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We descr i be t he t echni cal det ai l s and t he per f or mance of a l ar ge ar r ay whi ch det ect s bot h t he el ect r on and muon component s
i n ext ensi ve ai r shower s wi t h ener gi es >_ 10 14 eV. The ar r ay was desi gned t o sear ch f or - y- r ays f r om ast r ophysi cal sour ces. The
backgr ound of cosmi c r ays i s r educed by t he sel ect i on of moon poor event s . The ar r ay consi st s of 1089 sci nt i l l at i on det ect or s on t he
sur f ace cover i ng an ar ea of 0 . 23 km2 and 1024 sci nt i l l at i on count er s of 2. 5 m2 each, bur i ed 3 mbel ow t he sur f ace f or muon
det ect i on . Each of t he sur f ace det ect or s has i t s own l ocal el ect r oni cs and l ocal dat a st or age cont r ol l ed by a mi cr opr ocessor . The
ar r ay i s l ocat ed at Dugway, Ut ah USA ( 40 . 2° N, 112. 8° W) wher e t he aver age at mospher i c dept h i s 870 g/ cm2.

1 . I nt r oduct i on

At t he 1960 I nt er nat i onal Cosmi c Ray Conf er ence,
Cocconi suggest ed t hat l ar ge ai r shower ar r ays coul d be
used t o sear ch f or ver y hi gh ener gy - y- r ays f r om ast r o-
physi cal obj ect s [ 1] . I n 1983 a semi nal paper was pub-
l i shed by Samor ski and St amm [ 2] i n whi ch t he det ec-
t i on of - y- r ays _ 10 15 eV f r om t he X- r ay bi nar y Cygnus
X- 3 was r epor t ed . These r esul t s appear ed t o be con-
f i r med by Ll oyd- Evans et al . [ 3] and Ki f une et al . [ 4] .
These obser vat i ons, whi ch wer e made wi t h r at her smal l
ar r ays, st i mul at ed t he const r uct i on of ar r ays speci f i -
cal l y desi gned f or - y- r ay ast r onomy [ 5, 6] . I n gener al ,
t hese ar r ays ar e much l ar ger and have t hr eshol ds
5 10 14 eV. Sever al r evi ews of t he pr ogr ess of t hi s f i el d
over t he past f ew year s can be f ound el sewher e [ 7] .

I n t hi s paper we wi l l gi ve a det ai l ed descr i pt i on of
t he Chi cago Ai r Shower Ar r ay ( CASA) and a r evi ew of
t he Mi chi gan Muon Ar r ay ( MI A) . Sect i on 2 begi ns
wi t h an over vi ew of t he ar chi t ect ur e of CASA f ol l owed
by a descr i pt i on of i t s component s . Sect i on 3 descr i bes
t he component s of MI A. I n Sect i on 4 we descr i be t he
cal i br at i on of t he ar r ay and i t s pr oper t i es i ncl udi ng
angul ar r esol ut i on, hadr on r ej ect i on, and shower si ze
det er mi nat i on . I n Sect i on 5 we descr i be our exper i ence
wi t h t he oper at i on of t he ar r ay .

CASA has been descr i bed par t i al l y i n pr evi ous pub-
l i cat i ons [ 8] . The bur i ed muon count er s of MI A have
al so been descr i bed [ 9] .
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2 . The sur f ace ar r ay ( CASA)

2. 1 . Over vi ew of t he desi gn
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We began t he desi gn of CASA wi t h t he goal s of
hi gh count i ng r at e, good angul ar r esol ut i on and ef f ec-
t i ve hadr on r ej ect i on . The l at t er r equi r ement l ed us t o
choose t he Dugway si t e because a l ar ge ar ea of bur i ed
muon count er s wer e bei ng i nst al l ed by some of us
ar ound t he Fl y' s Eye I I f l uor escence det ect or [ 10] t o
wor k i n conj unct i on wi t h t he Ut ah ai r shower ar r ay [ 6] .

The desi gn was opt i mi zed f or si gnal s f r om sour ces
l i ke Cygnus X- 3, whose i nt egr al spect r um was r epor t ed
t o f al l as E- t . Si nce t he cosmi c r ay backgr ound spec-
t r um f al l s as E- 1 ' , t he si gnal - t o- backgr ound shoul d
i mpr ove as t he ener gy i ncr eases. Usi ng t he cr i t er i a of
mi ni mi zi ng t he t i me t o obt ai n a si gnal of a gi ven
si gni f i cance whi l e keepi ng t he number of det ect or s
f i xed, we f ound a br oad mi ni mum wi t h det ect or spac-
i ngs i n t he r ange of 10 t o 20 m. We chose t hen a
spaci ng of 15 mand a si ze such t hat we woul d r ecei ve
>_ 20 event s per day f r om a sour ce of t he r epor t ed

st r engt h of Cygnus X- 3 [ 2] . Wi t h such a desi gn we
woul d obser ve - 200 event s f r om a sour ce wi t h a f l ux
of 10 - 11 cm- 2 s - 1 dur i ng a si ngl e passage over head .
These consi der at i ons l ed t o our desi gn of a sur f ace
ar r ay of 1089 det ect or s on a gr i d of 15 mcover i ng an
ar ea of 2. 3 X 10 5 m2 . Fi g . 1 shows a pl an vi ew of t he
ar r ay .
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® Cer enkov t el escope

® Mi chi gan muon pat ch

Fi g . 1 . Pl an vi ew of t he CASA and MI A ar r ays . The bur i ed

muon count er s ar e col l ect ed i n pat ches of 64 i ndi vi dual coun-

t er s . The f i ve Cher enkov t el escopes, bui l t by t he Uni ver si t y of

Ut ah, ar e used f or r esol ut i on measur ement and di r ect i on

cal i br at i on . The Fl y' s Eye I I det ect or whi ch l i es i n t he cent er

of t he ar r ay i s not shown.

