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The effect of multiple scattering on the characteristics of elastic scattering and annihilation—
the main processes by which intermediate-energy antinucleons interact with nuclei—is
described. The conditions for the applicability of different variants of the optical model [the
nonrelativistic model including the binding of the nucleon scatterers and the relativistic
(Dirac) model] and the Glauber-Sitenko multiple-scattering theory are analyzed. Some of the
characteristics of the elastic scattering of the lightest nuclei and antinuclei on nuclei are
discussed. The dominant role of strong absorption in antinucleon interactions with nuclei at
intermediate energies is demonstrated. It is shown that antinucleon annihilation events
occurring in the central region of the nucleus are due to antinucleons which previously have
undergone quasifree scattering on the intranuclear nucleons.

1. INTRODUCTION

One of the most interesting problems in modern phys-
ics is the study of the interaction between matter and an-
timatter. Antinucleon physics at low and intermediate en-
ergies (E;S1-2 GeV) has developed rapidly in the last
decade. A fairly complete review of the theoretical and
experimental status of this field can be found in several
reviews and conference proceedings.!™'° The studies in this
area encompass a broad spectrum of physics problems,
from the use of antiprotons in research in solid-state and
nuclear physics to the study of esoteric problems in grav-
itational theory, astrophysics, and elementary-particle
physics. Here we shall focus on a topic which is relatively
narrow, but essential for the interpretation of results of
nuclear-physics experiments: multiple-scattering effects in
interactions of antinucleons with nuclear matter. Multiple
scattering has already been studied a great deal in connec-
tion with the research on interactions of nucleons with
nuclei which has now been going on for many years. The
main result of multiple-scattering theory is the construc-
tion of an optical potential (OP), which allows the initial
multiparticle problem to be reduced to a single-particle
one. In the version of multiple-scattering theory developed
by K. Watson et al. (see Ref. 11; another, more widely
used version of multiple-scattering theory is discussed in
Ref. 12), the following multiple-scattering series is written
down for the OP:

1-P,
ta—g— 15

0.) +..
(1.1)

[(1—P,)/d is the propagator of the hadron-nucleus sys-
tem in the intermediate state]. This expansion of the OP in
the number of collisions of the incident hadron with the
nucleons of the target nucleus enters into the single-
particle Schrodinger equation for the wave function de-
scribing the elastic scattering of a hadron on a composite
system: the nucleus. The summation in (1.1) runs over the
nucleons of the target nucleus, which before the interaction
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are in the ground state |0), and P, is a projection operator
which separates the state |0) from the full spectrum of
target-nucleus states. Each collision with one of the 4 nu-
cleons of the nucleus is described by a scattering matrix ¢
which includes the binding of the nucleon scatterer in the
nuclear matter. This # matrix is a complicated multiparticle
operator, which in some cases can be accurately approxi-
mated by t , the free hadron—nucleon scattering matrix,
which is directly related to the free-particle scattering am-
plitude (see, for example, Ref. 13). The expansion (1.1) in
these cases can be truncated at the first term

A
ViD= 3 (0¢]0,). (12)
a=1

In this approximation the OP Vf,ll,) is referred to as the
first-order optical potential in the impulse approximation.

Among the many antinucleon—-nucleus interaction pro-
cesses in which multiple-scattering effects appear, the most
important are elastic scattering and annihilation. The sec-
ond section of this review is devoted to the analysis of the
results of theoretical and experimental studies of the elastic
scattering of low- and intermediate-energy antiprotons on
nuclei. We consider versions of phenomenological OPs
(Sec. 2.1) and microscopic OPs obtained in the Dirac (rel-
ativistic) approach (Sec. 2.4) and in the nonrelativistic
theory including the effect of the nuclear medium on NN
scattering (Sec. 2.5). The question of the role played by
the Pauli principle and nucleon-nucleon correlations is
considered separately (Sec. 2.6). One subsection (Sec. 2.2)
is devoted to the use of the Glauber—Sitenko multiple-
scattering theory (GST; Refs. 14-16) for describing the
elastic scattering of low- and intermediate-energy antinu-
cleons by nuclei. Special attention is paid to some problems
in the interaction of the lightest antinuclei with nuclei
(Sec. 2.3). The first sufficiently complete experimental pro-
gram to study antimatter was realized at the 70-GeV pro-
ton accelerator at ITEP in the late 1960s and early 1970s
(see Ref. 17 and the literature cited therein). There, in
particular, by comparing the experimental total cross sec-
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tions o,(dp) and o,(pd), known with high accuracy, the
CPT theorem was checked. The antitritium and
antihelium-3 nuclei were discovered, and the exponential
law governing the decrease of the cross section for antinu-
cleus production with increasing mass was established. The
cross sections were measured at incident antiparticle ener-
gies Ej 7 R 10 GeV. The logic of the development of the
program to study antimatter is dictated by the push not
only to high energies, but also to intermediate and low
(and ultralow) energies (Refs. 1, 18, and 19)._The possi-
bility of storing the antinuclei 2H, *H, and *He was first
discussed in Ref. 20. The development of accelerator tech-
nology and progress in secondary-particle detection?®22
lead us to hope that in the near future experiments will also
be carried out in “beams” of *H and *He antinuclei of the
same intensity as the d “beams” used for the pioneering
experiments in the late 60s and early 70s (Ref. 17). The
current status of the technique of moderation of beams of
high-energy particles has already made it possible to per-
form several experiments using beams of low- and
intermediate-energy antiprotons'™'® and makes it likely
that beams of thermal and superthermal antiprotons can be
used for research not only in elementary-particle physics,
but also in atomic and solid-state physics.?! These sugges-
tions, like the experiments using “beams” of high-energy
antideuterons and the discoveries of the antitritium and
antihelium-3 nuclei!” have posed the problem of the theo-
retical study of the nature of the interaction of
intermediate- and low-energy antinuclei with matter. The
results of calculations in the eikonal approximation of
cross sections for reactions between intermediate- and
high-energy antideuterons and nuclei from 2H to 2%Pb are
given in Ref. 23. An intranuclear cascade-model analysis of
the secondary-particle multiplicity distributions measured
in experiments using antideuteron ‘“beams” with momen-
tum 12.2 GeV/c and comparison with the data on hadron-
nucleus interactions indicate the possible existence of a
new, noncascade, antinucleon interaction mechanism in-
side the nucleus.?* The results of studying the initial stage
of the interaction of the lightest nuclei and antinuclei with
nuclei using the optical model are given in Sec. 2.3. The
total cross sections, the reaction cross sections, and the real
parts of the elastic scattering amplitude at zero angle are
calculated, and a comparative analysis of these parameters
is carried out for nucleus—nucleus and antinucleus—nucleus
interactions.?*?®

At low and intermediate energies, interactions of anti-
nucleons with nuclei are dominated by annihilation (Refs.
1-4 and 27), which is a consequence of the fact that the
annihilation cross section o?'"' makes up a sizable fraction
of the total antinucleon—-nucleon interaction cross section
o¥V: ¥/oMN20.5 (Refs. 1 and 4). But this is not the
only reason for the intensive experimental and theoretical
study of antiproton annihilation on protons and nuclei.
Attempts to construct quark models of pp annihilation
(see, for example, the review of Ref. 1), study of the effect
of nucleon-nucleon correlations on the annihilation of an-
tiprotons (Refs. 1, 4, and 28) and the lightest antinuclei
(Refs. 24, 26, and 29) on nuclei, the possible discovery of
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glueballs,®® and searches for signs of the production of a
drop of quark—gluon plasma inside the nucleus* are only
some of the physics problems whose solution is related to
progress in studying antinucleon annihilation. An adequate
approach to the problems listed above requires information
about the size of the contributions of “ordinary”” mecha-
nisms for antinucleon interactions with intranuclear nucle-
ons, for example, antinucleon rescattering. Analysis of the
data on the secondary charged-particle multiplicities**! in-
dicates that for the Ne nucleus, from 80% (at an antipro-
ton energy of 180 MeV) to 87% (20 MeV) of p annihila-
tions occur at the surface, while the remaining 20%
(13%) occur inside the target nucleus. Owing to strong
damping of the incident wave, most of the annihilation
events inside the nucleus occur after preliminary quasifree
scattering of the antiproton on an intranuclear nucleon. As
a rule, processes of this type are analyzed by the
intranuclear-cascade method. However, during the initial
stages of the p—nucleus interaction quantum mechanical
effects are important, and these cannot be studied directly
using classical transport theory. The results of the classical
calculation must be improved, because the fraction of
“anomalous” annihilation events is comparable to the frac-
tion of annihilations inside the nucleus given above (Refs.
3, 28, and 31). In addition, the conditions for quark—gluon
plasma formation as a result of processes of this type differ
from those occurring in the case of annihilation near the
nuclear surface. In Sec. 3.1 we present the results of the
calculation of the various contributions to the cross section
for annihilation of intermediate-energy antiprotons on nu-
clei occurring as a result of annihilation in the entrance
channel after a single quasifree antinucleon scattering, and
the total annihilation cross section obtained from the op-
tical model with coupled channels.’?*

The striving to isolate the contributions of the simplest
processes from the total reaction cross section, represented
as the sum of terms of an infinite sequence of interactions
of the initial particle with nucleons of the target nucleus,
has stimulated the construction of a different type of sta-
tistical approach to the description of nuclear reactions
(see, for example, Refs. 34—-36). In Sec. 3.1 we apply such
an approach®>* to the analysis of antinucleon annihilation
processes in nuclei using the optical model. The interaction
of the incident antinucleon with intranuclear nucleons be-
fore the actual annihilation event, i.e., the ““initial-state in-
teraction,” is described. The study of the interaction of
mesons created in the annihilation process is of great in-
terest from both the experimental and the theoretical
points of view. Section 3.2 is devoted to this question. Some
auxiliary calculations are presented in the Appendix. Our
conclusions are given in the final section.

2. ELASTIC SCATTERING OF ANTINUCLEONS ON
NUCLEI

2.1. The phenomenological optical potential

We shall begin our discussion of the optical potential
(OP) describing the elastic scattering of low- and
intermediate-energy antinucleons on nuclei with the study

V. P. Zavarzina and A. V. Stepanov 706



TABLE I. OP parameters obtained from the “best fit”” of the calculated results to the experimental
angular distributions for elastic scattering (Ref. 40). The values of the parameters obtained for a

different fit (Ref. 37) are given in parentheses.

Nucleus mogzggﬁ;ﬁae\//c! MeV MeV e F r, F ap F a, F
12c 300 18 109 1,36 1,10 | 0,59 0,50
25) o | aan | a,200 | ©,6D | ©,5D

Ocy 300 40 100 1,10 1,10 0,60 0,60
208py 300 20 140 1,10 1,10 0,65 0,65
2c 600 20 113 1,35 1,10 0,44 0,50
4Oc, 600 16 123 1,34 1,10 0,50 0,60
208py, 600 14 272 1,34 1,05 0.47 0,65

of phenomenological models of the OP. As noted in the
preceding section, owing to strong absorption of p in nu-
clei, the experimental data on the angular distributions of
antiprotons elastically scattered on nuclei allow the form of
the OP to be determined only at the periphery of the nu-
cleus. It has been found®’*® that the data are described
equally well using widely differing forms of the spatial de-
pendence of the OP. However, in spite of their different
behavior inside the nucleus, all the models of the OPs used
are close to each other in the region located a distance of
(2-3)a from the half-density radius R,/,,, where a is the
diffusivity parameter. This distance corresponds to the well
known strong-absorption radius.’® All the OPs studied
contain a large imaginary part Im ¥V, describing the
strong absorption of the antiproton wave in the nucleus
and leading to large values of the reaction cross section og.
Since it has been found that in order to describe the data
the condition |Im V| >2|Re V| must also be satisfied,
all OP models with a large attractive real part must be
rejected. The hopes of a possible increase of the cross sec-
tion at large scattering angles and observation of effects of
antiproton “orbiting” around the target nucleus also have
not been confirmed.

