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IN TRO D U CTIO N 

The ~vIontp Carlo study of cosmic ray dett>ction in thE' TeV energy range prest>nted in 
this pap er has been triggered by our interest in the ART E MIS C.:tntimatter .Research 
Ihrough the E a rt h ~/ o!)n t Oil ~'pectromt>ter) proposal. The co ncept of ARTEMIS t.o 
sea rd l for antimatter rro m other galaxies using the earth magnet. ic field to measure the 
sign of the ch a rge a nd the moon as an absorber is due to M. Urban (LPN IIE - Ecole 

Poly technique). The ARTE ns project is described in some detail in reference [II and 
[2 J. A brit>f presentation of the key idt>as of Artemis is gi vt>n in Appendix A. 

A possibi lity has hee n found by M. Urban and his coUeagues for a test of the 
Artemis concpp ts by llsing, with somt> modifications the exi sting mir ror telescope of 

the Whi pp le Laboratory at Mou nt Hopk ins (USA). We are not participating in that 
develop m ent . lIowt>vpr the Monte Carlo study which had been started has been contin
ued and is a vai la l Ie a s a tool for more genera l use . Our study deals with the propert.ies 
of cosm ic ray showers detect d by Cerenkov imaging in the visible doma in . The detec
tion sensitiv ity and the accura cy of the reconstruction of the parent par ticle direction 
usi ng Cerenkov imagi ng arc d iscussed. The backbone of the study is the Monte Carlo 
genera tor dt>velopped by A.M . Hillas (University of Lt>eds). This work has been mainly 
done during the summer and fa ll [990, and he beginning of 1991. But, due to various 
reasons, the preparation of the report has been delayed. 

In section 2 a brit>f over view of cosmic ra,v dt>tection methods and a de~cription of 

the se tup used for the sim ulations a r(' g ivell. The characteristics of the atmospheric 
shower lVI onle Ca rlo gf'n erator I1 st'n in this study are presented in section 3. Section 
4 is devoted to the disc ussion of shower cha racteristics with Cerenkov detection. A 
com parison be t ween nucleon alld photon indlJeed sbowt>rs is also included. Sectioll 
5 and 6 contain results on the reconstruction properties for the setup used in the 
si m ula tion. 
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2 	 CERENKOV IMAGIN G FOR COSMIC RAY DE
TECTION 

2.1 Detection Methods, an overVIew 

A b ri ef o verview of cosmic ray detecti oll t,erhnics is gJven lIer('. A more (" omp lete 

d isc us sion car be fOllnd in r(' fe n' lIe f's [:3 1, l'ti a nd f51· 
Cosm ic ray parlirles pro d uct' a shower of s('condarv part irtes (r. l , f, I-l±, //, 7f 1:, 7f " , 

... ) through !l uriear coll is ions, and el('ctron-photoll r as cadcs, in t.he ('art l! a t mosphere. 

Terrestrial det.ection IJ ses the sliow('r o (' ve loplllent l'ffE'cts. Th rN' methods have been 

used up to now: 

a) Ce renkov light is (' rn itt('d by the rharg('d par ticles (mainly electrons) producE'd 
in the sho wer. Cerenku v photolls call he co llected by large mirrors (few meters in 

diameter ), equipped with am p lifyi ng photodetectn[s in thf' focal pla ne. Ve ry low am· 
bif'nt ligh t-le vel. ( Dark n,ig ht sky, without the [noon) is feqlJi r(' d, givf'n the low signal 

a mplitu de. The Cerenknv df'tection mf'thod is a p pl icab le for r('lat ive l,v low energy 

( -v lOO Ge l ') cosmic rav detection, and is widely lIs ('d in the VHG ( Ve ry High Ener· 
gy) 10'2 Gel ' 10 ! Tel " range . The nll m b('[ Df collect('d Cere nkov photons , which-4 

is roughly proport iOllal to the num ber of chargf'd sec ulld aries, call be Iised to f'sti

male t he in itial pare nt energy. The well kn own timing mpthod consisting of measming 

t he pho tons arrival t ime wit h s('vera i tel ('scopes can bt' used for the p arp nt d irec ti o n 
determination. Cerenkov im agillg provides an in te resting altefllative to this meth od , 

b) A sm a ll frac t ion of thE' charged s('condar ies (an rE'Mh the g ro un d, de pe nding 
on t he pare nt par ticle di rection and mainlv its eI1C'rgy, as well as the observat ion site 
altitudl'. 

ILigh e nergy secondary part icles keep a c('rlai l! TIl ' fTlory o f the parent d irection , 

rvruolls (JL+ ,J-L ), main ly produced in charged pion (7f t- -> I I I + //1') decays in hadron 

initiated sh owl'rs, have small mu ltiple scatt e ring cross -st' ctioll, High energy m uo ns can 

t.h us r eac h the grouIld with di rE-d ioos highly mr rt:' lated with lh(' parent direction, They 

can be used for t he re const ruct ion of the in itial riirec t ion of haoronic showers, T im· 
ing methods are also app li cable to t he dir l' c l ion nwasuremen ts, while c!target! par ticle 

cou nting can be used for meas uring the pMe nt energy. C barged par ticle c!ct dion is 
use d in the UIIE (Ultra High Encrg,v) range from lOll \ '(l00 Tc~ ") to LO I, eV (10 0 

PeV ). T he CASA de teclor ( C~hi cago .J ir -,S:hu w r Jrray) '71 of the U n iversity of C hicago 
has been des ig ned and built fo r IJl IE cosmic gamma de t ection. 

c) As t he (osmic ray flux dro ps expo nentialh wi th the energv, th e i\('(ep tallces, 

ITI te rms of su rface and solid a ngle coverage must be massively inc reased I,t) insure 

a cceptable event ratC's in th e 8I1E U;;xtrem Il igh E ne rgy, E > 101~ e\ ', 100 {'el') 
range , Neither Ce re llkov, n or charged par t ide det ('c l io n at gr () u n<i le vel provide the 
pnss ibi lit,Y t.o rear h till' required acce ptances. Fortu natel ,', t he largf' arn null t of ellergv 

3 



de posited in lil t' atrnosph re rna krs ano t hrr effect det.ec table. At sudt a n energy level (> 
100 P .1·) the Itu( r('scenel.' s igna l pro«1I1(('(1 oy thc air moll.'cu les desexcitat ion, main ly 
tV! molecuks and N) ions, is largt' enoug h to \)(' «1iscrirn ina tf'd against t he night sk y 
backgro und. T b(' F ly 's Eve deter l o r (8), hu il t r llow iJl g Ih is rI('Ie''' ion principle, is m a rle 
of 67 mirr-ors of l57 cm in diamp (('1". F:ach mirror is q lli pped in it- fond p lane wit h a 
set fl f p hotomult ipl iers ( P l\. l) wi t h Illul ti pl f' o r ientations. T he te lescope has an E'!Tee t.i\'!> 
sol id ang lE' covt"ra ge of nearl y 27r s(erarlial1S . The su rface co veragl.' o f the ystem (67 
t elescopes) depen ds on t he cosm ic ray en ergy and readlps ""'- 1000 km! at E = tOO PeV. 

2.2 Setup used for the s imulation 

In t. lte simulat ion the pare nt par t.icle d irect ion will be dete'rmined o.v Cerenkov imag
ing. Cl'ren ko v photon s r nll l:' ·l ed bv t he mir ror form all image of t he em itti ng particles 
spatial distrihutioll 011 t he mirro r focal p lane . The image is f('c orden by a sel of pho
tom 1lltip liers, d istri b uted ove r hat plane. T he shower image has roughly an e lli p ti cal 
shape an d t he e ll ipse main a xi s lies in th plane defined by the shower ax is a nd t he 
m ir ro r cpnt N as illustrat ed , n figure l. 

Using steres r opic views from t wo or m ore t.elescopes one call reconsLru t com pletely 

the shower d irect io n . The determinati on of t he ellipse a xis di rec t ion on each of the 
images defin s a p la ne con tai uillg th e shower. The inte rsection of the t wo or m ore 
p lanes so de fined de te rm ines t he sho wer a ' is. 

As di scussed ill sect ioll 5, t lte avai la bility of more thal l t. wo observation stations 
enha nce t he prec isio n of energy a nd direction estimation as well as the de t ector accep
tance . 

'T he s im ulati ons have hef'f\ carr if'd out fo r a confignr a tion o f four spherical mi rrors, 
10 m ete rs in di a m e ter (78.5 m") a nd with a foca llellgth of F = 6 m. Three mirrors are 
pl aced su ch that t hei r ({,liters a re L20 III ters apart, in an equila t eral triangle pattern. 
T he fourt h m irror is placed in t he cellt€' r of t he tr iang le. T he mirro r posit i ns are 

shown in fi gure :~.a. T he "S tandar d' eq uipment of the foc al plane consist of: 

(i) 	 9L pho to m ult ip liers ( r f ) of L" ri iaml:' ter covering t he central region . They arc 
a rra nged in fr ve concentr ic slt('lls su r ruundi ng t he central . Earh shell has 6n 
(n = 1.,2, ... ,5) PM'S in add iti on to a f('n t-ral Pr.,l ( n -= O), each PM c veri n g 0. 25°. 
T hese 91 P M'S ha ve t hus all an gular cove ra ge o f t l. :n5° around th e mirror ax is. 

tii) 	18 2" P i\ 1'5, arrangl'd iTt an exte rna l ring aroulld the cent ral r('gion, extend the 

a ngu lar coverage to L l.875'" with a grall ularity of 0.5° t he am pJif. ing ca m era 
", tannard " COIl figur a t ion is show ll in figure :l. b. 

T h(' mi rror d im cfls ions, a nd I he stand ard PM config uration have been chosell to 

be Ver y similar to Ihose lI St'd hy t he Whipple Labo rat orv in I hl" ir Mount Hopki ns €' x
periment [911101with a si ng le m ir ror . Ifl t. h e' sim u lat ion, th€' dat.a from any mi rror 
com binati on ca n be II sed . In andition l it €' a r cep t ance and th~' granularity of the fo· 
cal plane det erl firs have he'f'n var ied to slud y their (~fect on shower reconst ruct. ion . 
Si mulat io ll result s with t his se t up are des cribed in Sf' rt ions 5 a nd 6. 
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3 	 MOCCA. THE ATMOSPHERIC SHOWER MONTE
C ARLO GE N ERATOR 

The el'rll l gr ll C' ril i (lr, dt'VC'lo p prc\ bv , \ . ~ 1. Il illas I t I) : 121 has ht'4 ' 11 11. ('d ffl r the pres(' u t 

st.u dy . It has 1)('('11 SfH'cificilijy d ('si,g rl ('(1 for Sirll1d a tion (I f showers , iui l i, ted hy cosmic 

ray particlr s ili cid E' lll ill I l \(' (,fift h a trnosp llt're, Ii s illg pllfe 10 llt e Car in Tccllllic s . Almo 
Isp h('f ir r asra 1('5, initi a t rd "v pro to ns, llurlC' i (I[r I I , Li - ~ I , . . • ), p hotons or (' I('rt rolls in 

t.h e ('Berg )" range C:('\ ' tn Pc \' can 1)(' gelH'rat r ci . T he p rog ra m is \n i tt en ill Pascal, and 

the II e of rr cllrs i vr prllg ra mmi ng, availa h le wil h P a scal has vir ld('d a hi gh ly <'ffir ien t. 

an d co m pil rt codr . 

