


i 



TABLE OF CONTENTS 

PREFACE . -v-

I. INTRODUCTION -1-

II. MONTE CARLO CALCULATION -3-

A. Summary of the CASIM Approach -3-

B. Particle Production Models -5-

C. Particle Selection Schemes -9-

D. Multi-Media and Complex Geometries. -10-

III. STAR DENSITY CALCULATIONS -13-

A. Cases Analyzed -13-

B. Results Obtained. -14-

C. Parameters of the Calculations -16-

IV. ENERGY DEPOSITION DENSITY CALCULATIONS. -19-

A. Electromagnetic Showers -19-

B. Other Mechanisms. -30-

V. SPECIAL CALCULATIONS. -33-

A. Biased Calculations. -33-

B. Other Outputs. -36-

C. Ionization Calorimeters -36-

VI. RADIATION PROTECTION. -39-

A. Fluxes and Dose Rates -39-

B. Exposure Rate from Induced Radioactivity. -57-

C. Environmental Protection . -57-

VII. REFERENCES -59-

VIII. GRAPHS -63-

APPENDIX. -151-

-iii-





sufficient care to yield quantitative insight. Field measure

ments are usually too crude and their interpretations too 

ambiguous to be decisive. 

There may be other substantial omissions in this manual 

and readers' comments will be greatly appreciated. This work 

is being released before the completion of E-108 because the 

ever increasing number and intensity of secondary beams require 

convenient access to these data. 

We are grateful to all of our colleagues at Fermilab and 

elsewhere for discussions on shielding and on related problems, 

and in particular to Peter J. Gallon for his critical reading 

of the manuscript. We wish to thank Angela Gonzales for the 

careful preparation of the figures and creation of the cover. 

Her attention for detail in every graph of this large collection 

will contribute greatly to its usefulness. Our thanks also to 

Nancy Holloway for typing of the manuscript and to R. Gabriel and 

R. Santoro of ORNL for permission to reproduce Fig. VI.l. 
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The main results shown here are obtained with the Monte 

Carlo (MC program CASIM 1 which was expressly written for prob

lems dealing with high energy incident hadrons and shields 

of large dimensions. This program also allows quite compli

cated hadron production models in the form of inclusive dis

tributions to be used in shielding design. Practically all 

of the materials presented here is calculated with the Hagedorn

Ranft2 thermodynamical model of hadron production. This model 

is presently the only one for which extensive quantitative 

predictions were made on particle yields from proton-nucleus 

interactions. While there is still considerable extrapolation 

involved from the 9 GeV/c momentum region where it is known 

to be approximately valid, to Fermilab momenta, this extrapola

tion is performed in a physically meaningful way and not as 

a mere mathematical convenience. In the Appendix, it is shown 

that thick target yield predictions agree in an acceptable 

manner with actual measurements made at 200 and 300 GeV. In 

addition, preliminary results of thermal heating at 300 GeV 

(to be published later) show good agreement between measure

ments and calculations. 

In Section II the salient features of CASIM and of the 

Hagedorn-Ranft particle production model are briefly reviewed. 

Section III presents a description of the star (i.e., inelastic 

nuclear interaction) density calculations performed for dif

ferent geometries, materials and incident proton energies. 

These form the main body of this manual Sections IV and V 

deal respectively with energy deposition and with calculations 

for special situations. Section VI gives the information nec

essary to use these star density results to evaluate personnel 

and environmental radiation hazards. Section VIII contains 

the results of the calculations in graphical form along with 
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a table for easy reference, The .results pertaining to calori

meter design are also in this section. 

Some recent review articles may be consulted in order to 

place the present work in perspective. 
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approach is 

results. 

Each 

E C R L 0 C A L C U L 

cascade 

elsewhere. 1 

T 0 

reviewed below. is followed by a 

other calculations 5 -
7 cas-

of 

represented a 

in such a manner that the properties of the cascade are re

inci-

representative 

generation, the relevant parameters, e.g., kind i , momen

selection 

p, 1 

Repeated use of equation yield an estimate of 

average of a hadron-nucleus collision. Like-

wise 

average 

cascade 

generation the cascade. 

The choice the selection function S , p, determines 

the sampling of cascades under study. While this points 

to selection 

bl ems Note also direct use of inclusive distributions 



in equation (1 . This is again in contrast with other work 

in which each nuclear event is represented in the fully ex

clusive sense. The direct use of inclusive distributions is 

not only more efficient but also more accurate since a fully 

exclusive description of particle production involves more 

approximations which are unnecessary for the present appli

cations. 

Weighting techniques are also useful in calculating the 

collision distance, r. In the case of a constant mean free 

path, A, this distance is distributed according to A exp(-r/A). 

If one wishes to study the cascade over large or small distances 

this distribution is not the most efficient. In CASIM, r is 

chosen from a selection function, 

F(r) (kA) -r/kA 

where k can be large or small according to the problem. 

An additional feature of CASIM is the large degree of 

decoupling between cascade propagation and recording of in-

formation. In a star density calculation a "propagating 

particle" and one or more recording particles" are gener

ated when the propagating particle of the previous gener

ation undergoes an inelastic collision. The propagating 

particle is chosen according to its efficiency in producing 

stars in all generations. Recording particles 

(3) 

are selected according to their efficiency in producing 

stars in the current generation. The star density along the 

trajectory of the recording particle is computed at fixed 

intervals until the particle either (i) leaves the shielding 

configuration or (ii) the length of its trajectory exceeds 

its range, or (iii) its weight drops below a preset limit. 

Some other examples of this decoupling are discussed 

in Section V. 



particles are 

as 
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this behavior with various models (other than the thermo

dynamical model) of the p-p interaction. 15 Nuclear effects 

seem to be significant 

It is for this reason that the low energy component rep

resenting knocked-out nucleons is included in the present 

work. In addition the effects of nuclear excitation and 

binding energy are approximately taken into account. 

Finally, energy conservation is enforced by introducing 

an extra factor (dependent on incident momentum) in the 

thermodynamical model predictions. This factor is typically 

within 20% of unity except at momenta below about 3 GeV/c. 