Whi l e i n many r espect s t he desi gn of t he sur f ace

ar r ay i s convent i onal , we consi der ed t he nor mal ar -

r angement , i n whi ch each st at i on cont ai ns a si ngl e

sci nt i l l at i on count er wi t h i t s si gnal and hi gh- vol t age

cabl es r unni ng t o cent r al i zed el ect r oni cs, t o be i mpr ac-

t i cal f or such a l ar ge number of st at i ons . I nst ead we

chose t o pl ace al l t he el ect r oni cs l ocal l y wi t hi n each

st at i on, whi ch has t he advant age t hat l ong, hi gh- qual i t y

cabl e r uns ar e not r equi r ed t o pr eser ve t he nanosecond

t i mi ng r equi r ed f or good angul ar r esol ut i on . We pl aced

wi t hi n each st at i on f our sci nt i l l at i on count er s and r e-

qui r ed at l east a doubl e coi nci dence bef or e a det ect or

was r ecor ded as par t of a shower . Thi s r equi r ement

r educed t he ef f ect i ve si ngl es r at e of an i ndi vi dual st a-

t i on t o - 10- 20 Hz. Tr i pl e coi nci dences ar e i ndi cat i ve

of t he pr esence of a shower and ar e used as t he basi s

f or t r i gger i ng t he ar r ay. Fi nal l y, when a coi nci dence

occur s i n a gi ven st at i on, a pul se i s sent by a t wi st ed

pai r cabl e t o each of i t s f our near est nei ghbor s . Wi t h

t hi s t echni que, t he r el at i ve t i me of ar r i val of t he shower

f r ont at each st at i on i s det er mi ned and t he need f or a

cl ock synchr oni zed over t he ent i r e ar r ay i s el i mi nat ed .

The ar r ay oper at es as f ol l ows : I f t wo or mor e sci nt i l -

l at i on count er s f i r e wi t hi n 30 ns t he st at i on i s sai d t o be

al er t ed . I f t hr ee or mor e sci nt i l l at or s f i r e wi t hi n 30 ns

t he st at i on i s sai d t o be t r i gger ed as wel l as al er t ed .
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Each t r i gger ed st at i on pl aces a st andar d 5 mA cur r ent

pul se of 10 Vs dur at i on ( t r i gger r equest ) on a cabl e

whi ch i s connect ed t o a cent r al cont r ol . I f t hr ee or

mor e such quant a of cur r ent ar e det ect ed by t he cen-

t r al cont r ol , t he t r i gger condi t i on f or t he whol e ar r ay i s

sat i sf i ed and a t r i gger acknowl edge pul se ( - 12 V of 2

ws dur at i on) i s sent t o al l st at i ons . At t he t i me of an

al er t , t he st at i on i s di sabl ed and ei ght t i me- t o- di gi t al

conver t er s ( TDCs) ar e st ar t ed by t he coi nci dence pul se .

Four of t he TDCs ar e st opped by del ayed pul ses f r om

t he sci nt i l l at i on count er s i n t he st at i on . The ot her f our

TDCs ar e st opped by t he coi nci dence pul ses ( i f pr e-

sent ) f r om t he near est nei ghbor st at i ons . The t i me

st andar d f or each TDC i s a t emper at ur e- st abi l i zed

l ocal osci l l at or . The ampl i t ude of each sci nt i l l at i on

count er i s r ecor ded by char ge i nt egr at or s. These t i mes

and ampl i t udes ar e st or ed t empor ar i l y as DC vol t ages .

I f a t r i gger acknowl edge pul se i s r ecei ved wi t hi n 10 p s

of t he al er t t i me, t he vol t ages ar e di gi t i zed and st or ed

i n a l ocal memor y . Fol l owi ng t he di gi t i zat i on t he st a-

t i on i s r eenabl ed . I f no t r i gger acknowl edge i s r ecei ved

wi t hi n 10 ws of t he al er t t i me t he TDCs and char ge

i nt egr at or s ar e r eset and t he st at i on i s r eenabl ed . Each

st at i on i s cont r ol l ed by a mi cr opr ocessor . The dat a ar e

st or ed i n one- hal f of a 3 kByt e l ocal memor y . Per i odi -

cal l y t he dat a st or age i s swi t ched t o t he ot her hal f of

t he memor y and t he dat a st or ed i n t he i nact i ve mem-

or y i s r ead out sequent i al l y f r om each st at i on by an

Et her net syst em. Thi s ar r angement has t he advant age

of ver y smal l dead t i me, t he l ar gest component of

whi ch i s t he 0. 5 ms r equi r ed t o di gi t i ze t he event .

I n t he f ol l owi ng sect i ons we descr i be t he var i ous

component s of t he ar r ay . I n t he desi gn we wer e gui ded

by t he need t o oper at e over a t emper at ur e r ange of

- 10° C t o 50° C, t he r equi r ement of no movi ng par t s,

and t he need f or ext r eme economy . These l at t er cr i t e-

r i a l ed us t o use, as much as possi bl e, mat er i al s and

el ect r oni c component s t hat had br oad commer ci al ap-

pl i cat i ons .

