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Abstract:
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ABSTRACT

Plate geometries of liquid argon and liquid kryp-
ton calorimeters, candidates for the electromagnetic
calorimeter of the GEM SSC detector, have been sim-
ulated using GEANT and EGS4. It is shown that
stochastic term resolutions in the vicinity of 6%//E
may be attainable.

1. INTRODUCTION

The GEM collaboration bas decided to pursue a
“two-pronged” attack on the technology choice for the
GEM calorimeter. One prong, which has the potential
for higher eleciromagnetic resolution but is currenily
of higher risk, would employ barium flouride ¢crystals
backed up by a acintillation-based sampling hadron
calorimeter. The second prong would use sampling
electromagnetic and hadronic calorimeters in both sec-
tions. In the latter approach, the hadronic section
would be metal plate and liquid argon, whereas the
electromagnetic section would be metal “accordion” or
plate with liquid argon or liquid krypton.

The current paper describes simulation studies to
determine the energy resolution of metal plate elec-
tromagnetic calorimeter sections using the two sug-
gested cryogenic liguids. These studies are thus in
support of research on the “second prong”, and are in-
tended to aid in the design of EM modules, or sections,
both for the final GEM detector and for upcoming test
beam runs at Brookhaven National Laboratory. To set
the scale for the resolutions under study, the barium
flouride option is expected to give EM stochastic term
resolutions of about 2%/,/E, with E in units of GeV.
The liquid argon or krypton calorimeters are aiming
for EM stochastic term resolutions of between 6%/ /E
and 7.5%//E. In both cases the constant term is also
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under serious scrutiny since it ruins the sensitivity to
some physics processes if it rises above 0.5%. Unfortu-
nately it is difficult to simulate many of the sources
contributing to the constant term, which will come
mainly from detector spatial non-uniformities and gain
time-dependence.

The purpose of the current study is to vary a number
of design parameters for a cryogenic liquid metal plate
EM calorimeter and map out the how the resolution
varies as these parameters are adjusted. In particular:

1) Plates of Pb and Pb clad with 3 mil brass have been
tried.

2) Plate thicknesses of 1.0, 1.5, and 2.0 millimeters
have been simulated.

3) Liquid argon gaps of 2mm and 4mm have been sim-
ulated.

4) Liquid krypton runs have been made to study the
resolution improvements to be gained by using this
cryogenic liquid.

5) Most running has been done with electrons at 10
GeV/c, but for some configurations energy scans have
been made to study linearity and resolution.

6) The total depth (including liquid, cladding, pads,
etc) has been fixed at 25 radiation lengths, X,.

No specification has been made of the longitudinal
(electronic) or transverse (pad) segmentation, but the
designs considered would allow for transverse segmen-
tations of .04 x .04 or better, with two or three longi-
tudinal segments, while keeping the capacitances man-
ageable and the chanpel count within reason. We have
not treated segmentation, noise, or cost parameters.
The aim is to provide a set of tables and parameter-
izations of the resolution which may be fed into such
an analysis to assist in the final design.

I SIMULATIONS BASED ON GEANT



The program CALSIM is a framework which em-
phasizes simple specification of plate ¢alorimeters with
repetitive plate and gap structures, and calls GEANT
routines to simulate electromagnetic and hadronic
showers. The geometry is specified in a few lines of the
CALSIM input file. A “unit cell” is described by speci-
fying the thicknesses, materials, and order; of absorber,
gaps, and electrodes. If desired, cladding material for
the absorber, and pad material for the electrodes, may
be specified. The whole calorimeter is then built up
out of repetitions of this unit cell structure. At present
only one such structure may be studied, but extensions
in the future will allow for several calorimeter depth
sections to be set up in the same simulation (eg. EM,
HCALI1, HCAL2, TAIL,...). In the current version of
CALSIM, massless gaps and cryostat walls may also be
specified in the input deck. The work described in this
paper has used the “simple” form of CALSIM geome-
try, where the calorimeter is of infinite lateral extent.
There is also a “forward calorimeter” geometry avail-
able, where an outer radius, beam pipe hole, and beam
area cryostat structures are introduced.