T hr variolls phvs ic;),1 p rnC('sses, oesrribing tllP illtf'fac t inn of hig h (' IlNg}' particles 

with m a tter, Ivhir h a re inclu ded in the p rog ram are p rc's('ntea ill this sect ion (sre for 

exa mp lr f!' f('fen cr ! fj f(lr a rlel a ilPfI disc u ss ion). 

F. lrc t fOln aglll' 1ie p rocessf' S, dC'sr fibi n~ t hr I)('hav iou r of d ect roil S and p hot ons ,He 

we llull d('fst ood. Det,a iled t.heoretica l dC'scrip l io n , as we ll a s p recise e xp<'r illl ntal mea

su rements are available for I hcse p rnn'sses. I\ S a rr s ult , (5(,(' sec t io n :3. l) t he simulati on 

of e le<: 1ron p ho to n ineerarl. iolls is larg<' [y ba sed OIl prpc ise lheore t ical calc u lat i ns . (J ll

for t un a tel,v, our k no w led ge o r nuclear int era tiolls has not rpac hed t he sa me df'gree of 

m a LlIf ity a nd in\'ol vE's mOfe C'II m p lex phcllU rnena. A p henonw llolog iral descriptio n of 

nu clear i nl eracl i"ns, sho rtly p resent. ed in sect ioJl :1.2 b e lo w is usen for t he simll ia tion 

of p ro ton and. pion beha violl r. The thin sampli ng tec h niq ue, descri b d helow in scctio Il 

3 ,3, m ake it possible t.o s imulat e VNY h igh energy <:<1scaties, li p 't o PeV energy part ides 
w it hin reason a h le comput ing l ime. 

3 .1 Electron-Photon cascades 

E IC'c t ro ns (e) ami p{) ~ i t rollS (e ~ ) , an d also odler charged pcuticles in teraci wi h mat ter 

vi a the fn llowi n ' processes : 

- BrE'lll sst rahl u llg 

JO II isa t io n pnerg.v losses 

Single and. nllliti pi p ('olilorlIO scat ter ill g 

In additiulI, PI' s itr flll s call s llffN a unihil ati oll t h r{ ugh ('o lli, io n wit b at o mic ('le('troll 

In t h(' ca st' u f atrnosp ll('r ic ,;h f)wers, charged p articl('~ ~ [' (' ddl p('j,pn hy [It t' eart h rnag n('t ic 

field , 

E Il Prgf'1 ic p hf)t OllS call b C' ('m il (I,d h v rharg(' d p ar i icles ill I he st rong cle(,1 r ir f1 pld of 
the lIucl c llS ( nr('[[1 ss l rahl li ll g ). T h is pf()r('~s is dC's cr ib ed ac('ordi[\~ t o I he form u lae ill 

re fere tl ( (' [oj, Tit (' b rernss t ra hll l llg ra t r d i l'('rgC's I'm Inw pl ll )Io n c Il Ngif' s. T h is in frar ed 

ciiverg(, I1 (, is f'l im inat('c\ by imposing a Low nNg " cU l -off 1111 tllp Plnittec1 phuton , All 

e nergy loss ICflll , corrcspon din g to these low PII N gy p hnt on ('m iss ion is added t.o t h r 

ion is a t iun (, llrrgy llls s , 
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Char gf'rl JHl.r Licks loo sc ('Ilfr~v Ilm,lI lg h intpriH'1 ion with atorni c ell'eI mil s durirl g 

Ih("if passage Ihrl)llgiJ Illiltt ('I". 'litis pr0CCSS prll ouccs ekcl ro n i()n pairs , a nd ocr asi on 

nal v u h ig h energv eirrl:r0 1l, ( b-rav ), The p ro d Iction of " rays wi th a n ('nerg\' [argN 

Ih an 1 [\11'\ ' is in Jpl l'lll elit t' d ill the prugrarn as ind ivi du al ctil li sinn prorl'ss('s . The 
io nisa ti on {' n (' rg v los s t f' rrli rif'sHiI )('s f' ll e rgr I rans ft' rs ()f k. s Ihall I 1'lIe\'. 

Ell'c l ron art d pf)s il r O llS ilr!' dl,neft (' !1 bv I hI' lIurirllS e l(' ct ri c fi e ld. T h is coulomb 

defl f' clio ll is t n 'al ed ill a vcr\' rOlT1plC'le Wit\' in tilE' p r cig ral ll, to inc lud{' s illgll' , pl nral 
and flI l1 lti pll' scat I("r ing. The all nihil atioll pro('('ss for posi tron (f' 1 t I' ) .. , 2-v ) is 

(" [()I II I 

al so illrlud('d , T Il(' !' IIrVi'\ t 111'(' dlll' to t he earth lTla~ tl l'i: j(' fiel d nn t IIC' r ha rgf'd parti clc 
t faj ecLor ies is I.akc!) ill i n acrOIIIIl. 

T h r('(' r lcc il'ol l1 il gne lic pro('l'ssI'S, in v'l lving it pr irJlilr\- ph() to ll ran lake "Iacl' ill ma t · 

I C'r: 

Pa ir cr('a Lio ll 

. C Olllp1'! 111 sca! Il' ring 

[ [I the I1l1C ie llS lipid, rt photon wit h sll Hiri l'n l ('nl' r gy (fi , (2/f1 , Ion /\' rI ")) c ' 

ran prnllll(,(' all f i r [la ir (, ., ( ~ (' ill a nUr lf'lls field ). TIlE' com pton dilrl lSi oll 

( -V + (' , I r. ) I'J' (' c l s all (' I(' d ron from t.lre at o m" accoml><lnicd b,Y a scat 1,(' T't'd 
I - " d" l lf 

plioton (,'). T hf'sl' two d rl'cis are imp lement ed in t lr c sirn lliat i( rt code fo ll o wing Ihc 
formu ];w of reff'r(, llcc [(i i, 

The p hotocl ectr ic prnCf:' SS, cf)lI sis ti ll~ in t.h l:' a bso r pt ion of aft inco m ing philion by 
<I n a tu lTlir el('ct ron (, 1 (' '\ /..,,," . I' ) is ind llded ill a more app roxim a l l' way ill t il l' 
prop;ralll _ T he dir('('t ion of ('missioll of t.he ph o toC' l('ctron is nul aC CI lra l C' . ,\Iso si mpii' 
pa ramC't {'fS , illSl l'ad of (iC't ai led t a1>[('s arc I.l sC'rl for Il a vi('r e le m c llt s. 

EnPrgdic pho tllll ' ([-;, " lOt) .111'1-) raIl also in i Nact jtlela~li call v with t l](, ato mic 

!lu cl e' us. Phu lnpi or\ prod ll r. titl ll rrn s:.; s('rtio ll s ar f' tal'lllat('d, and th e c(, il is io ll p rnceo;s 

itsl' lf is I rra tcd pI1I' IHltll f'(Ill logi ra[lv. f lO r phot on (, !l C' r ~il's 1(''15 I ha n f(' w hun d red MeV, 
a ll in terme-d ial!' mass barV C1Tl, ('il ll ('d ['ir(,hall is f() rn lC'd, wh i('11 decays in t.o 1-1 nucleOli 

( prol,o n) and 011(' ()r t. wo p io ll s (-y I (i ,! 17 -, n' ' Pi n I- 7f, )_ For high er <'llt'rgV photo ns, 

the co llisill !l is trea t. ed as a pioll-ll lJrlr us (() lIis iuli (s(>e b C' low). Pltotoll lJrlt'ar feSO IlIl a nces 

are !lot in d ll dC'd, 

3.2 Nuclear interactions 

lIadro li s ( pro l on, ,w i ipro l, clJI, pi OilS, ... ) ill tl'Pl.rt 1ll.'1 ill\V \' ia st r()/Ig and IIlIc[t'ar p roccss~' s 

a lthoug h dlarged hadro ll s haw a l ~ o I' ll' trom agllPti c int.crad inns . (~i vpn I Ill' rlirtl clI l t,i ('s 

of theo rc t ica l m o de ling of s l ['Il ug illt(' rafliIJ£ls (QeD ), t It t' [onle C arlo silTl uiatiu ll of 

hadrou hehaviotlr is ge llC'rally 1)< s('( \ on phl'l1 n m(,llo logica l dpscrip tions, 

T he col li s ioll of a hig h l'IINgy pwlon with all <lir Tl U clellS ( ,~ N, 1';,0 . , .. ) can 1)(, 
desrri lwd as t. he' iue[astic f o lli si(Jil of ti ll' inco m il1g proto n wit h a tl indivi d ual IIlIcleo n, 
in the p reS("Il Cl' lIf spc'(,l ator [Il1ciPIlIlS . Pio ns (-7f ' ,7fI. ) ;He t hp lIlain products of that 

!J 
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in(' las l ic proc{':s . 'o llis io ll producls ( pio ns and t h{' two n ucleons ) hay a flat rap iJity l 

di s tr ib u tion; i ll the r{' n tH o f m ass n, fe re nce fr a me (i .e, t hey arc conrcnt ral('rl in Ihe 

fo rward/barkward rnlles). T h (' Ilgllre b t'low shows sdwma irallv the collis ion process . 

P .. 

Laboratory ref. frame. CMS 

., Air Nucleons.. ... (1 )•• ZP AN Inelastic Nucleon 
Nucleon Collision 

p ~ ~ Pin 

(2) 
rr.0 /± 

~ ~(±) Pin .. Pin.. -- ~ ~ ~ 
rr.0/± 

~ 

:.- A' ~. PIn

::. Z'N' @ 

---.. (3) 

1tol± 

When obser ved in lilI' laboratory ( Earl h atmosphere ) reference fr ame, a l1u mbl' r 

of e nNget ir pions, as sori a t pd wit h t he leading nud on l('ave the rn llis ion p()int. The 

remai n in g nllcl e lls (a ll uns !.ablr o[l r ) , as w('11 as o the r illtrracti'on de b r is car ry a sma ll 

moment u m a [I d ha ve I h us a n g ligi b le effE'c t on l he 5 11 bspqu(' nt s h wer d('velopement. 

Strange parti cles (K's ) and ani ip rotons ar(' prndllrcd aL lower rates in t he int raction. 

T heir prod uct ion pro cesses arc no t in cluded in the vNsion of the Mont(' Carlo program 

us ed. 

Th pio n spectrum is descri bed pheno menol ogically by using a scaling law (2: = 
E", ",,, Iu,!! / £ ,,,,,,,,,, ,,). Th E' 5eco nclary pa.r( ide 5 p('rtr u m ( d ifferential cross- sf'cl;ion shape ) 
is thus de fi Iled witltoll l an explic it en('rg.V dependance. A fit to the experimental oata, 

as a fun cLio n of x :c E ." / B,!I "" fu r Ih pions spect ru m is shown in ftgure 4 [1\ ]. T he 
an g u la r di stri h u t io n I.f l'mittl'd pill ll s is ol2terrlli fl ('n accordi ng to the "FlaL Rapidity 

di s t rib lltion", wh ich 12XIHE'Ss l'fl in mat.bematical tNms, gi ves the following probabi lit y 

di s t ributio n fo r I hI' pio ll s I ransverse momenlum: 

h(h ).rlPI C .PI (,.-- 1', I f'" rlPf 

A t fi rst sigh, it m ay SE' III tha t a di rect method rl )r :\Ton!(> Carlo generation o f t he 

energy specl ru m wOll ld bl' 10 rl raw rando m ly distributed values fo r x £." / E,)/"", 
according to t hl' dn /rlx spectrum . But im posing Ihe cllergy ("f) nser\"ation constrain t , . 
( ~:r, "Ce. l <.;> 'L,F:" I- E' I ""I"", - £,,,",,(1) wo u ld ge11rr' lly produce a di.lorted SpN:f rum . 

