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Methods are described for simulating the interaction of relativistic particles with matter and
constructing three-dimensional trajectories in geometrically complicated systems in the presence
of external magnetic fields. Depending on the method used to simulate the multiparticle
production events, three types of cascade calculation are considered: exclusive, quasiexclusive,
and inclusive. Algorithms for calculating electron—photon showers, nuclear—electromagnetic
cascades, and the production and propagation of muons in matter are considered. An analysis is
made of the quality and possibilities of the existing programs used to calculate cascades in the
multi-TeV energy region. Various approaches are considered, and the use of the described
methods is illustrated by examples of the solution of a number of problems at the bi g accelerators.

INTRODUCTION

The construction of the accelerators of the new genera-
tion and experimental detection facilities of matching scales
is unthinkable without mathematical simulation of the ha-
dronic and electromagnetic cascades that arise when high-
energy particles interact with the elements of these systems.
Such simulation is particularly important in the stage of
planning of modern experiments and in the design of super-
conducting proton accelerators: UNK (3 TeV) (the large
accelerator planned at Serpukhov), LHC (10 TeV ), and
SSC (20 TeV).

As the energy and intensity of the particle beams in-
crease, the facilities become larger and more complicated,
the possibilities offered by computers and computational
programs are extended, and the number of applications of
methods of calculating nuclear—electromagnetic cascades
increases as in an avalanche. The ring tunnels of the new
accelerators are tens of kilometers long, and the error in the
determination of the dimensions of the radiation shield—in
some cases reaching kilometers of ground—may result in a
high cost both ecological and economic. The very possibility
of realizing high-intensity accelerator facilities using super-
conducting magnets is to a large degree ensured by calcula-
tion of the radiation heating of these magnets and the con-
struction, on the basis of extensive calculations, of systems to
protect the elements of the magnetic structure from the in-
fluence of radiation. The interaction of particle beams with
total energy reaching hundreds of megajoules with the mat-
ter in the elements of the accelerators and the experimental
equipment can drastically shorten the service lifetime of
these elements and, unless special measures are taken, lead
to their destruction. The simulation of physics experiments
is one of the most rapidly developing applications. This can
be seen particularly clearly in the example of the calorime-
ter—the basic instrument of high-energy physics. Irrespec-
tive of the nature of the problem to be solved, the type of
calorimeter, or the principle of its operation, the functioning
of the calorimeter depends essentially on the use of the basic
properties of cascade development.

These and many other problems considered in the pres-
ent paper are solved by mathematical simulation of hadronic
and electromagnetic cascades in various facilities. The aim
of the simulation is to establish the very possibility of realiz-
ing a particular solution, to estimate the expected result, to
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optimize the individual elements of the facility and the radi-
ation and background conditions, to seek new solutions, and
so forth. The simulation formalism is the Monte Carlo meth-
od, which enables one to take into account correctly all the
physical processes of particle interaction with matter, calcu-
late three-dimensional cascades in systems of almost arbi-
trary geometrical complexity in the presence of external
magnetic and electric fields, and estimate in the most direct
manner the fluctuations in the cascades. A factor of no little
significance in practice is the simplicity and perspicuity of
the algorithm for solving problems by the Monte Carlo
method; a shortcoming of the method is its relatively slow
convergence.

We regard the present paper as complementing the re-
cently published studies of Refs. 1 and 2. The aim is to give
more detailed consideration to particular simulation algor-
ithms, to analyze the quality and possibilities of the existing
programs used for full-scale calculations of cascades in the
multi-TeV region of energies, and to consider new results.
The main attention is devoted to calculations of cascades
initiated by hadrons with energy from 0.1 to 20 TeV. The
low-energy region is considered in Refs. 3 and 4 (see also
Ref. 1 and the bibliography given there), and details of the
simulation of electron—photon showers are considered in
Refs. 1 and 5-8.

There are two key things that determine the region of
applicability, possibilities, and quality of any program for
simulating cascades and, ultimately, the circle of users and
their relationship to the program:

1) the physical model used in the program, in the first
place (for hadronic cascades) the method used to describe
the multiparticle production of hadrons;

2) the geometrical module—the algorithms for con-
structing the particle trajectories, and the subprograms for
the input and output of geometrical information.

In the present review, both of these are considered to
have paramount importance in the analysis of the existing
programs.

1.INTERACTIONS OF HIGH-ENERGY PARTICLES WITH

MATTER

The development of nuclear-electromagnetic cascades
initiated in a medium by high-energy hadrons is considered
in detail in Ref. 1. Hadronic and electron—photon cascades
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develop when ultrarelativistic particles pass through matter
because of the multiple nature of the electromagnetic and
strong hadron—nucleus interactions at high energies. Be-
cause of successive multiplication, an avalanche of interac-
tions rapidly develops, reaches a maximum, and then dies
away through the dissipation of energy between the partici-
pants in the cascade and the loss of energy by the charged
particles on ionization and excitation of atoms. The length
scale in a hadronic shower is the mean free path with respect
to an inelastic nuclear interaction, 4,, = A /N ,0;,,and inan
electron—photon shower it is the radiation length X, =¢,,
which is approximately determined by the expression
t ' =4arrZ,(Z + 1)In(183Z ~'/*)pN, /A. Here, 4, Z,
and p are the mass number, atomic number, and density of
the matter, N, is Avogadro’s number, o, is the cross section
of inelastic interaction of the hadron with a nucleus, and a
and r, are the fine-structure constant and the classical radius
of the electron.

FElectromagnetic interactions entirely determine the de-
velopment of the electron—photon showers and the passage
of muons through matter, and they play an important part in
the development of hadronic cascades. As it moves through
a medium, a charged particle loses energy on the ionization
and excitation of atoms, on bremsstrahlung, and on the di-
rect production of e *e ™ pairs in the field of a nucleus and
the atomic electrons. As a result of multiple Coulomb scat-
tering, such a particle undergoes significant changes of di-
rection of its motion. The main processes of photon interac-
tion with matter are Rayleigh scattering, the photoelectric
effect, the Compton effect, and the production of e *e~
pairs. Methods for simulating all these processes are de-
scribed in detail in, for example, Refs. 1, 5-7, and 9-11.

At energy E= 100 GeV for particles heavier than the
electron, the main electromagnetic processes are ionization
and excitation of atoms and multiple Coulomb scattering.
At higher energies, the importance of other processes is
much greater."® Figure 1 shows the distribution functions
with respect to the energy losses ¥V = (E; — E)/(E, —m)
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FIG. 1. Universal differential distributions with respect to the energy
losses for protons and muons in the following processes: bremsstrahlung
(b), direct production of e * ¢~ pairs (p), and deep inelastic muon scat-
tering (n).
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FIG. 2. Momentum distribution calculated by MARSIO for protons
emerging from tungsten wires of the electrostatic deflector of the Teva-
tron with which part of the proton beam with momentum p, = 1 TeV/¢
interacts. The solid histogram is the complete simulation of all processes;
the broken histogram is without allowance for fluctuations in the process
of e+ e~ pair production; and the chain histogram is without allowance
for Landau fluctuations in the e * e~ pair-production process.

in different processes for high-energy protons and muons as
calculated in Ref. 10. For muons with energy above a few
hundred giga-electron-volts, especially in heavy media, the
angular deflections due to the emission of bremsstrahlung
photons begin to dominate over multiple Coulomb scatter-
ing,'! and the energy losses are determined by bremsstrah-
lung and direct production of e “e ™ pairs.

For particles heavier than the muon, this occurs at
higher energies and does not strongly affect the development
of the complete hadronic cascade. However, in a number of
problems (energy release near the beam axis and particle
scattering by thin structures), bremsstrahlung and the di-
rect production of e * e ~ pairs must be described as discrete
processes for proton beams already at an energy around 1
TeV. This fact, discovered in Refs. 12 and 13, appeared in
calculations of the azimuthal distributions of the beam losses
and in the development of measures to shield superconduct-
ing magnets from irradiation at energy 3 TeV in the UNK
(Ref. 14) and 1 TeV in the Tevatron.'® Figure 2, which
shows the part of the momentum spectrum of protons
emerging from a tungsten electrostatic septum magnet that
is important for calculations of the beam losses, clearly illus-
trates the importance of correct simulation of the process of
direct production of e e~ pairs by protons and the fluctu-
ations of the ionization losses.

