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1. Iniroducvion

The first superconaucting high energy proton accelerator, the
Fermilab Tovairon, 18 now  successfully unilizea for fixed carget
physics ol & proion  energy, Eo’ of 8oo Ger worldwide there are at
least three superconducting provon accelerators being consldered for
the nex. generatlon; tLhe Accelerating Storege Compiex (UNK)  at

Serpukhov, USSR (EO = 3 TeV), the Large Hagron Coiilaer (LHC) at CERN

(EO = 10 TeV), and the Superconcucting Super Collider {SSC) in vhe USA

(£

PVl m T,
o = €U TeV ).

The 1nterections of proton beams of such high energy with matier
result in a number of design problems including neating effects due to
the intense energy depositlion in marter {(especially in  the
superconduciing magncis}, radiocactivation of components, background in
eXperiments, z2nd envirommental raalation whiech may cscape the snlelding
of the acceloraicr, The most practical method of doing the requisite
three dimensionai hadronic-eieciromagnetle cascade calculations is the
Monte-Carlo technique. This metnod has been employed by the authors of
tne foilowing computer programs; CASIM &v Fermiteb L1, MARS at IHEP
Serpukhov [2,3] and FLUKA at CERN [4j. In the present work selected
resulls using these programs are compared with sach other and with
existing experimental data. This is done to ascertain the degree of
confloence withh which Lhe snleldlng calculations pertinent Lo Lhe

multi-TeV accelzrators .can be made.



2. Features of ihe Codes

The Lhree coUes Studled here simulate Lhe 1nLeraciLlons  and
transpert of particles in  three-dimensional geometrically conmplex
syslems and have many fealures 1n common. Detailed descriptions of Lhe
physical mcdels used and the codes themselves are given in the primary
references [(1-4]. Here oniy nighiights of ulne specific features wWill
be given.

CASIM, when coupled o ULhe program AEGIS (5], simuiitaneousliy
traces elecuromagiaelic showers ilnduced by aecays of neuiral plons. The
hadron production model of CASIM is & mouified version of the
Hagedcocrn-Ranft thermodynamical model. It includes a high transverse
momentum gorrection and some 1oW snergy nuclear effects. The maximum
incident proton energy, originelly restiricted o EO £ TeV has been
recently increased to 50 TeV [6]. The threshold momentum of the
hadrons followed is 300 MeV/c, Normally, protons, neulrons, and
charged pions are transporied. This program uses an  inclusive scheme
for haaron-nucleus interactions with energy and momentum conservalion
averaged over a number of collisions. Particles are traced using a
Stlep method with fixed sStep S1ZES. The particles are transported
through an arbiirary geomewry defined by the wuser in a FORTRAN
subroutine, Incliusion of magnetic flelds in Gstall 1s quile simple.

Considerable modificaticns to éASIM have been made over the years
in addition to +{the AEGIS insertion. Quite satisfaclory experimenial
verificaticns of this coae for a varisty of gecmetry types and sizes
and for several aifferent quantities ¢f interesy nave been made for

incident prolon energies up to BOO GeV [7-107.



Thne program MARS hds  also  been i0proved over Liie pasl Several
years., Trhe mest recent  version, MARS10, retains the older features
along with tne forlowing significant improvements., The description of
the hadron inclusive specira (using a seleclion scheme similar to
that of CASIM) relies on the aqditive gquark model of hadroh-nuclieus
interactions (11, for X, > 0 anu a phenomenological moaei {[1z] for Xg &
0 (where XF is Feynman's scaling variable). A set of Ssemi-empirical
formulae [3] 1is wused to simulate low energy particle production.
Mulrtiple Coulomb scattering 1S tLreated using Moliere's Lheory wWiin
ailowance for huclear size effects {13]. An iteration-step method is
used in constructing the three-dimensionai irajsciories tor  arbitrary
geomeiry in a manner amenable to inclusion of magnetic fields [14J. A
modified version of AEGLS [%J 1s wused 10 nandie eclectromagnetic
showers.