The particles considered in the calculation are nu

cleons and pions. For the latter no distinction is made 

between and 1T . The 1To are not considered in prop-

agating the cascade; however, they are very important in 

calculating energy deposition. (See Section IV Less 

frequently produced particles (kaons, hyperons, nuclear 

fragments, etc.) are not explicitly included. Their effects 

are not completely neglected since energy conservation is 

forced among the few dominant mechanisms. The input data 

needed to describe particle production are then the nine 

inclusive distributions: pA + p, pA + n, pA + rr, nA + p, 

nA _, n, nA + TI, 1TA + p, TIA+ n, 1TA +A, where A represents 

any nucleus (H through Pb) and 1T represents rr+ + The 

thermodynamical model has presently been explicitly formulated 

only for the first and third interactions, i.e., pA + p and 

pA + The following assumptions are made to represent 

the remaining processes: 

1. Neutrons act much like protons. They yield the 

same and 1T spectra as incident protons. 

2. Neutrons produced by any incident particle have 

the same relative spectra as protons but differ in total 

number. The fractions of 

assumed to be: 
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. 5 

This takes account first order the leading particle 

entail 

of 

as for 

model incident bosons plus the necessary data 

fitting to fix the free parameters. Since no such a pre-

is yet 

same 

the 1Tp frame. 

the 

of 

b. Only backward moving 

to 

left right 

+ 

+ 

p 

Briefly, represents an 

are 

a 

as the 

fireballs are considered 

To 

are 

emerging 

differential cross section is calculated). 

more details, see Reference 2. 



actions are 

rearrangement contri-

0 + GeV 

ponent GeV/c was introduced calcula-

unreasonable 

s 



momenta includes projected momentum of the "energy 

results are are 

Trilling hadron production formulae. 6
'

9 This is essentially 

the same calculation as described by Ranft and Borak 9 

In principle the selection function is arbitrary, except 

that is should vanish for physically values of 

parameters. practice choice selection 

is very since it determine of con

choice vergence of the calculation; therefore, its 

is problem dependent. Most results presented here are de-

a selection scheme suited for general calcula-

scheme star density infor-

mation for the entire shielding configuration and for the 

complete range secondary particle momenta. selection 

particles are per-

The selection of a particle is made much in 

the fashion of conventional calculations, .e. selection 

resembles 

selection 

differential cross section. 

were to the differential 

cross section all particles emerging from a collision would 

carry equal weight. First the selection of of 

n (for 

belongs the or knock-out 

is made by the usual comparison of a random number to the 

respective probabilities of these events viz., 

where are respectively the 

and threshold momenta. In the case of the thermodynamical 

spectra each four basic reactions 

all others are ~ p, 

differential cross section are rep-the values 

resented tables for ten incident 





dicates 





results parameters 

x 

the configuration 

GeV/c 

To on beam 

Length 

Overall 1500 



cm 

case 

cases 

are presented terms of star densities 



outputs 

case 

2 For the smallest radial 

is expected strongest. 

stars. 

caees except these spectra separately 

5. less practical value, the average 

solid 

The results presented error 

satisfactory, 



statistical 

conclusions. 

cases such as the 

! 1 

particles is 



Average number of stars 
a large solid iron cylinder. 

ne um 

each generation for 
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This section and the next are devoted to a descrip

tion of presently implemented capabilities of CASIM. 

The calculation of energy deposition is important, 

e.g., for estimating heating e.ffects in beam dumps and 

accelerator components. By nature of its approach, 

CASIM computes the average energy deposition of the cas-

cade but does not deal with the fluctuations on a particle 

by particle basis. Consequently it is not well suited in 

its present form to study ionization calorimeter responses. 

Nonetheless, the average behavior is also of interest in 

these problems (see below). Perhaps with certain basic modi

fications to CASIM the goal of calculating calorimeter re

sponses with a realistic production model could be reached. 

In the present calculation four components contribute 

to the energy deposition viz.: 

(i electromagnetic showers initiated by rr0 decay; 

(ii energy loss of charged particles by ionization 

(and at very high energy losses by pair production 

and bremsstrahlung) 

(iii) de-excitation and recoil of the compound nucleus 

created by an inelastic collision; 

(iv) the contribution by particles below the calculational 

threshold. 

The calculation attempts to predict what an idealized 

general experiment would measure as deposited energy. 

The energy involved in the removal of a nucleon from 

the nucleus or in producing long-lived radioactivity 

is generally not detected. This is also true in prac

tical applications such as target heating. 

The CASIM approach appears well suited to study 

the average behavior of electromagnetic (e.m. showers 

in terms of underlying fundamental processes. No doubt 
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great in time be gained the 

used e. 

which follow individual particles. However, this concept 

Presently, a strictly empirical prescription is used 

describe the average dependence of 

the e. shower. This prescription has been tested against 

experimental and other for elements 

to range for electron 

energies up to 45 GeV. Some accuracy is sacrificed for 

1. 

dependence is described parameter 

as given by et al. For the present 

is sufficiently closely given by 

325 (ln z -1. 7 g•cm 

The energy dependence is known 

These statements be a new 

325 z -1. 7 (ln . -2 in g·cm 8 

where incident electron energy expressed in 

are expressed 

transition curves merge approximately into a "universal 

are some comparisons of 

and MC results with this universal curve These com-

are 

most of the z-range and incident momentum range encoun-

present 

here yield similar fits. Fig. IV. shows the GeV 

electron data Bathow, et al. 

present universal curve is based. The re-

sults of Cranell (Fig. IV.2 show marked deviations 
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change in the definition of A2 , but 

would likely result more cumbersome expression. 

the 

errors 

smaller (though logarithmically) at low 

energy, deviations arising from use of simple ex-

electron copper is about .05 A~ (or about cm). 

hadron interaction and 

Muller 2 (Fig. .3) on Pb over an incident electron range 

impressive 

of 

Be, Cu and Ta are shown in 

data the abcissa was 

and agree moderately 

of 

on 

To compare with elec-

9/7 radiation lengths 

one 

was of The agree-

ment for Be is very good, apart from the expected deviations 

The is less satisfactory for Cu and 

suffer large 

2. 

material dependence radial spread can be re-

9 

is to be 21 

critical energy of the material, 25 

Further, Volkel 6 has shown that if depths are expressed in 

of at electron 
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Fig. IV.4. Fraction of 
Alsmiller and Moran, 
work (see 

