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1 . INTRODUCTION 

A feasible method of studying the interaction of antimatter 
with matter consists in the investigation of nuclear reactions 
occurring when slow antiprotons collide with atomic nuclei. 
The most revealing reactions may turn out to be the annihila­
tions in a nucleus of antiprotons at rest, since in this case 
the reaction energy (1877 MeV) is known exactly, as is the sce­
nario of antiproton capture, absorption and annihilation pro­
cesses, occurring in ~ substance, it being based on available. 
experimental data on pN-collisions 111 and on various theoreti­
cal calculations within the framework of cascade models that 
describe quite well the main characteristics of P-nucleus in­
teractions121. 

The most prominent feature of such processes is annihila­
tion of the antiproton, mainly at the periphery of the nucleus, 
which proceeds on a single or several nucleons resulting in 95% 
of the interactions producing an average of 5 n-mesons of 
<230> MeV kinetic energy; part of the pions leave the nucleus, 
while the remainder induces in the nucleus a cascade of succes­
sive nN- and NN-collisions. 

For obtaining a detailed picture reflecting the mechanisms 
of antiproton interaction with various nuclei it is necessary, 
on the one hand, to accumulate systematically experimental da­
ta concerning the production in such interaction of all possib­
le charged and neutral particles and their correlations and, 
on the other hand, to improve the theoretical models of anti­
prot'on annihilation processes occurring in nuclei. In th~s 
work recent results obtained in the PS-179 CERN experiment, 
in which charged particle production was studied in the absorp­
tion of antiprotons in nuclear photoemulsion 131 , are presented, 
and comparison is performed of the obtained experimental re­
sults with calculations carried out in the optical-cascade mo­
del representing a development of the multipion-nuclear inte­
raction model for P-nucleus annihilation 141 • 

2. THE EXPERIM~fAL TECHNIQUE AND RESULTS 

Technical issues related to the preparation and exposure 
of photoemulsion chambers at the LEAR facilii_y of CERN are 
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dealt with in detail in ref. 131
• In the present work scanning 

and measurement of absorption events of antiprotons by nuclei 
in the photoemulsion were performed, as before, in the deve­
loped layers using a microscope with a general magnification 
factor of 1350X, but the scanning procedure was altered, ~owe­
ver: antiproton stopping points were recorded by alon~-the­
track scanning of the beam particles. Such a scanning procedu­
re completely eliminated losses both of events with low char­
ged particle multiplicities and of zero-prong stops, which is 
especially important. A total of 3453 stopping antiprotons 
were recorded. · 

In each event ("star") the secondary charged particle~ were 
identified by their relative ionization losses. Singly char­
ged shower particles with a relative ionization lower than 

1.4 (~y = £ > 1, here p and m are the particle momentum and 
m 

mass, respectively) were classified as "s"-particles; in the 
main, these were secondary pions with an insignificant contri­
bution of fast protons. Singly and doubly charged grey partic­
le tracks with a relative ionization higher than, or equal to, 

1.4 (0.23 < £:;; 1) were termed "g"-particle tracks - such were m 
charged particle tracks ranging more than 3000 ~m in the pho-
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Fig.l. Multiplicity distribution for particles produced by antiprotons 
stopping in the photoemulsion: a) secondary charged particles, b) h­
particles. The points are experimental, the histogram is calculated 
by the optical-cascade model, the dashed line is the contribution of 
the nucleus < 14 N >, and the dash-dotted line represents < 9 3 Nb> . 
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Fig.2: Mu~tiplicity distri~ution for particles produced by antiprotons 
stop~1ng ~n the p~otoemuls1on: a) b-particles, b) g-particles, c) s­
part1cles. The po1nts are experimental, the histogram is calculated 
by the OCM. 

toemulsion. Black tracks shorter than 3000 ~m produced by 
nuclear fragments or slow protons were termed "b"-particles. 
Slow protons and nuclei knocked out from nuclei or emitted at 
the evaporation stage and in the multifragmentation process 
give rise in photoemulsion experiments to the so-called strong­
ly ionizing 11h''-particles. w~ note that in a multi-prong star 
a track is classified as prong, if it exhibits a definite di­
rection and is not shorter than 2 ~m, while in one-prong 
events the 'track is required to have a rallge not shorter than 
10 ~m. The relative angles of the outgoing tracks were measu­
red for all secondary charged particles in each event, and 
ranges were measured for particles stopping within a single 
photoernulsion layer. 

