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1. 1n·1,;ruouct10n 

The flrSL ~Upt,;:rc.;.0nauct1r1g high tnt:rgy proton ei.cc1;;:;lt::ra1..0r, Lhc 

f1;:;rm1.lab T.:.:VC..i,('(;fl, lS ItVW SUCCE;;:SSfully Ul..lllZtO for fixed l.argtt 

pnys1cs c.1t c.. pr·oton t.nbrgy, E0 , of 800 GeV. Worldwiut.:;, ti'lt::r1.J art u.t 

lea:;t thrte superconducting pr·0Lon accderators being consiaered for 

tt1e nexi. i:;e:nbrat1on; the Accel.,rating St.uragt. Comple:x (UNKJ ul. 

St.rpuknov, USSR (E.
0 

= 3 TeV), the Large Haaron Colua"r (LHC) at CERN 

(E0 = 10 TeV), ana che Superconoucting Supe:r Coll:;.a...,r (SSC) in i.he: USA 

(E = 20 Tt:V)·. 
0 

The lnLtrdct1ons of proton beams of such high cnc.rgy wi l.h n1at.l.<'r 

result in a numbc.r of design problems including h6ating effects aue to 

the inti::nst: t::nergy dt::posi "(..lOn in 

superconducting mag~·1;.:.ts), radioacti Yd.Lion of compcn&nts, background in 

t:Xpt:rimt:nts, dild cnvirc.Hlffitnlal r·aaiation which n1ay ~scdp1;;:; t.ht: snicloing 

of ttie accel2cacor. The most practical m.othocJ of aoing the requisite 

thrt:e dinitnsionol na.dronic:-c.Lt:Ct.ron1a.gni:;t1c <..;.a,sc.;C:Lde Cdlculatiuns is t.be 

M0nte-Carlo LE-chni que. This m"tnoa has b"en employea by the authors of 

Ltlc foilowing computer· programs; CASlM at Fe:rmilo.b L 'I], MARS at lHEP 

SE>rpukfiov [2,3] a.no FLUKA at CERN [4]. In the pr.,sent work sE:leccea 

result.s using tn.;se programs arb compar"d with bach ot.htr dl1Q with 

existing experimental aata. This is aone to ascertain the degree of 

conf1aence with whictl l.h" shiela1ng calculations pt.rt1nent to tne 

multi-Te:V accel;orators .can be maae. 
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2. Ft:d.turt;S vf ltlt CC>ObS 

Tht t.hrt::b cout:,:, stuo1cd ncrt simulate t.h1;;;; int..t:racL1ons a.na 

transpc,ri; of particl<;s in three-dimtnsi0nal geometric"lly c0mp~ex 

sy~tems ano havt ma.ny fcat.ures in common. DE;;:tO.iled at.script1ons of Lht:: 

physical mcabls us"d and thE. codes themsei ves are g1 ven in i,he primary 

rtferencts i_1-4J. Ht.rt cmiy highlight:; of th<> spe<:1fic ftaLurca wUl 

be gi Ven. 

CASlM, Whtn <:oupled tv \.ht progrorr1 AE:GIS L5J, simultaneously 

traces tltc',,,romagn~t.ic sncw~rs induced by ai:::cays of neuL-ral pions. The 

hadron proauctivn model of CASlM i:; a moCllf ied vtrs1on of the 

Hagtacrn-Ranft thermodynamical model. It incluaes a high transverse 

momt:.ntum corrt:;ction una sornt low cnt:rgy nucl&ar effccts. Tne maximum 

inc1aenL proton t:nt:r gy, or1gin"1ly restrict"d \:.0 E ~ TbV ha.s bet:n 
0 

recently increased to 50 TeV [6]. The threshold momentum of the 

hadrons follow.,a is 300 MeV I c. Normally, protons, ntut.rons, ano 

charg"d pions are Lranspc,rted. This program uses an inclusive scheme 

for ho.aron-nucl~us inttractions w1 th t:nt:rgy ana momentum conservat.1on 

avE.ragbd. over a number of collisions. Particles are traced u&ing a 

Stbp ffitLhod With fixed step SlZ"S· Tha particles w·c tr<illsporL"d 

through an arbitcary g.;.omet.ry defined by the user in a FORTRAN 

subroutine. lnclus1on of magnetic fit:lds in ci.eto.11 is quit.~ simpl.e. 