I R n p id itv f. j, ,h' fin e ,1 as: f. c, 1/ 2 { , n (; . ;:'j ) . PI! h('ing the C"()mpo nt"nt. of t h~ momt"nt.UfTl a lon g 

the collidi nr, sy~! .. m I rll, t a xis. For E » mc~'. ( ~..:. - Ln(l y(O / 2)). () i~ lht" partid.. angle in rp ~ppcL to 

the trust a ", is. 
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R.!stAt of 
energy-sp(itting 
techn'que 

o 0-2 0-4 0-6 (}8 
x=Ean IEpnlll 

In t he C'[tc rg.y s pli t! illg Hl P! lw ei , dl' \'plop ('(1 by A. tvl. Hill as the t' mi ss iUf\ p ro cess is 

m ode lJ d as 'ill rr r~s i \"f> t wo bod y d ecays (If li lt, eHit{'d svst{,IIl, T he radiat. pd e llergv \ " 

( A ll ki n<,t ic eT!l'rg v of t he incoming p roto lL) is d i vidf' d ran do mly ill two parts AI, 13 1 
( A ll AI -I- Il l)' T hi s sp li tt.ing p ro ('s s is r p ated for eac h available energy pa rt : 

/l,e .1:11 ~ n:rl 

At. ead, ~t agf', t!lC' C'r1C'f")W par t .( ran hI' ei l,lt C' r f'm it t f'fl as a pion of lo ta l ellf:'rgy . ' : ' 
o r ('1st' is m ade aVilil a iJle for fli rt h r splitti ng . '1' 1)(' I}f OC E' SS is re [l ea led unt ilt h a va ilab le 
Clle-rgV pac k('ts Mf' sm a llpr t.ltan pi on m assC' s. Th t' sp li t li ng r llles , dE'tf'r mi oing w it{' t he r 

all eONg.,- packE'i; is ('mit t N I as a p a rt i r lp fi r s pl i t fllr t ltC'f, d i lTN fnr n l tdev'n and pion 
p ri m a ri ('s, A d<>la i!C' f! d C' srrip Li llll of thesE' f' fTlp iri cal rules can be fotl lld i n \111 , T ill' X 

spN'lr um n btainf'd II ) this Illf' fli oci is al so shol n ill fi~ 1lf l ( full curVE' ) aLl d agrees well 

wit h t li e fit in 111(' C'Xllf' r im{'rll ..ll dat a (cl ashed Cllrl·{, ). 

In lli(' rasE' or il!l atoIl\i c llllri C'IIS fJrirnary , t h n dl is ioll wi t h a ll air ll ucI us is ll10deled 
as t he sLl[>f'q.)I)sil ion of IIII!' I)r m o rt.' illl'lastir n u r kon-n ur.l eon collision s, a rcom pa niE'd 
by (' last icallv fre( d IlIJ d f' ()[\s, () - par t i rks <llld II s lI illlv a r mairt ing !lllciE' II S, frr) rrl t h e 

inc ident r os mir ray pari ick. 'lip primary parti cle kim't ic enC'rgv is dj " ioC'd C'vellly 
am o ng tll <' Iltlrko[ls fl IP e la s tical ly frE'£'d part icl E'S II a\'(' 1I IlI S a large mOlnf'ntum re la ti \'(' 

to t.1I ea rtlt ,tlrnfl sp l! C' [ ' , Tbry ;u{' rn [[o \\'e c1 hv t III' simulation program along w it h t he 

seco lldar ,v ('llPrg(' t ic pa rti cles fr o nt t l\C' inC'las f,ir r(l ilisi' lll s, 

l 1 

http:radiat.pd


Laboralory ref. frame. 
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(1) (2) (3) Collision debris 

3.3 T hin sampling 

\ n import a ni technica l featur e' I)f t he [v[o n te Carl l) pro~ r( m is t li e' "Thill Sampling" 

wh ich m ake s possi hlf' I h C' si mu lat ion of V('fV h ig h ell C'fgv s liowe'rs by p ure {oute Carlo 

me t hod . T hp thin sa m pli ng collsists of fo ll o wing on ly a frac t ion o f low e n('rgy secon
Idari C's. A de marcati on en (' rgy E /I is d lOsen, ty p ir Il y ~- LO - E,II"""'!I' All particles 

with eIt rgy I:; > E /I are fo llowNI, whil e low C' ll rgy parl,ides E , ~ fJ u ar subject to a 
sel ec t io n t('st. 

Suc h s('(':ond a r ips (E < E /I) a rc r(' t a in!'o wil h a proba b ility p E / F: /i , a n d a, . igned 

a weighl W I / p( w > l) wh E'TI re t ained. WI1<' n a par tir! wit h w(' ig ht w > 1 in ter

ads, the da l! g liter par t i ri es, w h E' ll rd a in l'd arr as . ig nE'd a w('ight. Wi uP, )("., ,,' X 1/ pi 
(pi = £ I/E /I) . Th(' n1r l hod is im pkm 'Il INI i ll it way such Ihat the we ight ed energy 

( 'Ew .E ) is ('xar t ly c() !l servt>d. Tlt t> s('ll'rt ioll lrst is indept>Jldant of partirie type, di 

rect ioll or pus it inn . 1\ nn t her i m porI a ll t p oiJlt i ' I he rac t. that parI ides prod uc('d in 
oiffcrenL ge rl<'r a tioll of a cascade are [ rratec[ in an id nli cal way. 

W h n Lh e t.hin samp ling proc~clure is a pp lie I, lite nu mbf'r of par ticl e fo llowed 

du ri ng s h l w('[ si mulati oIl is re la t ed lo p;a r i th rn irallv, in sl.!'a d of linearily, t o tlte inciden t 

partiri(' CllNgy. T Il(' m et,bud is di sc usse d in rc[err ncr [L I]. T his C'conomieal t echnique 

p ro virt(' t he possi bi lil v o f V II E cascade s im ula t ion. 

3.4 Cerenkov photons 

A l l hough Ce rt>Itkov ligh t p lays a cfllf ia l rol > in t h C' Shfl\Ver d tt>ct io n an rt rn t>~ urenH'n t, 

t he en ergy lost hy thi s III chan is rn is xtr(,n\ C'I .,,: small , and Ce rf' llkov photons have 110 

('ffeet 011 I h t> cascade process. For this rea SOIl, tIl l' ('('[c rl ko\' radial illn is not I [paled as a 

standard s ho \\ t>r dp vt>l r prHl('nt prnc<, ss su ch as IJrr lrlsstrilhlung <lr Co u lo mb scat lering. 
Rat h r r , it is irn pkrr1('nLcd a s a d e l l', !!) r sirnula.tiotl sd . 

For a ll r ha rg!'d I rar k "t>g m t'll t. , t Itt> amuu llt o f li gh t. collec t ed bv t h (' m irrors is 
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(u mpuled us in g Il l(' CNen kf)v ('mis s io n anglr. 1\1 50 , fo r ('ad l tra rk st'gnH' flt, tlH' lol a l 

llu rn\)f'f o ff'rniu("d C('fC' llko v photons, ill Il l(' l ight df't('c \. o r (PI\I ) sf'Tlsit iv it y Vil\·C' band 
is cal Il lal f'n rak il1 ~ int u arCOlllll tllf' a llllo'> plif'ric t . r an~ll1 i ss i f)n . Tlil' mea n Il Urn IH'f uf 
C'N(, ll kov pholon s, ori gi nat i llg f rofT l I hI ' .. harg(' d trark segmf'n t, ann rpad li ng 1,11f' mirror 

is 1ftI' ll d el f'fmi nrci. T hE' adllat Il llmlH'f of pltol lllls rI'ar hi ng Ihe mirror is gt'!lera tN[ 

a cco rd ing to I II P, )issoll law . Tlit." "hoLlIl\s arl' flis t r ib llt('d rancltmli v 0\"('1' 11)(, Ct'r<' ll kov 

COil C'. T h{'ir irnpan point Oil t he' ltti r ro r , alld f b f' i r din'\"! iO ll s CU\' l" l'fmdf'o fo r f ll rf ht'f 
processing . The air rt· rrac l jon iIH\t'X. is derived from t he d C' fl si t \": 

n L.O 0.0002977. Dells it y;' 0. 129 
Oellsitv rXfHf' SS(,([ ill G ra m / ern ; 

,\ir dpTl sir V as a f'1l1 ·tin ll of f he alt itude is (a lrulat~d t1S ill g mull i taYN al rn o sphN

ir m od(' i. T hi s is show n o n ti gllrp :i.<l. T h e (o r res po nding ff' rn-tel io n in dex itll(i ,he 

C ('f(' llkov (' mi: s io n itng l(' ( mrad ) a rc repr('s(, llt("<i Oil fi ~lJn' S.b il nd :-. ( (0( ·" , I/f" , 

. lr-c C os( 1/ (3n )). '1' 11 (' <II rnusplt ric tra nsm iss io n fo r <.ll l ., ilSNvat iu lI sit<, ;~l Z () III (z 

.2:300 m), a s a fUll rlirHl flf e m issioll alt i t u de is SilUWll Oil fI ~1![(' 6a (6b ) al z('ro deg rN' 

viewing angl (' . ' ( h(' I rClllsmissill 1\ a t I:')'"' vi('w ing <Ingle, alld at a 2300 flJ n bSNva t ion 

alt itllde ( \N hipp l(' obse rvitt o rv al tit\lde ) is sho wn on fig ll[C' fie. 
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Fig i) : TIIP mull i la'lC' r at rnosph(>ric m udC'1 
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4 SHOWER GE N ERAL CHARACTE RISTICS 

In I hi s s('r l ion, \liP rliscuss ('xtensive a ir shower prnperties, r specially from Ilw Cercnkov 

d l £' rtion point of viell'. As nlUch as possiblE', we han' trieri 10 kf'(, p Ihe f(' sults p r('sented 

ill this par t i[ul <' [H'Jlci (' lIt of it specific experimental ~l'l "p. The ~' arr based on tlle st u riv 

of showN s g<' II f' ratf'd wi t b a fix rd direction and gro l1 nd im part poillt. The C [l;' lIkov 

phot.ons are r ol l('cI(' d bv a SE't of mi rrors In rated at various dist an ces fro m the cosmic 

ray grolllld impart point (G IP ). 
N urieo n showers ar(' g C' flf'raterl at zero dcgrE'e zenith angle fo[ th ree di ffe rt' nt p rim a ry 

e nergi ps, L Tr\' , 2 Tf'V and ,I Tf' \'. A comparisoll with 1 T(' V p hoton init.iat ed showers 

is a lso indudcd . TIte d recl o f t hp illfrpased at mosphe ric df'pth an d light absorp tion for 

incl ine ci sh()w (' rs is il lusLral·ed by the rf'su lts for '-I. TI;' V p rotO [l sho w(,f s, at 450 z('nith 

angle. 
T he charaderist ics of t Ite (0\"1;'111. sa mpl('s used for t.his stu d.Y ar(' su m m ar ized in Tablf' 

1. The m ean CPU time spent fo r one event generati on ill each r asf' i also indic a ted. 

The ('vtm t getlPrati l)t1 and analysis has been carried on t il t' I£HvI :309()- 600 E m a inframe 

at r 2P3 com pu ti ng facility. 

Event Samp l 

p rol,on sho wers - 0" zen i t h an g le 

2 Te V p roton sho wers - O ~ zen i t h ang le 

'-I. T{'V proton sho wrrs - () ' zenit.h angl e 

4 'reV prot o n showe rs - ,15 " zen it h a ngle 

l Te V gamma sho wN s_ - 0° zenit h all ~le 

Nh. Of S howers 

126 
R:l 

I 13 

lR6 

159 

CPU T ime / shower .\ 

:W se c. 

