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Abstract

An upgraded version, HETCSS, of the previously available High-Energy Trans-
port Code HETC is briefly described. In the upgraded code, the particle produc-
tion model from hadron-nucleus nonelastic collisions at energies greater than 5
GeV has been revised. At nucleon and pion energies below 5 GeV, HETCSS is
not different from the code previously available. In particular, provision is still
made to allow neutrons with energies <20 MeV to be transported by one of the
available codes designed for low-energy neutron transport.

Calculated results for the longitudinal distribution of the flux of neutrons with
energy >40 KeV in the Tevatron tunnel when 900 GeV protons interact with Ny
in a warm section are presented and compared with experimental data. Some
disagreements between the calculated and measured neutron flux are found. For

20 TeV protons incident on a large cylindrical iron target, calculated “star” density

results from HETCS88, FLUKA87, CASIM, and MARSI10 are also compared.



1. INTRODUCTION

The High-Energy Transport Code HETC! has been available for many years
and has been used in a wide range of applications. Results obtained with the code
have been compared with a variety of experimental data and reasonable results
have usually been obtained.?®! At the higher energies of the proposed Supercon-
ducting Super Collider (SSC), the scaling model used in the code to describe
particle production from hadron-nucleus collisions is, at best, very approximate.
Since this model was developed, a large amount of expcrmiental and theoretical
work has been done and more reliable models are now available. 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., (see Ref. 4 and the
references given therein) following the work of A. Capella et al., (see Ref. 5 and
the references given therein). In the present paper, an upgraded version of HETC,
called HETCS8S, that utilizes a slightly modified version of this collision model® is
described and a comparison between calculated results and experimental data is

presented.

In Section 2 the modifications that have been made to HETC to produce
HETCS88 are described and discussed. In Section 3 calculated results for the
longitudinal distribution of the flux of neutrons with energy > 40 KeV in the
Tevatron tunnel when 900 GeV protons interact with N; in a warm, i.e. non-
cryogenic, section of the Tevatron are presented and compared with experimental
data.”® In Section IV calculated star densities as a function of position obtained
with HETC88, FLUKAS87,% CASIM!%11) and MARS10'13} are compared for the

case of 20 TeV protons incident on a large iron cylinder.

2. THE HIGH-ENERGY TRANSPORT CODE HETCS88

The High-Energy Transport Code (HETC) has been described in detail
previously,! 3] so only a brief discussion of the general code will be given here
and emphasis will be given to those parts of the code that have been revised. In
the remainder of this paper the code described in Refs. 1-3 will be referred to as
HETC72 and the latest version of the code that was used in obtaining the results
presented here will be termed HETCSS.

Basically, HETC72 and HETCS88 are analogue Monte Carlo codes that are
designed to study the nucleon-meson cascade that develops when high-energy (<20

TeV) nucleons and pions pass through matter. In these codes protons, charged



pion. and muons are transported until they undergo nuclear reaction, decay, or
escape from the system. Neutrons are transported similarly, but a neutron whose
energy is less than 20 MeV is stored so that it may be transported with one of the
codes designed for such low-energy neutron transport, e.g., MORSE.'® Neutral
pions are also stored so that the photons from their decay may be transported by

an electron-photon cascade code such as EGS.?®

A unique feature of both HETC72 and HETCSS is that cross section models
are used rather than cross section data. That is, when a high-energy nonelastic
nucleon-nucleus or pion-nucleus collision occurs, a cross section model is used to
determine the type, energy, and angle of the emitted particles. The only difference
between HETC72 and HETCSS is that the cross section model used to predict par-

ticle production from nonelastic collisions at energies > 3 GeV has been changed.

The model used in HETCS8S is that described and compared with experimental
data in Ref. 6. As discussed in Ref. 6 this model is a slightly modified version
of the model developed by J. Ranft et al. (see Ref. 4 and the references given

therein), that is, available in the transport code FLUIKAS7.°)

Since this model is available as a Monte Carlo code, its incorporation into
HETC72 was straightforward except for the fact that the model includes the pro-
duction of a variety of mesons and baryons other than the nucleons and pions
that are considered in HETC72. In HETCS88, these additional particles were at
the point of their production converted to nucleons and pions. In the conver-
sions, positively, negatively, and neutral mesons were converted to 7+, 7=, and #°
mesons, respectively, and charged and neutral baryons were converted to protons
and neutrons, respectively. In each conversion, the total energy and direction of
motion of the original particle was retained. ‘i’his is a very approximate proce-
dure, but it should not lead to appreciable error because the number of particles
that must be converted in a Monte Carlo history is not large compared ‘with the

number of particles produced in the history.

3. COMPARISON OF CALCULATED AND EXPERIMENTAL DATA
(>40 KeV) LEVEL IN THE TEVATRON

In a recent experiment, the longitudinal distribution of neutron flux in the
Tevatron tunnel was measured.”8] A controlled N, gas leak was introduced near
the center of a warm section and the neutron flux was measured near the wall

of the tunnel as a function of distance from this gas leak. In an earlier report,®]



report,® calculated results were presented and compared with this experimental
data and some disagreements were found. In these earlier calculations, several
simplifving assumptions were made, e.g., a point source and cylind:ical symmetry,
and a preliminary version of HETC88!"] was used. The calculations have now
been completed with the upgraded HETCSS and with many of the simplifving
assumptions removed. In this section, these revised calculations are discussed and

the results compared with the experimental data.

