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ABSTRACT. Three different Monte Carlo codes-GHEISHA. FLUKA82, 
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 in-creasing 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 
reasonably small statistical and systematic errors. 
\lonte Carlo simulations of shower cascades have been proven to be useful tools in estimating 
energy depositions as well as induced radioactivities 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 [2), 
FLUKA82 [3:, and CASI~1 [4], ha\·ing 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 lateral 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 cylindrical or cartesian geometries and with different materials. The program 
simulates the three~dimensional developfnent of hadronic and electromagnetic cascades. The 
electron~ photon showers are described by the EGS code :s· . 
. \II tracks are treated in detail. The t reatmCnt of high-energ~- interact ions. nuclear excitation. 
FNmi motion and the generation of ~econdary particles is ba,cd very strongly on experimen­
tal results. \Vhenewr data from high~energy experiment~ .• n· aYailaLIP. tlH'Y aw used for the 
description oft he shower development. The code has hPen optimizNI and tested for sampling 
calorimeters of different types. 
Results from GIIEISHA have been compared with data for incident charged pions. kaons. 
protons. photons. and electrons in th(• momentum rangP from I Ce\./c up to 400 Ge\'

1 
c. 

as well as for assemblies of particles as it happens in quark-jets. The very complex and 
detailed treatment of the processes leading to hadronic and electromagnetic showers allows 
cutoff-energies of 30 !\IPV or even smaller. 

Tht:· hadron-cascad<> code FIXKA82 was dpwJoped for shi<'lding considerations concerning 
high~encrgy proton marhines 6:. It can be run in flexible geometries with different materials. 
Th<' following ft>(l1ures of thP cod!:' an' most im!Jortant filr our <lppiication:>: :\Yailable c\·ent 
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generators [7] are able to treat all stable hadrons as incident as well as generated particles 

and are fairly well tested over a wide energy range up to pfi -collidcr energies iS]. 
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 cutoff (lowes~ 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 fragments, protons etc.) 

and two thirds iSotropically ai"ound 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 (S 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 FLUKA82. 

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 CASI\1, 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 electromagnetic 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 it;, 
which also appli~,~eighting techniques. Due to these weighting techniques the execution time 

grows only logarithmically with increasing energy. In contrast, programs like GHEISHA and 

FLUKA82, which trace every -par-ticle, require execution times increasing almost proportion­

ally with energy. 

3. Comparison of Monte Carlo calculations with data 

Most data on the development of showers induced by high-energy hadrons are obtained from 

experiments with sampling calorimeters. In our examples the active media are x-ray films 

or plastic scintilla tors. First we consider the development of 300 Ge\' proton showers in an 

iron and a lead calorimeter respecti\'ely. In the corresponding experiment )o: the three­

dimensional energy densiti~s were rheasute:d over a; range of -five ·d_ecades by using x-ray film 

stacks of dtm~rent sensitivities in cnmbinati-ow-with a vadabkheam intensity. To economize 

the require:d·CPU-tim.e-f(wthe·M·onte Carlo calculations by- mea:ns Qf CASIM, FLl'KA82, and 

GHEISHA, the shower development has been simulated in homogeneous absorbers (length 

100 em, radius 15 em) assuming a proportionality 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 /cm3
) for the shower contour at r = 1 em in iron without changing 

·the relative magnitude of the data for different radii and materials. 
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The resulting curves for the iron calorimeter, shown in Fig. }a, are generally in reasonable 

agreement with GHEISHA and _FLUKA82. At the largest radius FLUKA82 systematically 

overestimates the energy density. The shower curves obtained from CASIM underestimate 

the energy dl:'position for depths up to about 50 em by a factor of 2 to 5. 

In the case of the lead calorimeter all !vlonte Carlo calculations show systematic deviations 

from the data as seen from Fig. 1 b. 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 increasing lateral distance up to a factor of 5 from both the data and the other 

two codes. 
CASIM needs 0.14 seconds execution time on an IBM 3084 per particle incident on the iron 

calorimeter. Under identical beam and target conditions it is 33 times faster than FLUKA82, 

which is itself 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. [llj. The calorimeter was built of iron 

plates of different thickness inters paced by 0. 7 em of scintillator; the iron plates were arranged 

in a periodic 6-3-6 em structure. To guarantee a complete shower containment the trigger 

conditions required a longitudinal position of the shower origin in the first two iron plates. 

