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The experimental data on energy and multiplicity distributions of protons and momentum spectra
of deuterons emitted in the reactions of pions and protons of energy ranging from 2.5 to 200 GeV with
several nuclei are compared to the calculations based upon two different model approaches: DCM Monte
Carlo [3] code and the tube-fireball (TF) model [4]. The results of this confrontation are discussed within
the framework of the intranuclear interaction mechanism assumed. A detailed study of the intranuclear
scenario presented by the DCM Monte Carlo program gives grounds to build simplified analytic models
like the TF which may turn out very useful in many practical problems as being of predictive nature.

[IpoBeneHo cp BHEHUE BKCIEPUMEHT JIbHBIX [ HHBIX 110 MHOXECTBEHHOCTH U HEPIeTUYECKUM CITEKT-
P M NPOTOHOB, T KX€ HMIY/JIbCHBIM CIIEKTP M JEHTPOHOB, MCIYCK €MbIX BO B3 MMOJIEUCTBHSIX C He-
CKOJIBKUMHU SAp MU IHOHOB U NMPOTOHOB ¢ sHepruei ot 2,5 mo 200 I'sB, ¢ p cuer MU, OCHOB HHBIMH
H [JBYX P 37IMYHBIX MOJeNbHbIX noaxon X: mnporp mme DCM [3] u T® [4]. Pe3yapT Thl BBIIOIHEH-
HOTO Cp BHEHHS OOCYXJ IOTCI B P MK X 3 JIOXEHHOTO B OTHX IOIXOH X MeX HH3M BHYTPHSIEPHOTO
B3 umozeiictus. [TogpoGHOe U3ydeHHe BHYTPUSAEPHOIO CLEH pHs, H KOTOpOM O 3HpyeTcs Hporp MM
DCM, 1 eT OCHOB HHe IUIsl MOCTPOCHUS YIIPOIIEHHBIX H JMTHYECKUX MOJENed H mogobue ynoMSHYTOH
Boiie Td-Momenu, KOTOp S MOXET OK 3 ThCS OYEHb MOJIE3HOH BO MHOTUX NP KTUYECKUX 3 A 4 X B CHITY
MpeacK 3yeMOCTH.

PACS: 25.40.Ep, 25.80.Ek

INTRODUCTION

The problem of modeling of intranuclear processes initiated by high enough energy
hadrons has a long, more than a half-century history (for example, [1]). Similar is the
situation concerning analytic attempts of simple model description of this complex phenom-
enon (for example, [2]). Nowadays, there exist several different computer codes simulating
intranuclear interactions, which are based on various theoretical approaches. But it is evident
that all codes of this kind should lead to similar results consistent with the experiment. Nev-
ertheless, at present, the situation is far from being satisfactory in this regard. It concerns in
particular such important properties of nuclear reactions as nuclear fragmentation, cumulative
particle production and correlation even between the basic features of the interaction. So,
the main current problem of hadron—nucleus and nucleus—nucleus collisions is a deep under-
standing of the evolution of multiparticle interactions inside nuclei. To analyze this problem,
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we have chosen two diverse models of intranuclear process initiated by a relativistic hadron,
which are built upon completely different scenarios of interaction: the MCAS code [3] and
the so-called tube-fireball (TF) model [4]. The MCAS code [3] is based on a traditional
scenario of intranuclear cascading [1], whereas TF model [4] is founded on a simplified
assumption of the thermalized statistical source formed in the interaction occurring mainly
along the trajectory of an impinging particle.

In this work, we compare the results obtained by using the MCAS code [3] and the TF
model [4] with various experimental data [5—7], and trace the space-time evolution of mul-
tiparticle production in hadron-nucleus collisions at intermediate and high energies applying
the above-mentioned scenarios.