Detailed information about processes of multiparticle
production of hadrons on nucleons and nuclei at E, > 10
GeV can be found in the monographs of Refs. 1 and 16-18
and the reviews of Refs. 19 and 20. All hadron—nucleus (hA4)
interactions can be divided into two groups:

1) elastic, without the production of new particles,

T BT E QT (1)

2) inelastic, with production of at least one particle not
present in the initial state,

h+A—sc+d+...+f. (2)

Each of these groups, in turn, can be subdivided into two
parts—coherent and incoherent (Fig. 3). The cross section
of each of the reactions (1) and (2) is determined as the sum
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of the cross sections in the subgroups: Osear = T + Oy and
Oprod = Ocon + Ogps = Ty, .

The process of incoherent elastic (quasielastic) scatter-
ing should, strictly speaking, be included with the inelastic
processes.” For the development of hadronic cascades, it is
important that in the fourth of the processes in Fig, 3 there is
an energetically distinguished leading particle.

In the tera-electron-volt region of energies the multi-
plicities of the secondary particles in the reaction (2) are
very high even in 2N collisions (Fig. 4). For nuclei, the mean
multiplicity of fast (8> 0.7) particles is (N, ) a={n.) n
(0.4 4 0.640%"/a% ). All this has the consequence that the
cascade acquires exceptionally many branches already for
small matter thicknesses, and this leads inevitably to many
computational problems.

abs

inelastic

2. DESCRIPTION OF HADRON-NUCLEUS INTERACTIONS

As already noted in the Introduction, a central question
in all programs for simulating hadronic cascades is the meth-
od of describing the processes of multiple production of had-
rons in A4 interactions. It is this that basically determines
the energy range of the program, the group of physical prob-
lems to which it can be applied, and the agreement between
the results and reality, and it also significantly affects the
speed of the program and its popularity among users.

In the overwhelming majority of applications consid-
ered in the present study, the important range of kinetic en-
ergies of the hadrons in the cascade extends from a few
mega-electron-volts to a primary energy £, < 20 TeV. A
unified theoretical model for the complete ran ge of variation
of the kinematic variables in this complete interval of ener-
gies does not exist. Therefore, in the majority of cases one
uses combinations of particular theoretical constructions
with phenomenological descriptions.

We briefly consider the existing algorithms for simulat-
ing multiparticle production of hadrons developed in the
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FIG. 4. Mean multiplicity of charged particles in a pp collision calculated
using the programs LUND (Ref. 21) and ISAJET (Ref. 22) and plotted
as a function of the interaction energy. The black circles represent the
approximation in Ref, 18 of the experimental data by (n,) = 0.88 + 0.44
In s 4 0.118 In?s, where s is measured in GeV2
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FIG. 3. Different type of hadron-nucleus interaction.

framework of programs for calculating hadronic cascades or
independently. Since we are interested in models that give
the information needed for continuous calculation of cas-
cades in the complete range 10 ~2 < E, < 10* GeV, so far as
possible with uniform reliability, we shall not consider the
following algorithms: the intranuclear-cascade model,3*
which has proved very satisfactory at energies £, =30 GeV
and is the basis of the well-known programs SHIELD (Ref.
24) and HETC (Ref. 25); the constructions lacking the re-
quired generality, used in cosmic-ray physics (see, for exam-
ple, Ref. 26) and in applications to calorimeters,?”** and
some others.

The most popular programs for generating hadron in-
teractions are at present LUND (Ref, 21) and ISAJET
(Ref. 22). The program ISAJET uses quantum chromodyn-
amics augmented by a fragmentation model that treats all
partons in an event as independent. In this model, the ener-
gy, momentum, and flavor conservation laws are not satis-
fied explicitly. The program LUND is based on a string
model with gluons, which arise as perturbations in the
strings joining the partons in a high-energy event. In this
case, fulfillment of the conservation laws is ensured. Both
programs have a number of free parameters and do not de-
scribe very well the region of small transverse momenta.2*
However, they enable one to simulate all the main features of
the interactions in the tera-electron-volt region of energies,
they agree well with the experimental data, and the results of
calculations by the two programs largely agree (see F ig. 4).
There is good hope of successful use of these programs to
generate events for the planned colliders and as a basis for
programs of simulating hadron-nucleus interactions.
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FIG. 5. Distributions of hadrons with respect to xp =2p¥/\sin pp and
@ * pinteractions at energy 100 GeV calculated by the program MARSIO.
The points represent the experimental results of Ref. 38,
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Reliable Soviet programs have been developed for sim-
ulating multiparticle production in high-energy hadron—nu-
cleon and hadron-nucleus collisions:

1) a method® based on the additive quark model in
which, in accordance with quark-hadron duality, the inter-
action of the constituent quarks with the nuclei is reduced to
a definite sequence of interactions of hadrons with nucleons
of the nuclei; the Monte Carlo procedure ascribes to each
such interaction, with the necessary weight, an exclusive fi-
nal state, which is also described by the statistical simula-
tion;

2) the program of Ref. 30, based on Monte Carlo sam-
pling of particle characteristics from the phenomenological
two-dimensional inclusive distributions obtained by the
authors in inelastic hadron—-nucleon collisions;

3) the method of Ref. 31, in which intranuclear cas-
cades with quark—gluon strings are calculated in the frame-
work of the dual parton model.

These programs reproduce well the characteristics of
multiparticle production of hadrons in the range 5 GeV<E,
<5 TeV of energies of the primary particles.

The package of programs in the complex MARS (Refs.
1, 2, 12, 32, and 33) is designed for the calculation of ha-
dronic cascades. It is based on statistical simulation of the
inclusive characteristics of hadron—nucleus interactions us-
ing a phenomenological construction that describes the
complete range of kinematic variables in the range of pri-
mary energies 10 MeV<E,<30 TeV. At E, > 5 GeV, the
sampling is realized by means of a system of phenomenologi-
cal formulas for a hydrogen target (see Ref. 1). The transi-
tion to a nucleus is based on the predictions of the additive
quark model®®** at x; >0 and on the phenomenological
model of Ref. 35 for x; <0; here, xz = 2pi'/ys is the Feyn-
man variable. The production of slow nucleons, evapora-
tion of the nucleus, and the production of diffraction parti-

cles are simulated separately. At E,<5 GeV, the simulation
is based on the approximations of Ref. 37. In Figs. 5 and 6 we
compare with experiment®*** the inclusive spectra of had-
rons on hydrogen and nuclear targets calculated using the
program MARSIO. The mean characteristics obtained by
MARSIO, given in Tables I and II for E, = 100 GeV, also
agree well with the experimental data.

Single-particle inclusive distributions are also used to
simulate hadron-nucleus interactions in the programs
FLUKA (Ref. 45), KASPRO (Ref. 46), and CASIM (Ref.
47), though with different generation algorithms and nar-
rower ranges of the kinematic variables than in the MARS
complex. In the program CASIM, the inclusive spectra of
fast particles are described in the framework of the thermo-
dynamic model of Hagedorn and Ranft,** and the character-
istics of slow particles are sampled in accordance with the
formulas of Ref. 36.

The method realized in the program FLUKAB82 (Ref.
49) and the simple but effective method of the program
GHEISHA (Ref. 50) provide reliable schemes for exclusive
generation of hadron-nucleus collisions. In the method of
Ref. 49, the production of particles in the range 50 MeV < E,
<5 GeV is described by means of quasi-two-particle pro-
cesses with successive decays of produced resonances. In the
interval of primary energies 5 GeV < E, < 10 TeV, the meth-
od is based on the scheme of dual topological unitarization,
which treats the production of particles in hadron-nucleus
interactions as fragmentation of quark—antiquark, quark-
diquark, and diquark-antidiquark pairs. Strict fulfillment of
the conservation laws for energy, momentum, and all the
additive quantum numbers is ensured in the model. How-
ever, the production of low-energy cascade nucleons is de-
scribed phenomenologically.