2. 2. The CASA st at i on

2. 2. 1 . Mechani cal and el ect r i cal desi gn
Fi g. 2 shows t he mechani cal ar r angement of a st a-

t i on . Four sci nt i l l at i on count er s ar e pl aced i n a UV

r esi st ant ABS pl ast i c box speci al l y desi gned f or t he

pur pose. The box i s st i f f ened by a wooden cr oss st r uc-

t ur e gl ued t o t he bot t om whi ch def i nes t he cel l s f or t he

l ocat i on of t he f our sci nt i l l at i on count er s . A pl ywood

sur f ace i s at t ached t o t he wooden cr oss f or suppor t of

t he l ocal el ect r oni cs and i t s power suppl i es . A St yr o-

f oam pi l l ar i s pl aced i n t he cent er t o pr ovi de suppor t

f or t he l ead conver t er sheet s pl aced on t op of each

st at i on . The l ead conver t er sheet s i ni t i al l y wer e pai nt ed

whi t e whi ch r educed t he ambi ent t emper at ur e wi t hi n

t he box by about 4° C dur i ng t he summer mont hs .
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Fi g . 2 . Expl oded vi ew of a CASA st at i on .

The boxes ar e seal ed agai nst wat er l eaks by one

i nch wi de weat her st r i ppi ng . I ni t i al l y t he t op and bot -

t om hal f of t he boxes wer e hel d t oget her by pl ast i c

r i vet s but i t was f ound t hat t he wei ght of t he l ead

sheet s was suf f i ci ent t o secur e t he j oi nt . Af t er i nst al l a-

t i on i n t he f i el d cr acks devel oped i n t he cor ner s of

many boxes causi ng, i n some cases, ser i ous wat er dam-

age . To avoi d t hi s we have f i t t ed each box wi t h a

weat her pr oof cover . These cover s made of whi t e mat e-

r i al have el i mi nat ed t he need f or pai nt i ng t he l ead .

The AC power l i nes, t r i gger - r equest cabl es and t r i g-

ger - acknowl edge cabl es ar e di st r i but ed t hr ough a cen-

t r al spi ne r unni ng east and west f r om t he cent r al

cont r ol . Each nor t h- sout h r ow of st at i ons i s cal l ed a

r i b . The ar r angement of t he r i bs and spi ne i s shown i n

Fi g . 3. The i nf l ow of t he t r i gger r equest cur r ent pul ses

f r om each r i b on RG- 58 cabl e i s t r ansf er r ed t o an

RG- 8 cabl e on t he spi ne by a r epeat er . These r e-

peat er s det ect t he t r i gger cur r ent l evel on t he r i bs by

means of a set of par al l el compar at or ci r cui t s . The

pul ses ar e r ef or med and sent out on t he spi ne t r i gger

cabl e, pr eser vi ng t he or i gi nal t i mi ng st r uct ur e of t he

i nput pul ses . The out goi ng t r i gger acknowl edge pul ses

ar e car r i ed on RG- 58 cabl e t hr oughout and ar e t r ans-

f er r ed t o t he r i bs by a r epeat er . Two phase power i s

al so di st r i but ed al ong t he spi ne . Si ngl e phase 120 V

power i s t apped of f t o each r i b i n a manner t o keep t he

l oad bal anced on each phase . Power i s avai l abl e i n

each st at i on by means of a st andar d househol d r ecep-

t acl e . An ext r a r ecept acl e i s avai l abl e f or a sol der i ng

i r on or osci l l oscope f or r epai r s or t r oubl eshoot i ng .

Near est nei ghbor st at i ons ar e connect ed by t wo t wi st ed

pai r cabl es whi ch t r ansmi t t he TDC st ar t pul se of a
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st at i on t o i t s nei ghbor and vi ce ver sa . Al l t hese cabl es

ar e cont ai ned wi t hi n commer ci al 3 . 5 cmdi amet er bl ack

pol yet hyl ene pi pe whi ch i s coupl ed t o t he si des of t he

pl ast i c boxes wi t h st andar d pl ast i c f i t t i ngs .

2. 2. 2. Sur vey of t he st at i ons

The posi t i ons of t he CASA st at i ons wer e l ai d out i n

advance of i nst al l at i on usi ng a l aser r angi ng t heodol i t e .

The posi t i ons wer e pl aced on a near l y per f ect 15 m

gr i d, wi t h a f ew devi at i ons t o avoi d t he r emoval of

t r ees . The or i ent at i on of t he gr i d i s such t hat t he x- axi s

r uns east - west and y- axi s r uns nor t h- sout h . Af t er

i nst al l at i on t he posi t i on of each st at i on was sur veyed

al ong wi t h i t s hei ght r el at i ve t o a sur vey monument .

Sever al sur vey monument s wer e used t o cover t he

whol e ar r ay . A number of st at i ons wer e sur veyed f r om

di f f er ent monument s t o sear ch f or syst emat i c er r or s .

The devi at i ons f r om a per f ect gr i d ar e char act er i zed by

an RMS of 0 . 035 m. The devi at i on of t he y- axi s f r om

t r ue nor t h was checked by t he obser vat i on of f i ve st ar s

wi t h t he t heodol i t e . The y- axi s of t he ar r ay was f ound

t o be r ot at ed f r om t r ue nor t h by ( 0 . 063 ± 0 . 01) ° cl ock-

wi se . The si t e sl opes f r om t he nor t h- east t o t he sout h-

west wi t h a t ot al change i n hei ght of - 10 m.