The current work has been done with GEANT 3.14.
Although only the electromagnetic energy switches
are relevant to the current study, the complete list
of settings is as follows: PAIR 1, COMP 1, DRAY
1, ANNI 1, BREM 1, HADR 3, PHOT 1, MULS 2,
LOSS 3, DCAY 1, MUNU 0, and PFIS 1. In addi-
tion, the cutoffs have been lowered considerably from
the defaults provided with the program: CUTGAM
= .00001, CUTELE = .00001, CUTNEU = .0001,
CUTHAD = .0001, CUTMUQ = .001, BCUTM =
.0001, BCUTE = .00001, and DCUTE = .00001. The
electromagnetic settings and cuts are the same as those
used by the GEM collaborators simulating accordion
electromagnetic calorimeters. They lead to long run-
ning times, and have not been studied methodically up
to the present. These routines have been run at the
University of Arizona on both VAX 3100 series com-
puters and SGI 41)/35%. A few runs have been made
on both machines to check for numerical differences,
but most of the produciion has been on the Silicon
Graphics machines. To cover as many points as pos-
sible, most have been run with 500 simulated events,
but some with 1000. The errors quoted on stochastic
term resolutions are the consequence of these limited
statistics.

The goals of this investigation have been described
in the introduction. We began with simulations of
very simple geometries, consisting only of absorber
plates and liquid argon gaps (no cladding, electrodes,
or pads). All calorimeters simulated in this study have
been fixed at a depth of 25 X,. Given the unit cell

description, CALSIM calculates the number of unit
cells required to give as least this number of radia-
tion lengths. Table 1a shows the resulting parameters
for the configurations tried, which included Pb plate
thicknesses of 1.0, 1.5, and 2.0 mm, and liquid argon
gaps of 2.0 mm and 4.0 mm. Most of these simula-
tion runs were made with electrons of momentum 10.0
GeV/c. This table also shows the calculated resolu-
tions for these simulation runs. Figure 1 is a plot of
these points.

There are several aspects of this plot which are note-
worthy. The first is that GEANT predicis that plate
calorimeters of practical design should be able to attain
stochastic term resolutions of 5%/./E or better. This
is suspect, as the following sections will show. The
second is that in this range of sampling fractions (the
energy deposited in the gaps divided by the total in
the calorimeter), and sampling frequency (the number
of gaps per dedz depth of calorimeter), the resolution
depends on BOTH of these parameters. If sampling
fraction were the only important variable, then the
points in Figure 1 with lmm Pb/2mm LAr and 2mm
Pb/4mm LAr would have identical resolutions. But
the finer segmentation is at least 1.5% better because
of its higher sampling frequency. There ia further dis-
cussion of this point in later sections.

It is important to calibrate simulations by compar-
ing them with experimental results. In this case, the
NA31 experiment [1] provides an exampie of an elec-
tromagnetic calorimeter with construction very simi-
lar to those considered above. We have simulated this
calorimeter with GEANT 3.14, including the absorber,
cladding, liquid argon gaps, and readout board with its
pads. The simulation results are disappointing. The
experiment attains a resolution of 7.5%/./E for elec-
trons above 20.0 GeV/¢ {electronic noise degrades it
somewhat below 20.0 GeV/c). The GEANT simula-
tion gives a resolution of 5.6:£0.2%/./E at 10.0 GeV/c
and 6.2+0.3%//E at 100.0 GeV /c. These points show
that there is about a 0.5% longitudinal leakage contri-
bution to the resolution at the higher energy, but the
simuiation results are still not adequate. We decided
therefore to try an EGS4 for comparison.

