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1. Invroducvion

The first superconauctling high energy proton accelerator, the
Fermitab Toveiron, 18 now  successfully wuvilizea for fixed Larget
phiysics ol & proion  energy, Eo, of Buo GeV. worldwlide Lhere are at
least three superconcucting provon accelerators being consiaered for
the nexL generatlon; lhe Accelerating Storage Compiex (UNK)  ai

Serpukhov, USSR (Eo = 3 TeV), the Large Haaron Coliiaer (LHC) at  CERN

(E_ =10 TeV), and the Supsrconducting Super Collider (SS8C) in ivhe USA

The 1interactions of proton beams of such high enhergy with matler
result in a number of design problems including neating effecis due t0O
the intense energy deposition in matter f{especially in the
supercconduciing magucts)}, radicactivation of components, background 1in
gXperiments, and environmental raciation which may csCape Lhe snielding
of the acceloraicr. The mest praciical method of doing the requisite
three dimenslonal hadronic-eieciromagnetlc cascade calculaticons is Lhe
Monte-Carlo technique. This method has been employed by the authors of
tne foilowing computer programs; CASIM &t Fermiiteb (1), MARS at LHEP
Serpukhov [2,3] and FLUKA at CERN [4]. In the present work selected
resulls using tLrncse pPrograms are  compared with sach other and with
existing experimental data. This iz done to ascertain the degree of
confiuence wiith which the shieldlng calculations pertinent 10 Lhe

multi-TeV accelerators .can be made.



2. Features of ithe Codes

The Lhrse colues studled here simulate Lhe 1lnberacilicens  ana
transpert of particles in  three-dimensional geometrically complex
systems and have many features 1n commorn. Detailed descriptions of Lhe
phvsical mcdels used and the codes themseilves are given in Lhe primary
references [1-4]. Here ounly nighlights of Llhe specific features will
be given.

CASIM, when coupled Lo the program AEGIS (5], simultaneously
traces eleciromagaetlic showers induced by ocecays of neucrral pions. The
hadron production model of CA3IM 1is & modified version of Lhe
Hagedorn-hanft thermodynamical model. It includes a high transverse
momenilum correction and some 10W energy nuclear effecis. The Mmaximum
incigent proton energy, originelly resiricted o EO £ TeV has been
recently increased to 50 Tev [6]. The tnreshold momentum of the
haarons followea is 300 MeV/e, Normally, proions, neulrocns, andg
charged plons are transperted. This program uses an  inclusive scheme
for hadron-nucleus interacCtions wilh energy and momentum conservatlon
avéiraged over a number of colliisions. Particles are traced using a
step merthod with fixed step 51zes. The particles are transported
through an arbiirary geomeiry defined by the wuser in a FORTRAN
subroutine, Inciusion of magnetic flelds In detall 1s guite simple.

Considerable modificaticns to CASIM have been made over the years
in addition to the AEGIS insertion. Quite satisfaclory experimenial
verificaticns of this coae for a variety of geometry types and sizes
and for several oifferent gquantitlies of interest have been made for

incident proton energies up to 800 GeV [7-101.



Tne program MARS hds als0 been improved Over Lhe pasSl SevVelal
Years, The mest recent  version, MARSIO0, retains the older features
along wilth tne fourlowing significant improvements, The description of
Lthe hadron inclusive specira  (using a seleclion scheme similar to
that of CASIM) relies on cthe agaitive gQuark modei of fadron-nucleus
interactions (11 for XF > 0 ana & phenomenclogical mogel [1z) for Xo 2
0 (where XF 15 Feynman's scaling variable). A set of semi-empirical
formulae [3] is used to simulate low energy particle production.
Multiple Couiomb scatiering 1s Lreated using Mollere's Llhecry wWitn
allowance for nuclear size effects [13]. An iteraticn-step method is
used 1n constructing the three-dimensional Lrajectories ftor  arbilrary
geomeiry in a manner amenable to inclusion of magnetic fields [14]. A
modified version of AEGLS [%) 1Is wused t¢ nandie clectromegnetic
showers.,

The maximum incident energy is exienaed to 30 TeV, vthough tLhe

Y TeV in DUMAND

program has been used to yield crude e¢stimates up vo 10
acoustical studies [15]. Prctons, neutrons, and char ged pions
exceedlng a threshoid energy of 10 MeV mey be transportea.