Con:;idcrable mod.i.f ications to CASIM have been maae over the years 

in ada1 t1on to U-1e AE:GIS H1scrL.i.on. Quite sc.tisfactory cxper1mu1tal 

v"rificatlor,s of this coae fc,r a varie.ty of geometry types and sizes 

o.nd for s~vt:.re:ii 01fft;rl..nt. quctnti t.it.s of' int'=r·t:st. nave bct:n mctd.8 for 

incider.t prc,t,or. energies up to 800 GeV [7-1 OJ. 
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Tnt program MA.RS hds o.lt.O btcn lff1pr0vca OVE;r l..ht;:; pa.st. scvt:ra.l 

ye.Gs.rs. Tt1e m:..:..st r-t...c .... r1t. vtr'&1on, 1'1ARS1 0, rt..tains the oldi::r fE::aturt:.:s 

along with t.ht fo.Liowlng s.i.gnific;;..nt. improvcmcnLs. Tht; Qt;script1on vf 

the ric.aron ir1cl usi ve s p~ c1.,ra (using a sele clion schemt: similar to 

that of i..;ASIM) rtlies un {..he aod.1 t.1 ve qui:irk moa(;..i of tladro11-nuc1t:us 

interautions [11 j for XF > O allCl c. phenomenological moaeJ. L 12J fc,r XF ~ 

0 (where XF l& Ftynman 1 s scaling varic.i.blc). A stt of St:::m1-empirical 

formulc.e [3] is used to simulate low en.,rgy particlt: production. 

Mu.it.iple Coulomb sco.ti:..ering lS t.rE::ated using Mol1t::re's t..nt::!ory w1t.n 

aJ.lowance for nucl.,ar size effects [13].· An iteration-step method is 

ustd in constructing the tnr1;;;t:.-dimt:ns1ona.i t.rdj .;;;ct.oriic:s tor arb1 trary 

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

modlfibd version of AE.GlS [5j is usea co nand.i.e dec;t-romagnetic 

shuw.::.rs. 

Th<: mc.ximum incioent "nt:r-gy is bX\,bna.;:a LO 30 TcN, ohough 1-ht: 

progrc.m hc.s b"en used co yldd crudt: cstimEites up 1.0 1 o4 TeV in DUMAND 

acoustical studies [15]. Pre-tons, neutrons, a.nd charged pions 

"xc.,.,a1ng a trir.,sho10 cn<'rgy of 10 MeV may be cranspori: . .,a. 

At CERN, tne program FLUKA82 [~], d6Veloped from FLUKA [16] is 

used.. ln com;rc..oc w1i,h 'cht: oLh6r two progrc.m:o, FLUKA82 is a full 

analog simulation of the hadronic cascade. In this program the 

pc.rt...i.clt proauction moCitl us1;:d. d.t momenta bi:;low 5 GeV/c oi::scr1bt.s 

inelasi.ic collisions as quasi-two-body processes producing resonances 

wh1cn subs.,quentJ.y ckcay. At high"'r mom"nta up to about 10 TeV/c a 

multichain fragmu,cation r"presentatiun is employed for part-icle 

prociuctior!. The n6WE.:St.. vi::rs1on prov id.es t.xact. QUcintum numb1::r, 
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moment.uni, and. entrgy c.:onscrvation for t..nt:: tXtra.-nuc.icar cascaoE:: 

particles. New inelastic cross s"ctions for cn<:rgies up co 10 TeV oerc 

also incl uuea. ln gtnbrcll Cdbes, purticipo.nt.s of ca:::;1..:o.a~s c.:ons1at:red 

- + - + -in tht; 50 MtV to 10 Tf;;V region ci.I'c p, p, n, n, rr , rr , K , K , K(J, 
-o 
" " . 