For phenomenological analyses it is usual to parame-
trize the nuclear OP in the Woods-Saxon form (the inclu-
sion of the Coulomb interaction does not lead to any fun-
damental difficulties, and as a rule we shall not discuss it):

Vop(r) =Vrfr(r) +iVf(r), (2.1)

fx(n)=(+exp[(r—rA4)/a, )7, x=RI. (22)

Here Vz=Re V,, V;=Im V,, and ¥V, is the parameter de-
scribing the depth of the OP. The results of such an anal-
ysis (the “best fit” parameters) are given in Table I (Ref.
40). Of the six OP parameters (Vy, rg, ag, V;, r;, and
aj), it is sufficient to determine reliably only three, two
pertaining to the imaginary part of the OP and one to the
real part. The problem of nonuniqueness of the OP param-
eters for low- and intermediate-energy antiprotons is dis-
cussed in Refs. 41 and 42. In Table II for several nuclei we
give the radius R, near which the uncertainties in the pa-
rameters of the phenomenological OPs are minimal.*
There we also give the corresponding values of ¥Vz(R,) and
Vi (R,). The use of potentials proportional to the nuclear
charge density distribution leaves great freedom in the
choice of the depth parameter ReV: 30 MeV<Re V<70
MeV (Ref. 38). It is possible to decrease the uncertainties
in the OP parameters by using the coupled-channel
method to analyze jointly the data on elastic and inelastic
scattering with excitation of low-lying states of the target
nucleus.?’ The results of such an analysis are given in pa-
rentheses in Table I. The possibility of decreasing the un-
certainty in the parameters of antiproton OPs by analyzing
not only the elastic scattering data but also the data on
inelastic scattering with excitation of collective states is
discussed and explained in Ref. 43. The point is that the
transition density for collective states, for example, in the

TABLE II. Values of the radius R, (F) and the corresponding values of Vz(R,) and V,(R,)
(MeV); reaction cross sections oz (mb) (Ref. 40). The values of these parameters from Ref. 38 are

given in parentheses.

e | oo T [y [ e [
MeV/c
12c 300 3,731 5+2(3.5) 3+1 (8,5 61040 (600)
Oc, 300 5,0 4+2 111 1210+100
208py, 300 8,0 2+2 141 3320200
12¢ 600 3,5@3.3) 6+2(7,8) 15+1 (19,6) | 480+20 (500)
“°Ca 600 5,0 (4,94) 5+2(6,2) 14%1 (13,3) | 102050 (990)
208py, 600 8,0 (8,15) 6+2 (5,4) 161 (10,2) | 2700+100 (2670)
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FIG. 1. OP for 5'2C at 47 MeV and 180 MeV, obtained from the Fourier-
Bessel analysis. The regions where the OP is sufficiently reliably deter-
mined (Ref. 45) are shaded; Im¥), is in the upper part of the figure, and
Re V¥, is in the lower part.
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Tassie model, is proportional to the derivative of the po-
tential with respect to the radial variable and, accordingly,
has a sharp maximum at the nuclear surface. This makes it
possible to determine the “slope parameter” of the OP in
the surface layer of the nucleus.

Since the presently available experimental data allow
the antiproton OP to be determined reliably enough in only
a relatively small region of space outside the geometrical
limits of the nucleus (> R, ;), it is interesting the analyze
the data using OPs without any restrictions on their spatial
dependence. This approach includes representation of the
OP as a series in some complete set of functions of the
spatial coordinates. A convenient method for practical cal-
culations is expansion in a Fourier-Bessel series:***

N r
Vo) = 2 anio(n )

n=1

(2.3)

for r<R_and V,,(r)=0 for r>R.. The radius R, is taken
to be sufficiently large compared with the nuclear radius,
and jy(x) are the spherical Bessel functions. The complex
coefficients a, have been varied using the standard y* min-
imization procedure. The number of coefficients which can
be determined from the data sufficiently reliably is not
large: as a rule, no more than three complex coefficients. In
Figs. 1 and 2 we show the results of this analysis in the
region of r where the OP can be determined sufficiently
reliably.

Some help in constructing a microscopic description of
antiproton elastic scattering can be obtained using the fold-
ing model, where the phenomenological OP is written as a
convolution integral of the charge density distribution
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FIG. 2. The same as in Fig. 1 but for 5*’Ca.

p(r), known from the results of electron scattering on nu-
clei, and the ¢ matrix of antiproton scattering on a nucleon
bound in the nucleus:
Vop=—Vofexp(—(r—r’)z/sz)p(r’)dr’. (2.4)
The Gaussian function in the integrand reflects the com-
monly used parametrization of the dependence of the

antinucleon-nucleon scattering amplitude on momentum
transfer #g:

ko,

M(g)=7— (i+a)exp(—Bg’/2). (2.5)
Here o, is the total cross section for the scattering of anti-
nucleons with momentum #k, and a=ReM(0)/
Im M (0); B is the slope parameter of the amplitude M (q).
Equation (2.4) follows directly from Eq. (1.2) for the
first-order optical potential. In the folding model the pa-
rameters ¥, and s characterizing the ¢ matrix of antinu-
cleon scattering on a nucleon bound in the nucleus are
determined by fitting the calculated results to the experi-
mental data. The results of such an analysis for 5*°Ca scat-
tering at kinetic energy £=180 MeV are given in Table III
of Ref. 45. In particular, the data in that table show that
the value 28=1.65 F?, corresponding to the interaction of
free antinucleon and nucleon, lies between the values
52=2.25 F? and s?=1.34 F? obtained by comparing the
calculated results with experiment. This small discrepancy
might arise from differences between the neutron and pro-
ton density distributions inside the nucleus, between the pp
and pn interactions, and also from the effect of the nuclear
medium on the antinucleon-nucleon interaction. This ef-
fect is contained not only in the first-order OP, but also in
all the higher terms of the expansion (1.1). We shall dis-
cuss this question below (in Secs. 2.5 and 2.6).
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2.2. Description of the antiproton-nucleus interaction
using the Glauber-Sitenko theory

As is well known, the applicability of the Glauber—
Sitenko theory (GST) is determined by the degree to
which two conditions are satisfied in a particular situation:
(a) eikonality and (b) adiabaticity. The first of these con-
ditions presupposes that the hadron trajectory in nuclear
matter is a straight line, and the second corresponds to the
possibility of neglecting the intranuclear motion of the nu-
cleons of the target nucleus when the projectile passes
through it. Both of these conditions are satisfied in the case
of the proton—nucleus interaction with incident-particle ki-
netic energy R 1 GeV. However, even the first applications
of the GST for describing the interactions of antiprotons
with deuterium,46 ’He and *H nuclei,47 and especially with
complex nuclei at LEAR energies (50-180 MeV; the an-
tiproton momentum lies in the range 300-600 MeV/c;
Refs. 2 and 48-50) turned out to be unexpectedly success-
ful. Later the GST was used for many studies of the char-
acteristics of various antiproton interactions with nuclei at
low and intermediate energies. In the case of nuclei with
A> 1, as a rule, the calculations were restricted to the so-
called optical limit of the GST. In the case of elastic scat-
tering this approximation is equivalent to the calculation of
the scattering amplitude and reaction cross section using
the eikonal wave functions of the optical model with first-
order microscopic OP in the impulse approximation (1.2).
In the case of a spherically symmetric central potential
V.(r) we have the following expression for the elastic scat-
tering amplitude F(k,®):

F(k,0) =ikf bdbJy(gb) [1—eX(D)] (2.6)
0
and, accordingly, for the reaction cross section og:
aR(k)=zqrf°° bdb[1—e~2mx(b)], (2.7)
0
where
k (o
vbr=—; [~ a:vba). (2.8)
We have introduced the dimensionless OP
2eV.(r)
Uc(")=m, (2.9)

where e=mc2+EF-,+EA, and E;+E, is the sum of the
kinetic energies of the incident particle and the nucleus in
their c.m. frame; m is the mass of the incident particle. The
momentum transfer #ig is related to the incident-particle
momentum #ik by the well known expression g=2k sin 68/
2. The z axis is parallel to k (k-b=0). If nonrelativistic
kinematics is used to describe the scattering, instead of
(2.9) we have

Ve(r)
E;

In the case of low-energy antinucleon scattering (E;< 50

MeV) the standard criterion for the eikonal approximation

U(r)= (2.10)
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(EA) to be applicable, |U| <1, kR>1, and kR|U| ~1
(where R is the nuclear radius), turns out to be violated.
These constraints are softened in the case of antinucleon
scattering on nuclei because of (a) the diffraction nature of
the elementary NN scattering amplitude M5y (Refs. 46—
50) and (b) the strong absorption of antinucleons in nu-
clear matter.’"> This absorption occurs already at the nu-
clear surface, where the effective value of U, falls by a
factor of 10-15 compared with the OP depths at the center
of the nucleus.’”* In the standard parametrization of the
amplitude

kUﬁN
41

Min(@) = (i+a)eBr2 (2.11)
the diffraction nature of M g is reflected in the large values
of the slope parameter 8, which leads to an increase of the
effective value of the nuclear radius involved in the crite-
rion for eikonality of a collision.

The applicability of the adiabatic approximation is re-
lated to a different type of cancellation of nonadiabatic and
off-shell effects in the scattering amplitude (Refs. 2, 46,
and 53). A detailed study of this question in the case of
antinucleon scattering on complex nuclei has not yet been
carried out.” The strong absorption in the nucleus
“pushes” antinucleon—nucleon collisions to the periphery
of the nucleus, where the nucleon Fermi motion is less
intense owing to the low density. Therefore, in the case of
interactions of antinucleons with nuclei with 4> 1 it is
difficult to separate the effect of the various factors which
tend to soften the constraints for applicability of the GST.