45 sec. 

60 sec. 

60 sec. 

60 ser. 

Ta ble l: E \·ent sa mples (CPU T im e in IB M 3090-600£ Se co nds) 

4.1 Global shower picture 

III orde r to givE' the IlJlf"miliar re<l(iPr <l syn t lll' t ic representat.ioll of ext ens ive air showers, 

we h av{' jnri ud('d hidi me nsional irnag{'s of a few sho we rs. 

F igu re 7, 8 aIld 9 r(' present t.hree I Te V proto[l sho\V(:'r ~, at zero riegree ze nith angle. 

The su(("C'ssi \'(' positions of all partides wi t h an energy larger th a n 25 i\leV in the X- Z 

p lane are pl,)tt ed . T he in t.ervals betwf'E'n the dots correspollri to the le ngths of the track 

segmt'llts ( m uons or high ellergv IJarticles). T he Ptlergv cut. corresponds approximat.ely 

to t llp (' eTe nkav enf'rgv threshold for electrons a t Sf' a Ie\"(>[ ". 

In p art (a) of earh figure (7 .a , R.a, 9.a), t.he com p le te shower is sho wn br tracing all 
par t ic les (p rnLnn, Jr ' , Jr '/ ,ji" ,e"; 'I) wit.h ertt'rgies above 25 re V. T he hadronic 

skplp ton of the showers is repre~eIlted (proton, Jr 1/ - ) in flgll re I O.h a nd Ll.b, 

} (). =. a rccos((I /il n ) ; tlir("iilold velo city {J , cc l ! n, n u ,· -, 1. ()()()29J .-, [ ,) , ,,, . ~. 0 .999707, , , 

1/ / 1 ----ri: :- '12. [H, I. ,. , ." . co me' -:: '2I.Sj\[el"'V, 
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T lte m uoll tracks <trP plot t ed in pa rt (c) of tilE' fi g ures (7.c, 8.c, 9.c). A n identi cal 

~'n (' rg'y n it (( r, > 2.'1 \ fc V) has beell applied for the ha drouic skeletoll an d muon t rMks 
rf'jl resf' n t a t io II. 

E lerlrotnag rlet,ic sho wPrs, a s f' x ppcted, havp a much mOft' rcg u lar s ha p e . T h is is 

ilIli st ra tcd hv t h(' figur(' 10, whprp thrpE' f) .f, Tp\, ph ut.,n ill iti at, pn sh o we rs ar(' showu. 

,\ 11 parli ri{' s ( phot on s ilnd pi(,rtrons) with an Pllerg v larger th a ll 25 I\.f(,\ ' arc Ir a cen in 
the X-Z p Ianp 011 figllfe I (l.a, 10.1) iind 10. c. 

I'du ltipl p e]pctrolTlagll etic hran ches ,up a com m Oil charact.eristi r ufltadron ic ShO WNS , 
as it can hp sp ell Oil fig u re 7-9 . Proton showNs are thus s pati a ll y more exte nd",u 

tha n photoll showC'r s which Ila'·e a dellse alld w (' 1[ dpfinf'f/ corc. To pro vide more 

qu a nti la tive illformation Oll th is point, tlte lal('ral sllO w('f profilP alld the particles 

a ng ular dis tr ihillioll have beell compll t \' d. Tllp par t.ici(' distrilllL t ion for the sho wer of 

flg ure 7 (1 're V pro t.o /l shower) at t.itrpc alt.itudes, na m e ly 1.1000 m, 10000 m an d 7000 

are shown in fig u re 11. Thp , . - ('oorclinatp distributi oll for part iclps abo ve 25 l\ IeV is 

s hown 0 11 fi gllfl' II.a, and the ir angular distribution, rpl a ti v 1.0 the primary parti cl e 

di n.'ct io ll o n fig u re 1 l.h. f igurp 12 shows t.he samc dist ributions fur the photon shOWN 

of figllfe 10.a . T ir e plwt o ll shower profiles arp cornput.f'o for z "" 7000 m, z - 100 00 m 

a nd z ::- 12000 rn. 1 o t e t bat the ver t. iea l scales in figures Ii and 12 a re arbitrary and 

do !lot co rr es ponds to UIE' real particle dcnsities. 

,\ s can bc 5(,(' 11 Oil hg ur E' ll .b and 12.1>, the width of the the seco ndarv angular 

di sl r ibu ti oll ( "'- 5" ) is large compared to thE' Cen'nkov emiss io n angle in air ( "'" 1" ), 
which explains tll p rnther pffi c i(' llt dplpc t io n of air showers ill Cerenkov detectors. 

4.2 C erenkov photon yields 

The number of Ce re nkov photons collpcted is a (Tu r in l parameter in t. he oetector design. 

II depends Oil various para mE'tprs inclllding th e mirror a r('a, the photodetector e fficien cy 

and the foc a l plane coverage . 

V/(> p rpse ll t below thE' [ f' sults ofsilllulatiolls nfthe C e rc nko v p hoton y ields, mainly as 

a fun ction of the d istance separati ng tIl(' mirror center all d the p r im a ry im pact point at 

the d t ection k\·p!. T he results art' g iven a s Cc ren kov photon den s iti es , i.e the number 

of (: p hot olls per mirror unit a rea (I m"). 

T hese d.ensities correspond to photoJl s with angles Ips5 t/tall LA O relalive to the 

m irror axis. '1hp ('(reel of a I lie focal plane ar ceptancp will he d.i scus ed in the /l e xt 

sect ioll . Tit a LmospllC'ric light absorption (see sectiull :L'I), the mirro r and the light 

de tcct. !)r ( PM ) effic i<'ll t'v have bccn takpll illt o a rc ollnl. T he Immbers p rcsented Iwre 

have b e n obt a ille d assllmin g a rnf'<lllligitt colle ction dfiricllCY of l2 %, over a wave hand 

of 3.85 lU i I hz, for tli lll ir ro r-pltotodE'l ector svsL e m . 

Tn obt ai ll I hps p de n :; itit's , shnwpfS are gpnPfatl'd witli fixed eJlPrg y, direct iO Il and 

gro und im pa ct po illt (GI I' ). E ig ht (8) mirro rs are plarpd at various di s tan n's fro m t.he 

sho wc r im pact point (CL P), from 0 lip to [gO m e ters. Th c ohsE'rvatiort site altitude 

corres p mls to tltat of I he !\!Ollllt lJo pkins ob ser vatory, i.e 2300 file t r s itbo ve 5('a level. 

In a dd itioll to t.ll(' mean ('<'rc nkov den s ities , t he shower 10 ShO IVP f fl uct llation around 

the cClll ra l vaIuf' is a lso giv l' ll bv t.he Pfror h ilrs oil th e Ii gl.l r('s. 

fig ur p 1:3 shows the Ce renkov pho t o n de /l sity, as a fun ct ioll of thp mirror - elP 
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Fig 9 : 1 TeV proton shower, at zero degree 

(a) All particlt:'s, E > 25 MeV 
(b) protons 7["+ /- , E > 25 i'vlt:'V 
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r--------~ 0.5 TeV Gamma showers (X-Z Plane) 
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dist ance for I1l1rleon ( proton) initiated showers . T he plo ts uf flgures 13.a, 13.b, l 3.c 

corre spo nd res ppcti,·ely to I TeV , 2 Te V a n<t 4 TeV showrrs. 
Two important fe a t ll res of the nucleon showr rs ,He apparent rro m t hese three plots: 

• 	 T he Cerenkov pho ton cl r nsitv rlecreases exponenti a lly. T he effec t is more p ro 

nounced at hi ghe r enNgies . 

• 	 The (: ph o ton vi C'l d inrrf'a ses fas ter than the prima ry energy. 1\ 5 t he tol al pa t h 
of the seronda rv particles is proportio nal to the primary e lwrgy to a ve ry good 

a pp roxi rnal iull, oue might expect a scaling b hav iOIl r o f the Cere n kov densi ties, 

ront rarv to wha t is ob tained. 

The t\Vo ubse rved characteris ti r s have the sanH' Ofl g1l1 . As t he pri mary energy 
gets hi gh er, the shOWN development. leng t h in rreasrs an d there are more e nergetic 
secnnda ries \Vhic h get close to the detecti on mirrors . T hos e pa rts of the shower can 

only be sren by the m irrors lo ra ted near enough to t hE' g round im pa ct po int, G1P 
( ""- 20 - 3D rnr lers) . T heir contribu ti on is resp onsib le for t he two obser ved effects. 

f or a quant it a tive m easurement, a simp le exponent.ial fun rt i n A exp(- B. d \{-(;I/') 
has been fitt ed to t he Ce renkov photon density. d ll _ (;/!· is the mi rror t.o the GlP 
dis ta nce ill md ers. T he fi t ted curve!; as well as the values of the A an d B parameters 

a re sh own OIl fig ure 1:J. 
In a simulati on progra m, photons m ay be tagged arcordi ng to the pare nt parti cl f' 

typ e. T he CefE'nkov pho ton density from m uons in 4 TeV pr ton showers is plott ed 
in fi gur(' 14. Th('ir contr ibu t ion to t he to tal Ceren kov ph ton num ber is small , a ro und 

LO-20 %. Howeve r due to the simplified representatioIl of hadro nic in tera ct ions (cf. 
sect ion :3) , the m uon prod uc tion may b(' underest imated. 

At. co mpara ble e nergies ( '" T eV ), the Cerenk v light pal.tern a t the g ro und level is 
di ffere nt ror ga m m a showers . F igure 15 shows t he Ceren kov density for 1 TeV Gam ma 
showers, t he number of co llec te ri photons dec reases slowly up to tOo meters fro m the 

ground im pact point. That does refled the shower shape which consist s ma in ly of a 
compac t and well defin N! core loc a te d at around 1.0000 meters in a ltitude. 

Incl ined showers see an a lmosph(' r ir thicknt:'ss la rger Lil an vl'ft ica l showers . Also t he 
ligh t pal h for Ceren ko v pho t ons is larger, lea di ng to a n inneased absorp l ion . Figure 16 
shows t he photon yield fo r 4 Te\' p ro ton showe rs a t tlf)° zeni th a ngle . The Illi rrors were 
pl aced a long (1, 11 axis per pendicu la r to the prima ry d irect ion. The increased a tmospheri c 

t hickness a nd absor pt ion result in an important red uc fio n of the number of co llectpd 
erellkov photons and in a wea kf'r dependence' of t he photon density wit h the m irror

G IP rl istance . lIo w(' ver, due to their very la rge mean free pat h, the muons contr ibution 
to the total Ccrenkov p hoto n !lum ber is inc reased, Li p to 2fi %, as it ca n be seen in 
figure 16.b. 

4 .3 C erenkov Te lescope Acceptance 

[n the previolls section , we have st udied the Cerenkov density dep C' ndance u pon t he 
d istanre In rhC' p rim ary grol(lld impact poi nt. Fur a g i \·en detecti nll thresh ol d, it is 
then possible to co mpute t hr effect ive surface covcrilge of a single or a set o f CerC'n kov 
telesco pe s. 

2·\ 
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A [oc al p la.!l(;, cO\'('ra~e over a circle of t.375° in radius has h(;'(;'n a ssumed in section 

4.2. [n thi s s(;'ction t.he dfed ()[ t.h(;' foral plan(;' ("Ov(;'rag(;' on the number of collected 

photons wil l be sl udied. 
T he dis t ributi o n of the allgular distance [tdcg ~'( deg!~([;,;? (in degree) from 

t he foca l plane cellter , has b!'P Il co mputed for t he collect(;'d Cere llkov photons. TI1(' 
Rdeg d is t.ributioJl s for p ho tons prodll('ed bv 4 T<>\, proton show(;'rs (z(;'ro degre(;' z(;'nith 

angle ) a nd collect (;'d at ·10 m ('le rs and 70 meters of trw primary ground impact point. 