In the method of Ref. 50, which is designed for the cal-
culation of hadronic cascades in calorimeters at energies E,

TABLE 1. Mean multiplicity (N, ) of shower particles in 7~ A interactions at E, = 100

GeV.
Source P C Cu Pb
Experiment*’ 6.50.4 8.440.7 | 10.640.9 | 12.6+1.1
MARSI10 T4 8.9 11.2 14.0
HETC* 1.88 10,4 14.7 201
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TABLE II. Mean partial inelasticity coefficients {K;) at E; = 100 GeV. The experimen-

tal data are taken from Ref, 20.

Interaction » ik - e Source
2 0.03 0.41 0.22 0.31 MARS10

ckiif ) 0.04 0.45 0.21 0.29 Experiment
C 0.04 0.39 0.24 0.31 MARSI0

L = 0.37 0.24 0.31 Experiment

<0.5 TeV, the hadron—nucleus collision is constructed in
accordance with a fast algorithm,*** which gives results in
reasonable agreement with the experimental data (Fig. 7).
Figure 8 gives a result obtained in this scheme that will also
be of interest in subsequent applications, namely, the mean
total kinetic energy of the secondary particles as a function
of the energy of a pion that interacts with different nuclei.

3.THE GEOMETRY AND SIMULATION OF THE PARTICLE
TRAJECTORIES

Experience shows that the users of programs for calcu-
lating cascades are usually not interested in the details of the
physical model, especially if the calculated result is “physi-
cally reasonable,” but are interested primarly in the possibi-
lities of the geometrical module. This usually consists of the
following main subprograms®**: 1) specification of the ge-
ometry—the input and preparation of the initial data; 2)
sampling of initial coordinates of the particles in accordance
with a given distribution of sources; 3) construction of parti-
cle trajectories with simulation of the quasicontinuous pro-
cesses and the effect of external electromagnetic fields; 4)
calculation of the volumes of zones (if necessary), and ex-
traction of the geometrical information.

The quality of these subprograms, that is, the possibility
of describing geometrically complicated systems as simply
as possible and automatically and the speed of the trajectory-
construction block, is decisive in the practice of simulating
cascades in the elements of accelerators and detection facili-
ties.

According to the approach adopted to the description

of the geometry of the problem, modern programs for calcu-
lating high-energy hadronic and electromagnetic cascades
can be divided into two groups:

1) programs with a set of “standard geometries,”
MARS4 (Ref. 33), FLUKAS2 (Ref. 49), GEANT3 (Ref.
57), in which one can relatively easily, from a given list of
different geometrical figures (surfaces), construct the com-
plete investigated system;

2) programs with a restricted set of standard geome-
tries, MARS9, MARSIO (Refs. 1,2, 12, and 56), GHEISHA
(Ref. 50), or with a single geometry of “continuous cylin-
der” type, CASIM (Ref. 47), EGS3 (Ref. 5), SIMEX] (Ref.
7), in which the user specifies arbitrary geometries in special
USER subprograms.

Programs of the first group do not require special famil-
iarity with their structure or programming ability of the
user, and in some cases they have a well-automated input
and output, and this reduces the probability of errors. How-
ever, they are cumbersome, and the creation of such a pro-
gram (collection of elementary volumes and the organiza-
tion of the combinatorial geometry and the interfaces for
different types of volumes) is a very major undertaking.

When working in the “standard” regime, the programs
of the second group are analogous to those of the first, but
often essential use is made of a priori information about the
calculated geometry. In some cases, this makes them faster
programs. For example, the calculations in Ref. 57 of elec-
tron—photon showers in cylindrical absorbers showed that
the highly universal geometrical module of the program
GEANT3 is approximately two times slower than the simple

A
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\ B FIG. 7. Calculations by the GHEISHA program® of the
distribution with respect to the pseudorapidity of shower
__i particles (8> 0.85) in 7 *4 and pA collisions at energies

50 and 100 GeV. The points are the experimental data of
Ref. 39.
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FIG. 8. Total kinetic energy of particles produced in 74 interactions with
energy E,.

module of the program EGS3 in the considered case. The
geometry of systems of arbitrary complexity can be specified
in the USER subprograms, and here much depends on the
qualifications of the user—a subprogram can be written for a
particular problem much more effectively than any program
of the first group and vice versa. In addition, the USER pro-
grams are a source of possible errors and it is necessary, as, in
fact, is always the case, to test the given geometry.

The speed and possibilities of the geometrical module
are to a large degree determined by the method of construct-
ing the three-dimensional particle trajectories. In the major-
ity of programs for calculating cascades, a step method is
used, in which one can readily and naturally simulate quasi-
continuous physical processes in strongly inhomogeneous
media. One of the principal advantages of the method is that
it is not necessary to calculate the coordinates of the points of
intersection of a trajectory with the surfaces; instead, it is
sufficient merely to determine whether a segment of a trajec-
tory belongs to a particular zone, and this is much simpler
and can be done faster.

We consider the effective algorithm for trajectory simu-
lation in the geometrical module REGION of the MARSIO
complex of programs. In the standard step method, any
boundary is localized to an accuracy of the step length /. The
use everywhere of large values of / leads to a distortion of the
picture of the transport process that is more serious, the
greater the nonuniformity of the medium. But the use of
small values, as in many programs, leads to a very consider-
able increase in the computing time. There was therefore
developed the following iterative algorithm,* the original
variant of which is described in Refs. 1 and 13.

Itis assumed that the investigated system is divided into
physical zones with piecewise constant properties and mate-
rial with number i. Each of the physical zones can be divided
into an almost arbitrary number of geometrical zones with
number N. The subprogram REGION constructs the sec-
tion of a particle trajectory (path) between two collisions
that are any discretely considered events. Processes with
small energy transfers (some of the electromagnetic losses)
are grouped together and treated as continuous. The simula-
tion begins with the determination of the initial / and ¥V and
sampling of the range R (for charged particles, see the algo-
rithm of Refs. 1 and 33). From the point r of the start of the
section of the trajectory a step is taken in the direction £ of
motion of the particle of length

1 = RIL, (3)
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where L = max{1, A /t} for neutral particles, while for
charged particles one takes into account additionally the
conditions of a minimum of the error of the broken-spiral
method and the error of the difference scheme for calcula-
tions in a magnetic field, and the conditions of smallness of
the energy loss and applicability of the algorithm for calcu-
lating multiple Coulomb scattering; here, A is the mean free
path, and ¢ is the length of the characteristic zone in the
direction of predominant propagation of the particles.

If the point ' = r + / @ is in the same zone &, then after
simulation of the effect of the magnetic field B and the multi-
ple Coulomb scattering, — ', the calculation is passed
back from the subprogram.

If one of the surfaces bounding zone N has been inter-
sected, i.e., N'# N, then to localize the point of intersection
of the section of the trajectory with this surface with preas-
signed error ¢ the following algorithm is realized:

1) n=1,1, =1, r, =r are determined,;

2) from the pointr,_, thestep/, =1,_, /2 is taken;

3)r, =r,_, + 1, Qis calculated, and a test is made to
determine whether this point belongs to zone N;

4) if it does, then n is increased by unity, step 2 is repeat-
ed, etc.; otherwise, r, = r,_, is redetermined, # is increased
by unity, and the process is continued from 2;

5) the procedure is repeated m times until /,, =1.27"
becomes less than the given £ > 0 and the point r,, leaves for
the first time zone N and enters its neighbor;

6) the number N ' of this zone and its material number k
are determined, and a new £’ is simulated.

The distance of the point r,, from the boundary of the
zone does not exceed &, and the length of the section of the
trajectory in zone N, summed in the process of the iterations,
is

1, N = N

s=13) 2" g0 (1) By = { ;
el 0, N== N

The total number of iterations is small, M ~In(/ /£)/In 2.

