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I . Ill'l'RODUCTION 

This article sets out to describe some of the results 
which have been obtained in our studies of the pion-xenon 
nucleus collisions. While this work is intended primarily for 
the elucidation the mechanism of the hadron-nucleus high ener
gy collision process, it is hoped that the information how 
it is possible to study the hadron-nucleon interaction pro
cess using nuclear targets might arise as well. 

Commonly known opinion exists that careful and accurate 
study of the properties of high energy hadron-nucleus colli
sions C8D throw light on various aspects of hadronic interac
tions; indeed, information about various features of the par
ticle-particle interaction is only accessible on this way1 1'.1!(. 

But, it is clear that before many properties of the hadron
nucleon collision process can be analysed using target-nuclei; 
an understanding of the hadron-nucleus collision process must 
be aehieved1·&o:. This was the cause for which we started out 
investigations of the simplest case of such process under 
s~rictly definite initial conditions; the pion-nucleus col
lisions were investigated using the 180 litre xenon bubble 
chamber as such track detector which might give the mostly 
full experimental information/4~. The chamber should be exposed 
to the pioa beam of that energy at which almost all the secon
daries emerged in any hadron-nucleus collision could be re
gistered completely through the total solid angle. We applied 
therefore the beam of negatively charged pions of 3.5 GeV/c 
1IIDIIII!n~ 

As cUrrently is practiced, in absence of the strong inte
ractioa theory, various models of high energy hadron-nucleus 
collisions are applied in attempts to explain the experimental 
data· 1•~. We do not intend to consider many of these models 
in thia paper in connection with our experimental data; we 
restrict ourselves here to the confrontation of the experi
mental data to the intranuclear cascade model only, in its 
version worked out in the Joint Institute for Nuclear Research 
at Dubna. This model18•18•141 allows one to predict all the 
characteristics of the secondaries appearing in pion-xenon 
nucleus collisions investigated in our experiment. We were 
able to take into account in this model the conditions of our 
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experiment in calculating the characteristics which have had 
to be comparable with the corresponding experimental ones· 116~. 

This paper is arranged as follows: after a short introduc
tion given in section one, we describe our experiment in sec
tion two, and we characterize shortly the model used in data 
analysis in section three; in section four the comparison pro
cedure is shortly described; in section five the comparison 
of the experimental data with corresponding predictions is 
presented; the concluding section six contains the discussion 
of the results arising from our investigations. 

2, EXPERIMENT 

The hadron-nucleus collision events used for this analysis 
were registered in the 180-litre xenon bubble chambet14!.This 
chamber is built as the rectangular parallelepiped of 104x 
40x43 cm1S volume, without magnetic field. 

2.1. Beam and Exposure 

The chamber was exposed to negatively charged pion beam of 
3.5 GeV/c momentum. During the exposure time no more than five 
pions were introduced into the chamber, along its length per
pendicular to the front wall. The beam pion courses were paral
lel and widely spreaded within a distance limits of a few 
centimeters from the chamber axis. Such exposure conditions 
were of great convenience in studying the pion-xenon nucleus 
collision events, as we shall see later. 

2.2. Scanning and Measurement 

The photographs of the chamber were carefully scanned and 
rescanned for the pion-xenon nucleus collision events which 
could occur in a chosen parallelepipedal region of nearly 
42xl0xl0 cmi3 volume situated coaxially and centred inside the 
chamber. 

Any sharp change in the straight line track of any beam 
pion was considered as an indication that this pion undergoes 
the collision with the xenon nucleus. The end or deflection 
point of any beam pion track we accepted to be the pion-xenon 
nucleus interaction location. In fact we were able to detect 
the collision events in which the beam pion track ends off 
or deflects at an angle of no less than 2 degrees, in accompa
niment or not by any number of track-s outgoing from the inte
raction plane. 
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The s~condary neutral pions of any kinetic energy, inclu
ding zero, are recorded and identified in our chamber by the 
simply visible tracks of the negaton-positon conversion pairs 
and by the observed electron-photon showers created by the 
-gamma quanta appearing in the neutral pion decay process. The 
minimum energy of the gamma quanta detected with the constant 
efficiency amounts nearly 5 MeV. The positive pions stopped 
within the chamber are identified simply by the characteris
tic track sequence left by the charged secondaries emerged in 
the decay process. We meet some difficulties in attempts to 
identify the negative pions stopping inside the chamber, name
ly- to distinct them from the stopping protons. But, we es
timate, as we shall see later, the content of the stopping 
pion tracks in the sample of tracks accepted as being left 
by the stopping protons. Stopping kaons are identified without 
difficulties as well. Similarly, we can identify hyperons · 
if they decay inside the chamber. The neutrons which are emit
ted in the collision process interact with the xenon nuclei 
frequently, leaving characteristic "neutral stars". 