HI. SIMULATIONS BASED ON EGS4

There have been many studies in the past relating
EGS predictions to experiment. A recent analysis 3],
shows that EGS4 usually finds too good a number
for the resolution (see Table 2), but that the varia-
tions from experiment to experiment are considerably
larger than the disagreement between EGS4 and the



best ones. We take from this the lesson that great care
must be exercised in controlling the sources of system-
atic errors when the calorimeter ia designed and built.

For this simulation, we have written a program,
LARCAL, which contains all the usual EGS entries
such as HOWFAR and AUSGAB. The EGS4 geometry
specification is different from that used by GEANT,
and is not set up with “utility” routines. For the
present, we have restricted ourselves to simple plate
and gap geometries with no cladding, electrodes, or
other structures. Other limitations at the moment are
that EGS4 gives errors above 30 GeV /¢, and we do not
yet have a version working on the SGI machines. For-
tunately, EGS4 runs much faster than GEANT 3.14
with the chosen cutoffs, making production on the
VAX cluster possible.

Table 1b gives the EGS4 results for the same con-
figurations as were simulated with GEANT. Figure 2
is a plot of these results. It will be noted that the
EGS resolutions are .8%//E to .9%//E worse than
the GEANT results for the same simple geometries.
For the configuration closest to the Na3l geometry
(1.5mm Pb and 4.0mm LAr), the GEANT result is
5.4+ .2%/\/E, while EGS gives 6.3 + .2%/,/E. Since
we cannot at present run EGS at 100.0 GeV/c, if we
take the GEANT result at 100.0 GeV/c and add the
.9% seen here, we get 7.1 + .3%//E, to be compared
with the experimental value of 7.5%/\/E. The NA31
experiment has its own simulation, which gives a value
of 6.9%/+/E [3]. Our decision for the moment then, is
to predict the experimental resolution for complicated
geometries or high energies by running GEANT 3. 14
and adding .9% as an “EGS correction”.

We attempted briefly to understand the differences
between GEANT and EGS by looking at the display
of a 10.0 GeV /¢ electron shower in the geometry with
2.0mm Pb and 4.0mm LAr. The GEANT display is
shown in Figure 3, and the EGS display, in Figure 4.
We do not see any important differences between these
two pictures, and more detailed study will be needed
to find the cause of the roughly 1% disagreement.

IV. STUDY OF A REALISTIC DESIGN

Paul Mockett, of the University of Washington, is
spearheading the development of a parallel-plate elec-
tromagnetic calorimeter design for GEM, which incor-
porates a number of novel design approaches. The
1.5mm Pb absorber sheets are clad with 3 mil brass
for rigidity and to prevent chip formation, and formed
into large half-cylinders. The GEM barrel section, con-
structed in this fashion, would have only two phi cracks

{(which themselves would not be projective). The sig-
pals are brought out through Imm x lecm slots on
microstrip lines. We are collaborating with the Uni-
versity of Washington in the development of this de-
sign, which is described in more detail elsewhere [4].
The plate design is an alternative to the accordion ap-
proach for a GEM electromagnetic calorimeter, should
the thin-sheet accordion encounter mechanical design
problems or not achieve the desired resolution.

The unit cell for this design consists of a 1.5mm Pb
absorber sheet clad with 3 mil brass on each side, fol-
lowed by a 2mm LAR gap containing hexcell support
structure, a double sided Kapton PC electrode struc-
ture, and another LAr gap with hexcell. The total
depth is 25 X,, and the remaining physical parameters
of interest are given in Table 3. For this geometry we
show some of the quantities which we histogram dur-
ing the course of each GEANT simulation (see Figure
5). They include the electromagnetic in the gaps, the
total energy in the gaps and the total in absorber, and
a 2-dimensional shower profile plot. The GEANT sim-
ulation yields a resolution of 6.2+ .2%./E at 10 GeV/c
for this geometry. After adding the 0.9% for the EGS
correction, we predict a net resolution of 7.1+ .2%./E
for this configuration. We are assuming that an energy
leakage correction to this resolution does not have to
be made because the shower tails will be measured in
the front of the hadronic calorimeter.