1. SPACE TOPOGRAPHY OF INTRANUCLEAR COLLISIONS

The simplest way to gain a more penetrating insight into the phenomenon of hadron/nu-
cleus—nucleus interaction in the intermediate energy range (i.e. within several GeV), which is
also of particular interest from the practical standpoint, for example, in connection with the
transmutation of radioactive waist by means of spallation reactions in extended heavy targets,
is to use a typical cascade model based on the conventional concept of space-time sequence
of intranuclear collisions and target-nucleus structure, as well as sufficiently exhaustive exper-
imental information on the hadron—nucleon interaction channels involved. At the same time,
the such a model should be previously confronted with the experiment and proved to give
acceptable results in respect of, at least, the main characteristics of interaction: multiplicity,
energy and angular distributions of secondary particles. The MCAS code [3] satisfactorily
fits these requirements.

The space evolution of the intranuclear cascade initiated by a relativistic hadron may be
illustrated, following the MCAS code [3], by the dependence of the probability P of inelastic
intranuclear collisions of this hadron with target-nucleus nucleons on the impact parameter b,
when all these collisions (both primary and secondary) may take place within a disk of the
radius R and thickness Az = 0.5 fm along the trajectory of the impinging particle.

As a specific example Fig. 1 displays the probability P of inelastic intranuclear collisions
initiated by a 3.5 GeV/c m~ meson in its straight-line trajectory through the '*'Xe target-
nucleus stricken at two different impact parameters, b = 2 fm and b = 4 fm, as a function
of the radius R of the disk perpendicular to the 7~ -meson trajectory, calculated according
the MCAS code. One can make the inference that in the beginning the interactions are
concentrated predominately inside an R ~ 1 fm thin tube around the straight-line path of a
primary relativistic particle (latter on called the z-axis) hitting the target nucleus. Next, the
radius R increases with increasing of the length of the trajectory through the target-nucleus.

To follow the space development of direct intranulear interactions along the z-axis one
can use a disk of the radius R,,, and thickness Az = 0.5 fm of a tube around the hadron
trajectory in which a share m (%) of inelastic collisions takes place (i.e. the so-called cascade
radius). Figure 2 demonstrates the z-dependence of R,, for 3.5 GeV m~ meson striking a
target-nucleus 3! Xe at two values of impact parameter, b = 2 fm and b = 4 fm, all calculated
according to MCAS.

One can conclude that in the case of standard intranuclear cascading approach (i.e., after
the MCAS code) the cascade radius R,, initially increases up to the center of the target
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Fig. 1. Probability P of inelastic 7~ + '*'Xe intranuclear collisions at 3.5 GeV: a) b = 2 fm;
b) b = 4 fm. Calculations performed according to the MCAS code [3]. R is the distance from a
primary hadron trajectory; z denotes the trajectory axis (see also Fig.5)
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Fig. 2. z-dependence of the cascade radius R,, of the tube-like trajectory of a primary 3.5 GeV 7~
meson inside a target-nucleus 131%e at two values of impact parameter: b = 2fm (a) and b = 4fm (b),
according to MCAS [3] and TF [4]. z-dependence is also drawn for the averaged collision radius (1)

nucleus where the nucleon density is maximal and then it slightly diminishes behind it at
b = 2 fm (Fig.2,a). For much more peripheral collisions (i.e., when b = 4 fm) the radius
R,, increases steadily with increasing z as is displayed in Fig. 2, b.
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The average collision radius presented in Figs.2 and 4 (i.e., the average distance of
collisions from the hadron path) is defined as usual:

R= /RP(z,R)dR, (1)
0

where P(z, R) mean the probability of collisions within a unit volume up to the distance R
from the hadron trajectory.
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Fig. 3. The same as in Fig. 1 but for all intranuclear collisions: both elastic and inelastic
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Fig. 4. The same as in Fig.2 but for all intranuclear collisions: both elastic and inelastic
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If all interactions of the primary hadron with intranuclear nucleons are included, i.e. both
inelastic and elastic, and not only inelastic ones as those above (Figs.1 and 2), the general
picture of R- and z-dependences do not change, as shown in Figs.3 and 4, correspondingly.

The foregoing outline provides the basis for the construction of a simplified model of the
interaction like the TF [4].