This was achieved by defining the shower Yertex by an energy release larger than a few equiv~ 

alent particles in the first two subsequent readout planes. To simulate these experimental 

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 

GHEJSHA are compared for two different situations: In model 1 the readout planes were 

simulated by 7 mm of scintillator material as in the experimental set-up (full-line histogram) 

and in model 2 by 1 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 .\1onte Carlo calculations of Figs. la and b, we deduced the proportionality 

factor of 1.15. This correction factor was applied to the results from FLUKA82 and CASIM 

obtained by sampling the pion-induced showers in a homogeneous block of iron. The renor­

rnalization of the numNical results to minimum ionizing particles finally allows a direct test 

against the data of Ref. :11: for pion momenta of 40 and 86 CeV fc, 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 ~t accuracr. the largest deviations are observed in the 

first two readout planes and parl icularly for the CASI.\1 code in the tail of the distribution 

(up to a factor of 5). 
The lateral energy deposition in the third readout plane is shown in Figs. 4a and b for the two 

different pion momenta. All code:; describe the general behaviour of the data well although 

the distribution obtained h) CASI.\1 is systematically narrower compared to the data as well 

as to the other calculations. 

To summarize 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 ~ante 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 
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distance from the beam axis. The approximatf' treatment of the electromagnetic shower c 0!11-

ponents in FLUKA82 is sufficient for the description of average shower properties. reducing 
the CPU-time requirements as compared to GHEJSHA by at" !east one order of magnitude 
for energies above 100 GeV. 
By using weighting techniques for both hadronic and electromagnetic shower c.omponents 
CASIM is faster by a factor of 20 to 50 compared to FLUKA82 in the considered enNgy 
range. However, there are systematic deviations from data up to a factor of 5. For these 
reasons we mainly rely on FLUKA82 and GHEISHA results in the next section. 

4. Applications towards the design of the HERA Beam Dump 

There are several typical problems which are important for the layout of beam abort systems 
at high-energy machines, including estimates of the maximum energy density to 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. All these problems represent 
rather extreme situations for routine calculations with ~'dante 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 predictions 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 beam we extrapolated 
to realistic beam dimensions by looking for the energy density within a cylinder of 1 mm di­
ameter (at the entrance of the dump the nominal beam size is at, ::::: 0.5 mrn, av ::::: 0.8 mm). ln 
Figs. 5a-c we show the material dependence of the energy densities in tbe core (r 'S 0.5 mm) 
for protons of 1000 GeV versus the depth in different materials. For a discussion of the :-,iz­
able differences between the predictions of GHEISHA and FLCKA82 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. For protons of 40 GeV the maximum is observed within the first 5 em of the target. 
The results from GHEISHA are 15 St higher for AI and C, and 10 <:'i( higher for Cu than pure 
ionization losses. Additional contributions from ionization lo:,ses of secondaries and nuc)P<U 
excitation remaining after inelastic hadron-nuckn« intPractions raise the maximum obtaiJJf-rl 
by FLUKA82 by a factor of 2 for .-\! and C, and a factor or 3 for Cu. lf wp consider car!Jon 
(density p = 1.71 gem 3

