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ABSTRACT. Three different Monte Carlo codes—GHEISHA, FLUKAS2,
and CASIM—have been used to simulate hadronic shower cascades in
matter. The results of the longitudinal and lateral shower developments
obtained by these simulations have been compared with data to estimate
the systematic uncertainties of the Monte Carlo results. The codes have
been applied to materials and geometries typical for the HERA proton
ring.

1. Introduction

With the increasing energy of the planned and approved hadron accelerators, shielding con-
siderations become more and more important. To optimize for instance the layout of machine
components like beam abort systems or for the design of fixed target stations, the energy de-
position resulting from the development of hadronic showers is required to be known with
reasottably small statistical and systematic errors.

Monte Carlo simulations of shower cascades have been proven to be useful tools in estimating

- energy depositions as well as induced radicactivities and related processes like target heating.

There are several Monte Carlo codes available, describing the development of hadron-induced
showers {1]. Originally these codes were developed to meet different physical requirements.
Some were written to study in detail the response of detectors, others for shielding considera-
tions like particle punch-through, lateral shielding, or target heating. Therefore the programs
may differ in the underlying mathematical methods as well as in the approximations applied
to the physical processes. As these differences strongly affect the computing time, it is im-
portant to study their influence on the reliability of the results and the efficiency of actual
calculations for given problems.

A better understanding of the systematic uncertainties of Monte Carlo simulations derived
from a comparison of different codes is very important for the design of hadron calorimeters
in high-energy experiments also.

In this paper we consider the performance of the three Monte Carlo codes GHEISHA 12},
FLUKAS82 [3!, and CASIM !4], having in mind their application to the design of the beam
abort system for the HERA proton ring. In Chapter 2 we briefly characterize these three
codes. A comparison of the results for the longitudinal and latera) shower developments with
data is given in Chapter 3. In Chapter 4 we finally report on first applications to the HERA
beam dump. ending with a summarizing discussion of our results.

2, Characteristics of the Monte Carlo codes

The GHEISHA code was written for detector simulation and calorimetry of hadron-induced
showers in eylindrical or cartesian geometries and with different materials. The program
simulates the three-dimensional developtnent of hadronic and electromagnetic cascades. The
electron-photon showers are described by the EGS code ‘5.

All tracks are treated in detail. The treatment of high-energy interactions. nuclear excitation.
Fermi motion and the generation of secondary particles is based very strongly on experimen-
tal results. Whenever data from high-energy experiment- i.re available. they are used for the
description of the shower development. The code has been optimized and tested for sampling
calorimeters of different types.

Results {from GHEISHA have been compared with data for incident charged pions, kaons.
protons. photons. and electrons in the momentum range from 1 GeV/e up 1o 400 GeV c.
as well as for assemblies of particles as it happens in quark-jets. The very complex and
detailed treaiment of the processes leading to hadrenic and electromagnelic showers allows
cutofl-energies of 30 MeV or even smaller.

The hadron-cascade code FLUKA82 was developed for shielding considerations concerning
high-energy proton machines 6;. 1t can be run in Hexible geometries with different materials.
The following features of the code are most important for our appiications: Available event
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generators {7} are able to treat all stable hadrons as incidernt as well as generated particles
and are fairly well tested over a wide energy range up to pj -collider energies 8.
Electromagnetic showers, coupled to each hadron-cascade via the decay of neutral pions into
two photons, are treated in an average way. The photon energy is deposited at a user-defined
number of points, sampled from longitudinal and lateral energy-distributions. These curves
have been obtained from data as well as from results of the electromagnetic shower code
EGS [5).

Below a user-defined cutofi (lowest value 50 MeV) particles are assumed to be stopped in
the material. Their energy is treated in the same way as the nuclear excitation energy in
inelastic collisions: one third is deposited locally (simulating charged fragraents, protons etc.)
and two thirds isctropically around the stopping point with the mean free path of low-energy
{50 MeV) neutrons.

