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Abstract

CALOR89 code system is being used to simulate test beam results and the design
parameters of several calorimeter configurations. It has been bench-marked against
the ZEUS, DO and HELIOS data. This study identifies the systematic effects in CALOR
simulation to model the experimental configurations. Five major systematic effects
are identified. These are the choice of high energy nuclear collision model, material
composition, scintillator saturation, 6hower integration time, and the shower
containment. Quantitative estimates of these systematic effects are presented.
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IntroductJon

Simulation of hadron showers in sampling calorimeters involves applica-
tions of High Energy Physics, Nuclear Physics and Atomic Physics [1-3]. Shower
simulation programs must essentially have an easy enough flexible geometry
package, relevant models for interactions, and the correct microscopic physics
data.

The hadronic showers will have three components, the hadronic, electro-
magnetic, and the neutronic. A complete simulation program must be capable of
simulating all the three components. CALOR is a system of coupled Monte Carlo
computer codes which can be used for shower simulation in calorimeters. It con-
sists of three separate codes interfaced with each other and a separate geometry
and analysis package.

The constituent codes are:

HETC [4]: simulates high energy hadron showers

EGS4 [5]: simulates high energy electromagnetic showers

MORSE [6]: simulates the low energy neutron and photon component
of hadron showers.

Together these three codes simulate the complete physics of High Energy,
Hadronic, and Electromagnetic showers. Figure 1 gives the schematic diagram
of the code package.

CALOR has been modified recently to include a more accurate collision
model at high energies (> 5 GeV). This version is known as CALOR89 [7].
Benchmark calculations with this modified version and their comparisons with
the experimental data for several scintillator plate calorimeter prototypes have
been carried out and were reported recently [8].

The comparison of CALOR89 simulations with the experimental data must
be done with caution. In this paper we identify some of the major sources of sys-
tematic differences in modeling the experimental prototype measurements and
quantify their effect on the comparison between experimental data and
simulation.

These benchmark calculations were done on IBM3091, at the University of
Tennessee, IBM3084, at Argonne National Laboratory, and on CRAY XMP at
Lawrence Livermore Laboratory. Intercomparison of results between these three
computers were carried out by the authors and have been reported elsewhere [8].
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For most cases 1000 histories of pions and 250 histories of electrons were
simulated and used to evaluate the e/h ratio (the ratio between an electron to
hadron signal at the same energy) and hadronic and electromagnetic resolutions
and other shower parameters like e/h as a function of shower integration time.
The energy cut used (the energy at which the particle history is terminated) for
hadrons in HETC is 1.0 MeV [9]. The energy cut used for electrons in EGS4 is 1.5
MeV and for photons 0.1 MeV [10]. When a particle history is terminated, it's
kinetic energy is deposited locally. In EGS4 the default ESTEPE algorithm [10] for
multiple scattering of electrons is used. Neutrons below 20 MeV are transported
by MORSE. The low energy photons from MORSE are transported again by EGS4.
The light curves were calculated using Birk's Formula [11]. The shower
integration time used was in the range of 16 to 500 nsec. For full shower
containment, a 200 v 200 cm2 of transverse and 8\ of longitudinal global
dimensions were used.

Table I and Fig. 2 give the summary results of these simulations. The
absorbers considered are Lead, Iron and Uranium, e/h as a function of absorber
to scintillator thickness ratio are plotted in Fig. 2. The available test beam data for
similar systems are also plotted. The hadronic and electromagnetic resolutions
are given in Table II. The test beam resolutions are given for comparison. The
results show an absorber to scintillator ratio of less than 1 for a compensating
Uranium and 2 for a lead system. The iron-scintillator system does not tend to be
compensating at any absorber to scintillator ratio. The agreement between the
simulation and the available test beam data is reasonably good. We now present a
more quantitative analysis of these comparisons.

Systematic tffitvrfo

Analysing the benchmark calculations and comparing them with the
measurements we have identified five major systematic elements.

