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1. IniroaucLlon 

The f1rsL supcrwr~auct1r~g high energy proLon acceleru~or, Lhc 

Fermllab T.v,iron, 1s IiiiW successfully u~lllzta for fixed Larger. 

pnysics OL a pr'otorl tntrgy, Eo, Of tioo tiev. tiorldwiut. there ar't iL 

least thrte suparconducring proLo* accelerators being consiaered for 

the ntXL gantrat1on; the Accelerating Sturagt Complex (UNKI do 

Strpukhov, USSR (E. = j TeV), the Large Hharon Colllaar (LHC) at CERN 

CEO = 10 TeV), and the Suptrconduccing Super Coliider (SSC) in Lhe USA 

CEO = 20 TaVP. 

Tht lnL.rrd~tlOnS of proton beams of such high ~~trgy with nih~~er 

result in a numbtr of assign problems including nesting effects due to 

tile Intense Cli-rgy dtlposiilon in matttr (espcciaily in Lhe 

supirconducting mag;lzts), radijactivation of compcnents, background in 

axptrlmrnL.5, dnd tnvironmentbi raoiation whicfi may 6cd.p~ ~ht snltiuing 

of the accelrraicr. The mist prhoiical method of doing the requisite 

three dinitnsionai nhdronic-tit;cL~onlagnetlc cascade cdlculations is Lhe 

Monte-Carlo Lechnique. This method has been employed by the authors of 

Lnt foilowing computer programs; CASiM &L Fermilab L>j, MAl%S at lHEP 

Strpukhov [2,3] and FLUKA at CEHN 141. In the prtsent work seleccea 

results llSl*lg tries6 programs art compared with tach other &d uith 

existing experimental data. This is done to ascertain the degree of 

conf1oenct WiLh which Lhe shialdlng calcuiatlons pL;rLinent Lo Lne 

multi-TeV accel;rators.can be maoe. 
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2. Features of irk Coots 

Tht thrct CO‘t+ Stuuied tier-6 simulate Lk 1rc.wact.lons ma 

transpwr. of particles in three-dimensional geOmetriCally complex 

systems ana hdvt many features in common. DeLailed atscriptions of the 

physical models used and the codes themseives ape given in the primary 

references il-4J. Htrt oniy highlights of ~ht specific featur& Nil1 

be given. 

CASIM, when coupled Lo Lht program AEGIS i51, simuitaneousiy 

traces tlecLromagnttic snowtns induced by oecays of neuiral pions. The 

hadron prOduction model of CASlM is a mouifitd yension of the 

Hagtdcrn-hanft the..rmodynamical model. IL includes a high WanSYe'I‘Se 

momentum correction and some iow energy nuclear tffecL.3. Tnt maximum 

irx?laenL proion anwgy, Orlginhlly resLricted Lo E. : TtI.! h&s been 

recently increased to 50 TeV C61. The threshold momentum of the 

hacirons followed is 300 l%V/C. Normaiiy, protons, ntu~rons, ana 

charged pions are iranspcrted. This program uses an inclusive scheme 

for haoron-nucleus lnttrbctlons wltn energy hnCi momentum conservation 

averaged ovin a number of coliisions. Particles are traced using a 

step meLhod with fixed step s1zts. The particles ar'e transporLed 

through an arbitrary gxmetry defined by the usen in a FORTRAN 

subroutine. inciusion of magnetic fitlds in data11 i3 quiLe Simple. 

Ccnsidcrable modifications to CASIM have been made over the years 

in addition to the AEGIS insertion. Quite satisfactory experimental 

verifications of this cooe for a Variety of geometry types and sizes 

and for s~vrrhi oifftrtnr. quantiLits of inLei'esL nave been made for 

incident prcton c-nergits up LO 800 GeV 17-1Oi. 