In zone N, the continuous energy losses in segment s are
calculated, and contributions to the calculated functionals
are made. The residual range is calculated:

R = a (R — 9),

where

_[Li:k
RS, B B T

3. (E") is the macroscopic cross section for interaction of the
particle in zone i, and E' is the energy of the particle as it
enters zone k. To construct the section of the trajectory of
length R ', the entire procedure described above is repeated
from the beginning, step 3 being changed if necessary.

In this iterative method, the error in the determination
of the majority of the functionals @ is related to £ by
A®/® ~e/1, where [ is the mean total path of the particle in
the given zone. Specifying the error A®/®, one can then
readily estimate the value of €.

The action of the magnetic field B in step s is calculated
in accordance with known relations.*® The multiple Cou-
lomb scattering in the same step is simulated either in the
diffusion Gaussian approximation with simultaneous sam-
pling of the transverse displacements, ***” or without simula-
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tion of the transverse displacement using the Moliére distri-
bution, as was done in Ref. 5, or, preferably, by the algorithm
of Ref. 58, based on the theory of Moliére, modified to take
into account the difference between the electric field of a
nucleus and the field of a point charge.

4.ELECTRON-PHOTON SHOWERS

The electron—-photon shower is a process that has by
now been theoretically and experimentally studied in detail.
There is now much interest in applying the developed meth-
ods, specifically programs for calculating showers, in the
practice of experimental high-energy physics (electromag-
netic calorimeters) in the solution of a number of applied
problems in accelerators, and in programs of combined cal-
culation of electron—photon showers and hadronic cascades.
We shall briefly consider the state of this art. A description
of the development of electron-photon showers and
algorithms for simulating the electromagnetic processes of
interaction can be found, for example, in Refs. 1, 5-8, and
59-62.

Many programs have been developed for Monte Carlo
simulation of electron—photon showers. At the physical lev-
el, these programs in their present state differ little—one
simulates the processes of bremsstrahlung, e *e ~ pair pro-
duction, ionization energy losses, multiple Coulomb scatter-
ing, e " e scattering by electrons, annihilation of positrons
into two photons, the Compton effect, and the photoelectric
effect on the K shell. The differences are usually in the meth-
ods of describing the processes of transport of low-energy
electrons, the multiple Coulomb scattering, the fluctuations
of the energy losses, and the allowance for, or neglect of, the
Landau-Pomeranchuk-Migdal (LPM) effect. The elec-
trons are usually followed to an energy of about 1 MeV, and
the photons to 100 keV. The maximal energy is most often
E, ~100 GeV and after allowance has been made for the
LPM effect one is restricted only by the computing possibili-
ties.

We list the main programs currently used in the Soviet
Union and abroad:

1) EGS3 (Ref. 5) and EGS4 (Refs. 63 and 64)—pro-
grams that set an international standard by virtue of their
universality, convenience of use, accessibility, and excellent
documentation;

2) GEANTS3 (Ref. 57)—a program that possesses the
most powerful geometrical module among all the programs
for calculating electron—photon showers, in which the phys-
ical module is identical to EGS3 with a number of simplifica-
tions;

3) AEGIS (Ref. 65)—a program designed for simulta-
neous calculation of nuclear-electromagnetic cascades and
works in the inclusive regime (see the following section), a
modified version of which is contained in the MARS10 com-
plex;

4) the programs of the Siberian school,*®' which give a
very detailed description of the interaction processes, espe-
cially at low energies, and a synthesis with numerical solu-
tions that makes possible a calculation in homogeneous me-
dia at very high energies;

5) SIMEXI (Ref. 7), RAINMC (Ref. 60), ELSSI (Ref.
62), which provide a reliable calculation of electron—-photon
showers even on a computer with small memory in the ana-
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log regime, the first two of them now in the inclusive regime
as well.

The results of calculations in accordance with all these
programs are in good agreement with experiment, and the
quality of the best of them meets the most demanding re-
quirements of a large number of users.

5.INCLUSIVE SIMULATION OF
NUCLEAR-ELECTROMAGNETIC CASCADES AND MUON
PRODUCTION

The description of the complete set of exclusive reac-
tions (2) needed to simulate hadronic cascades of tera-elec-
tron-volt energy is an exceptionally complicated problem.
With increasing energy, the many-particle channels become
more and more important, and the partial cross sections of
each individual channel decrease to very small values. Sig-
nificant progress in the analysis of multiparticle processes
was achieved after recognition of the fact that a significant
fraction of the information about the many-particle reaction
(2) can be obtained by studying the distributions of just one
of the secondary particles®®-°;

R4+ A—>c+X, (4)

where X is an arbitrary system of undetected particles pro-
duced together with particle c. The inclusive reaction (4) is
characterized by the single-particle differential cross section

E, daﬁ/dp: =f(pe 9), (5)

where p, is the momentum of particle ¢, and s is the square of
the total energy of the colliding particles.

The ideology of Refs. 66-68 led to the creation of inclu-
sive schemes for calculating hadronic and electromagnetic
cascades. The stimuli were the following:

1) in the overwhelming majority of applications one
considers effects due to the action of large ensembles of pri-
mary particles, so that to describe a cascade it is sufficient to
have the first moment of the distribution function, obtained
by means of (5), without simulating all the reactions (2);

2) at a high primary energy and low threshold energy,
the tree of trajectories of the exclusive nuclear—electromag-
netic cascade acquires so many branches that the calculation
of a number of functionals in extended systems becomes im-
possible for the majority of computers;

3) the description of the complete range of variation of
the kinematic variables in a wide range of primary energies is
much more surely guaranteed by experimental data on in-
clusive spectra than by exclusive distributions.

The algorithms of inclusive simulation of cascades are
based on the method of statistical weights, and this makes it
possible to use devices of essential sampling for problems
that are not amenable to direct calculation, for example, the
investigation of low-probability reaction channels.! The
time required to calculate one history increases with the en-
ergy only logarithmically, in contrast to exclusive programs,
for which the growth is linear. This makes it possible to solve
a large group of applied problems (see below) and advance
into the region of arbitrarily high energies.

The price to be paid for these advantages is the impossi-
bility of directly using the existing inclusive programs to
solve the problem of the fluctuations of individual cascades
in thin detectors and calorimeters, though the paper of Ref.
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FIG. 9. Exclusive and inclusive schemes of an electron—photon shower. A
continuous line represents e * or e ~, and a wavy line is a photon; b repre-
sents bremsstrahlung, p is the production of e *e~ pairs, and ¢ is the
Compton effect.

71 considers an approach to the solution of this problem
based on the use of an equation of Kolmogorov—Chapman
type and shows that one can make an unbiased estimate of
the second moment of the distribution function by means of
a random process that branches less strongly than the real
process.

The inclusive scheme for calculating electron—photon
showers is the clearest and simplest in realization. The first
program of this type was AEGIS.® Figure 9 shows the tran-
sition from analog simulation to calculation of a nonbranch-
ing process. Also given are the statistical weights of the par-
ticles of each generation in the simplest case when the
sampling function S(j, E;) for the energy E; is equal to the
differential cross section of the process, normalized to unity,
at each vertex P(E;) and the particle species j is sampled.
Then

S(j, E) =5 P (E)). (6)
The statistical weight of the particle,
§ d 3
w=P(E)IS (i, B) =05 S(» Eps (7)

is in this case w = 2, and this doubles the weight of the simu-
lated branch after each interaction.

It is obvious that for a large number of samplings the
two schemes of Fig. 9 will give the same result. The essential
sampling method immediately suggests a modification that
significantly raises the efficiency of the calculation, namely,
the introduction of a bias linear in the energy to equalize the
probabilities of production of high-energy and low-energy
particles:

S (i, E;) = P (E)) E4/E,. (8)

The statistical weight in this case, w = E, /E;, ensures
energy conservation at each vertex: wk; = E,.

