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ABSTRACT

There are four topics to be covered in this paper. The first topic deals with
the programs, the models, and the cross sections in the CALOR code package.
Secondly, a discussion on compensating calorimetry as it applies to Fe/Si and U/Si
calorimetry will be given. Thirdly, calculated results obtained on U/Si calorimeters
using the CALOR system will be presented and discussed. Finally, the calculations
that the Oak Ridge National Laboratory are carrying out dealing with radiation
damage at the proposed Superconducting Super Collider (SSC) are described.
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1. THE CALOR CODE PACKAGE

The calculations that will be presented here 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 modifications, 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
GPV) 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 model 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-nucleus 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 collisions 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 denslty 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, o 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 for the electromagnetic cascade calculation is provided by HETC
and 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), deexcitation 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.®

1



2 The CALOR Code Package
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Figure 1. Flow diagram of the CALOR system.




The CALOR Code Package 3

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 ENDF/B-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 systems in detail. This ability is very important since a
majority of the fissions in uranium calorimetes 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 or liquid argon.

The nonlinearity of the light pulse, L, in scintillator due to saturation effects is
taken into account by the use of Birks’ law.?

L dE/dz
dr > 1+ kpdE/dz’

where kp is the saturation constant. For plastic scintillator kp = 0.01 g cm™2
MeV~!. A similar law is assumed to apply to the charge collected in jonization
detectors. This takes into account the loss of signal resulting from recombination
effects in the ionization column.!® 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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2. COMPENSATED CALORIMETRY

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, 1t 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 this 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.

One way of enhancing this sensitivity to low energy neutrons is by using a
hydrogenous active medium.1:12:13 Hydro%‘en has a large cross section for neutron
scattering, on the order of several x 107%* cm? for neutrons of energy of a few
MeV. Hydrogen also allows for the largest energy transfer comnsidering 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. However, on the other hand, low energy recoil protons of a
given energy produce in many detectors, a smaller signal than electrons or gamma

o



6 Compensated Calorimetry

rays of the same energy thereby reducing their effectiveness. (This is illustrated in
Fig. 2.

Th?a 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 encrgy. The
understanding of this compensation and improved resolution was initially not
correctly understood.}®11:12:13 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 neutrons, and to a lesser extent, gamma ray energy available due to
hadronically produced cascade neutrons and fission neutrons, and neutron-induced
fission, capture, and inelastic collisions leading to the emission of fission and capture
gamma rays. Sampling inefficiencies 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 inefficiencies 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.!!12-13
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 large Z nucleus.'?13



3. SILICON CALORIMETRY

The understanding that now exists concerning compensating calorimeters can be
applied to the silicon detector calorimeters.'® The fundamental question that needs
to be addressed is what the e/h ratio for these silicon based calorimeters will be. One
property of silicon that plays an important role in this study is the extreme linearity
of silicon up to very large stopping power. That is, silicon exhibits very little
saturation. It has been demonstrated that saturation prevents full compensation
in currently designed uranium-liquid argon calorimeters, so this could be a very
important factor in silicon calorimeters. Naively, it is expected that very good
results can be obtained for silicon calorimeters. '

The linearity of response of silicon to large energy deposition densities is
summarized in Fig. 3. Figure 3 shows the relative response of a recoil ion of
maximal energy in neutron scattering.!” It is evident that even for silicon ions as
low as 100 keV, nearly one-half of the deposited energy is detected as observable
output signal. Given these evidences of very limited saturation in silicon detectors,
a very good response to some components of the low energy development of hadronic
showers can be expected.

The potential for compensation with silicon certainly seems better than for
liquid argon due to energy transfers by low energy neutrons and to saturation
consideration. Figure 4 shows the calculated response distribution for 10 GeV
pions incident on a silicon calorimeter with § millimneter thick uranium radiators
and 400 pm fully depleted silicon detectors sandwiched between two layers of 5
millimeter thick G10. Therefore, the total layer thickness is 15.4 millimeters and
the depth of the stack extends for 150 readout and radiator layers. The transverse
dimensions of the stack have been taken to be 100 x 100 cm?. The charge collection
is cut off after 50 nanoseconds. The resulting energy resolution (¢ /E) is 21.5% and
the e/h ratio is 1.07, close to compensation.’® In fact, the two layers of G10 in this
stack are increasing the value of e/h as the neutron energy from the uranium is being
deposited in the G10 through the large energy transfers via hydrogen. Additionally,
significant transfers occur to the carbon and oxygen in the G10.

