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1 INTRODUCTION 
In the simplest approach the nucleon can be represented as a core surrounded by a cloud of 
virtual mesons. At low energies when the interaction time is greater than the mean life time 
of virtual meson r ~ 1/m» many virtual mesons take part in the interaction and the nucleon 
looks like structureless system. At high energies r is increased by the Lorentz-factor of incident 
hadron and the number of virtual mesons does not change during the interaction, the nucleons 
behave as quasi-nuclear structure. This structure can manifest itself in hadron-nucleus and 
nucleus-nucleus interactions. In the course of hadron-nucleus collisions different virtual mesons 
of projectile hadron can interact with different intranuclear nucleons. So the collisions cannot 
be represented as a set of simultaneously binary collisions of incident and produced hadrons 
with intranuclear nucleons. The picture of collective interaction becoaes more adequate. Some 
arguments in favor of it were given in Ref. [1], where the problem of description of secondary 
particle cascading into the nucleus was considered in the framework of Reggeon theory. 

In the reggeon theory the calculations of amplitudes and cross sections of cascade interac
tions require consideration of enhanced graphs. The simplest graphs were taken into account 
in papers [2, 3]. In Refs. [4, 5] an effective calculating method was proposed, but it was not 
used at experimental data analysis. Finally in Ref. (1] the structure of enhanced graphs and 
analytical properties of amplitudes were studied. It was shown that the contributions of dia
grams corresponding to collective interactions of projectile particles with some of intranuclear 
nucleons are larger than the contributions of diagrams with binary collisions. This leads to the 
picture formulated above. 

Below in Sec. 2 a simple model of nuclear destruction is formulated that reserves the main 
ideas of reggeon theory. 

We applied the model in Sec.3 for calculation of characteristics of hadron-nucleus and 
nucleus-nucleus interactions at energies 3.6, 14.6 and 200 GeV/nucleon. There we will fo
cus on g-particle distributions in the interactions of 'Я, *He, i eO, M 5i and 32S with nuclear 
photoemulsion. The (-particles are considered very often as direct members of fast stage of the 
interactions. Their distributions are connected hardly with the nuclear destruction mechanism. 
As will be shown below, the proposed approach leads to the decreasing of the ejected nucle
ons multiplicity (comparing with prediction of cascade model) and to satisfactory description 
of experimental distributions. 

The calculations of nucleon contents of residual nuclei (Sec.4), especially the total charge 
of projectile spectator fragment (Q,d) distributions will be compared with experimental data 
on light nuclei 1JC, l eO, "JVe and MSi fragmentation which could not be described by cascade 
model [6]. Finally, in Sec. 5, we reproduce the dependence of the degree of target-nucleus 
destruction on the degree of projectile destruction (< N,(Q) >). 
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2 A model of nuclear destruction in nucleus-nucleus 
interactions 

Schematically, the interaction processes in the impact parameter plane (according to reggeon 
theory [1]) can be represented as in Fig. 1 on which the positions of projectile hadron is 
marked by open circle, and the positions of nuclear nucleons by closed circles, points are the 
coordinates of the reggeon interaction vertices (virtual mesons). As one can see the process has 
features typical for all branching processes. So for its simulation it seems reasonable to use the 
corresponding methods. 

Pig. l The branching process in 
hA—scattering in the impact param
eter plane. The positions of the pro
jectile hadron is marked by open cir
cle, th_' positions of nuclear nucleons 
by closed circles, and square points 
arc the coordinates of the reggeon 
interaction vertices 

2.1 Model formulation 
Let us assume that knock out of a nucleon with impact coordinates SJ can initiate the knock 
out of other nucleon with impact coordinates s, with probability ф{\ £ - s, |). At the same time 
the second nucleon can initiate a knock out of third one with coordinates Sk with probability 
Ф{\ Sj — Si, I) and so on. 

For determination of positions of first ejected nucleons we use Glauber theory, especially 
DIAGEN code [7]. This permits us to apply the model to the analysis of nucleus-nucleus 
interactions. 