These are:

A) Nuclear Collision Model
B) Material Composition
C) Scintillator Saturation
D) Shower Integration Time
E) Shower Containment

This paper examines the magnitude of each of these identified effects. The
effects of cut off energy on the simulated shower parameters have already been
studied by various authors [9,10]. In addition to these, there are other
experimental details which CALOR does not incorporate explicitly and are not
addressed in this study. These include non-uniformity of light collection,
electronic noise, pedestal and energy cuts, material noise (e.g. spontaneous
fission), etc. These may be incorporated in the final analysis program of CALOR.



A) Nuclear Collision

The most important physics uncertainty in predicting the interaction of
high energy hadrons with matter lies in determining the description of the inelas-
tic hadron collisions with the nucleus. The earlier version of HETC uses a
theoretical model, the intranuclear cascade evaporation model [12], which has
been developed and applied with success for such problems for the past several
years. This model treats the hadron-nucleus collision as hadron-nucleon
collision. The justification is that at higher energies (> 100 MeV) the DeBroglie
wavelength of the incident particle is shorter than the average internucleon
distance ( lO 1 3 cm). The cross section data required in this case are the nucleon-
nucleon elastic and inelastic scattering, pion-nucleon elastic scattering, charge-
exchange and pion production. These cross sections are well known up to the
energy of 3 to 5 GeV. In this model the double pion production in nucleon-nucleon
collision and single pion production in pion-nucleon collision were taken into
account. This limits the upper energy of applications to about 3 GeV since at
higher energies higher order pion production becomes important.

HETC88, the new version of HETC, does the particle generation and trans-
port in a three fold manner. For energies less than 3 GeV, the particle production
and transport is done by means of the intra nuclear cascade evaporation Model.
The measured exclusive cross sections for this energy interval is available. From
approximately 10 GeV upwards HETC88 simulates particle generation by a mul-
tichain fragmentation model called FLUKA model [13]. (The earlier version of
HETC used an extrapolation model instead for applications above 3 GeV [14].)
Between these two energies HETC uses an extrapolation of low energy model and
is the region of the largest uncertainty. For a 50 GeV collision typical multiplicity
of secondary particles is around 10 and the number of possible reaction channels
are very large. In the FLUKA model the multiparticle production events are
sampled from known single particle distribution data which will fulfill the
energy-momentum conservation and the experimental multiplicity distribution.
But at low energies, near the threshold of particle production (3 to 5 GeV), this
model will not give good results [15] because the number of reaction channels is
too few to have reliable statistical sampling. Therefore from 3 to approximately 10
GeV HETC88 uses a scaling model [16] which is essentially the extrapolation of
the particle production from intra nuclear cascade evaporation model. The
boundary between the use of scaling model and FLUKA is determined by a
parameter ESKALE which is at the user's discretion.

The choice of the parameter ESKALE can significantly change the pattern
of particle production and energy deposition. Simulations for 10 and 30 GeV pions
were carried out with ESKALE values of 5 and 15 GeV. When the ESKALE is 15
GeV FLUKA is switched off for 10 GeV pions. Table II gives the results of these
calculations. It can be seen that the introduction of the FLUKA model for 10 GeV
pions (ESKALE = 5 GeV) enhances the hadronic signal by up to 10% depending on
the configuration and e/h correspondingly. The hadronic resolution also
improves with the introduction of the FLUKA model for 10 GeV pions.
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Table III is a closer look at the components of typical hadronic showers
generated by the two models. The hadronic, electromagnetic, and neutronic com-
ponents of the hadronic showers are given for two ESKALE values. A noticeable
feature is that with the ESKALE value of 5 GeV, the electromagnetic component of
the hadron shower is significantly higher for 10 GeV pions, compared to the
ESKALE OF 15 GeV for the two configurations listed in the Table. This explains
the larger change of e/h ratio with the ESKALE for the systems which are under
compensated (iron scintillator). This also explains the improved resolution
values for ESKALE=5 due to the higher electromagnetic component. At higher
energies of 30 GeV and 75 GeV this difference disappears. At these energies the
multiplicity and the number of channels are large enough to have meaningful
statistical sampling in the ?LUKA model. The momentum spectrum from a 30
GeV collision will have an insignificant component in the energy range of 5 to 20
GeV. Therefore the probability of secondary collisions in this energy range is very
small.