Tracks of the length larger than nearly 5 mm are visible 
well and detectable with the constant efficiency which is 
close to 100%. To this minimum length there corresponds the 
minLmum kinetic energy of the registered protons of nearly 
20 MeV and of the registered charged pions of nearly 10 MeV. 
The tracks of smaller lengths are visible as well, but in this 
case the fetection efficiency is not constant. The protons of 
energies from nearly 20 up to nearly 200 MeV, the secondary 
pio~s: the negatively charged of -kinetic energies from nearly 
10 up to nearly 100 MeV,positively charged of kinetic energy 
from 0 up to nearly 100 MeV, and the neutral pions of any ki
netic energy, including 0 MeV, are recorded with the effici
ency being near to 100% within the total 4" solid angle. The 
kinetic energy of protons emitted within the 60 degrees cone 
and stopping inside the chamber is no more than nearly 350MeV. 

The scanning efficiency for all pion-xenon nucleus collision 
events registered in our experiment was better than 99.5%. 
In nearly 6% of the registered events the tracks of stopped 
negative charge pions were indistinguishable from those of the 
proton tracks; it amounts roughly 2% of all the proton tracks, 
This estimation follows from the analysis based on the experi
mental data from the studies of nuclear collisions in nuclear 
emulsions exposed to the negative pion beamdt6f..The contamina
tion of the sample of all the tracks considered to be left 
by protons by the tracks of deuterons, tritons, and alpha par
ticles was estimated to be no larger than 10%. But, in the 

·majoprity of cases, the tracks of such heavy particles are 
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shorter than 5 mm; in this experiment we analyse the particles 
which leave tracks longer than 5 mm. 

The accuracy of the proton energy measurement, using the 
range-energy relation, is 10% for the protons of 15 MeV kine
tic energy and for those of 200 MeV kinetic energy 117(The pro
ton emission angles were measured with an accuracy of 1-8 de
grees. In most cases the average accuracy of the proton energy 
measure~ent is roughly 4% and that ryf the emission angle es
timation - nearly 3 degrees. The acc~racy of the charged pion 
energy estimation by this method is alL~st the same. The ac
curacy of the .neutral pion energy estimation:llS/ amounts nearly 
12%, in average. The accuracy of the pion ~mission angle es
timation, for the charged and neutral pions, is about I degree. 

We have estimated that about 90% of all emitted protons are 
stopping inside the chamber. 

Thus, the sample of all secondaries may be classffied into 
following groups of particles: a) Charged secondaries stop
ping inside the chamber without interaction or decay; we consi
der them to be protons. b) Charged secondaries interacting 
within the chamber or having left it; we accept them to be 
charged pions. c) Positive pions stopping inside the chamber. 
d) Neutral pions or eta particles decaying into gamma quanta, 
causing simply observed negaton-positon pairs or initiating 
well visible electron-photon showers. 

The particles from the groups a)-c) form the class of the 
charged secondaries the multiplicity of which we denote by 
Nch"However, we should note that among the particles in the 
group a) there are (I-2)% admixture of the negatively charged 
pions and nearly 10% admixture of the heavier particles /B,t9J: 
Similarly, in the group b) an admixture of nearly (10-20)% 
of protons may be found. 

A sample of 2800 pion-xenon nucleus collision events with 
any number of secondaries were selected in scanning of 25000 
chamber photographs. Various experimental characteristics are 
presented in section 4, and compared with appropriate results 
predicted by the intranuclear cascade model. 