For determination of <j>, which is needed for Monte Carlo simulation of the processes, let us 
consider the contribution of simple enhanced diagram of Fig. 2: 

Fig.2 Simplest enhanced diagram 
of hA— interactions. Upper hori
zontal line presents incident hadron 
while the lower horizontal lines - the 
nuclear nucleons. F*N is the pion-
nucleon scattering amplitude 
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x FM& - *1,№нФ ~ h,Z), (1) 

G is 3-pomeron vertex constant, b- impact parameter of incident hadron, Si, Sr impact co
ordinates of nuclear nucleons. V is the position of pomeron interactions vertex in the impact 
parameter plane, {'-its rapidity. 

Using Gaussian parameterization for Frpi (F*N = ezp(—(| Ь |2)/(Д£дг)) and neglecting its 
dependence on energy, we have 

Y ~ G(t0-2e)%Z-exp(-(b-(Sl+sJ)/2)2/3RlN)x 

x eXp(-(s,-S2)7/2RlN), (2) 

where ft*/v is the pion-nucleon interaction radius. According to (2) the contribution reaches a 
maximum if the nucleon coordinates si and si coincide and decreases very fast with increasing 
the distance between the nucleons. For reproduction of this behavior we choose ф as 

ф(\ 5 - 3 | ) = Cexp(-Ui~Ji?)• (3) 

At energies lower than 400 GeV the amplitudes FNN and F*N consist of many reggeon 
contributions. Each of them is characterized by many parameters, Д»лг, RNN, ffn,- • • etc. Thus, 
we will consider С and rc only as free parameters. 

Furthermore, the expressions under the integrals (e.g. (1)) have not any dependence on 
nuclear mass A. So it seems natural to assume that ф does not depend on A. 

2.2 Determination of free parameters 
For determination of С and rc we use the data of Ref. [8] on proton interactions with light (C, 
N, O) and heavy (Ag, Br) components of emulsion. We assume that the average number of 
ejected protons < ny > is proportional to the average multiplicity of g-particle. To exclude 

the proportionality coefficients we shall look for the ratio R = <ПГ.>А,'*Г . 
Calculations of ratio R at different values of С and re are presented in Fig. 3. As one can 

see the requested value of the ratio can be reached at different sets of С and rc. The allowed 
region of С and rc is presented by the curve in Fig. 4. 
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F i g . 3 Calculations of ratio R as 
function of rc a t different values of 
C, the dashed line represents exper
imental da ta of [8] and solid lines of 1 
until 5 represents values of С from 
С = 1 to С = 0.2 in steps of 0.2. 
The solid line number 6 represents 
Glauber limit (C = 0) 

It is worth mentioning tha t , calculations of the ejected nucleons multiplicity distributions arc 
not very sensitive to the choice of С and rc from the allowed region. For concrete calculations 
С — 1 and rc = 0.6 / m were used. i.. 

с 

Fig .4 The allowed region of pa
rameters С and rc where experimen
tal da ta fall " 

(tm) 

3 g-particle multiplicity distribution 
At experimental studies using photoemulsion the slow charged particles produced in the target 
fragmentation region are subdivided into b- and «/-particles, ft-particlas have relative velocity 
13 = v/c < 0.2. They are mainly evaporated protons with Tp < 26MeV and nuclear residuals. 
r/-particles have velocity 0.2 < /9 < 0.7 (26 < Tp < 400AfeV). Mainly they are protons. It is 
assumed that j -par t ic les are produced at the fast stage of the interaction and directly connected 
with fast nuclear destruction mechanisms ( t h e slow process of deexcitation of residual nuclei 
results in 6-particles creation). 

The average multiplicity of «/-particles ( < Ns > ) in hadron-nucleus interactions decreases 
slightly with energy for given projectile and target, which reflects small variation of collision 
geometry with increasing energy. At the same t ime < Ng > increases as /4 2 ' 3 with increasing 
target mass number. This fact is directly connected with cascading of secondaries. In order to 
reproduce this behavior in our model, we assume that each ejected proton can be rcgistore«l 
as (/-particle with probability a. It is determined by energy spectra of protons and low energy 
threshold of «/-particle registrations. 