2. 2. 3. Sci nt i l l at i on count er s

Each sci nt i l l at i on count er i s made of a 61 cmX 61

cmX 1 . 27 cm sheet of acr yl i c sci nt i l l at or [ 11] . For pur -

poses of economy t he edges of t he sci nt i l l at or r e-

mai ned sawcut . A 5 cmdi amet er phot omul t i pl i er t ube

was gl ued i n t he mi ddl e of t he pl ast i c wi t h a - 0 . 5 mm

t hi ck l ayer of t wo component RTV ( GE- 655) [ 12] .

Exper i ence l ed us t o use a t hi ck f l exi bl e j oi nt t o avoi d

br oken j oi nt s due t o t he ext r eme var i at i ons i n t emper a-

t ur e . Two t ypes of PMTS wer e used i n appr oxi mat el y

equal number s, 12- st age Amper ex 2212 obt ai ned f r om

a neut r i no exper i ment at Br ookhaven Nat i onal Labor a-

t or y, and 10- st age EMI 9256 pur chased especi al l y f or

CASA. The t ypi cal hi gh vol t age i s 1300 V f or t he 10

st age t ubes, and i s 1900 V f or t he 12 st age t ubes .

The uni f or mi t y of l i ght col l ect i on i s poor i n such a

count er desi gn . The amount of l i ght col l ect ed i s t o a

Fi g . 3 . The l ayout of t he CASA t r i gger spi ne and r i b syst em
( l ef t ) and t he dual - spi ne Et her net syst em( r i ght ) .
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Fi g . 4 . Above, pul se ampl i t ude di st r i but i on f or a CASA sci n-
t i l l at i on count er exposed t o ver t i cal muons di st r i but ed uni -
f or ml y over i t s sur f ace . Bel ow, di st r i but i on of pul se ampl i -
t udes based on a si mul at i on of t he r - 1 dependence of
t he l i ght col l ect i on . The ar r ow i ndi cat es t he posi t i on of t he

pedest al .

good appr oxi mat i on pr opor t i onal t o t he di st ance of t he
sour ce of l i ght t o t he cent er . On aver age we est i mat e
t hat about 10 phot oel ect r ons ar e col l ect ed when a
mi ni mum i oni zi ng char ged par t i cl e passes t hr ough an
ext r eme cor ner of t he count er . I n Fi g. 4a we pl ot t he
pul se ampl i t ude di st r i but i on f or one of t hese count er s
f or uni f or m i l l umi nat i on wi t h si ngl e ver t i cal muons as
measur ed on a t est st and . Thi s pul se ampl i t ude di st r i -
but i on can be under st ood by a si mpl e model of t he

l i ght col l ect i on . When a char ged par t i cl e cr osses t he
sci nt i l l at or , t he l i ght t r apped by t ot al i nt er nal r ef l ec-
t i on spr eads r adi al l y i n al l di r ect i ons . The l i ght ai med
t owar d t he phot ocat hode i s ef f i ci ent l y col l ect ed gi vi ng
a dependence r - 1 wher e r i s t he di st ance bet ween t he
sour ce of t he sci nt i l l at i on l i ght and t he cent er of t he
phot ot ube . Shown i n Fi g . 4b i s t he pul se ampl i t ude
di st r i but i on cal cul at ed on t he basi s of t hi s f or m of l i ght
col l ect i on . The cal cul at i on assumes t hat ver t i cal l y i nci -
dent mi ni mum i oni zi ng par t i cl es ar e uni f or ml y di s-
t r i but ed over t he count er . Each count er i s ul t i mat el y
cal i br at ed i n- si t u wi t h t he abundant cosmi c r ays whi ch
t r i gger t he ar r ay . Adescr i pt i on of t hi s pr ocess i s gi ven
i n sect i on 4. 2 . 2 .

2. 2. 4. El ect r oni cs

The el ect r oni cs f or each st at i on i s mount ed on a
si ngl e si x l ayer ci r cui t boar d measur i ng 30 cmX45 em.
I t was desi gned at t he Uni ver si t y of Chi cago by a
col l abor at i on of physi ci st s and engi neer s at t he Enr i co
Fer mi I nst i t ut e . The desi gn of t he st at i on el ect r oni cs
wi t h i t s many f unct i ons r epr esent ed t he gr eat est i nt el -
l ect ual chal l enge i n t he const r uct i on of CASA.

Each boar d consumes about 18 wat t s and uses l ow
power CMOS l ogi c whenever possi bl e . Speci al swi t ch-
i ng power suppl i es wer e desi gned f or t he boar d [ 131 .
These suppl i es pr ovi de f i ve i ndependent vol t ages . The
suppl i es wer e opt i mi zed t o have maxi mum ef f i ci ency .
The t ot al power consumed by each st at i on i s 24 wat t s .

The hi gh vol t age f or t he f our PMT' s i n each st at i on
i s suppl i ed by a si ngl e 12 V t o 3000 V DC/ DC con-
ver t er [ 141 mount ed i n a separ at e housi ng whi ch pl ugs

ANALOG SECTI ON

Fi g. 5 . Schemat i c di agr am of t he anal og el ect r oni cs .
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i nt o t he mai n boar d . Thi s makes i t s r epl acement easy

i n t he f i el d . The hi gh vol t age i s r egul at ed by a f eed-

back ci r cui t l ocat ed on t he boar d . The hi gh vol t age

l evel can be set by r emot e command f r om t he cent r al

st at i on . Dur i ng assembl y t he f our PMT' S pl aced i n

each st at i on wer e sel ect ed t o have appr oxi mat el y t he

same gai n when oper at ed at t he same vol t age . The

EMI t ubes wer e pur chased wi t h bases whi ch dr aw 0 . 1

mA. The Amper ex t ubes had bases whi ch dr aw 0 . 25

mA and wer e j ust wi t hi n t he l i mi t of t he power capac-

i t y of t he conver t er . The PMT' S ar e oper at ed wi t h t hei r

phot ocat hodes at gr ound pot ent i al .

