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ABSTRACT
The physics contained in the High Energy Transport Code (HETC), in

particular the collision models, are discussed. BAn application using

HETC as part of the CALOR code system is also given.
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THE HIGH ENERGY TRANSPORT CODE, HETC"

T. A. Gabriel
Oak Ridge National Laboratory, Oak Ridge, Tennessece 37831 USA

Introduction

Any high-energy transport code must incorporate several basic features if the results
obtained from this code are to be reliable and realistic. These features include nuclear elastic
and inelastic interactions, decay, and atomic interactions (ionization and excitation effects and
occasionally, Coulomb scattering). HETC! contains all of these features and more and has for
many years been a benchmark code for simulating particle cascades.

HETC simulates the particle cascade by using Monte Carlo techniques to compute the
trajectories of the primary particle and the secondary particles produced in nuclear collisions.
The particles considered by HETC (protons, neutrons, ¥, 7, ut, or p7) may be arbitrarily
distributed in angle, energy, and space. HETC uses the combinatorial geometry package
described in another paper at this conference so virtually arbitrary geometries are allowed.
Each particle in the cascade is followed until it eventually disappears by escaping from the
geometric boundaries of the system, undergoes nuclear collision or absorption, comes to rest
due to energy losses from ionization and excitation of atomic electrons, or, in the case of pions
and muons, decays. Photons produced in the cascade from = decays or from deexcitation
gamma rays are not transported, but information relating to the photons is stored for transport
by codes such as EGS.? A complete cascade history tape is provided by HETC so that
analysis of specific problems can be performed. The methods used in HETC to treat
particular physical processes will now be described.

Physics Within HETC
Charged-Particle Energy Loss

The energy loss of protons, charged pions, and muons due to the excitation and ionization
of atomic electrons is treated using the well-established stopping power formula® based on the
continuous slowing-down approximation. Range straggling is taken into account. The
density-effect correction to the stopping-power formula is calculated using the asymptotic form
of the correction.*

Range-energy tables for each material in the system are computed for protons. These
same tables are used for charged pions and muons by making use of scaling relations.?



Multiple Coulomb Scattering

Multiple Coulomb scattering of primary particles is treated using Fermi’s joint distribution
function for angular and lateral spread and Rutherford’s single-scattering cross-section
formula.> The scattering is implemented by arbitrarily dividing the charged-particle range
into subtrajectories (nominally set equal to one-tenth of the range) and applying the lateral-
spread and angle-change corrections due to multiple Coulomb scattering at the end points of
the subtrajectories.® HETC is presently programmed to allow multiple Coulomb scattering
only for the primary charged particles.

Charged-Pion Decay in Flight

Charged-pion decay in f{light is taken into account using the known pion lifetime. The
energy and angular distribution of the muon is obtained by assuming that the pion decay is
isotropic in the rest frame of the pion and by using the Lorentz transformation to transform
the distribution from the pion rest frame into the laboratory system. The neutrino produced is
not considered.

Charged-Pior Decay and Capture at Rest

A positively charged pion which comes to rest is assumed to decay immediately into a
positively charged muon and a neutrino, and the energy and angular distribution of the muon
is obtained in the same manner as discussed above for pion decay in flight. A negatively
charged pion which comes to rest may either decay or be captured by a nucleus, depending on
the material atom density. Accordingly, an option is provided in HETC as to the treatment of
all = -mesons reaching the cutoff energy. If decay is specified, all = "-mesons reaching the
cutoff energy are assumed to decay immediately into negatively charged muons and neutrinos.
If capture is selected, all =~ mesons reaching the cutoff energy are forced to undergo nuclear
capture, and the energy and angular distribution of the particles produced as a result of this
capture is obtained using the intranuclear-cascade-evaporation model (see later section). It
has previously been shown that this mode! describes the «~ capture process quite well.”

Neutral-Pion Decay

The neutral pion is very unstable and for practical purposes may be assumed to decay into
two photons at its point of origin. Accordingly, HETC does not transport neutral pions,
although the energy, direction, and spatial point of the neutral pions produced are included as
part of the output.

Muen Decay in Flight and at Rest

Muons are unstable and will decay into electrons or positrons, (depending on the charge of
the muons) and neutrinos. Muon decay in flight is taken into account using the known muon
lifetime, and muons which come to rest are assumed to decay immediately. No information
for the clectrons, positrons, or neutrinos from muon decay is calculated.



Elastic Nuclear Collisions

Elastic collisions of protons and pions with all nuclei other than hydrogen are neglected at
all energies. Elastic collisions by neutrons with nuclei other than hydrogen at energies above
the neutron cutoff energy (usually 20 MeV) is optional in HETC, and if the option is chosen,
requires the input of ¢lastic scattering cross section data (o and do,/d Q).

