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Abstract

The electromagnetic processes inciuded in the GEANT3 Monte Carlo
program are reviewed. We present the results of calculations on the longitu-
dinal and radial development of electromagnetic showers for several materials
and energies: iron, 200 MeV; lead glass 1 GeV; BGO, 10 GeV and 50 GeV.
These results are compared with the same calculations using the EGS3 code.

1. Introduction

The size and the complexity of high energy physics detectors are
switfly increasing together with the new accelerators, and the calorimeters
are becoming essential components of these detectors.

These features have two implications (amongst other things) on the
computer simulation of such detectors:

- the need to develop shower simulation programs as compiete and
accurate as possible
- the need to handie complex geometries.

Sophisticated and efficient shower programs exist now, both for elec-
tromagnetic [1,2] and hadronic [3] processes. However, those codes have a
rather poor geometrical part: it is not easy to describe a complete experi-
mental set up within the context of such programs.

On the other hand, GEANT [4] is a system of detector description and
simulation tools which was designed in order to provide a framework:

- to handle any kind of particle in any kind of medium within a unified
tracking system
- to define complex geometries as simply and automatically as possible.

The GEANT structure has been made highly modular, allowing a con-
tinuous upgrading of the geometry system and of the physics routines. In
particular the simulation of the physics processes has been carefully isolated
from the tracking part.

As a consequence, it been possible to incorporate the physics genera-
tion routines originating from several hadronic shower programs (CASCADE,



GHEISHA, TATINA) within the GEANT framework, while the tracking of the
particles remains under the GEANT control.

EGS [1] is a very well optimized program for the simulation and the
tracking of electromagnetic showers. In such a code it is not easy to sepa-
rate the generation of the physics processes from the tracking itself without
destroying the overall efficiency.

In addition, the EGS code is written in MORTRAN, which is a powerful but
non standard language creating portability problems in some laboratories.

Therefore, we decided to rewrite a set of electromagnetic process rou-
tines fully compatible with the GEANT system rather than to try to incorpo-
rate in it some pieces of the EGS code. In this way all the hadronic and
electromagnetic processes are under the control of an unified tracking sys-
tem,

Section 2 is a short review of all electromagnetic processes that have
been taken into account in GEANT. A more detailed description of the for-
mulae can be found in Appendix A which is, in fact, a subset of the
GEANT3 write-up [4].

The EGS program gives impressive good agreement with available
experimental data, from a few MeV up to 100 GeV, and for most types of
calorimeter. Therefore, it is becoming a "standard" in the HEP community.
We have chosen to compare systematically the GEANT results versus the EGS
results for several materials (iron, BGO, lead glass) at several energies {200
MeV, 1 GeV, 10 GeV and 50 GeV). This study is presented in Section 3,
and the conclusions in Section 4.

2. Electromagnetic processes in GEANT

We give here a very short summary of the electromagnetic processes
that have been taken into account in the program. (For the details see
Appendix A or [4]). Most of the methods used in the simulation are very
similar to those in EGS. We have chosen different approaches for some of the
interactions, mainly because we wanted to have a unified simulation program
(without a separate pre-processing part) and we wanted to improve the tim-
ing too.

The main features of the two programs are compared in the Table 1,
and the rest of this section briefly explains the differences between EGS and

. GEANT.
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Pair production

For this process EGS uses empirical total cross section data at low energy
(below 50 MeV) and the Coulomb corrected Bethe-Heitler formula at high
energy (above 50 MeV). Instead of using a large amount of cross section
data we have fitted an empirical formula to the data.

When sampling the energies of the positron/electron, EGS and GEANT
both use the Bethe-Heitler differential cross section, but with a different
"decomposition” of the formula. The result of this difference is that the
sampling in GEANT is more efficient, especially at low energies. The differ-
ence in timing is 10-15 % at and above 50 MeV and it is a factor 3 at 5 MeV.

Compton scattering

EGS uses the well-known Klein-Nishina formula to compute the mean free
path of a photon, GEANT works with an empirical formula, which gives bet-
ter results for very low energy (below 1 MeV) photons in a material with
high atomic number, Z.

Atomic photoeffect

In order not to read a lot of cross section data we have fitted an empirical
formula to the data of Storm and lIsrael {which are used in EGS). This for-
mula reproduces the data quite well above 0.1 MeV (but it does not repro-
duce the peaks of the photoelectric cross section below this energy).

