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ABSTRACT

Monte Carlo simulations are presented using the CALOR code system to study
the design of a large hybrid hadron calorimeter system employing a warm liquid
active medium (tetramethylsilane, Si(CHj;),) and uranium plates in addition to a
conventional Fe/plastic system. In the system described here, the uranium provides
partial compensation by suppressing the electromagnetic cascade produced by
incident electrons due to sampling inefficiencies. The results of the simulations also
indicate that significant compensation is achieved (given small enough saturation)
due to low energy recoil protons produced in collisions with low energy (1-20 MeV)
cascade and fission neutrons in the active medium. Both compensation mechanisms
are important to help balance the response of a calorimeter to incident electrons
and hadrons, that is, to achieve a ratio of pulse heights (e/h ~1) which will lead to
the best energy resolution.






1. INTRODUCTION

Hadron calorimeters based on sampling hadron showers in liquid active
media are attractive since they provide uniformity of signal response and ease
of calibration. Calorimeters based on the use of liquid argon have achieved
reasonably good hadron energy resolution;’? however, for large calorimeters the
low temperatures required for liquid argon (~80K) necessitate complex and costly
cryogenic arrangements. Thus, there has been growing interest in the use of
warm liquids for large hadron calorimeters. Two potential candidate materials
are Tetramethylsilane (TMS) and Tetramethylpentane (TMP). Results of Monte
Carlo studies are presented of the response of a large hybrid hadron calorimeter
based on TMS and uranium plates in the front, with an Fe/plastic rear calorimeter.
The results of these calculations were used for the initial design of a calorimeter at
CERN.? A preliminary report of these calculations has been published elsewhere.?

The first requirements of a hadron calorimeter design are to make it large enough
to contain most of the hadronic shower and to have enough samples that sampling
fluctuations are small. Assuming these, the two most important parameters of a
hadron calorimeter, the energy resolution and the ratio of the most probable signal
from an electron to that from a hadron of the same energy (e/h) will be dominated
by fluctuations in the hadron shower and losses due to nuclear binding energy.
In calorimeter design it is usually assumed that the active medium samples the
shower in the passive medium in detail and that for both the incident radiation,
and the secondary radiation, the signal output from the active medium is the
same fixed fraction of the energy deposited in the passive medium. While this
is approximately true for electromagnetic calorimeters, it is far from the truth for
hadron calorimeters. In practice, however, the active and passive media exhibit
different characteristics when exposed to similar types of radiation. The active
media often do not give similar response for the same energy deposition by different
particles and the energy sampling is not equal in the active region for electrons, low-
energy neutrons, and gamma rays. Calorimeters which utilize iron or low atomic
weight (A) materials as the passive media exhibit an almost equal distribution of
the cascade energy into protons, neutrons, charged pions and neutral pions for
intermediate incident energy (1-20 GeV) hadrons. On the contrary, if Pb, Ta, or U
is used as the passive material, the energy distribution among produced particles is
shifted toward additional neutron production through spallation and fission. There
are more secondary particles and the energy spectra of all of them are shifted toward
lower energies. In calorimeters utilizing low A materials, the majority of the signal
is from charged particles which are produced in the passive material and which pass
through the active region. In calorimeters utilizing high A material, the signal from
charged particles produced in the passive material is reduced relative to the energy
deposition due to the neutral particles, in particular, low energy cascade neutrons
of energy 1-20 MeV. To fully utilize the sizable fraction of energy left in the cascade
due to these neutrons of energy less than 20 MeV, the detection medium itself must
be sensitive through internal collisions with these particles. It is also possible to
deliberately enhance the signal due to these low energy neutrons, relative to the
signal from other particles by using an active medium which detects these neutrons
with greater efficiency than the passive medium.
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2 Introduction

One way of enhancing this sensitivity to low energy neutrons is by using a
hydrogenous active medium.*%¢ Hydrogen has a large cross section for neutron
scattering, on the order of several x 1072?* cm? for neutrons of energy of a
few MeV. Hydrogen also allows for the largest energy transfer considering elastic
scattering.*'®®* Proton production via nonelastic neutron collision with other nuclei
in the active media will only consume binding energy and will not help substantially
with the signal. With equal sensitivity of the active media to gamma rays, electrons,
and neutrons, it can be shown that the choice of a hydrogenous active medium and a
passive medium with high atomic number can overcompensate for the loss of hadron
pulse height due to nuclear binding energy and lead to an e/h ratio less than unity.
On the other hand, low energy recoil protons of a given energy produce in many
detectors, a smaller signal than electrons or gamma rays of the same energy thereby
reducing their effectiveness. (This is illustrated in Fig. 2.)

