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ABSTRACT

Much of the understanding of the physics of calorimetry has come from the
use of excellent radiation transport codes. A new understanding of compensating
calorimetry was introduced four years ago following detailed studies with a new
CALOR system. Now, the CALOR system has again been revised to reflect a
better comprehension of high energy nuclear collisions (HETCS88) by incorporating
a modified high energy fragmentation model from FLUKA87. This revision will
allow for the accurate analysis of calorimeters at energies of 100’s of GeV. Presented
in this paper is a discussion of compensating calorimetry, the new CALOR system
(CALORR9), the revisions to HETC, and recently generated calorimeter related
data on modes of energy deposition and secondary neutron production (E < 50
MeV) in infinite iron and uranium blocks.






1. INTRODUCTION

Four years ago, a paper was presented detailing the underlying mechanisms
of compensating calorimetry.! From previous presentations and publications,?? it
was recognized at that time that this new understanding would be met with much
skepticism within the high-energy physics commmunity. At that time, the following
critical points were deduced following substantial analysis of various calorimeter
systems utilizing the then current CALOR system:*

1. prior to later expermental confirmation, it was pointed out that current designs
of uranium liquid argon calorimeters were not fully compensating;!»?-*:56

2. the importance of the hydrogen content in the active medium to couple the low
energy neutrons to the output signal was stressed;!:2:3:5:6

3. the significant role of “electromagnetic sampling inefficiencies” (which are the
result of preferential photon absorption” and electron multiple scattering in the
high-Z inactive material®?) in reducing the ratio of electron to hadron response
was explained;}?3,56

4. the importance of the saturation of signal in the regions of high density energy
deposition was emphasized;!?*>® and

5. these new understandings led us to “predict that a lead calorimeter may also
give EM/HAD = 1”7 ® where EM/HAD is the ratio of average electron-to-hadron
response for the same incident kinetic energy, hereafter referred to as the e/h
ratio. In other words, a compensating lead calorimeter was predicted.

As a result of these predictions, experimental programs (for example,® SLD and
DO uranium liquid argon and uranium-scintillator tests) directed their efforts at
proving or disproving the above conclusions. After much experimental testing and
reviewing, as well as additional analytical efforts!®!! during the past four years,
this skepticism has evolved into a general acceptance by the community of this new
understanding of compensating calorimetry.}?

This new enlightenment was a direct result of having in hand a code system,
CALOR,* which contained as good a description of the current physics of
calorimetry as possible. However, there is still substantial room for improvements
in all calorimeter code systems. Current and future improvements in these code
systems will provide additional returns through better designs of calorimeters, as
well as a better understanding of the physics processes at SSC energies. The HETC
module of the CALOR system has now been modified through the inclusion of a
better high energy collision model® (that of FLUKAS8T7) while retaining the excellent
low energy treatment of the old CALOR system. With this new hybrid model, the
response of various calorimeters can now be studied at energies of hundreds of GeV
with confidence that both the high energy and the low energy descriptions are
sound.

Presented in the following sections is a brief summary of the understanding
of compensating calorimetry, a description of the new CALOR code system, and
recently obfained data using the new CALOR system. In particular, data have
been obtained to determine the mode of energy deposition and secondary particle
production, specifically neutrons produced with energies less than 50 MeV, in
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infinite iron and uranium blocks. Also, comparisons are made with the older version

of CALOR.



2. FUNDAMENTAL PHYSICS OF
COMPENSATING CALORIMETERS

The first requirements of a sampling hadron calorimeter are that it is large
enough to contain most of the hadronic shower and that it have frequent enough
samples that sampling fluctuations are small. Once these requirements are met, 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 sampling calorimeter design, it was once 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, gamma rays, low-energy neutrons, and charged hadrons. 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 contract, 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 also 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 energy flow 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 energy flow from charged particles

produced in the passive material is reduced relative to that due to the neutral
partlcles, 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. On the other hand, low energy recoil protons or other heavier
ions of a given energy produce in many detectors, a smaller signal than electrons or
gamma rays of the same energy, thereby reducing their effectiveness.!*

One way of enhancing the 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 107** c¢m? for neutrons of energy of a few
MeV. Hydrogen also allows for the largest energy transfer in elastic scattering.!:*5
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
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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.! The knowledge of this led Briileckmann!® to introduce “tuning” by
varying the relative thicknessess of active and passive material.