The large electromagnetic component of hadronic shower, when ESKALE
is 5 GeV prompted us to study the transverse energy deposition profiles as a
function of ESKALE values. Measurements are available for a system of 1.00 cm
lead and 0.25 cm scintillator at 10 GeV [18]. Figure 3 gives the results of this
simulation along with the test beam data. The results show that simulated
showers for 10 GeV pions with ESKALE = 5 GeV does not give the right fraction of
energy deposition in the individual towers in spite of the fact that this system has
the same e/h ratio for both of the ESKALE values (Table II). When ESKALE is 5
GeV more energy has gone to the EM component which made the spacial
distribution narrower. Once again this problem almost disappeared at 30 GeV.

Our conclusion is that for 10 GeV pion showers, the use of FLUKA model at
5 GeV does not give a correct description of either the transverse profile of the
hadronic shower, or the relative contributions from electromagnetic and the
hadronic energy components. We infer that this is a reflection of an incorrect
particle multiplicity distribution. We therefore conclude that the transition to the
FLUKA model should occur at energies greater than 10 GeV. At an incident
particle energy of 30 GeV, we observe much less sensitivity to this transition
energy and obtain good agreement between simulation and experimental data for
ESKALE of both 5 and 15 GeV. We therefore choose to use 15 GeV as our preferred
transition energy to the FLUKA model and estimate the residual systematic error
from this choice to be ± 1.5%.

B) Material Composition.

The information about the exact material composition of the experimental
configuration is important for exact simulation. It is difficult to generalise this
effect, since each configuration has very specific material composition. The most
commonly ignored effects are those of thin cladding materials of absorbers and
scintillator in a calorimeter. These thin layers introduce an additional problem
for correct simulation of multiple scattering of electrons in EGS. The ESTEPE
parameter in EGS, which determines the number of multiple scattering steps in a
single layer, must be suitably chosen. The choice of ESTEPE for a given thickness



of absorber and scintillator has been explained in detail in reference [10].
Estimated signal is also sensitive to ECUT and PCUT parameters in EGS below
which an electron or photon history is terminated. The wrong choice of EGS
parameters can cause an error as much as 20% in the energy deposition values
[10]. Earlier studies [1] have shown that low Z cladding material in the typical
ZEUS depleted uranium configuration enhances the electromagnetic signal
slightly thereby pushing up the e/h ratio by less than 2 percent. An exact evalua-
tion is possible if the cladding geometry is known, but the use of low ESTEPE,
ECUT and PCUT values in EGS in order to simulate thin cladding layers can
consume considerable amount of computing time.

Another interesting aspect of the same problem is the presence of heavy
neutron absorbers as additives in the absorber material of the calorimeters.
These additives are added to improve the tensile strength of the absorber material.
Some of the more common additives are antimony, cadmium, calcium, copper,
and niobium, amongst which there are strong thermal neutron absorbers. We
carried out simulation using MORSE code to study the effect of these neutron
absorber additives on the neutronic component of the hadron signal. The additive
chosen for this study was cadmium, which is a strong thermal neutron absorber
(10000 b), and is often used as a lead additive. The calorimeter chosen was a 0.56
cm lead and 0.25 cm scintillator system. The results of this study are given in
Table IV. The cadmium additive is 5% by weight, in the first case, and 20% by
weight in the second case. The normal additive concentration is 5 to 10% by
weight. The pure lead results are given for comparison. It can be seen that even
at 20% by weight cadmium in lead affects the hadronic signal marginally.
Surprisingly our detailed analysis shows that 20% cadmium has no effect on the
neutron signal. The marginal change in e/h ratio is due to the slight
enhancement of the electromagnetic component of the hadronic signal and also to
the electromagnetic signal. This shows that the thermal neutrons which are
absorbed by cadmium are capable of producing little light by (n,p) reaction in the
scintillator. The direct contribution of thermal neutrons to the hadronic signal is
only possible in systems which contain fissionable material. This contribution
has been studied in detail elsewhere [22].