Bremsstrahlung

We have fitted here a semi-empirical cross section and an energy loss for-
mula to the "data" used in EGS. (These "data" are in fact calculated values
from the Coulomb corrected Bethe-Heitler theory with empirical corrections.)
These formulae reproduce these "data" well. Generating the photon spec-
trum we use a different decomposition of the differential cross section than
that used in EGS. As a result we do not need take special care to avoid the
infrared catastrophe and we have a slightly better timing (20-70 % depending
on the energy and the photon cut).

Moller, Bhabha scattering (delta-rays)

These are treated in a very similar manner to EGS.

Multiple scattering

The two programs use different approximations in their treatment of multiple
Coulomb scattering. EGS uses the Moliere theory, but it neglects the lateral
deviations in the position of the particie. GEANT works with the Gaussian
approximation and calculates the lateral deviations in the positions too (both
of the programs correct the track length, of course).



3. Results of the comparison EGS / GEANT

We have compared the shower development in EGS and in GEANT for
several materials and various energies, (see Table 2 below)

r T T T T 1
| | gem™? | Xe cm | Incident | |
| Material { Density | Radiat. length | energy | Statistic |
F I i t + i
| Iron | 7.9 | 1.76 | Eg = 200 MeV| 1000 showers |
H : b b i |
| SF86 | l | | |
| lead glass | 5.2 | 1.66 | Eg =1 GeV | 200 showers |
F ! .8 f t {
| BGO | 7.1 ] 1.12 | E¢ = 10 GeV | 100 showers |
: : { + + :
| BGO | 7.1 | 1.12 ] E¢ = 50 GeV | 100 showers |
L [ 1 1 1 J
Table 2

The set up is shown in Fig. 1; for each material we considered a full
cylinder of matter with the following dimensions:

L = 20Xo (z-axis)
R = 5Xg (r-axis)
In order to study the longitudinal and lateral development of the

shower, we considered 2 kinds of bins (see Figs. 2 and 3) dividing the cyl-
inder in 20 bins:

1) along z axis ; bin length = 1Xo (Fig. 2)

O.25Xa (Fig. 3)

2) along r-axis ; bin length

Shower development

An incident photon with energy Eg hits the centre of the cylinder (Fig. 1)
and initiates an e.m. shower in the material.

The (total) energy cut offs were fixed to 0.1 MeV for photons and 1.511
MeV for electrons/positrons.



Starting at Figure 4 we show 4 groups of 6 figures corresponding to
each test case:
- the profiles of the longitudinal energy deposition
- the corresponding cumulative values.
- the profiles of the radial energy deposition
- the corresponding cumulative values.
- the total energy deposited in the set-up
- the particle flow, i.e. the number of particles
crossing a given plane perpendicular to the z-axis.

The error bars plotted are the shower fluctuations:

r N _ 11/2
| 1/N X (Xi - X}
L i=1 i

The general features of the shower development are the same for the
three energies presented here. Let us concentrate the discussion on the 1
GeV case. The mean values of the longitudinal energy profiles (Fig. 10)

1 dE

Ee dZ

are very close to each other and individual bins differ by = 0.3%, which is
well within the energy fluctuations. This statement also stands for the
radial development (Fig. 12). Of course, the fluctuations are rather large,
especially within the few first radiation lengths. It is more significant to
compare the cumulative deposited energy (Figs. 11 and 13)

1 z dE
— ] — dZ
Ee o d”Z

Here again the mean values remain fully compatible and any discrepan-
cies are within the shower fluctuations as can be seen from Table 3 below
(extracted from Fig. 11)

T T I 1

| 5 Xg | 10 Xo | 20 Xo |
F + } I {
| GEANT mean | 39.44 %| 83.34 % | 97.14 % |
| | | | |
| EGS mean | 39.25 % | 82.43 % | 96.77 % |
| [ | | |
| GEANT - EGS | 0.19 % | 0.91 % | 0.37 % |
| l | | |
| GEANT rms I 19.9% | 11.9 % | 1.5 % |
| F | | |
| EGS rms | 19.3°% | 11.6 % | 1.5% |
L A | 1 ]

Table 3

Cumulative deposited energy in SF6 lead giass



In Table 4 we give the GEANT-EGS difference of the total deposited
energy over 20 radiation lengths, and the fluctuation on that energy.

|r T lron 200 MeVTE BGO 10 GeV T! BGO 50 GeV }

oeANT-Eos | 008% | we7s | 0919 1

} Fluctuations I 1.7 % : 1.6 % I 2.2 % I

L 1 I | ]
Table 4

Total deposited energy over 20 r.l.