(GIP ) , are shown in figure l7. I' he same di s tributio lls rpstricted t.o Ce renkov photons 

from seco nda rv muons are repre~ented ill figure 1.8 . Thes(;' figures illus trate the rather 

la rge fo ca l p la ne accept.allce ([').8 ::-:: 1 2° ) rH' cpssarv to co llect a significant frac t io n of 

the photons reaching the mirror. Si rn ilar d is tributions for 1 TeV Gamma initiated 

showers, represented o n figure l ~), show that ('e rellkov photons are better collimated in 

th(;' case o f ptlrely (;'lect ro m agncl ic shower . 1'h(;' m(;'an R deg valu(;'s for mirrors situat(;'d 

at var ious d istallces of t he p rima ry impact point are sho wn on figure 20.b for 4 TeV 

nucleon sho wers, and on figure 20 .a for L TeV Gamma show!;' rs. 
T he ('!feet of th (;' limited fo cal plane co verag(;' is caracl er ized by th e fract.ion of the 

total num ber of phOtollS reaching the mirror which is e ffectively det(>cted. Figure 21 

shows t his co ll C'ction ra tio as a function of the focal plane co verage for 4 TeV proton 

showers , at 40 meters ( F ig . 2 L.a) and 70 m E'tC'rs ( P ig . 21. b) from thE' G fP. The collec t ion 

rat io jIl t he case of I Tc V Gam rna initiated sho wf'fs , is rep rese ntE'd in figure 22 under 

the sa me conditions. 

The number of coll ected pho tons as a functi o n of t he a ngula r ofTSE't between the 

mir ror axis a nd the pri m a ry direction is shown ill figllfE' 23 for the' case of 4 TeV 

p roton sho wers (0° zenith a ngle). As for the fo ca l plane covera ge, the photon density 
is presen ted for mi r ro rs p la cl'd at 40 meter s (Fig. 23 .a ) and 70 me ters o f the GIP (Fig. 

23 .b ) . T he horizont.al a xis rep rpsell ts the m irror axis pr im ary direction offset in degree. 

T he Cercnkov dens ity angu lar offset dependance for l TeV G a mma showers, is shown 

in fig u re 24 . T he fi g u rC's 23 a nd 24 correspond to a focal plane covf'fage of 1. 375°. For 

a 1.5° degree offset , the number of culled I'd photons is decrea sed bv a fact. or about 

2. The effec tivl' Cere nkov Telescope solid angle coverage can only be estimated when 

param et ers such as the dE' tectioll threshold and the focal p lane sensit ive surface art' 

k no wn . IIo wev(' r by consider ing the factor 2 as a ll rfTcctive detection limit, one obtains 
a so lid angl (;' accep tance 2'1f' 02 / 0 = 'If' >< ( 2.6 1.0 ' C)! = 2. L5 10 - 1 steradians.· 
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5 SHOWER IMAGE RECONSTRUCTION 

5.1 Method for particle direction determinat ion 

The reconstruction f) f th e fJar('nt part icle oirecti on uses the Ce rE'll kov photons emit ten 
by secondaries mainly by th e e lec trons, in t he Ex ten ded Air Sho wer ( EAS) . 

The shower ha s an elongated shape, wit h t it. thr ust axi s along t he pare nt particle 

direc tion. It develops at a m ean al ti t.uo t' o f "'- 8000 meters an d extends over 4000-5000 

m eters. TILe lat e ral extpIl sion , perpendicular to th e thrust axi s is m uch smaller, an d 

reaches a few hlln dred me ters at ground Jev('1. The shower visi bi lity is not li m itpd 

by the Ce renkov em ission angle , dlle to the rat her wide di stribu tion of the secondary 
par t icle ciirec tions, with res p ect to the shower a xis . 

Those photons collected on a spherica l mirror give in its fo cal p lane an image 

whose sha pe is a pproxima le ly elliptical. A schematic represent·ati n of a shower-mirror 

config uratio n is g ivC' n in fig ure 1, where fo r cla r ity, th e ho r izon tal sc ale is enhanc ed by 

a fac to r 100 with respect to the vertical one. T he exact image of the pan-nt trajectory 

on t h{' fo cal plan e can be defin eo by the intersect ion IF of the plane containing the 
mirro r center a nd the parent t raj ectory with the fa al plane . 

A poin t (Ct" au) in the focal p lane of a m irro r is the image of a di rection in space. 

O n th e focal plane, the orthogo nal co rf(iinate system (O-::X " 0-; ,,/) is chosen such that 

its origi n is on the symmet.ry ax is of th(' mirror. Figure 2.a shows the fo cal plane 

coordinate system an d nota tions . T he po ints I and F are the images of the parent 

direction and the in t('rsection of t he parent trajectory with t he focal plane respectively. 

A typical image pat t e r n of a s hower in the fo cal plane is show n in fig ure 2.b. The 

image of the paren t trajectory in t il mirror is identified to t he longitudina l ax is of a 

reconstructpd ellipse whose eq ua t io n is : 

ao, + bOIj + C = 0 

That ellipse a pp rox im ation does not retain any informatio n about the up-down 

o rient a t ion o f the shower. T he use o f a m o re elaborate asymmet r ic shape to ake into 

account the smaller lat era l extension a t the start of t,he shower developemenr m ay re veal 

su ch an orientati on for a fr a c tion of t he e ven ts. Howf' ve r such a study goes b eyoIl d t he 

sco pe o f the present work wh ere the ellipse approxi mati o n wi ll b e used througho ut. 
I'rl l he f )cal plane of the mirror, a df' t cc tor usually mad e of photomul ipliers , coll t'cts 

the reflected photons wit hi n a li m ited accep tance. T hus the c lli p tical image may be 

tru Ilcated when recorded . rn ad d ition t he g ran ularity of the p hotomul tipl i r system 
may also aff('ct. significantly the aCCll racy of the reconstru ct ion. The main factors 

contribu ti ng to th e' a.r curacy of t he reconstructioll are : 

a) t he shower fluctua t ions : shape, !l umb er o f phot.ons 

b) the aC Cf'pta.nce lim it at ions o f the fo cal plane de tector 

c) t he granulari tv of thl' photodetector 
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5.2 Event g enerat ion a nd selection 

T be st a ndard mirror setup is de 'cribed in sec tion 2. As said above the procedure 

cons ists in first ~e \l er i\t i llg the evrn ts and recordi ng wiLh a 12 % efficiency the positions 
and th r an~ les of the photons which fallon ear ll mirror . The as sumed efficiency is 
taken as the product of the quant.um efficiency of the PM ' s, the reRection coefficient of 
the mirrors ami the filli ng fact.or over t.he area of each detector. Angular acceptances 
alld granularities are introduced at a sllbsequent stage in the analysis to study their 

effects on the resoilit iOIl and on t he t rigger efficiency. 

5.2.1 Ev(~ nt ge neration 

F,vents are gPlle rated for two ty pes of primary particles at several energies. The impact 
points of th e primaries are uniformly distributed over a circular horizontal area of radius 
80 m centered at x .:c y = O. The bu lk of the generatinil runs are marle at a zenith angle 
of 0° for all th e pr imary parti cles. Special runs are made with a fixed zenith angle of 
:30 0 and ,15 0 

• 

The mirror axes are aimed in t.he direction of the primary particles for the runs at 

fixed zen it h angles and in the direction of the aVf'fage angle for the others. A list of 
the rUll conditions and statistics is given in Table 2. 

T he central m irror information is used to study the Mount Ho pkins type of exper
iment with a s ingle mirro r , whereas the properties of a stereoscopic reconstruction are 
investigated with the same events as viewed in the three other mirrors. 

Simulation conditio ns 

1------- ~p rimarv pa r tide ) 

l TeV Nucleon showers (0° zenith angle) 

2 T('V NucleoJl showers (0" zenith angle) 


4 Te \' ucleon showers (0" zenith angle ) 

4 'Ie V N ucieon showers (30° zeni t 11 angle) 

4 're V Nucleon showers (-15 0 zenith angle) 


I. TeV Photon showers (0° zenith angle) 


Nb. Of Showers 

272 
261 

194 
165 
303 
137 

Tab le 2: Event samples used for shower reconstruction study (setup with 3+ I 10 m. 
diameter mi rrors) 

5. 2.2 Selection criteria 

The selection crit<.>ria for the "standard" granularity and ac ceptance a re set as follow s: 

a) for the photoelectroIls (p.e.) within the acc<'p taIlce of the central region, (± 
l.3 75"), there arc al least 3 PM 's with more than Nil"" 

I" 
and total number of 
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photoelec t ro ll s largN titan N;::I. T wo se t s o f val ues a re used for lV " I/ II an d N III I 
I n / )(Low thres ho ld: 111111 = :: NI ' " - 7r: 

1 ) 1 J , I / ) 1 - 0 

St. anda rd t hreshold: N"I/II c-- 20 N/II I .,. "f)O
I " ' f l" ) ' 

IJ ) 	t.h e to ta l num ber N;I; I of p ho toe lectrons wi t hi n tJ I(~ extern a l r ing (angu lar ra nge 
I. :n s to 1.8 75 ' is such t.hat N' t/ / 1,,1 <" () 6

IJ( I I" ..... . 

St ud ies do ne o n da ta of t he :\IOlillt Ho pkin s ex per ime nts have sho wn that, d ue 
to 	Ih(' ambian L lI oi sf' k vel, the standard thres ho ld set is adeq uate , whereas th e low 

threshold se t wOllld no t. he. III Ihe case of Ollr s tu dy, ! he low t h resh old set is dee med 
~leccssary to ob t.ain lI o t too Io w an efficiency for th e 1 Te V nllcleo n e ven t s, es peciall y 

In 	t. he case of the slNcos( op ic f!'C Ollst fllc t io ll . Fo r e \'NY o ther ge llera led sa mple the 

effi ci ency ob l. a ill cd with th e standard thresho ld sd is rn ns idcred to be adeq uate . 

T he coarser g ra nul arity a nd larger acce pt a nc e co ndi t io ns correspond t o t he linear 
di mensions of ('~'('fy d('lec ti o ll dement a nd the ang ular rallges t wi c as large as for the 
s tan da rd case . T he o t her sf' lec t.ion rrit er ia remain ullchanged. 

5 .3 P ho t oelect ron dis t ributions 

T he dis ! r ilmt ioll o f th e to tal Ilumber of photoelectro ns, N,"(, wit h fu ll a ngular ac cep 
tann ' amI wi l bout Cll t S are shown ill fi g ure 25 .a a n d 2f) .b for llucleo ns o f 1 TeV a nd of 

4 e V, as p ri mary part icl es, respec ti ve ly. As already point ed o ut in the gen eral sho wer 
study, l he average nu mbers o f p itotoc l(' ctrolls in t he two di . t ribu ti ons fo r the nu cleons 

do n t scale wi t h t he pa rent energy. As the shower maximu m is d isplaced towards low · 
er alti l udr as the e!l('[g 'y incenses, the accf' p led so lid a ngle fo r the Cerenko v p hotons 

becomes larger a lld th eir a tte nuat ion weaker. Dot h those effect s cont ribu te towards 
an increa. (' o f the pho to n y il>ld pe r TeV of p a rent en rgy. T he de ns ity di s t r ib u t ions 
+';,; of Ihe pho to ns co ll eded a s a fll nct io n of the alti t ude z a t wh ich they a re emit ted 

arc shown on figu re 27 for nudeo ns o f I a n d .~ Tp\,. T he alt it llde co r respo ndi ng to t he 

m a ximum of th e di st. ribution d f' ([ l'ases by 800 m Iw t ween 1 a nd 4 Te V, a d is placement 

wh ich is t r a nsm it [.NI t.o t il l' im age of t he s ho wer. 