0 

unit \2 versus depth (in units for the data of 
Solid line is the universal curve assumed in this 
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flux occurs, then radial flux distributions are inde

In 

be 

approximately independent of incident energy. Thus, for 

depths expressed in 

ease of 

is attractive to further simplify this (at expense of 

accuracy) introducing the variable 

Figs. 

the 

5-7 show plots of the radial· distributions 

as a 

References ' 23, 24. 

radial distributions • 

As 

large 

depths 

(Muller's study 22 does not include 

ordinates are unnormalized. 

enters 

Alsmiller results for and 

also show large deviations at small e but their statis-

tical uncertainty 

fit 

account for this. 

the 

F 8) cc e · 468 (11 

errors scale 

of distance are cm range for most 

cations the fluctuations in radial development of the 

cascade dominate. scheme 

with its dependence. 

of describing energy deposition 

a scheme average 



-

Fig. IV.5. Radial distribution of 
units for the data of Bathow et 

0 
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+ 

deposited as a function e = 
The variables are defined in the 

0 

+ 

/( ) in arbitrary 
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Fig. IV.6. distribution 
units for the data of Crannell. 

e 

deposited as a function e /{ arbitrary 
The variables are defined in text. 
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spatial distribution of the energy deposition by e.m. show-

ers. The TI
0 inclusive distributions are assumed to be identical 

to (non-leading) and TI with the same average multiplicity 

for each species. Then every time a charged pion is ere-

ated in the MC run, it is also taken to represent 0 a TI , 

with weight W = 0.5. Every TIO is assumed to decay into 

two photons. From an isotropic distribution in the 

rest-frame one photon is selected (W' = 2W = 1). Every 

photon is assumed to produce an e+ - e pair a distance 

x away. This distance is determined from the distribution 27 

F (x) o: e (12 

One electron of the pair is followed (W" = 2W' = 2). 

Its energy is randomly chosen from a uniform distribu-

tion over the interval between zero and the photon en-

ergy and its direction is assumed to be the same as that 

of the photon. The ratio (r/z) in the variable e is now 

interpreted as a (small) polar angle and e is assumed to be 

distributed according to equation (11). The electron energy 

is deposited according to the universal depth dependence 

curve along a ray determined by 8 and a randomly distributed 

azimuthal angle. 

The remaining mechanisms of energy deposition are cal-

culated in somewhat cruder fashion. This is partly out of 

necessity since CASIM does not follow low energy particles, 

and partly because these mechanisms are generally of lesser 

importance at Fermilab energies. The energy deposition of 

the cascade particles is computed by following a recording 

particle. For this calculation the propagating particle 

(which is selected according to the scheme of Section II.Cl 

may also serve as the recording particle, thus saving computer 

time. 
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1. 

Ionization losses, including losses from bremsstrahlung 

and direct pair are derived from a table (dE/dx) 

values taken from existing compilations. 18119 This energy 

is calculated and deposited stepwise along the trajectory 

of the recording particle in the same way as in a star den-

sity calculation. 

2. 

The excitation energy as a function of incident energy 

is assumed to follow equation (6 and evaporation of low en-

ergy particles is considered to be the dominant mode of de

exci tation. From Dostrofsky et al. 28
, the average number of 

nucleons emitted is 

<6A> 
(13) 

To 

with E* (excitation energy) and T0 {nuclear temperature) in 

~ MeV and To = (lOE*/A) An average binding energy of 8 MeV 

per nucleon is excluded from the energy to be deposited. The 

remainder, 

0.9 + .97 
E*' 8.9 + .97 

(14 

is assumed to be equally distributed between charged particle 

and neutron evaporation. The charged particle fraction of the 

excitation energy is deposited locally at each recording event. 

The evaporation neutrons can be expected to propagate in a 

complicated fashion until they eventually are absorbed or escape. 

Their history is rather drastically simplified by assuming that 

one half of this fraction of E*' is deposited one interaction 

length away (isotropically distrubuted) from the pseudo event. 5 

For ease of computation E*' is stored in tables as a function 

of energy (for neutrons) or range (for charged particles) . 
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3. 

The energy of particles emitted below threshold, EBT' 

is stored in tabular form and treated like E*', i.e., 015 

is deposited locally at each pseudo event and 0.25 is 

deposited one interaction length away. When a charged particle 

will fall below threshold during the next recording step, all 

its kinetic energy is deposited at a distance of one half the 

range at threshold momentum along its direction of motion. 

For pions, in addition one half of the rest mass energy is 

deposited, at a distance equal to the full range at threshold 

along its direction of motion. This crudely reflects the 

facts that (a) 

subsequently 

generally decay 

) , and only the 

) and the decays 

and e+ ionization is 

observed; (b) while rr generally interact with a nucleus, the 

histories of the particles emitted are not followed, and binding 

energy corrections etc., cause less than the full rest mass 

energy to be observed. 
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lations described in Section .C and Section III require 

results of 

description of a few such applications and the techniques 

The particle selection schemes of Section II.C are 

pertains to space 

or range of particle momenta the above techniques are not 

sufficient. 

for large class of problems special handling is necessary. 

stage, or both. An illustrative example of each is included 

of has 

a brief description of the techniques actually used. More 

be 

Since the these special calculations 

limited interest they have not been included. 

Cryostat 

The configuration as idealized by P. Gollon from 

in Fig. 

of 

(assumed) cylindrically syrrunetric cryostat and sweeping 

magnets. target deflects 

center 

into a beamdump. 

forward neutrons emerging from the Be 

target to the dose rates 



Fig. V.1. Idealized 
the 

Neutral 



large depths and radii. For this reason a different 

selection scheme is employed. The polar angle of the 

propagating particles in the Be target is chosen from a 

distribution exp(-8/<8>) with <8> = .001 rad. Their 

momenta are selected from the function S(p) ~ p for nucleons 

and S(p) = canst. for pions. Since the sweeping magnet 

deflects all charged particles off axis, the particle 

emerging from the last interaction in the Be is always 

assumed to be a neutron. 