For completeness we show also the particle flow (Fig. 15). These dis-
tributions are extremely sensitive to the exact simulation mechanisms (phys-
ics and tracking). The very good agreement between the two programs give
us confidence in the way all physics processes are generated.

Timing Considerations

As the time to simulate the development of an electromagnetic cascade
increases linearly with the incident particle energy, this time can be charac-
terized by just one number : namely the cpu time per GeV.

This time is nearly independent of the material, but strongly depen-
dent on the energy cut off, of the tracking optimization, and on the way
that the geometry is described.

In order to estimate the last factor, we have tested three geometries.
The previous cylinder was divided in (20%20) cells as before, into (10%10)
cells (i.e. 2X; along the z-axis and 0.5Xg along the radius), and (1*1) cell
(i.e. continuous medium without any internal boundaries).

In the latter case there are practically no geometrical computations,
therefore we are testing the intrinsic time for the generation and the devel-
opment of the shower. The results are shown in Table 5 for two sets of
energy cut off.

There are considerable differences in time between the two programs.
In the (1x1) case GEANT can fully exploit the so called "safety radius”
algorithm. In the (20x20) case one can see the overhead introduced by the
GEANT machinery to treat a trivial geometry whereas the EGS program is
running with a specialized geometry routine for cylindrical volumes. The
GEANT geometry package has been designed to handle very complex geome-
tries (100000 volumes or more) and the ratio EGS/GEANT should increase
substantially, especially after the optimisation of some critical routines.



T T T

e T "

T T T 1
Energy cut | (1*1) cell | (10%10) cells | (20%20) cells |
0.1 MeV/1.511 MeV | | | |
+ | 1 1
GEANT | 101 ms/GeV | 204 ms/GeV ! 305 ms/GeV |
H | 1 |
T i 1 1
EGS | 215 ms/GeV | 257 ms/GeV | 345 ms/GeV |
1 | 1 |

1 1 T
EGS / GEANT | 7.13 | 1.26 | 1.13 i
1 | I J
T T I 1
Energy cut off | (1%7) cell | (10%10) cells | (20%20) cells |
1. MeV/1.51MeV | | | |
+ F i i
GEANT | 51 ms/GeV | 100 ms/GeV | 145 ms/GeV |
+ E } i
EGS | 186 ms/GeV | 212 ms/GeV ! 270 ms/GeV |
+ | 4 4
EGS / GEANT | 3.64 | 2.12 | 1.86 |
L . 1 ) ]

Table 5

Time to develop an electromagnetic shower
on the CERN SIEMENS 7890 machine.



4. Conclusions

An electromagnetic shower program has been developed within the
GEANT3 framework. The physics processes taken into account are essentially
the same as in the EGS program.

The agreement between these two programs are within the statistical
shower fluctuations, both for the energy deposition profiles and for the par-
ticle flux.

The intrinsic time to develop a cascade is faster with GEANT than with
EGS, and can still be improved by optimizing the overall GEANT system.

For the purpose of that comparison, we have used the version 3 of
EGS. Our intention is to repeat the same exercise with EGS4, once a stable
version is available.|t is our understanding that EGS4 should not give sub-
stantial differences with EGS3 {cf note by W.R.Nelson) in the energy range
investigated.
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Geometrical configuration

Iron / 200 MeV longitudinal profile of the deposited energy

lron / 200 MeV cumulative value of the deposited energy
{longit)

Iron / 200 MeV radial profile of the deposited energy

(scale: 0.25%x0)

lron / 200 MeV cumulative value of the deposited energy
(radial)

Iron / 200 MeV total energy deposition

Iron / 200 MeV particle flow

Lead gl./1 GeV lengitudinal profile of the deposited energy
Lead gl./1 GeV cumulative value of the deposited energy
(longit)

Lead gl./1 GeV radial profile of the deposited energy

(scale: 0.25%X,)

Lead gl./1 GeV cumulative value of the deposited energy
(radial)

Lead gl./1 GeV total energy deposition

Lead gl./1 GeV particle flow ,

BGO / 10 GeV longitudinal profile of the deposited energy
BGO / 10 GeV cumulative value of the deposited energy
(longit) ,

BGO / 10 GeV radial profile of the deposited energy

(scale: 0.25%X,)

BGO / 10 GeV cumulative value of the deposited energy
(radial)

BGO / 10 GeV total energy deposition

BGO / 10 GeV particle flow

BGO / 50 GeV longitudinal profile of the deposited energy
BGO / 50 GeV cumulative value of the deposited energy
(longit)
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