The CASIM Monte Carlo code is aimed at studying the average development of hadronic
cascade showers in cylindrical geometries. The code computes star densities (i.e., nuclear
interaction densities) and energy densities deposited by the cascade. The program does not
study the transport of low-energy particles (< 0.1 GeV/c). The description of the nuclear
excitation energy and nucleons emerging from intranuclear cascade processes is similar to the
one used in FLUKAS2. )

To increase the efficiency of the code, weighting techniques are used in the simulation of
particle production and energy deposition; only one particle from each inelastic interaction
is traced. The particle production model used in CASIM, based on the Hagedorn-Ranft
model [9], is a limited set of a few distributions. The particles considered in the calculation
are protons, neutrons, and charged pions.

The description of the eleciromagnetic cascade induced by the decay of neutral pions into
two photons is basically the same as the one used in another Monte Carlo code, AEGIS i1,
which also applies weighting techniques. Due to these weighting techniques the execution time
grows only logarithmically with increasing energy. In contrast, programs like GHEISHA and
FLUKAS82, which trace every particle, require execution times increasing almost proportion-
ally with energy.

3. Comparison of Monte Carlo calculations with data

Most data or the development of showers induced by high-energy hadrons are oblained from
experiments with sampling calorimeters. In our examples the active media are x-ray films
or plastic scintillators. First we consider the development of 300 GeV proton showers in an
iron and a lead calorimeter respectively. In the corresponding experiment 10 the three-
dimensional energy densities were measured over a:range of five decades by using x-ray film
stacks of diffefent sensitivities in combination with a vatiazble beam inmensity. To economize
the required CP U-time for the Morte Carle calculations by means of CASIM, FLUKAS2, and
GHEISHA, the shower development has been simulated in homogenecus absorbers {length
100 cm, radius 15 cm) assuming a propertionality between the energy deposition in the ab-
sorber and the response in the active medii of the experimental set-ups. (A further discussion
of this assumption is given below.}

The data, originally given in arbitrary units, have been renormalized by eye to fit the Monte
Carlo results {given in GeV /em®) for the shower contour at r = 1 cm in iron without changing
"the relative magnitude of the data for different radii and materials, :

The resulting curves for the iron calorimeter, shown in Fig. ta, are generally in reasonable
agreement with GHEISHA and FLUKAS82. At the largest radius FLUKAB2 systematically
overestimates the energy density. The shower curves obtlained from CASIM underestimate
the energy deposition for depths up to about 50 cm by a factor of 2 to 5.

In the case of the lead calorimeter ali Monte Carlo calculations show systematic deviations
from the data as seen from Fig. 1b. Particularly with increasing lateral distance from the
beam axis neither the position of the shower maximum nor the longitudinal attenuation can
be described by the models. As in the case of the iron calorimeter the results from CASIM
differ wilh inecreasing lateral distance up Lo a factor of 5 from both the data and the other
two codes.

CASIM needs 0.14 seconds execution time on an 1BM 3084 per particle incident on the iron
calorimeter. Under identical beam and target conditions it is 33 times faster than FLUKA82,
which is itsell a factor of 25 faster than GHEISHA.

The energy dependence of the longitudinal and lateral development of pion-induced showers
in an iron-scintillator calorimeter is studied in Ref. [11]. The calorimeter was built of iron
piates of different thickness interspaced by 6.7 cm of scintillator; the iron plates were arranged
in a periodic 6-3-6 cm structure. To guarantee a complete shower containment the trigger
conditions required a Jongitudinal position of the shower origin in the first two iron plates.
This was achieved by defining the shower vertex by an energy release larger than a few equiv-
alent particles in the first two subsequent readout planes. To simulate these experimenial
conditions in our Monte Carlo studies, an energy deposition of at least 5 MeV in each of the
first two readout planes was required, which corresponds to 4.2 equivalent particles.

