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Abstract
We have recently employed the Geant4 toolkit for the simulation of the barrel part of the AT-

LAS electromagnetic calorimeter. The two approaches used for the description of this geometry are
presented and compared. Subsequently, we test the new simulation tool against the predictions of
Geant3, the previous generation of the Geant simulation. We do so for muons. With the caveat of
some differences in the detector geometry implementations in Geant4 and Geant3, we also show some
extremely preliminary results for electrons.

1 Introduction

The ATLAS electromagnetic (EM) calorimeter is a sampling calorimeter with its absorber and electrode
plates interleaved with liquid Argon (LAr) gaps. These plates have a characteristic accordion shape
and the geometry of this calorimeter has been previously described with Geant3, a FORTRAN based
simulation package. Recently we have employed Geant4, a package using object oriented programming
in C++.

In this paper we first describe the two approaches used for the description of this geometry. One
of them is novel and, after describing its philosophy, we compare its performance against the standard
geometry description.

The second part of this contribution deals with the physics validation of the Geant4 product. One
of the EM calorimeter modules has been tested at CERN and its response to muons and electrons has
been studied. Geant4 is used to describe the complete geometry of the test beam setup and simulate the
deposited energy in this calorimeter module. Preliminary results on the comparisons between Geant4
and Geant3 simulations of the calorimeter's response to muons (and to some extend to electrons) are
presented here.

2 The ATLAS EM barrel calorimeter

The ATLAS electromagnetic calorimeterfl] is a sampling calorimeter with its absorber and elec-
trode plates interleaved with liquid Argon (LAr) gaps. These plates have an accordion shape and
1024 of them are arranged in a cylindrical configuration providing hermetic and uniform <f> cov-
erage of the proton-proton interaction region at the heart of the ATLAS detector (see Figure 1).
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Figure 1: A perspective view of one of the two half-barrels which constitute the ATLAS EM barrel calorime-
ter.

For the barrel part (the topic of this paper) the amplitude of the accordion increases with radius, so
that each accordion plate keeps a constant cj> span.

The absorber plates are lead-stainless-steel converters. The lead thickness is 1.5 (1.1) mm for rj < 0.8
(> 0.8), but the thickness of the glue material changes in order to achieve a uniform 2.16 mm thickness
for the absorber plates for all r/ values. The absorber plates are spaced ~ 4.5 mm apart and a readout
electrode (0.275 mm thick copper-polyamide multi-layer board) is centred in this gap by low density
honeycomb spacers, leaving two gaps of 2.12 mm on each side.

The whole structure is placed in a cryostat and filled with liquid Argon, which plays the role of the
sensitive medium with a nominal layer thickness of 2.12 mm. The ionisation signals from two LAr gaps
are summed on the electrode board which separates them. Fully pointing readout cells are defined in TJ
by etching of the electrode plates, and in azimuth by grouping together a number of adjacent plates: 16,
4, and 4, for each of the three radial compartments of the EM calorimeter, respectively. Thus, in the
middle, main, compartment (between a depth of 6 Xo and 24 Xo) the readout cells have dimensions of
AT}XA4> = 0.025 x (4 x 2TT/1024) ~ 0.025 x 0.025 rad.

Each half barrel is actually constructed by 16 modules, with the use of 64 accordion plates for each
module. One of these modules has been put to test beams from the CERN SPS accelerator and its
response to electrons and muons has been studied, with the latest data taken in August 2000.

3 The description of the geometry in Geant

Since we know all the parameters of the accordion structure (the length of the straight parts, the radii
of curvature for the "knee" regions, the thicknesses of the absorber and electrode plates, etc.) we can
construct the geometry of the calorimeter piece-by-piece. Geant4, like its predecessor Geant3, provides a
collection of standard volumes, like boxes, cylinders, trapezoids, an so on.



Naturally then, the first approach we've taken is the construction of the calorimeter geometry with
the use of a large number of such elementary volumes, properly placed in space to define the accordion
plates, of course. We call this the "static" description of the geometry. Due to the use of a large number
of elementary volumes, this geometry construction occupies a lot of memory, in principle. Consequently,
one may fear that if all the ATLAS sub-detectors are described this way, the whole ATLAS description
may be in the need for quite high memory resources.