The use of uranium, as first suggested by Fabjan and Willis'® offers a way to
compensate, i.e., to make e/h = 1 and improve the resolution on an event-by-event
basis for hadronic shower fluctuations and losses due to nuclear binding energy.
These improvements can be understood from an examination of the hadronic
cascade. In noncompensating calorimeters, particle cascades which are strongly
electromagnetic due to extensive neutral pion content will give significantly larger
signals than cascades lacking in electromagnetic source. This results since the
latter type of cascade tends to involve large numbers of hadronic particles which
lead to many collisions which lose binding energy. These cascades also contain
poorly detected low energy nucleons. Consequently, the fluctuations in particle
type translate to fluctuation in observed energy. Consider, however, a uranium
calorimeter. If the particle cascade is strongly electromagnetic in character, 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 (see point 3 in the Introduction).
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 from hadronically
produced cascade neutrons and fission neutrons, and neutron induced fission,
capture, and inelastic collisions. Sampling inefficiencies are not as large for pure
hadronic cascades, therefore the signal remains less affected. The combination of
clectromagnetic 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 transfer.!3:
If plastic, TMS, or TMP is chosen, the hydrogen will enhance the low energy
neutron signal due to the produced proton recoils, as mentioned earlier. However,
saturation effects due to the inefficient light or charge production mechanism for
low energy protons can limit their effectiveness. This increased neutron signal will
also tighten the pulse height distribution thereby improving the energy resolution
and in addition will reduce the e/h ratio. It should be noted that overcompensation
can occur and then the resolution will become worse. The resolution should be at

a minimum when e/h &~ 1. Further details on this discussion can be found in Ref.
12.




3. METHOD OF CALCULATIONS

" The calculations presented in this paper were performed with the new
CALOR computer system following approximately the procedures used in previous
calculations.!”® The major changes in CALOR are in an improved high energy
collision model following FLUKAR7 and a better low energy neutron transport
by the code MICAP. A flow diagram of the codes in CALOR is given in Fig.
1. The three-dimensional, multimedia, high-energy nucleon-meson transport code
HETCS881%:17:18 was used, with modifications, to obtain a detailed description
of the nucleon-meson cascade produced in the absorbers comsidered 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 an intermediate-energy intranuclear-cascade
evaporation (MECC) model (E < 3 GeV), a scaling model (3 GeV < E < 5 GeV),
and a multi-chain fragmentation model (E > 5 GeV), and inelastic nucleon-hydrogen
and charged-pion-hydrogen collisions via the isobar model (E < 3 GeV), and a
fragmentation model (E > 3 GeV). Also accounted for are elastic neutron-nucleus
(E < 100 MeV) collisions, and elastic nucleon and charged-pion collisions with
hydrogen.

CALOR

HETC

HIGH ENERGY HADRONIC
TRANSPORT CODE

/ n(ZON

SPECT MICAP or MORSE EGS

HADRONIC ANALYSIS LOW ENERGY NEUTRON ELECTRON-POSITRON

AND GAMMA-RAY
CODE TRANSPORT CODE TRANSPORT CODE

T~

FINAL
COMBINE AND ANALYZE
RESULTS FROM
TRANSPORT CODES

Fig. 1. Flow diagram of the CALOR computer system.
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The intranuclear-cascade-evaporation model as implemented by Bertini is the
low energy (20-3000 MeV) 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
collision are governed by experimental and/or theoretical particle-particle total
and differential cross-section data. The types of particle collisions included in the
calcualtions 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
inclnded has very little effect on the total number of secondary neutrons produced.