3. INTRANUCLEAR CASCADE MODEL 
The cascade approach to nuclear reactions is based on an 

analogy between the inelastic hadron-nucleus collisions and 
the transport of a high energy radiation through a block of 
matter. Both processes are described by the linearized Boltz
mann-type equations16.20f. This analogy enables us to apply the 
Monte-Carlo method for the analysis of the hadron-nucleus in
teractions without a direct reference to primary equations /.S, 2l( 
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In this work we use the Dubna version of the intranuclear cas
cade model:/&, 18,141. 

The target-nucleus is considered as the Fermi gas of nuc
leons confined in the potential wall. The diffusive region 
of the nucleon density distribution and of the nuclear poten
tial is taken into account. The pion-nucleus interaction po
tential was taken to be equal to 25 MeV, being indepenaent 
of the pion energy. The influence of the target-nucleus on 
the intranuclear collisions is limited to the effects of 
Fermi's motion and Pauli's exclusion principle. 

The intranuclear cascade model is based on two general .phy
sical assumptions: I) The projectile particle energy is high 
enough to be possible to limit ourselves to consider the two
body quasifree collision of this projectile with a nucleon 
inside the target-nucleus. 2) The hadron-nucleon interaction 
time is much shorter than the.average time interval between the 
subsequent hadron-nucleon collisions which allows one to 
assume that the colliding particles approach their normal 
state before to come again into collision. 

Under such conditions the projectile high energy hadron 
starts .the intranuclear cascade of subsequent fast particle 
collisions, in colliding with the target-nucleus. The behavi
our of each of the cascade particles is described by the li- _ 
nearized Boltzmann-type equation. This linearization is achie
ved, if interaction between the caScade particles is not 
taken into account, i.e., the cascade particles are considered 
to be of some kind of the ideal gas of nucleons and pions. 

The hadron-nucleon elementary collisions were simulated by 
the statistical method JS.IS/ in which available data from the 
experimental studies of such reaction were used. The pion pro
duction process was taken into account. The energy-momentum 
conservation law was ordered to be fulfilled in any simulated 
elementary interaction act. To what extent the main characte
ristics of the secondaries agree with the experi~ental ones 
is discussed in detail earlier"8• 181 • The comparison of predic
tions of the Dubna version of the intranuclear cascade model 
with other ones, at energies of the projectile-hadron when 
the pion creation process can be neglected, is presented in 
the collaboration paper'/22/. 

The important process which is taken into account in our 
version of the intranuclear cascade model is the secondary 
pion absorption by two nucleon associations in the target
nucleus. The change of the nucleon density inside the target 
in developing the cascade is taken into account114•881. It allows 
one to reproduce the saturation effect in the energy dependen
ce of average multipl~cities of grey and black tracks at kine-
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tic energies 'T0 '2:_3-5 GeV, observed in the emulsion experiments, 
and therefore to extend the applif~ility of the model up to 
projectile energies of 2Q-30 Gev· 1 .. 

In treating the second stage of the hadron-nucleus collisi
on process, the slow one, the calculations are based on the 
equilibrium statistical theory (in evaporation ·~Kproximation). 
The processes of the nucleon, deuteron, triton, · He nucleus, 
and alpha particle emission were taken into accountJ81• It is 
found to be needed to stress out that all the calculations we
re performed in the framework of the standard statistical cas
cade model without attempts to fit it to the experimental da
ta. 

4. THE COMPARISON PROCEDURE 

For a comparison of the experimental data with the predic
tions of the intranuclear cascade model, 7626 random "stars" 
were generated. These simulated events were transformed to the 
registration conditions existing in our chamber and recorded 
on the magnetic type; in transformatiOn the limited volume of 
the chamber was taken ·into account. In particular, every col
lison event constructed in the simulation procedure was taken 
to occur within the chamber region which was accepted as the 
location of the interactions in the experiment. 