In figs.l and 2 the secondary charged particle multiplicity 
distributions are present.ed for all registered antiprotons 
stopping in the photoernulsion. The average number of charged 
particles was (5.65±0.10). The relative number of 0-prong 
events was (1.0±0.2)%. Possible sources of such events are 
either annihilation of an antiproton on a nucleus, and sub-
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sequent absorption by the nucleus of all the produced charged 
pions, together with possible emission of the remaining neut­
ral pions without any apparent disintegration of the nucleus 
which, owing to the large energy release in annihilation, is 
not highly probable, or the stopping and annihilation of an 
antiproton on the hydrogen present in the photoemulsion and 
subsequent production of solely neutral mesons. In performing 
theoretical calculations of annihilation processes of p on nuc­
lei present in the photoemulsion, the above fact requires one 
to take into account annihilation art hydrogen, as well as anni­
hilation on average light (14 nucleons) and average heavy 
(93 nucleons) nuclei ( 14N and 93Nb, respectively). 

The multiplicity distributions of "b", "g'', "s" and "h11 

particles are given in Figs.! and 2. The distribution of "h" 
part·icles is characterized by the existence of two maxima, 
one at Mh = 0 and the other in the region of M h = 3-4. It must 
be pointed out that distributions of a similar shape were ob­
served for "h" particles by C.J.Waddington' 5 ' in a study of 
the interaction of primary cosmic-ray nuclei with an energy 
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Fig.3. Angular distribution of secondary charged particles produced 
by antiprotons stopping in the photoemulsion: a) for b-particles, 
b) for s-particles, c) for g-particles. The points are experimental, 
the histogram is calculated by the OCM. 
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Fig.4. Dependence of angular correla­
tions for s-particles produced by 
antiprotons on nuclei in photoemulsion. 
The points are experimental, the his­
togram is calculated by the OCM. 

of 4.5 GeV/nucleon with the 
nuclei in a photoemulsion. The 
authors of re£. 161 attribute 
the appearance of the second 
maximum to a more complete (as 
compared with protons) disin­
tegration of the light nuclei 
(C, N, 0) in the photoemulsion 
by the primary relativistic 
nuClei. The resemblance between 
the shapes of the distributions 
for "h" particles in these two 
processes points to extremely 

0,02L-~--~-~--~---:-'. similar mechanisms of the intra­
·1.0 ·0,6 -0.2 Q2 Q6 1.0 nuclear cascade development in 

cose .. st-::-s;" the case of antiproton annihi-
lation and in the case of rela­

tiVistic nucleus-nucleus interaction in photoemulsion, as well 
as to the significant contribution of annihilation on the light 
nuclei in photoemulsion. 

In Fig.3 the angular distributions for secondary charged 
particles are presented. Since the direction in which the step­
pe~ antiproton travelled is lost, the angles here are measured 
clockwise with respect to the first "s" particle track after 
the antiproton along the direction of flight. It can be seen 
that the distributions for the '.'b" and "g" particles are close 
to isotopic, while the angular distribution for "s" particles 
displays a preference for 180° opening angles between~the out­
going particle tracks. The distribution over angular correla­
tions of "s" particles (Fig.4) exhibits a similar shape. These 
experimental data indicate a possible noticeable production 
probability in the annihilation of antiprotons at rest on nuc­
lei in photoemulsion of heavy mesons (~, p, w, A, ... ) decaying 
into pions 141

• 

3. OPTICAL-CASCADE MODEL (OCM) OF ANTIPROTON 
ABSORPTION AT REST BY NUCLEI 

Within the framework of the OCM the absorption of a stop­
ping antiproton is considered as a multistage process 141

• 
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Here the initial stages_of the process, namely, the production 
and de-excitation of a p-atom, as well as the capture of an an­
tiproton by a nucleus from a level of the hadronic atom, is 
described with the aid of the optical model. The primary 
annihilation of the antiproton on the nucleons in the nucleus, 
which involves a significant transfer of energy to several 
pions, serves as a natural boundary between the initial and 
final stages of the reaction. The subsequent stages in which 
the energy released in the primary absorption act is dissipa­
ted and de-excitation of the residual nucleus are described, 
respectively, by the intranuclear cascade model and by statis­
tical evaporation or multifragmentation models (depending on 
the excitation energy of the residual nucleus). Thus the opti­
cal-cascade approach essentially consists in the initial con­
ditions for the kinetic equation describing the deep-inelastic 
process initiated by several fast pions being defined within 
the framework of the optical model. 