To analyze the effect of the strong absorption it is use-
ful to develop a computational technique which allows the
sufficiently accurate inclusion of the contribution of the
surface region of the nucleus (large values of the impact
parameter b) to the characteristics of the antinucleon—
nucleus interaction. An analytical version of this method
was suggested in Refs. 51 and 52. When there is strong
absorption, the profile function

T(b)=1—eXelb) = _e—(1+ia)xo(b) (2.12)

falls rapidly from unity for b<R to zero in the peripheral
region of the nucleus for b>R. Here yo(b)
= (k/2) [ ® dzu(\b*+22), where k= PoT is the absorp-
tion coefficient. This makes it possible to use integration by
parts to obtain asymptotic expansions of the integrals in
(2.6) and (2.7) in powers of small parameters, one of
which is the ratio of the diffusivity parameter g, to the
half-density radius R,,,, and the other is the ratio of the
mean free path k' to the length of the path traveled by the
antinucleon in the diffuse layer of the nucleus, 7R, ,a,.
The radial dependence of the function u(7) in the case of
nuclei with 4> 1 is chosen to be of the Woods—Saxon
(WS) form with effective values of the half-density radius
R, s and diffusivity parameter a,:

u(r)=[1+exp[(r—R.f)/a,z]] 7" (2.13)

This trick®* makes it possible to approximate the convolu-
ion of the Gaussian function (2mB) %/ 2exp( —7*/2B) and
the WS distribution in terms of which the function u(7) is
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expressed in the case of antinucleon scattering by the sim-
ple analytic expression (2.13). The values of R,/ and g,/
are related to R;/, and a;, the parameters of the pointlike
nucleon density distribution, as

172
(2.14)

B

Here the exact function u(r) specified by the convolution
integral and the function approximated in the WS form
possess identical zeroth and second moments. The error in
this procedure in the range of r most important for calcu-
lating the scattering characteristics is 10-15%. It follows
from (2.14) that R,/R,/;<1 and a,z/ay> 1. In the case
where antiprotons with kinetic energy E;=160 MeV (B
=0.87 F?) interact with nuclei, the decrease of R, ; relative
to R, is small for heavy nuclei (~2%) and no more than
15% for light nuclei, and a, is increased significantly: by
~30% for heavy nuclei and ~50% for light nuclei. We
note that in the WS model with 8540 the effective values of
the rms radius

3 71 (ma 2\ 1172
1/ — ef
o= {1+3 (%) )|

are increased by 5-10% relative to (rz)l/ 2
In the range 5> R we can accurately write

r—R, 2(r—R,
- f)—exp(—g). (2.16)
a,,f aef

This approximation allows us to obtain analytic expres-
sions for the scattering amplitude, the total interaction
cross section, and the reaction cross section.’’> Let us give
the expressions for the real part of the scattering amplitude
at zero angle:

(2.15)

u(")zexp(

a
Re F(0)=—kb,a.rarctan a X {1+—be—f (172+y
m

+Iny1+a?) + (kK {Tbpa,s) ™
X (a/arctan a)(1+a2)‘1] (2.17)
and for the reaction cross section:
2
’ Qef L
oot [(1+32)] +(32) (5+5+7)
— (@gs/b},) (K \fmbla,) 'Y (2.18)
Here y=0.5772 is the Euler constant and
b, =b +aef( 2R )ln2 (2.19)

The impact parameter b,, determining the most important
region of integration over b is obtained from the transcen-
dental equation

bp=R,r+a,n[K Tbya.s/2]. (2.20)
Up to terms of order (a./R, f)2 we have
710 Phys. Part. Nucl. 24 (6), November-December 1993

bn=R.r+a.(1+a,;/2R,f)In[k TR, pa,;/2], (2.21)

i.e., b,, grows logarithmically with increasing absorption
coefficient k. Comparison of the values of the cross sections
obtained analytically with the results of numerical integra-
tion showed that the accuracy of the analytic expressions
in these cases is no worse than 1%. The analytic approach
can also be extended to calculations of the scattering char-
acteristics outside the EA. The noneikonal corrections to
the total cross section o, and the reaction cross section og
in the case of strong absorption are small, while for
Re F(0) these corrections are important in the region of
the minima Re F(ro (EA) and at large scattering
angles 5152 In the limiting case of strong absorption

1.,0, @0, the angular distribution of elastic scattering
obtained in Refs. 51 and 52 takes the form characteristic of
a black sphere with diffuse boundary. The effective radius
of this sphere Ry, is 1.3-1.5 times greater than the geo-
metrical radius of the initial distribution of pointlike nu-
cleons R, /,. This growth of the effective radius is due to the
large value of the elementary cross section oy, and also to
the anisotropy of pN scattering. The role of the latter factor
can be seen especially clearly in the case of the shell-type
nucleon density, when?’

2 (i+a) 55 —"2/23[1—% (1—5)],

A—4 Rf,z
€=0_AR1/2’ B=—2= (1+2B/R? 12)- (2.22)

The analytic approach to calculating the characteris-
tics of antinucleon-nucleus elastic scattering described
above has been generalized to the case of polarization ob-
servables in the scattering of antinucleons on nuclei with
Zero spin.55 In this case the scattering amplitude ¥ has
two components: the central component F and the antinu-
cleon spin-dependent component G:

=F(q)+G(q) (oh), (2.23)

where i=[k Xk’']/|[kXk']| is the unit vector in the direc-
tion of the normal to the scattering plane, #ik (#ik’) is the
momentum of the incident (scattered) antinucleon, and
=#i(k—k’) is the momentum transferred to the nu-
cleus.
In the EA the amplitudes F and G are defined as

F(k,0) =ik fw bdbJy(gb) [1—eX®cos[ kby,(b)]].
° (2.24)

G(k,0) =ik f ) bdbJ,(gb)eXPsin[kbyy(b)], (2.25)
0

where
k (e
xb)=—3 [~ dsUba) (226)
and
k (e
(b =—3 f_ dzU 5(b,2). 2.27)
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Here U, and U,g are respectively the central and spin—
orbit dimensionless OPs. In the model with microscopic
first-order OP (the impulse approximation) or, equiva-
lently, in the GST, using the common Gaussian parame-
trization of the components of the pNV scattering amplitude

Msy(q) =A(q) +C(q) (algk]) +..., (2.28)
k

A(q) =7 op(i+a)exp(—pg'/2), (2.29)
k

C(q) =1 o,(i+a;)exp(—Bg*/2), (2.30)

for the first-order OP we obtain the following expression:

k
Vop (1) = =3, opwli+a)u(r)

1 . 1d
+—=o(l1—iay) P uy(r)(al).

2E, (2.31)

The analytic method of calculating the amplitude F(k,0)
for C=0 has a natural generalization to the case of the
amplitudes F and G when the spin-orbit interaction is
taken into account.>® Substitution of the amplitudes F and
G calculated for strong absorption into the expressions for
the polarization

P=2Re(FG*)/(|F|*+|G|? (2.32)
and the spin-flip function
Q0=2Im(FG*)/(|F|*+|G|?) (2.33)

leads to typical expressions for P and Q. It turns out that
each of these polarization observables contains two com-
ponents: one with smooth dependence on the momentum
transfer, and the other oscillating about this smooth com-
ponent as the scattering angle varies (see Figs. 3 and 4).
Here the shape and amplitude of the oscillations are pri-
marily related to the relative value of the slope parameters
B and B; of the components 4(g) and C(g) of the elemen-
tary pN scattering amplitude. At the same time the smooth
average polarization is close to the value obtained from the
Kahler-Levintov theorem.*® It is mainly determined by the
ratio 0/05;y=1Im C(0)/Im 4(0) and is practically identi-
cal for all nuclei. Calculations of the antinucleon polariza-
tion in scattering on “°Ca at 150 MeV have also been car-
ried out using the experimental information on 4(g) and
including the results of the first polarization measurements
in p'2C scattering at this energy.’’ The results of the cal-
culation demonstrated the effectiveness of the analytic ap-
proach for describing the absolute values and angular de-
pendence of the antinucleon polarization. This conclusion
follows from comparison of the results of the analytic cal-
culation and numerical integration. Comparison of the re-
sults of calculating P with the experimental data®’ has
shown that the data at momentum 1100 MeV/c can be
described using the GST with 0,/o;y=0.12 F, B;=1.2 F>,
and a,= —0.1. However, this analysis is not unique, owing
to the experimental errors.

711 Phys. Part. Nucl. 24 (6), November—-December 1993

0 10 20 30 40 So_ 60
g deg

FIG. 3. Polarization in the scattering of antinucleons on “Ca at 150
MeV, calculated for the slope parameters (a) B,<f and (b) B,> . The
solid lines are the calculation using the standard GST expressions with
numerical integration, the dashed lines are the calculation using the an-
alytical expressions of Ref. 55, and the dotted lines are the average po-
larization P (Ref. 55).

The GST calculation of polarization observables in an-
tiproton elastic scattering on nuclei is the subject of Refs.
58-61.

2.3. Collisions of the lightest nuclei and antinuclei
with nuclei at intermediate energies

The total cross section o,, the reaction cross section
OR, and the real part of the zero-angle scattering amplitude
Re F(0) for *H(*H) and *He(°He) collisions with nuclei
at energies in the range 100-1000 MeV per nucleon have
been calculated in Refs. 25 and 26. The calculations used
the first-order microscopic OP of the nucleus—nucleus in-
teraction, which is the double convolution of the densities
of the interacting projectile nucleus pp(r) and the target
nucleus py(r) and the nucleon(antinucleon)-nucleon in-
teraction matrix #,y (Ref. 62):

50 60
&, deg

o w0 e 30 40

FIG. 4. Effect of the Coulomb interaction on the polarization in the
scattering of antiprotons on “°Ca at 150 MeV. Curve I is the calculation
in the GST using the analytical expressions of Ref. 55 neglecting the
Coulomb interaction for B<f;, and curves 2 and 3 are the calculation
taking into account the Coulomb interaction respectively for 8=, and
B<Bq,; the dotted lines are the average polarization (Ref. 55).
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Vop(r)=ApAdr f dr, f drypp(ry) pr(r) tyn(r+r11—13).
(2.34)

The distribution of antinucleons in the antinucleus was
taken to be the same as the density distribution in the
corresponding nucleus. The calculations were performed
both in the eikonal approximation and including the first
noneikonal corrections. Let us give some of the results of
these calculations (see Figs. 5-8). It follows from analysis
of the curves in Fig. 5 that the energy dependence of o for
nucleus—nucleus interactions mimics the behavior as a
function of energy of the total cross section of the nucleon—
nucleon interaction. This was pointed out in Ref. 63 and
confirmed in later studies.**® Analysis of the curves in
Fig. 6 suggests the same conclusion regarding the reaction
cross sections for interactions between antinuclei and nu-
clei (the results of calculations of oy for interactions of
SHe with nuclei lead to a similar conclusion). In Figs. 7
and 8 we show the results of the calculations of Re F(0) as
a function of the incident-particle energy for the scattering
of *H and *H on 2°Ne, ¢Fe, and 2*®Pb nuclei. The principal
distinguishing feature of the curves shown in these figures
is the fact that the energy dependence of Re F 4 4 repro-

duces the energy behavior of the elementary hadron-
nucleon scattering amplitude averaged over neutrons and
protons. The weak oscillations in Re Myy(0) are en-
hanced in the case of ion scattering (Fig. 7), and the
smooth energy behavior of the function Re Mzx(0) is
mimicked in the case of antinucleus scattering on nuclei. It
is convenient to interpret these results using the analytic
expression (2.17) obtained for strong absorption.’"** This
analytic expression reproduces, with better than 3% accu-
racy, the results of the numerical calculation using the EA.
We see that for small (a), Re FAPAT(O) ~ {a) ({...) de-

notes averaging over neutrons and protons), and both
quantities simultaneously pass through zero. The fact that
the energy dependence of (a) is not exactly mimicked in
the graphs of the function Re F, Mr is due not only to the
large values of (a) at certain values of the energy, but also
to noneikonal effects and, mainly, to the energy depen-
dence of the parameters b,, (2.20) and the absorption co-
efficient k= |k ImU(0) |, where U(0) is the dimensionless
optical potential at the center of the target nucleus. It is the
maximum of the mean free path k~! in the nucleus at
incident nucleon energies of 200400 MeV which deter-
mines the enhancement of the weak oscillation in the en-
ergy dependence of Re Myy. In the case of the elastic
scattering of antinuclei on nuclei, as mentioned above,
Re F 4,4, depends smoothly on the incident-particle en-

ergy. We paid special attention to the analysis of the am-
plitude of Re F(0), since it is this quantity, compared with
the cross sections o, and oy, which is particularly sensitive
to the form of the spatial dependence of the OP (Refs. 27
and 67-69). The peripheral regions of the target nucleus
participate in forming the real part of the zero-angle elastic
scattering amplitude. In the case of antinucleus scattering
these regions are farther removed from the center of the
nucleus than in the case of nucleus scattering, since the
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FIG. 5. Reaction cross sections for interactions of *H nuclei with 2°Ne,
56Fe, and 2%°Pb nuclei as functions of the kinetic energy of the incident
nucleus per nucleon, 5,{‘. The solid lines are the calculation including the
first noneikonal correction, and the dashed lines are the EA. The dot—
dash line is the total cross section of the pN interaction (Ref. 26).

densities of the target nucleus in these regions differ by
several factors. Meanwhile, the mean free paths in both
cases (for example, for 3H and 3H) calculated for the cor-
responding values of the target-nucleus density are similar.
This is characteristic of strong absorption, when the im-
portant region is the periphery of the nucleus, where the
density distribution can be approximated by the simple
expression

p(r) zpo[e—(r—-R)/a_e—2(r—R)/a]'

GR ,Mb

36001 &
| \ o8,
2100 4 \

N

~

28004
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200 1 '\.~. .