Tnt- prcqram MARS hds also been inipr‘vra o"tr Lht p&L s6"tr'al 

yea-s, The mxt ~tic4L. vus~on, IWRSlO, retains the older features 

along with ibt fosiowing significhnt ~mprov~m~fiu. The d&criptlon of 

the hba:'un irrcluslvr spGcwa (using a selecLion scheme similar to 

that of <ASil+j rtlies un Lhr a~riitlvr quark mooti of hawon-nucleus 

inLtrdctions ill; for XF k 0 anc~ a phenouitnologichi moael Ll2j fw XF 5 

0 (whwt X F 15 Ftynmhn's scaling vsriable). A set of semi-empirical 

formulae C3] is used to simulate low energy particle production. 

Multiple Couiomb scitcering 1s~ Wedted using Moilrre's tnrory wltn 

ailowarice for nuclear size effects Ll31.. An iteration-step method iS 

usaa In constructing the Lnret-ciimanslonal LrajtcLOricS t or arbltiuy 

geometry in a manr,~-r amenable to inclusion of magnetic fields [14j. A 

modifitd vtrsiori of AEGlS i5j is used Lo nandih r;iecLrcxwgnetic 

showers. 

The m+.ximum incident energy is txLtnwti LO 30 T6V, Lhough tht 

program has been used co yiiid crude tsiilnhths up Lo 104 TtV in DUMAND 

acoustical studies il53. pr;ions, neutrons, and charged pions 

txceeuing 6 Lirrshoiti energy of 10 MtV m&y be w&nsporL&. 

At CERN, tne program FLUKA82 [4], developed from FLUKA Cl61 is 

ustci. ill COtlti-h5L wiLh Lhe other two progrms, FLLiKA82 1s h full 

analog slmulbtion of the haclronic caschde. In this program the 

phrticle proaucrion modti used ht lFlOlll~nt2. below 5 GeV/c oescrlbts 

inelastic collisions as quasi-two-body processes producing resonances 

whicn subsequently citicay . At higher momsntz up to abouL 10 TeV/c h 

multichain fragmihcation roprasantation is employed for particle 

productior,. The n6WtS L version provides mhct quntum number, 



5 

momm~m, and entrgy conservation for rnt =xtr=-nucl,ar cas caQt 

particles. New inelastic cross sections for energies up to 10 TeV &t 

aLSO incluaeo. In gcntrdl wshs, p&rticipbnLs of caSc:iu& conslaered 

in the 50 MtV LO 10 TaV rtgion us p, i, n, 6, r+, TI-, K+, K-, K", co, 

A, LnG 7,. D-tailed Monte-Carlo crshtnient of ant tlact.romdgneLlC snowers 

is prestntly not included in FLUKA82. The Ccmbinatorial geometry 

package used ii1 Lhls code 1s S moaiflcatlon of ~haL or1glndily 

davelopta St GRNL for the neuron and photon transport program MORSE 

Ll7j. 

3. Saitction of Examples of PrtaicLions 

In recent y;arS many people have studied macroscopic consequences 

Gf nigh energy proton baem Interactions ET', 6, 16-211. &low, 24 

selection of results using these thrae programs for the 0.3 to 20 TeV 

energy region is given. Only nadronic-eit~trom~gnttlc cascaae effects 

will be presented here, neglecting the very important problem Of mUOn 

at the new &antraLion of &xeierators consldrred elsewharc. i6, 18, 22j. 

The quirntities cnosen for comparison are basic ones common to Lhe 

Output Of All three codes; t nt SL.W density S(;t) and the energy 

depisiiion acuity E(G). The former determines the scale of the 

bIologica shitilaing, tnt atgrie of inducea radioactivir,y, na 

(SomLiimes) axperimtntril backgrounds. Tne lh~tir daLtrmines the 

haatlng dno consequent a&m&& Lo targets, be&r dumps, extraction sepLa, 

and (pe~,haps most critically) the suphrconducting magnets. These 

qU~1ILltles art both rtlbttd to ihe rediGiOgiC& pariS,ilt;tt- BbSGrbeQ 
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aose, D. Tne tnrrt progms a'e compar‘ta by appiylng them to cases of 

solid absorbers which are easy to program w are already available in 

tht llttrhturt. Heftru;ct to one na~~t of each coat. rcfars LO me most 

aavancxd v;i.siin of IL mx~tiukd above. 