Elastic collisions of protons, neutrons and charged pions with hydrogen nuclei are treated
using experimental data and/or parametric fits to experimental data.’

Inelastic Hydrogen Collisions

Pion production is based on the isobar model of Sternheimer and Lindenbaum.® The
particle cross sections are based on experimental data and/or models. Only single- and
double-pion production in nucleon-hydrogen collisions and single-pion production in pion-
nucleon collisions are accounted for. This model is used for energies up to 3.5 GeV for
neutrons and protons and up to 25 GeV for charged pions.

Nonelastic nucleon collisions and charged-pion collisions with hydrogen nuclei at energies
above 3.5 GeV and 2.5 GeV, respectively, are treated by using the calculational methods of
Ref. 8 . This method utilizes experimental data for the total nonelastic n-p, p-p, =*-p, and
x-p cross sections and the analytic fits to experimental data by Ranft and Borek® to determine
the particle type, energy, and direction of the collision products. Special provisions are made
to insure that energy and nucleons are conserved for each collision.

Inelastic Nuclear Collisions

The intranuclear-cascade evaporation concept of particle-nucleus interaction as
implemented by Bertini'® is used to determine the effect of particle-nucleus collisions below 3.5
GeV for nucleons and 2.5 GeV for charged pions. This Monte Carlo program has been used
for a variety of calculations and has been shown to agree well with many experimental results
in the energy range below 3 GeV. The underlying assumption of the intranuclear-cascade
model is that particle-nuclear interactions can be treated as a series of two-body collisions
within the nucleus and that the locations of the collision and resulting particles from the
collision governed by experimental and/or theoretical particle-particle total- and differential-
cross-section data. The types of particle collisions included in the calculation are elastic,
inelastic, 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-section data to determine interaction locations) is determined from the experimental data
of Hofstadter.!! The Hofstadter density profile for 10 is given in Fig. 1(a) along with the
three-region configuration used in the calculation which approximates the continuous density
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Fig. 1. (a) A comparison between the Hofstadter data (---) for "*0 and the nuclear cascade
model. (b) Nucleon potential vs. nuclear radius for 0. B.E. is the fixed binding encrgy of the
most loosely bound nucleon (7 MeV).



variation. Nuclear potentials are determined from these three denmsity profiles by using a
zero-temperature Fermi distribution. The total well depth is then defined as the Fermi energy
plus 7 MeV (which represents the average binding energy of the most loosely bound nucleon).
The well potentials for %0 are given in Fig. 1(b).

Following the intranuclear-cascade phase of the calculation, there is excitation energy left
in the nucleus due to particle capture and holes produced in the Fermi sea. This residual
energy is treated by using an evaporation model. The particles allowed during evaporation
include protons, neutrons, d, T, *He, and «.

An extrapolation model determines the energy, angle, and multiplicity of the products from
inelastic nucleon-nucleus and pion-nucleus collisions at higher energies (> 3 GeV).!2 This
extrapolation method employs the particle-production data obtained from an intranuclear-
cascade calculation for intermediate-energy (~ 3 GeV) nucleon-nucleus and pion-nucleus
collisions, together with energy, angle, and multiplicity scaling relations that are consistent
with the sparse experimental data available for high-energy collisions, to estimate the particle
production for higher energy (2 3 GeV) collisions. This extrapolation method is applicable to
only those particles produced in the cascade phase of the collision; particle emission resulting
from the deexcitation of the residual nucleus that is left after the emission of the cascade
particles is determined by performing an evaporation calculation in the same manner as for
nonscaled collisions.

Although the extrapolation model used is described in detail in Ref. 12, a synopsis of the
method will be given here for completeness. Consider a particle-nucleus collision by a particle
(nucleon or charged pion) with energy E, and a collision with the same nucleus by the same
type of particle but at some higher energy E,, where E, and E, are kinetic energies in the
laboratory system. The extrapolation model for relating the products from the "slow" collision
at E, to the products from the "fast” collision at E, is based upon the following four
assumptions;

(a)’ The total nonelastic cross section above E, is independent of the
energy of the incident particle, i.e., o(E;) = o(E,).

(b) The residual excitation energy after the fast and slow collisions is
the same.
(c) The transverse momentum in the center-of-momentum (CM) system of each

produced particle is assumed to be the same in the fast and slow
collisions, i.e.,

P, sin 8, = P sin O

where ¢ denotes CM quantities, i denotes the particle type (neutron,
proton, =+, x° or 1), P is the momentum, and

0 is the polar angle with respect to the direction of the incident
particle. To make this transformation unique, it is further assumed that
the sign of cos @ is the same as the sign of cos 0.