This scheme is very compact and at the present time is
included in the majority of programs for calculating elec-
tron—photon showers and in the programs CASIM and
MARS for calculating nuclear—electromagnetic cascades.
An example of the calculation of a cascade initiated by a 10-
GeV electron in a drift calorimeter with lead glass tubes® is
given in Fig. 10 for the exclusive and inclusive modes of the
program EGS4. The radical shortening of the computing
time on the transition to the inclusive regime is noteworthy.

A more correct criterion for comparing different com-
putational schemes is the time-consumption factor ¢,D¢,
where 1, is the mean time required to calculate one realiza-
tion, and D¢ is the dispersion of the estimate of the func-
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FIG. 10. The fraction of the energy of an electron—photon shower initiated
by an electron with E, = 10 GeV that emerges from a calorimeter as a
function of its thickness.®® The curve represents an exclusive calculation
in accordance with EGS3 (8.62 sec/history); the black circles represent
an inclusive calculation in accordance with EGS4 (0.031 sec/history);
the open circles represent a calculation in accordance with EGS4 in the
inclusive regime for thicknesses < 11X, and in the exclusive regime for
greater thicknesses (0.045 sec/history).

tional £. In Fig 11, taken from Ref. 72, we give the results of
such investigations for an electron—-photon shower initated
by photons with an energy above 10 GeV in air. The thresh-
old energy fore ™, e, and yis E,, = 4 MeV.Three schemes
for shower calculation were studied: 1) direct simulation
(the figure gives the results of extrapolation to the high-
energy region); 2) the scheme of the authors of Ref. 72 based
on synthesis of the results of numerical calculations in a ho-
mogeneous medium with direct simulation; 3) the inclusive
scheme. It can be seen that at high energies the inclusive
scheme is more than an order of magnitude more effective
than the exclusive scheme for calculating the spatial distri-
bution of the particles. However, for calculating the total
range of charged particles the direct simulation is preferable.

The possibility of using the method of statistical
weights to simulate high-energy hadron-nucleus interac-
tions was noted in Ref. 73. The first communications of
working inclusive programs for calculating hadronic cas-

| 1
10 iz e i Ey,GeV 10 w?  w  10%,GeV
Dito[ 4-24,, 1
103 |- 5/‘
?02 B x—/x -
07 i i L c 5-'5 \ | | d
0 w?  w  wr,GeV  m w? w0  wig,GeV

FIG. 11. Time-consumption factor for calculation of the mean number of
charged particles of an electron—photon shower at depth 7 (a—c) and total
range of the charged particles (d) as functions of the energy of the pri-
mary photon (¢,, is the depth of the cascade maximum).
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cades in matter appeared practically simultaneously at the
end of 1974 and the beginning of 1975. The studies of Refs.
32, 74, and 75 laid the foundation for the Soviet complex of
programs MARS, and Ref. 47 became the basis of the for-
eign inclusive program CASIM. Somewhat later, one
further program for inclusive simulation of hadronic cas-
cades, KASPRO (Ref. 46), from the FLUKA family, ap-
peared.

Figure 12a shows the tree of trajectories of a hadronic
cascade in a medium, its complete exclusive calculation be-
ing made by direct simulation. The use of the method of
statistical weights to describe each 44 interaction makes it
possible to go over to processes that branch less strongly
than the original one (Figs. 12c and 12d), or, as in the case of
the modified calculation of electron—photon showers, do not
branch at all (Fig. 12b). The statistical weights given next to
each trajectory emanating from the primary vertex corre-
spond to the simplest situation in which the sampling func-
tion is equal to the single-particle cross section (5). In this
case, the weights are equal to the partial mean multiplicities
of particles of species / in an 44 collision with energy E,,

w=(n) = oit (E,) jf (P E,) &p/E,, 9

and for a nonbranching process they are equal to the total
multiplicity w = 2, (n,) = (n). It was proved rigorously in
Ref. 71 that such an estimate of the first moment of the dis-
tribution function is unbiased.

In the general case, the sampling function S(/, p;; E, ) is
not necessarily identical to the real inclusive distribution.
Depending on the problem, it can be chosen in such a way as
to increase the weight of certain regions of the phase space:
large p,, the backward hemisphere, energies near E,, the
acceptance angles of the detector, low-probability reaction
channels, etc. The corresponding statistical weights are cal-
culated by analogy with (7) and (9) as the ratio

w = (ps; E)/S (I, pi; Ey), (10)

where fis the true distribution, normalized to unity.

The programs CASIM (Ref. 47) and KASPRO (Ref,
46) are based on a nonbranching scheme in which the pro-
duction of only one hadron is simulated in each 44 interac-
tion. These programs have many features in common and
permit reliable calculation of nuclear—electromagnetic cas-
cades in fairly complicated systems in the range of energies
from 50 MeV to 1 TeV. In the program CASIM widely used
at Fermilab the maximal energy was recently increased to 30
TeV. At the present time, both programs make it possible to
calculate electron—photon showers during the development
of the hadronic cascade—CASIM is combined with the pro-
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FIG. 12. Exclusive scheme and three possible inclusive
schemes of the tree of trajectories of a hadronic cascade.

gram AEGIS (Ref. 65), and KASPRO with EGS3 (Refs. 5
and 76).

In the programs of the MARS complex, the possibilities
of the physical and geometrical modules are extended from
version to version. By means of the early versions one could
investigate in detail the main features in the development of
high-energy nuclear—electromagnetic cascades and solve a
number of important applied problems: MARS2 (Refs. 32
and 74), MARS3 (Ref. 75), MARS4 (Ref. 33), MARSS5
(Ref. 77), MARS6 (Ref. 78), MARS7 (Refs. 79 and 80). In
the program MARSHI (Ref. 81) there is a synthesis of the
inclusive method at high energies and the exclusive method
(intranuclear-cascade model) at intermediate energies. The
creation of the program MARSU made it possible to simu-
late the deep-water experiment DUMAND at energies up to
10" GeV.” Quasidirect simulation of electron~photon
showers using a modified AEGIS algorithm is included in
the program MARSS (Ref. 80).

The modern versions of the MARS complex are the
programs MARS9 (Refs. 1, 12, and 13), MARSI10 (Ref. 2),
and MARSI11 (Ref. 82). Details of the physical model and
the geometrical module of the two last programs are de-
scribed in Secs. 2 and 3 of the present paper, and some
aspects are described in Refs. 56 and 58. This system of pro-
grams makes it possible to calculate nuclear-electromagne-
tic cascades in an essentially arbitrary geometry in the pres-
ence of any large or small inhomogeneities and external
electric and magnetic fields. The energies of the primary par-
ticles are in the range 10 MeV<E,<30 TeV. The charged
hadrons and muons are followed down to energies 1-10
MeV, and neutrons to the same threshold (but in MARSI to
0.025 eV); the electrons are followed down to 1 MeV, and
the photons to 0.1 MeV. Processes of production by hadrons
and muons of direct e * e ~ pairs, bremsstrahlung, and & elec-
trons are simulated as discrete events. In the package MAR-
TUR (Ref. 13), designed to calculate cascades in complicat-
ed magnetic structures of accelerators, a synthesis with the
well-known program TURTLE (Ref. 83) is realized. Differ-
ent types of basic estimates of the functionals are used simul-
taneously—an estimate based on collisions, an estimate
based on the range, and the method of mathematical expec-
tations. The program MARS11 uses not only these estimates
but also the complete arsenal of means for reducing the dis-
persion: “splitting” and “roulette,” synthesis with analytic
solutions, exponential transformation, and so forth. The
problem of neutron transport in the range of energies 0.025
eV < E < 10MeV issolved, depending on the problem, by the
Monte Carlo method or the discrete ordinate method.