In Fig. 2 the average longitudinal energy depositions in the readout planes obtained by
GHEISHA are compared for two different situations: In model 1 the readout planes were
simmulated by 7 mm of scintillator material as in the experimental set-up {full-line histogram)
and in model 2 by ¥ mm of iron {dashed-line histogram). From these results, demonstrating
the appoximate proportionality of both curves and thereby justifying the use of homogeneous
detectors in the Monte Carlo calculations of Figs. 1a and b, we deduced the proportionality
factor of 1.15. This correction factor was applied to the results from FLUKAS82 and CASIM
obtained by sampling ihe pion-induced showers in a homogeneous bleck of iron. The renor-
malization of the numerical results to minimum ionizing particles finally allows a direct test
against the data of Ref. 11’ for pion momenta of 40 and 86 GeV/c, respectively.

As seen from Figs. 3a and b the longitudinal energy deposition at both pion energies is gener-
ally reproduced by the codes within 50 % accuracy. the largest deviations are observed in the
first two readout planes and particularly for the CASIM code in the 1ail of the distribution
{(up to a factor of 5).

The lateral energy deposition in the third readout plane is shown in Figs. 42 and b for the two
different pion momenta. All codes describe the general behaviour of the data well although
ihe distribution obtained by CASIM is systematically narrower compared to the data as well
as to the other calculations.

To summnarize the discussion of this section we have found that the main characteristics
of the data, such as energy dependence and other features of the three-dimensional shower
development, are described by the Monte Carlo codes FLUKA82 and GHEISHA within a gen-
eral uncertainty of about 50 %. Some systematic deviations seem to appear in the comparison
to the data describing the lead calorimeter of Ref. {10!, particularly with increasing lateral



distance from the beam axis. The approximate treatment of the electromagnetic shower corn-
ponents in FLUKA82 is sufficient for the description of average shower properties, reducing
the CPU-time requirements as compared to GHEISHA by al least one order of magnitude
for energies above 100 GeV.

By using weighting techniques for both hadronic and clectromagnetic shower components
CASIM is faster by a factor of 20 to 50 compared to FLUKAS82 in the considered energy
range. However, there are systematic deviations from data up to a factor of 3. For these
reasons we mainly rely on FLUKA82 and GHEISHA results in the nexi section,

4, Applications towards the design of the HERA Beam Dump

There are several typical problems which are important for the layoutl of beam abort systems
at high-energy machines, inciuding estimates of the maximum energy density 1o be expected
near the axis of the incident beam as well as shielding requirements to protect, for example.
superconducting magnets. Particularly for an internal dump like that planned for HERA
there is also the question whether some extra shielding is necessary against particles escaping
from the dump in forward directions through the beam pipe. Al these problems represent
rather extreme situations for routine calculations with Monte Carlo codes, therefore the cor-
responding numerical results are expected to be sensitive to details of the physical models
used by the codes.

We start with the prediciions for the energy density in the heat core around the beam axis.
We have calculated the energy deposited by protons of 40 and 1000 GeV in different materials
[carbon, aluminum, and copper) near the beam axis. Using a pointlike bearn we extrapolated
to realistic bearn dimensions by looking lor the energy density within a cylinder of 1 mm di-
ameter {at the entrance of the dump the nominal beam size is g, = 0.5 mm, ¢, ~ 0.8 mm). In
Figs. ba~c we show the malerial dependence of the energy densities in the core (r < 0.5 mm)
for protons of 1000 GeV versus the depth in different materials. For a discussion of the siz-
able differences between the predictions of GHEISHA and FLUKAS2 we give magnitudes and
positions of the maxima together with the ionization losses expected from incident protons
in Table 1, For comparison the energy densities to reach the melting temperatures are also
given. I'or protons of 40 GeV the maximum is observed within the first 5 ¢m of the target.
The resulis from GHEISHA are 15 % higher for Al and C, and 40 % higher for Cu than pure
ionization losses. Additional contributions from ionization losses of secondaries and nuclear
excitation remaining after inelastic hadron-nucleus interactions raise the maximum obtained
by FLUKAB2 by a factor of 2 for Al and C. and a factor of 3 for Cu. 1l we consider carbon
(density p = 1.71 gem” 3) with a nuelear interaction lengih of 30 ¢m, ahout 10 % of the
incident protons interact within the first 3 c¢m of the 1arget, so that the energy deposition
is expected to exceed the primary ionization losses, FLUKA82Z with ils assumptions on the
interaction process {one third of the phenomenoclogically parametrized nuclear excitation en-
ergy is deposited locally at the interaclion point) and a threshold energy By = 50 MeV
{(particles below Eyp, are stopped locally) could result in some overestimate.