To our knowledge, the shape of proton energy spectra in high energy hadron-nucleus colli
sions, practically, has not any dependence on target mass number. So, it is natural to assume 
that a has no A dependence. 

Charge exchange reactions like n —> p and p —> n can influence the value of a. However, 
taking into account the fact tha t the number of protons and neutrons in nuclei is nearly equal, 
we assume that these processes compensate each other. 

To consider the geometrical aspects of the collisions we represent a nucleus as a set of 

4 



nucleons (points) with coordinates distributed according to the densities 

pA(r) = const e "i, 4 < A < 12, 

Рл{г) = const : ,A>12, (1 +«<'-«>/<)' 

R = 1.07Л1'3/"». с = 0.545/m. 
To determine the positions of the first ejected nucleons we used code DIAGEN [7). It re

quires NN interaction characteristics such as total cross section -<r,ot, the slope of differential 
elastic scattering cross section- B, and the ratio of real to imaginary parts of elastic scatter
ing amplitude at zero momentum transfer-й = f„jiX- The values of used parameters were 
<тш = 42m&, В = 7.6 (GeV/c), S - -0.23 at energies nearly ~ 3.5 GeV/micleon. At high 
energies (15 + 200 GeV) we used <т"" = 40п»Ь, В = 12 (GeV/c), S = 0. Cross sections of 
nucleus interactions with different components of photoemulsion were calculated with the help 
of DIAGEN. 

At reproduction of the ratio of the average multiplicities of ^-particles produced in the 
interactions of protons with light (С, Л', О) and heavy {Ag, Br) emulsion nuclei [8], the allowed 
region of parameters С and rc was determined (see Sec.2.2). In Ref. [8] the experimental < Ng > 
is given for the interaction of protons with emulsion at high energy and < N£' > is determined 
l>y the model at the given values of С and rc. From this a = 0.8S. 

In Fig. 5 the multiplicity distributions of (/-particles for the interactions of protons with 
emulsion [S] are compared with our calculations. A very good agreement is obtained between 
experimental data and our model. The same agreement was reached in Ref.[S]. It was assumed 
there that each intranuclear collision of the incident particle with nuclear nucleons is accom
panied by the secondary hadrons interactions in which j-particles creation takes place. The 
assumption of Ref. [S] is very near toours (sceSec.2). 

Fig.5 The normalized multiplic
ity distributions of -g—particles for 
the interactions of P + Em [8] (solid 
points) are compared to our model 
calculations (open circles) 
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At description of nucleus-nucleus interactions, the values of our model parameters have not 
changed at all from that of hadron-nucleus case. Fig. 6 represents the experimental N,— distri
butions of *He, "C, , eO, "ЛГе and M5« interactions with photoemulsion at 3.6 GeV/nucleon 
[9]-[13] as compared with our model. Our calculations decrease more rapidly than experimen
tal data at values of N9 > 15 in the case of 4 / /e + Em. Bui Ihey reproduce nicely U C + Em data 
at N, < 30. In the case of I 6 0 + Em, the experimental data is underestimated at N, > 26. 
This holds also for nNe + Em and ™Si + Em but for values of N, > 29 and 35, respectively. 
Thus the model can in principle describe the gross features of the data, i.e. Ns— distribution 
extends to higher N, values with increasing mass number of the projectile (Cf. Fig. (6)). 

1 0 *0 10 20 30 40 I O " o 10 20 30 40 
N. N, 

Fig.6 The experimental ^-distributions of *He, "C, , e 0 , ™Ne and 285t 
interactions with photoemulsion at 3.6 GeV/nucleon (solid points) [9]-[13] are 
compared to СЕМ [14] (histograms) and our calculations (open circles) 

Cascade evaporation model (СЕМ) [14], as one can see in Fig. 6, agrees very well with the ex
perimental data of *He + Em. However, СЕМ exceeds the JVs-distribution of "C and 1 6 0 + Em 
at values of N3 > 20. In the case of 22Ne + Em, СЕМ has a small shift below data in the 
region Ng = 2-1 and overestimates the distribution at N„ > 25. This is also true in the case 
of **5t + Em. So, one expects that СЕМ can't describe heavy ion collision data quite correctly. 