100 T t— -

0 &0 4o 6co 800

3 p‘: MeV/ nucleon

FIG. 6. The same as in Fig. 5, but for incident antinuclei H and antipro-
tons (Ref. 26).
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FIG. 7. Real part of the amplitude Re F(0) in the c.m. frame for inter-
actions of *H nuclei with °Ne, >°Fe, and 2°Pb (curves 1-3) as a function
of the energy E;‘. The solid lines are the calculation including the first
noneikonal correction, and the dashed lines are the EA. The dot—dash line
is the real part of the nucleon-nucleon scattering amplitude Re M,y - 10
in the *H+Ne c.m. frame (Ref. 26).

In the region near r =~ r,, = R 4+ a(l
+ a/2R)In(ky\mRa/2), ky=pyo [see (2.21)], we have
(r,f — R)/a = In[k ,}wRa/Z], and «(7.p)=0p(r.s)
=xolexp[—In(ky ymRa/2)]—exp[—2In (ko yTRa/2)]|

~ Kko[l/ko\TRa/2 — (1/kg\mRa/2)?] =~ 1/\mRa/2 is
the value of the constant for a given nucleus, independently
of the type of incident particle.

2.4. Relativistic models for describing the
antinucleon-nucleus interaction

The successful use of relativistic methods to describe
the nucleon-nucleus interaction at intermediate energies
has stimulated the extension of these methods to the
antinucleon—nucleus interaction. The first step in this di-

A

E:, MeV/ nucleon

FIG. 8. The same as in Fig. 7 but for interactions of antinuclei *H with
Ne, *Fe, and 2°*Pb (upper part). The lower part of the figure shows the
real part of the amplitude Re F(0) for interactions between antinucleons
and nuclei. The dot—dash line is the real part of the antiproton—-nucleon
scattering amplitude Re M5,(0) - 10 in the *H + *Ne c.m. frame (Ref.
26).
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rection was the use of the standard model of Walecka,”® in
which the motion of the incident hadron inside the nucleus
is described using the Dirac equation

(=9, +M—g,0+8,0"7,) =0,

where the g’s are constants describing the nucleon interac-
tion with the neutral scalar field o (g,) and with the neu-
tral vector field oM (g,), and M is the nucleon mass. In the
mean-field approximation the hadron wave function satis-
fies the Dirac-Hartree equation

(—ifieyV+ oM+ 105+ V—E)P(r) =0, (2.36)

which involves a two-component optical potential: S and V
are respectively the scalar and vector components of the
OP (the fourth component of a Lorentz vector), and ¥y, ¥,
are the Dirac matrices. Each of the components is the
convolution of the Yukawa form factor with the corre-
sponding component of the nucleon density of the target
nucleus.

The part of the NN interaction corresponding to one-
boson exchange (OBE) can be obtained from the OBE
part of Vyy for the NN interaction using the G-parity
transformation (charge conjugation plus a 180° rotation in
isospin space; see, for example, Ref. 71). Under the
G-parity transformation the sign of the component V
changes and the central part of the OP in the equivalent
Schrodinger equation for the large component of the Dirac
spinor is significantly deeper than for the nucleon—nucleus
OP. Accordingly, the spin—orbit part of the OP in the case
of antinucleons is very small.”” A more refined approach is
that in which the OBE part of the NN potential is supple-
mented by a phenomenological annihilation potential V%
such that the optical potential for the antinucleon-nucleon
interaction has the form

(2.35)

Vin= 2 GVING '+Viy. (2.37)

I=m,0,0,...

The summation runs over all the types of meson included
in the model. This potential makes it possible to calculate
the NN-scattering matrix ¢y, and to obtain the first-order
OP for describing the antinucleon—nucleus interaction us-
ing the Dirac equation.”*””> The OP in the effective Schro-
dinger equation for the large component of the Dirac
spinor is close in form to the standard WS potential. We
note that the real part of the central OP here corresponds
to repulsion for E;=46.8 MeV, which is consistent with
the results of the GST analysis. The same arguments as in
Sec. 2.2 for the GST above can be advanced to justify the
use of the impulse approximation at such low incident-
particle energies. The scalar and vector components of the
OP in the relativistic impulse approximation are deep:’*

V(piac)=(354,—i54)MeV, S=(—388,i86)MeV.

The results of calculations of the elastic-scattering dif-
ferential cross sections, the analyzing power, and the spin-
flip function of the antiproton in the relativistic and non-
relativistic approaches are similar, which can be attributed
to the strong absorption and the weak spin—orbit interac-
tion of antiprotons and nuclei. These parameters prove to
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be more sensitive to the form of the model of Vyy (Refs.
76-81). Some of the results of these calculations®? are
given in Figs. 9-11. ‘

We conclude by noting that the Dirac approach to
describing the interaction of intermediate-energy nucleons
and antinucleons with nuclei is, in spite of many successful
applications, often given a negative evaluation (see Ref. 68
and the literature cited therein), mainly because of its in-
sufficient theoretical justification. For example, in Ref. 83
it was shown that theoretically the applicability of the
Dirac equation to describing the scattering of composite
objects like the nucleon (or antinucleon) is very restricted
and is not at all universal. In addition, in Ref. 84 it was
shown that the use of even the simplest nonlocal OP in the
standard nonrelativistic approach with relativistic kine-
matics is just as effective as the Dirac model that we have
discussed.

2.5. Improvement of the optical potential in the
impulse approximation by inclusion of the effects of
the nuclear medium

An alternative to the Dirac approach is improvement
of the standard impulse approximation in multiple-
scattering theory, namely, replacement of the ¢ matrix of
free scattering of the incident hadron on the nucleon by the
g matrix describing the scattering of this hadron on a nu-
cleon bound in the target nucleus. This idea has been de-
veloped in Refs. 85-92 for the case of low- and
intermediate-energy antiproton-nucleus scattering. The
nuclear medium has the greatest effect on the real part of
the OP Re V,,. For example, in the impulse approxima-
tion, the OP describing the interaction of antiprotons with
nucleons in the central region of the nucleus corresponds
to antinucleon repulsion. At the same time the inclusion of
the effects of the medium leads to an OP with antiproton
attraction.

The starting point of these calculations is study of the
motion of the antinucleon in nuclear matter.®® In this case
the dispersion law relating 7ik, the momentum of the an-
tiproton interacting with the nuclear medium, to the an-
tiproton energy e(k) contains the irreducible self-energy
part (or mass operator) 2 (k,e(k),kr) and has the form

7K
e(k) =+ 2, (k&(k),kp). (2.38)
) 7 4

Here #k%/2M y is the Fermi energy for nuclear matter. In

the case of symmetric nuclear matter

kp=[(37/2) pyp]">. For pyp=0.174 nucleon/F?,
kp=1.371 F~L

In the first approximation in the number of collisions
we have

S (kEkp)= Y (kp_|g(w)|kp_).

p_<kp

(2.39)

Here E is the antinucleon energy outside nuclear matter,
w=E+e(p_), and e(p_) is the value of the single-particle
energy of the nucleon scatterer in nuclear matter. In addi-
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FIG. 9. Differential cross section and analyzing power of elastic 5'*C
scattering at 180 MeV for first-order microscopic nonrelativistic OPs
(Ref. 82). The solid line is for the Paris model of the ¢ matrix for NN
scattering (Ref. 78), and the dotted line is for the Nijmegen model of the
¢ matrix for NN scattering (Ref. 79).

tion, g(w) is the ¢ matrix of antinucleon scattering on a
nucleon in nuclear matter and satisfies the equation

Q(D_’kF)
g(w)=Vyn+ VNNP+E’p_ w—e_(p+0) —e(p_) +ie §(@).
£ (2.40)

Here V gy is the complex antinucleon—nucleon interaction
potential (different models of this potential have been used
in Refs. 76-82). The operator Q(p_,kr) takes into ac-
count the effect of the Pauli principle in intermediate
states, and #ip, and #ip_ are the antiproton and nucleon
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FIG. 10. The same as in Fig. 9 but for 5*°Ca.
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FIG. 11. Differential cross section and analyzing power of elastic 5*°Ca
scattering at 180 MeV for first-order microscopic OPs (Ref. 82). The
solid and dotted lines are respectively obtained for the relativistic (Dirac)
model and for the nonrelativistic model.

momenta characterizing a specific intermediate state. The
first-order optical potential determining the motion of the
antinucleon in nuclear matter is

Vop(k)= 2 (k,&(K),kp). (2.41)
In going from the case of nuclear matter to the description
of antinucleon scattering on nuclei we use the local-density
approximation, where the parameter kp is replaced by
kp(r)=[(37/2) p(N]*=1.371[p(r)/p(0)]'?,  where
p(r) is the target-nucleus density at the point . This ap-
proach can be generalized to the case of an arbitrary single-

particle model of the target nucleus.’®¥” We write the
Hamiltonian H of the antinucleon-nucleus system as

4
H=Hy+ Z Vpir (2.42)
where HO"Hnucl+K0 is the sum of the antinucleon kinetic
energy and the target-nucleus Hamiltonian Hnucl , and vg; is
the potential energy of the interaction of the antmucleon
with the rth nucleon of the nucleus. In this case the g
matrix satisfies the equation

£(0) =vy+V;vG(0)g (). (2.43)

The Green function G(w) is determined self-consistently
using the equation

G(0)=Gp(w) +Gp(w) VepG(w), (2.44)
where
Vop={(gs.|g(®)|gs.) (2.45)

is the first-order optical potential; |g.s.) is the appropri-
ately symmetrized wave function of the nuclear ground
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state. The Green function G corresponds to the Hamil-
tonian H,. The g matrix of the model can also be found
from the equation

g=1y+1GoTGeg, (2.46)
where
T=Vop+VopGoT. (2.47)

Here the ¢ matrix of NN scattering #, satisfies the
Lippmann—Schwinger equation neglecting
self-consistency:®’ z,= Vsn+ VsnGoto- Replacing the Green
function G in (2.43) by the propagator

K,q.k

Pop, w—e(p,)—e(p_)+ic’

£-0

we obtain the result corresponding to nuclear matter. Here
we have introduced the notation q=31i(p +—P_),
K= (P+ +p_ ) .