In recent years, a large amount of experimental and theoretical work has been
done, and more reliable models are now available for the description of high energy
(>5-10 GeV) hadron-proton and hadron-nucleus collisions. In particular, a multi-
chain fragmentation model of hadron-nucleus collisions has been developed and
implemented into a Monte Carlo code by J. Ranft et al.,2? following the work of
A. Capella and J. Tran Thanh Van.?! The version of the model that is used in the
work reported here, with some modifications, is that provided by the transport code
FLUKAS87. The modifications that have been made are mostly those necessary to
predict such things as residual nuclei and excitation energies.?? This information
is needed in HETC for evaporation calculations which yield the production of low-
energy neutrons, protons, deuterons, alpha particles, etc.

At high energies, a complete intranuclear cascade does not develop when
a nucleon i1s hit by a hadronic projectile inside the nucleus. The time-scale
governing typical hadronic interactions is very long and therefore the most energetic
secondaries are actually produced as the jet decays beyond the target nucleus and
therefore have no chance of re-scattering.

EVENTAQ) is the hadron-nucleus collision code taken from FLUKA. In this code,
a simplified Monte Carlo model is used in which no tracking or cascading of particles
occurs.

As a first step, some energy is subtracted from the original projectile energy
to account for intranuclear cascade nucleons which are chosen from distributions.
The remaining energy is given to the projectile, which keeps its original direction.
The momenta of the cascade particles are taken to be isotropic so that at this step
momentum is conserved only on the average.

For initial momenta greater than 5 GeV/c, the average number of collisions
inside the nucleus is taken from multiple scattering theory.?%?4:25 The actual number
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of collisions is chosen randomly from an exponential-appearing distribution due to
Nilsson and Stenlund,?® based on a simplified Monte Carlo collision calculation.
The theory of Capella®” is followed in defining these collisions. In Ranft’s version
only one collision occurs using the valence quarks of the projectile. The remaining
collisions occur with the “projectiles” being pi-zero-like mesons composed of parton
sea quarks of the original projectile.
The total energy of each meson is given by

Buea = Bkintpro(Xy + Xag) (1)

where Ekingro; is the original kinetic energy of the original projectile diminished
by the total energies of mesons already chosen; X, and X, are the energy fractions
of the quark and antiquark in the meson. Each X is chosen from the distribution

dX)~ (1-X)*/Xx° (2)

witha =4 and b = 1.

The target nucleons are assumed to exist in a one-region nuclear well, from
which the Fermi momentum is chosen.?®

In EVENTQ87,* diffractive hadron-hadron collisions?®*® are included at this
stage, occurring randomly 30% of the time. Basically, the target or “projectile”
hadron (possibly a meson composed of sea quarks) interacts only via its sea quarks,
the valence quarks reconstituting to the original hadron, which does not collide.

In the C.M.S. of the current projectile and target, two jets (chains) are formed.
In EVENTQS82, these jets may be quark-antiquark, quark-diquark, or diquark-
antidiquark jets, and are formed only from valence quarks of the target. The
theory is based on jet formation in electron-positron and lepton-hadron collisions.
In EVENTQS87, additional jets may also be formed using sea quarks of the target.?!

If ECM is the center of mass energy, the fractions of ECM/2 for single valence
quarks of projectile and target, X, and X, are chosen from Eq. (2) with b = 1/2
and a = 5/2 for baryons, a = 1/2 for mesons, in EVENTQ82. In EVENTQS7, a
= 1 for baryons, a = 1/2 for mesons. The remaining fractions for the antiquark or
diquark are given by XX, = 1- X,; XX, = 1- X,. The two jet energies are then

ECM ECM
By = ”’“é""(Xt +XXp); By = 91

(X, +XX,) 3)

with the sum Ey + E» = ECM. The momenta are given by

ECM ECM
Pl = "T(XXP - Xt), P2 =

(X, ~ XX)) )
and P; = —Py. The jet masses are obtained as m? = E? — P2,

If the masses are too small for fragmentation, stable particle masses are assigned.
Two masses are enough to determine the energies and total momenta in the C.M.S.