Thus, a novel approach has been pursued. Using the Geant4 toolkit, an "Accordion volume" has
been defined, tailored to the specific accordion geometry at hand. This is actually a C++ class, derived
from the abstract G4CSGSolid class[2], with methods to find the distance from a given space-point to
any Accordion volume boundary, not only along a given direction, but also along the direction needed
to reach the boundary following the minimum path length. Methods are also written to evaluate if a
given space point is inside a given volume or not. Therefore, this model only needs to define an abstract
accordion line shape (a "neutral-fiber"), the thicknesses of the absorber, electrode and LAr layers on each
side of it, and the placements of these neutral fibers around <j>, in global ATLAS coordinates. Thus, much
fewer volumes are constructed, particle tracking (i.e., the navigation of a particle through the various
detector volumes) is done by calling these "find-distance-to" methods, and a much smaller amount of
memory is needed to define the geometry of the EM barrel calorimeter, compared to the straight-forward
"static" method. We call this geometry implementation the "tailored" geometry model. With this model
the detector description of one of the two half-barrels needs 4 Mbytes of memory, compared to 85 Mbytes
needed for the static description, when using the default parameters in Geant4.

3.1 Comparison of the two geometry models

After verifying with "geantinos"1 that we have two equivalent geometry descriptions, we compare the two
geometry models by simulating electrons and muons traversing the detector volume at various locations.
Of greatest interest are the boundary regions around TJ — 0.0, 0.8 and 1.4 (recall that the amount of lead
in the absorber plates is different for r\ < 0.8 and r\ > 0.8).

We generate single 50 GeV electrons towards fixed rj values and directed randomly in <j> between 0 and
0.2 radians (500 events per JJ value) and we record the energy depositions in all the detector materials,
as well as the energy escaping the rear part of the detector, at large radius.

The two models yield the same fraction of the incident energy deposited in the absorbers (typically
more than 70%, see Figure 2). Nevertheless, the tailored model yields 0.3% less energy deposition in the
LAr than the static model predicts. The energy sharing in other materials differs as well, since the sum
of the energy depositions are observed to be in agreement between the two models. Apart from the total
energy deposition, agreement is also observed for the escaping energy (typically ~ 0.7% of the incident
energy for 50 GeV electrons in the good fiducial calorimeter volume).

For the energy deposited in the LAr, the sharing between the three radial calorimeter compartments
is also in agreement for the two models. The position of an incident electron can be measured by the
calorimeter by taking the energy weighted mean of the reconstructed </> in each readout cell. Because the
readout geometry is not yet implemented in the Geant4 simulation, we just compare the energy weighted
mean of the <j> positions of the Geant4 "hits" (particles are tracked in steps and at the end of each step
Geant4 gives the energy deposition and the relevant space coordinates: we call this information a Geant
"hit"). We again find that the two models give compatible answers. For both models the time needed to
simulate electromagnetic showers is also in agreement: this is ~ 0.55 seconds per GeV of incident electron
energy, using the CERN and the Lyon Linux PC clusters, which are comprised of machines with "power"
of ~ 20 SPECInt95 units (i.e., the simulation of electrons takes ~ 11 seconds x SPECInt95/GeV).

1 Made-up, non-interacting particles used to measure the amount of material they traverse.
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Figure 2: Top; Fraction of incident energy deposited in the LAr for the two geometry models (left), and
their percentage difference (right), for 50 GeV electrons directed towards various rj values. Bottom: Same,
for the absorber.

By using samples of 100 GeV muons we also perform a fine rj scan (500 events at each rj position) and
we observe agreement between the two models, not only on the energy deposited in the absorbers, but
in the LAr as well.

In general then, one can say that there is quite small a difference between the two models. The origin
of this difference is currently under investigation.

3.2 On memory usage

With the two models giving equivalent results, one may wonder if it is worth developing "static" detector
descriptions, once a "tailored" approach is proven robust, in the light of its significantly reduced require-
ments on memory usage. A sort answer could be that even if a "tailored" description is unbeatable in
memory usage, a mathematical description of neutral fibers is hard to develop, in general, whereas a
straight-forward approach is much easier to pursue.

Furthermore, there are means to reduce the memory usage for "static" geometry descriptions signifi-
cantly. One can optimise the tracking by dividing the geometry into "voxels" and checking in which voxel
the track is, instead of in which real volume. Thus a two-dimensional grid of these artificial volumes is
constructed and Geant4 does the tracking in two steps, so to speak: it first finds the grid cell the particle
is in, and then it. checks which real volume inside this grid cell the particle belongs to.

One can modify the size of the grid cells by varying the so-called "Smartless" parameter associated
with a Geant4 "logical volume" [3]. One actually types: Logical_Volume->SetSmartless (Value);. In
general, with decreasing "Value" one increases the number of voxels. On the other hand, making the grid
cell too big, would mean that one has to have a large number of real volumes to check inside each grid,
so Geant4 may need more time to perform this two-step tracking.