Flgurc; 1 SNOWS a comparison of CASiM aria MARS10 results with 

txptrlmk;:,ial data [7j obL&ined from the observed temperature inCrease 

in stgmentta iargtts lrr'hdlated by jOLi GeV protons. Agreement of botn 

codes with exparimtrit is excellent. in Fig. 2 the radial 

distr1butlorls of energy, aeposltion denuiLy in a copper target 

calculawd by ail three COdeS a-e given for a 400 GeV proton beam 

inciaent in h Gaussian spot size having stanclard deviation c = 1.25 mm. 

The predictions again agree well with experiment 1231 but the FLUKA82 

and CASlM curves sii!ghLly undarestlmata the measured v,lues. 

Figure 3 shows results of a comparison of calculations using 

CASIM, MARSlO, and FLUKA82 i15j for, 450 GeV protons incident on a 

copper cylindw of lingth 250 cm and radius 20 cm. A beam spot having 

m = lmm was wad. Agre=manL is sufficitnt for most purposes but 

FLLIKAG pr6dlct.s smaller values for .S(?j aL Lht larger rhdil. The 

total number of stars produced in this cylinder as calculated by CASIM, 

MARSlO, and FLUKAG art, resp=ctivaly, 510, 483, and 443 ptr incident 

proton znd thus are in reasonable agreement. 

Table 1 iists vaiues of absorbed dose measured diong the ouier 

surface of an iron block of dimensions 91cm by 91cm transverse by 370Cm 

longituOin&, SLruck by 800 GaV protons hs reported 1n Ref. 10 CLong 

with CASIM and MARS10 predictions. In this case the agreement is 

adequate for most purposes. 
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For Lhe proton cnargy rcglon unavaii-bie Lo exlstihg ac~tltrhLors, 

Figs. 4-6 give the calculated star density, S(r), a3 a function of 

rualus 1n an iron sump of 500 cm lcnktn ar,a 100 cm roalus for proton 

energies of 3, 10, and 20 TeV, respectively. The beam spot is taken to 

be b Gaussian wlLh n = 5mm. The FLUKA82 calculations snown here were 

taken from Ref. 20. Both the radial distributions of sthr density aL 

cdscdae maxlm4 ana the iongitudlnally lnttgratta values of S(r) dre 

pr,esented. The results are in good agreement with each other. 

Figures 7 and 6 show the calculated tntrgy aaposition densiLy t‘or 

this saw b=amdicmp bombarded by..10 TeV protons... Included are cxampl%3 

OS iateral ana iongiLuaina1 alstrlbuLion3. CASlM -nd MARS10 results 

are Co;GisteIlt, with slightly diffwent longitudinal disGribution3. 

An important quanilty for many applicatlorh5 1s the m&imwn energy 

deposi tiOn drmlty . Calculated values of this quanLity for cascades 

initiated by '10 TeV protons incident on large grhphiLe ,nd alWIlnU!II 

blocks are given as a function of the scanaard deviation of Gaussian 

beam spots In Fig. 9. FLUKA82 results, wken from Fief. 20, 

underestimate those of CASIM and MARS10 (which essentially agree) by a 

fbctor as large as three. There are two plausible reasons for sucn a 

large discrepancy: 

1. As polntad out in Ref. 21, only the radldl bin 0 2 r j 0.5 

d mln corresponds to the real maximum energy drposicion dtnslty 

in these calculations. In the CASIM and MARS10 runs this bin 

W&S specifically studied but in Ref. 20 the inner bin may 



have bttn largtr, itading to an "artificial" unaerestimate. 

2. At entrglts Lo : 0.5 TtV rht maximum value tif ~ntrdy 

aep<ziiiJn d‘il:SiLy is domirl&Led by the albctromagrlttlc showers 

Inaucta malrily by ciecdys of fieutrhi pIon L21. Tnt 

semlempiricai algcrlthm used in FLUKA insiead of a more 

precise tredtmcnt of ~itc~rcmagnttlc ShCIWt!l‘S may be: ltss 

accurate -t these high mergias. 