In the local-density approximation the first-order op-
tical potential is the convolution of the g matrix and the
target-nucleus density

VD (B) = [ {87 |r—r' [RE B py(r")

+&"(|r—r' |;kp(r);E) p,(r') }dr',
(2.49)

where we have introduced the individual densities p,()
and p,(r) for the protons and neutrons of the target nu-
cleus. Here we have written the OP in the local approxi-
mation, although in the general case the OP Vf,}l,) is a non-
local operator. The spatial dependence of the OP is
considerably different from that of the first-order OP in the
impulse approximation. However, the strong absorption of
antinucleons hinders their penetration into the central re-
gion of the nucleus, where this difference is more impor-
tant. Near the nuclear surface, where most of the antinu-
cleon interactions with the intranuclear nucleons occur,
the effect of the medium is small, owing to the low density
p in this region.

The version of the operator Q(K,q,kr) containing av-
eraging over angles is used for actual calculations:

0, |5 3 +¢I| <kp
| 2 +q| > kF!
and, in particular,
Q(K,q,kp) - Q(K’q’kF)
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[k
O) E+q<k17
K
= 1, ‘—2‘—q|>kp
L [(lg 2 —k%| otherwi
Lqu ( +q) otherwise.
(2.51)

We recall that the pV interaction is characterized by strong
anisotropy of the angular dependence of the pN scattering
amplitude. The effect of this anisotropy on the operator Q
will be discussed in the following subsection. The effects of
the nuclear medium in the antinucleon-nucleus interaction
do not reduce only to the effect of the Pauli principle, but
also involve the nucleon scatterer in the target nucleus. In
the independent-particle model it is necessary to use
ex(p) =# 2/2MN+ Up(p) in the calculations.

In the case of the scattering of low- and intermediate-
energy antiprotons, the effects of the nuclear medium are
very small, owing to the large contribution of annihilation
to the total cross section of the pN interaction. Comparison
of the results of the calculations using different forms of the
NN interaction and the experimental results does not at
present give us any reason to choose one particular version
of the NN potential.

In conclusion, we note that the effects of the medium
in the microscopic relativistic approach in the case of nu-
cleon scattering on nuclei are taken into account by the
introduction of an effective parameter (the effective mass
of the scattered nucleon) in Refs. 93-95.

2.6. The effect of the Pauli principle and anisotropy
of PN scattering on the characteristics of
antiproton interactions with nuclei

As was shown in the preceding section, replacement of
the ¢ matrix of free NN scattering by the g matrix allows us
to include corrections to the impulse approximation for the
first-order microscopic OP VY due to the effect of the
nuclear medium on the pJ interaction process in nuclear
matter. We recall that the use of ¥} in combination with
the eikonal approximation for solving the wave equation of
the optical model is equivalent to the optical limit of the
GST. The procedure described above of finding the g ma-
trix of the interaction of an antinucleon with an intranu-
clear nucleon involves a significant simplification in that
the anisotropy of p/V scattering is neglected (see the pre-
ceding subsection). Because of the importance of this fac-
tor, it is interesting to study its effect on the size of the
corrections to VY. Let us first estimate the size of the
corrections to the imaginary part Im ¥} = W, which in
the nonrelativistic approximation, and assuming isotropy
of the elementary pN scattering, has the form

Wi (1) =37 Tm My(0p) p(1) =3z 0,(p) p(r).

(2.52)
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Here 0,=0,+ 0,+ 0., is the total pN-interaction cross sec-
tion, p is the relative momentum of the colliding particles,
and p, is the incident-antiproton momentum in the
antiproton-nucleus c.m. frame. For simplicity here we
have set h=1; M is the nucleon mass.

Use of the standard Gaussian parametrization of the
amplitude My taking into account the anisotropy of the
scattering

Mzyn(p,.p1) =M(0;p)exp —g (pa—p1)? (2.53)

where p; is the antiproton momentum after collision, and
the procedure of Ref. 54 allowing the convolution of the
Gaussian function and the WS distribution to be approxi-
mated by a new WS distribution with effective parameters
R,s and a,; [see (2.14)], allows the form of (2.52) to be
preserved. There are two sources of corrections to (2.52).
First, corrections arise in the expression for the first-order
OP owing to modification of the pN-scattering amplitude
in the nuclear medium. Secondly, they arise from double,
triple, etc. rescatterings of the incident particle on the var-
ious nucleons of the nucleus (the contributions V%, ¥(®),
etc.). The simplest and most important contribution comes
from inclusion of the effect of the Pauli principle on the
cross section for pN scattering in the nuclear medium. The
effect of the Pauli principle on the p/N-annihilation cross
section is small, owing to the large energy release in this
process, and the charge-exchange cross section o, is small
compared with o, and o,. We shall restrict ourselves to
analysis of the corrections to W}, since the real part of
the microscopic OP for antiprotons is small. To obtain
estimates we use the model of a homogeneous ideal Fermi
gas together with the local-density approximation. We use
this model to calculate (o), the total cross section for
scattering of the incident particle on a nucleon of the nu-
cleus. This makes it possible to use (2.52) to estimate the
effect of the Pauli principle on the imaginary part of the
first-order OP. This program has been realized in Refs.
96-101 in the case of isotropic hadron-nucleon scattering.
Taking into account (2.53), we can write

3 4
(o5 ey fdPA f dp, | M;y(0,p) |?

X exp(—B(p,—p1)2)8[ (pi—p2)/2

+(P1—Pa)%/2—p4(P1—Pa) 1 (2.54)

where p, is the momentum of an intranuclear nucleon be-
fore collision and pf is the Fermi momentum.

In cases of practical interest Bp2> Bpgp,~ 1> Bp> the
integration in (2.54) can be performed analytically with
the result'®

4 3 PFr 2 2[ 3
(o =Au| 15 B ) —e 5 (xcoshx

(2.55)

—sinh x) +uk(‘z ) + (vi+£)Bp%
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We have introduced the notation x=28ppr, £=1/5 for
the incident antinucleon (if a nucleon scatters on intranu-
clear nucleons, £=1); the subscript &k distinguishes differ-
ent forms of the dependence | M (0,p) |2=0k(p)/41r:

Ag=Go/Brs 1o=0, Yo=—2/5, y(p)=00;
A4,=(26\/p)(1/BpY), m=1/5, 7,1=0, 0\(p)=5./p;
Ay=(4Gy/P2) (1/Bp2), wy=3/5, 1,=2/5,

o,(p) =0,/p%

The accuracy of the calculation is limited to quantities
~Bp§,~. However, in (2.55) we have kept also the next
smallest terms, because they ensure the correct passage to
the limit for 8- 0 in the isotropic-scattering expressions for
Pa> P

The special feature of Eq. (2.55) is the preservation of
the correction factor 1—%8p% even for extremely high en-
ergies, which also occurs for an arbitrary form of anisot-
ropy of pN scattering if B(p,) does not tend to zero. In fact,
it is possible to neglect the effect of the Pauli principle
when the average energy transferred in a collision (AE) is
large compared with the Fermi energy, which happens for
pi>p% in the case of isotropic scattering. In the case of
anisotropic scattering (2.53) its value is (AE) =1/28M,
where M is the nucleon mass, and it does not grow with
increasing incident-particle energy if at the same time the
scattering does not become more isotropic. It follows from
(2.52) and (2.55) that for values of the parameters 8 and
Paq corresponding to the scattering of antiprotons with en-
ergy in the range 50-200 MeV, the effect of the Pauli prin-
ciple on the cross section for pN-scattering in the nuclear
medium leads to a decrease of W) by a factor of
[1—(4/5)Bp}(0/0)] "

The presence of correlations between the intranuclear
nucleons leads in the case of isotropic scattering to the
following second-order term in the OP:

W(z)__

P(r)M(O,p)] f dgle(5)—1].
(2.56)

In the case of the ideal Fermi gas the integral of the cor-
relation function g(£&) —1 is equal to —37/5pg. The inclu-
sion of the anisotropy in antiproton scattering on nucleons
decreases Eq. (2.56) by a factor of (1+%8p%) (Ref. 103)
and the correction (2.56) leads to multiplication of W}
by 1+[o,(1—a?)pt/20m(1+3Bp%), where a=ReM(0)/
ImM(0) (Ref. 102).

The passage to a finite nucleus in the local-density ap-
proximation requires replacement of p% by
pH(r)=pHp(r)/p(0)]*>. When these two corrections are
combined, the imaginary part of the microscopic OP takes
the form

_ 1) Us Ut (1— 2)pF(r)
W— W}A BPF( )U 2011_ 1+SBP (r)

(2.57)
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At the center of the nucleus pp=1.371 F~! and #8p%~2
for Ep=47 MeV, so that Eq. (2.57) is, strictly speaking,
inapplicable. It can only be stated that W is decreased
significantly compared with W4Y. In the case of strong
absorption, which occurs in the scattering of low- and
intermediate-energy antiprotons on nuclei, for calculating
the amplitude of antiproton—nucleus scattering in the eiko-
nal approximation it is sufficient to know the profile func-
tion only in the peripheral region of the nucleus,’"*? where
p(b,,)/p(0) $0.1. The characteristic impact parameter b,,
is expressed in terms of the parameters of the nuclear den-
sity distribution in the WS form R, and 4,/ and the total
cross section of the free pNV interaction (see Sec. 2.2). For
large r~b,, the two corrections to the OP in the impulse
approximation (2.52) are small ( ~0.10-0.15) and almost
completely  cancel each  other out, since
o,~0,(1+a?)/16mB and a®<1. In spite of the crudeness of
the approximations used in deriving (2.55)-(2.57), it is
still interesting to estimate the contribution of the single
term W{V[—(4/5)1Bp%(r)(0/0,) to the antiproton—
nucleus scattering amplitude. For this we use the technique
of expanding in powers of the small parameters a,;/b,, and
[p(0)o,\Tbma, ™" (Refs. 51 and 52; see Sec. 2.2 above).
The approximate expression for the relative correction to
the imaginary part of the eikonal forward scattering am-
plitude arising from modification of the elementary pN
scattering in the nuclear medium owing to the Pauli prin-
ciple has the form

Im AF(0)
Im F(0)

ef O 0.88 4

by 01 [p(0)0, T maes 12/35’3 o
(2.58)

An analogous expression for the relative correction to the
real part of the forward scattering amplitude is obtained
from (2.58) by replacing the factor —2(a,z/b,,) by 5/3. In
the case of p p*°Ca scattering at Ez=47 and 180 MeV we
obtain the small corrections Im AF (0)/Im F(0) =—0.03
and Re AF(0)/ReF(0)=0.17. They are independent of
energy because at the same time as the slope parameter of
the pN amplitude increases from 0.87 to 1.4 F* in going
from 180 down to 47 MeV in the low-energy region, the
total cross section of the elementary pN interaction in-
creases from 138 to 220 mb.