The dist r ibu t io ns of t he !lu m bers of ph o toel ectro ns , N, ,, , wi th in the acceptan,ce 

of the cent ral detector o f rad ius R - L.3 n >" a re sho wl\ in fi gure 26 for 1 .TeV and 4 
Te V Ilucleons, rrSIH'c t iv(' ly, wit h a scalillg t h reshold of 7fi pho toelectro ns per TeV . The 
a w' rage ac c p led fracl io ns rd at ive to t h<' total fl ux coll ec Len by the m irror are 61 % t 
1 Te V and ::ifi % a t I Te \ ' , a vari at ion which is .Vf' t an o ther COllsNlu t> nce of t he a lti tude 
displace me nt o f th e showt' r m a xim 11lll . 'I'h l' angular ac r (' p t a !lc(' o f the m irror be ing 
large r at 4 T(" \' I.lt a n at 1 TeV, the fraction of pho toei('c troIl s wi t hin a fi xed a ng ular 

range is smaller . 
Fo r l TeV gam m a pa rent s, Lhe distriulI t i()11 1,,1 is sh own O il fig u re 28. a a nd that 

of N ,, ' wit h l he s ta nd a rd cri ter ia in fig ure 28.b. T he a verage va lu o f ,,, / is abo ut 

tw ice larger tha ll fo r fl ll e/ eo ns o f the sam e (' llergy <l nd the a ccept ed frac t ion is 69 %, 
also larger d lie to t he na r ro wer shower co lli mat ion. 
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5.4 Shower image a XIs 

As noted above, the image of the parent particle trajectory in the m irror focal plane 

can be ident ified to the longitlldinal axis of the Cerenkov photon pattern over the focal 

pla ne. Any ell ipse Llsed as an approx.im ation for the shower image in the focal plane is 

described by 5 parameters (see Fig. 2.a) which are expressed as angles: the coordinates 
Xc ann y(, of its cputer of gravity G, the half lengths (7/ . ann (7/ of the longitudinal and 
transverse axes an d the anglE' () which defines the orientation of the longitudinal axis. 
T hree basic algorithm arE' nsed to com pu t{" t hese parameters: 

PI 	 evrry photoelectron (Olltributes with its own weight as given by generation pro

gram. T he other two algorithms P2 and P I are multistep processes with PI as a 
firs t step . 

P! 	a two step process. For the second step any photoelE'ct ro ll with coordinates 0 

and ,6 with rE'spect to tlIe axes of the initial e ll ipse such that oJ lar +(32 101 > 10 
are excluded. The final ellipse parameters are then evaluated. 

PI 	a type o f algori t hm proposed by Hi llas. Following t he first step, the weight as
signen to each photoelectron is multiplied by a factor 1/ ( l + d" / d~), where d is its 
angnlar distance from the initial ellipse lo ngitudinal axis and d ll = 0.1°. Such an 

algorithm ai ms at delect iog a hard longitu di nal core wit h in the shower as the best 
means of determining its axis. ]n practice such all ad ditional weighting procedure 

was appl ie ct as a gradllal multistep process to insure a proper convergence. 

To comparp t he reconst.ructed shower image axis to the (' xact image of the parent 

38 



trajectory OF), we define the fo llowing variables. T he not ati ons ll sed arf' descr ibed in 
fig1lre 2. 

- T hp ofrsf' l a n,gl e lj; bpl ween JF <111 d C H t in the fnca l p la ne 

T he a ng ltl a r rl is l.a ncps d t I fI w hic h rneas nres the am o un t Il\o' w h ich the [('con
strllct pcl axi s misses t. he pare ll l Ili[('c l iun (I) 

The angil la r d isl.a ncf' d; / ~, C; If . 

T he o ffse t. an g le 7J' can be related t,o tilE' spar(' angle mpa surement error (a) 011 the 
paren t par t i cle di re et i O Il bv georne t r ical facto rs : 

o 1I U ' . ( ; I I'
Ign "- 19JjJ

h 

where D 1/11 - (;/1 ' is the rnirro r -g rolllld. im par t p o in t di st a nce a n d. h is the m ea n sho wer 

a lt itude ab ove the l) iJser va l iOIl leve l. T ypi cally tgljl is abou t I 00 [.imf' s la rgp r t ha n tgn 
fo r sm a ll valu es of n. 

5 .5 Accuracy o f th e reconst ruct e d aXIs 

f o r t his p ar t of ttl<' I. !l dy, L!1(' e vent. samples are suc h that the mir ro r axis is para lle l 

to 	t he parenl direct io n . Thf' angular coor clina l or thaI d irect ion in the fora l p la n a re 

thus (a r 0, a" = 0). 
T he s ho r tes t dis La nc(' d l be t. w('e n the or igin and the ell ipse ax is is uSf'd to charac 

terize the p roj<' rt erl a ng ular o ffs e t of the reco nst rnd ed shower a xis. 

The effects f t he <1.n ~ lI lar a r ("('p tallce a nd t he g ranu lar ity are fi rs t s t ud ied wi t h the 

4 TeV lludC'U Il sho wer sample gCIlf' ra ted a t 0" zenit. h a ng le . 

5.5.1 E ffed of the Df'tector Anglll<'1r AccE'ptance 

That firs t. part of t he stu dy is Ill aelP a ssllming a n ill fin it Iy fine g ra nu larity. T he re 

a re 110 select ion rril eria s pec ifi r to the analy sis wi t hout g ranul ari t y. However, u nless 

01. herw ise spet i fi . J, ollly l he e Vf'n ts iJlcl uded iuto t h(' co rrespond ing granular i t.Y sam p ie 

a re re t ainer! for th (,Sl' a n a lyses in ord e r to !> Pr form a meaning ful fO lli pari so n. T he 

distribut io ns o f d I are sho wn for t he three types of wpig ht s for 

i) 	 t h e standard a ngular a rcC'p ta n ce (1. :n5", 1.875/) ) for Lite limits o f t Ii (' two an g ular 

fPg inns in fi gu re 29. 

ii ) 	 t he larger a ng ular <lCrI'p la n r(' (2. 7S '. :J.75") in fig llrp ~O _ 

T it aCC ll ra tv improves for all th e ....." e ight t vpes at th e large r c\(·re p ta nr p. A co m

par iso n h e t w{,('11 fi gure' :\0. <1 a ll d fi g Ufl' :JO.u shows that t lw exdus ion o f IhC' ex cC' n t r ic 

photons for I he C' llipse rl rl. ermi ll a t ion im p rt lves th e ac curacy for the la rger aCl"cptancC', 

a lt ho ugh t hat tine'S Hot a ppear to be t he ras e' for t he s tandar d acc('pt a ll cc. T h t> wei g h t 

ing p rot d II re P \ of I li p typ e p rnpnsC'd hv II ill as t rlg u re 29.r a nd :3O. c, gi VI'S good res u l l s 
eVt>!l at sma ll acrep! a n ce . 



The angular size of the shower is large compared to the standard acceptance, which 
leads to strong alteration o f the image shape. However even un de r such conditions the 
Hillas we ighting proreriure is capa ble of deterting a hard longitudinal core within the 

showe r, giving a better axis determination than the other proredures. 

5.5 .2 E ffe ct of t he' granu lar ity 

The d L distributions are shown for the '-1 TeV nucleon sample for the standard granu· 

lar ity and (l.("ccptancr in figure 3 L for the P! and PI weighting procedures, respectively. 
T he corresponding di s tributions for the coarse granularity are shown on figure 32. The 
compa r ison with the figures of the previous paragraph show that the effect of the gran
ular ity is more important for t he weight P I than for P~. The detection of a hard 
longi tu di nal core within the shower (Pd is spoiled due to the granular ity smearing and 
the a ccuracies for the two ty pes of weights become comparable. In what follows only 
the weight PI will ill' lIsen . 

5. 5.3 Energy a nd p a rf!nt type dependanc s o f the accuracy 

The d 1- distr ibutions are shown for the standarcl granularity and acceptance in figure 
33 for 2 T('V and L TeV nucleons and in figure 34 for L TeV gammas, respectively. 

For nucleons, comparing to the di stribution at ,1 TeV of figure 31.c, the resolution 
gets worse at lower energies, as expected. For 1 TeV gammas the resolution is much 
better than for nucleons d ne to the smaller angular extension of the gamma shower. 
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6 R ECONSTRUCTION OF THE PARENT PARTICLE 
DIRECTION 

T he direc tion of {I[(' paren t parti<ie is reconst.ructed fro m the ster€'oscopic images of 

shower axis oiJtaincd [rom two mirrors at. ll"<tst. Thc mirror setup used [or the simulation 
is t.hat des,ribcd ill sectioll 2.2 : three mirrors, LO meters in diameter, positionn€'d such 

that t.heir cCll lNS arc 120 m apart ill an equil at eral t.riangle config ura tion. T he axes of 
thl' mi rro rs ar€' all point.ing in Ihe same dircction. T hat is an example of what might. 

bE' a rnnltimirror sf'lup. 
Both the parent particll' and the mirror axis dirl'ctiolls were at a zeni th angle of 00 

for the f'Vf' nt samples of the singl€' mirror study prl'sellted abov€'. For the m ult im.irror 

study, in addit.ion t.o those same events vi€'wl'd by s€'veral mirrors, two new samples of 

4 leV nurleoll showcrs wit.h l€'nith angl€'s of 30" alld 45" respectively, are included. For 
bot h of these new sam ptE's the mirror ax€'s are parall€'1 to t he parent part icle direct ions. 

[n addi t ion t h€' "" leV [\IIci€'on and the 1 Te V gamma 0° sam pies are used. to generat€' 
uni formly distrib lilerl pa.rcnt pa rticle directions within a ,one of half angle 1.5° around 
the mirror axcs direction. In that way the detector properlies averaged over a finite 
solid a ng lp of about 2.2 LO - I steradians are also studied. 

6,1 Reconstruction Effi c ie ncies 

The selection crite ria a re t hose listed in seclion 5.2. For all -the event samples, the 

standard granularit y, ilueptance and thresholds a rf' llsed. In addition, for the 1 TeV 

nu cleo n sample alone , a low s<,t, of t.hreshold , as defined in section .5.2, is also used. 

T he rlct l:'c tin ll efficien, it' s arc listed in t.able :) for the various event samples. The 
nucleon shower effic iency incr('ases rapidly with the parent energy. With the mirror 

axes po int.i ng in the pa.rf::'llt d irt'rtion at 0" zellith ang le, the two mirror efficiency for 
the stan dard criteria which is only l:l % at 1 TeV rca,hes 69 % at 2 TeV . However 

rl ue Lo tll<' small angular al'('<' ptancc or the detector, the efficiency decreases fast as the 
angle of the parent. particle direc tioll with rcspect t o the mirror axis b€'comes larger. 

T he t wo mi rror dficicn,ies a.ve raged over a half angle of 1.5° are down by about a 

fac tor of 2 wit h respect to the 0" efhc icIl cics . for t he showers origi nat ing from gamma 
parents the 0° are a lready almost J00% a t L Te V, due to the slimmer angular size of the 

showers and I heir large ph oton yield per Te V w m pared to nucleon showe rs. However 
tilt' effici('[1 cy drop as i\ fW I t ion qf the angle he!. \\'c('I\ t.he pare nt particle and th(' mirror 
axi s d irectio ns is as fa st as for nurleoll showers. 

