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ABSTRACT 

A method for calculating high energy hadron cascades induced by multi-GeV elec- 
tron and photon beams is described. Using the EGS4 computer program, high energy 
photons in the EM shower are allowed to interact hadronically according to the vector 
meson dominance (VMD) model, facilitated by a Monte Carlo version of the dual mul- 
tistring fragmentation model which is used in the hadron cascade code FLUKA. The re- 
sults of this calculation compare very favorably with experimental data on hadron pro- 
duction in photon-proton collisions and on the hadron production by electron beams on 
targets (i.e., yields in secondary particle beam lines). Electron beam induced hadron star 
density contours are also presented and are compared with those produced by proton 
beams. This FLUKA-EGS4 coupling technique could find use in the design of secondary 
beams, in the determination high energy hadron source terms for shielding purposes, and 
in the estimation of induced radioactivity in targets, collimators and beam dumps. 

INTRODUCTION 

In a hadron cascade, a substantial fraction of the energy is deposited in the medium 
by electromagnetic showers, induced. primarily by decaying z” mesons. Consequently, 
hadron cascade calculations generally account for the EM cascade in some manner, 
although the inverse is not necessarily true--i.e., the dominant features of EM show- 
ers induced by electron or photon beams can be understood from pure electron-photon 
cascade calculations without coupling to hadron cascade calculations, or even including 
hadron production as a loss mechanism. 

Hadron cascade calculations have been performed mainly to show radiation effects 
around high energy accelerators (1) and, in recent years, to study the performance of 
hadron calorimeters. On the other hand, electromagnetic cascade calculations (2) have 
proved to be tremendously useful in the design of electron accelerators and storage rings, 
and even essential for the proper design of electron-photon calorimeters. They have been 
used to a much lesser extent in the estimation of radiation effects around high energy 
accelerators. 
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With the construction of electron accelerators of higher and higher energies, such 
as the LEP machine at CERN and the SLC at the Stanford Linear Accelerator Center, 
there is increasing interest in being able to perform coupled EM-hadronic cascade calcu- 
lations for a number of reasons, including the study of radiation effects around these ma- 
chines. One of the first studies involving photohadron produetion was done by DeStae- 
bler (3) in the early 196Os, which covered the energy range from tens of GeV down to the 
giant resonance region. This work has found extensive use in shielding both the Stanford 
two-mile electron linac and the various experiments at that facility (4). 

As will be demonstrated in this paper, we are now better equipped with sophisti- 
cated Monte Carlo codes and with a more complete understanding of the physics that 
occurs at energies above 1 GeV. The purpose of the present work, therefore, is to study 
the high energy hadron component induced by photons in the GeV energy region. There 
is a second, less abundant, hadron component induced by deep inelastic electron-hadron 
interactions which is not, however, included in this study. 

We first describe the vector meson dominance (VMD) model that we use for the 
hadronic interactions of high energy photons with nuclei. This is followed by a brief dis- 
cussion of the dual multistring fragmentation model that is used in the FLUKA (5,6) 
hadron cascade code in order to generate photon-hadron and photon-nucleus events in 
the Monte Carlo calculation of the hadron cascade. The EM shower produced by electron 
or photon beams is treated by means of the EGS4 code (2) and the implementation of 
the hadronic interactions of photons in the coupled hadron-electromagnetic cascade code 
(FLUKA-EGS) d is escribed. Finally, we give results of hadron cascade calculations with 
incident electron beams and compare the hadron yields to experimental data. 

HADRONIC INTERACTIONS OF PHOTONS AND THE VMD MODEL 

In order to include the hadronic interaction of photons into hadron-electromagnetic 
cascade calculations, we need 

(i) the total hadronic cross sections of photons in order to determine the hadronic in- 
teraction probabilities of the photons, and 

(ii) a model to sample inelastic photon-nucleus events. 

The hadronic cross sections of photons are well described in the framework of the 
VMD model as described, for instance, in the review papers of Bauer, Spital, Yennie and 
Pipkin (7) and Schildknecht (8). Ab ove 2 GeV we describe the total inelastic photon nu- 
cleon cross sections by the simple parametrization (7) 

qp = 99.8 + 57.0/a [&I] 
(1) 

urn = 98.5 + 45.2/a [pb] 

where E, is the photon energy in GeV. Below 2 GeV the photon-nucleon cross sections 
show a considerable resonance structure for which, in the present study, we use the 
experimental data as collected, for instance, by the Particle Data Group (9) or by 
Bauer et al (7). 
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The interaction of photons on nuclear targets can be described by using an effective 
nuclear mass number A,ff 

Aeff - 
A zcxy, + yIiA- Z)ayn (2) 

The ratio Aeff/A has been determined experimentally. Above 2 GeV the data are well 
described by a constant ratio A,ff/A m 0.7 - 0.8. At lower energies the ratio rises to 
Aeff/A + 1 (7). 