A schemat i c di agr am of t he anal og sect i on of t he

el ect r oni cs i s shown i n Fi g. 5 . Each PMT si gnal ent er s

t he boar d t hr ough a shor t 50 SZ t wi st ed pai r cabl e

usi ng an i nexpensi ve 0 . 1 i n . connect or [ 15] . Most con-

nect i ons t o t he boar d used t hi s har dwar e . Fast com-

par at or s ( Li near Technol ogy LT1016) ser ve as di scr i mi -

nat or s . The i nput si gnal f r om each PMT i s f ed i nt o a

hi gh l evel and a l ow l evel di scr i mi nat or . The hi gh l evel

i s set t o - 24 mV and t he l ow l evel t o one t hi r d of t hat

val ue . The PMT vol t age i s set so t hat t he hi gh l evel

di scr i mi nat or cor r esponds t o - 0. 1 of t he mean pul se

ampl i t ude of a mi ni mum i oni zi ng par t i cl e . The di scr i m-

i nat or val ues whi ch ar e common t o t he f our i nput

channel s can be set r emot el y f r om t he cent r al st at i on.

The hi gh l evel out put s go t o a pr ogr ammabl e l ogi c

ar r ay ( PAL) whi ch f or ms t he al er t and t r i gger condi -

t i ons . These condi t i ons can be cont r ol l ed f r om t he

cent r al st at i on and ar e nor mal l y set t o >_ 2 count er s f or

t he al er t and >_ 3 count er s f or t he t r i gger . I f t he t r i gger

condi t i on i s met , t hen a 5 mA cur r ent pul se of 5 ws

dur at i on i s i nj ect ed i nt o t he 50 SZ t r i gger r equest cabl e .

( The f l exi bi l i t y i n set t i ng t he al er t and t r i gger condi -

t i ons gr eat l y assi st ed i n exper i ment al l y est abl i shi ng t he

opt i mumoper at i ng condi t i ons f or t he ar r ay . ) The al er t

pul se ser ves as t he st ar t pul se f or t he ei ght l ocal TDCs,

and i s sent i n t he f or m of a TTL pul se over a 150 f l

t wi st ed pai r cabl e t o each near est nei ghbor st at i on as a

st op pul se i n one of i t s TDCs . Af t er passi ng t hr ough a

l umped del ay l i ne t he l ow l evel out put s ar e st op pul ses

f or f our of t he TDCs . The st ar t pul ses f r om al er t ed

near est nei ghbor st at i ons ar e r ecei ved by an LT1016

compar at or and ser ve as st op pul ses f or t he f our addi -

t i onal TDCs . The TDC ci r cui t i s si mi l ar t o a pr evi ousl y

publ i shed si mpl e ci r cui t usi ng di odes as swi t ches of a

cur r ent sour ce on t o a capaci t or [ 16] .

Each TDC i s cal i br at ed by command f r om t he cen-

t r al cont r ol . A pul se pai r gener at i on ci r cui t empl oys a

50 MHz osci l l at or t o i nj ect st ar t and st op pul ses t o

each TDC. The osci l l at or was st abl e t o bet t er t han 10

ppm i n t he i nt er val 0° C t o 60° C. The pul se pai r s have

t i me i nt er val s whi ch can be i ncr ement ed i n 20 ns st eps

t o cover a 300 ns r ange . When di gi t i zed, each t i me

channel cor r esponds t o 0 . 3 ns . The char ge f r om each

PMT i s i nt egr at ed on a 470 pF pol yst yr ene capaci t or

Et her net

a

But A

But B

FCM
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Fi g . 6 . Schemat i c di agr am of t he di gi t al el ect r oni cs .

and t he val ue i s sampl ed and hel d by a gat e synchr o-

ni zed wi t h appr opr i at e t i me del ay wi t h r espect t o t he

f or mat i on t i me of t he coi nci dence . When di gi t i zed,

each channel cor r esponds t o about 3 pC. The TDC

val ues f or t he f our l ocal t i mes, t he TDC val ues f or t he

f our near est nei ghbor t i mes, t he f our pul se ampl i t udes,

t he PMT hi gh vol t age val ue, t he ambi ent t emper at ur e,

and t he t wo di scr i mi nat or set t i ngs ar e st or ed t empor ar -

i l y as 16 DC vol t ages wai t i ng t o be di gi t i zed i f a t r i gger

acknowl edge pul se ar r i ves .

Once a st at i on al er t occur s, an addi t i onal sequence

of event s begi ns whi ch i s cont r ol l ed by anot her PAL.

Fur t her coi nci dences ar e i nhi bi t ed whi l e wai t i ng f or

t he r ecei pt of a t r i gger acknowl edge pul se f r om t he

cent r al cont r ol . I f no t r i gger acknowl edge i s r ecei ved

wi t hi n 10 Vs of t he al er t , t hen t he TDCs and char ge

i nt egr at or s ar e r eset and t he st at i on i s r eact i vat ed. The

t i me t hat a st at i on i s i nhi bi t ed i s - 15 ws gi vi ng t he

dead t i me f r act i on of each st at i on of - 0 . 2%.