* EVENTQST is the latest version of EVENTQ and is the one incorporated into
HETC88. EVENTQ82 is an earlier version used in FLUKAS2.
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Transverse momenta are also assigned in some cases in EVENTQS82 and all cases
in EVENTQS87.

Fragmentation of the jets in the jet C.M.S. is carried out, with possible formation
of 180 stable particles or resonances.?? The resonances decay with either two-body
isotropic decay or three-body decay. Experimental decay products and branching
ratios are input®® to the code so that all quantum numbers are conserved. In this
way, exclusive events are generated, and correlation studies can be carried out. All
particles produced in the fragmentation of the jets are assumed not to interact with
the nucleus.!3:23

The source distribution for the electromagnetic cascade calculation is provided
by HETC; it consists of direct photon production from hadron-nuclear collisions,
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.34

Neutrons which are produced with energies below 20 MeV are transported using
the MORSE?%36 or MICAP3” Monte Carlo transport codes. The neutron cross
sections used by MORSE or MICAP are obtained from ENDFB/V. 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. The MICAP code was developed specifically for
detector analysis. Both codes can treat fissioning systems 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 and MICAP, but since
neither HETC nor EGS has a timing scheme incorporated, it is generally 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 or
MICAP codes are 50 ns for scintillator and 100 ns for TMS or Argon.

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

AL dE/ds
dr <1 + kgdE/dz’

where kp is the saturation constant. For plastic scintillator kg is generally between
0.01- and 0.02-g cm? MeV™!. A similar law is assumed to apply to the charge
collected in 1onization detectors. This takes into account the loss of signal resulting
from recombination effects in the ionization column.3® For electrons at all energies,
it is assumed that kg = 0.



4. RESULTS

Calorimeter response is very sensitive to the amount of energy appearing as
electromagnetic or hadronic, as well as the amount of energy which is effectively
lost; for example, binding energy, nuclear recoil, evaporated charged particles (only
in the inactive material for sampling calorimeters), and neutrino energy. Presented
in Tables 1-5 are data which represent the breakdown of energy deposition and
production in infinite iron and uranium targets. The data are also given graphically
in Figs. 2-4. The data presented include the energy deposition due to the primary
protons and the produced secondary protons, pions, and muons. These four energy
depositions given in the tables are summed to yield the B curves in Figs. 2-4.
Also presented in the tables is the energy produced in the electromagnetic channel
either from 7° or gamma production during the initial phase of a nuclear collision
or deexcitation gamma rays that appear at a slower rate, usually following the
evaporation phase of the collision. These two energy productions are summed to
yield the A curves in Figs. 2-4. The energy produced in the form of low energy
(<50 MeV) neutrons is also given in the table and is represented as curve D in
the figures. These neutrons have not been transported, but represent the source
distribution which would be used in transport codes such as MORSE or MICAP. The
remainder of the data represent lost energy with respect to calorimeter application,
i.e., binding and neutrino energy, electron energy from muon decay and heavy ion
(A>1) recoil energy. These values are summed to yield curve C in the figures.
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Table 1

Calculated Energy Deposition, Binding Energy Losses, and
Neutron Production (E < 50 MeV) in an Infinite Iron Target
for 1.-, 2.-, 4.95-, and 5.05-GeV Source Protons Using the HETC88 Code.