The use of uranium, as first suggested by Fabjan and Willis' offers a
way to compensate and improve the resolution on an event-by-event basis
for hadronic shower fluctuations and losses due to nuclear binding energy.
The understanding of this compensation and improved resolution was initially
not correctly understood.>*5® These improvements can be understood from
an examination of the hadronic cascade. If the particle cascade is strongly
electromagnetic in character, that is, there is extensive production of neutral pions
which decay into photons, the uranium will tend to suppress the electromagnetic
part of the cascade due to sampling inefficiencies, that is, a larger fraction of the
energy will be deposited in the U than would be expected by a simple analysis.
However, if the cascade is strongly hadronic, there will be an amplification of
the low energy neutron and to a lesser extent gamma ray energy available due to
hadronically produced casade neutrons and fission neutrons, and neutron induced
fission, capture, and inelastic collisions leading to the emission of fission and capture
gamma rays. Sampling inefliciences are not as large for pure hadronic cascades,
therefore the signal remains less affected. The combination of electromagnetic
suppression and little hadronic suppression improves the resolution by narrowing
the pulse height. However, if the active medium is not very sensitive to low
energy neutrons only sampling inefliciencies will contribute to improvements in
compensation; i.e., improvements in the e/h ratio. If liquid argon is chosen as the
active medium, signals from the low energy neutron collisions with the argon atoms
will be greatly suppressed due to saturation effects and small energy transfers.*:*:6
If plastic, TMS, or TMP is chosen, the hydrogen will enable the low energy neutrons
to produce proton recoils. However, saturation effects due to the inefficient light or
charge production mechanism for low energy protons can limit their effectiveness.
The liquid argon should be somewhat better for the detection of the low energy
gamma rays due to its larger atomic number.’>® The use of a hydrogenous warm
liquid, such as TMS or TMP would be an attempt to gain the best of both types of
detectors: the uniformity of response characteristic of liquid argon, and the ability
to detect low energy proton recoils of the plastic scintillator.

Presented in the following sections are a brief description of the code system and
the method of calculation used, and a description of the results of the simulations
of the hybrid calorimeter system.




2. METHOD OF CALCULATION

The calculations were performed with the CALOR computer system following
approximately the procedures used in previous calculations.®™® A flow diagram
of the codes in CALOR is given in Fig. 1. The three-dimensional, multimedia,
high-energy nucleon-meson transport code, HETC,? was used, with medifications,
to obtain a detailed description of the nucleon-meson cascade produced in the
devices considered in this paper. This Monte Carlo code takes into account the
slowing down of charged particles via the continuous slowing-down approximation,
the decay of charged pions and muons, inelastic nucleon-nucleus and charged-pion-
nucleus (excluding hydrogen) collisions through the use of the intermediate-energy
intranuclear-cascade-evaporation (MECC) model (E < 3 GeV) and scaling model
(E > 3 GeV), and inelastic nucleon-hydrogen and charged-pion-hydrogen collisions
via the isobar model (E < 3 GeV) and phenomenlogical fits to experimental data (E
> 3 GeV). Also accounted for are elastic neutron-nucleus (E < 100 MeV) collisions,
and elastic nucleon and charged-pion collisions with hydrogen.

The intranuclear-cascade-evaporation models as implemented by Bertini is the
heart of the HETC code.'® This model has been used for a variety of calculations
and has been shown to agree quite well with many experimental results. The
underlying assumption of this model is that particle-nuclear interactions can be
treated as a series of two-body collisions within the nucleus and that the location of
the collision and resulting particles from the collision are governed by experimental
and/or theoretical particle-particle total and differential cross-section data. The
types of particle collisions included in the calculations are elastic, nonelastic and
charge exchange. This model incorporates the diffuseness of the nuclear edge, the
Fermi motion of the bound nucleons, the exclusion-principle, and a local potential
for nucleons and pions. The density of the neutrons and protons within the nucleus
(which is used with the total cross sections to determine interaction locations)
are determined from the experimental data of Hofstadter.!® Nuclear potentials
are determined from these density profiles by using a zero-temperature Fermi
distribution. The total well depth is then defined as the Fermi energy plus 7 MeV.
Following the cascade part of the interaction, excitation energy remains in the
nucleus. This energy is treated by using an evaporation model which allows for the
emission of protons, neutrons, d, *He, a and T. Fission, induced by high-energy
particles, is accounted for during this phase of the calculation by allowing it to
compete with evaporation. Whether or not a detailed fission model is included has
very little effect on the total number of secondary neutrons produced.