A, and. .... D1;;tailtd. Montt:-Carlo t.reatnit:.nt of t.nt: E.lectr·omagnttlC snow~rs 

is pres6ntly not included in FLUKA82. The combinatorial geom.,try 

pcickagt us~d in t.h1s code !S a moaiflcdt.1on of t.t1at. or1g1no.lly 

developea at ORNL for t,he neutron and pnoton transport program MORSE 

3. Selection of Examples of PreaicLions 

In recent y.:.ar·s many people have studied macroscopic consequences 

of high energy proton beam inct:ractions [2, 6, 16-21 ]. Below, a 

selection of results using thes" thr"e programs for the O. 3 to 20 T"V 

energy r"gion is given. Only hadronic-blt:ctromagnHic cascade eff.,Gts 

will be presented here, negl<:cting the very important problem of muons 

at the new g<:nt:raLion of acceleracors considered "lsewhert L6, 18, 22]. 

The quantities cnosen for comparison are basic ones common to i:he 

output of all three codes; tf1f; star aensi ty 
... 

S(r) and. th" ~n.,rgy .. 
depc.si Gion a~r1.&i ty E(r). The form<:r d€-termines the scale of the 

b1ological shielaing, the a<:grE:e of inaucea radio.;,cti vi ~y, ci.OQ 

(somt-t.imcs) experimental backgt'ounds. Tne lact'°r deu.rmines the 

ht:;at.1ng d.OO consc:quE::nt. aa.ma.gfi:: t.o targets, bed.J.11 Ciumps, extraction septd, 

and (pci·haps most critically) the sup"rconaucting magnets. These 

qua.nt.1 t1t.s arc both related t.o t.he radio.logical pararnt:\..6r absorbc::o 
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aose, D. Tn1:: tnrct proe,ro.rr1s o.rt: comparco by cipply1ng them t.o c;a.st:s of 

solid absorbers which are easy t.o progra..m vr are already available in 

the li tt:raturt.. Rdcro:r:c" to tne namt: of "acn coo<= refE>rs 1,0 tne most 

Fi gurb 1 :;nows d compc.r i son of C:ASlM auo MARS 1 O rt:s ul ts with 

bXptrimu,;;al data [7] obtainbd fcom th<= observed temperature increase 

in stgmt:ntto cargtts ir-radiattO by 500 GbV protons. Agr~emtnt of botn 

coo es with expcrimbnt is excellent. ln Fig, 2 the radial 

distri buLlous of tntrgy aeposi ti on aensi ty in a copper t.arget 

calculated by all three cooes are given for a 400 GeV proton beam 

inciaent in a Gaussian spot size having stanaard oeviatiun <0 = 1.25 mm. 

The predictions again agree well with experiment [23] but the FLUKA82 

and CASlM cur·vtos slightly underestimate the measuried vQlues. 

Figure 3 shows results of a comparison of calculations using 

CASIM, MARS10, dnd FLUKA82 [19J fvr 450 GeV protons incid<ont on d 

copper cylind~r of length 250 cm and rddius 20 cm. A beam spot having 

a = lrnm was used. Agrttm.,nt is sufl'icienL for most purposes but 

FLUKA82 predicts sma.llt:r values for 
... 

S(rJ d.L Lhe Larger radii. 

tot.al numb<cr of stars pr·oduced in this cylinder as calculated by CASIM, 

MARS10, ano FLUKA82 arc, rbsptctivcly, 510, 483, dnd 4~3 p~r incident. 

pr0Lon and thus are in reasonable agr<0ement.. 