The tree of trajectories is constructed in accordance
with the scheme of Fig. 12d: In each A4 interaction event at
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high energies there is inclusive simulation of the production
of one fast nucleon (diffraction nucleon or one from the re-
gion xp <0.8), one charged pion, and one slow cascade nu-
cleon with appropriate statistical weights. The species of ha-
dron (p or n, w* or w~ ) is sampled. The characteristics of
the produced charged pion are used to describe the produc-
tion of the 7° at the same vertex. The K* mesons in prob-
lems in which they are not specially studied or in which the
production of muons is not considered are included in the
pion component. Nuclear evaporation is simulated in the
simplest way. The investigations showed that such a scheme
is the best compromise between the exclusive scheme (Fig.
12a) and the nonbranching process (Fig. 12b), giving the
most rapid convergence for calculation of the most varied
functionals.

The process of production of muons in a cascade is sim-
ulated in accordance with the scheme of Refs. 11 and 84—86.
In each inelastic #4 collision six hadrons (p, n, 7%, K¥*)
with appropriate statistical weights are always generated. At
the same vertex the production of direct muons from the
decay of the short-lived mesons p, w, @, D, J /1 is simulated.
In the path to the nuclear interaction or in the decay inter-
vals the decays 7* -u* + v(¥) and K* -»pu* 4+ v(¥) are
induced, and the 7 and K mesons participate with the re-
maining statistical weight in the further development of the
cascade. For the treatment of the passage through matter of
the created muons, the bremsstrahlung and deep inelastic
nuclear interactions of the muons are directly simulated,
while the remaining processes are simulated by a combined
method."'"%’

Examples of the use of these methods are given below.

6.DIRECT SIMULATION

Despite the attractive features of the inclusive method
of calculating cascades, there are problems that at present
can hardly be treated with this method. The most important
of these is the calculation of the energy resolution of calori-
meters. Because of the fact that inclusive simulation loses the
correlations between the particles at a vertex and in a num-
ber of cases the conservation laws are satisfied only on the
average over many histories, the solution of the problem of
the fluctuations of the readings of detectors for individual
cascades is beyond the scope of the existing inclusive pro-
grams. Here too there is as yet no real alternative to direct
exclusive simulation.

The statistical nature of the processes of multiparticle
production and of the interaction of particles with matter on
the path between discrete events has the consequence that
the fluctuations in the development of cascades, especially
hadronic ones, can be very appreciable. Results of statistical
simulation of electromagnetic and hadronic showers in a cal-
orimeter consisting of cells (2 mm of lead + 1 mm of liquid
argon) with a total thickness of 27 radiation lengths are giv-
en in Fig. 13 (Ref. 88). The rms deviations of the energy
release in the liquid argon of each cell are about 50% for the
electron—photon showers but 400% for the hadronic cas-
cade. The various sources of the fluctuations in real calori-
meters are analyzed in Ref. 89,

Programs of direct simulation of electron-photon
showers are considered in Sec. 4. The exclusive simulation of
hadronic cascades with simultaneous calculation of the elec-
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FIG. 13. Mean energy release (points) and the corresponding rms devia-

tions (curves) for electromagnetic and hadronic cascades in a lead-li-

quid-argon calorimeter at 50 GeV *

tron—-photon showers, initiated mainly by 7°— yy decays, is
amuch more complicated problem. The main programs that
realize exclusive simulation of nuclear—electromagnetic cas-
cades in a volume needed for one of the principal applica-
tions, hadron calorimetry, are the following:

1) CALOR (Ref. 90), a program based on the intranu-
clear-cascade model** and a synthesis of three programs:
CALOR = HETC + MORSE + EGS3. This complex sim-
ulates best all nuclear effects that are particularly important,
for example, in the problem of uranium compensation.”' The
maximal hadron energy recommended by the authors for
this program is E, = 30 GeV,*®°! although attempts have
been made to use it at higher energies;

2) FLUKAS82 (Ref. 49), which is a program whose
physical model and geometrical module were briefly de-
scribed in Secs. 2 and 3; it agrees reasonably well with the
experimental data>®>"* and is designed for calculating ha-
dronic cascades in the energy range 50 MeV < E < 10 TeV.
After some improvements in the multiple-production model
and the addition of programs for calculating electron—pho-
ton showers and the transport of low-energy neutrons, this
program could become, despite computational problems, a
powerful tool for investigation.

3) GHEISHA (Ref. 50), which has already been con-
sidered in the previous sections and is specifically designed
for calorimetric problems. It permits reliable exclusive cal-
culation of nuclear—electromagnetic cascades at energies E,,
<0.5 TeV.

At energies of tens of giga-electron-volts the computing
time required by these programs is very appreciable and in-
creases linearly with increasing energy.

Also popular are programs that realize the quasiexclu-
sive approach’ based on construction of a complete £4 event
using the single-particle differential cross sections and en-
suring the energy—momentum conservation law by means of
certain clever devices. These are the programs FLUKA
(Ref. 45), TATINA (Ref. 27), the program of Ref. 28, and
the programs used in cosmic-ray physics.?® The quasiexclu-
sive approach is completely justified in the first stage in the
solution of the problem of fluctuations in a considered facili-
ty, enabling one to obtain the basic dependences. However, it
is not possible to calculate the fine details of the studied
physical process (correlations, etc.) by means of the pro-
grams of this group.
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7.CALCULATIONS OF CASCADES AT HIGH ENERGIES

The continuous calculation of cascades initiated in ex-
tended systems by particles of superhigh energies is a com-
plicated problem requiring very appreciable computational
means. Of all the programs for full-scale simulation of ha-
dron-electromagnetic showers considered above, only the
programs of the MARS complex can be used on Soviet com-
puters.

To estimate the predictive power of the existing pro-
grams for calculating nuclear—electromagnetic cascades in
the tera-electron-volt region of energies, we give the results
obtained from the most recent versions of the complexes
MARS, CASIM, and FLUKA82. The results of the calcula-
tions, made as described above in accordance with the very
different schemes, are compared with each other and with
the available experimental data at energies £,>0.2 TeV. For

-the comparison, we have selected the following functionals:
the spatial distributions ® (r) of the hadron fluxes, the densi-
ties S(r) of stars (inelastic nuclear interactions at p>03
GeV/c), and the energy-release densities £(r). The first two
quantities determine the yields from the targets, the back-
grounds in the experimental facilities, the scales of the radi-
ation shields, and the levels of the induced radioactivity. The
distribution £(r) determines the structure of the shower de-
tectors, the heating, and the radiation damage of the targets,
absorbers, extraction elements of the accelerators, and the
superconducting magnets. Many comparisons of calculated
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solid histogram, FLUKAB2; broken histogram, MARSI0; the experi-
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and experimental data are made in the studies cited in the
previous sections and devoted to particular programs. We
give below results obtained most recently. Some of the data
are taken from Ref. 2. The characteristic statistical errors of
the calculated results are about 10%.

In Figs. 14 and 15, we give the results of calculations in
accordance with the programs MARS10 and FLUK A82 of
the fluxes of hadrons with energy E > 35 MeV and the ener-
gy-release density, and we compare them with the experi-
mental data of Ref. 92 for an aluminum cylinder of length
134 cm and diameter 23 cm irradiated by a filamentary beam
0f200-GeV protons. In the FLUK A 82 calculation, the taget
diameter was 30 cm. The hadron flux was determined by the
¥ activity of the '°F isotope formed in aluminum plates that
divided the layered target. The energy release was measured
by means of radiophotoluminescent dosimeters placed on
the same aluminum plates. In both cases, the spatial distri-
bution of the cascade was reasonably well reproduced by
both programs. The computational data, which agree well
with each other, liec somewhat below the experimental
points, remaining, however, as is noted in Ref. 92, within the
limits of the experimental errors.