The next step was to determine the behaviour of each char
ged secondary in the simulated collision event, when it would 
occur in the chamber. When the charged secondary was found to 
be stopping it was qualified to be belonging to the group a), 
corresponding to appropriate group of the events registered 
in experiment; when it was found not the case, the secondary 
was qualified to be belonging to corresponding group b) - to 
the charged secondaries escaping the chamber. If the seconda
ry was qualified to be belonsing to the group a), but it was 
identified to be pion, the correction was .. introduced: it was 
considered to be proton, according to the scanning conditions 
in the experiment, and corresponding value of kinetic energy 
was estimated for this "proton". Such procedure, according tO 
the registration and identification conditions in the experi
ment, makes the experimental verification of the model to be 
precise. The characteristics of the simulated events produced 
in such a way correspond to appropriate characteristics of the 
events registere~ in the experiment. The data processing of 
both the samples of events, the real and the simulated ones, 
was realized separately by applying the same programme library. 

To end this section, we quote the particle composition in 
the classes a) and b) in the sample of simulated events. Among 
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the particles stopping inside the chamber the group a) - the 

protons- amounts the predominant component, 82.7%; the ad

mixture of negative pions in this group is 16.4%, those of 

remaining 0.9% belong to heavier particles. Among the secon

daries qualified to be belonging to the group b) the negati

ve pions amount 24.8% and the fast protons are in 25.4%. 

5. RESULTS 

General characteristics of the data which have to be dis

cUssed later, of both - the simulated by using the intranucle

ar cascade model and the experimental ones, are presented in 

table 1. We start the presentation of these data with the 

multiplicity distributions of various secondaries. 

5. 1. Multiplicity Distributions of Secondary Particles 

The emission intensity of the secondaries seems to be one 

of essential characteristics of the hadron-nucleus collision 

process. As usually is practiced, as a characteristic of the 

intensity of emitted protons the proton multiplicity distribu

tion of the collision events is presented; the multiparticle 

production process is characterized by the secondary pion 

multiplicity distributions. In figs.l-3 appropriate characte

ristics are given, both - the experimental and the predicted 

ones. 
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Fig. 1. Multiplicity distributions of various secondaries 

in pion-xenon nucleus collisions at 3.5 GeV/c momentum. 

Ncp- charged secondary multiplicity, Nn- neutron multi

pl1city, NP- proton multiplicity. o - experimental data, 

• and + - predictions of the cascade model. 
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Table I 

General characteristics of the data,. of both - the experimental and the simulated applying the intranuclear cascade model, used in the study of the pion-xenon nucleus collisions at 3.5 GeV/c momentum: 
a) The characteristics of the total number of 7626 simulated events; the conditions of the experiment are not taken into account 

Secondary particle number o:f par- Average nUQber of se ticles condaries ·per event 

Any charged 70456 9.24 + o.o'! 
Protons )6856 4.8) + 0.04 
Negative charge pions 12442 1.6) + 0.01 
Positive charge pions )605 0.74 + 0.01 
Neutral pions 11337 1.48 + o.o1 
Neutrons 109598 14.37 + 0.08 
Deuterons 5712 0.75 + 0.01 
Tritons 2775 0.)6 + 0 .. 01 
)He nuclei 6G6 0.09 + 0.04 
Alpha particles 6400 0.64 :;: 0.01 -

b) The.characteristics of the sample of the simulated collision events, when the experimental conditions of the secondary registration were taken into account; for the comparison appropriate experimental data are presented as well. 

J,iodel ExQ_erin::ent 
Secondary it umber Av.erage munber Nl.illl.ber Average number 
partic~e of of secondaries of of' secondaries 

seconda- per event seconda per event 
ries ries 

Protons - 23995 3·13 + - 0.03 7250 3.01 + 0.04 -Stopping po-
~ 0.0) + sitive pions 2040 0.27 271 0.10 - 0.01 

Escaping 
~ 0.01 charged pioru 10514 1.38 - - -Blobs (track 

4-45 ~ 0.05 smaller 5 rnm 33907 2657 0.95 + 0.05 --
All charged - - - 16044 5.74 : 0.11 

0 v - - - 176 0.06 : 0.05 
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c) The percentage of various secondary particles in pion-xe
non collision events, estimated by using the model, fOr va
rious groups: "protons'.', "blobs n, "escapingn for which the 

'secondaries are qualified in the experiment. 