Tabl" lists values of absorbea aos~ measured aLong t.he out.er 

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

longi tuaina.i., SLruck by IJOO GeV protons as reported in Ref. 10 along 

wit.h CASIM and MARS10 predictions. In this case the agreement is 

adequate for most purposes. 
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For t.ht: protvn tnt:rgy region u.navailob.iE:: LO bX15tirig uCCbltro.tort1, 

Figs. 4-6 give th" calculated star Clensity, S(r), as a function of 

ruo.1 u& in an iron a ump of :>OO c.:m .Lt:ngth ar1a 100 cm ro.01 U5 for proton 

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

be ;, Gaussian with <r = 5mm. The FLUKA82 c;;lcu~ations sriown nere Wbre 

taken from Ref. 20. Both the radial distributions of star aensity at 

Cdsc:aa;, maxima ana the iongi tuC11nally int.,grat"a values of S(r) "re 

pr·esented. The r·esul ts are in gvod agreement with each other. 

Figures 7 and 8 sriow the calculatbd "n<orgy ot:pusition C!ensity !'or 

this same b"arn dl.llllp bombaraed by .. 10 TeV proLons .. Includt:d are exampl"'s 

or latera~ ana longituainal aistribu1,ions. CASlM QnC! MARS10 results 

are co1.s.i.stent, with slightly d.i.ff <.rent long1 tudinal C!istri butions. 

An important quantity for many o.pplicatior.s is the mo.ximum en.,rgy 

C!epusi ti on dcnsi ty. Calculat6C1 values of this quantity for cascaaes 

initiated by 10 TeV protons inciaent on large graphi 1-e QnC! aluminum 

blocks Gre given as a function of the stanaard deviation of Gaussian 

beam spots in Fig. 9. FLUKA82 resul i:.s, i;ake:n from Rt:f. 20, 

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

fi>Ct.or as large as three. Th"r" are t,wo plausible rE>asons for sucn a 

large discrepancy: 

1. As point;;d out in Ref. 21, only t.he raC!i"l bH• O ~ r ~ 0.5 

<rmin curr.,sponds to the rtoal maximum <>n<;rgy depos1 Lion density 

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

was speuifically studied but in R~f. 20 t.hb inner bin may 
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nave bt...tn largt:r, ltaaing to an "artificio.111 unot;restimate. 

2. At tntrgit:ti t.
0 

~ 0.5 Tel/ t.ne mo.x1mun1 valut vf cnt.roy 

depG.::>i Li0n cl(.r~si ty is d.omir.uLl::'d by the eltctromagnttl c showers 

mainly by of 

semiempirical algorithm usi;d in 

n~ut.ral p1ons 

FLUKA inst<:ad 

L2], 

of a 

1 nt; 

mori:: 

prt:c..1.st treutmcnt of clt:ctromagnt't.lc st10wers may bt lt:~s 

accurate o.t these high erh~rgies. 

As ont. Cdn St:e from Figs. 1-9 the resulcs agre<: very well for 

aiff 6rent conditions and ov~r a wi Cle energy range. This is gratifying 

in view of the rath"r different haciPon production ano t.ransport scne:mes 

used. 

4. Moyer Moa"l Parame:ter 

Figure 10 shows \.tie peak absorbad dose calculated c.long th" sides 

of the iron block studi<Cd in Ref. 1 O as a function of inciaent proton 

energy. Also shown is the cotal uumber of stc.rs per proton in i:.he same 

dump. Calculations nave also been made using MARS1 0 ovt:r the range in 

proton "ncrgy from 70 GeV co 20 T.,v. The CASIN results from Ref. 10 

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

Figure 10 is wrrt;lacea with the parameter of the Moyer shibldir,g model 

which com,ains the er.ergy aependence for lateral shielding in a fixed 

geometry. This s"miemplr'ical shielding mood nds b""n rt!c~ntly 

aescrib"d [24] and ""vised [25]. In these two reftrences it is shown 

that tne aose ~quivalent, H, outsiae of a given geom~try is giv"n by, 
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Since it is r.ot exptctcd that the "nergy sp.,ct-rum of the neutrons which 

dom1na.tt i:..nt uost t:qu1 Valent in \,hl s situation will 

sign1fic.i.r.tly w" th J,c,rgy, cme can replace aose equi valtnt H with 

absorbed aos" D rn the above rbl2'uun. Thto r"sults from Fig. 1 O for 

the peak ab~orbed dose c2'n, then, be fitt-ed by the following equation: 

D = ciE b 
0 

(Cy/proton, E
0 

in GeV). 