With the default Geant4 value (2.0) the static model needs 35 Mbytes of memory for the detec-
tor description of the test beam setup. We tried smaller values, with the value of 0.2 giving more
than a three-fold reduction in memory usage (10 Mbytes used for the test beam setup description).



The increase in time needed to simulate electrons was less than 5%, and, within uncertainties, compati-
ble with null.

We thus conclude that one can reduce significantly the memory usage of the straight-forward "static"
geometry description.
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Figure 3: Energy deposited in LAr (corrected for the sampling fraction) for mnons in the EM barrel test
beam setup, according to GeantJ^ and GeantS.

4 Physics validation of Geant4

ATLAS started a collaboration with the Geant4 team in order to validate the physics of the Geant4
product, by comparisons with GeantS, first, and test beam data, at a second phase. We implemented
the full geometry of the test beam setup in Geant4 (an EM barrel module with the preshower modules
mounted in front of it, the cryostat, the drift chambers upstream, etc.) in the same way it was done in
GeantS.

We compare the response of 50 and 100 GeV muons, directed towards various 77, illuminating detector
spots of AT; X A0 = 0.025 x 0.025 rad, i.e., the size of one middle readout cell (see Section 2).

The secondary particle production cuts in Geant3 were set to 100 keV for e* and lOkeV for photons.
We try different cuts in Geant4, due to some differences in the decision logic for producing secondary par-
ticles in Geant4 and Geant3[3]. Geant4 works with a common production cut in range, which correspond
to different energies at different materials. E.g., a 0.03 mm cut in range corresponds to 13 (1.1) keV cut
for 7's and 112 (41) keV for e^s in Pb (LAr). Since most of the secondary particles are produced in
lead, a range cut in the vicinity of 30 fim is expected to be equivalent to the cuts used in Geant3.

Comparing the energy depositions in LAr for Geant4 and Geant3 we observe that the distributions
are different (e.g., see Figure 3, where the energy deposited in the LAr has been corrected by a mul-
tiplicative factor, which is the inverse of the sampling fraction). Even though the mean values are in
agreement, and do not depend strongly on the production range cut, a Kolmogorov-Smirnov test reveals
that the Geant4 and Geant3 distributions are highly incompatible, for all production range cuts tried.
In general, one can say that Geant4 puts more events in the peak part of the distribution, and less in
the "near-tails" (both low-end and high-end tails). In the "far" high-end tail (more than two RMS's
above the mean value), Geant4 agrees with Geant,3. This pattern can be seen clearly when we take
the difference of the cumulative energy deposition distributions, as a Kolmogorov-Smirnov test uoes.



Figure 4 depicts such a plot.
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Figure 4: Difference of the cumulative distributions of energy depositions in LAr between GeontJt and
GeantS (first 20% of the bins are shown).

When we include the effect of noise to the energy deposition given from the simulations, the differences
are much smaller, and a Kolmogorov-Smirnov test yields highly compatible distributions between Geant3
and Geant4. The noise contribution, inferred from test beam measurements, is distributed normally
around zero with a standard deviation of ~ 15% of the mean energy deposition in LAr (for muons). Due
to this level of noise, the data agree well with both Geant4 and Geant.3, without being able to tell the
two simulations apart. However, this is not a comparison between Geant4 and Geant3 anymore...

Since the physics input is the same for Geant,4 and Geant3, we do not anticipate such differences and
the Geant4. collaboration examines possible explanations.

With a slightly different geometry implementation in Geant4 (more copper between the preshowei
and the EM barrel accordion volume) than that of Geant,3, we also simulate electrons of various energies.
We study the energy resolution of the accordion volume alone and of the complete EM barrel system
(preshower and EM barrel accordion together). We observe that Geant.4 and Geant3 yield similar ajE
results (typically ~ 9%/\/~E for the complete system, with E in GeV) even though the values are a bit
higher in Geant.4, due to the extra passive material in its detector description.

5 Summary

A comparison between the two geometry models has shown that there are very small differences, which
are under study, but in general the tailored geometry approach is proven sound. We also investigated a
way to reduce significantly the memory usage of the straight-forward "static" geometry description.

Comparing Geant4 against Geant3, we find that the mean energy depositions for 50 and 100 GeV
muons are in agreement between the two simulations, but the two yield significantly different distributions.
Preliminary results on electrons are encouraging and we plan to study these particles next, including
comparisons with test beam data.
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