According to the VMD model, the photon interacts hadronically as a vector meson 
p, w or 4. While p and w occur with equal probability, the 4 vector-meson contributes 
only about 8% to the cross section. What we need is a model describing particle pro- 
duction for inelastic hadron-nucleon and hadron-nucleus collisions, where the projectile 
hadrons are vector mesons. This model will be discussed next. 

DUAL MULTISTRING FRAGMENTATION MODEL AND FLUKA 

The hadron cascade code FLUKA (5,6) uses a Monte Carlo version of the multi- 
string fragmentation model due to Ranft and Ritter (lo), which is based on the dual- 
topological-unitarization (DTU) h SC eme following earlier work of Capella et al (11). Suf- 
fice it to say that in this model, which is described in more detail elsewhere (12), only the 
quark composition of the participating hadrons has to be known; therefore, we can cal- 
culate inelastic events even in pO-nucleus, w-nucleus and +-nucleus collisions. In addition 
to this dominant nondiffractive component of particle production, we include the single 

-diffractive component of hadron-hadron scattering for both target and projectile fragmen- 
tation, which can also be described by the Monte Carlo chain decay model (13). 

For the fragmentation of the quark-antiquark and quark-diquark chains, which oc- 
cur in these models, we use a Monte Carlo chain decay model (14), which was originally 
tested against data from hadron production in e+e- collisions (15). 

COMPARISON OF PHOTON-HADRON PRODUCTION WITH EXPERIMENT 

In Fig. 1 we compare the Feynman-x distribution, F(z), of z- mesons produced in 
photon-proton collisions with z- production in z*-proton collisions. Feynman-x is the 
fraction of the longitudinal momentum of the primary carried by the secondary (in the 
CM system). Feynman-x values range from -1 (secondary has momentum of target) to 
+l (secondary has momentum of primary); particles at rest in the CM have Feynman- 
x=0. It is evident from the experimental data (16) plotted in Fig. la, as well as from 
our calculations plotted in Fig. lb, that particle production in photon-hadron and pion- 
hadron collisions is very similar indeed. 
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Fig. 1. Comparison of Feynman-x distributions of rr- mesons produced in 7r*tp and 7p 
collisions: a) Experimental data (16). b) Calculations according to the dual 
multistring fragmentation model. 

We next compare with more recent data (17) concerning the photoproduction of 
neutral strange hadrons in 20 GeV photon-proton collisions. In Table 1 we compare the 
total multiplicities of produced neutral strange hadrons and find very good agreement. 

Table 1 

A, ii and K,” Production in 19.5 GeV V-Proton Interactions. 

Multiplicity Experiment (17) Model 

nA 0.054 f 0.002 0.044 f 0.004 
nii 0.0037 f 0.0003 0.0044 f 0.001 
nK: 0.093 f 0.003 0.099 f 0.004 

In Fig. 2 we compare the Feynman-x distribution of produced A and ii hyperons 
and K,” mesons. We find very good agreement in the photon fragmentation region but 
some differences concerning A hyperon production in the proton fragmentation region. 
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Fig. 2. Comparisons of A, li and K,” produced in 20 GeV 7p collisions (17) with the 
predictions of the dual multistring fragmentation model. 

In a separate publication (12), we have also made comparisons with recent data 
(18) on particle production in diffractive photon-proton collisions in the photon fragmen- 
tation region. We conclude that the model also describes the diffractive component of 
particle production in photon-hadron collisions quite well. We conclude from all these 
comparisons that the model describes the data on hadron production in the photon frag- 
mentation region well enough to be safely applied in hadron-electromagnetic cascade cal- 
culations. 

COUPLING FLUKA AND EGS4 USING THE VMD MODEL 

The hadronic interaction cross sections of photons are typically a factor. 100 or more 
smaller than the pair production and Compton scattering cross sections. Therefore, a 
straight forward analog Monte Carlo simulation of the hadronic interactions of photons 
occurring in the electromagnetic cascade would lead to very small hadron fluences. As a 
result, we have elected to apply biasing and weighting techniques as follows. 

We consider each photon with sufficient energy for an inelastic hadronic interaction 
(i.e., E, 2 200 MeV). From the simulation in EGS, we know the place where the photon 
was produced (or entered the material from outside), its direction, and its distance before 
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interacting (or leaving the material). Along this distance, D,, we calculate the hadronic 
interaction probability of the photon 

WY = 1 - w+--~,/+J , 

where X+ is the hadronic interaction length of the photon in the material. We proceed 
by appropriately decreasing the weight of the photon in EGS and add to the stack of 
hadrons in FLUKA a hadron with the proper quark-anti quark composition of a vector 
meson with the weight w7. This hadron is furthermore required to interact along the dis- 
tance D,. 