Asp one c&n SW+ from Figs. l-9 the resulLs agree very wbil for 

aiffcrent conditions and ovw a wide energy range. This is gratifying 

in view of the rather different hadron production hna transport scnrmts 

used. 

4. Moyer Moo& Parameter 

Figure 10 shows the peak absorbed dose caiculated &long the sides 

Of the iron block studitid in Ref. 10 as a function of inciaenz proton 

energy. Also shown is the ;otal wnber of stars per proton 111 Lht same 

dump. Caiculhtisns nave also been made using MARS10 over the range ln 

proton tntrgy from 70 GtV LO 20 T=V. The CASiM results from Ref. 10 

are also shown in this plot. The value of absorbed dose D presented in 

Figure 10 iS LOrrelaLea with the parami;tsr of Lht Moyer shleldlr,g model 

which comalns the energy oepandence for lateral shielding in a fixed 

geometry. This sem1emp1rlca~ shieiding moael nds been recentiy 

described [24j and revised 1253. In these two references it is shown 

thdt tnt aose =qulvalent, ti, outsiae of a g:lven geomttry is given by, 



H cc Eb 

Since it is i.“t expected that the energy spectrum of the neutrons whicn 

domlnatt L he: aost equivalent in ttns Sltuatl”n wili Chal& 

sigruficantly with ifitrgy , one can replaCe aose equivaltnt H wth 

absorbed ""se D in the hb"ve rti.aLiun. The results from Fig. 10 for 

the peak abjorbtd dbse can, then, be fitLed by the following equation: 

D = aEob (GY/proton, E. in G~v). 

Applying the results of the calculations to this formula we obtain: 

CASIM I1 OJ ir - 3.0 x.10-15 I 

200 5 E 2 800 Gev b - 0.84 " 

MARS1 0 a = 4.4 x ‘IO -15 
400 < E 5 20000 CaV (gooa fit) b = 0.81 

1 
o 

a = 7.8 x lo-l5 1 

70 5 E 
b * 0.74 

o s 20000 GeV (poorer fiL) 

(The poorer fit obviously results frcxn the larger aomain 
in E” which was chosen.) 

It is also rtasonabia thar. the total number of stars ptr proton in 

the the irm dump as calculated with MARS10 behaves in the same manner, 

s = 4.38 Eoootil 70 L EC LOO00 c&V. 

5. Compututional Features 

Using a CDC CYBER-875 as a reference computer we ilavt found thbt 

MARS10 to be somewhat faster than CASIM. For example, to run 1000 

cdswaes Initiated by 10 rev protons 1n tht iargt iron barn dump 
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dtscrlbad in stc~ion j wlLn tnt t;*tt-gy aeposltl"" cacuiatta us 1"s 

AEGlS, CASIM required 360 SICCrids of CPii while MARS10 required 163 

s~c”“*S. BoLh prograns art thus vlibie ;pt1ons Lo use for Lnlck 

shielding problems If "lie uses a large "umber of incident protons. 

CASiM r'equlrts appr'oximhtely 90000 OCL~ woras of storhge wnllt MARS10 

requires about 40000. H;w+~var the sLanual'd version of CASIM ailows for 

flvt aiffwtnt mat.tridis LO be used while MARS10 "niy 4iows for three. 

In gtineral, for the same number of inciaent protons followed, CASIM 

rtSU1L.S are typicaLly smo"thrr ~nan art inost of MARS10 for Lhe s&mt 

spatial bins. 

I" these C""S1aerat1""s, FLlJKA82 alffers shdrply from ;ht "thtr 

tW" waes. It il*:zds approximately 400000 words of memory. As 

mentioned 1" Ref. 19, to calculate 86 cascaaes inouced by 450 GeV 

protons in the 25 cm long copper cylinatr, FLUKA82 required 600 seconds 

of CPU 0" tne SIEMENS-7880 computer. Tnt successful solutl"Il of tnt 

thick Shielding problem would be hinaered by these consiatrations. On 

the other hand, FLUKAdi with 1~s txclusivt scheme of particle 

praducLion allcws for analog simulation of hadron cascades which is 

inaispansdbie I" the study of fluccuatlon probiems, in e.g. ,raClr0" 

calcrimi;trs. 