Applying the resul ls of the C2'1CuJ.ations to this formul" w" obtain: 

b = o. 84 J 
CASIM [\OJ 

MARS10 " 4. 4 x 'IQ -15 

1 b = o. 81 

" 7.8 x 1 0-15 

1 b = 0.74 

200 ~ E ~ 800 GeV 
0 

400 ;; E ~ 20000 GeV 
0 

70 ~ E 
0 

~ 20000 GeV 

(gooa fit) 

(poor er fit) 

(The poort:r fit obviously results from the larg"r aomain 
in E

0 
which w;,s chosen.) 

1 t is iolso reasonabl" that tt1e total numb"r of std.rs per proton in 

the the iron dump as C2'lculoted with MARSlO behaves in the Si1llle manner, 

S = 4.38 E 0.81 
a 

5. Compututi0nal Features 

70 ~ E.~ ~0000 GeV. 

Usin;; a CDC CYBER-875 a.s a r<;ference comput"r w" have found that 

MARS10 lo be somewhat f2'st<;r than CASIM, For example, to run 1 000 

cascdOes initiated by 10 TeV prot-ons in the l<orge iron beam dump 
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d.e5cr1btd. in st:::ci...10n 3 w1t..n i..nc tnt;:rgy Ot:pus1t.1or. cc.lcu.iat.t..d. using 

AEGIS, CASIM requirtd 360 scccnds of CPU while MARS1 O required 16j 

st.cvnos. Bot..h programs o.rc t.hus v1c..blt: 0pt1ons to use f'vr t.n1c.:k 

shi&lding problems if one uses a large numb"r of incident protons. 

CASlM r"quirts approx1mat<oiy 900(!0 oc1;"1 woro:; of :;,toro.g" wnue MARS1 0 

requires about 40000. HuWtVtr the :sLanoard vtrsion of CASIM allows for 

five aifftw.,nt mQterials i,o be. us&d whue MARS10 only allows for tnr""· 

In g<;neral, for the same number of incident protons followed, CASIM 

r"suli,s "re typically smoothtr i,nan are cnose of MARS1 lJ for the sC!ffit 

spacial bins. 

ln thes& consiaerai:.ions, FLUKA82 aiff.,rs st1o,rply from ;,t1<0 ocher 

two cuoes. It '10<'dS approximately 400000 words of memory. As 

mentioned in Rief. 19, to calculate 86 CC!scaaes inauced by 450 GeV 

protons in the 25 cm long copper cylinaLr, FLUKA82 requir<'d 600 seconds 

of CPU on tne SlEMENS-7880 0omputt.r. Tnoc succocssful so1ut1011 of Ln<o 

thick shielding problem would be hinaered by these consiabrat,ions. On 

the other hand, FLUKA52 w1 th its excl us1 Vb s<Or1t.m6 of par Li cle 

producLion allcws for analog simulation of hadron cascaaes which is 

inaispt;ns.,blb in i:.he study of fluctuauon probiems, in e.g. haaron 

calorimci-crs. 

6. Conclusion 

All tnree programs considered herb are compdtlble with the 

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

own r't::otur6s wnich nave aciva.ntages for somt t..ypts of calculations o.r1d 
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ci1saovant01gt:s for 0tt1'-rs. The preaictior.s of these: tnrce programs art 

in sufficient o.grt.t:mcnt to allow one to d.o casco.dc: ca1cu.la.t.io11s :i.n t.h1.=> 

e:nergy re:gion up to 20 TeV with confiaence. Neverthe:~ess, the subject 

of future work shoulo bmphc.s1ze the upciaung of t.t1e haaron prociuction 

models t:.o reflect r<Cc.,nt experim.;ntal and th;,c,r<;Lical ObVelopments. 