A schemat i c vi ew of t he di gi t al el ect r oni cs i s shown

i n Fi g . 6 . I f a t r i gger acknowl edge i s r ecei ved wi t hi n 10

ws af t er an al er t t hen t he encodi ng of t he dat a begi ns .

The r ecei pt of a t r i gger acknowl edge advances an

event count er i n ever y st at i on . The dat a ar e r out ed i n

t ur n t o a si ngl e 10 bi t ADC ( RCA 3310) t hr ough a

mul t i pl exer . The r at e of encodi ng i s cont r ol l ed by a 0. 6

MHz osci l l at or . Si xt een cycl es of t hi s osci l l at or ar e

r equi r ed t o encode each of t he 16 DC vol t ages . The

di gi t i zed dat a ar e passed t o a FI FO memor y whi ch i s

cont r ol l ed by t he onboar d I nt el 80186 mi cr opr ocessor

( pP) . The r ecei pt of a t r i gger acknowl edge i nhi bi t s al l

st at i ons i n t he ar r ay . The t ot al dead t i me f or t he ent i r e

ar r ay i s about 0. 5 ms whi l e an event i s bei ng di gi t i zed.
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The pr ogr amf or t he onboar d RP i s st or ed i n a 64
kByt e EPROM. The ~LP i s l i nked t o t he cent r al st at i on
vi a t he Et her net communi cat i on pr ot ocol , whi ch em-
pl oys a l ocal ar ea net wor k copr ocessor ( LANG) . The
p, P r ecei ves i nst r uct i ons f r om t he cent r al st at i on whi ch
can set t he PMT vol t age, t he di scr i mi nat or l evel , com-
mand a t i me cal i br at i on, or set t he al er t and t r i gger
condi t i ons . The ~LP t r ansf er s t he dat a i n t he FI FO t o
t he act i ve hal f of a RAMand at t aches addi t i onal st at us
and event count er dat a . I t al so r ecei ves commands
whi ch cont r ol t he dat a t aki ng . Typi cal l y ever y 30 s t he
VP r ecei ves a command t o swi t ch t he memor y l ocat i on
t o whi ch t he dat a f r om t he FI FO ar e pl aced . At t hi s
poi nt t he f i nal val ues of a sof t war e event count er ,
har dwar e event count er , and a f r ee r unni ng mi l l i sec-
ond cl ock ar e saved i n t he ol d buf f er bef or e bei ng
r eset . Bot h t he sof t war e and har dwar e event count er
ar e advanced each t i me a t r i gger acknowl edge i s r e-
cei ved r egar dl ess of whet her t he st at i on was al er t ed .

On a pol l command t o a st at i on i dent i f i ed by i t s own

uni que Et her net addr ess t he copr ocessor sends t he

dat a i n t he i nact i ve buf f er t o t he cent r al st at i on . The
dat a f or each event consi st s of t he 16 di gi t i zed vol t ages
( 32 Byt es) r ef er r ed t o above and an addi t i onal 8 Byt es
gi vi ng t he al er t and t r i gger st at us of t he st at i on f or t he
par t i cul ar event , t he sof t war e count er val ue, t he har d-
war e count er val ue, t he r eadi ng of t he mi l l i second
cl ock and t he Et her net addr ess . The sof t war e event
count er s ar e used t o mat ch event s at t he cent r al st a-
t i on .

2. 3. The cent r al st at i on

CASA i s cont r ol l ed by a Di gi t al Equi pment
wVAX I I I + comput er , l ocat ed at t he geomet r i cal cen-
t er of t he ar r ay . Thi s comput er i nt er act s wi t h t he
CASA st at i ons by t wo separ at e means: f i r st , t hr ough a
t r i gger box whi ch i s coupl ed t o t he wVAXby a DRV- 11
par al l el por t and second, t hr ough an Et her net syst em
whi ch connect s t he VAX t o al l t he CASA st at i ons .
The Et her net l i nk i s used t o cont r ol t he oper at i on of
CASA and col l ect t he dat a f ol l owi ng l ocal st or age i n
t he CASA st at i ons .

2. 3. 1 . Tr i gger box
I nput s t o t he t r i gger box ar e t he t r i gger r equest l i ne

and a 64- wi r e par al l el l i ne whi ch car r i es t he val ue of a

Gl obal Posi t i oni ng Syst em( GPS) cl ock . Thi s cl ock pr o-
vi des Uni ver sal Ti me whi ch per mi t s t he r econst r uct i on
of a gi ven event i n ast r onomi cal coor di nat es . Out put s
f r om t he t r i gger box ar e : 1) t he t r i gger acknowl edge
pul se whi ch commands t hat dat a of t he al er t ed CASA
st at i ons be di gi t i zed and, 2) a pul se whi ch ser ves t o

st op t he TDC' s of t he MI Amuon count er s . Thi s pul se
i s gener at ed wi t h a f i xed del ay wi t h r espect t o t he

l eadi ng edge of t he f i r st cur r ent pul se t o ar r i ve on t he
t r i gger r equest l i ne .