At CERN, tne program FLUKA82 (4], developed from FLUKA [16] is
used. In c¢onurast with tilhe other 11wo programs, FLUKAZZ is a full
analog simulation of the hadronic cascade. In this program the
particle proaucticn model used at momenta below 5 GeV/c gescribes
inelastic collisions as quasi-two-body processes producing resonances
whicn subsequently decay. AL higher momenta up Lo about 10 TeV/c a
multichain fragmencation representation is  employed for particle

production,. The newesl version provides exaCl Quanlum  number,



momentum, &and energy conservation for the eXire-nucicar cascadqe
particles. New lnelastic cross sections for energies up to 10 TeV are
also includea. In general cases, purticipanits of cascales consldered
: . . o . - -+ -+ = ¢ S0

in the 50 MeV 1o 10 TeV region are p, p, 24, n, #, w , K, K , K%, K,
A, and .. Detalled Monte-Carlio ireatment of Lhe €leClromagnetlC SNOWErS
is presently not included in  FLUKAS8Z, The combinatorial geometry
package used 1n this code 1s & mocification of that originialily

developed at ORNL for the neutron and photon transport program MORSE

L174.

3. Selection of Examples of Preaictions

In recent ycars many people have studled macroscoplc consequences
of high energy proton beam interactions (2, ©, 15-211]. Below, a
selection of resulis using these three programs for the 0.3 to 20 TeV
energy region 1s given. Only nadronic-electromagnetlc cascade effects
will ©be presented here, neglecting the very important protlem of muons
at the new generaiion of acceleralors considered slsewhere [6, 18, 227,
The quantities chnosen for comparison are basic ones common ©¢ the
output of all three codes; the star density S(?J and the ecnergy
depcsicion density E{F). ' The former detvermines the scale of the
biclegical shielaing, the degree of induced radiocactivicy, and
(sometiimes) experimental backgrounds, Tne latter determines the
neating and consequent Gamage 10 Largels, beam dumps, extraction septa,
and (peirhaps most critically) the superconducting magnels. These

quantlties are both related Lo the radioiogical parameter absorbead
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acse, D. The Lhree programs azrfe compared by applying them Lo cases of
s0lid absorbers which are casy L0 program or are already avallable in
the llterature. HReference L0 Lhe name of each coge refers Lo Lhe most
aagvanced virrsicn of it mintioned above.

Figure 1 shows a comparison of CASIM ana MARS10 results with
experimental data [7] cbrained from the observed temperature increase
in segmented vargets irradiated by 300 GeV protons., Agreement of Dbolh
codes wlth experiment is excellent, In Fig. 2 the radial
distributions of ENErgy. aepositicn density in & copper Larget
calculated by all three codes are given for a 400 GeV proton beam
inciaent in & Gaussian spot size having steanuard deviation ¢ = 1.25 mm.
The predictions again agree well with experiment [23] but the FLUKAB2
and CAS1M curves slightly underestimate the measured values.

Figure 3 shows results of a comparison of calculations usilng
CASIM, MARS10, and FLUKA8Z {19] for U450 GeV protons incident on &
copper  cylinder of length 250 om and radius 20 cm., A beam spot having
g = 1mm was used. Agrecment 15 sufficient for most purposes but
FLUK4B2 predicts smaller values for S(?) at the Larger radil. The
total number of stars produced in this cylinder as calculated by CASIM,
MARS10, and FLUKA8z are, respectively, 510, U483, and U443 per incident
prolon and thus are in reascnable agreement.

Table 1 1ists vaiues of absorbed Jdose measured along the outer
surface of an iron block of dimensions S9lcm by 91c¢m transverse by 370cm
longitudinal, struck by 800 GeV prétons as reported 1n Ref. 10 aiong
with CASIM and MARS10 predictions. In this case the agreement 1s

adequate for most purposes.
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For ihe proton cenergy reglon unavailabie Lo €X151ing aCceleraiors,
Figs. U-6 give the calculated star density, S{rj, as a function of
racius 1n  an iron dump of 500 c¢m iengtn ana 100 cm raaius for proton
energies of 3, 10, and 20 TeV, respectively. The beam spol i3 taken to
be & Gaussian with o = 5mm. The FLUKABZ calculations stown here wWere
taken from Ref, 20. Both the radial distributions of star density au
cascade MaXilla and the longitudinally 1ntegrated values of S(r) are
presented., The results are in good agreement with each other.