We would like to thc.nk A. 

comment.s en this pap~r. 

Van G1nneken for nis very htlpfu~ 
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TABLE 1 

Absorbea Dose (GY/inc1aent proton X 10- 13) 

Lvng1 tuainal 
Coordinate (cm) 35 

Experiment 
(Ref. 10) 

CASlM 

MARS10 

5.1 + 0.5 

3.8 + 0.5 

5.3 + 0.8 

60 

6.7 + 0.5 

6.1 + 0.6 

7.1 + 1.1 

1 95 205 

3.5 + o.4 3.5 ~ 0.4 

3.5 + o.4 2.8 ~ 0.3 

2.7 + 0.5 2.0 + 0.5 

14 

Experimental errors are based on reproauci bili ty wriile calculational "rrors 

are one standard deviation statistics. 
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LlST OF FlGURE CAPTlONS 

1.. Energy ot:pos1 ti on ci.ensi ty mt:a.surt:d <:.i.nci c..:alculatca in copp~r and 
tungst~n t<-rg~ls in the geomclry of Ref. 7. The carg.;ts were a 
Sbt of segmbnt6o cylir10brs 2. 54 cm in aidlnHc.r. Th<o iriGidt:nt 
pr0~0n ~n~rgy was 300 GeV. 

2. Lat<;ral a1str1but1ons of energy Obposition d0ns1ty at d aeptn of 
45 cm in a copper target irraaiatea by 400 GeV protons. Also 
incluOt:o a.re comparisons of tne: t.hrt:::t prt:a1ctions witn 
eXpbrimental data from Ref. 23. 

3. Rad1 al Oistri but1ons of \.t16 longi tuOinally int e grat6G star 

4. 

d~nsi ty in copp6r induced by 450 GeV protons as calculated by th6 
three progrdffis, Histograms denott the MARS1 O results whUt, * is 
used for the FLULA82, and a is used for the CASIM results. 

La.teral distributions of st.ar oens1 'kY in ar1 iron bt:an1 aump 
longitudinally ~nttgro.t6d (stars/ cm 2 and valubs at cascaoe 
maximum (stars/cmj) for E

0 
= 3 T6V. Calculations using CASIM cire 

indicated by•, while histograms are usea for MARS10. 

5. Tnc samt as Fig. 4 but for E
0 

= 10 T6V. * and (J dbnote FLUKA82 
r<;SUlLs. 

6. Tne same as Flg. 4 but for E = 20 TeV. 
0 

7. Lat~ral distribullons of sm.rgy oepc.sili.on density in an iron beam 
dump longi Ludim1ily intbgrat6d (Gey I cm'°') and values cit bnergy 
deposition aensity maxi.mum (GeV/cmj) for E = 10 TeV. HisLograms 
dcoo~e th<; MARS10 results while the circ£es aenote the CASIM 
resul i.s. 

8. Latbrally integratbd energy deposition distributions and en<;rgy 
depo~it.ion d~risi'.;.ies en the longitudinal axis of an iron 
function of deptn (Z), the longitudinal coordinate, for 
TeV. Tne same nc.tai.i.on as in Fig. 7 is used. 

dump as a 
E 10 

0 

9. Maximum <:nffgy deposition aensi ties in aluminum and graphite b<:arr1 
dumps irradiated by 1 O TeV protons as a function of the standard 
oev1~t1on, ~. of tne beam. Calculoiional results are deno~td: 0, 
x-FLUKA82 (24), O,Li-MARS10, and•-CASlM 

1 O. Peak absorbed dos<; cind total stars proouced as a funct,i.on of 
incid"nt proton cn<;rgy in an iron beam dump 91 x 91 x 370 cm (10). 
The calculations are d8noted: • -MARS10, O-CASIM, X-MARS10 
(inttgral). Two diff<;rent least squar<;s fits to 1-h" MARS10 
calculations are also included as the cashed and solid curves 
(please consult tne text). 
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