The computed radial dependence of the antiproton absorption 
probability of the antiproton from a state of the hadronic 
atom at the periphery of the nucleus is approximated by a Gaus­
sian 

Pabc (r) ~ exp{-(r - Rmed )2/2o;} 

with the following parameters: R d = R + t/2, R1 2 is the 
me 112 1 

radius corresponding to half density, t = 2.3 fm is the thick-
ness of the diffuse layer, cra= lfm is the dispersion. 

The mechanism of absorption and annihilation of an antipro­
ton at rest is described in greater detail in re£. 141

• The in­
coherent multipion-nucleus interaction initiated by the anti­
proton annihilation products is considered within the frame­
work of the intranuclear cascade model. Owing to a significant 
amount of pions being produced in antiproton-nucleon annihila­
tion and to a large number of particles participating in the 
intranuclear cascade, the said computation is based on the 
version of the intranuclear cascade that takes into account 
the local decrease of nuclear density occurring during the de­
velopment of the cascade (the so-called "trawling" effect) 17 • 8 ~ 

Unlike the versions presented in previous publications 181
, 

this one also provides a more correct description of the cas­
cade development in time. It must be pointed out that, as 
shown in re£. 181 , the decrease of nuclear density influences 
significantly certain characteristics of the antiproton-nuc­
leus interaction, especially those related to the production 
of protons. 

The nucleus is considered to consist of individual nuc-­
leons the centres of which are distributed in accordance with 
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the distribution of nuclear density p(r). A cascade particle 
may interact with a partner the centre of which is inside 
a cylinder of radius rint + A, and the axis of which is direc­
ted along the velocity Vi of the incident particle. Here rint~ 
~ 1.3 fm, which is close to the range of strong interaction, 
A is the wavelength of the cascade particle. Unlike the ver­
sion presented in re£. 181

, where, in the Monte Carlo simulation 
of the intranuclear cascade, of all the cascade particles only 
the fastest was the one to be followed first, the present ver­
sion involves a time coordinate t introduced explicitly for 
the development of the process. At a certain moment t 0 the 
time ~t required for reaching its nearest partner is calcula­
ted for each cascade particle. Then, the smallest of these 
times l is chosen corresponding to the number i of the partic­
le which may interact with the intranuclear nucleon before 
any other cascade particle. 'T is the time, qu.:intUm after , which 
the whole set of cascade particles having travelled a .distance 
Ii= 'T X vi is further considered. At the moment of time t = 
= t 0 + ~ the probability is considered for the i-th particle 
to interact with a target nucleon. And so on until all the cas­
cade particles leave the nucleus. 

After the antiproton has been absorbed by the nucleus and 
the fast stage of the multipion-nucleus interaction has been 
completed, there remains a highly excited residual nucleus. 
If the excitation energy is close to the total binding energy 
of the nucleons in the nucleus, E* ~ 5 MeV/nucleon, then the 
explosive mechanism prevails in the disintegration. In the 
case of light nuclei (A ~ 16) the Fermi model of explosion 
decay 191 is used for describing the decay, while in the case 
of medium-heavy nuclei the statistical model of multifragmen­
tation191 is applied. 

Photoemulsion includes the following components: hydrogen, 
light (C, N, 0) and heavy (Ag, Br) nuclei. Therefore, to cal­
culate the general characteristics of antiproton annihilation 
on nuclei in photoemulsion within the framework of OCM one 
must know the. contribution to the process being studied of each 
component. The upper limit of the contribution of p annihila­
tion on hydrogen was estimated from the number of stars recor­
ded with 0 prongs and with even numbers of s-prongs without 
any sign of a recoil nucleus and an electron. It turned out 
to be (6.0 ± 0.4)%. The distribution of p stops on the light 
and on the heavy components in the photoemulsion is not known 
exactly. It is natural to assume two possibilities: the proba­
bility of capture by the atom is proportional to the concentra­
tion n of nuclei of the given element or, on the other hand, 
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it is proportional to n x Z, where Z is the charge of the nuc­
leus.From ref( 101 it follows that the total number of pion (n·) 
stops on light nuclei in photoemulsion, computed for these two 
assumptions, equals 38%. Assuming the distributions of p and 
of negative pion stops in the photoemulsion to be similar we 
took for calculations the contribution of P interactions on 
the heavy component to be 56%. 