Figures 7 and 8 show the calculated energy aeposition densiiy for
this same beam dump bombarded by.10 TeV protcns... Included are eXamples
cf lateras and longituginal gistributions,., CASIM and MAAS10 results
are consistent, with slightly different longitudinal disuributions,

An  important quantity for many applicatlions 15 the maXimum ehergy
deposition density. Calculated values of this quantity for cascaces
initiated by 10 Te&V protons incident on iarge graphiite and aluminum
blocks are given as a function of the standard deviation of Gaussian
beam spots in Fig. 9. FLUKABZ results, vuvaken from Ref. 20,
underestimate those of CASIM and MARS10 (which essentially agree) by &

faclor as large as three. There are Lwo plausible reasons for sucn

r

large discrepancy:

1. As pointed cut in Ref. 21, only the radiagl bin 0 2 r & 0.5
qnin corresponds 10 the real maximum energy depositicon density
in these calculations. In the CASIM and MARS10 runs this bin

was specifically studied but in Ref, 20 the inner bin may



nave been larger, leading to an Yartificlal™ unagerestimate.

2. AL energles Eo 2 0.5 TeV tne maximum value of «chergy
depusitlien density 1s dominaied by the electromagneiic showers
inauced mainly by  decays of oneuiral pions L2]. Tne
semiempirical algerithm wused in FLUKA instead of a more
precise treatment of cleciromagnellc showers may be less

accurate al these high cnergies,

As. one.. can Sece  from Flgs. 1-9 the resulis agree very weil for
g¢ifferent conditions and over a wWide energy range. This 1s gratifying
in view of the rather different hatron production ana Lransport schemes

used.

4. Moyer Model Parameter

Figure 10 shows Lhe peak absorbed dose calculated along the sides
of the iron block studicd in Ref. 10 as a function of incident proton
energy. Also shown is the total number of stars per proton ill the same
dump. Caleculaticns hnave also been made using MARS10 over the range in
proton energy from 70 GeV Lo 20 TeV., Thne CASIM resulis from Ref. 10
are also shown in this plot, The value of absorbed duse D presented in
Figure 10 is correlateda with the paﬁameter cf the Moyer shielding model
which contains the energy dependerice for lateral shielding in a fixed
geonetry. This semiempirical shielding mooel nas been recently
gescribed [2L4] and revised [25]. In these two references it is shown

Lhat the aose squivalent, H, outside of a given geometry is given by,



H oc P
Since it is not expected that the cnergy specirum of the neutrons which
domindtle Lhe 00Se egulvalent in Lhls situation willi change
significantly with (nergy, one c¢an replace aocse equivalent H with
absorbed aose D in the above relavion. The results from Fig. 10 for
the psak absorbed douse can, then, be fitied by the following equation:
D = dEUb (Gy/proton, E0 in GevV).

Applying the resulis of the calculiations to this formula we ¢btain:

CASIM [10] & = 3.0 x-10"'° :
200 £ E_ 5 800 GeV

b = 0.84
MARS10 a=l.4x 10 12 ]
: 400 = Eo s 20000 GeV (goca fit)
b=o0.81
a = 7.8 % 10 15
70 = EO s 20000 GeV (poorer fiu)
b = 0,74

-

(The poorer fit obviously resulis from the largeb domaln

in E:0 which was chosen.)

It is alsce reasonable that the total number of stars per proton in
the the iron dump as calculated with MARS10 behaves in the same manner,

S = 4.38 EQOf81 70 & ES 20000 GeV.

5. Compututicnal Features

Using a CDC CYBER-875 as a reference computer we have found that
MARS10 to be somewhat faster than CASIM, For example, to run 1000

cascdades 1initiated by 10 TeV protons 1in the ilarge iron beam dump
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described in SeCulon 3 WiLn Lhe &nergy depusition celcuidled using
AEGLS, CASIM required 360 sccoconds of CPU while MARS10 required 163
S5eConds . BoLh programs are tthus viablie options Lo use for tnick
shielding problems 1f cre uses a large number of incident protons,
CASIM requlres approximately 90000 octal woras of storage whiie MARS10
requires about 40000. However the standard version of CASIM allows for
five different melerials Lo be used while MARS10 only allows for three.
In general, for the same number of incident protons followed, CASIM
resulls  are typically smoc¢ther Lhan are vnose of MARS10 for the same
spatial bins.