The deviations beiween FLUKAB2 and GHEISHA are particulariy evident for 1000 GeV
protons incident on a carbon target. Fig. 6 shows the most important contributions to the
energy deposition in carbon obtained by FLUKAB82: the energy deposition has been averaged
within a cylinder of 1 mm diameter around the pointlike beam as in the previous cases. Due
to the kigh multiplicities of secondaries generated at very small angles. the lonization losses

ol these secondaries govern the maximum of the energy deposition in this material. We ex-
pect the increase of the contribution from electromagnetic showers to be too slow because of
the paramelrization used by FLUKA&2: The lateral shower dimension reflects the average
hehaviour. e.g. it is independent of Jongitudinal shower development, resulting in a too broad
energy disiribution at the beginning of the shower.

As can be seen from Table | and Fig. 5, the energy deposilion changes considerably for
1080 Gel protons when going from carbon to copper. The longitudinal and lateral devel-
opment of electromagnetic cascades is governed by the hadrenic absorption length A, the
radiation length A, and the Moligre radius pas given in Table 2, The strong material depen-
dence of these quantities resultls in a maximum energy density in copper that is dominated by
clectromagnetic showers, while this contribution to the maximum energy density in carbon
is completely negligible against the ionization losses of charged secondaries (Fig. 6). This
explains the strong increase in the value of the maximum from carbon to copper at 1000 GeV
found in Table 1.

The application of the codes to incident protons of 1000 GeV increases the uncertainties
of the underlying physical models, particularly those inherent in the description of particle
production processes (e.g.. muliplicities and energy spectra of secondaries). To study the
influence of those extrapolations further we compare results from FLLUKA82 and GHEISHA
for the energy density in three different lateral bins of a carbon target to the predictions of
the CASIN and MARS programs 12,13) in Fig. 7. The beam size is defined as in Ref. {12
The GHEISHA results are in reasonable agreement with the MARS results although they are
somewhat higher for larger radii within the first 50 cm of carbon. For FLUKAR2 the energy
depasition rises faster at small depth and is smaller at larger depth.

The laterally integrated longitudinal energy densities obtained by FLUKAR2 and GHEISHA
again agree within the accuracy found in the previous chapter. This demonstrates the im-
portance of details in the description of energy deposition mechanisms for this particular
application of the codes. As one can see from Table 1 carbon is the only matetial where
the energy density for 1000 GeV protons does not reach the melting limit. but more detailed
calculations on mechanical stresses due to the temperature rise have to demonstrate that
graphite is a suitable matertal for the first part of a composite absorber block. This will be
dealt with in a forthcoming report.

From the foregoing discussion we conclude 1hat the predictions of different Monte Carlo codes
for the targer healing near the bearn axis have a general uncertainty of a factor 2 to 3 at
criergies around 1000 Gel.

Next we estimated liow much energy might be deposited in supercondocting magnets due
ter particles erciping from the dump in forward directions. The superconducting coils of the
wagnets have been =simulated by & 10 em thick copper plate, installed at a distance = behind
the beam dainy [~ee Fig. #1. Because of considerable statistical fluciuations we have aver-
aged the encrgy des<ity within the copper plate over the area of the beam pipe (6 « 6 cm®},
where most of the escaping panicles deposit their energy for geometrical reasons. The en-
ergy densily versus the distance of the copper plate fram the dump is given in Fig. 9: we
assumed that 2+ 10 protens enter the dump. Since a considerable par: of that energy is
tlepoxited by low-energy photons and elecirons. the applicability of FLUKAR2 1o this prob-
lem s questionable because of the siinplified 1reatment of the electromagnetic cascades in
this code (compare ~ectian 2}, Nevertheless the results of GHEISHA (with its sampling of
clectromagnetic cascades by BGST and FLUK AN apree within s Tactor of 2 1o 5, "