Figure 5 presents a series of calculated results for calorimeters constructed with
2 mm uranium radiators, followed by a layer of G10 of varying thickness and a
400 pm fully depleted silicon detector. As before, kB = 0, the time cut is 50
nanoseconds, and the transverse size is taken to be 100 x 100 c¢m?®. The stacks
contain 330 layers of uranium, G10, and silicon. It can be seen that with no G10
the condition of overcompensation is obtained due to the sensitivity of the silicon
detectors to very low energy particles. As the G10 is added, the e¢/h ratio increases
due to the removal of neutron energy by the G10, meaning less energy is available to
be deposited in the silicon. Naively, one might expect that the neutrons interacting
in the G10 would contribute to the response of the silicon by knocking protons
into the detectors. It has been proposed that coupling a hydrogenous material to
liquid argon, for example, would be a possible method for restoring its potential for
compensation. However, the efficiency and range of the protons produced in the G10
is not large enough to have much of an effect on the total response of a detector of
400 pm thickness.!® It can also be seen in Fig. 5 that the energy resolution reaches
a minimum at approximately the point where the e/h ratio passes through one, as

7



8 Silicon Calorimetry
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as described in Ref. 17, the source of these data.




Silicon Calorimetry 9
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Stlicon Calorimetry 11

would be expected for a compensating calorimeter. The value of this resolution is
not as small as the values achieved in scintillator because of the larger sampling
fluctuations involved here. Figure 6 shows the distribution of measured energies for
the 10 GeV =~ incident upon the optimal device shown in Fig. 5, that with 1.6
millimeters of G10. The distribution shows a well-behaved, nearly Gaussian shape.
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incident on a uraniume-silicon calorimeter with 2 ynm thick uranium radiators and
400 um fully depleted detectors with a 1.6 mm G10 layer behind the uranium and in
front of the silicon layers.



4. RADIATION DAMAGE STUDIES AT THE SSC

In the fall of 1985, a FNAL/LBL group measured neutron spectra in the
TEVATRON tunnel.?? During the machine cycle just ended (early 1987), these
experiments were refined and extended.?’ Absolute magnitude and longitudinal
distributions of the neutron flux were measured down the tunnel from a warm
section in the beam pipe. A controlled Ny gas leak was introduced near the center of
the warm section, so that by measuring counting rates as a function of gas pressure,
beam-gas rates could be separated from background rates. To help support this
experimental effort, detailed simulations of particle cascades in the Fermilab tunnel
initiated by hadron-nucleus collision (E, = 875 GeV) in the center of the warm
section were carried out. The version of the HETC code used to carry out these
hadron calculations has been modified to include a better hadron-nuclear collision
model above 5 GeV (see Ref. 23). Cross section data for MORSE which carries out
the transport of the neutrons with energies less than 20 MeV were obtained from
the VITAMIN-E data library®? and contain 53 neutron energy groups.

The study was motivated by concern about radiation damage to silicon
semiconductors in the SSC tunnel. About 400 racks of control circuitry are located
at 20 m intervals around the ring, and, in addition, a variety of temperature sensors,
beam pickups, and perhaps quench protection diodes are mounted on or in each of
the 10,000 magnets. If the results calculated at ~1 TeV agree with experimental
data, then confidence can be had when the calculations are carried out at 20 TeV,
the SSC energy.

The longitudinal (z) distribution (in the TEVATRON tunnel) of the total
neutron flux above 40 keV and less than 20 MeV is shown in Fig. 7 for 875 GeV
protons. Collisions at z = 0 produce debris peaked in the forward direction, most
of which enters the dipole aperture at 7.3 m. Charged particles are bent by the
magnetic field (the effect of which has been included in the calculations) into the
dipole yoke fairly quickly, where they initiate further cascades. Neutrals eventually
hit the walls, at distances dependent upon their angles and the curve of the vacuum
chamber.

The 875 GeV distribution shown in Fig. 7 peaks at about 8 m (about a
meter past the entrance of the first dipole), then drops nearly exponentially. As
expected, the albedo component, which is production by backscattering collisions
in the tunnel wall, has a somewhat broader distribution than the direct component
which comes directly from the primary collisions and secondary collisions in the
magnet. Also shown in this figure by the solid curve is the preliminary experimental
distribution. It is considerable broader, and peaks at larger z. The difference is due
to the fact that the experimental source is distributed over nearly 16 meters in
the warm straight section, whereas the initial proton collisions occur at z = 0.
The areas under the z-distributions agree to within 9%.

13
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Figure 7. Calculated longitudinal distributions of neutron flux (40 keV < E <
20 MeV) in the Tevatron tunnel for 875 GeV incident proton energy (histograms),
and measured distribution from Ref. 21. The calculated initial collision point of the

protons is at 0. The experimental collision points occur approximately uniformally
over 48 m around 0.
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The energy spectrum obtained for 875 GeV incident protons is shown by the
histogram in Fig. 8. Before comparing with experimental results, it should be noted
that the simulations provide a source spectrum, while the experiment provides the
actual source spectrum as processed through the Bonner sphere spectrometer and
unfolding routine (see Fig. 9). For comparison purposes, the calculated spectrum
must be folded with the response of the Bonner sphere, and then unfolded to obtain
the final spectrum. The result of this procedure is shown by the dashed curve in
Fig. 8. It is typical for such a procedure to broaden a sharp input spectrum, and
the slight degradation of the energy at maximum is evidently a consequence of the
skewing of the peak toward lower energies. The output curve has been normalized
to the same area above 40 keV.?
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