O SriwtilTafor Saturation

In a scintillator plate calorimeter, the calorimeter characteristics are
critically dependent on the light collection and saturation properties of the scintil-
lator. A wide variety of commercially available scintillators have different light
collection and saturation properties. In order to simulate a test beam measure-
ment, it is important to know the type of scintillator used and it's light collection
and saturation properties.

The Birk's expression [11] for specific fluorescence (scintillation photons
emitted for specific path length) for scintillators is given as follows:

dL/dX = S dE/dX (1 + KB dE/dX)-i
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where dE/dX is the specific energy loss by a charged particle in the scintillator
and KB is a factor intrinsic to a specific scintillator which takes care of the satura-
tion effects. Table V gives the KB factors of some commercially available scintilla-
tors [23]. The best scintillator available at present in terms of least saturation
effect (SCSN38) has a KB factor equal to 0.0085. Most other sdntillators have KB
factors ranging from 0.01 to 0.015. When the dE/dX is small (for electrons and
positrons) the saturation effects are inconsequential, but for charged particles
with large dE/dX (recoil protons) the saturation effects can be large.

CALOR89 uses the Birk's equation to evaluate the scintillator saturation.
The neutron signal from recoil protons from MORSE is also corrected for satura-
tion effects. We evaluated the effect of the KB factor on the hadronic signal for a
typical lead/scintillator plate calorimeter system. The results of this calculation
is given in Fig. 4. e/h ratios were estimated for three different scintillators. The
scintillator with KB factor zero (no saturation) is a hypothetical scintillator which
does not exit. Between the best and the worst scintillators which are presently
available the e/h can vary by 4%.

D) Shower Tnfaypptfo-p Tima

Hadron showers develop much slower in time compared to the electromag-
netic showers. There is a delayed component due to neutrons and particle decays.
The neutrons get elastically scattered by the hydrogen in scintillators and the
recoil protons produce light. This process takes place in the time scale of 10 to 20
nsec. Neutrons can also get captured and emit a photon. This process is much
slower and produces the signal in the time scale of 100 to 500 nsec. CALOR89
treats the hadronic component of the shower as instantaneous and simulates the
neutronic component as a function of time. While comparing test beam results, it
is important to use the same shower integration time in the simulation as in the
measurement.

We have evaluated the effect of the shower integration time on the
calorimeter characteristics like e/h ratio and hadronic resolution. Figure 5 gives
the e/h ratio for three different absorber configurations as a function of shower
integration time. The results are also summarised in Table VI. It is observed
that for both iron and lead systems, a shower integration time of 50 nsec collects
almost all the hadronic energy. Between 50 to 100 nsec less than one percent of
the energy is collected. Figure 6 gives the hadronic resolution for the three
systems. Resolutions for lead and iron systems are quite stable beyond 50 nsec,
but as expected uranium systems show distinctly different behaviour. Between
100 to 500 nsec almost 10% of the total energy is collected in a uranium configura-
tion. Resolution gets worse after 100 nsec because of the large fluctuations in the
energy of the gammas emitted from the neutron capture and because of the fis-
sion gammas. This slow neutron component of uranium systems, makes it
unsuitable for high luminosity machines. For a credible comparison between the
test beam results of a uranium system and it's simulation, both the shower inte-
gration time and the lateral size have to be specified.
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Shower Containment

Most of the experimental prototypes have transverse dimensions vary from
60 v 60 cm2 to 100 v 100 cm2 towers. These sizes are chosen with the intention of
safely containing the hadronic showers. However our studies have shown that
the low energy neutronic component of the hadronic shower has a much larger
spread. This component is isotropic and contributes ~ 20% of the observed energy.
Therefore all simulations in Fig. 2 is done for systems with the transverse dimen-
sions of 200 v 200 cm2 and the longitudinal dimensions of8X.

