are shifted and broadened compared to their unper-
turbed (Coulomb) values. In turn, the shift and width of the
levels of the antiprotonic atom (as for any other hadronic
atom) are expressed in terms of the partial-wave amplitudes
for scattering at zero energy, that is, in terms of the corre-
sponding scattering lengths for the antiproton scattering on
the nucleus.

The experimentally observed level shift of the hadronic
atom, AE, ,, is related to the corresponding hadron-nucleus
scattering length as’®

2 1 g s N g S 5
AEH.!—E;.IWTQ; 7'%“’" [[ (P-" ns.)a (35)

where [ is the orbital angular momentum, n is the principal
quantum number, ry, is the radius of the corresponding Bohr
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orbit, E,, is the energy of the unperturbed Coulomb level,
and AE,, = E,, — E,,, where E,, , is the experimental val-
ue of the energy level. We note that the “expulsion,” that is,
the decrease of the absolute value of the bindin g energy, cor-
responds to a positive shift AE, ; in this definition.

In the case of the antiprotonic atoms of carbon and oxy-
gen, the measured x-ray spectrum (4f-3d transitions) al-
lows the shift of the 3d level to be determined. According to
the experimental data,®

(4=10) eV for 2C (data of Ref. 57);
%27 |(124- 36) eV for 0 (data of Ref. 58). (36)

Using Eq. (35), these values of the shifts can be directly
expressed in terms of the scattering lengths a,('>C) and
a,('°0). The method of calculation used in the preceding
sections—the Glauber-Sitenko approximation—cannot be
used directly to describe antiproton scattering on nuclei at
zero energy, that is, for finding the scattering lengths. This
can be seen by using Eq. (14) to find the partial-wave ampli-
tudes f, (k) and formally taking k to zero: we obtain an ab-
surd result—the incorrect behavior f; (k) ~k* * ! at small k
and vanishing scattering lengths for all the partial waves,
since

az=}1!§13 fi (R)IR2, (37)

However, the results discussed in the preceding sections
can still be applied to this case if we make use of the fact that
the scattering of low-energy antiprotons on nuclei is de-
scribed fairly well (at least near the first diffraction mini-
mum) by the model of a perfectly absorbing, black sphere
(see Sec. 2 and Fig. 1). On the other hand, the radius of such
a sphere can be computed exactly using the Glauber approx-
imation [see Eq. (17)]. If we now assume that the radius of
the absorbing sphere is not changed in going to zero energy,
the problem reduces to the calculation of the exact ampli-
tude for scattering on a complex potential well

VU_iW(J! rg REI;

¥ (r): Oa r>Refa

(38)
where W, > 0and after the calculation a, W, is taken to infin-
ity. The radius R ; entering into (38) was found in Sec. 2 for
the nucleus '*C [R,('2C) = 3.96 F). The same radius for
the nucleus '°0 is R, ('°0) = 4.31 F. We note that after
calculating the phase (18) in the potential (38) and substi-
tuting it into (15) for W,— « we obtain the step function
I'(b), that is, Egs. (16) and (17) are reproduced. After
computing the phase for scattering in the potential (38),
taking W, to infinity, expressing the amplitude fi(k) in
terms of the phase, and substituting it into Eq. (37), we find*
i
T (@@= (39)

Q=

We note that if the scattering on the potential (38) gives rise
to a complex phase, in the limit of an infinitely deep imagi-
nary well we obtain a real phase and scattering length. A
similar phenomenon has been discovered® in the coupled-
channel model when the constant describing coupling to the
inelastic channel is taken to infinity. For /=2 we find
@, = — (1/45)R };. From this, using the value of R, we
calculate the following values of the d-wave scattering
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length:

ay (%C) = — 2.7 F5, a, (0) = — 33.2 F5.  (40)

Substitution of these scattering lengths into Eq. (35) leads to
the following values for the level shifts:

6.3 eV for 12C;

By = [81.3 eV for 0. )

These values are in good agreement with the experimental
data on the level shifts quoted above [see (36) ].

We stress the fact that the scattering length (39) for
[ = 2 is very sensitive to R,;, which, as noted above, is con-
siderably (more than 1.5 times) greater than the nuclear
radius and grows with decreasing energy (owing to the in-
crease of the slope parameter B). The closeness of the experi-
mental values of the level shifts (36) to the theoretical values
(41), which involve R, at the energy 46.8 MeV, can be in-
terpreted as an indication that R, is saturated at an energy
of order 50 MeV and practically stops growing as the energy
is increased further. The physical interpretation of this be-
havior is obvious. At an energy of order 50 MeV the relative
momentum of the 7 and “N* reaches values of the order of
the intranuclear momenta and remains here as the beam mo-
mentum is decreased further. Therefore, even if the slope
parameter B in scattering on a stationary nucleon continues
to grow with decreasing T3, this has no effect on scattering
on the nucleus.