The groups o:f secondaries 

"Protons" 11 Escaping11 "Blobs 11 

Particles " "' Particles % Pa.:ticles 

Protons 82.7 Protons 25.4 Protons 

N-egative Neg8tive Negative 
pions 16.4 pions 49.8 pions 

Positive 'Positive 
Others 0.9 pions 24.8 pi-ons 

- - - - )He 

- - - - Deuterons 

- - - - Tritons 
Alpha 

- - - - particles 

Table 2 

Average multiplicities of secondaries, r.m.s., and 
skewness. 

' 

The multiplicity Experiment Model 
o:f secondaries 

a1 a2 "l a1 a2 

Nch 4·79~0.05 2.70 0.56 4.79:0.04 ).)0 

Np - 2.59:0.05 2.47 0.96 ),12~0.03 2.89 

N1r! ).02:0.0) 1.44 0.50 ),1):0.02 1.8) 

N:lf"' 
2.o8:o.o; 1.26 0.56 1.65:0.02 1. 35 

' + 
N r,o 0.94:0.02 0.99 1.14 1.49_0.01 1.20 

% 

42.) 

9.7 

2.8 

2.0 

16._5 

8.1 

18.6 

a3 

0.60 

1.04 

0.16 

0.67 

0.66 

Designations: Ncb - charged Secondary multiplicity; N"- pion 
multiplicity; Np - pro·ton multiplicity. a 1 - average value; 
a 2· - r.m.s.; ~3 - skewness. 
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It can be seen that the calculated average multiplicity of 
the charged secondaries .<Ncb'> is in agreement with the experi
mental one, table 2; but, the shapes of the charged secondary 
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tions differs evidently, 
~· The experimental
ly estimated proton ave
rage multiplicity <Np> 
differs from the predic
ted one, table 2. From 
~ we see that the 
number of events with the 
proton multiplicity NpEO, 
predicted by the model, 
is nearly of 20% smaller 
than it is observed in 
experiment. Another in
teresting feature seems 
to be a large excess in 
the calculated neutral 
pion multiplicity: 
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(<N ::W">- .<N ;~ •> )/<N ""oil> •> ~ 0.5. The average multiplicity 
of the charged secondary pions .<N"±"> observed 

in experiment is, in contrary, larger than those prediced by 
the model, table 2. But, the average multiplicity of all the 

'secondary pions <N 0 1> is reproduced by the model quite well, 
table 2. "± 

5.2. Angular Distribution of Secondaries 

The angular characteristics of the proton emission and 
pion creation are shown in fig.4. Both the series of characte-

·z z z 
' l~ "ZJl f z 

"·" 
., 

·" .J .u 

·" .w ... 
·" ·" ... .. ... 
. 05 

·" .oz 

~~ M.s .s 0
-t ~s .s t 

0-1~"-:!~c-"---:;~-.:-,~-!, 
cos 911• cos Bn ens 9p 

Fig.4. Angular distributions of: neutral pions, all 
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z·tOO ,-----------, z 
z -20 ristics, the experimental 

and the predicted ones, 
differ within the seconda
ry emission angle values 
9p and 9"·: 0.9 <cos9<J.O; 
for the neutral pions such 
difference is not observed 
at all. 
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versal P Tmomenta of pro
tons and neutral pions; 
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P,,[GeV/c] P,.[GtV/c] ,tions by the model. 
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tions. 

5.3. Momentum and Energy Distributions of the Secondaries 

The longitudinal P Land transversal PT momentum spectra of 
the emitted protons and produced neutral pions are shown in 
fig.S. The energy spectra are shown in fig.6. 