The results of investigations of the longitudinal and
transverse development of hadronic cascades initiated by
300-GeV protons in an x-ray emulsion chamber are shown in
Figs. 16-18. The chamber of Ref. 94, which was a calorime-
ter model, consisted of stacks of x-ray films of five different
sensitivities sandwiched between iron (Fig. 16) and lead
(Fig. 17) plates. The experimental data, which are given in
Ref. 94 in relative units, are normalized at the single point
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FIG. 15. The same as in Fig. 14 for the energy-release density.
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FIG. 16. Spatial distribution of the energy-release density in an x-ray
emulsion chamber with iron plates exposed to 300-GeV protons. The plus
signs and crosses represent a MARS10 calculation and the black circles
and open circles are the experimental data of Ref. 94.

z =r =0 to the results of the MARSI10 calculation of the
spatial distribution of the energy-release density in x-ray
films. In the calculations, all the conditions of the experi-
ment were scrupulously reproduced—the details of the con-
struction of the chamber, the arrangement of the stacks of
films of thickness 2.2 mm in 5-mm air gaps, the profile of the
primary beam (o = 0.76 mm), etc. It can be seen from the
figures that in the complete interval of thicknesses and radii
the calculation and experiment are in good agreement.

At high energies, the energy release in a nuclear—elec-
tromagnetic cascade is determined by the electron—photon
showers from 7°— yy decays, and therefore the radial distri-
bution £(r) at the maximum of a hadronic cascade at
E, =300 GeV must agree, especially for heavy materials,
with the corresponding distribution of the electromagnetic
shower (Refs. 1, 12, 70, and 80). In Fig. 18, such distribu-
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FIG. 17. The same as in Fig. 16 with lead plates.
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FIG. 18. Radial distribution of energy release in an x-ray emulsion
chamber at depth z = 17.5 cm for lead (solid histogram and black circles)
and z = 25 cm for iron (broken histogram and open circles). The histo-
grams were calculated by the program MARSIO, the points are from the
experiment of Ref. 94, and the continuous curves are the structure func-
tions of the cascade theory of electron—photon showers for two shower
ages 5.

tions, calculated in accordance with MARS10 for the same
chamber, are compared with the experimental data® and the
results of calculation in accordance with the cascade theory
in approximation B for two ages of the shower: 5, = 1 and
1.4. The distance from the cascade axis is here measured in
Moliére units, which are equal to R, = 1.82 cm for iron and
R,; = 1.65 cm for lead. As was to be expected for s, = 1.4,
all the results are in good agreement with each other.

As was shown in Ref, 2, the results of calculations of the
spatial distribution of the energy-release density and the star
density obtained by means of the programs MARSIO, CA-
SIM, and FLUK A82 in thick copper targets irradiated with
protons of energy 400 and 450 GeV agree well with the ex-
perimental data.’*® The total number of stars in the target®®
calculated in accordance with these programs is 483, 510,
and 443, respectively.
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FIG. 19. Longitudinal distribution of the density of stars in a steel absorb-
er; the histograms were calculated by MARSI0 and the points by CASIM.
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The longitudinal profile of a hadronic cascade is fairly
sensitive to the method of describing the production of fast
nucleons in an 44 collision. A detailed consideration of this
question in the CASIM and MARS10 programs, special test
calculations, and also comparison of Fig. 19 with Figs.
14-18 lead to the conclusion that in the tera-electron-volt
region the modified Hagedorn—Ranft model appears to over-
estimate the yield of nucleons from the nucleus in the frag-
mentation region. However, as was noted in Ref. 2, this has
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FIG. 21. The same as in Fig. 20 for the energy release density.
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FIG. 22. Results of calculations of the maximal energy-release density in
aluminum and graphite absorbers exposed to a beam of protons with E,
= 10 TeV as a function of the standard deviation of the beam density.

hardly any effect on the transverse development of the cas-
cade and the radial distributions ®(r) and S(r) calculated
by MARS10 and CASIM agree both at the maximum of the
cascade and when integrated over the complete block (Fig.
20). The transverse profiles £(r) (Fig. 21) also agree well.

In many applications, the quantity &,; = max £(r) is
important. Its values for cascades initiated by 10-TeV pro-
tons incident on absorbers of graphite and aluminum are
shown in Fig. 22 as functions of the beam diameter (Gaus-
sian distribution with standard deviation ¢). The data ob-
tained in Ref. 97 by means of FLUKASB2 are 2-3 times
smaller than the results of the calculation of £,; by MARSIO
and CASIM, which give values that are very nearly equal.
The reasons for this were analyzed in detail in Ref. 2. The
most important of them is apparently the semiempirical
model of an electron—-photon shower used in the version of
Refs. 49 and 97 of the program FLUKAR2.

Thus, despite the significant differences in the models of
multiple hadron production and the algorithms for con-
structing the trajectories, the results obtained by the pro-
grams MARS10, CASIM, and FLUKAS82 generally agree
well with each other and with the existing experimental data
in a wide range of energies. This gives one a certain confi-
dence in the solution of applied problems in the tera-elec-
tron-volt region of energies by means of one or other of these
programs.

8. MATHEMATICAL SIMULATION OF CASCADES IN APPLIED
PROBLEMS

The class of problems that can be solved by mathemat-
ical simulation of hadronic and electromagnetic cascades is
now very large. Many different examples can be found in
Ref. 1 and the other studies cited above. It is also clear from
the foregoing exposition how great are the possibilities of
using existing programs in different applications. Therefore,
we shall give only a brief review of the main regions of appli-
cation of the methods and programs for calculating high-
energy nuclear—electromagnetic cascades.

Simulation of physics experiments

The calculations of cascades provide the basis for the
stage of planning and optimizing modern experiments in
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FIG. 23. Calculations by MARSIO-MARSMU of the energy spectra of
particles at the center (<10 cm) of the tagging station of the tagged-
neutrino channel at Serpukhov for a target exposed to 10" protons of
energy 70 GeV.

high-energy physics. Computational programs were, for ex-
ample, effectively used to optimize the yield of antiprotons
from targets using a magnetic field, *® to simulate the produc-
tion of the characteristic radiation of hadronic atoms when
7~ and K~ mesons and =~ hyperons are stopped in a tar-
get,”” to optimize the design of the Gamma-1 instrument for
high-energy gamma astronomy,®' and elsewhere. Cascade
simulation programs are widely used in the development of
experimental facilities and particle channels in operating
and planned accelerators at Serpukhov, Fermilab, and
CERN. Examples are the optimization of the tagged neu-
trino channel at Serpukhov (Fig. 23),”® the optimization of
the structure of the neutrino and hadron channels of the
UNK,**'® the optimization of the Tevatron channels'*' and
the design of facilities for UNK experiments. Figure 24
shows the radial distribution of the charged particles at the
entrance of the muon spectrometer of the 47 universal calor-
imetric detector in colliding-beam experiments. Calcula-
tions using the program MARSIO showed that the electron-
—photon showers, which develop strongly when muons with
energy E > 50-100 GeV pass through the calorimeter, make
the distribution very broad, and as a result it is difficult to
identify the muons.

100GeV
M

FIG. 24. Energy release from all charged particles (solid histogram) and
only from muons (broken histogram ) at exit from hadron calorimeter for
UNK colliding beam experiments as a function of the distance from the
axis of the original motion of the muon.
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FIG. 25. Energy resolution of two calorimeters. The black circles and
open circles are for 0.3-cm U + 0.5-cm Cu + 0.25-cm CH, and the plus
signs and crosses are for 0.15-cm Fe + liquid argon. The open circles and
crosses are the GHEISHA calculation,® and the black circles and pluses
are experimental data.'®'% The results for the second calorimeter are
multiplied by 1.5.

Calorimeters

The basic element in the majority of modern experimen-
tal detection systems for large accelerators is a calorimeter.
It is used to determine the energy of particles or jets, to mea-
sure angles, coordinates, and the particle species. Math-
ematical simulation of hadronic and electromagnetic cas-
cades is universally employed to optimize the structure of
the calorimeter in order to improve its characteristics, in the
first place the spatial and energy resolution (see, for exam-
ple, Refs. 1, 89, 91, and 102-104). The results of calculation
in accordance with the GHEISHA program ™ of the energy
resolution of two types of calorimeter are given in Fig. 25
together with experimental data.'%'%

New methods of particle detection

The use of the basic features of the development of ha-
dronic and electromagnetic cascades and their subsequent
simulation can lead to new ideas about the detection of high-
energy particles. Many examples of this can be found in ca-
lorimetry; one of them is uranium compensation.®"'* An-
other example is the method of detecting particles through
the acoustic radiation produced by the development of nu-
clear—electromagnetic cascades in a dense medium initiated
by them.”™ This method was proposed in Ref. 107 for detect-
ing neutrinos of superhigh energies in the DUMAND exper-
iment, in which the huge mass of oceanic water is used as
active material of the detector.