The source distribution for the electromagnetic cascade calculation is provided
by HETC; it consists of photons from neutral pion decay, electrons and positrons
from muon decay (although this is usually not of interest in calorimeter calculations
because of the long muon lifetime), de-excitation gamma rays from nonelastic
nuclear collisions and fission gamma rays. Since the discrete decay energies of the
deexcitation gammas are not provided by HETC and only the total energy is known,
individual gamma energies are obtained by uniformly sampling from the available
energy until it is completely depleted. The transport of the electrons, positrons,
and gammas from the above sources is carried out using the EGS system.!
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Figure 1. Flow diagram of the CALOR system.



Method of Calculation 5

Neutrons which are produced with energies below 20 MeV are transported using
the MORSE!?!? Monte Carlo transport code. The neutron cross sections used
by MORSE were obtained from ENDFB/IV. Gamma rays (including those from
capture, fission, etc.) produced during this phase of the calculations are stored for
transport by the EGS code. The MORSE code was developed for reactor application
and can treat fissioning sytems in detail. This ability is very important since a
majority of the fissions results from neutrons with energies less than 20 MeV. Time
dependence is included in MORSE, but since neither HETC nor EGS has a timing
scheme incorporated, it has been assumed that no time passes for this phase of
the particle cascade. Therefore, all neutrons below 20 MeV are produced at t = 0.
General time cuts used in the MORSE code are 50 ns for scintillator and 100 ns for
TMS although studies were also performed with times as long as 400 nsec.

The nonlinearity of the light pulse, L, in scintillator due to saturation effects is
taken into account by the use of Birk’s law,!*

dL dE/dz
dz * 17 kpdE/dz’

where kp is the saturation constant. For the plastic scintillator, kp has been taken
to be 0.01 g cm? MeV ™. A similar law is assumed to apply to the charge collected
in ionization detectors. This takes into account the loss of signal resulting from
recombination effects in the ionization column.!® A variety of kp values have been
considered in this study of TMS since, at present, this media has not been well
investigated. For electrons at all energies, it is assumed that kg = 0. An example
of these data are given in Fig. 2.
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Figure 2. Effective energy deposition vs. charged particle energy for several
different types of particles. Similar curves are used for plastic scintillator.



3. RESULTS

The results of calculations are discussed for Fe/TMS, Pb/TMS and U/TMS
front calorimeters, combined with Fe/plastic rear calorimeters. (These calculations
were prepared for an upgrade of the UA-1 calorimeter system, and as such had size
constraints imposed due to that specific experiment geometry.®) The results provide
insights into compensation effects due to the large hydrogen content of the TMS,
and due to electromagnetic sampling inefliciencies even though the calorimeter as
simulated does have sizeable leakage from the front section. The geometry used in
the calculations (see Fig. 3) are for plates of Fe, Pb, or U which are 2.0 mm thick,
followed by TMS of 2.0 mm thickness for a total depth of 0.448 m. Behind the TMS
calorimeter is an iron/plastic calorimeter utilizing unit cells of 50 mm Fe and 10
mm plastic, repeated 14 times. The lateral extent completely contains the showers.

Table 1 indicates the calculated energy resolution for several geometrical
configurations and energy categories. Although the hadronic cascade is not totally
contained in the uranium section, there is nearly total containment when the signal
from the Fe/Plastic sections are added to those from the U/TMS section. The
resolution for 1 GeV hadrons is better than for 5 GeV hadrons due primarily to
the fact that for 1 GeV showers, almost all the energy is contained in the front
section of the calorimeter. One can infer from this single data point that the energy
resolution of a long U/TMS device will be about 40%/+vE which is comparable to
the resolution measured in plastic scintillator /uranium calorimeters.

Table 2 shows the fractional contribution of the different secondary particles to
the total detected energy from a 5 GeV proton shower. The first row shows the
fractional detected energy from the charged particles in the cascade and from the
high energy neutrons. For this row, there is comparatively little saturation in either
scintillator or ionization calorimeter for reasonable values of kg.

The second row is the fractional detected energy due to neutrons of energy less
than 20 MeV. These include both the spallation neutrons and the fission neutrons.
However, since the fission neutrons have typical energies of 1-2 MeV, where the
saturation effects are considerable, fission neutrons contribute only a small amount
for this value of kg (= 5.45 x 10™* gm/cm?/MeV). The large (61%) fraction for
U/TMS is reduced considerably when a larger value of kg is used.

The third row indicates the contribution due to gamma rays from slow fission
and nuclear excitation. The fourth row indicates the energy in the high energy
electromagnetic channel; this includes both gamma rays from fast fission and those
resulting from neutral pion decay.