Taking into account the observation about the partial
cancellation of the two corrections, it can be concluded
that the impulse approximation for the imaginary part of
the OP is fairly accurate for antiprotons with kinetic en-
ergy 50-20 MeV. Our analysis shows that the large value
of the total cross section for the elementary pN interaction,
the dominant contribution of the annihilation channel
(0/0,~1/3), and the small ratio
|Re M55 (0)/Im M;(0) | favor the use of the GST at low
antiproton energies.
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3. MULTIPLE SCATTERING IN ANTINUCLEON
ANNIHILATION ON NUCLEI

3.1. Annihilation and quasifree antinucleon scattering

Let us begin our analysis of the role of multiple scat-
tering in the process of antinucleon annihilation on nuclei
with the calculation of the contribution of those scattering
events which precede annihilation as such.’>** We use the
familiar expression for the reaction cross section:'*

2
ox= =g (U | Im Vo[ 91). 3.1
Here vy is the relative velocity of the incident particle and
the target nucleus, V,, is the optical potential, and
¢(+)(r) is the wave function of the incident particle with
wave vector k (in the particle-nucleus c.m. frame, the PT

frame) satisfying the wave equation

{V2+ K2 [1— Uy (r) 139 (r) =0.

The dimensionless OP U,p(r) is defined above [see (2.9)].
Only the central nuclear potential is taken into account.
The spin—orbit interaction has a weak effect on the value of
the antiproton annihilation cross section, and the Coulomb
interaction V. can be taken into account by including the
factor (14 VC(R))/(E[;+EA); Vc(R) is the value of the
Coulomb potential at the surface of the nucleus, and
E;+E, is the sum of the kinetic energies of the incident
particle and the nucleus in the PT frame. The Coulomb
factor obviously does not enter into the ratio of the partial
annihilation cross sections.

The reaction cross section is the sum of terms corre-
sponding to annihilation o, and inelastic scattering of an-
tiprotons followed by their emission from inside the nu-
cleus o;,. We shall ignore the relatively small cross section
for charge exchange p—7 and possible pion production.
Antiproton annihilation can occur not only in the entrance
channel, but also after one or several inelastic collisions
resulting in excitation of the target nucleus. Using the stan-
dard projection-operator technique, we write down the fol-
lowing expression for the annihilation cross section:

2
7 Im(¥ ) (Py+P) |V 17 0) (Po - PHWH).
Vo

g,=— P
(3.2)
Here we have used the notation
Vo0 (Py+ PYHQ —————— QH(Po+P)).
( 31_.01 QE ofioT Q o+ P
(3.3)

The wave function ¥‘*) of the multiparticle problem of
the interaction of the incident antiproton with the nucleus
satisfies the wave equation

(E—H)Y ) =0,

The projection operators Py, P;, and Q project the wave
function ¥*) onto different regions of Hilbert space: P,
projects onto the region corresponding to motion of the
antiproton in the field of the nucleus in the ground state
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®y(R,R;,...R,), and P, projects onto the region of states
describing the motion of an antiproton which has under-
gone one or several inelastic collisions with excitation of
the nucleus into the state ®,(Ry,...Ry); Ry,..R, are the
coordinates of the nucleons in the target nucleus. The op-
erator Q projects ¥*’ onto the Hilbert space of states
which do not contain the antiproton, and the nucleus with
mass number 4 —1 is in an excited state.

The isolation of antiprotons from the entrance channel
is described by the OP

V”O*”l*Q PH(P,+Q) -
OHn—-lo < E—(Q+P)H(P+Q)+in
X (P,+Q)HP,,

which, assuming that the propagator
[E—(Q+P)H(P,+Q)+in]~ ' is diagonal in P,¥‘*) and
Q¥ can be written as two terms (see Appendix 1):

(3.4)

ﬁQE QHQ+

corresponding to antiproton annihilation as a result of the
first collision, and

yho-Cs QHPO, (3.5)

1 R
vio-P~ p P, ———— P AP,

(3.6)
n-0 E— PIHP1+I’T]

describing the processes following the first inelastic scat-
tering of the antiproton. This approximate splitting of the
oP corresponds to the reaction content of the first-order
OP: Im V) ~Imtgy=Im &V +Im ¥, where Im
tN . o'N Nis the antiproton—nucleon annihilation cross sec-
tion and Im tfx corresponds to the cross section for elastic
scattering of the antinucleon on a nucleon of the nucleus,
oV, In this approximation the cross section for annihila-
tion as a result of the first interaction of the antiproton
with the nucleus takes the form

2 ~ 1 x
(1) __ (+)
oV=——1Im ( ¥'*)P,| PLH) ————— QHP,
ﬁvon—‘0< °‘ o ol m O
xPow<+>>, (3.7)

and the cross section for processes occurring after the first
inelastic scattering is

(1 2 : ! )
0,,’=——1Im \II(+)P0 P HP, ————  P|HP,
vy n-0 —PHP +in
P > (3.8)

The solution of the wave equation of the optical model
with coupled channels, when the states Q| w(+)y are not
treated explicitly, can be written in the eikonal approxima-
tion. In this approximation the sum of the cross sections
for all annihilation processes is 0, ~ [ d?b[1 — e~ %a(®)],
where e~ #(?) is the probability of avoiding annihilation in
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motion with impact parameter b; (pa(b)~oNN Accord-
ingly, the inelastic scattering cross section is a,,,
~ [ d%be=%a)1 e ?in®)],  where @;,(b)~
-—oﬂ N aN N_ 1t is easily verified that in the EA the total
reaction cross section is o = 0, + 0, ~ [ d*p(1

— e~ %a(®)—@in(®)] Here the cross section for annihilation as
a result of the first collision is

oﬂN

¢(1113)A aNN NUREA’ (3.9)

and the cross section for processes following after the first
inelastic scattering event is
GNN
1
olga= Ny NUREA (3.10)
(1) (1)

Obviously, 0gga = 0i,ga + 0gka- Equations (3.9) and
(3.10) are also satisfied outside the EA: it is necessary that
Im ¥, and Im V,, have the same spatial dependence. The
cross section o) contains the contribution of those anni-
hilation processes which occurred after the first, second,

etc. inelastic scattering event. Here
AN
— 1) _ a
Aaa—aaEA—UaEA—UaEA_;NNm_ OREA-
!

a e

(3.11)

The simple expressions given above are valid when o'V
and oY" depend weakly on the energy.

In order to separate explicitly the cross section for
annihilation immediately after the first inelastic scattering
event, it is necessary to find the wave function Py |¥‘*))
from the subspace P;|W ™)) describing the motion of the
antiproton after the first inelastic scattering event in the
field of the excited target nucleus. Taking into account only
the direct coupling between the states Py w(+)y and
P, |¥{P)), by the usual procedure we obtain

—1

2 [ v 22 23 E in E{33 31
X 21 23 E ”7 H33 31] 1

1 -1
z[E-HTI—sz—stE_'_i—n_ﬁ;Hsz} Hy,.
(3.12)
Here to condense the notation we have used
PolW )=y, QW) =y,
PHP,=H,,, PHP,=

P11|W(+)>=¢2,
Q}AIP0=H317 etc.

The cross sections for annihilation as a result of the
first interaction of the antiproton with the nucleus o'V and
after a single inelastic scattering event o'? can be written
as (see Appendix 1)

H21’

o= m o |H Hy——H
a #ivg 1 13E+i71—H33 31

W) (.13)

and
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o 2 1
9, =—E1m 17) H23mH32

¢2>-
(3.14)

In Eq. (3.14) there is understood to be a summation over
the excited states of the nucleus f. In the case of the nuclear
model of independent particles this operation reduces to
summation over excited states of the type 1plh (one
particle-one hole). If the values of af,”, as shown above,
can be obtained by the standard optical-model calculation,
then calculations using (3.14) require additional simplifi-
cations. Let us write down ¥, (3.12) in the coordinate
representation, after explicitly separating out the index f

labeling the excited state of the nucleus:

Py p(r)= f dr'dr”dR,...dR,G (rr' ) D% (Ry,....Ry)

A
X -21 N (' 1" {R;}) @o(Ry,. R ) ¢y (r").
j:

(3.15)

Here G(zf ) (ryr ) [in the coordinate representation sz
=[E+ m —V; 2/1] is the propagator of the antlpro-
ton in the field of the nucleus in the excited state £, and ¥,
is the solution of the optical-model wave equation for the
entrance channel with the contribution of inelastic scatter-
ing excluded from the OP. In addition, " (r,r',{R}}) is
the ¢ matrix for antiproton scattering on a nucleon bound
in the target nucleus. In the following calculations we shall
take ¥ (r,r',{R ;}) to be the ¢ matrix for antiproton scat-
tering on a free nucleon (the impulse approximation). In
obtaining (3.15) we used the relation (see Appendix 1)

A -
Jdr’ _El oYV (e {R Do (Ry,..R )ty (r)
j=

4
- f dr’ 2 V¥ (13 {R 3D (Ry,.. R ) ('),
where_ oW (r,r '{R }) is the potential generating the ¢ ma-

trix £V (r,r'{R; }) We use the local forms of v and ¢,
where

4 Sy~
Hy(r)= '21 YNy (r).
j=

(3.16)
We write (3.15) in terms of the transition density
PO = Z | aro,ar 3R, R
X8(r—R;)®y(Ry,...R,), (3.17)
and
as(e) =A [ de'de" G (e )P )
X (r') ppo(r"). (3.18)

The Green function G(Zf ) (r;r”) is calculated at the energy
of the singly scattered antlproton, and 'Y and 9, are cal-
culated at the energy of the incident p. We substitute
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TABLE III. Values of the parameter R, F.

Energy,. 50 100 200 300 500 1000 2000
MeV
Nucleus
20Ne 0,497 0,602 0,72 0,781 0,843 0,897 0,936
0,385 | (0,470) | 0,557 | (0,601 | 0,665 | 0,732) | 0,787
S4cu 0,696 0,849 1,026 1,121 1,219 1,314 1,387
0,525 | ©0,641) | 0,763) | (0,835 | 0,921) | (1,030) | (1,125)
me 1,009 1,232 1,496 1,641 1,794 1,947 2,071
©0,746) | 09100 | (1,085 | «1,189) | (1,318) | (1,485 | (1,639)

The values of R given in parentheses were obtained using (3.27), where g, and

ImU,(1)(0) are replaced by ox and ImU,(,L)m( 0), respectively.

(3.18) into (3.14) and sum over fin the convolution ap-
proximation, where all excited states of the nucleus are
assumed to be equivalent to a single degenerate state with
excitation energy (Ac). Assuming that the target nucleus
is of large extent, so that G(pf)(r r') ~ G(zf)(r r’') and
[ dre™Im U‘”(r) ~ (21r)3ImU(2)(0)8(q), and using
(A27), we obtam

k ds d_}q
o=l im VP04 [ G 801 [ 7y

J G

We have introduced the notation

N (q) ™™ (q") &1 (s—q")§H(a’ —s).

(3.19)

F1(s)= fJ,(r)e“dr; ™ (q) = fﬂ”(r)ewdr
and

g2 (s)= J G (r)e™dr.

Here k; and k, are the wave vectors of the incident and
singly scattered antiprotons {k,=k,(E;—(A¢))}, and
USY(0) is the value of the annihilation component of the
OP at the center of the nucleus at energy E;— (Ae).