Radiative heating of superconducting magnets

The radiative heating of superconducting magnets is
one of the most striking problems that can be solved by
mathematical simulation of nuclear—electromagnetic cas-
cades in the structural elements of accelerators of the new
generation (Refs. 1, 12, 78, and 108-110). Because the al-
lowed level of energy release in the coils is low,""" the attain-
ment of the desired beam parameters in these accelerator
complexes is possible only if special shielding measures are
taken to reduce the exposure of the superconducting systems
to radiation (Refs. 13-15, 78, 112, and 113). The solution of
all three constituents of this problem is based on high-preci-
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sion simulation of the cascades in the accelerator systems:

1) the determination of the admissible energy releases
in the coils on the basis of the calculated distributions £(r)
(Fig. 26) and the maximally permitted proton losses A7 in
the magnetic structure (Fig. 27);

2) the determination of the space—time distributions of
the beam losses and of the radiation fields in the elements of
the accelerator that then arise (Fig. 28);

3) the determination of shielding measures that will
meet the particular considered situation, which, taken to-
gether, must ensure a reduction of the radiative energy re-
lease in the coils of an arbitrary element to a value lower than
the permissible limit (Fig. 28, broken curve).

Such use of the results of calculations of nuclear—elec-
tromagnetic cascades (Fig. 29) led to a solution which made
it possible to raise by a factor 5 the efficiency of fast reso-
nance extraction of a beam of 800-GeV protons from the
superconducting ring of the Tevatron. '

Radiative heating

Radiative heating of the elements of accelerator sys-
tems and detection facilities occurs when beams of high-en-

N
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FIG. 27. Maximally permitted density of proton losses in superconduct-
ing magnets of the second step in the UNK eycle (£ =1/1,,,.) for two
durations of the loss pulses. The broken curve is for the region with maxi-
mal magnetic field, and the continuous curve is for the median plane,
where B =0.8758,,,..
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40 46

ergy particles interact with them. Since the planned beam
intensities are exceptionally high (up to 6-10'* particles per
pulse), numerous macroscopic effects can result from this
heating'*: a raising of the temperature, which complicates
the operation of the electric and cooling systems; melting;
formation of shock waves, leading to deformation or de-
struction; reduction of the matter density on the target axis
directly in the extraction process, leading to a decrease of the
particle yield, and so on. The primary cause of all these ef-
fects—energy release in matter associated with the develop-
ment of the cascades—has been investigated in several stud-
ies (Refs. 1, 2, 12, 79, 80, 95, 108, and 114). Figures 30 and
31 show MARSIO0 calculations of the longitudinal density
distributions of the energy release on the axis of targets of
length 1.54;, made of different materials when a beam of
protons with energies 3 and 20 TeV is incident on them. The
beam was Gaussian with o = 0.05 and 0.2 cm. The results of
the calculations of £(r) make it possible to optimize the tar-
gets and the absorbers.® This has resulted in the successful
use for a number of years of a system of emergency extrac-
tion of beams from the Tevatron with energy up to 800 GeV
(Ref. 115); this system was developed on the basis of calcu-
lations of cascades by the programs MARSS (Ref. 80) and
CASIM (Ref. 47). A similar system has been developed for
the UNK.""® The calculations'? of £(r) made it possible to
propose combined shadow shields of the magnetic and elec-
trostatic septum magnets of the UNK beam extraction sys-
tems that reduce the heating of the partitions of the septum
magnets by tens of times.

Muons

Muons arise during the development of cascades in de-
cays of long- and short-lived mesons as well as in interac-
tions of neutrinos with nuclei of the medium. As the most
penetrating component of the radiation, muons determine
the basic size of the technological and radiation shielding in
neutrino channels and around the ring tunnels, the structure
of the particle channels and the experimental halls, the
structure and volume of a significant fraction of the calori-
metric 47 detectors for colliding beams, and the background
conditions for the majority of other detectors. The results of
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FIG. 29. Readings of ionization chambers situated in magnetic elements
of a straight section of the Tevatron in the case of fast resonance extraction
of a beam of protons with energy 800 GeV. The open circles represent a
MARSIO calculation, and the open triangles are the experimental data.
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simulation of the muon distributions in experimental facili-
ties have already been given in Figs. 23 and 24. These data
were obtained by inclusive simulation of the production and
transport of muons by means of the MARS10-MARSMU
program package. In addition, applied problems concerning
muons in proton accelerators are solved by means of the
Monte Carlo programs MUTRAN (Ref. 11), RING (Ref.
86), the modified CASIM (Ref. 117), and, in some cases,
using analytical methods."'®""

The following are some examples of calculations:
calculation by the MARSMU program of the spectrum of

1) calculation by the MARSMU program of the spec-
trum of energy losses of muons with mean energy 120 GeV
(g~5 GeV) after assembly (930 cm of iron and 185 g/cm?
of air, plastic, etc.) and comparison with calculated and ex-
perimental data'?® (Fig. 32);

2) calculation by the MARSMU program of the prob-
ability of survival of muons with energies 3 and 20 TeV in
ground (p = 2.1 g/cm”) (Fig. 33); this provides the basis
for the design of absorbers in beam-dump experiments and in
the emergency extraction system for the UNK and SSC.
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FIG. 31. The same as in Fig. 30 for E, =20 TeV.

N. V. Mokhov 423



400

TEL [T

300

abopa ey Boogupepadio g 8

200

700 |-

T T

it
4E,GeV

15 20 25
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~120 GeV that have passed through a steel assembly. The histogram is
the MARSMU calculation, and the curve and the points are, respectively,
the calculation and experiment of Ref. 120.

Radiation shielding

This is a traditional application of methods of calculat-
ing the passage of radiation through matter. The class of
problems that can be solved is here exceptionally large, '21-12?
For the existing accelerators, the required shielding thick-
nesses are appreciable,'? and it is not possible to solve the
problem of radiative transfer by the usual methods. It is nec-
essary to reduce the particle fluxes by a factor 10°-10" and
the shielding configuration is complicated. In such problems
it is therefore very effective to use different synthetic meth-
ods and modifications of the Monte Carlo method, for exam-
ple, synthesis of the program MARS11 with a program for
numerical solution of the transfer equation by the discrete-
ordinate method ROZ-6.*> The accelerators of the new
multi-TeV generation, UNK and SSC, are designed in deep
underground tunnels, and this solves the problem of global
radiation shielding.'**'*® The classical problems of shield-
ing solved by means of cascade calculations are in this case
localized in the experimental halls and the straight sections
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FIG. 33. Longitudinal distribution of the integrated flux of muons of two
energies in ground. The solid histogram gives the complete simulation of
all processes, and the broken histogram is the calculation without
allowance for fluctuations in the production of e *e - pairs.
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of the ring. One of the principal problems is the induced
radioactivity of the equipment and ground.

Other applications

We list some other fields in which mathematical simula-
tion of nuclear—electromagnetic cascades is successfully
used"*'*”; radiation shielding of spaceships, cosmophysical
investigations, the formation of radionuclides in the matter
of meteorites and planets, the electronuclear method in reac-
tor multipliers, study of the change in the properties of a
medium under the influence of intense beams of elementary
particles and nuclei, dosimetry and detector sensitivity func-
tions, radiobiology, radiotherapy, and more.

Even this simple list shows how broad is the spectrum of
problems that can be effectively solved by means of the exist-
ing and continuously improved programs for simulating ha-
dronic and electromagnetic cascades.

The author is sincerely grateful to S. P. Denisov and V.
D. Toneev for helpful comments.
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