With this procedure a crude estimate of the relevant 

dose rates is obtained. While further biasing might enhance 

the statistics this benefit could not justify additional 

programming efforts and computer time. 

2. 

There is a directive at Fermilab to limit annual accelerator 

proauced doses at the site boundary to ten millirem. The 

question of what is adequate shielding for a distant region 

cannot be readily deduced from the study of star densities 

in the shield itself. 

An example is the study performed for the Fermilab Neu

trino Section consisting of a 180 cm steel beamstop followed by 

two kilometers of air to a heavily travelled highway Ill. 38 

which is situated near the site boundary. Since the dose rate 

at ground level or at small elevation is of prime interest 

some forward biasing is needed. Six "target regions" are 

established at 0, 3, 10, 30 and lOOm off the axis, all at 

2 km from the beamstop. Every time a particle undergoes a 

collision in the steel or in the air, one or more recording 

particles are aimed at the target regions. The number of 

recording particles at each collision is determined from 

the weight of the parent particle and the distance to the 

target region. The particle momenta are chosen from a set 

of crude approximations to the thermodynamical spectra and 

to the knock-out nuclear spectra, then they are weighted 

according to equation (1 In this manner relatively smooth 
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may be useful for non-uniform calorimeter 

in 

is 
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is 

program 

D 

it keeps the volume 

R 0 T E C 0 

be 

output more manageable. 

The necessary conversion factors are given below, along 

to 

ically 

assumptions made for their derivation. 

3 GeV/c for the results presented this 

The value of the cut-off is important in determining the con-

version factors stars to dose to dose equivalent. 

As 

for energies the 

Ranft production model (Section is not Further-

inore the cross sections vary rapidly with energy in this re

for 

such 

is 

such effects in sufficient detail 

from 's 

at 

for 

has 

similar calculations 

and also from observation that for a sufficiently well developed 

cascade, the the energy particles 

is 

by 

is essentially 

CASIM spectra even 

momentum. 

of rates 

same). is borne 

their relatively high 

particle effects the derivation 

is 

of 

assumed spectrum of low particles 

as calculated Gabriel and Santoro 1 of ORNL for the (soil) 
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FLUX AVERAGED OVER THE SPATIAL COORDINATES 
Z=600-60l m AND p=0-0.229 m 

ENERGY (MeV) 

Fig. VI.l. Kinetic energy spectrum of hadrons as calculated 
by T. Gabriel and R. Santoro31 for the backwall of a target
tunnel configuration. This spectrum is assumed to be repre-
sentative of an spectrum and is used to calcu-
late the effects low energy particles not followed in 
CASIM. 

back wall of a target-tunnel configuration. This spectrum 

is then separately normalized to the CASIM results in the 

0.3-0.8 GeV/c momentum range for protons, neutrons and pions. 

The higher energy part of the spectrum of Fig. VI.l does not 

enter into these calculations. 

The spectrum of Gabriel and Santoro 31 is used in this 

manner even f6r regions in the shield where the assumption of 

cascade equilibrium is not valid, i.e., close to where the 

beam enters. Even if sufficient information were available, 

it would be quite cumbersome to evaluate the proper conversion 

factors in these regions because the shape of the low energy 
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is 

results obtained using the equilibrium spectrum are over-

containing .2% by weight of hydrogen, its use in hydrogen free 

In 

derived from them) carry a somewhat larger uncertainty 

normalization of 

hinges on the results for a small momentum region. 

is 

particles 

significant fraction the total and in fact in regions of 

ticles. Results are presented 

factors relating star density hadron flux, entrance 

The omnidirectional flux above threshold 

the star density 

total omnidirectional flux (including 

per as 

of location in a large irom beamstop is shown 

VI 2 both for 30 GeV/c and GeV/c incident protons. 

is 

where cascade is developed. . VI. shows 

similar results for a concrete beamstop. 

The entrance absorbed dose is the energy absorbed 

at or near surface of slab 

tissue 
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Fig. VI.2. Conversion factor of star density (stars/crn3) to omnidirectional flux ( 
as a function of radius for a solid iron cylinder at various depths for incident proton momenta 
of 30 and 1000 GeV/c. 

-42-



0 

• 
0 

h m) P. 
me 

P. = 
inc 

IJ 11111 

0 • 

IJ 
ii 

0 g 

Fig. VI.3. Conversion factor of star density (stars/cm3) to omnidirectional flux (hadrons/ 
as a function of radius for a solid concrete cylinder at various depths for incident proton 
momenta of 30 and 1000 Ge VI c. 
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It is expected to be roughly proportional to what is 

measured with a detector such as a tissue equivalent 

ionization chamber. The results presented herein in-

elude the effects of low energy particles and of e.m. 

showers initiated by n°. The entrance absorbed dose 

and maximum dose equivalent (see below) per particle 

as a function of energy for hadrons in the range of 

MeV to MeV is based on various sources. 32 

The effect of decay is roughly included by convert-

ing the charged pion star density to energy density. 

Each charged pion star is assumed to contribute one 

half the total energy of the pion. Fig. VI.4 shows 

-3 the entrance absorbed dose per star (rad/star cm ) 

as a function of location in a large iron beamdump 

for 30 GeV/c and 1000 GeV/c incident protons. Fig. VI.5 

is the corresponding graph for a concrete beamdump. 

3. 

In calculating the dose equivalent, a "quality 

factor" varying with particle type and with energy is 

assumed to modify the absorbed dose to yield a rough 

measure of biological effectiveness. This quality may 

vary considerably 1-rith depth in the human body. The 

International Commission on Radiological Protection 33 

recommends that any evaluation of radiation hazards 

shall assume that every particle in the spectrum con-

tributes the maximum dose equivalent as calculated 

for a 30 cm slab of tissue. This is of course an upper 

bound since particles of different energy generally will 

deposit their maximum dose equivalent at different depths. 