The expression (3.19) that we have obtained is still too
complicated for calculations. We shall therefore simplify it
by means of the commonly used distorted-wave approxi-
mation for ¢; (Refs. 105-109):

1 (r) =ekire— iR/ UV ©) (3.20)
Here U, ,(,” (0) is the value of the annihilation component of
the dimensionless OP at the center of the nucleus at the
energy of the incident antiproton, and R is the depth to
which the incident wave penetrates inside the nucleus—an
effective parameter subject to definition. Equation (3.19)
simplifies considerably in the approximation (3.20):

k
o= 3 by Im U (0)4eR¥Im 02"
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f (277.)3 |gop)(s)| |TNN(k1+S)|2 (3.21)

The structure of this expression obviously differs from the
result of the classical calculation:

dof¥k) . -
f_:Iﬂ_l_deGcl("”%(r)lzdr,

where @c,(r) is the Green function of the classical trans-
port equation. In the spirit of the approximation (3.20) we
write

1
(2) N __ . ’ ’
G (r—r )—I r—r] exp(iky|r—r'| —y5|r—1']),

(3.22)

2=k Im UP(0) | /2 (3.23)
and

8:(5)= (L —K+7v3—2ikyy,) ~! (3.24)

and use the standard parametrization of the dependence of
AN (g) on the momentum transfer ¢,

N(g) =BT, (3.25)

and after integrating over angles d(}; we obtain the final
expression for 02 (k,):

Im U?(0) ek
(g )= 2 a kRIm UD©0) 1, (2
o, (ky)= klszWe‘ | 7ol 26k,
fw qdqe_qu[equl_e_zﬁqkl] 3 26
0o (PR 43R .

The values of the parameters on o';',v , B, and
a= ReMNN(O)/Im M"Y (0) used in the actual calcula-
tions were taken from Refs. 1, 23, 76, 50, and 110. The free
parameter R is determined from the condition that o, cal-
culated using the approximation (3.20) for ¥, coincides
with the annihilation cross section calculated in the EA
without use of (3.20):

= ! n— k) (3.27)
|kyIm UP(0) || |k Im O (0) | | '
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TABLE IV. Values of the slope parameter of the NN-scattering amplitude 8 and (Ae) =#/2MB.

Energy, 50 100 200 300 500 1000 2000

MeV

B, F? 1,343 1,003 0,757 0,655 0,571 0,512 0,478
(Ae)MeV| 15,45 20,69 27,40 31,68 36,34 40,53 43,41

The quantity U f,”(O) when the WS form is used is related

to the value of the annihilation OP at the center of the
nucleus U,(,l)(O) as

47R3 ma,\? 1

Fr(1) _ () ef ef
TP =UP(0) — [1+(Ref) l TreFarr
(3.28)

The effective parameters R, and g, are defined above [see
(2.14)]. The values of the parameter R are given in Table
II1.

The average energy transferred in a quasifree collision
of the incident antiproton with an intranuclear nucleon is
the following for the Gaussian parametrization of the NN
scattering amplitude that we are using:

AN
2My  2MpB°

Since the first inelastic collision of the antiproton with the
nucleus is peripheral in nature, in accordance with the
discussion in Sec. 2.6 we have neglected the effect of the
Pauli principle on the value of the energy transferred from
the antinucleon to the nucleus. The values of (A¢) at dif-
ferent antiproton energies Ej are given in Table IV. In the
range of E; under consideration, when calculating (A¢) it
is very important to include the anisotropy of NN scatter-
ing. We recall that when NN scattering is isotropic in the
c.m. frame we have (Ae) ~E3/2 in the nonrelativistic ap-

(3.29)

G, ub
800}
600}
{
2
400}
3
200}
~__ .
5
D e e e S v 3
0 200 400 600 800 1000

FIG. 12. Energy dependence of the reaction cross section o (curve 1)
and the annihilation cross sections o, (curve 2), ai" (curve 3), Ao,
(curve 4), and 0(? (curve 5) for antiproton interactions with ?’Ne. The
dashed line is a,(,m calculated using Eq. (3.26), where the values of the
parameter ¥, are determined by the complete OP U(%,
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proximation. The inclusion of relativistic corrections in the
calculation of (Ae) for energies up to 1.0 GeV has little
effect on the results.

The results of the calculations of a“), (2) , 0,4, and op
for antiproton interactions with 20N, 64Cu, and 2%%Pb nu-
clei are shown in Figs. 12-14. There we also give the curves
for Ag,=a,—a'", the cross section for annihilation com-
ing from all excited states of the target nucleus. The energy
dependence of the cross sections o, 0,, a,(,”, and Ag,
calculated using the EA expressions on the whole mimic
the energy behavior of the cross sections oY and o2V for
antinucleon-nucleon collisions. Meanwhile, o (2) , which re-
mains practically constant in the range 0. 3—1 0 GeV, de-
creases slowly for E;>1.0 GeV and rapidly for E;<0.3
GeV: 0P /0( ~0. 25-0.3 for E;=0.3-1.0 GeV for all nu-
clei and reaches 0.05 for E;=0. 05 GeV. The cross section

o? is very sensitive to the “alues of the slope parameter B
of the NN amplitude. The energy dependence of o'’ arises
mainly from the form of B(Ej5). The cross section 0‘(12) is
the inclusive annihilation cross section for all antiprotons
which have undergone at least one inelastic collision. We
define the exclusive annihilation cross section o{?! for an-
tiprotons which have undergone one (and only one!) in-
elastic collision using the expression for 0{*, in which y, is
proportional to the imaginary part of the total OP, and not
only to the annihilation component. The energy depen-
dence of 0{*" mimics that of 0{? and for the ®Ne, **Cu,
and 2°*Pb nuclei is ~0.50¢? in the energy range in ques-
tion. The total inclusive annihilation cross section o, is the
sum of all the exclusive cross sections
0,=0 ¥ +0?V 1+ 0¥ 1 ... In Table V we give the results
of calculations of Aaa/a(” and 05,2)/ a,(,” for p_zoNe, ﬁ“Cu,

6, Kb

1500
fo00}- 1
k 2
3

m-
— 4
— — 5
0 20 40 60 800 1000

E.
P »
FIG. 13. The same as in Fig. 12 for pCu.
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FIG. 14. The same as in Fig. 12 for 5?*Pb.

and 5°®Pb interactions, and £, the ratio of the number of
antiproton annihilation events inside the nucleus to the
number at the nuclear surface for 5°°Ne interactions and
antiproton interactions with Ag and Br nuclei in
emulsion.’! We see that Ao,/o'" and 0{?/0{! are the
same quantity, calculated using directly opposed models of
the interaction between antiprotons and intranuclear
nucleons* and that they are the upper and lower limits of
&. The use in the calculation of o' of the values of the
parameter R found from the reaction cross sections (the
values of R in parentheses in Table III) makes the exper-
imentally determined values of o{?/0{" and & somewhat
closer (by 2040% ). We note that the values of £ found as
the ratio 0$¥/0{" must be smaller than those obtained
experimentally, because the latter include the small contri-
bution from antiproton annihilations inside the nucleus,
without any previous inelastic collisions. Therefore, the re-
sults for the cross sections ', o{!’, and Ag, turn out to be
close to the estimates obtained from analysis of the exper-

1

0 6 2 ® 2 Y

FIG. 15. The A4 dependence of the cross sections 0‘(12) (a) and 0,(,” (b).
Curves /-3 respectively correspond to the incident-antiproton kinetic en-
ergy equal to 100, 200, and 1000 MeV.

imental data,®! in spite of the approximate nature of the
calculation and the uncertainty in the analysis carried out
in Ref. 31.

The A dependence of the cross sections o'’ and 0'? is
shown by the curves in Fig. 15. The values of o{!’ are best
described by a linear dependence on 4%, while 0‘(12) ~A,
which corresponds to the predominantly surface nature of
the interaction in the first case and the volume nature of
the interaction in the second.

3.2. Dynamics of particles produced in antinucleon
annihilation in a nucleus

Here we shall consider the final-state interaction, i.e.,
the interaction of the particles produced as a result of an-

TABLE V. Calculated values of Ag,/05" and 0¢?’/0%" and experimental values of the ratio & (the
ratio of the number of annihilations inside the nucleus and the number of annihilations at the

surface) (Ref. 31).*

Antiproton momentum, 200 300 400 490 600 1400
MeV/c
Antiproton energy,: 20 50 80 120 180 800
MeV
Ne 0,34 0.33 0,33 0,36 0,38
A foM) Cu 0,38 0,39 0,40 0,41 0,44
‘ Pb 0,43 0,45 0,46 0,50 0,52
Ne 0.05 0,07 0,11 0,15 0,25
0,0 | 0,09 | ©14 | 0,20 (0,30)
/") Cu 0,06 0,09 0,12 0,16 0,26
¢ ©,100 | 014 | 018 | 0,240 | 0,36
Pb 0,07 0,10 0,14 0,18 0,27
0,14 | ©0.18 | 0,29 (0,32) (0,43)
Ene 0,15 0,25
Eng/Be 0,33 0,35 0,37 0,39 0,59

The values of 042/ o obtained for the (R) in Table I are given in parentheses.
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nihilation of an antinucleon in the nucleus. Whereas in the
preceding subsection we dealt with integrated, inclusive
characteristics of the annihilation process, now we must
discuss this problem in more detail. The most informative
computational technique (informative in the sense that it
deals most broadly with the various characteristics of this
process) is the intranuclear-cascade (INC) method (Refs.
111-117), in spite of a number of restrictions which sig-
nificantly narrow its range of applicability. Using this ap-
proach, it is possible to obtain the energy and angular dis-
tributions of 7, 7, and ® mesons produced in the
annihilation of antinucleons in the nucleus,''® and of the
secondary particles (nucleons, d, 3He, “He, and so on)
which leave the volume of the target nucleus during the
development of the INC. In particular, 77 and » mesons
produced in the annihilation process can be absorbed in the
nuclear volume. The contribution of the high-energy nu-
cleons emitted by the nucleus as a result of this event can,
in principle, be isolated from the energy and angular dis-
tributions of the secondary particles. Therefore, the process
of antinucleon annihilation in a nucleus is a source of in-
formation on the correlations of nucleons at short distances
(~0.2-0.3 F) located near the nuclear surface. The INC
method makes it possible not only to obtain information on
such simple characteristics of the annihilation process as
the distribution of annihilation events throughout the vol-
ume of the nucleus, but also to calculate the probabilities of
exotic processes like those studied in Ref. 119, or processes
in which antinucleons undergo annihilation on several nu-
cleons of the target nucleus (Refs. 25, 120, and 121). How-
ever, the essentially classical INC method is limited in a
number of applications.

It is possible to obtain a more detailed microscopic
description using quantum-mechanical methods. Since the
main products of the NN annihilation process are pions,
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the question of the final-state interaction reduces to the
question of pion interactions with the nucleons of the re-
sidual nucleus. Compared with the well studied problem of
pion scattering by nuclei, we now have the problem of pion
sources filling the volume of the nucleus in accordance
with the probability distribution for antinucleon annihila-
tion. Therefore, along with the pole diagram (Fig. 16a) we
must include both the diagram describing the rescattering
of the created mesons (Fig. 16b) and the diagram includ-
ing the absorption of these mesons (Fig. 16c; Refs. 122—
124). The possibility of isolating the contribution of dia-
grams 16b and 16¢ by analyzing the energy spectra of the
spectator protons in antiproton annihilation on the deu-
teron has been discussed in Refs. 123 and 124.

As a rule, in calculations some version of the AA
(isobar-hole) model is used to describe the passage of pi-
ons through nuclear matter. The application of the results
of such calculations to specific nuclei involves the local-
density approximation. The end products of such calcula-
tions are the angular and energy distributions of the pions
and nucleons leaving the nucleus, which can have inter-
acted previously with other nucleons of the nucleus (Refs.
125-127). In particular, it has been shown in these studies
that, owing to the mechanism of quasifree collisions of
annihilation pions with intranuclear nucleons, a significant
fraction of the energy released in NN annihilation is trans-
ferred to the latter.