The effect of the slots has also been simulated. The
fineat transverse segmentation being contemplated is
2cm x 2cm. The striplines emerge from the inter-
sections of four pads, and connect to those four, so
the slots are placed on a lattice of 4 em centers. The
slota are lmm X lem, which amounts to .66% of the
frontal area of the calorimeter. In the GEANT simu-
lation, small liquid argon volumes were positioned in
the plates to mimick the slots, with one slot placed
at (z,y) = (0.,0.). (The calorimeter is arrayed in
depth along the z axis.) The electrons were kept at
normal incidence and smeared over the region (z,y) =
(+2em, £2cm). The total energy observed in the gaps
for 500 events is shown in Figure 6. The number of
severely degraded measurements is consistent with the
geometrical crossection, and the resolution in the peak
is smeared by an additional 0.4% over what was ob-
served without, slots, If this correction is added to the
resolutions calculated above for the baseline design,
the net predicted resolution is 7.5+ .2%./E.

V. LIQUID KRYPTON STUDIES

Min Chen, of the Laboratory for Nuclear Sciences
at M.IT., has promoted the idea that any liquid ar-



gon electromagnetic calorimeter, accordion or paraliel
plate, would have its resolution improved by using lig-
uid krypton for the cryogenic liquid. To explore the
potential gains of this approach, we have done EGS4
simulations on the satne Pb plate geometries as before,
with krypton instead of argon. The results are given
in Table 1c and plotted in Figure 7. It is clear that
the liquid krypton impraves the resolution by 1.1% to
1.3%. If, for example, the calorimeter described in the
previous section were filled with liquid krypton, the ex-
pected resolution would be 6.3  .2%,/E, taking into
account all corrections.

VI. SAMPLING FRACTION AND FREQUENCY

The behavior of the resolution function as one
changes the geometry parameters and the cryogenic
liquid may be understood by carefully considering the
effects of sampling fraction and sampling frequency. In
the plot of EGS4 resolutions for the various Pb plate
and liquid argon configurations (Figure 2), the points
with 4mm liquid argon gaps all have better resolution
for the same plate thickness than those with 2mm gaps.
So an improved sampling fraction helps the resolution.
But this is not the whole story. The point with 2mm
Pb and 4mm LAr has the same sampling fraction as
the point with lmm Pb and 2mm LAr, yet the latter
has considerably better resolution. This indicates that
sampling frequency is also important.

To clarify what is meant by these quantities, we take
the sampling fraction to be the ratio of the dedz loss for
a minimum ionizing particle in the sensitive material
of one unit cell to the dedz loss in the all the materi-
als of the unit cell. If we are operating in the regime
where an increase of sampling fraction is improving the
resolution, then part of the effect is because the Lan-
dau fluctuations are being more fully measured in the
additional sensitive material.

The sampling frequency is calculated through a pre-
scription due to Willis and Radeka [5]. The aim is to
calculate the number of samples taken of a shower, n,,
and attribute the shower fluctuations to the fluctua-
tions in this quantity. Most electrons and positrons
in an electromagnetic shower are near minimum ion-
izing. Thus, gap crossing, which we take to be one
“sample,” will remove an amount of energy dedz..;
from the shower. Also, since electrons and positrons
are pair produced, the number of independent samples
should be reduced by a factor of two. The net result,
for an incident particle of energy E, is then

fie = .5E/dedz,,u
and o/E = 1/ \/n. = \f2dedz .t/ E,

which explicitly exhibits the expected 1/,/E behav-
ior. This will be an upper limit estimate for sampling
frequency fluctuations, since it assumes that samples
taken in successive gaps are independent: an approxi-
mation which breaks down in the limit of thin plates.
But this implies that if increasing the sampling fre-
quency improves the resolution, we are in the regime
whete the number of independent samples being taken
is rising.