Energy Type Proton Energy (GeV)
1 2 4.95 5.05

Primary ionization 0.195 0.170 0.185 0.194(0.209)d
Secondary protons 0.385 0.744 1.67 1.69(1.70)
Secondary charged pions® 0.0188 0.117 0.409 0.376(0.397)
Secondary muons 0.0001 0.0006 0.003 0.003(0.006)
Excitation gammasb 0.0230 0.0410 0.108 0.101(0.103)
Neutral pions and high energy gammas 0.0411 0.191 0.805 0.919(0.853)
Heavy ion recoil 0.0177 0.0465 0.125 0.108(0.128)
Binding and neutrino energy

and electron energy from muon decay 0.215 0.463 1.08 1.12(1.08)
Energy of neutrons produced with

energy less than 50 MeV* 0.104 0.226 0.561 0.538(0.570)
Neutrons produced per GeV (E <50 MeV) 13.0 13.2 12.8 12.2(12.6)

% In this version of HETC, all kaons, anti-protons, etc., are converted to charged pions before
transport.
Energy remaining in nucleus after collisions involving all charged particles and neutrons with
energies > 50 MeV.

¢ This is the total energy contained in neutrons with energies less than 50 MeV. If these particles
were transported until capture, the binding energy would reduce by ~ the number of neutrons
times 7 MeV.

4 Values in parentheses are those obtained using the old version of HETC. For energies less

than 5 GeV, the old version of HETC is equivalent to the new version.
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Table 2

Calculated Energy Deposition, Binding Energy Losses, and
Neutron Production (E <C 50 MeV) in an Infinite Iron Target

for 10-, 20-, and 50-GeV Source Protons Using the HETC88 Code.

Energy Type

Primary ionization
Secondary protons
Secondary charged pions®
Secondary muons
Excitation gammas
Neutral pions and high energy gammas
Heavy ion recoil
Binding and neutrino energy
and electron energy from muon decay
Energy of neutrons produced with
energy less than 50 MeV®

Neutrons produced per GeV (E <50 MeV)

10

0.218(0.205)%
2.63(3.36)
0.996(0.873)
0.007(0.019)
0.166(0.210)
3.02(1.89)
0.150(0.248)

1.96(2.12)

0.848(1.07)
9.78(12.4)

Proton Energy {GeV)

20

0.219(0.214)
4.70(6.40)
2.09(1.65)
0.016(0.037)
0.309(0.397)
7.19(4.99)
0.274(0.457)

3.66(3.89)

1.54(1.96)
8.92(11.6)

50

0.253(0.258)
9.53(14.8)
5.07(4.03)
0.039(0.061)
0.641(0.930)
23.1(14.8)
0.557(1.26)

7.61(9.15)

3.19(4.66)
7.45(10.8)

? In this version of HETC, all kaons, anti-protons, etc., are converted to charged pions before

transport.

Energy remaining in nucleus after collisions involving all charged particles and neutrons with

energies > 50 MeV.

¢ This is the total energy contained in neutrons with energies less than 50 MeV. If these particles
were transported until capture, the binding energy would reduce by ~ the number of neutrons

times 7 MeV.

4 Valyes in parentheses are those obtained using the old version of HETC. For energies less
than 5 GeV, the old version of HETC is equivalent to the new version.
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‘able 3

Calculated Energy Deposition, Binding Energy Losses, and
Neutron Production (E < 50 MeV) in an Infinite Iron Target
for 100-, 200-, and 500-GeV Source Protons Using the HETC88 Code.

Energy Tvpe

Primary ionization
Secondary protons
Secondary charged pions®
Secondary muons
Excitation gammas
Neutral pions and high energy gammas
Heavy ion recoil
Binding and neutrino energy
and electron energy from muon decay
Energy of neutrons produced with
energy less than 50 MeV®

Neutrons produced per GeV (E <50 MeV)

Proton Energy (GeV)

100. 200.
0.240(0.266) % 0.267(0.165)
16.7(28.8) 28.8(55.1)
9.97(8.05) 18.0(15.9)
0.077(0.224) 0.141(0.232)
1.16(1.80) 2.02(3.40)
51.6(31.8) 115.(68.6)
0.974(2.23) 1.81(5.87)
13.6(17.8) 23.7(33.7)
5.71(9.00) 10.0(17.1)
6.68(10.5) 5.84(9.86)

500.