In order to understand the effect of shower containment on e/h ratio and
hadronic resolution, one of the testbeam configurations which was 60 v 60 cm2 in
transverse and 6X. in longitudinal dimensions was simulated as 200 v 200 cm2

transverse and 8X longitudinal dimensions for complete shower containment.
The results of this comparison is given in Table VII. The result shows that
between a typical testbeam configuration and a full shower containment
configuration the e/h ratio can make a difference of at most 4%. The
corresponding effect of shower containment on the hadronic resolution is less
than 1% for this system. These aspects must be well considered before a
comparison is made between the simulation and the experimental data.

In this paper we have identified certain systematic effects in modeling the
experimental configurations with CALOR89. The limiting uncertainty in CALOR
simulation at 10 GeV is the choice of the collision model. We have addressed this
uncertainly phenomenologically in this paper by appealing to the experimental
data. We have determined that by a careful choice of the transition energy from
the Intranuclear Cascade model to the FLUKA model, the uncertainty in
parameters of interest to the calorimeter designers can be reduced to 1.5%. In
addition to this, other mostly mechanical effects such as cladding, scintillator
saturation, shower integration time and shower containment have been identified
as capable of producing systematic shifts of as much as 4%. Careful modelling of
the experimental configuration should allow the systematic error from each of
these effects to be minimised to 1%. The overall systematic uncertainty of 2.5% in
the model predictions may then be achieved.

The other experimental details which are not incorporated in CALOR
simulations are non-uniformity of light collection for scintillators, decay time of
electronic noise, pedestal and energy cuts used for event selection and material
noise like spontaneous fission. Some of these may have considerable effect on the
calorimeter parameters. Work is in progress to evaluate these effects. Needless
to say, it is also important that the comparison of the simulation and the
experiment must be carried out for the same test beam energy. In some cases
this may be limited by CPU time.

* Work supported in part by the U.S. Department of Energy, Division
of High Energy Physics, Contract W-31-109-ENG-38.
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Tablel
Benchmarlrincr CALOR89

Material

Pb
SCIN

Pb
SCIN

Fe
SCIN

Fe
SCIN

U
SCIN

SCIN
Fe
Pb

SCIN
Fe

Thickness
(cm)

1.00
0.25
0.56
0.25
2.50
0.50
1.76
0.25
0.33
0.25
1.00
0.50
2.50
1.00
0.25
1.75

e/h Ratio

0.94 ±.02
(1.05 ±.04)
1.00 ±.02

1.20 ±.02
(1.30)

1.19 ±.02

0.92 ±.02
(1.01 ±.04)
1.04 ±.02
(1.02) W

1.11 ±.02

Hadronic
Resolution (%)

11.6 ±0.5
(14.0 ±0.4)

9.7 ±0.5

18.9 ±1.0
(18.3)

17.5 ±1.0

10.2 ±0.5
(10.5 ±0.5)
13.6 ±0.75

13.2 ±0.75

Resolution (%)

7.4 ±0.5
(7.4 ±0.07)

5.3 ±0.5

5.9 ±0.5
(7.2)

5.7 ±0.5

5.5 ±0.5
(5.2 ±0.5)
7.8 ±1.0
(2.7) W

7.43 ±0.75

Experimental values in parenthesis (Refs. 18,19,20,21)
10 GeV pions
200 x 200 cm2 plates W Experiment at 135 GeV
KB Factor = 0.0131 W 60 x 60 cm2 plates
Shower Integration Time = 48 n/sec $1
Calorimeter Depth = 8 int.JL

p
Integration time = 100 nsec
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Table H
e/h Ratio and Hadronic Resolution vs. Collision Model

(lOGeVPions, Integration Time = 48 nsee, KB = 0.0131)

Configuration

Lead = 1.00 cm
SON = 0.25 cm
Lead = 1.00 cm
SCIN = 0.25 cm
Lead = 1.00 cm
SCIN = 0.25 cm
Lead = 0.56 cm
SCIN = 0.25 cm
Iron = 1.76 cm
SCIN = 0.25 cm
DU = 0.33 cm

SCIN = 0.25 cm

Beam Energy
(GeV)