Fig. 5. Schematic picture of the space structure of intranuclear interaction according to the TF model [4]:
a) system of reference (also valid for the MCAS model investigated in this work); b) passage and decay
of a formed fireball: b is the impact parameter, R is the local value of the radius of the tube inside
which a primary particle, moving along z-axis, initiates a fireball at temperature 7" depending on b

The space structure of intranuclear interactions according to the TF scenario is sketched
in Fig.5. In short, it comes down to the following picture: a primary particle striking a target
nucleus at an impact parameter b moves inside it along the straight-line trajectory and during
this passage it adiabatically amasses nucleons in the form of a localized and thermalized
fermionic system at temperature 7' depending on b. Next, this system, often called a fireball,
decays emitting mesons and nucleons isotropically in its center-of-mass system [4].

2. ENERGY AND MOMENTUM CONSERVATION

The most important problem determining the reliability of a Monte Carlo based program
modeling intranuclear process of the cascade type is the accuracy of energy and momentum
conservation. To check to what extent this condition is fulfilled in the case of the MCAS
code, we have performed the relevant calculations. The corresponding results graphically
demonstrates Fig. 6.

So, in Fig.6,a depicts the distributions of the difference between the kinetic energy of
3.5 GeV/c m~ meson Fj; and the summary kinetic energy FEys of all secondary particles
emitted in the interactions of this 7~ meson with *!Xe nuclei. Here Ei; is defined as
follows:

B =Y Em+> B+ B )
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whilst Ef{‘;‘d, Elffrf‘g and E7° are the kinetic energy of nucleons, nuclear fragments and total
mesons energy, respectively. These distributions have been obtained by using the MCAS
code for four values of impact parameter b: O (i.e. head-on collisions), 2, 4 and 5 fm (mostly
peripheral collisions).

Figure 6, a shows similar distributions obtained according the MCAS code for the same 7~
Xe reaction at 3.5 GeV/c but for particles momenta, when p; is the momentum of the primary
pion and py is the total momentum of all secondary particles emitted in this interaction. By

definition we have
by = Yot Yk Y ®
n n n

Here p'°!, p™& and p™°* are the momentum of nucleons, complex fragments and mesons
in the laboratory system of reference (LAB), respectively.
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Fig. 6. a) Distributions of the difference between the kinetic energy FEk; of a primary hadron and
the summary kinetic energy Ey: of all secondary particles produced in the 7~ + *3'Xe reaction at
3.5 GeV/c. Calculations are performed using the MCAS code at various values of impact parameter:
b=0, 2, 4,5 fm. Secondary particles are both from fast and evaporation stages. b) The same as in a)
but for momenta of particles

One can notice that the shape of both energy and momenta distributions do not depend
on impact parameter. Moreover, the energy spectra are shifted left with respect to zero by a
value of about the pionic rest energy, m,c?, because just such an energy of a primary 7~
meson has been transformed into the kinetic energy of particles involved in the interaction.
The widths of these spectra, ~ m,c?/2 and ~ mc, respectively, determine the accuracy of
calculation by using the MCAS code and may be considered as typical for such an approach.
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3. COMPARISON WITH THE EXPERIMENT

Figure 7 shows the multiplicity distributions of hydrogen isotopes emitted in p + 97 Au
interactions at 2.5 GeV (a) [5] and p + 31 Xe interactions at 200 GeV (b) [6]. The results of
corresponding calculation performed using both the MCAS code and the TF model are also
depicted.
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Fig. 7. Multiplicity distributions of hydrogen isotopes (n.—1) of energy 2.8-200 MeV registered at
an angular acceptance 47 emitted in p 4+ '°TAu interactions at 2.5 GeV [4] (a), and protons (n,)
of momentum 100-600 MeV/c at an angular acceptance 47 emitted in p + '3'Xe interactions at
200 GeV [5] (b). Experimental data are compared with calculations performed using the MCAS code
and the TF model

One can see a significant discrepancy between the results calculated using the mentioned
code and the experimental data for the reaction p + 197 Ay at 2.5 GeV, whereas the TF model
slightly underestimates the multiplicity at n.—; 2 10. It happens so because TF does not take
into account particle evaporation whereas the MCAS code overestimates the data as early as
at n,—q 2 8.

In the case of the reaction p+ '3'Xe at 200 GeV (Fig. 7, a) the MCAS code and TF model
reproduce satisfactorily the experimental data.