4. COMPARISON OF THE CALCULATIONS 
WITH EXPERIMENTAL RESULTS 

The results of calculations of the interaction of antipro­
tons stopping in photoemulsion within the framework of the OCM 
are presented in the Table and in Figs.l to 6. Comparison of 
the average multiplicities of various types of secondary char­
ged particles recorded in the photoemulsion with computed va­
lues (see the Table) reveals that these data differ little and 
correctly reflect the general tendency exhibited by correla­
tions between different kinds of charged particles. This fact 
indicated that, most likely, the correct ratio between the com­
ponents present in the photoemulsion was chosen for the pro­
cess under consideration. The multiplicity distributions for 
all the charged particles, as well as for the s-, b- and h-par­
ticles, but with the exception of the distribution for g-par­
ticles (Figs.l,2) agree quite satisfactorily in shape with the 
computed distributions (the x2 /X2 )values are given in the figu­
res). A good agreement is also observed for the angular dis­
tributions of all types of particles (Fig.3), as well as for 
the correlation dependences of the total multiplicity of se­
condary charged particles upon the average values for s- and 
h-particles (Fig.S) and for the correlation of the mean number 
of s-particles upon the number of h-particles in a given event 
(Fig.6). 

At the same time quite a strong discrepancy is observed bet­
ween the experimental data and the results of calculations for 
multiplicity distributions for the b- and h-particles in the 
region of small Mb and Mh values (0+2), although the shape of 
multiplicity distributions for h- and b-particles calculated 
for the light nuclei (H, C, N, 0) in photoemulsion correctly 
displays the form of the spectrum with two maxima (Figs.l, 2). 
In the same region of dependence of correlations of secondary 
s-particles upon the mean values for h-particles a noticeable 
difference can be seen between theoretical and experimental re­
sults (Fig.6). 
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Fig.S. Correlation dependences of secondary charged particle multipli­
cities upon: a) the average number of h-particles, b) the average num­
ber of s-particles. The points are experimental, the histogram is cal­
culated by the OCM. 

And, finally, the distributions of all possible angular cor­
relations for the s-particles obtained experimentally (Fig.4), 
while correctly reflecting the general tendency, differ strong­
ly form the calculated quantities in the region of 180°. This 
seems to indicate the contribution to the mechanism of anti­
proton absorption by nuclei in the photoemulsion of ceutain 

The types 
of particle 

Experiment 

OCM 
calculation 

Table 

The average number of charged particles 

< Mtot > < Mh > < Ms > < Mb > < Mg > 

5.65±0.10 3.29±0.06 2.39±0.04 2.58±0.04 0.68±0.01 

5.41 3.05 2.37 1. 99 1.06 
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processes not taken into account, such as the production in the 
annihilation of heavy mesons (n, p, w, A, ... )or of more exo­
tic bound states, for instance, involving the production of 
quark-gluon plasma. 

Thus, the performed experimental investigation of charged 
particle production in the absorption of slow antiprotons in 
photoemulsion and comparison of the experiffiental results with 
theoretical calculations within the framework of the optical­
cascade model taking into account the trawling effect and a 
more correct description of the development of the cascade in 
time shows quite a good agreement between the general characte-
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Fig.6.a) Correlation dependences of h-particle multiplicities upon 
the average number of s-particles, b) correlation dependences of s­
particle multiplicities upon the average number of h~particles. 

ristics of this process and the assumptions concerning the me­
chanism of capture, absorption and annihilation of antiprotons 
by nuclei taken into account in the computation model. 4t the 
same time, for obtaining a more detailed accordance between 
calculations and experimental data further en~ancernent of the 
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experimental information is needed, as well as introduction 
into the computation of more subtle interaction effects of an­
tiprotons with nuclei. 
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