0.227
57.6
37.6
0.289
4.09
32.8
3.69

48.1

204
4.74

¢ In this version of HETC, all kaons, anti-protons, etc., are converted to charged pions before

transport.

b Energy remaining in nucleus after collisions involving all charged particles and neutrons with

energies > 50 MeV.

€ This is the total energy contained in neutrons with energies less than 50 MeV. If these particles
were transported until capture, the binding energy would reduce by ~ the number of neutrons

times 7 MeV.

4 Values in parentheses are those obtained using the old version of HETC. For energies less
than 5 GeV, the old version of HETC is equivalent to the new version.
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Table 4

Calculated Energy Deposition, Binding Energy Losses, and

Neutron Production (E < 50 MeV) in an Infinite Uranium Target

for 1-, 2-, 4.95-, 5.05- and 10-GeV Source Protons Using the HETC88 Code.

Energy Type
1.0

Primary ionization 0.253
Secondary protons 0.220
Secondary charged pions® 0.012
Secondary muons 0.002
Excitation gammasb 0.013
Neutral pions and high energy gammas 0.042
Heavy ion recoil 0.018
Binding and neutrino energy

and electron energy from muon decay 0.272
Energy of neutrons produced with

energy less than 50 MeV® 0.168
Neutrons produced per GeV (E <50 MeV) 36.0
Number of fast fissions? 2.65

Proton Energy (GeV)

2.0

0.254
0.489
0.077
0.002
0.026
0.121
0.632

0.602

0.368

371
5.01

4.95

0.249
1.15

0.277
0.001
0.063
0.578
0.187

1.49

0.951

38.1
12.4

5.05

0.244
1.14

0.308
0.001
0.063
0.624

0.183 -

1.54

0.950
36.0
12.6

10.0

0.262
2.02

0.944
0.004
0.101
2.43

0.192

2.72
1.33

27.5
20.2

® In this version of HETC, all kaons, anti-protons, etc., are converted to charged pions before

transport.

Energy remaining in nucleus after collisions involving all charged particles and neutrons with

energies > 50 MeV.

¢ Thisis the total energy contained in neutrons wth energies less than 50 MeV. If these particles
were transported until capture, the binding energy would reduce by ~ the number of neutrons

times 7 MeV.

4 pissions produced by all charged particles and neutrons with energy >50 MeV. To calculate
the amount of prompt fission gamma energy multiply by 7.538 MeV /fission. The energy associated

with fission is not included for calculating binding energy.



14

Table 5

Calculated Energy Deposition, Binding Energy Losses, and
Neutron Production (E < 50 MeV) in an Infinite Uranium Target
for 20-, 50-, 100-, and 500-GeV Source Protons Using the HETC88 Code.

Energy Type

Primary ionization
Secondary protons
Secondary charged pions”
Secondary muons
Excitation gammas
Neutral pions and high energy gammas
Heavy ion recoil
Binding and neutrino energy
and electron energy from muon decay
Energy of neutrons produced with
energy less than 50 MeV*

Neutrons produced per GeV (E <50 MeV)

Number of fast fissions®

Proton Energy (GeV)

20.0 50.0 100.
0.296 0.248 0.284(0.310)¢
3.58 6.97 11.8(22.3)
2.05 5.27 9.84(7.11)
0.008 0.021 0.041(0.097)
0.197 0.411 0.697(1.26)
5.68 20.1 48.6(20.5)
0.325 0.715 1.23(3.32)
5.33 10.9 18.4(27.4)
2.53 5.35 9.09(17.3)
26.3 22.3 19.0(35.0)
39.9 82.0 138.(250.)

500.

0.247
454
41.9
0.175
2.76
293.
5.08

74.4

36.7

15.3
545.

® In this version of HETC, all kaons, anti-protons, etc., are converted to charged pions before

transport.

Energy remaining in nucleus after collisions involving all charged particles and neutrons with

energies > 50 MeV.