The fractional energy due to recoil protons (row 2) increases as A increases
from Fe to Pb, and this large increase in the detected energy in combination with
a decrease in the electron signal at the same incident energy causes a transition
from undercompensation to overcompensation, at least at the indicated level of
saturation. Since the number of spallation neutrons is proportional to A, this
contribution begins to dominate the total energy deposition in TMS for large
A. Although providing a few percent of the total energy deposited in the TMS,
the contribution due to low-energy gamma rays, once thought to be the major
compensation effect, is not dominant. The neutron-induced proton (and heavy ion)
recoils dominate the total energy deposition for large A, and the large fluctuations

7



8 Results
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Table 1. Energy Resolutions in TMS Calorimeters
for Incident Protons

Calorimeter* Energy kp o/ VE(%)
(GeV) gm/cm?/MeV

U/TMS 5 5.45x107* 0.52

1 5.45x10™* 0.37
U/Fe/TMS 5 0. 0.45

5 5.45%10™% 0.45

5 2.10x107° 0.40
Pb/TMS 5 5.45x10™* 0.51

*Plus iron-plastic at rear. kg = 0.01 gm/cm?/MeV for the plastic.

Table 2. Fractional Detected Energy and e/h Ratios in the TMS
Calorimeters for 5 GeV Protons*

Fe/TMS U/TMS Pb/TMS
Primary p and secondary 0.57 0.27(0.32) 0.41
7, P, K, nuclear-recoil, and
evaporated-charged particles
Neutrons with ‘energy <20 0.22 0.61(0.56) 0.43
MeV
De-excitation and fission 0.024 0.039(0.033) 0.024
gamma rays
Electromagnetic from 7° decay 0.18 0.072(0.086) 0.13
and fast fission and nonelastic
gamma rays
e/h 1.3 0.51(0.61) 0.92

*kp = 5.45 x 10™* gm/cm?/MeV.

tNo low energy fission allowed.



10 Results

in this energy deposition donfiinate the energy resolution. The e/h ratio which
includes the contribution due to the Fe/plastic calorimeter is also given. The energy
deposition in the rear Fe/plastic scintillator calorimeter was added to the energy
deposition in the uranium/TMS front calorimeter by a procedure which determined
the sum of the energy in front and back sections in such a way that the overall
energy resolution for all histories in a given run was minimized. The e/h ratios
were determined by fitting the pulse height distributions with a Gaussian and using
the average values. The quoted values are the ratio of the average values. The
errors on e/h were determined by calculating the errors on the fitted parameters.
The errors on e/h are <0.1 for all the cases studied.

The effect of various values of kp on the e/h ratio are shown in Fig. 4. In the
case of the Fe/TMS, complete compensationtion 1s not possible, regardless of the
saturation value assumed. In U/TMS or U/Fe/TMS, it is possible depending on
saturation level to overcompensate or undercompensate. The value of kg has not yet
been extensively measured. The best indication so far is kg = 0.02 gin/cm?/MeV.
This comes from measurements of the pulse height from a particle ionization (where
the ionization is heavily saturated) to that from cosmic rays (where it is not).!® The
value of kp is expected to decrease with increasing electric field. If further research
confirms this value of the saturation, complete compensation may not be possible
with a TMS based device. In this case the energy deposition associated with the
low energy neutrons will not be as effective as it would be given a smaller value of
the saturation.

Since this work was performed, other calculations have been performed by
Wigmans!? and Albrow.? For best compensation using hydrogenous active media, it
is desirable to make a sharp distinction between the hydrogenous active medium and
the nonhydrogenous passive medium. This is best achieved when the thickness of the
active medium is about the range of the recoil protons from the typical spallation
neutrons. The calculations by Wigmans show compensation. The values chosen
here (see Fig. 3) are (not entirely accidental) close to the values that Wigmans
finds give the optimum compensation.
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4. CONCLUSIONS

Several conclusions about calorimeter designs using warm conducting liquids
may be drawn from this work. First, hydrogenous materials as active media
will give substantially different response to hadron cascades than nonhydrogenous
media because of the effect of recoil protons produced by low energy neutrons. In
order to see this effect, the effective saturation of the hydrogenous media must be
small. Although these studies were performed for TMS, the conclusions should
apply to other hydrogenous media as well. The slow fission contribution, that is,
the contribution to the total energy deposition due to uranium fissions caused by
neutrons below 20 MeV, although a few percent of the total energy deposited,
i1s not the dominant source of compensation. The factor which is dominant is
the production of spallation neutrons, an effect which increases with increasing
A. Therefore, some compensation appears possible without the use of fissionable
material. Whether this compensation is achievable, in practice, will depend
strongly on the attainable saturation values of the active media and the level of
electromagnetic sampling inefficiency.
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