In order to obtain good statistics for the hadron production in such calculations, 
it is advisable to set the energy thresholds (cutoffs) for photons and electrons as high 
as possible, and also to use the leading particle bias option of EGS. In this option, only 
one particle is retained at each vertex (i.e., the one with the higher energy), and a new 
weight is appropriately assigned (e.g., see Ref. (19)). 

RESULTS OF THE CALCULATION AND COMPARISON WITH EXPERIMENT 

The yields of secondary hadrons from 18 GeV electrons on a 0.3 radiation length 
beryllium target were measured 18 years ago at SLAC (20). In Figs. 3a and b, we com- 
pare (on an absolute basis) the rr+ yields at different momenta and production angles 
with the results of the coupled FLUKA-EGS calculation. 

Although the calculated yields are slightly lower than the measured ones, our 
method essentially reproduces the measured data. Monte Carlo calculations of this type 
are difficult because of statistical limitations, particularly when they involve scoring in 
two-dimensions (e.g., momentum and angle). Hence, kaon and anti-nucleon results are 
not presented at this time. 

Encouraged by this agreement, we calculate the hadron cascades initiated by elec- 
tron beams in blocks of iron, aluminium and water. We present the results of the calcu- 
lations in the form of hadron star densities (stars/cm3), as well as the total number of 
hadron stars (per incident beam particle and per GeV beam incident energy). We com- 
pare these values in the case of iron with the results obtained for primary proton beams. 

In Table 2, we present the total number of hadron stars produced in a large block 
of material, both per incident projectile (electron or proton) and per GeV of incident en- 
ergy. 

In the case of iron, a factor of 300 to 600 fewer stars are produced per electron than 
per proton. In lighter materials, where the radiation length becomes comparable to the 
hadronic collision length, the number of hadron stars generated per incident electron in- 
creases accordingly. 
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Table 2. 

Total Number of Hadron Stars Produced in the Hadron Cascade. 

Beam Target 
Beam 
Energy 
PVI 

Stars/Projectile Stars/GeV 
Inc. Energy 

P Fe 10 20 2. 
20 39.8 1.99 
50 81 1.65 
100 140 1.40 

e Fe 10 0.032 0.0032 
20 0.075 0.0038 
50 0.21 0.0042 
100 0.499 0.0050 

e Al 10 0.058 0.0058 
20 0.14 0.0070 
50 0.38 0.0076 
100 0.85 0.0085 

e Hz0 10 0.082 0.0082 
20 0.19 0.0085 
50 0.54 0.011 
100 1.2 0.012 

-The total number of hadron stars produced within an iron slab of thickness 
AZ = 1 cm is plotted in Fig. 4 as function of z for both incident electrons and protons. 
The longitudinal star density profile curves are seen to be different for the two incident 
projectile cases. For hadrons, the star density builds up slowly, reaching its maximum at 
a depth of several hadronic absorption lengths. For incident electrons, on the other hand, 
the buildup is more rapid and occurs at a depth of the order of a radiation length. The 
slope of the attenuation at large depths looks rather similar for hadron and electron pro- 
jectiles. Also, the shape of the transverse attenuation of the hadron cascade seems to be 
the same in both cases. 
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Fig. 4. Comparison of the hadron cascade inside a large (z = 250 cm, r = 50 cm) iron 
cylinder hit by proton and electron beams with energies between 10 and 100 
GeV. 
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Fig. 5. Curves of constant hadron star density (stars/cm3/inc) for proton and elec- 
tron beams striking Fe, Al, and water targets. 
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In Fig. 5a through d, we plot hadron star densities in cylindrical blocks of material 
in the form of contours of equal star densities. For comparison, we include the case of 
a proton beam hitting an iron block, where again the differences between the cascades 
induced by hadron and electron projectiles becomes apparent. Star density curves of this 
type have been shown to be useful in estimating the dose equivalent (rate) from residual 
radioactivity generated by the hadron cascade (21-23). 

CONCLUDING REMARKS . 

A method for coupling electromagnetic and hadronic cascades using the EGS4 and 
FLUKA codes, respectively, has been presented. The photoproduction of hadrons by the 
bremsstrahlung photons in the EM cascade has been included by means of the vector me- 
son dominance (VMD) model. This method of coupling is able to give essentially cor- 
rect results for hadron stars and hadron fluences induced by electron or photon beams in 
blocks of material. As expected, the electron induced hadron cascades are suppressed by 
about a factor of 300 to 600 compared to those initiated by incident hadrons themselves. 
Also, the radial and longitudinal profiles (per beam energy) differ for the two particle 
types. 

This FLUKA-EGS4 coupling technique could find use in the design of secondary 
beams, in the determination of high energy hadron source terms for shielding studies, as 
well as in the estimation of induced radioactivity in devices such as targets, collimators, 
and beam dumps. The induced activity, produced in this case by high energy interac- 
tions, can be added to that created by the more abundant giant resonance excitation. 
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