In Fig. 1 a schematic diagram of a cross section of the Tevatron tunnel is
shown with the position of the Bonner sphere that was used in the measurements
shown. In the calculations reported here, this cross section, i.e. the main ring
and Tevatron, tunnel wall, etc., was simulated as shown using the combinatorial
geometry routines in HETC88. The Tevatron magnets were modeled using in-
formation in Ref. 18, and the magnetics of the main ring were modeled as iron
using information supplied by J. D. Cossairt.}®] Longitudinally, i.e., in the direc-
tion of the proton beam, the warm section is 11.8 m long with the nitrogen leak
at its center. The main ring was assumed to be continuous and straight in the
longitudinal direction, i.e., all effects of the curvature of the tunnel are neglected,
and the Tevatron magnets were assumed to be continuous and straight in the
longitudinal direction, except in the region of the warm section where there is no
magnet. The sources of the calculations were the interactions between the 900
GeV proton beam and the nitrogen nuclei in the warm section. The variation of
the gas pressure and thus the number of interacting protons was taken to vary
linearly between the center and ends of the warm section. In the beam pipe in
the vicinity of the Tevatron magnets, a magnetic field of 38.5 T was used in the
calculations since this field will have a significant effect on the charged particles,

but no magnetic field is assumed in the magnet structure.

The low energy (<20 MeV) neutron transport was carried out using MORSE!!
with cross section data from the VITAMIN-E library.2?!] The geometry and
material configurations used in MORSE are the same as those used in HETCS8.

In Fig. 2 the calculated and experimental flux of neutrons with energy >40
KeV are compared as functions of distance from the gas leak. The error bars
on the calculated data are statistical and represent one standard deviation. The
peak in the calculated results is larger than the peak in the experimental data
by approximately a factor of 2 and the peak in the calculated results occurs at

a distance of approximately 5 m closer to the source of the gas leak (the 0 of



distance in Fig. 2) than does the experimental peak. The calculated results in Fig.
2 are normalized per interacting proton. The normalization of the experimental
data in Fig. 2 is that given in Ref. 8, but the uncertainty in this normalization
is now thought to be of the order of a factor of 2.2% Thus, the disagreement in
magnitude shown in Fig. 2 may nct be real, but there is, at present, no satisfactory
explanation for the disagreement in the longitudinal position of the peak of the
calculated and experimental neutron flux distributions. It should be noted that
the peak of the calculated distribution in Fig. 2 is centered about the entrance to
the Tevatron magnet immediately following the source. The magnetic field causes
the high energy charged hadrons from the source to strike the magnet near its

entrance so a peak in the vicinity of the entrance is to be expected, but just how

close to the entrance this peak should be is not very certain.

4. 20 TeV PROTONS INCIDENT ON A LARGE IRON CYLINDER

At the energies of interest to the proposed Superconducting Super Col-
lider, there are no experimental measurements, but all of the codes HETCSS,
FLUKAST7,8 CASIM, 19 and MARS10'!+1213] are capable of carrying out calcu-
lations at these energies. In this section calculated results for 20 TeV protons
incident along the axis of a large iron cylinder from each of these codes are com-
pared. The results from HETCS8 and FLUKAS87T were obtained at ORNL and the
results from CASIM and MARS10 are taken from Ref. 14.

The cylindrical target has a radius of 100 cm and a length of 500 cm. The
proton beam was incident along the axis of the cylinder and had a spot size which is
Gaussian with a standard deviation of 5 mm. The quantity which is calculated and
compared is the radial distribution of star density over a depth interval of 80 to 100
cm and the radial distribution of star density integrated over all depths, i.e., from 0
to 500 cm. A star is defined as any nonelastic collision produced by a particle with
momentum greater than 0.3 GeV/c, so the low-energy particles are not involved
in the comparison here. This is necessary because the FLUKAS87, CASIM and
MARSI10 programs do not attempt to calculate the low-energy neutrons.

The calculated results are shown in Fig. 3. In the case of the CASIM only a
few of the many data points that are given in Ref. 14 are given in Fig. 3; basically
a smooth curve drawn through the points shown gives a very good representation
of the CASIM results. In the depth interval of 80 to 100 cm the calculated results
from all of the codes are in quite good agreement. In the case of the integration

over all depths, all of the results are in quite good agreement at the small (<25



cm) radii, show some significant differences at intermediate (25 to 60 cm) radii,
and tend to agree again at the larger radii. In general, HETCSS gives the lowest
longitudinally integrated value at a given radius and CASIM gives the highest
longtitudinally integrated value at any r. The quantities compared in Fig. 3
are very integral quantities; when more detailed comparisons are made larger

differences may be obtained.
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Fig. 1. Schematic cross section of Tevatron tunnel.
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Fig. 2. Longitudinal distribution of the flux of neutrons with energy greater
than 40 KeV in the Tevatron tunnel.



Fig. 3. Star density vs. radius for 20 TeV protons incident along the axis of a
large iron cylinder. Results are shown for the depth interval of 80 to 100 cm

(scale at left) and integrated over all depths scale at right.
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