) with a nuclear interaction length of 50 ern. about 10 rx of the 
incident protons intf>fact within the first ,') em of the t argct, so that the energy deposition 
is expected to exceed the primary ionization los:-,co,. FLLKA82 with it;; as~umptions on th{• 
interaction process (one third of the phenomenologically parametrized nuclear ex<itat ion (•JJ­
ergy is deposited locally at the intera<:tion point) and a threshold energy Eua 50 .\-leV 
(particles below Ethr are stopped locally) could result in some overestimate. 
The deviations between FLUKA82 and GilF:ISHA are particularly evident for lOOO Ge\· 
protons incident on a carbon target. Fig. 6 shows tlw most important contributions to tlw 
energy deposition in carbon obtained hy FLUKA82: the energy dPposit.ion bas bef'n a\·f'ragf'd 
within a cylinder of 1 mm diameter around the pointlikc beam as in the pr<'YiOll"- ra~('~ .. Due 
to the high multiplicities of secondaries g('nerated at very small <1np;!Ps, the' ionization loo,,-;,."' 
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of t hcs(· ~econclarie~ gon_·rn the maximum oft he· e•twrgy deposition in this material. \\'e ex­
p(•ct th(• illcrc·as(' or t}Jr• contributioJJ from electromagnetic showers to be too slow because of 
the param('_trization used by FLL-l\A82: The lateral shower dimension reflects the average 
behaYiour. e.g. it is ind('perH-lent of longitudinal shower dt~\-C'lopment, resulting in a too broad 
c•nergy distribution at thr beginning of the shower. 
A~ can be sren from Table I and Fig. 5, the energy deposition changes considerably for 
/000 GP\' protons when going from carbon to copper. Tlw longitudinal and lateral devel­
opnwnt of t•lectrornagnetic cascades is governed by the hadronic absorption length .\, the 
radiation length X c., and the :\1oliCre radius PM gh·en in Table 2. The strong material depen­
dence of thes(• quanti! ies results in a maximum energy density in copper that is dominated by 
<•lertromagnetic showers. while this contribution to the maximum energy density in carbon 
is cornpktel_v negligible against the ionization losses of charged secondaries (Fig. 6). This 
('X plains the strong increase in the value of the maximum from carbon to copper at 1000 GeV 
found in Table l. 

The application of th(• codes to incident protons of 1000 GeV increases the uncertainties 
of the undC'rlying physical models. particularly those inherent in the description of particle 
production processes {f'.g .. muliplicities and energy spectra of secondaries). To study the 
influence of those extrapolations further we compare results from FLl.'KA82 and GHEISHA 
for the cn<•rgy density in three different lateral bins of a carbon target to the predictions of 
the C.-\SL\1 and \1:\RS programs :12,13j in Fig. 7. The beam size is defined as in Ref. 112;. 
Th<· G l-JEISHA results are in reasonable agreement with the ~.fARS results although they are 
somewhat higher for larger radii within the first 50 em of carbon. For FLCKA82 the energy 
dPposition rises faster at small depth and is smaller at larger depth. 
The latPrally integrated longitudinal energy densities obtained by FLl'1\A82 and GHEISHA 
again agree within the accuracy found in the previous chapter. This demonstrates the im­
portanrP of details in the <lescription of energy deposition mechanisms for this particular 
application of the codes. As onP can see from Table I carbon is the only material where 
the energy dt•nsity for 1000 GeV protons does not reach the melting limit. but more detailed 
calculations on meehanical stresses dl!P to the tPmperature rise have to demonstrate that 
graphite is a suitablt• tniltf'rial for til(' first prtrt of a composite absorbPr block. This will be 
<h,alt with in a fort hroming report. 

FrolTI thf' foregoing di~n1o,sion \\f' conc!udt· that the predictions of different _\foote Carlo codes 
for tht· 1<1rget IH'ating 1war the lwarn axis han; a general uncertainty of a factor 2 to 3 at 
(•nergiPs around !000 (;p\'_ 