10.0

30.0

75.0

10.0

10.0

10.0

e/h Ratio

ESKALE
= 5 GeV
0.94 ±.02

0.99 ± .02

1.04 ±.01

0.99 ±.02

1.21 ±.02

0.92 ±.02

ESKALE
= 15 GeV

0.94 ±.02

0.97+.02

1.06 ±.02

1.05 ±.02

1.31 ±.02

0.95 ±.02

Hadronic Resolution
(%)

ESKALE
= 5 GeV
11.6 ±0.5

7.7 ±0.4

8.0 ±0.3

9.7 ±0.5

17.5 ±0.5

10.2 ±0.5

ESKALE
= 15 GeV
12.4 ±0.6

8.4 ±0.5

5.9 ±0.5

15.1 + 0.5

19.7 ±0.5

12.7 ±0.5

Table m
Fractional Energy Deposition vs. Collision Model for Pions

Configuration
Pb .56A25 cm

Pb .1.00/.25 cm

Pb 1.00/.25 cm

Pb 1.00/.25 cm

Energy
(GeV)
10.0

10.0

30.0

75.0

ESKALE
(GeV)

5.0
15.0
5.0
15.0
5.0
15.0
5.0
15.0

Hadronic
(%)
49.7
55.2
46.2
50.3
38.9
39.0
32.6
32.7

Elec. Mag.
(%)
34.5
23.5
32.1
18.1
41.3
42.1
49.9
50.3

Neutronic
(%)
15.8
21.3
21.7
31.6
18.8
18.9
17.5
17.0
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TableJV
e/h Ratio and Hadronic Resolution vs. Lead Additives

(10 GeV Pions, Integration Gate = 48 nsec, KB Factor = 0.0131)

Configuration

Pb as 0.56 cm
SON = 0.25 cm

Pb + 5% cd = 0.56 cm
SCIN = 0.25 cm

Pb + 20% cd = 0.56 cm
SON = 0.25 cm

e/h

0.99 ±.02

0.99 ±.02

1.02 ±.02

Hadronic Resolution
(%)

9.7 ±0.5

9.7 ±0.5

9.6 ±0.5

EM Resolution
(%)

5.3 ±0.5

5.9 ±0.5

4.8 ±0.5

Table V
KB Factor for Some Commercial Sdntillators

Scintillator

NelO2
Ne213
Pilot B
Stilbene

Anthracene
Ne230

SCSN38

KB Factor
(g cnr2 Mev1)

1.31x10*2
1.25x10-2
1.59 x 10-2
9.55x10-3
1.46x10-2
1.10x10-2

8.50x10-3
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TableVI
e/h Ratio and Hadronic Resolution vs. Shower Integration Time

Shower
Integration
Time (nsec)

48
96

500

Pb/SCIN
0.560.25

e/h

0.99 ±.02
0.98 ±.02
0.98 ±.02

Resolution
(%)

9.5 ±0.5

9.4 ±0.5
9.3 ±0.5

FE/SCIN
1.76/0.25

e/h

1.21 ±.02

1.20 ±.02
1.19 ±0.5

Resolution
(%)

14.4 ±0.5

14.1 ±0.5
14.1 ±0.5

U/SCIN
0.33/0.25

e/h

0.92 ±.02

0.91 ±.02
0.80 ±.02

Resolution
(%)
10.2
10.3
16.2

10 GeV pions
KB factor = 0.0131
Fully contained showers

Table VH
e/h Ratio vs. Shower Containment !

(Alternate Uranium (1.00) and Iron (2.5) Plates with 0.5 cm
Sdntillator Plates, Ref. 21)

Longitudinal
Dimensions

6\

81

Lateral
Dimensions
60x60 cm2

200x200 cm2

e/h
Ratio

1.04 ±1.2
(1.02)*

1.00 x .02

Hadronic ..
Resolution

(%)
13.6 ±1.8

14.4 ±1.2

EM
Resolution

(%)
7.83 ±1.0

7.83 ±1.0

* Experimental value at 135 GeV

10 GeV pions
Int. Gate = 48 nsec
KB Factor = 0.0131
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Figure. 1 Schematic Diagram of CALOR89
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