Por <I Te V nucleon showers at large zenith allgles (45 ' and :"100), and with the mirrors 
p oint ing in the pare nl par lici {' direction, the efficicmies remain high with respect to 

t hose of lIuc\ t'on s hO\\'f' r s of t he same energy at tero degree zen i t h angle, in spi te of 

the la rger atmospher ic absor p tion. This effect is coupled with a rE'solution steadily 
improv i ng as the showE'r i nclina t ion inc reasE'S and wi II be disc lIssed later. 
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___ 

Simulatioll conditions 

_.. _----- - . 

(I) 4 TeV Nilcleo n 0° 

Standard granularity / Accepl.ance 


(2)1 T(' V Nucleon 0° 

C!Ja rse gran ularit y / Large Acc~pt. 

(3) 2 TeV Nucleon 0° 


Standard granularity / Acce ptance 


( 1) I TeV Nucleon 0° 

S tand a rd granularity / Acceptance 

Hi gh Th resholds 


(5) I TeV Nu cl eo n 0° 


Standard g ranu lar ity / Acceptance 

Low T hreshold 


(6) l Te V Ph oton 0° 

Standard granularity / Acceptance 


(7) 4 TeV Nucleon 30° zen ith angle 

Standard granularity / Acceptance 


(8) 4 TeV Nucleon 45° zenit h angle 

Standard granularity/Acceptance 


(9) 4 TeV Nucleon 0° zenith angle 

Rand om I\[irro r axis offset - Max ± 

Stan dard granularity / Acceptance 


( 10 ) 4 TeV Nucleon 0° zenith angle 

Random Mirror axis o ffset - Max ± 

Large Acceptance , No G ra nularity 


(II) I TeV Photon at 0° zenith angle 


1.5° 

1.5° 

Rando m I\lirror axis offset - Max ± 1.5° 

Large A ("cp tance, No Granularity 

(12) L Te V Pho ton at 0° zenith angle 
Random Mi r ro r ax is offset Max ± 1.5° 
Large Acceptam'e, No Granularity 

(a) 

97 % 

100 % 

94 % 

69 % 

97 % 

100% 

98 % 

99 % 

54 % 

99 % 

63 % 

98 % 

(b) 

81 % 

98 % 

75 % 

31 % 

77% 

92 % 

88 % 

97 % 

28 % 

94 % 

35 % 

98 % 

(c) 

92 % 

100 % 

88 % 

44 % 

91 % 

97 % 

95 % 

98 % 

43 % 

99 % 

54 % 

100 % 

1_ 

(el) 

70 % 

97 % 

65 % 

22 % 

68 % 

85 % 

81 % 

97 % 

17% 

92 % 

27 % 

97 % 

Table 3 : Selectio n efficiencies 

(a) Single mirror setup 
(b) 2 mirror setup (2 reconstructed ellipses) 
(c ) 3 mirro r setup ( _ 2 reco nstructed axis ellipses) 
(d) :1 m irror setup (3 rec onstructed ellipses) 
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6 .2 Accuracy of the space angle reconstruction 

As for t hE' sin g lE' mir ro r casE' (5.,t), thE' imagE' of thE' ShOWN axis in the n 'li m irror is thE' 

reconstructed axi s of t he ell ipse for that mirror: 

As th E' a . es of all the m irrors p<)i1lt. in t he same dirE'ctioIl, the images of the parent 
I' I' .dirE'ct.ion hav E' t.he samE' coorrl.inates (0,., a'l) for all t.he three mIrrors. 

Fo r t he eveIlts where the ellipse longitudinal axis are available for only two of 

thE' three m irro rs, the reconstructf.'d parent direct.ion is simply t.he intersection he

tweE'1l t.hose two axt's . [f t.he pllipse axes are available for all t he three mirrors, the 

rec ons t ructed parent direction is t.he ave rage between the coord inates of the three axis 

i1ltersections, weight t'rt a ccordillg to the a ngle between the axes. 

6. 2 . 1 Vertical showers 

The offse t angle Cl o f the reconstructed parent parti cl (' with res pect to its true direc
tion, a nd its com ponents (Cl " Cl ,,), are lIsed. as a measure of t. he space reconstruct.ion 

ac curacv. T he di stributions of ~ , ~ I a nd Cl" are shown on figures 35-38 for the 4 TeV 
nucleon sample at O() zenith angle for several detector configurations. The weight. type 

PI is appliNI in all the cases. For figure 35 the standard. acceptance and granularity 

a re used, wher a s figu r(' 36 co rres ponds to a two times larger angular acceptance and a 

coarser granularit y. T he figu rE'S 37 and 38 show the rE'sults obtained with the same two 
angular accep tan c('s d efin ed iII section 5.2, but with an infinit.e-iy fine granularity. The 

a ve rage values of Cl rangE' from a high 0.49° (Fig. 35) to a low 0.24° (Fig. 38) . Such 
changes in t he s pace reconst.ruction accuracy follow closely those observed with the 

qua ntity dl. in t he s ingle mi r ror case. The accuracy gets better with a larger angular 
coverage. In addi t ion an important effect with the weight PI is the improvement of 

the resol u tion fo r the infinitely fin e granularity configurations. As ill the si ngle mirror 

case that is d ue to t he de tection of a narrow ha rd longit udinal core within the shower, 

wh ich the P I wE'i gh Ling procedure has beell designed to emphasize. T he average values 

of ~ for the ,I Te V Ililcleon sample at 0° zenith angle in each of the four configurations 

used ab ove ami for each or the weighting procedures Pi and PI are shown on figure 
39_ Although the vai lles of tilE' reconstruction accuracies are comparable for the two 
weigh ting proced ures in the filii t e granu lari ty COli figurat ion s, the acc uracy is bet ter 

with PI than wi l h Pi in the no-granulari ty configurations due to the netection of the 
shower core. 

T he rl ist riuutions of ~ for a ll the 01 her 0° zen ith angl.e shower samples llucleons 1 
and 2 TeV a nd gammas 1 TeV are shown OIL figure ,10 and fig ure 41 fo r the standard 

threshold, acceptance a nd gramilarity conditions. The nucleo n dis tr ibut ions deteriorate 

at lower ellNgies. T he de terminat.ioll of t.he pa rent direct.i o n for L Te G a m m as is much 

more a ccurate than for nu cleons <llle to the smaller lateral extension of the shower. 
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6.2. 2 Inclined showers 

Tlte dist ributions of L'l for thel TeV nurieon samples at zenith angles of :30° and 45° 
are shown on figurel2.a ilnd '12. 1>, resjJecl iVE'ly. The mirror axes a im at the parent 
direct ioll in hoth cases. The stcllldard th res hold s and <l("("E'ptance and the PI weight ing 
jJrocE'durE' are used. 

The spa re recolI strtlr tiofl accurar y improves at larger zenith angles. For the same 
values of tile other parameters, the average of L'l which is 0.49° at 0° zenith angle 
( F ig. :35 ) takes the value O.:Wo at 45° ( F ig . '12.b). 

T he improvement of the resolution is due to the combinat ion of seve ral effects. 
Incl ined showers (f) 1- 0) develop at higher alti tu des than vertical showers (f) = 0° ), as 
there is a l / c:osf) nt ultijJli ra tive far lor for t he amount of material traversed. The density 

of t he atmosphere . alld therefore the ,e renkov angles are smaller at higher altitudes. 
Al so , due to I.he la rger distallr bet ween the mirrors and the shower core (-v factor 2 
a t 45° compared to 0 :c:: 0 )), low energy particles with widely spread directions rannot 
illuminate t he mirrors 10ratE'd dose the primary ground impact poin t (~ 100 m). As a 
r('s ult , there is a natu ral angular collimation of the collected Cerenkov photons, leading 
to an improvement of the parent dirertion d('l.c rminati n arru racy. 

But as t he photon pat h leng! h increases, the photon absorption becomes also larger, 

T his addi tional att en uation amounts t.o a factor 2 at a zeni th angle of 45° for photons 
in the visible range. Also, as it was noted above, the contribu tion of Cerenkov photons 
from low encrgy secondaries, which are dose to the ground in the case of vertical nucleon 

showers is suppressed . 
These low energy partidcs are responsible for tlte large photon yields of nu cleon 

showers close to the ground impad point (d ~ 30·40 m) as well as t he increased 
lateral s ize of the shower image. The net efle et is a decrease in the photon yield as 
the ze llith angl e inc reases. The detedian energy threshold increases correspondingly. 
However, the se lec tion efficienry stays high due to smaller lateral image size and the 
accu racy of t he pa rent d iredion reconstruction improves . 
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6. 2.3 Off Axis Parent Particles 

[n tll p prpviolls spctiOllS we haH' only oiscussed the angular resolutions for configurations 
with parent partide directiollS parallel to the mirror axes. As discused in section 6.1, the 
effic iencies <I (' crease rapi Ily when the parellt partide makes all angle with the mirror 
axes du e In thE' limiteo angular arrpptance. [n addition the resolution oetl'ri orates 

rapidly for the arcepted eve llts. The distributions of ~ for uniformly distributed parent 

part icle directions within a COUE' of hali allgle L.5° aroulld the mirror axes direction are 

shown ill figurE' ,13 and figure 44 for 4 leV llucleons and l TE'V gammas, respectively. 
The stanoaro thrE'sholds, arreptallce and granularity are used. A comparison with 

figure :15 and figllrell shows the detE'riorat ion of the resolution in both cases. The 
distributions or 6 lor tlte l Te\' nucleon ann thE' I TeV gamma samples for a twice 
larger angular acceptance and an infinitely finp granularity, are shown on figure 45 and 
figure 46, respecl j\·ely. Th(' rpsolution improves by a iactor 2 in both cases. 

For gamma parents, telescope setups are Ilsed in searches of point like sources with 

negl igea ble angular dispersion. Oil the contrary ill most applications parent nucleons 

have wide allgillar distribul iOlls. 
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7 CO NCLUSIO N 

A stlldv of the detection a nd the measurement using Cl'l'enkov imaging techniques of 

showers produced by cosmic ray in the atmosphere has been presented. The MOCCA 
Mont ecar lo generator has been used for the simulation of nucleon showers with energies 
ill the Te \' range (t --I TeV) as well as for 1 TeV p hoton showers, with Cerenkov photons 
in the visib le rallge. T he i\IO 'eA generator is now available at the IN2P3 computing 

center. Ex tensj\'e checks, including the study presented here, show that the MOCCA 
generator is a reliable tool for th e simulation of very high energy cosmic ray showers, 

in the TeV range an d abuve . 
Although muon production mav be underestimated in the present simulations, the 

results presented in this paper show little sensitivity to a muon rate within reasonable 

lim its . 

We summarize here the main results of ou r study. First the collection of enough 
Cerenkov photons for showers in the Te V energy range to recons t ruct t he shower pa
rameters call fo r large mirrors, typically 10 meter in diameter or larger. Furthermore, 
the angular acceptance of the focal plane plays an important role for the accuracy of 
the image axis determination, especially in the case of nucleon showers. An angular 
coverag of at least .1: 2° with respect to the m ir ror axis is needed for an acceptable con
t a illement of the shower image. Even for a sizeable angular acceptance the accuracy 

of t he shower axis determin a tion deteriorates rapid ly as a function of the angle of the 
cosmic ray wit h t he mirror axis. The reconstruction accuracy is Less sensitive to the 

granularity of the photon detector, IIn less a very fine granularity is used thus allowing 
the detection of a central hard core in the shower. 