_\ext \\'(' P'>tinl<lt~·d lro\\ much ('!lC'rg_\ might be dt'JHlsitPd in '<tlfHTnmducting magnets dut' 
It• particle-- cc-ciil•il)!! from thr· durrrp in fon\·anl rlirvctions. 'i'hf' ~llpl'rronducting coils of the 
Hli1~ncts haYr· lH·cn "irnulatPd h_1· a 10 CJlJ tl1ick copper 1--Jiate. instolled at a distancf':.: behind 
i)l!• l•('il!ll <hrtip 1'-r''' Fig.,><)_ Bl'cilJl,;e· of ronsidnt~blc stati~tical flucluations we ha\·e avcr­
iiJC,f'd 11H· Pll<"rg_1 df'!;-·it_\- 1\-ithin tlw ··opper plate• (J\'r'J- 1hP area of the beam pipe (6 Gem:.!). 
wfrerP rnost 0f lhl' i'<.;c;,pin~ pitrliclc·'< deposi; tlwir e•nngy for gN)JlJetrical reasons. The <'11-
crgy dc-nsit~- n•r_-,lJ' .. \]!(' distaJJC<' of th(• coppt'r plat1• frorn thl' dump is gin•n in Fig. 9: \\'{' 
<1'--"llHlf'd th<Jt :! 101:1 proton.~ eJJ\('r thl' dump. ~incP a ronsidPrablc part of that energy is 
dt'prJ,;ited b_\ lo\\'~{'!lPrg;, photons il.nd !•lcctrono.. t!H· t~pplicability of Fl.L'l\.-\Wl to this proh­
lcnJ jo, <fllt•-,tiOrl<Jblc IWC(ltJ~(' of \h(' _c_iJJJ[llifi('d tH'(1t!IJ('flt or thf' t'ltoc\rOfni\g!lf'\i(' CasCades iJJ 
this rodr· (nnnp<HT ~<'ction 2). _\(·n·nht·k~--- thl' )'("'!lit~ or CllEb/1.-\ (\lith ito; sampling of 
Pkrt rtJIJJ<•gTH'I ir· ( il"-fitdt·- lo_\ l·:c;:-: 'I ,!fld 1-l.l I\.\'<:! ;:grec \\;thin ;, f;-:ctoJ or:! to ''· 
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The first superconducting magnet of HERA will be located 80 m dmmstream of t}w <lbsorlwr 
block. This type of magnet is expected t.o become normal conducting if a fast energy depo­
sition exceeds a value of about 1 mJg- 1 (quench limit) 114). Extrapolating tll<' calculated 
energy deposition from Fig. 9, by means of an r- 2 bchaYiour. we estimate for a di:;tanc<' 
of 80 m behind the dump an energy deposition of 0.2 mJg- 1 • This value is reducf'd hy a 
factor of 2 because only neutrals have to be taken into account. Charged particles will lw 
scattered into the beam pipe due to the quadrupole magnets right after the dump. The 
energy deposition is additionally reduced by at least a fact-or 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 simulated by a 1 em 
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 em) with a 15 em thick iron cover 
(Fig. 10). As in the previous case the FLUKA82 rf'sults 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 thf' t.reatrnent of intranuclear cascade nu­
cleons, mainly neutrons, from inelastic hadron-nucleus collisions by both codes. In earlier 
applications of FLUKA82 this component has been found to dominate the particle fluxes at 
large angles to the beam (15]. 
Also in this case the deposited energy for 2 x 1013 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 ::,oldered 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 al all. 

5. Summary 

In this paper we .have used different Monte Carlo codes for the simulation of hadron-induced 
sllo...y~rs.in_staJI.ed ~t DESY-:-GHEISHA 7.3. FLCK.-\~2, and CASn·L A comparison of calcu­
lated three-dimensional energy depositions with data tak('n at primary energies up to 300 Ge \. 
shows that the main features of the e>;perimental r<''mlt~ are reproduced by the FLeKA82 
and GHEISHA codes usually within a 50 (':( accurar~-. Thi-, is true for Yariou--; types of inci­
dent particles (protons and pions). Yarious primary energies. and \·ariom; materials, although 
there are some systematic differences between the n~1merical results and the data from the­
lead calorimeter :10:. part-icularly for larger distances from the beam axis. CASl.\1 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 (2 4 em for iron) show considerable 
deviations from the data and from the other Monte Carlo results. 
T~e application of GHEISHA and FLUKA82 to the study of shielding problems around the 
HERA beam dump confronts both programs with rather extreme situations. The .\1onte 
Carlo results are expected to depend strongly on special details of the shower development 
such as_ the description of the_ electromagll~tic shower component and the intranuclear cascade 
processes ill inelastic hadron collisi"ans. Corresponding differences between the codes show 
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up in dP\·iations reaching up to a factor of 0 in pMticular situations. 
Taking thes(' tllltl'rlainties into account 0/1(' can concludf' that for 2/ 10 13 protons, dumped 
into a 7 m long ahsorhN block with flO nn diamt'ter compo~cd of C, AI, and Cu, no super­
\onductor will b('\onw normal conducting. Furtlwrmorc, the temperatures stay an order of 
magnitudf' below melting tempera! ures if tbP beam is swept steadily through 6 em across the 
front facP of the dump during the dumping. 
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TABLES 

z-posi1 ion of maximum c Em= C • lm dE/dx 

(em) (kJ/g) (kJ /g) (kJ /g) 