Experimental data presented in Figs.8—10 are taken from the experiment [7] in which
a proton beam from accelerator SATURNE (Saclay) and three types of detectors were
used: DENSE (the energy range of neutrons 2-14 MeV) and DEMON (the energy range
4-400 MeV) and the spectrometer (the energy range above 200 MeV).

Figures 8—11 show a considerably better agreement of calculations of energy distributions
done according to TF model with experimental data for neutrons emitted into backward
hemisphere, i.e. at angles in the range 0 > cos(6) > —1 than for forward emitted neutrons
(1 > cos(#) > 0). In this case the disagreement is caused by the fact that elastic collisions
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Fig. 8. Energy distributions of neutrons emitted in the reaction p+ 27 Al (1.2 GeV) at the angles 85 (a),
130 (b) and 160° (c). Experimental data are taken from work [7]. P, Ej are the probability and the
kinetic energy, respectively. The number of calculated events by the MCAS code [3] is equal to 100000

were neglected in calculations whereas the products of elastic collisions move predominantly
at angles 1 > cos (¢) > 0 in LAB.

Figures 8-10 also display a disagreement of energy-angular distributions of neutrons
calculated using the fireball approach with experimental data in the low energy range (below
30 MeV) as the TF model does not take into account the excitation of the target nucleus
whilst such neutrons mostly originate as a result of evaporation of excited target-nuclei.

One can notice as well a disagreement of energy-angular distributions of neutrons calcu-
lated by MCAS code with the quoted experiment in the range of higher energies, i.e., above
30 MeV at angles equal to 130 and 160°.

CONCLUSION

We have performed the investigation of the space structure and evolution of intranuclear
process initiated by high enough energy hadrons in different atomic nuclei. For this reason a
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Fig. 9. The same as in Fig. 8 for the reaction p 4+ 2" Al (1.2 GeV)

typical Monte Carlo based model — the MCAS code [3] has been used. The analysis of the
dependence of the probability of intranuclear reactions on impact parameter strongly suggests
the idea that a dominant part of fast intranuclear collisions is concentrated in a tube-like region
around the trajectory of a primary hadron broadening as the path of the hadron increases, thus
supporting the well-known conception which forms the basis of the TF model [4]. Moreover,
a comparison of both these models — MCAS and TF — with the experimental data seems
to justify satisfactorily as well the second important assumption of the TF model that the
hadronic system adiabatically amassed during the passage of the primary particle through the
target-nucleus is thermalized at the temperature depending on impact parameter, and next, it
decays isotropically in its center-of-mass system emitting pions owing to extra (i.e. above
thermal in its center-of-mass system) and nucleons.

It should be emphasized that the TF model can be considerably improved by taking into
account both elastic scatterings and excitation of target nuclei.



426 Polanski A., Slowinski B., Wojciechowski A.

p+2%Pb E, = 1.6 GeV

P

1E+0E 6 = 85° a

IE—1¢

1E-2¢

1E-3E

1E—4E

IE~§———rrrr—————rrm
10 100 1000

E,,MeV

1E+0E © 0 = 160° ¢

1E—1

1E-2

1IE-3

1E—41 T T
10 100 1000

E,,MeV

1E+0
b

1E—-1

1E-2

1E-5F——
10 100
E,,MeV

T T T

1000

# Experimental data
¢ Calculation results by MCAS code
— Calculation results by fireball method
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Fig. 11. The energy distribution of protons in the reaction '*'Xe(7 ™, p) emitted into the intervals of
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the width of the energy channel 20 MeV. The solid line, O, > mean the results obtained by using the
FM [4], experimental data [7] and the results calculated after the MCAS code [3]. P, Ei mean the
probability and kinetic energy, respectively. The number of calculated events by MCAS code is equal

to 6000

b

1E-50———
0 200
E;,MeV

T T 1

400



Evolution of Intranuclear Collisions at Intermediate Energies 427

Finally, we can also conclude that even a simple formulation, as in the case of the TF
model, of such a complex phenomenon as the intranuclear reaction initiated by relativistic
hadrons, proved to be sufficiently adequate and practically useful having an advantage over
numerical simulation codes for its predictability and permits the direct insight into the spatial
structure and evolution of the process.
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