The maximum incldent energy is extenased e 30 TeV, though tLhe
program has been used to yleld crude estimates up Lo 1014 TeV in DUMAND
acoustical studies [15]. Prctons, neutrons, and charged pions
exceeding a threshoid energy of 10 MeV mey be Lransporica,

At CERN, tne program FLUKA82 [L4], developed from FLUKA [16] is
used. in conirast with +{1he other 1iwo progrems, FLUKASZ is & full
analog simuiation of the hadronic cascade. In this program the
particle preoouciion model used &t momenta below 5 GeV/c aescribes
inelastic ccllisions as quasi-two-body processes producing resonances
which sSubsequently decay. AL higher momenta up Lo aboul 10 TeV/c a
multichain fragmenctaticon representation is employed for particle

production, The newest version provides exaCl  Quantum number,



momenlum, and energy conservation for  the eXlre~hdCical cascaqe
particles. New inelastic cross sections for energies up to 10 TeV are
also includea. In general cases, purticipanits of cascales consldered

+ - + - =0
?

in the 50 MeV 1o 10 TeV region are p, P, f, 0, 7, 7, K, K, K¢ K,
A, and L. Detailed Monte~Caric ireatment of the €leCLrOmagnellC SNOWErsS
is presently not incluged in  FLUKA&Z, The combinatorial geometry
package used 1 this code 1s & mocdification of Lhat origifally

developeda at ORNL for the neutron and photon transport program MORSE

L1741,

3. Selection of Examples of Preaictions

In recent ycars many people have studled macroscopic 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 i1s given. Only hadronic-electromagnetlc cascade effects
will ©be presented here, neglecting the very important protlem of muons
at the new generaiion of acceleralors considered elsewhere [6, 18, 22].
The quantities chnosen for comparison are basic ones common T¢ the
output of all three codes; the star detsity S(?J and the energy
depcsition  density E{;). The former determines the scale of the
biclogical shielaing, tne degree of induced radioactivicy, and
(sometiimes) experimental backgrounds, Tne latter determines the
neating and consequent Gamage 10 Largels, beam dumps, extraction septa,
and (psirhaps most critically) the superconducting magnets. These

quantlties are both related Lo the radioiogigal parameter absorbeq
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acse, D. The Lhree programs azrfe compared by applyling them Lo cases of
s0lid absorbirs which are casy Lo program or are already avallable in
the literature., Reference L0 vhe name of each coae refers Lo Lhe most
advanced virsicn 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. depositicon density in a copper Ltarget
calculated by all three codes are given for a 400 GeV proton beam
incilaent in & Gausslan spot size having stanuard deviation ¢ = 1.25 mm.
The predictions again agree well with experiment [23] but the FLUKAB2
and CAS1IM curves silighlly underestimeile Lhe measured values,

Figure 3 shows results of a comparison of calculations using
CASIM, MARS10, and FLUKA8Z [19] for 450 GeV protons incident on &
coppir cylinasr of length 250 em and radius 20 em. A beam spot having
g = 1mm was used. Agreemenl is sufficient for most purposes bul
FLUK4GZ predicts smaller values for S(?) at the lLarger radii. 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 1lists vaiues of absorbea doss measured aslong the outer
surface of &n iron block of dimensions 9lcm by 91em transverse by 37Ccm
longitudinal, struck by 800 GeV prétons as reported 1n Ref. 10 «iong
with CASIM and MARS10 predictions. In this case the agreement 1is

adequate for most purposes.



For Lhe prolon cenergy reglon unavallabie L0 exisling aCceleraiors,
Figs. U4-6 give the calculated star density, S{r), as & function of
racius 1in an iron dump of 500 c¢m Length ana 100 cm reaius for proton
energies of 2, 10, and 20 TeV, respectively. The beam spot is taken to
be & Caussian wiith ¢ = 5mm, The FLUKABZ calculations shown herec were
taken from Ref. 20. Both the radial distributions of star density at
cascade maxiMa and the longitudinally i1ntegratea values of ${r) are
presented. The results are in good agreement with each other.