A way to see the relative importance of these effects
is to plot the generated resolutions versus sampling
frequency, as in Figure 8. If sampling frequency were
the only important variable, all points would lie on
the same curve. The separation of these two curves
is a measure of the effect of sampling fraction in this
regime. The implications of this for design optimiza-
tion are that either may be adjusted to improve reso-
lution. Increasing the sampling fraction increases the
calorimeter depth in centimeters, but has the advan-
tage that the number of gaps is not increased. Which
of these is more important will depend to some ex-
tent on external considerations, such as the maximum
depth allowed for the EM calorimeter section by other
subsystems.

VII. DIRECTIONS FOR FUTURE WORK

As we proceed from here, cut studies will be done
to explore the sensitivity of the simulations to the cuts
and, where possible, to speed up the simulations to
gain statistical accuracy. A focus of this effort will
be to understand the differences between GEANT and
EGS4, and to calibrate against additional experiments.
Once these aspects of the simulation are stable, the
issues of transverse and longitudinal segmentation will
be tackled,

VIII. CONCLUSION

Simulations using GEANT and EGS4, and cali-
brated against the NA31 experiment, show that elec-
tromagnetic calorimeter resolutions may be pushed to
the realm of 8%/,/E by some combination of the tac-
tics of increasing sampling frequency, increasing sam-
pling fraction, and using liquid krypton in place of lig-
uid argon as the cryogenic medium.
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Table la

GEANT 3.14 LAr Simulation Runs -- 10 GeV/c electrons

Pb LAr Stochastic term

2mm 4mm 7.0 = .2 %

1. 5mm 4mm 5.5 +- .2 %

lmm 4mm 4.2 +- .2 %

2mm 2mm 8.2 +- .3 %

1lmm 2mm 5.2 +=- .2 %
Table 1b

EGS4 LAr Simulation Runs -- 10 GeV/c electrons

Pb LAf Stochastic temm
2mm 4mm 7.8 4= 2 &
1.5mm 4mm 6.3 +- .2 %

1mm 4mm 5.1 +- .2 %

2mm 2mm 10.1 +- .3 %
1-5m zm 3-0 +- ¢3%

1mm 2mm 6.5 +- .2 %

Table 1c

EGS4 LKr Simulation Runs -- 10 GeV/c electrons

Pb LKr Stochastic term
2mm 4mm 6.7 +- .2 %
1.5mm 4rom 5.7 +- .2 %
1mm 4mm 4.4 +- .2 %
2mm 2mm 8.4 +~ .3 %
1.5mm 2mm 6.7 += .2 %
1mm 2mm 5.4 +- .2 %



Table 2

Measured and calculaied energy resolutions for various
calorimeters employing liquid argon as active material. The
contributions of clectronic noise and calibration errors have
been subtractied to the measured values. Otherwise they appear
in parentheses,

Absorber 7 [mm] s [mm] .y (%] opgs [$] 0up/0gas Rel.

Pb 1.0 20 80 SO 1.6 [39)
Pb 12 36 (85 SO0 17 140}
Pb 1.5 S0 15 5S4 14 [41)
Pb 15, 20 80 64 13 [42)
Pb 19 30 90 65 13 143)
Pb 20 S0 (100) 65 15 [44)
Ph 20 30 (08 71 15 [45)
Pb 20 20 9.6 - 77 12 [46)
Pb 20 20 (103) 7.7 13 [47]
Pb 22 20 9.5 1.7 12 [48)
Pb 24 28 112 81 14 [43]
v 20 16 140 115 12 (49]
Fe 1.0 10 28 37 08 (50)
Fe 15 15 95 44 22 [51)
Fe 15 20 69 41 137 [52)
Fe 15 20 (4 41 13 [S3]

Fe 20 20 61 49 12 [46)
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Figure 4

SHOWER SIMULATION WITH EGS4
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