(d) To relate the energies of the particles produced in the fast and slow
collisions, the following scaling relation for kinetic energies is
postulated for the CM system:

Eéu/ E<,:o = Eci/ Eccv

By using the above assumptions, conservation of energy in the CM system for the fast and
slow collisions, conservation of energy and momentum for the fast collision in the laboratory
system, and the results of the intranuclear cascade calculation at E,, the energy and direction
of each emitted particle and the excitation energy, recoil energy, charge, and mass of the
residual nucleus are determined for collisions at E_.' Further particle emission due to the
deexcitation of the residual nucleus is obtained by performing an evaporation calculation as
mentioned earlier. An intranuclear-cascade-evaporation-evaporation calculation is performed
by HETC for each high-energy (> E;) nonelastic nuclear collision that occurs during the
transport calculation. In HETC E,; is fixed at 3.5 GeV for nucleon-nucleus collisions and
results obtained with 2.5 GeV for pion-nucleus collisions since these are the maximum energies
allowed by the intranuclear-cascade routines.  Calculated results obtained with the
extrapolation method are compared in Ref. 12 with experimental data for protons in the
energy range from 12.5 to 70 GeV incident on Be, Al, Pb, and W nuclei.

There are several favorable features of the intranuclear-cascade-evaporation-evaporation
model for treating nuclear interactions that are particularly noteworthy:

1. Energy and momentum are conserved in the laboratory system at each individual
collision.

2. The method is completely parameter-free. Also, the basic experimental data needed are
free particle-particle cross sections up to ~ 3 GeV used in the intranuclear cascade, and these
cross sections are relatively well known.

3. The produced particle spectra are obtained over the entire allowable energy range. This
is in contrast to most other calculational methods for treating high-energy collisions in which
the particle spectra below ~100 MeV are either extremely approximate or neglected.

4, The charge and mass of the residual nucleus are obtained after each collision. Residual
nuclei distributions produced in thick targets by high-energy cascades are often of interest in
evaluating the radiation hazards around high-energy accelerators'>!# and in studying the
effects of cosmic-ray bombardment.!>-16

Since the introduction of the scaling model, the high-energy intranuclear-cascade code
(HECC)!7 has become available and can now be used to generate this inelastic collision data.
This model (HECC), in addition to containing the effects of a diffuse nuclear surface, the
Fermi motion of the bound nucleons within the nucleus, the exclusion principle applied to the
zero-temperature Fermi gas model, and a local potential for nucleons {as did MECC), also

It has been found by Gabriel and Santoro' that the energy system of emitted particles predicted by the extrapola-
tion method compares more favorably with experimental data if special provisions are made in scaling these particles
emifted as a result of "quasi-elastic” scattering coilisions inside the nuclens. These special preovisions are retained in
the version of the extrapolation method used in HETC.



takes into account a localized reduction in the density of the nucleus during the development
of the particle cascade. The high-energy nucleon-nucleon and pion-nucleon production of
pions within the nucleus is taken into account via phenomenological fits to experimental data
mentioned earlier. These fits include the increase in particle multiplicity with increasing
incident energy.! A complete incorporation of this model (HECC) into HETC will not be
completed until a much later date. Until then, data generated by HECC for selected nuclides
(Fe, C) at energies of 5, 10, 20, 40, 80, and 160 GeV for incident neutrons, protons, and
charged pions have been placed in a data base for use by HETC. The scaling model is used to
fill in all intermediate energies above ~3 GeV.

An Application Using HETC

HETC is an integral part of the CALOR'® computer system which is used to determine
the response of calorimeters to high-energy hadrons and leptons. The coupling of HETC and
the other codes (EGS, MORSE, and SPECT) is illustrated in Fig. 2. A calorimeter that has
been recently analyzed by CALOR is described in Table 1.

Table 1

Calorimeter Configurations from Upstream to Downstream of Beam

Counter Thickness (cm) Material

A 1.27 Plastic Scintillator
5.08 Pb
15.24 Fe

B 1.27 Plastic Scintillator
3.81 Fe

C 1.27 Plastic Scintillator
30.48 Fe

E 1.27 Plastic Scintillator

D 7.62 Liquid Scintillator

The energy deposited in each counter was recorded for every cascade simulated. In order
to compare the results of the simulation with data, energy deposited in the plastic scintillator
which has been corrected for saturation effects must be converted to equivalent particles. An
equivalent particle was defined as the median of the signal distribution in each counter due to
3.5-GeV /c muons going through the calorimeter. The average of each Landau distribution
was set equal to the average energy loss of the particle crossing (or stopping in) the plastic
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scintillator as calculated using the restricted energy loss formula and adding the energy
deposited by knock-on electrons from the absorber upstream of each counter (approximately
0.4 MeV for the 1.27 cm detectors, and 1.6 MeV for the 7.6 cm detector). The result is that
an equivalent particle corresponds to approximately 2.2 + .2 MeV for the 1.27 cm counters
and 11.9 %+ 1.2 MeV for the liquid counter. This energy conversion is used to compare the
simulation with data.