Figures 7 and 8 show the calculated energy deposition density for
this same beam dump bombarded by.10 TeV protons.. Included are gXamples -
of latera: and longituainal distributions. CASIM and MARS10 resuils
are consistent, with slightly different longitudinal ailsvributions,

An  important guantity for many applications 185 the maximum ehergy
deposition density. Calculated values of this gquantity for cascades
initiated by 10 TeV protons incident on large graphiie and aluminum
blocks are given as a function of the standard deviation of Gaussian
beam spots in Fig. 9. FLUKAB2 results, vaken from Ref. 20,
underestimate those of CASIM and MARS10 (which essentially agree) by a
faclor as large as three. There are two plausible reasons for sucn &

large discrepancy:

1. As pointed out in Ref. 21, only the radial bin 0 2 r & 0.5

Uhin corresponds L0 the real maximum energy deposition density

in these calculations. In the CASIM and MAR310 runs this bin

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



nave been larger, lezding Lo an "artificial" unacerestimate.

2. At energies By 2 0.5 TeV the maximum value of <nergy
depusition Gensity is domincied by the electromagneiic showers
lnouced  mainly by decays of neutral pions [2]. The
semiempirical algorithm wused in FLUKA insiead of a more
precise treatment of clectromagnetle showers may be less

acCcurate at these high cnergies,

As. one. . can sece from Figs. 1-9 the resuills agree very well for
gifferent conditions and over & wide energy range., This 1s gratifying
in view of the rather different hadron production ang Lransport schemes

used.

4. Moyer Model Parameter

Figure 10 shows lhe peak absorbed dose calculated along the sides
of the iron Dlock studicd in Ref. 10 as a function of incident proton
energy. Also shown is the total number of stars per proton 1n the same
dump., Caiculations nave also been made using MARS10 over the range in
proteon energy from 70 GeV Lo 20 TeV., The CASIM resultis from Ref. 10
are also shown in this plot. The value of absorbed duse D presented in
Figure 10 is correlatea with the paﬁameter of ths Moyer shielding model
which convains the energy dependence for lateral shielding in a fixea
geometry. This semiemplrical shielding moael nas been recentliy
described ([24] and revised [25]. In these two references it is shown

that tne duse cquivalent, H, outside of & given geometry is given by,



H oc EP
Since it is not expecied that the cnergy specirum of the neutrons which
domifiale Lhe 0OSe equlvalent in Lhis sltuation wili Change
significerntly with <(nergy, one can replace dose equivalent H with
absorbed aose D in the above relation. The results from Fig. 10 for
the peak absurbed duse can, then, be fitied by the foilowing equation:
D= aEUb (Gy/proton, E, in GeV).
Applying the resulis of the calcuiations to this formula we cbtain:

CASIM [10) a = 3.0 x 10712 :
200 2 E_ 5 800 GeV

b = (.84
MARS10 a=U,4 x 10 '3 ]
' 400 = Eo £ 20000 GeV (goca fit)
o = 0.81 ]
& =7.8% 101
70 & Eo S 20000 GeV (poorer fitv)
b = 0,74

-l

(The poorer fit obviously results from the larger domaln
in Eo which was chosen.)

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

S = 4.38 Eoo-ﬁ‘ 70 £ ES 20000 GeV.

5. Compututicnal Features

Using & CDC CYBEK-875 as a reference computer we have found that
MAR310 Lo be somewhat faster than CASIM, For example, to run 1000

Cascades 1nitiated by 10 TeV protons 1in the large iron beam dump
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described in secilon 3 wWiin Llhe energy depousitlon célcuirated using
AEGLS, CASIM required 360 sceoonds of CPU while MARS10 required 163
S5eConds . BoLh programs are thus viablie options Lo use for thick
shielding problems 1f cre uses a large number of incident protons,
CASIM requlres approximately 90000 octal words of storage whiie MARS10
requires about 40000, However the standard version of CASIM allows for
five different meterials 1o be used whiie MARS10 oniy allows for three.
In gsneral, for the same number of 1ncident protons followed, CASIM
resulils are lyplcally smoother lnan are tnose of MARS10 for the same
spatial bins.