However, this is generally not a severe overestimate since 

the largest contribution is usually due to neutrons in the 

1-50 MeV energy range, and for these particles the maximum 

dose equivalent occurs very near the entrance surface. A 

more realistic estimate would be obtained by calculating 

the dose equivalent integral over the spectrum at each 
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Fig. VI.4. Conversion factor of star density (stars to entrance absorbed dose (rad) as a 
function of radius for a solid iron cylinder at various depths for incident proton momenta of 30 
and 1000 GeV/c. 
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Fig. VI.5. Conversion factor of star density (stars/cm3) to entrance absorbed dose (rad) as a 
function of radius for a soli~n at various depths for incident proton momenta of 30 
and 1000 GeV/c. 
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in its 

value This has been discussed by Shaw et al. • For 

imum dose equivalent even more. 35 However, such questions 

effect. present work, the contribution to the 

Plots the spatial dependence of dose 

equivalent per star 

on seen again all 

regions where 

It can 

cascade is , the conversion 

variation of conversion factors location 

variation of the same factors in a finite shield of 

those of the fact 

is 

formly forward and radially outward, so truncation of 

has effect on star density 

As can be expected the conversion factors are pro

portional to 

conversion factors can 

be removed by expressing them as rem(rad)/ particle) . 

at 

VI. 

Most dosimeters and detectors are sensitive only to 

range of energies. 
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Fig. VI.6. Conversion factor of star density {stars to maximum dose equivalent {rem) as a 
function of radius for a solid iron cylinder at various depths for incident proton momenta of 30 
and 1000 GeV/c. 
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Fig. VI.7. Conversion factor of star density (stars/cm3) to maximum dose equivalent (rem) as a 
function of radius for a solid concrete cylinder at various depths for incident proton momenta of 
30 and 1000 GeV/c. 
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6.0 x 

x 

cascade is 

stars produced with momentum 

are of all momenta, including thermal neutrons. 

the effectiveness of such detectors it is useful to plot 

of energy. Here, the integral contributions to flux, en-

dose 

reference. fraction 

which the detector is sensitive can be easily read off 

these 3 

cen-

tered on the beam axis (0 z 00 cm, 0 < < 5 cm), 

< 

valent graphs for GeV/c protons. Figs. VI 12 and 

are at· 

cm, 750 a concrete beam 

irradiated GeV/c and 1000 GeV/c respectively. 
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Another application of the star density curves is 

their relation to the dose rate resulting from induced 

radioactivity in targets and shields. Where the cascade 

is sufficiently dose to equilibrium the conversion factor 

is expected to be constant. Comparison of the detailed 

radioactivation calculations of Armstrong and Alsmiller 36 

for 200 GeV protons uniformly lost along the axis of an 

iron cylinder, with the star density predictions of 

CASIM, yields the required conversion factor. For the 

case of infinite irradiation time and zero cooling time, 

the conversion factor so derived is 9.0 x -1 
(rad/hr )/ 

(stars 
-1 

sec ). This is in good agreement with the 

value of 7.5 x quoted by Goebel et al. 37 based on 

a similar comparison of the Armstrong and Alsmiller result 

with Ranft's calculations. Since, this is a calculation of 

absorbed dose in soft tissue, rads are used instead of 

Roentgens. These values refer to the dose rate on contact. 

A more useful value perhaps is the dose rate at a distance 

of about 30 cm. However, this will depend on the dimensions 

and geometry of the radioactive object. The decay of the 

radioactivity in the iron (after an infinite irradiation 

time) is very gradual, reaching half its initial value 

only after a lapse of about one month. 36 

The above values pertain specifically to iron, they 

will generally be different for other materials. It must 

also be borne in mind that the above calculations assume 

that the cascade is at or near equilibrium. 

The production of radionuclides in the soil surrounding 

the accelerator complex can also be estimated with the help 

of CASIM. This can either be performed by direct calculation 

using an excitation function for the prominently produced 

long-lived radionuclides in the soil, or by estimating their 

production from the star density. Since one is ultimately 
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concerned with the off-site transport of these radionuclides, 

transit must be 

arguments 

nuclide production, leachability and transport to the boundaries 

be 

in uncontrolled soil around the Fermi1ab accelerators, beam 
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G R A P H S 

This section contains the main results in the form 

of graphs from a sample of CASIM outputs. 

The various cases discussed here are presented in 

Table VIII.l. More detailed information is provided in 

the figure captions and in Section III.B. Distances are 

expressed in cm throughout; in a few cases they are also 

indicated in "metric feet" (30 cm). 
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TABLE II.I 
I G U R E N U M B E R 

production model used except where otherwise noted 

Proton Momentum, (GeV/c) 

Contours 

Momentum Spectra 

Equal Contours 
(Trilling) 

30 

SOLID IRON CYLINDER 

l 

CYLINDER 

18 

26 

30 

100 

2 

6 

10 

14 

19 

300 

7 

11 

17 

20 

24 

32 

34 

t 37 

1000 

4 

8 

21 
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TAB L ~ VIII.I 

F I G U R E l E F E R E N C E 
Incident Proton Momentum, GeV/c 30 

Equal Star Density Contours 

Momentum Spectra 

CONCRETE CAVE, TARGET ON AXIS 
100 

IRON PIPE (10 cm inner -adius), BEAM LOST ON WALL 

Equal Star Density Contours 

Momentum Spectra 

46,47,48 

58,59,60 

49,50,51 

61,62,63 

IRON PIPE (1 cm inner radius), BEAM LOST ON WALL 

Equal Star Density Contours 

IRON PIPE (10 cm inner radius), TARGET ON AXIS 

3qual Star Density Contours 

Momentum Spectra 

Integrals at Various Depths, 
Radial Dependence 

Radii, 

Equal Energy Deposition 
Density Contours 

ENERGY DEPOSI'l'ION 

74 75 

78 79 

82 83 

300 

40 

42 I 43 

52,53,54 

64,65,66 

70 

71 

72,73 

76 

80 

84 

1000 

41 

44, 45 

55,56,57 

67,68,69 

77 

81 

85 
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not inclu·;ed due to statistical uncertainty. 
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Fig. VIII.2. 100 GeV/c protons incident on a solid iron cylinder. Co:>tours of equal star density (stars/cm3 ·inc. proton). The beam of 
0.3 x 0.3 cm cross section is centered on the cylinder axis and starts to interact at zero depth. The star density includes only those 
due to hadrons above 0.3 GeV/c momentum. Contours of higher star density are not shown for clarity of the plot, thc3e of lower star 
density are not included due to statistical uncertainty. 