In Table 2 the average (X) and standard deviation (o) of the signal distribution for data
and simulation are presented. The two agree to within the accuracy of the conversion to
equivalent particles. Figure 3 shows the distribution of signals in the various counters for data
and simulation. There is again no disagreement between data and simulation to within the
accuracy of the conversions.

_ Table 2
Average (X) and Width (o) of Signal in Equivalent Particles
of BNL Experiment and ORNL Simulation

Counter B Counter C Counter E Counter D
Particle — — — —
Momentum X o X ¢ X o X o
3.5GeV/e
BNL 338 + 08 64 277 x 07 58 069 + .03 28 038 + 02 13
ORNL 29 + .1 49 27 + 1 47 058 =+ 04 19 057 = 04 16
10 GeV/c
BNL 10.6 + .2 132 95 + 2 124 30 + .1 70 176 = .06 4.0
ORNL 9.7 £ .2 11.0 9.1 + 2 10,7 35 + 2 13 29 + .1 4.7

The mechanisms producing the observed signals can be studied further by looking at
correlations between counter pairs. Counter correlations have been quantified using the
correlation matrix. Mj,p, the matrix element for counters A and B, is defined by

N _ —

Y (A;—A)B;—B)

i=1

N — N R LV
> (A—AY 3 (B,—B)?

i=1 i=1

Muag =

where A; and B; are the pulse heights in counters A and B for event i, A and B are the aver-
age signals in the two counters and N is the total number of events. M equals one for perfect
correlation, zero for no correlation, and minus one for perfect anticorrelation. The matrix is
compared for data and simulation in Table 3. '



10

ORNL—DWG 84-9856
3.5 Gev/C PROTONS

[ I B B

(o)

Mt O
(¢]
| IHHH’ I LI { Ll“"]d I HHllll L

é\%s !

TR R

10 GeV/C PROTONS

DIFFERENTIAL PROBABILITY

o
HHHII IHHII!I IHlHUJ IRl

] 20 40 60 80 100
EQUIVALENT NUMBER OF PARTICLES

Fig. 3. Pulse height in equivalent particles for one of the four detectors in the calorimeter
for data (circles) and simulation (crosses). Error bars are statistical and where none are shown
they are of comparable size or smaller than the symbol used.



11

Another calorimeter consisting of 49 iron plates ranging in thickness from 3.8 to 10.1 cm
and 3.2-cm liquid scintillator counters was used in a Fermi National Accelerator Laboratory
(FNAL) experiment by Bodek et al.'”® Calorimeter calibration data were recorded for incident
protons of 50 and 100 GeV and pions of 278 GeV.

Table 3
Comparison of BNL and ORNL Correlation Matrix

BNL Counter ORNL Counter
Particle
Momentum B C E D B C E D
3.5 GeV/e
B 1.0 0.15 -0.06 -0.06 1.0 0.17 -0.04 -0.06
C 1.0 -0.03 -0.03 1.0 -0.01 -0.02
E 1.0 0.46 1.0 0.59
D 1.0 1.0
10 GeV/c
B 1.0 0.39 -0.17 -0.19 1.0 0.40 -0.18 -0.22
C 1.0 -0.13 -0.15 1.0 -0.15 -0.18
E 1.0 0.71 1.0 0.72
D 1.0 1.0

Two detectors in that calorimeter are at approximately the same depth as the B and C
counters of this calorimeter and are separated from each other by an identical thickness of
absorber. The summed pulse heights of these two detectors are compared with the sum of the
B and C counters for 50- and 100-GeV/c cases in Fig. 4. Because of trigger requirements
imposed in the FNAL calorimeter, the distributions are normalized at 100 equivalent particles.

The fraction of the summed pulse height in the C layer relative to B+C is compared for
experimental and simulation data in Fig. 5a-c for 50- to 200-GeV/c incident protons. The
simulation thus successfully predicts both individual counter responses and two counter corre-
lations quite successfully even at high energies.

Since HETC is the driving force determining the results of these calculations and since
these results indicate fairly good agreement with experimental data, it must be concluded that
the physics in HETC is not totally out of line with reality. However, as with any code, addi-
tional improvement and updating is always possible.
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