In these «consigerations, FLUKAS2 qiffers sharply from ithe other
LWo cudes. It ineeds approximately 400000 words of memory. As
mentioned 1n Ref. 19, Lo calculate 86 cascades inauced by 450 GeV
protens in the 25 cm long copper cylinaer, 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, FLUKASZ with 118 eXclusive scheme of particle
production allcws for analog simulaticon of hadron c¢ascades which is
inaispensable 1in the study of fluctuatlon problems, in e.g. nadron

calorimciers.

€. Conclusion

All Lhree programs consldered here are compatible with the
calculations needed for the multi-TeV accelerator era. Each has its

oWhn features wnich have advantages for scme Lvypes of calculations and



11

disagvantages for others. The predictions of these three programs are
in sufficicnt agreement Lo wllow One L0 do cascade calculatious in thils
energy region up to 20 TeV with confidence., Nevertheless, the subject
of future work shoula emphasize the updeling of Lhe hadron production
models Lo reflect recent experimental and theoretical aevelopments.

We would iike two Lhank A. Van Ginneken for nis very hnelpful

comments con this paper.
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TABLE 1

Absorbed Dose (GY/incident proton X 10—]3)

Longitudinal
Cocrdinate {(cm) 35 60 145 205
Experiment

(Ref. 10} 5.1 + 0.5 0.7 + 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 Tai 0.5

|+
—

.
R
[x%]

.
-3
+
[ )

-
Ut
™
o
+

Experimental crrors are based on reproducibility whiie calculational errors

dare one standarq deviation statistics.
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LIST UF FIGURE CAPTIONS

Energy ceposition densiity measured onid calculatea 1n  cupper and
Lungsien Largots ln the geomeiry of RHef, 7. The rargels Were a
set of sSegmented cylinders Z2.54 cm in diaméter. The 1ncident
provon energy was 300 GeV,

Lateral aistributions of energy deposition density at < depun of
45 em in a copper target irradiatea by 400 GeV protons. Alsc
includea are comparisons of Lhe three preaictions Wwitn
experimental data from Ref. 23.

Radial distributions of the longitudinally int@grated star
density in copper induced by 450 GeV protons as calculated by the
three programs,., Histograms denote the MARS10 results whiie, *¥ 1is
used for the FLULABZ, and O is used for iLhe CASIM resultuis.

Lateral distributions of star <censity 1n an  iron beam dump
longitudinally integrated (stars/om”™) and values at Cascade
maximum (stars/cmj) for E. = 3 TeV, Calculations using CASIM are
indicated by m , while histograms are used for MARS10.

10 TeV. * ana U denote FLUKAE2

The same as Fig. 4 but for Eo
resulls,

Tne same a3 Fig. 4 but for EO 20 TeV.

Lateral distributicons of snergy cepcsition density in an ilron beam
dunp iongloudinally integrated (Gev/cmd) and values al &nergy
deposition aensitly maximum (GeV/cmj) for E = 10 TeV. Histograms
denote the MARS10 resuits while the circfes -aenote the CASIM
resultis. '

Laterally integrated energy deposition distributions and energy
depocition densities cn the longitudinal axis of an iron dump as &a
functicon of ceptn (Z), the longitudinal coordinate, for Eo = 10
TeV. The same nctation as in Fig., 7 1is used.

Maximum energy deposition densities in aluminum and graphite bedm
dumps irradiated by 10 TeV protons as a function of the standard
deviation, e, of the beam. Calculalional results are denoted: O,
x-FLUKA82 (24}, 0,4-MARS10, andm-CASLIM

Peak absorbed dose and total stars proauced as a function of
incldent proton energy in an iron beam dump 91 x 91 x 370 cm (10).
The c¢alculations are dencoted: @ —MAR310, - 0-CASIM, X-MAR3S10
{integral). Two different least sguares fits te ivhe MARS10
calculations are also included as the dashed and solid curves
{(please consult ine texi).
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