¢ This is the total energy contained in neutrons wth energies less than 50 MeV . If these particles
were transported until capture, the binding energy would reduce by ~ the number of neutrons

times 7 MeV,

4 Values in parentheses are those obtained using the old version of HETC. For energies less
than 5 GeV, the old version of HETC is equivalent to the new version.

€ Fissions produced by all charged particles and neutrons with energy >50 MeV. To calculate
the amount of prompt fission gamma energy multiply by 7.538 MeV /fission. The energy associated
with fission is not included for calculating binding energy.
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function of source proton energy (HETCS8).

ORNL-DWG 8814363
80 T l T j T T T T

7 HETC (OLD VERSION) 1

0 A ELECTROMAGNETIC (7°+y) ™1

B HADRONIC (p +w+pu¥)

C BINDING ENERGY + RECOIL ENERGY
OF HEAVY NUCLE! (A>1) + v ENERGY ™
+ ELECTRONS FROM p DECAY

D ENERGY OF NEUTRONS WITH
ENERGY LESS THAN SO MeV ]

Fe TARGET

60 1

50 -

40

30

20

PERCENTAGE OF INCIDENT ENERGY

10

1 10 100 1000
ENERGY OF INCIDENT PROTON (GeV)
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Fig. 4. Energy deposition and particle production percentage for an infinite uranium target
as a function of source proton energy (HETCS88).

The binding and neutrino energies are calculated by subtracting from the source
proton energy all of the above modes of energy deposition and production.

For the uranium data, fission has been ignored in the calculation of the binding
and neutrino energy losses. However, listed in the tables are the calculated number
of fissions which are expected to occur due to charged particles at all energies and
to neutrons with energies greater than 50 MeV. By multiplying these values by
7.538 MeV /fission, the prompt fission gamma energy can be obtained. It should be
remembered, however, that the majority of the fissions, ~75% of the total, occur
with neutrons with energies between 1 and 50 MeV.

If the low energy (<50 MeV) neutrons were transported, a small amount
of energy would be lost in binding due to nonelastic collisions. However, a
reduction in binding energy would eventually show up due to neutron capture,
~7-8 MeV /capture. But, the time frame for capture, microseconds to milliseconds,
is beyond that for calorimeter application.

Presented in parentheses in some of the tables and in Fig. 3 are data obtained
using the older version of the HETC code; that is, the version which relies totally
on the scaling model for all collisions above 3 GeV. It has been known for some time
that the scaling model overestimated the amount of energy in the hadronic channel
and underestimated the amount in the electromagnetic chanunel. By comparing
these channels in Figs. 2 and 3, it is apparent that the new model corrects this
deficiency and from previous experience dealing with calorimeter calculations at
high energies, appears to produce proper amounts of each. Detailed calculations at
high energies on well studied calorimeters will help quantify the above statement.
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Fig. 5. Neutron production (Exy < 50 MeV) in infinite iron and uranium targets as a function
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In the energy range from ~3 GeV to ~20 GeV, where the collision physics is
slowly changing from “hard sphere individual nucleon scattering and immediate
secondary particle production” to “jet formation and decay”, the calculational
bonding of the two model concepts is not totally complete. This is apparent by
studying the data in this energy range. At present, an abrupt change is allowed to
take place in the collision kinematics at 5 GeV rather than allowing for competing
collision types, i.e., hard sphere scattering or jet formation. Methods are under
study to unite the two different concepts of particle nucleus collision into a self-
consistent model of nuclear cascades.

Presented in Fig. 5 is the number of neutrons produced per GeV of source
particle energy for infinite iron and uranium targets. The production levels are
important since they will determine the amount of radiation damage for SSC
detectors. If the data were converted to neutrons/proton, and were plotted on
log-log paper, the resulting graph would be fairly linear.



5. CONCLUSIONS

Large gains in the understanding of the physics of calorimetry have been
accomplished in the past from the use of radiation transport code systems. A new
revised version of CALOR, CALORS9, with several improved modules HETC88
and MICAP is about to be released which should strengthen our understanding
and should allow for better calorimeter designs for the SSC.
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