The t r i gger box has a di scr i mi nat or whi ch f i r es
when t hr ee cur r ent quant a over l ap on t he t r i gger r e-
quest l i ne. An i mpor t ant det ai l concer ns t he t er mi na-
t i on of t he t r i gger r equest cabl e on a r i b . For r easons
of economy t hi s cabl e was chosen t o be RG- 58 whi ch
f or i t s 250 ml engt h has DC r esi st ance ( 20 b2) whi ch i s
si gni f i cant compar ed t o i t s 50 n i mpedance . Thus we
chose t o t er mi nat e t hi s cabl e onl y at t he r epeat er
l ocat ed at t he j unct i on of t he r i b and spi ne . Because of
r ef l ect i on f r om t he open end, about 0. 7 ws i s r equi r ed
t o r each a st eady cur r ent i n t he t er mi nat i on r esi st or at
t he r i b- t o- spi ne r epeat er . The r epeat er f i r es on t he
l eadi ng edge of t he f i r st cur r ent pul se when a t hr esh-
ol d of 1 mA i s cr ossed at whi ch t i me t he pul se i s
r egener at ed on t he spi ne cabl e . Ther ef or e t he t i me of
ar r i val of t he f i r st pul se i s pr eser ved, and i s not af -
f ect ed by i t s r ef l ect i on . Thi s t i me i s essent i al i n f or mi ng
a nar r owcoi nci dence wi ndowbet ween CASAand MI A.
Subsequent cur r ent pul ses on t he same r i b ar e r egener -
at ed on t he spi ne onl y when t he r ef l ect ed par t of t he
pul se ar r i ves . At t enuat i on l osses on t he spi ne, whi ch i s
RG- 8, ar e smal l so t hat t er mi nat i on on bot h ends of i t s
500 ml engt h i s accept abl e .

When t he t hr ee quant a l evel i s r eached, t he wNAX
i s i nt er r upt ed and t he t r i gger box i s i nhi bi t ed f r om
r ecei vi ng addi t i onal t r i gger r equest s . Then a t r i gger
acknowl edge i s sent t o al l of t he CASA st at i ons . The
t r i gger acknowl edge si gnal i s r el ayed f r om t he spi ne t o
t he r i bs . The GPS t i me i s l at ched by t he WVAX and a
t r i gger box event count er i s advanced . Af t er t he GPS
t i me i s r ead, t he t r i gger box i s r eenabl ed . The t i me
i nt er val dur i ng whi ch t he t r i gger box i s di sabl ed i s l ess
t han t he t i me f or encodi ng t he dat a i n t he al er t ed
CASA st at i ons so t hat i t i nt r oduces no addi t i onal dead
t i me . Af t er a f i xed del ay beyond t he ar r i val of t he f i r st
of t he >_ t hr ee quant a, a st op pul se f or t he TDCs of
t he MI A muon count er s i s i ssued .

The t r i gger acknowl edge out put of t he t r i gger box i s
al so used f or anot her essent i al pur pose, t he r eboot i ng
of t he [ LPs i n each CASA st at i on . I t i s i mpor t ant t o
have t he opt i on of r eboot i ng ~LPs at t he begi nni ng of a
r un because a f ew p. Ps can cr ash dur i ng a r un . By t he
appl i cat i on of a sust ai ned pul se t r ai n of 1%dut y cycl e
on t he t r i gger acknowl edge l i ne t he WP can be r e-
boot ed . A ci r cui t on t he el ect r oni cs boar d i nt egr at es
t he pul se t r ai n pr oduci ng t he appr opr i at e r eboot pul se .

2. 3. 2. The cent r al cont r ol
The RVAX communi cat es wi t h t he ~LPs i n each

CASA st at i on t hr ough a 1089 node Et her net syst em.
The syst em oper at es i n a " mast er - sl ave" mode so t hat
col l i si ons of Et her net packet s ar e avoi ded dur i ng nor -
mal oper at i on . As t he ar r ay has gr own i n si ze t he



Et her net syst em has evol ved . For economi c r easons t he

Et her net cabl es wer e chosen t o be RG- 58 . We f ound

t hat t he maxi mum l engt h of t hi s cabl e f or r el i abl e

oper at i on was - 150 m. We have chosen a doubl e

spi ne syst em whi ch i s shown schemat i cal l y i n Fi g 3 .

Fr om t he Et her net t r anscei ver on t he wVAX t he si g-

nal s ar e conduct ed on opt i cal f i ber l i nes t o east - west

r ows ni ne st at i ons nor t h and ei ght st at i ons sout h of t he

cent r al spi ne . At t hese r ows t he si gnal i s t r ansf er r ed t o

RG- 8 cabl es . The si gnal i s t hen r el ayed t o RG- 58 cabl e

on each hal f r i b usi ng commer ci al Et her net r epeat er s

[ 17] . A t ot al of 68 such r epeat er s i s used i n t he ar r ay .

The oper at i on of t he ar r ay i s cont r ol l ed by t he

wVAX. Each st at i on i s pr ogr ammed t o i nt er pr et com-

mands f r om t he wVAX over t he Et her net . Bef or e a

r un i s st ar t ed al l t he CASA st at i ons ar e r eboot ed .