I 
0--
00 

due to 
density 

and S'carts to interact at zero depth, The star density i icludes 
not claritv plot, 



VIII.4. 1000 GeV/c protons mcmem inc. The 

cross density includes 

to above plot, 
density are not included due to statistical uncertainty. 



cm cross section is centered the cylinder axis and starts 
only those due to hadrons above 0.3 GeV / c 
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Fig. VIII.6. 100 GeV/c protons incident on a solid iron cylinder. Depth dependence of the 
,, ... ~"'""'·'""star density (stars/cm· inc. proton) and the star density at small radii 

·inc. proton). The beam of 0.3 x 0.3 cm cross section is centered on the cylinder 
axis and starts to interact at zero depth. The star density includes only those due to hadrons 
above 0.3 GeV I c momentum. The star densities at small radii are not shown in the backward 

due to statistical 



VIII.7. 300 GeV/c protons incident on a solid iron 
integrated star density (stars proton) and 

region due to statistical uncertainty. 



Fig. VIII.8. 1000 GeV/c protons incident on a solid iron cylinder. Depth dependence of the 
star density · inc. proton) and the star density at small radii 

(stars · inc. proton). The beam of 0.3 x 0.3 cm cross section is centered on the cylinder 
axis and starts to interact at zero depth. The star density includes only those due to hadrons 
above 0.3 GeV/c momentum. The star densities at small radii are not shown in the backward 

due statistical 
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protons incident on a solid iron cylinder. Radial dependence of star 
· inc. proton) at selected depths. The beam of 0.3 x .3 cm cross section is 

axis star density includes only those above 0.3 
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protons incident on solid iron cylinder. Radial dependence of the star 
density · inc. proton) at selected depths. The beam of 0.3 x 0.3 cm cross section is 
centered on the cylinder axis. The star density includes only those due hadrons above 3 
Ge VI c momentum. 
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Fig. VIII. :I. 1. protons incident on a solid iron cylinder. Radial dependence of the star 
density (stars ·inc. proton) at selected depths. The beam of 0.3 x 0.3 cm cross section is 
centered on the cylinder axis. The star density includes only those due to hadrons above 0.3 
GeV I c momentum. 
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a solid iron cylinder. Radial dependence of the star 
x is 

those due 



VIII.13. incident on a solid iron cylinder. Momentum spectra inter 
acting hadrons · GeV/c · inc. proton) for selected regions. The beam of 0.3 x 0.3 
cm cross section is centered on the cylinder axis. The spectra are not calculated below .3 
GeV I c momentum. 
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Fig. VIII.:1.4. 100 GeV/c 
acting hadrons 
cross "'"""nnn 
momentum. 

incident on a solid iron cylinder. Momentum spectra of inter -
beam 
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Fig. VIII.15~ 300 _GeV I e incident on a solid iron Momentum spectra inter -
acting hadrons (stars GeV/c ·inc. proton) for selected regions. The beam of 0.3 x 0.3 
cm cross section is centered the axis. The spectra are not calculated below 0.3 
Ge VI c momentum. 
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dependence 
star density at small radii 
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0 

Fig. VIII.24. 300 GeV I c protons incident on a solid concrete cylinder. Depth dependence of the 
star density · inc. proton) the star density at small radii 

·inc. proton). The beam of 0.3 x 0.3 cm cross section is centered on the 
axis starts to at zero The star density includes only those due to 
above 0.3 GeV I c momentum. The star densities at small radii are not shown in the backward 
region due to statistical uncertainty. 
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nH~lJ l~HIA'•n Star 
(stars ·inc. proton). 3 cm cross section is centered cylinder 
axis and starts to interact at zero depth. The star density includes only those due to hadrons 
above star densities are not 
region 



a concrete 
star density (stars at selected depths. The beam of x . 3 cm cross 
section is centered on the cylinder axis. The star density includes only those due hadrons 
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:SZ< 

-12 

-13 

Fig. VIII.ZS. Radial dependence of the 
star density at selected . The beam 0.3 x 0.3 cm cross 
section is centered the cylinder axis. The star density includes only due to hadrons 
above 0.3 GeV/c momentum. 
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Fig. VIII.30. 30 GeV/c protons 
interacting hadrons (stars 
0.3 x .3 cross section 

on a solid concrete cylinder. Momentum spectra 
. GeV/c · inc. proton) for selected regions. The beam of 

axis. The spectra not calculated 





"VLl.JHJCCU.LUJ.U spectra 
nu>r:c>cnina hadrons (stars · GeV/c ·inc. proton) for selected regions. The beam of 

x 0.3 cm cross section is centered the cylinder axis. The spectra are not calculated 



m 

VIII.33. :1000 GeV/c incident on a solid concrete cylinder. Momentum spectra of 
interacting hadrons stars · GeV/c ·inc. proton) for selected regions. The beam of 
0.3 x 0.3 cm cross section is centered on the cylinder axis. The spectra are not calculated 
below 0.3 momentum. 
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lower star density are not included to -



protons placed 
by a tunnel in solid inc. proton). star 

includes only those due to hadrons above 0.3 0.3 cm cross section is centered on the cylinder 
star not lower star are not due 



c: 

Fig. VIII.36. 300 GeV/c protons incident on a copper target, approximately one interaction 
long, placed in iron cave represented a large solid 



0 
c: 

crn four radial regions. 
centered on the cylinder axis. spectra are not calculated below 



GeV/c on copper target, 
length long, placed in an iron cave represented 

spectra interacting hadrons 



<I cm 

-14 

ome m, 

Fig. VIII.39. 1000 GeV/c protons incident on a copper target, approximately one interaction 
length long, placed in an iron cave represented by a cylindrical tunnel in a large solid cylinder. 
Momentum spectra of interacting hadrons stars I cm 3 · Ge VI c · inc. proton) between 7 50 cm and 
1350 cm depth (backwall) in four radial regions. The beam of 0.3 x 0.3 cm cross section is 
centered on the axis. The spectra are not calculated below 0.3 GeV/c momentum. 
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Fig. VIII.41. 1000 GeV / c protons incident on a copper target, approximately one interaction length long, placed in a concrete cave repre
sented by a cylindrical tunnel in a large solid cylinder. Contours of equal star density (stars/cm3 · inc. proton). The star density 
includes only those due to hadrons above 0.3 GeV /c momentum. The beam of 0.3 x 0.3 cm cross section is centered on the cylinder 
axis. Contours of higher star density are not shown for clarity of the plot, those of lower star density are not included due to statis -
tical uncertainty. 