We therefore see that for finding the scattering lengths
and level shifts the Glauber-Sitenko approximation again
has certain advantages compared with the phenomenologi-
cal optical potentials®**® generally used to obtain a unified
description of the data on low-energy scattering and the level
shifts of antiprotonic atoms. Knowledge of the antiproton
scattering mechanism makes it possible, without the use of
free parameters, to calculate the effective nuclear radius,
which is expressed in terms of the parameters of the elemen-
tary amplitude and the nuclear density. Then, even where
the Glauber-Sitenko approximation is not valid, this radius
can be used to calculate the level shifts of antiprotonic
atoms.

CONCLUSIONS

Investigations of antiproton interactions with nuclei at
LEAR have only just begun and have not yet come full cir-
cle. Nevertheless, a number of important experimental re-
sults have already been obtained and lead to the following
conclusions.

1. The mechanism for elastic and inelastic (with excita-
tion of nuclear levels) antiproton scattering on nuclei (in
contrast to the scattering of other hadrons) is given by the
Glauber-Sitenko theory of multiple scattering up to antipro-
ton energies 77, ~ 50 MeV.

2. The effective nuclear radius in the antiproton-nu-
cleus interaction is significantly larger (1.5 times larger in
the case of '*C) than in electron scattering.

3. The cross sections for antiproton-nucleus reactions
at the diffraction minima are extremely sensitive to the ratio
€ of the real and imaginary parts of the N amplitude. This
fact can be used to determine £ from the nuclear data. The
antiproton-nucleus cross sections can also be useful for find-
ing other parameters of the pN amplitude.
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4. The level shifts of the antiprotonic atoms p'*C and
7'°0 are described using the scattering lengths calculated for
the effective radius R_; taken at an energy of order 50 MeV.
This shows that the effective radius ceases to grow with de-
creasing energy for T, < 50 MeV.

5. The *He nucleus is created roughly 10% of the time
in p*He interactions. This number puts a limit on the frac-
tion of antiprotons in the early universe relative to the num-
ber of protons (the fraction is less than 10™).

These results pose new problems for theory and experi-
ment.

Among the theoretical problems is that of understand-
ing the reasons for and the true range of validity of the Glau-
ber-Sitenko approximation in the scattering of antiprotons
on nuclei at low energy and large angles. We stress the fact
that in Ref. 4 we have shown only that the Glauber-Sitenko
approximation is valid but have not determined why it is. Of
course, when there is agreement between theory and experi-
ment without extensive theoretical justification, the first
question that must be answered is that of whether or not this
agreement is accidental. In our opinion, the possibility that
the agreement in this case is accidental is practically ex-
cluded by the combined analysis carried out in Refs. 4 and 28
of the data for the nuclei '2C, *°Ne, *’Al, *°Ca, **Cu, and
208py, at various energies. It is now extremely important to
obtain a theoretical explanation of the contribution of the
corrections to the Glauber—Sitenko mechanism at the dif-
fraction minima, in order to know the degree to which these
corrections are responsible for “filling in” these minima and
for the ratio of the real and imaginary parts of the elementary
amplitude. The surprising fact is the striking cancellation of
effects of different physical origin: the correction for the
nonadiabatic nature of the nucleon motion in the nucleus
and the departure of the elementary amplitudes from the
mass shell. In principle, such a cancellation is possible, but
the accuracy with which it occurs in the scattering of slow
antiprotons greatly exceeds theoretical expectations.

Among the experimental problems is the measurement
of the antiproton—nucleus cross sections (preferably for T,

<50 MeV), in particular, a detailed and accurate measure-
ment in the vicinity of the diffraction minima. Polarization
experiments might prove to be very informative. In order to
investigate the antiproton—-nucleus interaction mechanism
in greater detail it is of interest to refine the parameters of the
PN amplitude (in particular, the ratio of the real and imagi-
nary parts and the slope parameter) in direct experiments on
PN scattering.

There is a need for more accurate measurements of the
cross sections for electron scattering on nuclei with nuclear
level excitation for the purpose of finding the transition form
factors needed in calculations of the antiproton-nucleus in-
elastic cross sections.

The early experiments at LEAR have shown that the
interaction of low-energy antiprotons with nuclei represents
a vital, rapidly developing field of research which promises
new and unexpected results.

The authors are grateful to L. S. Shapiro for useful and
stimulating discussions.

"The pN scattering amplitude has an exponential dependence on the
square of the momentum transfer g° [ ~exp( — 1Bg*)], and the param-
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eter Bin the exponent is referred to as the slope parameter [sce also Eq.
(10) below].

2'When Coulomb scattering is neglected (which is not justified for ener-
gies near 50 MeV) the cross sectionsat £ = 0 have extremely deep mini-
ma, and at £ = — 0.25 the calculated p'*C cross section accidentally
coincides with the experimental data (see Ref. 4). When Coulomb scat-
tering is neglected, the cross sections for scattering on *°Ca and 208ph
(Ref. 1) cannot be described at any value of e.

» According to the preliminary LEAR data,*® AE;, ('°0) = (120 + 20)
eV.
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