In Fig. 7, the normalized j-particle multiplicity distributions for the interactions of 4 #e , l 6 0 , 
wSi, 32S + Em at high energies [15] are compared with our model. As can be seen, a very 
good agreement is obtained without any fitting parameter in different energy ranges. 
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So our model is successful to fit the data on nucleus-nucleus collisions of JINR, BNL and 
CERN (with a difference of energy per nucleon of 40) of different projectile masses with no 
free parameter. 
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Fig.7 The normalized g—particles multiplicity distributions for the interac
tions of *He at 140 GeV/nucleon, 1 6 0 and 32S at 200 GeV/nucleon, 285» at 
14.6 GeV/nucleon (solid points) [15] <are compared to our mode! (open circles). 
In the case of 160 and 32S two data samples are presented (closed circles [15] 
and squared points [18]). Also, we represent our calculations with С = 0.8 
(open squares) in the case of S + Em 
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4 Qzd—distributions and other characteristics 
In order to examine the validity of our model in the projectile region we discuss so called Qzj— 
distribution. The quantity Q,i measures the charge flow observed in a narrow forward cone 
в < 0.6/pfcam of the projectile remnant (pi*»m is the beam momentum per nucleon). In Fig. S, 
the experimental Qu multiplicity distributions for interactions of 13C, 22Ne and 2sSi + Em at 
3.6 GeV/nucleon are compared to our model. We determined Q,& as Z — Np, where Z is the 
charge of projectile nucleus and Nr is the total number of ejected protons. As one can see a 
good description is obtained. 

Fig.8 The experimen
tal Q*i-distributions for 
interactions of , 2 C, "We 
and №Si + Em at 3.6 
GeV/nucleon [9]-[13] are 
compared to our model 
calculations (points) 

q-E Z„ 
The data sample of l2C shows a rise at smaller Q,j values, which might signal a somewhat 
larger stopping power, i.e. it is harder for this projectile nucleus to penetrate the target nucleus 
than predicted by the model. However, in the case of ™Ne and mSi + Em, their destruction 
can be described by our model. On the other hand, cascade model cannot give good results 
И-

At CERN experimental studies of nucleus-nucleus interactions the zero-degree calorime
ter (ZDC) was used to determine the energy entering the forward direction with в < 0.3 
[loj. The energy (Ег^с) is a good measure of the nuclear stopping power. Also, we think that 
Ezdc —distributions reflect the residual nucleus mass number distributions. The last ones depend 
only on С and rc in our model. Here, also, we have not additional parameters but we reproduce 
quite well Ег&с—distributions. In Fig. 9, the experimental Ezttc—distributions for interactions 
of l60+"C, ыСи, l0*Ag and 197Au at 60 GeV/nucleon with calculations of FRITIOF [16] and 
our model are given. We determined E2ic as a product of 60 GeV and the number of spectator 
nucleons. We did not take into account experimental conditions. As one can see the agreement, 
between data and our model calculations is satisfactory. 
In the 1 6 0 + 1 9 7 J 4 U interaction, there is a pronounced peak at the lowest energies. These events 
with low ZDC energies result from collisions in which the oxygen projectile is engulfed by the 
massive Au nucleus, resulting in the emission of only a few leading particles at angles less than 
0.3°. Furthermore, in this case, a wide range of impact parameters gives rise to collision1? in 
which the entire projectile interacts with a nearly constant number of target nucleons, thus 
producing the peak at low ZDC energies. For О + С interactions the wide range of impact 
parameters is very small so there is no peak at low Ег^. These behaviors can be reproduced 
by our model. 

8 



> о 

ы 
О 

> ш О \ 

ы 
D 
-а 

"О 200 400 600 800 
EzDc(GeV) 

0 200 400 600 800 
EzDc(GeV) 

Fig,9 The experimental /i.j—distributions for interactions of l cO +" C, 
MCu, 10SAg and ,97Au at 60 GcV/nucleon are compared with calculations of 
FRITIOF [16] (histogram) and our model (solid lines) 

There is discrepancy between our model calculations and experimental data at large values 
of Ezdc' This is because we do not include in our calculations the minimum- bias condition [ifi]. 
This condition is defined by the requirements that 

• less than 8S% of the full projectile energy is measured by the ZDC. 