In these <consideraticns, FLUKABZ aiffers sharply from ihe other
LWO Cudes. It ueeds approximately 400000 words of memory. As
mentioned 1n  Ref. 19, Lo calculate 86 cascades inauced by 450 GeV
protons in the 25 cm long copper cylinder, FLUKABZ required 600 seconds
of CPU on the SIEMENS-7880 computer. Tne successful solution of ine
thick shielding problem would be hindered by these ccnsiaerations. On
the other hand, FLUKAGZz with 11s exclusive scheme of particle
production allcws for analog simulaticon of hadron cascades which 1is
indispensable 1in the study of fluctuation problems, in e.g. hadron

calorimeiers.

€. Conclusion

All Lnree programs consldered here are compatlble with tThe
calculations needed for the multi-TeV accelerator era. Each has its

oWhn features wnich have advantages for some Lvypes of calculations and
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disaavantages for others. The predictions of these tnree programs are
in sufficlent ogreement Lo &1lOW One L0 4O caSCade calculatious in thls
energy region up to 20 TeV with confidence. Nevertheless, the subject
of future work shoula emphaslze the updating ©of Lhe haaron production
models to reflect rccent experimental and thecretical aevelopments.

We wWould ilke 10 thank A, Van Ginneken for nis very nelpful

comments ¢n this paper.
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TABLE 1

14

Abpsorbea Dese (GY/incident proton X 10—‘3)

Longitudinal
Coordinate (cm) 35 60 145 205
Experiment

(Ref. 10) 5.1 + 0.5 .7 + 0.5 3.5 + 0.4 3.5+ 0.%
CASIM 3.8 + 0.5 6.1 + 0.6 3.5 + 0.4 2.8 + 0.3
MARS10 5.3 + 0.8 7.1

|+
-
.
.
4%
e
-3
| +

0.5 2.0 + 0.5

Experimental c¢rrors are based on reproducibility

are one standarq deviatiocon statistics.

while calculational errors
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LIST UF FIGURE CAPTIONS

Energy deposition densiiy medasured onld calculalea 1n  copper  and
Lungsien  Lergits 1ln the geomeiry of Hef, 7. The rargels wWere a
sel of segmented cylinders 2.54 cm  in  diamérer. The 1ncident
prcoen energy was 300 GeV.

Lateral aistributicns of cnergy deposition density at o depun  of
45 em in a copper target irradiatea by 400 GeV protons. Alsc
includeq are comparisons of the three predletions’ witn
experimental data from Ref. 23.

Radial distributicns of Lhe longitudinally int @ gratea star
density in copper induced by 450 GeV provons as calculated by the
three programs, Histograms dencote the MARS10 results whiie, ¥ is
used for the FLULABZ, and & is used for the CASIM resulls.

Lateral distributicns of star aensity 1in an  iron beam dump
longitudinally integrated (stars/cm”) and values at cascade
maximum (sLars/cmj) for E. = 3 TeV, Calculations using CASIM are
indicaved by m , while histograms are usea for MARS10.

The same as Fig. 4 but for Eo = 10 TeV. * ana (0 denote FLUKAKZ
resulls,

Tne same a5 Fig. 4 but for EO 20 TeV.

Lateral disctribultions of snergy aepcsition density in an iron beam
dump longitudinally integrated (GeU/cmd) and values &t energy
deposiiion caensity maximum (GeV/cmj) for E = 10 TeV. Histograms
dencie the MARS10 results while the circfes “aenote the CASIM
results, '

Laterally integrated energy deposition distributions and energy
depocition densities cn the longitudinal axis of an iron dump as a
function of aeptn (Z), the longitudinal coordinate, for Eo = 10
TeV., The same nctation as in Fig., 7 is used.

Maximum energy deposition densities in aluminum and graphite beam
dumps 1irradiated by 10 TeV protons as a function of the standard
deviation, ¢, of the beam. Calculational results are denoted: O,
x-FLUKA82 (24), 0, 4-MARS10, andm-CASIM

Peak absorbed dose and total stars proauced as a function of
incident proton energy in an iron beam dump 91 x 97 x 370 cm (10).
The calculations are dencted: @ ~MAR310, = 0-CASINM, X-MARS10
{(integral), Two different least squares fits to ivhe MARS10
calculations are also included as the dashed &and solid curves
(please consult itne texil).
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