incident on a copper target, 
cave represented 

cm depth (tunnel region) in three radial regions. 
centered cylinder axis. The spectra are not 
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Fig. VIII.43. 300 GeV /c protons incident on a copper target, approximately one interaction 
length long, placed in a concrete cave represented by a tunnel a large solid 
cylinder. Momentum spectra of interacting hadrons · GeV/c ·inc. proton) between 
1250 cm and 2250 cm depth (backwall) in four radial regions. The beam of 0.3 x 0.3 cm cross 
section is centered on the cylinder axis. The spectra are not calculated below 0.3 
momentum. 
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Fig. VIII.46. 30 GeV/c protons incident on the inner wall of 11ipe (iO inner radius). The beam of infinitesimal cross section 
travels paraliel the axis at an infinitesimal distance into the inner wall and starts to interact at zero depth. Contours of equal 
star density (stars · inc. proton) for quadrant struck by the beam (see inset). The star density includes only those due to hadrons 
above 0.3 GeV/cm momentum. Contours of star density are not shown for clarity of the plot, those of lower star density are not 
included due to statistical uncertainty. 
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30 GeV/c protons incident on the inner wall of an iron pipe (10 cm inner radius). The beam inEinitesimal cross section 
to the axis at an infinitesimal distance into the inner wall and starts to interact at zero depth. Contours of 

star (stars inc. proton) for quadrant opposite the beam (see inset). The star density includes only those due to hadrons 
above 0.3 GeV /cm momentum. Contours of star density are not shown for clarity of the plot, those of lower star density are not 
included due to statistical uncertainty. 
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Fig. VIII.50. 100 GeV/c protons incident on the inner wall an iron pipe (10 cm inner radius). The beam of infinitesimal cross section 
travels parallel the ~ipe axis at an infinitesimal distance into the inner wall and starts to interact at zero depth. Contours of equal 
star density (stars/cm ·inc. proton) for quadrant centered at right angles to the beam (see inset). The star density includes only 
those due to hadrons above 0.3 GeV /cm momentum. Contours of higher star density are not shown for clarity of the plot, those of 
lower star density are not included due to statistical uncertainty. 
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Fig. VIII.52. 300 GeV/c protons incident on the inner wall of an iron pipe (10 cm inner radius). The beam of infinitesimal cross section 
travels parallel to the ~ipe axis at an infinitesimal distance into the inner wall and starts to interact at zero depth. Contours of equal 
star density (stars/cm · inc. proton) for quadrant struck by the beam (see inset). The star density includes only those due to hadrons 
above 0.3 GeV/cm momentum. Contours of higher star density are not shown for clarity of the plot, those of lower star density are not 
included due to statistical uncertainty. 
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Fig. 58. 30 GeV/c protons incident on the inner wall of an iron pipe ( 0 cm inner radius). 
The beam of infinitesimal cross section travels parallel to the pipe axis at an infinitesimal dis 
tance into the inner wall. Momentum spectra of interacting hadrons (stars I · Ge VI c · inc. 
proton) for the radial region between 10 cm and 12 cm from the axis (zero and 2 cm from the 
inner wall) for each quadrant (see inset) and for depths between zero and 200 cm (above) and 
between 200 cm and 900 cm (below). The spectra are not calculated below0.3 momentum. 
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Fig. VIII. GeV / c protons incident on the inner wall of an iron pipe ( cm inner radius). 
The beam of infinitesimal cross section travels parallel to the pipe axis at an 
tance into inner wall. Momentum spectra of interacting hadrons stars 
proton) for the radial between i O cm and 2 cm from the axis (zero.and 2 

for each quadrant (see inset) and for depths between zero and ZOO cm (above) and 
cm and 900 cm (below). The spectra are not calculated .below 0,3 GeV /c 

momentum. 
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Fig. VIII.62. 00 c protons incident on inner wall of an iron pipe (10 cm inner radius). The 
beam of infinitesimal cross section travels parallel to the pipe axis at distance 
into the inner Momentum spectra interacting hadrons (stars 
for four radial regions averaged over azimuth depths between zero and cm. 
spectra are not calculated below 0.3 GeV/c momentum. 
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me m, 

63. GeV/c protons incident on inner wall of an iron pipe (1 cm inner radius). The 
beam infinitesimal cross section travels parallel to the pipe axis at an infinitesimal distance 
into the inner wall. Momentum spectra of interacting hadrons (stars · GeV I c . inc. proton) 
for four radial regions averaged over azimuth and for depths between cm and 900 cm. The 
spectra are not calculated below 0.3 GeV/c momentum. 
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Fig. VIII.65. 300 GeV/c protons incident on inner wall of an iron pipe (10 cm inner radius). The 
beam of infinitesimal cross section travels parallel to the pipe axis at distance 
into the inner wall. Momentum spectra of interacting hadrons (stars · Ge VI c · inc. proton) 
for four radial regions averaged over azimuth and for depths between zero and 200 cm. The 
spectra are not calculated below 0. 3 GeV / c momentum. 
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incident on inner wall of an iron pipe ( i 0 cm inner radius). 
section travels parallel the pipe axis at an infinitesimal 

m.<.JHuo1.u1n11 spectra interacting hadrons 
for four radial regions averaged over azimuth and for depths between zero and 200 

spectra 



The beam of infinitesimal cross section travels parallel to pipe axis at an uu.'""'""' 
tance into the inner wall. Momentum spectra of interacting hadrons (stars 

radial regions averaged over and between 200 and 
spectra 
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Fig. VIII.71. 300 GeV/c protons incident on a copper target, approximately one interaction length long, placed in arl iron pipe. Contours 
of equal star density (stars/cm3 ·inc. proton). The star density includes only those due to hadrons above 0.3 GeV/c momentum. The, 
beam of 0.3 x 0.3 cm cross section is centered on the pipe axis. Contours of higher star density are not shown for clarity of the plot, 
those of lower star density are not included due to statistical uncertainty. 
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Fig. VIII.72. 300 GeV/c protons incident on a copper target, approximately one irnc.,r·aL 

long, placed in an iron pipe. Momentum spectra of hadrons (stars 
inc. proton) for four radial regions and for between zero and 200 cm. The spectra are 
not calculated below 0.3 GeV/c momentum. 
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Fig. VIII.76. 300 GeV/c protons incident on a solid iron cylinder. Fraction the incident 
kinetic energy deposited as ionization, plotted as a function of radius for various cylinder 
lengths. The beam of 0.3cmx0.3 cm cross section is centered on the axis. 
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z= cm 