The first superconducting magnet of HERA will be located 80 m downstream of the absarber
block. This type of magnet is expected 1o hecome normal conducting if a fast encrgy depo-
sition exceeds a value of about 1 mJg ™! {quench Hmit) {14}, Extrapolating the calculated
energy deposition from Fig. 9, by means of an r~% behaviour, we estimate for a distance
of 80 m behind the dump an energy deposition of 0.2 mJg~!. This value is reduced by a
factor of 2 because only neutrals have to be taken into accounl. Charged particles will he
scattered into the beam pipe due to the guadrupole magnets right after the dump. The
energy deposition is additionally reduced by at least a factor of 10 because the beam will be
swept steadily downwards by 6 em across the surface of the absorber block which enlarges the
distance between the shower maximum and the beam pipe. Therefore the deposited energy
is at least two orders of magnitude below the quench limit.

Finally we looked at the effect, on superconductors on the HERA tunnel walls, of parti-
cles escaping at wide angles from the dump. The superconductor was simulaled by a 1 cm
thick copper cylinder surrounding the dump at a distance of 2 m from the axis. The beam
dump itself was represented by a carbon cylinder (R = 10 cm) with a 15 cm thick iron cover
(Fig. 10}. As in the previous case the FLUKAS2 results are significantly higher than the
GHEISHA results, although the longitudinal shapes agree with each other as can be seen
from Fig. 11. This could be due to differences in the treatment of intranuclear cascade nu-
" cleons, mainly neutrons, from inelastic hadron-nucleus collisions by both codes. In earlier
applications of FLUKAR2 this component has been found to dominate the particle fluxes at
large angles to the beam [15].

Alse in this case the deposited energy for 2 » 10'? protons in the dump should not harm the
superconductor. Even in case of a quench the superconductor could not be damaged: The
conductor would be reinforced by thick copper bars soldered to it and the current would be
switched off immediately after the dumping. Actually there are no superconductors foreseen
at the HERA tunnel walls next to the beam dump at ail.

5. Suinimary

In this paper we have used different Monte Carlo codes for the simulation of hadron-induced
showers installed at DESY—GHEISHA 7.3. FLUK A2, and CASIM. A comparison of caleu-
lated three-dimensional energy depos:tmns with dala taken at primary energies up to 300 Gel’
shows that the main features of the experimental results are reproduced by the FLUK A82
and GHEISHA codes usually within a 50 7 accuracv. This is true for various types of inci-
dent particles {protons and pions}. various primary energies. and various materials, aithough
there are some systematic differences between the pumerical results and the data from the
iead calorimeter 10'. particularly for larger distances from the beam axis. CASIM cannot
describe several characteristics of the three-dimensional shower development: Especially the
tail of the longitudinal distributions as well as the slow increase towards the shower maximum
and its position at larger distances from the beam axis (> 4 cm for iron) show considerable
deviations from the data and from the other Monte Carlo results,

The application of GHEISHA and FLUKAS82 to the study of shielding problems around the
HERA beam dump confronts both programs with rather extreme situations. The Monte
Carlo results are expected to depend strongly on special details of the shower development
such as the description of the electromagnetlc shower component and the intranuclear cascade
processes in inelastic hadren collisions. Corresponding differences between the codes show

up in deviations reaching up to a factor of 5 in particular situations.