0. Conclusion 

Ail tnree programs consldertd hert are compdrlble with Lht 

calculations neeaed for the multi-TeV decelerator era. Each has its 

own itaT,ur'es wnich nave adv&Lages for some types of calculations SLd 
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disaovantagts for tithtrs. The prealctior~ of these tnree programs are 

1" sufficirnt -grtemtnt to bilow o"t to do case-de calcuiatioils in this 

energy region up to 20 TeV with confiaance. Nevertheiess, the subject 

of fuLurr work shoulo emphasize the upddLi"g of Lhe haaron productlo" 

mOUelS to reflect rrctnt exptrimzntal and thaLrtLica1 aeVt1opme"t.S. 

We WOUld ilke r.o thank A. Van Ginnektn for "1s very htlpfui 

commtn~s cn this paper. 
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TABLE 1 

Absorbra Liosc (GY/incldant proton X 10-13) 

Langltudinal 
Co0rd;nat.e (cm) 35 60 155 205 

Experiment 
(Ref. 10) 5.1 + 0.5 6.7 + 0.5 3.5 + 0.4 - 3.5 + 0.4 - - 

CASlM 3.8 + 0.5 6.1 + 0.6 3.5 + 0.4 2.8 + - - 0.3 

MARS10 5.3 + 0.8 7.1 + 1.1 2.7 + 0.5 2.0 + 0.5 - - 

ExptrimtnLal wrors are baSed on reproaucibility while calculational err-or-~ 

dre one standara deviation statistics. 
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LlST OF FlGURE CAPTlONS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Entr'&y atposltlon &nSlty wasurea .Ad calculatea 1n copper sld 
tungsitn itirg;ts in the geometry of Ref. 7. The targets were a 
set of segmtnttd cylinabrs 2.54 cm in aidmeter. Tht Incident 
proton tncrgy was 300 GeV. 

Lateral distributions of energy atposition dtnslty at d daptn of 
45 cm in a copper target irraaiataa by 400 GeV protons. Also 
incluata are comparisons of tne three praalctlons with 
axptrlmantal data from Ref. 23. 

Radial aistrlbuclons of the longitudinaily Integratea star 
drnsity in copper induced by 450 GaV protons as calculated by the 
three programs. Histograms denote tne MARS10 results whiit, * is 
used for the FLULA82, and U is used for the CASIM results. 

Lateral distributions of star aenslty In an iron beam amp 
longitudinally ~ntegrtited (stars/cm2) and values at cdscaat 
maximum (stars/cm J for Eo = 3 TeV. Calculations using CASIM are 
indicawd by . , while histograms are usea for MARSlO. 

Tnt same as Fig. 4 but for E. = 10 TtV. * ana 0 denote FLUKA82 
K-C3UlL.9. 

Tne same hs Fig. 4 but for Eo = 20 TeV. 

Lateral distributions of sntrgy aepcslLion density in an iron beam 
dump iongitudinaily integrated (GeV/cm'j and values at energy 
deposition density maximum (GeV/cm3) for E = 10 TrV. Histograms 
denote the MARS10 results while the circles .otnote the CASIM 
resulc3. 

Lattrhlly Integrated energy deposition ciistributions ana energy 
deposition dinsiLieS cn the longitudinal axis of an irOn dump as a 
function of aeptn (Z), the longitudinal COOrCIinate, for E = 10 
Tell. The same notation as in Fig. 7 is used. 0 

Maximum energy asposition aensities in aluminum and graphite bedm 
dumps irradiated by 10 TeV protons as a function of the standard 
aevlatlon, b, of tne beam. Caiculhtional results are denoted: 0, 
x-FLUKA82 (24), 0, A-MARSlO, and m-CASlM 

Peak absorbed dose and total stars proauced as a function of 
lncldtnt proton energy in an iron beam dump 91 x 91 x 370 cm (IO). 
The calculations are denoted: 0 -MARSlO, 0-CASIM, X-MARS10 
(integral). Two different least squares fiLs to the MARS10 
calculations are also included as the dashed and solid Curves 
(please consult we texLj. 
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