0.4 
z= cm 

VIII.77. 1000 GeV/c protons incident on a solid iron cylinder. Fraction of the incident 
kinetic energy deposited as ionization, plotted as a function of radius for various cylinder 
lengths. The beam of 0.3 cm x 0.3 cm cross section is centered on the cylinder axis. 
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100 

cm 

Fig. VIII.80. 300 GeV /c protons incident on a solid iron cylinder. Fraction of the incident 
kinetic energy- deposited as ionization plotted as a function of length for various cylinder radii. 
The beam of cm x .3 cm cross section is centered 
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000 GeV/c protons incident on a solid iron cylinder. Fraction of the incident 
as a function length for various cylinder 

axis. 
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Fig. VIII.82. 30 GeV / c protons incident on a solid iron cylinder. Contours of equal deposited energy density ( GeV /cm 3 · inc. proton). 
The beam of 0.3 cm x0.3 cm cross section is centered on the cylinder axis and starts to interact at zero depth. Contours of higher 
energy density are not shown for of the plot, those of lower energy density are not included due to statistical uncertainty. 
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Fig. VIII.84. 300 GeV/c protons incident on a solid iron cylinder. Contours of equal deposited energy density (GeV/cm3 ·inc. proton). 
The beam of 0.3 cm x 0.3 cm3 cross section is centered on the cylinder axis and starts to interact at zero depth. Contours of higher 
energy density are not shown for clarity of the plot, those of lower energy density are not included due to statistical uncertainty. 
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after consideration. is presently the one 

in crude fashion to incident particles other than 

pertains 

conclusions, it 

collisions 

the 

contains a 

these parameters 

p-p particle spectra .. , symmetry in a p-p center 

not be represented the spectra. 

of 

mass 



few additions and modifications were made to the 

before it shielding-type problems. These 

are the 

spectra. Their differential yields were taken from the para-

metrization of the intranuclear cascade 

energies 

to few 

2 Each inelastic particle-nucleus collision creates a 

certain amount of nuclear excitation. The dominant excitation 

is energy 

nuclear fragments. 

3) Neutrons (not explicitly treated by HR) have the same 

relative spectra as protons. total number of nucleons 

the is 

normalized two. The protons is 

4 The pion spectra are normalized so as to conserve 

energy the collision (assuming the production cross-

sections are equal the average of of 

constants so determined are fairly close 

to unity except at low incident energies. 

Particles other nucleons and pions are presently. 

energy conservation 

above manner effects of such particles {e in terms 

of radiation hazards are not completely neglected. 

results presented here are obtained using the para-

as appear in "Atlas Grote 

The extra normalization discussed above 

upon target, incident momentum and particle type is stated 

explicitly each case treated here {see figure captions • 

be of interest 

target yields. 

estimate 

Results obtained with hydrogen targets are not included. 

are 

here. 

are no 

lesser interest 

more 

the 
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importance 

point of 



shower tracks , , and the average of 

leaves 

underestimates the of shower tracks produced, 

The 

emulsion data suffer somewhat 

high energies the model underestimates the 

shape and it appears the model underestimates 

of these results 

to assess. 

event 



particles. 

of 

better yet. 

from 

secondaries could equally wel be calculated 

's 

54 



from measurements very near the incident momentum (say above 

- 170 GeV/c at 200 GeV/c , the largest deviation occurs for 

TI of - 35 GeV/c where the calculation overestimates the 

yield by a factor of - 2.5. Generally the fits are quite 

good. 

The sharp peak in the proton spectra near the incident 

momentum at 200 GeV/c (Fig. 4a) is likely associated with 

(quasi) elastic scattering and diffractive excitation off 

initially bound target nucleons. From the way the HR model 

for p-nucleus collisions is obtained it cannot be expected 

to fit this feature. 

The calculation also underestimates the high momenta 

TI yield (Fig. 4c). This is again not surprising in view of 

the rather cursory treatment of the kinematical cut-off in 

the HR Effects of finite step size in the numerical 

integration also become apparent. 

Neither of the discrepancies occuring at high momenta 

are likely to have significant effects on the outcome of 

shielding calculations. The comparisons as plotted in 

Figures 3 and 4 actually show the equivalent of the energy 

carried off by the particles as a function of momentum. 

The discrepancy of TI can be seen to occur where this 

quantity is down by more than two orders of magnitude from 

the broad peak at - 50 GeV/c. The effects of the protons in 

the high momentum peak are not much different from the incident 

protons themselves and their omission should not have any 

serious consequences. 

IV. Comparison with data of Cronin et al. 

Cronin et measured particle yields at 77 rnr from 

targets of beryllium (3.14" long x 1/4" diam.) and titanium 

(2.23" x 1/4") for 300 GeV/c incident protons, and from 

tungsten (0.85" x 1/4") at 200, 300 and 400 GeV/c. (The angle 

of 77 mr corresponds roughly to TI/2 radians in a nucleon

nucleon center of mass frame at these energies.) The 

comparisons with the HR model are shown in Figs. 5 through 9 
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interest 

be relied on to estimate 

a 

this longer and thinner target the spectrometer 

the reduces thick target effects. Because 

The consequences 

on the order of of the energy carried off 

GeV/c it is to state whether 

the 

of an underestimate 
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Fig.1 Average multiplicity of shower particles versus incident 

proton momentum. 

emulsion studies 

Hagedorn - Ranft (as used in shielding programs) 

The extra normalization constants (see text) which 

multiply the HR predictions range from 

.56, .28 at 10 GeV/c to . 94' .06 at 300 GeV/c . 
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