Analysis of the dynamics of annihilation pions makes
it possible to interpret pion rescattering processes as a con-
stituent part of the actual antinucleon annihilation event
occuring with the participation of several nucleons, i.e., to
describe the annihilation event in terms of exchange cur-
rents in the nucleus. Diagrams illustrating this point of
view are shown in Fig. 17. In Fig. 18 we show the diagrams
describing the complex process of antinucleon annihilation
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FIG. 17. Diagrams for pN annihilation: (a) the standard process
PN — nm; (b) the two-nucleon mechanism with a single off-shell pion; (c)
the three-nucleon mechanism with two off-shell pions.

on two intranuclear nucleons in the language of quark dy-
namics. Since annihilation processes mainly occur on the
nuclear surface, the contributions of nuclear configurations
with multiple particle-hole excitations decrease with in-
creasing number of excited quasiparticles. As was shown in
the preceding subsection, a significant fraction of annihila-
tion processes occurring inside the nucleus can be inter-
preted in terms of preliminary rescattering of the antinu-
cleon (initial-state interaction) without resorting to the
more complex mechanisms discussed in this subsection.
The proving ground for studying such nonstandard mech-
anisms must be reactions in which the multiparticle mech-
anism dominates: pd —wd, pA—m(A4A—1), mesonless Pon-
tecorvo reactions p°He—np, pt—nn, and reactions with
strange-particle production. The multiparticle annihilation
mechanism can be used to explain the discrepancies in the
experimental spectra of protons emitted from the nucleus

q—=

=

FIG. 18. Quark diagram of antiproton annihilation on two nucleons.
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and the spectra calculated in models with a single-particle
annihilation mechanism.

In recent years the effect of the nuclear medium on the
nature of an individual interaction of an incident hadron A
with an intranuclear nucleon has been analyzed at a level
more detailed (more “microscopic”) than in the method of
the Bruckner—-Goldstone g matrix for the AN interaction.
The effect of the nuclear medium on meson exchange cur-
rents has been described using effective meson and nucleon
masses inside the nucleus (Refs. 128-131). Such a renor-
malization of the meson masses in a nuclear medium mod-
ifies the meson dispersion law and deforms the region of
phase space accessible in the reaction. This can, in partic-
ular, lead to several observable effects in antinucleon anni-
hilation on nuclei.'*? The effect of the nuclear medium on
annihilation in nuclear matter is, however, small because of
the large energy release in this process, and also because
the annihilation of incident antinucleons occurs mainly at
the periphery of the nucleus where the nuclear density is
low. In some cases it is important to include the interaction
between the mesons created in the NN annihilation
process,'*® and the effect of the nuclear medium on this
interaction.'**

4. CONCLUSION

In this review we have discussed the effects of the mul-
tiple scattering of intermediate-energy antinucleons when
they interact with nuclei. Among the questions touched
upon are the analysis of the manifestations of these effects
in the most probable interaction processes: in elastic scat-
tering and annihilation. The angular distributions of elas-
tically scattered antinucleons can be described phenome-
nologically using some model of strong absorption. At
intermediate and low incident-antinucleon energies the
depth to which these particles penetrate into the nucleus is
~1F, and the characteristics of the antinucleon-nucleus
interaction are mainly determined by the collisions be-
tween antinucleons and nucleons in the peripheral region
of the target nucleus. This tends to weaken the effects of
the nuclear medium in interactions of antinucleons with
nucleons bound inside the nucleus, and the theoretical
methods which have been widely used to describe nucleon
interactions with nuclei at considerably higher energies
(R 1 GeV) have turned out to be very effective. The most
important such method is the GlauberSitenko theory.

It follows from this analysis of antiproton annihilation
on nuclei during the early stages of their interaction with
intranuclear nucleons that most of the annihilation cross
section o, (22/3) comes from o{", the cross section for
antinucleon annihilation in the entrance channel, and an-
nihilation occurs mainly on the surface of the target nu-
cleus. The rest of the cross section o, is mainly related to
those annihilation processes occurring after the antinu-
cleon, having undergone a quasifree collision with a nu-
cleon at the nuclear surface, penetrates into the region of
denser nuclear matter in the central part of the target nu-
cleus.

The problems discussed here have not been treated in
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equal detail, owing to lack of space and the scientific in-
terests of the authors.

APPENDIX 1

The total annihilation cross section is determined by
the flux of annihilation products, i.e., the flux related to
transitions of states from the Py+ P; subspace to a state in
the Q subspace. The projection of |¥(*’) onto the Py+ P,
subspace satisfies the equation

[E— (Py+P))H(Py+Py) + (P°+P1)HE_——QHQT1'7)
X QH(Py+Py)]}(Py+Pp) | ¥(H)) =0, (A1)

n— +0; E is the total energy of the antinucleon-nucleus
system. We write

H=(Py+P,+Q)H(Py+P,+Q)
= (Po+P)H(Po+P,) +QHQ+ (Po+ P HQ
+QH(Py+P))

=H,+H,, (A2)
Where Hl—(P0+P1)H(P0+P1)+QHQ and

HZ—QH (Py+Pp)+ (P0+P1)HQ describes antinucleon
creation and annihilation.
Let us split H; into components:

£ L s
H\=H|+HY;

=PyHP,+ PHP, + QHQ, (A3)
H} =P,HP,+ P, HP, (A4)

describes antinucleon inelastic scattering (without going to
states of the Q subspace).

Summing the squared moduli of the matrix elements of
transitions from states a (Py+ P; subspace) to any state b
(Q subspace)

(b|T|ay={x;"’ | QH(Po+P)) | (Po+P))¥{T)

over b, we obtain

iy (xb ‘QH(P0+P1)

Ja= ‘ﬁllo
X (Pot+ POV \28(E,—Ey)
2
= —— Im(¥P) (Py+P,) | VO 17Q| (Py+ P W),
fivg op
(AS)
Here y§~’ are states from the Q subspace, and
(E,—QHQ) |x§*) =0, (A6)
Vet~ = (P+ P AQ — QH(Py+Py)

E—QHQ+in
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. 1 R
~P,HQ —————— QHP,

E—QHQ+in
P.HQ ———— QHP,. A7
+Py QE—QHQ+1'77Q ! (A7)

We have discarded the terms

A

PR o 2

and

n 1 A
PO F—gfigin 91

This step corresponds to the so-called random-phase ap-
proximation, when the smallness of the discarded terms
compared with those included is ensured by the mutual
cancellation of the contributions of various channels.'> In
this approximation

o,=~0 V40l =0d' +Ag,, (A8)
where
o= - Im < V() py| PBLHQ —————— QHP,
¢ #iv, E—QHQ+in
xPow(+’> (A9)
and
2 A A
0‘(,“’)=-—Im \l’(+)P1 PIHQ—A—QHPI
#v, E—QHQ+in
X Pyy(+) > . (A10)

In the description of the target nucleus we restrict our-
selves to the independent-particle model. We write
P =27 ,P,,, where the operator P, projects onto the sub-
space of nuclear excited states with n particles and » holes.
Replacing P, by P;; in (A10), we obtain the expression for
the cross section for annihilation after a single inelastic
collision:

o2 m < v(Hp, PanQ—}——— QAP
¢ #ivy E—QHQ+in
xp,1w<+>>. (A11)

We isolate the effective potential in (A1l):

(Po+Py) Voy(Py+Py) = (Po+Py) 2 5i+HQ
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A

X A QH P +P s
E QJiQ ”] ( ° 1)

where vj; is the potential energy of the interaction between
the antiproton and the jth nucleon of the nucleus.

The Lippmann-Schwinger equation can be obtained
for the ¢ matrix describing the elastic scattering of an an-
tiproton on the nucleus:

PyTPy=PyUPy+ PyUPyGoPy TPy, (A13)
where the generalized optical potential is

U=V s+ VPGPV, (A14)

G~ '=Gy'—PV, P, (A15)

Gy'=E—Hy—H;+in. (A16)

Here Hy and Hj are the Hamiltonians of the target nucleus
and a freely moving antiproton.

Substituting V. from (A12) into (Al4), we obtain
the following approximate expression for U:

A
U~l A ghg QH]+ %

j=1 j= j'=
A 1 A
+HQ .
E—QAQ+m
- in+Ua! (A17)
where
4 A 4
Uin= 2 vﬁj'PlGPl - E Uﬁjl"‘ 2 vﬁj,
j=1 j=1 j=
A A
~ Zl {Uij—}-vij .PIGPI * UP_J}Z 21 tﬁj (AIS)
J= Jj=

is the term in the generalized optical potential describing
antiproton inelastic scattering and

. 1 .
U=HQ————— QA
E—QHQ+in

is the contribution to the optical potential from antiproton
annihilation processes. Here ;5 is the # matrix for antipro-
ton scattering on the jth nucleon of the nucleus.

In obtaining (A17) we neglected the contributions to
PyUP, from virtual transitions Py—Q—-P;—PF,, and in
(A18) we restricted ourselves to the incoherent approxi-
mation j=j’ and used the fact that

(A19)
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Obviously, ¥;, the solution of the wave equation with the
optical potential P,UP,, satisfies the equation

v =151, (A21)

where 9, is the solution of the wave equation with the
optical potential PyUP,.

APPENDIX 2

The intermediate stage of calculation of o{?) in the
convolution approximation involves calculation of the sum
3 fpj"ﬁ,.(r’ )pri(r) over excited states f of the nucleus, where

1 A
pf,(l')=z Zl dRI...d‘RA(D?(RI,...RA)
j=

XS(r—Rj)CI),-(RI,...RA) (A22)

is the transition density of the nucleus.
Using the completeness property of the set of functions
Dy, we obtain

1
2 pr) s =" dex-..dRA 2 ®¥(Ry,..Ry)
f i’

X8(r/—le)(s(r—Rj)¢i(R1,...RA).
(A23)

Taking into account only terms with j'=j (the incoherent
approximation), we simplify (A23):

1
2 3 prir) = 8r—r') p(r). (A24)
f
Here
1
p(l') —_—'Z Jde"'dRA¢r(RI""RA)
A
X Y 8(r—R,)®,(Ry,..R,) (A25)

j=1
is the nuclear density in the ground state, [ p(r)dr=1.
The cross section Uéz) contains = fl P p(r) | 2 where the

function ¥, (r) is determined by Eq. (3.18), i.e.,

dq dd¢ - =
; |$2(r) |> =47 an? WTNN(Q)TNN*(QI)

X f drl...fdrIVGg§>
X (r|rI)G((,f,)*(r|rm)
P | 11
X z pfi(rlll)p?i(rIV)e—zq(r —r)
f

Xeiql(rIII_rIV)J”(rI)Jﬁ(rIII). (A26)
We substitute (A25) into (A26). Setting in the integral

fp(r)ei‘“‘“"'dr, q=q’,
ie.,
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we obtain

; |¥20(r) |2=4 fdrl f dr"G((,;‘;)(r|rI)G((,12))*(r|rn)

dq dql NN NN* 1
X e | @n? ™M (@)™ (q")
x e—iqueiqerJ”(rI)Jﬁ (r'"), (A27)
where
™¥(q) = fdrei"'tNN(r)- (A28)
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