Taking these uncertainties into account one can conelude that for 2 » 10’ protons, dumped
into a 7 m long absorber block with 50 ¢ diameter composed of C, Al, and Cu, no super-
conductor will become normal conducting. Furthermore, the temperatures stay an order of
magnitude below meiting temperatures if the beam is swept steadily through 6 cm across the
front face of the dump during the dumping.
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TABLES
z-position of maximum £ Em=c¢-in
{cm} (k1/g) (k1/g)
FLUKAR2 GHEISHA TFLUKAS2 GHEISHA
40 GeV
C 0-5 0-5 1.5 0.77 6.80
Al 0-5 0-5 1.5 0.74 0.59
Cu -5 0-5 1.8 0.80 0.42
1000 GeV
C 5 - 20 100 - 125 3.8 2.0 6.80
Al 20-25 40 - 65 4.2 4.2 0.59
Cu 15 - 20 125 - 17.5 28.0 22.0 0.42
Table 1:

arca of the heat core R = 0.5 mm.)

malerial A AYH Prar
{vm) {cm) {cm)
[ 30.5 25.0 5.73
Al 39.4 &.89 1.41
Cu 5.1 1.42 F.5%

Table 2
Moliere radius pay.

dE/dz

{kl/g)

0.67
0.64
0.58

Q.67
0.67
0.61

Magnitude and position of maximum energy density « (kJg~!) obtained by the
GHEI=ITA and FLEKAS2 Monte Carlo codes, {Pointlike proton beam, cross section

Material dependence of badronic absorption length A. radiation length X..
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FIGURE CAPTIONS

Comparison of energy densities obtained by differenl Monte Carlo codes, with
data [10]. A 300 GeV/c proton beam is incident on: -

a) an iron calorimeler

b) a lead calorimeter

The longitudinal development of the energy densities for three different radial dis-
tances r from the shower axis is shown.

Average longitudinal energy deposition for hadronic showers induced by 86 GeV/c
pilons in an iron calorimeter, calculated by the GHEISHA-code for two different
models: -

- Simulation of readout planes by 7 mm scintillator material (full line}

- Readout plane simulated by 1 mm iron plates {dashed line).

Laterally integrated longitudinal energy deposition in the iron calorimeter of Ref.
[11] compared to Monte Carlo results for incident pion momenta of: -

a) 40 GeV/c

b} 86 GeV/c

{Note that the resulis from FLUKA82 and CASIM have been renormalised by a
factor of 1.15 obtained from Fig. 2.)

Lateral energy deposition in the third readout plane of the same calorimeter as in
Fig. 3 for: -
a) 40 GeV/c
b) 86 GeV/c

Energy densities obtained within a cylinder of I mm of diameter for a 1060 GeV/c
pointlike proton beam in different materials: -

a) carbon

b} alumirum

c} copper

Contributions of different mechanisms to the energy density in a carbon target
within a cylinder of I mm diameter around a pointlike 1008 GeV proton beam: -
{1} icnization losses of secondary hadrons

{2} local nuciear excitation energy

(3} electromagnetic showers

(4) ionization from primary protons

(5) total energy density

The curves have been obtained with FLUKAS2,
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Fig. 7:

Fig. 8:

Fig. 9:

Energy density ¢ versus depth z in different radial bins caused by a 1000 GeV pro-
ton beam incident on a carbon target (p = 1.71 gem™ ?). The range of predictions
obtained from different versions of CASIM and MARS [12,13] programs is Tepre-
sented by the hatched area. The gaussian beam size is the same as in Ref. [12]:
ay - 0.07 em,o, — 14 cm.

Simulation of the HER A beam dump, used to estimate the influence, on downstream
superconducting magnets, of particles escaping through the beam pipe. The cross
shown in the front view marks the initial entry point of the beam. During the dump
process the beam will be swept steadily downwards by 6 cm.

Encrgy deposition in a copper plate behind the beam dump, averaged over the area
of the beampipe, versus the distance from the dump. (Pointlike 1000 GeV/c proton
beam incident on the dump as shown in Fig. 8, 2 x 10'® protons.)

Simulation for studying the radial shielding of the proton beam dump.

Encrgy deposition in a copper cylinder of thickness 1 ¢m surrounding the beam
durmp (see Fig. 10) for 2+ 10'7 incident protons with momentum of 1000 GeV/e.
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