FIXKA82 GIIEISIIA FLCKA82 GIIEISHA 

40 GPV 

c 0- ,') 0- 5 1.5 0.77 6.80 0.67 
AI 0-.'} 0 - .') 1.5 0.74 0.59 0.64 
Cu 0- ,') 0- 5 1.8 0.80 0.42 0.58 

1000 Ce\" 

c 
AI 
Cu 

'f<~ble 1 

Ta !JI(• 2 

.')- 20 100-125 3.8 2.0 6.80 0.67 
:w- 25 40- 65 4.2 4.2 0.59 0.67 
15 - 20 12.5- 17.5 28.0 22.0 0.42 0.61 

\lagnitudt· and position of maximum energy density c (kJg- 1 ) obtained by the 
CIIEJ:--:1/:\ and FLCK:\82 \1on1e Carlo codes. (Pointlike proton beam. cross section 
area of the heat wre R = 0.5 mm.) 
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FIGURE CAPTIONS 

Fig. 1 : Comparison of energy densities obtained by different Monte Carlo codes, with 

data [10]. A 300 GeV jc proton beam is incident on: 

a) an iron calorimeter 
b) a lead calorimeter 
The longitudinal development of the energy densities for three different radial dis­

tances r from the shower axis is shown. 

Fig. 2: Average longitudinal energy deposition for hadronic showers induced by 86 GeV /c 

pions 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). 

Fig. 3 : 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 fc 
b) 86 GeV/c 
(Note that the results from FLUKA82 and CASIM have been renormalised by a 

factor of 1.15 obtained from Fig. 2.) 

Fig. 4: Lateral energy deposition in the third readout plane of the same calorimeter as in 

Fig. 3 for: -
a)40GeV/c 
b) 86 GeV/c 

Fig. 5: Energy densities obtained within a cylinder of 1 mm of diameter for a 1000 G£'V /c 

pointlike proton beam in different materials: 

a) carbon 
b) aluminum 
c) copper 

Fig. 6: Contributions of different mechanisms to the energy density in a carbon target 

within a cylinder of 1 mm diameter around a pointlike 1000 GeV proton beam: 

(1) ionization losses of secondary hadrons 

(2) local nuclear excitation energy 

(3) eleCtromagnetic showers 

(4) ionization from primary protons 
(5) total energy density 
The curves have been obtained with FLUKA82. 

11 

Fig. 7: Energy density s versus depth z in different radial bins caused by a 1000 CeV pro­

ton beam incident on a carbon target (p =- 1.71 gem- 3 ). The range of predictions 

obtained from different versions of CAS[M and MARS :12,13] programs is repre­

sent<'d by the hatched area. The gaussian beam size is the same as in Ref. [12]: 
Ov 0.07 rrn,oh :-- 0.14 em. 

Fig. 8 : Sirnu lat ion oft he HERA beam dump, used to estimate the influence, on downstream 

supcrconductin?; 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 

prores~ the beam will be swept steadily downwards by 6 em. 

Fig. 9: F~rH'rgy depo~ition in a copper plate behind the beam dump, averaged over the area 

of the lwampip('. versus t.he distance from the dump. (Pointlike 1000 GeV jc proton 

beam inci(h•nt on the dump as shown in Fig. 8, 2 x 10 13 protons.) 

Fig.lO: Simulation for ~tud~·ing thf' radial shielding of the proton beam dump. 

Fig.l1: E11Ng~ deposition in a copjH'r cylindN of thickness I em surrounding the beam 

dump (~e(• Fig. 10) for 2 ~· J0 1:l incident protons with momentum of 1000 GeV /c. 
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