For -1 TeV nucleon showers an accuracy of about ±0.5° on the reconstructed nucleon 
directi on is obtained with ou r " Standard" setup. T hat setup is composed of three 10 
meter diameter mirrors, with focal planes equi pped with 1" PMT's for angles up to 1.4° 
with respect to the mirror axis and with 2" Pl'vI T 's for larger angles up to 1.9°. The 

a ccuracy of the pr im ary direction improves to 0.29° ifboth the focal plane coverage and 

the detector granularities a rE' made larger by a factor 2. If a very fine granularity is used 
the accuracy is 0.39° and 0. 24° , in the cases of standard and of the larger acceptances, 
resp ec tively. For 1 TeV photons, with the stanclard setup, the accuracy is 0.12°, about 
4 times better than for 4 TeV nucleon in the same setup . 

All the values gi ven above refer to the best case with the cosmic ray direction 
parallel to the mirror axis. For finite angles between these clirecti olls, the error on the 
primary direction increases significantly and the detection efficiency clecreases. For a 
sample of cosmic rays d ist ri buted isotropically within a cone of half angle t.5° around 
the mirror axis direction, the accuracies become 0.66° for ,1 TeV lIucleon showers and 
0.27° for 1 "fe\' ga m ma showers . Beyond 1.5° the detection efficiency is very small. 
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Appendix A A RTEMIS EXPERIMENT 

The amoLlnt of primordia l antimatter from (lther gala if'S in cosm ic rays is an impor
t.ant is suf' for modf'ls uf till' L nivt'r sf'. HOWf'H'r background s duf' to secondaries mak _ 

searches for suc h a nli mattf'r Sf'llsilive only for {'nerg ies ::: l TeV . .\ discussion o f this 

su bject , as w{'ll as a su m man- o f the pi p rat io measur m ents ill cosmic ravs can be 
found in r{'fer{'nces , l~ 1 an d [HJ. 

p/ p ratio meaSllremf' nts, up to to -LO C{'V energy have iwen perform{'d m ai n ly with 

magnetic spectrometers a boa rd satte lite or balloon exp er iments. The ext ell si n of these 

m easu r(,Ol ents to hig her {'nergies re({lIires a larger magllf'tic bending power , (J B.de) 
combinf'd with a much la rger df'tectur acceptance, to cope with the expunential denease 

ill cos mi c ray Ilu x. D irect detecti o n see ms (Illls e xcluded, givpn thf' wf'ight and size 
li rn itat io n of spati a l experiment s. 

T he kf' Y ideas of th!' \RT E :\ IfS (11,1 2] experiment are : 
T he use of the ear th m agnet ic fi eld for th e ~ re c lro met('r. This rie ld, althollgh 

wf'ak in m a gnitude ("- l O \ Tes la) rr Nltes significant dE'f1 ectioJl o\;er large distances 
("- lO O.OOO km) th us providin g a measurement of the charge of the prirn a r.v par tic lf'. 

T he moon, by absorbing a ll partiries, pa ssing through it, will playa ro le similar t o 

that of a co llim a tor . Th E' si~nal is g iven by the difference in couIIting rat es with and 

wi thout absorption by the moon. Figure A t alld A2 show sc hematically the princ ip le 

of the eXp t'fi mellt. The belld ing power of the ear th moon spectrometer is J B .de -:::: lOO 
Tps la. meter . The maglletic fi.pld pe rtur ba tions, mai nly d ue to -solar m ag ne t ic storms, 

stay usually withi n reasonnable limi ts ( '" 10 %). The resulting deflection angle 6B, 
can h E' written as : 

0.0 -= :30ZI E, 

E in TeV is the incident pa rticle energy, and Z, t.he electric charge in proton charge 

u llits. Tit£' moon apparent. di ame ter , set'n from the earth, i lO mrad, introdu(' ing a 

comparable uncertai nty o n t hf' cosmic ray init.ial direction . [h is value call be compared 

to 60 -:::: :30 mrad deflection for l Te \' proton. T he parti cles a re detected through the 

Cer{'nko,,' radiation produced in the eart.h atmosphf're. 

T h(' prese nce of the moo n in the sk y is neces sar.Y duri ug the operation of the de
tecto r, as it define s the part icle direction be fo re df'flect io n. Du t its presence is not 
co m patible with the operation of ordina r y CerE'nkov tele scopes . One has therefore to 

fi nd a means o f shielding tlte mo on light, without depri ving the detector from all t.he 

C erenkov photons. The ozone layer, located as som e 20 km a ltiturl.e absorb s photo ns 

in the ultraviolet (C\' ) domain . UV photons or igi nating fr om t he mooll or t he stars 
canJlot reach the ground, while ~er f'll kov CV photons [)rod uced below the oz o ne [ayE'[ 

are not affected. T he mE'an shower alt it ude b E' ing around -~ 8 km, the prCSe[lCE' o f the 

ozone layer has lIea rlv no ('ffed all it s developml' nt. 

Ce renkov telescopes equip p(' d with solar b lind ph o t o detectors, with good light 

detf.'C tion effici ency in the UV vawelengtlls, but inscIIs iti\'e to visil)le light , can be 

operated ill the presence of the mooll. 
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A p p endix B M OCCA IM PLEMENTATION AT CC
IN2P3 

The i\IOCCA (;\IOnteCarlo C A cade) atmospheric shower f'llontecarlo generator is 

available at CC-[ N 2P3 \ Oll the lBi\I 3090 system rUllning under Vi\l-Cl\IS. Thf' gener

ator code, df've lopped by A. rd . Hi lias at Leeds UII iversi ty is wri t tell in Pascal. In order 

to facilitate the use of the CERN program library, we have written a small Fortran 

interface. 

The operation of the generator is controlled through a datacard file, cOlltaining the 

run conditions and options, the primary particle type, energy, direction and positioll, 

as well as the Cerellkov telescope setup . 

We have used the CERN HB OOK I Ntuple system to store the output results, 

mainly t he collected Cerenkov photon characteristics. [t is also possible to keep a 

complete trace of all secolldary particles in the shower ill Ntuples. The output data 

can then h,[' analysed interactively using the PAW -, program, or be further processed 

for detailed detector effect simulation for example. 

B.l P rogra m s o u rc e and command files 

The list of files containing the programs as well as the command procedure with a short 

description is gi yen below: 

• 	 MOCCA6 PASC A L: Generator Pascal code 

• 	 l\IO CCA FORTRAN: Fortran illterface 

• 	 M OCCA EXEC: REXX (; writtell command procedure for runnillg the Monte 

carlo. The file contains the descriptioll of arguments and options. 

• 	 f\'IOCCA DATA: Example of datacard set for MO CC A run 

• 	 MOCCA DATAD E SC : Complete description of datacards format and keywords 

The HBOOK files produced by a l\IOCCA run can be processed using ~imple pro

grams. The files ~ LOOP FORTRAN and NTGRDZ FORTRAN contains examples 

of program capable of processing MO C CA output files. Two command procedures are 
available for t his purpose. 

• 	 NTLOOP EXEC: REXX written command procedure for processlllg HBOOK 
files produ ced bv a 1\"lOCCA run. 

• 	 TP .IT LOOP EX E C: Command procedure for processmg MOCCA output files 

slored on tape in Vf\1 tape dump format 

·' CC- ()i2P.3 : Centre de Calcul ne I'[nstitut de Physique :'Ifll c leaire et de Physique des Partic ules 
I H1300K : Data handling, Statistical analysis and histogramming - CERN Program Library 
" PA \-V : PhYsics Analysis 'Workstation - CER N Program Library 
. R.EXX : Restructuren Extennen Execlltor Language - IBM VM/SP ifltcrpreter language 
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B.2 MOCC A d atacard file 

The simulation par a meters are de fi ned in a datacard file. Each data set is ident.ifi('o 

bv a keyword follo we d by 0 11 o r more blank se pa ra ted argumeIlts . By conventioll, all 

keywords begin wit h a ' @' character, at a start of line. The datacard list has to be 

tNmi nated by a '@E. D' k(' y word. T here arc mandatory a nd optiuual datacards. A 

complete descr ip t io ll of the keywords can be found in the file i\IOCCA DAT AOESC. 

T he keywords \ . PRfc. IARY' '@PHJ MDIR ' ' @PRlr.- ([ I\ [P AC T' define the primary 

particle type, energy, direction aIld impact pui nt. T he var ious energy thresholds IIsed in 

tIle simula tiun are con trolled by the ' @RO Gil' , '@E STOP' and '@TH [N ' datacards. 

T he. data asso,iated wi th the '@TJ-JJ ' L y wo rd defilles the thin sampling threshold 

di scussed ill section ,3.3 . The argument s follo wiIlg tbe '~RU;"J O P T' and ' O UT P('T' 

kevwords de fine various simul a tion options and the list of tables inducted in the out put 

listing fi le. T h e '@MIR ROn. ' key word controls the positi o n, orientatioll alld s ize of 

light collectillg mirrors. i\ Iulti mi rror s t up can b e defined by using several '@I'vl IRROR' 

da tacar ds. The observation site altit ude is defined by the ':QlOBS Lb VEL' ke,yword and 

lig ht attenuatio n pa ramet rs by '@LlG HT' ke vword. The '@TR ACS Il OW' activat es 

the storage of complet e sh o wer traces (all secondary part.icles) ill the output HD OOK 

fil e. 

B.3 Output Ntuples from lVIOCCA 

T he 1\10 C C A results are stored in llB O OK ' t u p les. The ;\i tuple 7550 contains sum , 

mary informat.ion fur generated showe rs . The characteristics of the collected photons 

are recorded in separate N tuples [L N', o ne p er shower . Each collected photon has an 

elltry in the shower Ntuple. T he Nt up te vari a bles with t.heir content are li s ted below . 

.. 	 !\J1RRO R : T he mirror num be r (O .. N) which collected the photon . 

.. 	 XD EG , YDEC : Cerenkov photon direc ti on (in d.egrees) 

• 	 \\"T : Light emitting part icle weight. D ue to thin sampling (see section 3.3), sec , 

ondari es may have weights larger t.han l. The effective number of ph o tons reachillg 

the mirro r is determined by WT. Photons emitted by muons are fl a gged llslng 

negati ve valuf's of WT 

" X ,\ ,YA : P ho t o n impact posi tion on the mirro r, lI ormalized to the mirror radius 

, 1 S X A,YA S 1) 

.. 	 TI;\ IE : P hot on arri val ti me o ffset (i It n s) 

.. 	 EP,\R : E m itti ng part ide e nergy (in "'[eV ) 

.. 	 ZPAl{ : Photon emissio n altitude (in mders ) 

\V hen the shower t rac ing OptiOll is activated , a n N t upl e ([lu m bered from :10(0) 
cont a ini ng t he seco lldary p a r ticl es is made for eac h shower tra r en . E arh entry in these 

Nt uples corres pond s to a track s('gment. T he list of the <:orresponding ~ tuple variablf's 

is g iV(' n beluw. 
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" 	 PTYP : Particle type, O= Photon, 2= Neutrino, 4=Electroll, 5=Muon, lO=Pize
ro, [,I=- Charged Pi, 24 = Nucleon, 34=Nucleus - Negative numbers correspond to 

negatively charged particles 

" 	PX,PY,PZ: Track position 

" 	DTRX,DIRY,OIRZ : Track direction 

* 	TKLEN : Track length, in meters 

* E : Particle energy (in MeV) 

" BETA: /3 = vic 

* 	WT : Particle weight 
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