5.4. Correlations between Various Characteristics 
of Secondary Particle Emission 

The correlations between various quantities characterizing 
the secondaries emitted in hadron-nucleus collisions might 
provide important information about the c·ollision process. The 
correlations were studied between: a) the average proton mul
tiplicities .<Np1> and the charged secondary multiplicities N ch 
and secondary pion multiplicities N",fig.7; b) the average 
multiplicities of various pions - neutral .<N"o > and charged 

.<N"±'>, and the proton multiplicity Np or the charged pion 
multiplicity N", fig.S; c)the average cosine of the meson emis
sion angle 0" or the average cosine of the proton emission 
angle Op,and the proton or pion multiplicity, fig.9; d)the 
average transversal .<PT-> momenta of the secondary neutral pi
ons or the emitted protons and the proton multiplicities NP. 
fig. 10; e) the average transversal momentum of the neutral 
pions .<PT11'o"> and corresponding longitudinal momentum P.L* 0 , 

fig.!!. " 
The intranuclear cascade model reflects the behaviour of 

the above presented correlation characteristics, but it should 
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be stressed oUt the existence of 
evident disagreements between the 
predictions and the experimental 
data, when as the variables the 
multiplicities are taken of the 
secondaries which experimental cha
racteristics are in disagreement 
with corresponding predictions, as 
it has been shown in section 5.1. 

Fig.S. The dependences of the ave
rage multiplicities of the neutral 
pions .<N

17
o> and charged pions 

.<N":j:'> on the proton rm.Iltiplicity 
N~and the dependence of the neut
ral pion average multiplicity on 
the charged pion multiplicity N",; 
o - experiment, • - model. 
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6. Conclusions 

Fig.9. Correlations bet
ween the average angles 
<cosO:> of the seconda
ry emission and the se
condary multiplicity N. 
o - experiment, • - mo
del. 

Fig.10. Average momenta 
.<P P ·> and average trans
versal momenta <PTp·> of 
the emitted protons, and 
average transversal mo
menta .<P Ttro·> of the pro
duced neutral pions in 
dependence on the proton 
multiplicity Np: o- ex
periment, • - model • .... 

. 20 W........L...-'--J.......:'=-' 
2 6 I) 

Np 

The purpose of this work was to study pion-nucleus "interac
tions at a few GeV energy. The experimental part is based on 
the mostly full information, obtained from the pion-xenon nuc
leus collision studies using 180 litre xenon bubble chamber 
expo.sed to 3.5 GeV/c: momentum pions of negative electric charge. 
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As theoretical basis for the comparative analysis the intra
nuclear cascade model, in such conditions which correspond 
strictly to observation and registration conditions of the 
collision events and the secondaries appearing in them in the 
experiment, has been used. In particular, full information 
about the neutral pions ejected in pion-nucleus collisions 
was given in our experiment, the size of the chamber was taken 
into account in calculations being performed according to the 

intranuclear cascade model. Therefore, the results of our 
experiment and corresponding predictions given by the model 
were just applicable for a comparison. 

As the conclusion from the comparison of the experimental 
results with corresponding predictions, we can state: 
1. The multiplicity distributions of the secondaries given by 
experiment are reproduced well enough at higher multiplicity 
values, ~and fig.3. Various levels of this agreement are 
observed for various secondaries: protons, charged pions, and" 

neutral pions. Disagreement is evidently seen at small values' 
of the secondary multiplicities. 
2. The angular distributions of secondary pions and proton·s, 
both the experimental and the predicted ones, are of nearly 
the same shapes, but evident disagreement is seen at small 
angle values, fig.4. 
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3. Momentum and energy distributions of the secondaries provi
ded by the experiment agree well enough with the predicted 
by the model, fig.5 and fig.6. 
4. Correlations between various characteristics of the secon
dary particle emission process provided by the experiment 
differ from the predicted ones, figs.7-ll, although, in many 
cases, we observe similar shapes of the characteristics, fig.9, 
fig. 10, . fig. II. 

In result of the investigations which we have spoken above 
about, we can state that the discussed version of the intra
nuclear cascade model can serve for a preliminary estimation 
of various characteristics of the hadron-nucleus collision 
process at incident hadron.energies of a few GeV. 

But, some important features are not reproduced correctly 
by this model. The question arises here: whether the discre
pances are due to shortcomings of the given version of the 
intranuclear cascade model or they are a manifestation of 
other possible nature. In this relation, a comprehensive com~ 
parison of a large body of now available experimental data 
with different theoretical· models is of great interest. 
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