• at least one charged particle is recorded by the multiplicity arrays in the interval 1.3 < 
i) < 4.4. 
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So, peripheral events with low multiplicity of produced particles were omitted. The percentage 
of these events decreases with increasing target mass number and a good description in this 
region for l e 0 +1 0 e Ag, 197Au interactions is obtained. 

5 Correlation between projectile and target nucleus de
structions 

Consider now the correlation between the mean number of g-particles < Ns > as function of 
Qtd- It was shown [17, 18] in an analysis of , 6 0 interactions with emulsion that < N, > for 
interactions at 14.6, 60 and 200 GeV/nucleon scale as a function of Q,t. According to our 
model, this scaling is obvious, because our parameters C, rc and a have no energy dependence. 
More interesting is the dependence < N9(Qti) > on A. Fig. 10 shows the experimental data 
of < Na > as function of Q<d for interactions of О and S with emulsion at 200 GeV/nucleon 
[17, 18]. As can be seen, the mean value of Ng increases almost linearly with decreasing 
values of Qzd ( i.e. increasing centrality of the collision). We have a good agreement, with no 
free parameter, for l 6 0 + Em collisions. However, in the case of 325 + Em our calculations 
overestimate experimental data at low values of Qzd-

There can be at least two reasons for discrepancy: 

• the difference between experimental methods used by authors of papers[17, 18], 

• it is a defect of the model. 

Two existing sets of i e0-data !I7.18] are different for small values of Qxd (see Fig. 10). This 
can be due to ditferent experimental conditions or to low statistics. At the moment we 
cannot choose from the last two possibilities. The more exact data are needed. We hope if the 
agreement between experimental data is reached, it will reflect on S data. 

At JINR energies our model somewhat underestimates the tails of g—particle multiplicity 
distributions for 1 60 and 22Ne interactions with emulsion (see Fig. 6 ). However at CERN 
data we have a tendency to overestimate slightly the tails of the distributions (see Fig. 7). This 
means that the effective constants C, rc or a have weak energy dependence. The change of 
a can be checked at experimental studies of proton momentum distributions in high energy 
nucleus-nucleus collisions. To estimate С and rc more exactly we need to perform complete 
theoretical considerations. The easiest way now is to change С to obtain an agreement with 
data. In Fig. 10 the calculations with С = 0.8 are presented (see also Fig. 7). As one can 
see this permits somewhat better description of 32S + Em data but breaks the agreement with 
, 6 0 + Em data. So the agreement cannot be reached by simple change of model parameters. 
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Fig.10 The experimental data of < Na > as function of Q2j for interactions of 
1 60 (two data samples [17, 18] are presented by squares and circles, respectively) 
and 3 25 with emulsion at 200 GeV/nucleon are compared to our calculations with 
С = 1 (solid lines) and С = 0.8 (dashed lines) 

6 SUMMARY 
The reggeon theory assumes that cascading is a collective phenomenon contrary to the fa
miliar cascade models, which consider an interaction as a set of binary luicleon-nucleon and 
mcson-inicleon collisions. This means that at small impact parameters no separate nucleons 
are ejected from the nucleus but a group of them with closed impact parameters. Inspired by 
this approach, a nuclear destruction model is presented. In the framework of the model we 
satisfactorily described the following: 

• (/-particles multiplicity distribution in nucleus-nucleus interactions at 3.6 GcV/micIcon. 
The agreement is reached even to higher Na—values than СЕМ: 

• At 14.6 and 200 GeV/nuclcon, the «/-particles multiplicity distributions in nucleus-nucleus 
interactions. A good agreement is also obtained without any free parameters; 

• Qzd— »»d Ezdc—distributions; 

• The mesn number of д—particles as a function of Q=</ for O, S+ lim at 200 GrV/nvrlrou. 

All of these show us that reggeon theory can be a good competitor to the familiar cascade 
models and can be applied at high and superhigh energies. 
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