Then, one- by- one, each st at i on i s " ver i f i ed" ; a message

i s sent t o each st at i on whi ch r esul t s i n a r esponse f r om

t he ~t P i f t he st at i on i s " al i ve" . The PMT vol t ages,

di scr i mi nat or set t i ngs, al er t condi t i on and t r i gger con-

di t i on ar e sent t o each st at i on . Then a command t o

st ar t a cal i br at i on r un f or t he TDCs i s sent . Af t er a

t i me cal i br at i on r un of sever al mi nut es, event dat a ar e

col l ect ed f or si x hour s . Dur i ng a dat a r un a command

t o shi f t t he buf f er i s sent ever y - 30 s . Then, one- by-

one, each st at i on i s pol l ed f or i t s dat a . The r at e of

t r i gger s i s 21- 24 Hz, and t he aver age event i nvol ves 19

al er t ed st at i ons . Wi t h 1089 st at i ons, a gi ven st at i on wi l l

have on aver age 13 event s per pol l . For si mpl i ci t y we

per mi t onl y one Et her net packet i n r esponse t o t he

pol l whi ch can cont ai n a maxi mum of 36 event s ( 1440

byt es) . I f a st at i on i s oper at i ng pr oper l y, t he f r act i on of

pol l s i n whi ch t he st at i on dat a over f l ows t he memor y i s

2 x 10 - 6 . The t i me r equi r ed f or each pol l i s - 6 ms

so t hat col l ect i on of t he dat a f r om al l 1089 st at i ons

r equi r es - 6 s .

3 . The muon ar r ay ( MI A)
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2. 3. 3. Sor t i ng t he dat a

Af t er t he RVAX col l ect s t he dat a f r om a pol l , i t

pr oceeds t o sor t i t i nt o compl et e event s . Her e t he

sor t i ng par amet er i s t he st at i on event count er . As a

check of pr oper sor t i ng t he event count er i n each

st at i on must agr ee wi t h t he t r i gger box event count er at

t he end of t he pol l . A st at i on f or whi ch t hi s condi t i on

i s not sat i sf i ed i s not i ncl uded i n t he event s of t hat

par t i cul ar pol l . The next t ask of t he p VAX i s t o mer ge

t he muon dat a f r omMI A wi t h t he CASA dat a .

The desi gn of t he muon ar r ay r equi r ed a l ar ge

shi el ded col l ect i ng ar ea. The i dea of bur yi ng t he coun-

t er s was chosen because of t he r el at i ve ease and l ow

cost of meet i ng t he subst ant i al shi el di ng r equi r ement .

Thi s f or ced ext r eme si mpl i ci t y and dur abi l i t y i n t he
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count er desi gn t o ensur e a usef ul l i f e of at l east t en

year s . A l ar ge count er si ze of 1 . 9 x 1 . 3 mwas chosen .

I t wor ks i n a " di gi t al " mode . The l ow muon densi t y i n

ai r shower s i n t he 100 TeV ener gy r ange does not

necessi t at e pul se hei ght i nf or mat i on . The " di gi t al " na-

t ur e al so hel ped i n devel opi ng a si mpl e l ow- mai nt e-

nance det ect or .

The const r uct i on of t he muon count er s has al r eady

been descr i bed [ 9] . Si xt een pat ches of si xt y- f our sci nt i l -

l at i on count er s bur i ed 3 mbel ow t he sur f ace ar e l o-

cat ed as shown i n Fi g . 1 . The bur i al dept h has been

shown t o r educe " punch- t hr u" of t he el ect r omagnet i c

component t o an accept abl e l evel [ 6] .

The PMTs ar e EMI - Gencomt ype 9870B. They wer e

sor t ed accor di ng t o oper at i ng vol t age by t he f ol l owi ng

pr ocess . For each PMT we measur ed i t s ef f i ci ency f or

si ngl e phot oel ect r on pul ses t o f i r e a di scr i mi nat or wi t h

a 50 mV t hr eshol d . We i ncr eased t he vol t age on t he

PMT by 50 V st eps and when t he r esul t i ng i ncr ease i n

ef f i ci ency was l ess t han 10%we st opped. Tubes t hat

had a noi se r at e >_ 10 kHz or r equi r ed hi gh vol t ages

>_ 3000 V wer e r ej ect ed . When t he oper at i ng vol t age

was chosen i n t hi s way a t ypi cal count er was >_ 98%

ef f i ci ent f or mi ni mumi oni zi ng par t i cl es . The ef f i ci ency

of t he count er s when bur i ed was measur ed t o be 93%

pr esumabl y due t o some ar eas of opt i cal cont act be-

t ween t he sci nt i l l at or and i t s wr appi ng due t o t he

pr essur e of t he over - bur den. The si gnal and hi gh vol t -

age ar e car r i ed on a si ngl e 75 SZ cabl e t o each count er .

For t he mor e di st ant count er s si gnal r epeat er s wer e

i nst al l ed t o compensat e f or t he at t enuat i on i n t he

cabl e.

The MI A el ect r oni cs ar e l ocat ed at t he cent r al

st at i on. The PMT si gnal s ar e decoupl ed f r om t he hi gh

vol t age and pass t o di scr i mi nat or s . The di scr i mi nat ed

pul ses ser ve as st ar t pul ses f or a 1024 LeCr oy Model

4290 TDC syst em whi ch oper at es i n a common st op

mode . Onl y t he ar r i val t i mes of t he muon si gnal s ar e

r ecor ded .

The st op pul se f or t he muon TDCs comes f r om t he

CASA t r i gger box . Thi s pul se has a f i xed del ay wi t h

r espect t o t he t i me of ar r i val of t he f i r st CASA t r i gger

r equest pul se as descr i bed above . Each TDC has 1024

channel s of 4 ns wi dt h . The di scr i mi nat or s on t he

PMTs ar e set wi t h a 5 ws dead t i me so t hat af t er pul s-

i ng does not r eset t he TDC. The muon TDCval ues ar e

r ead i nt o a VAX 3200 comput er al ong wi t h t he GPS

cl ock t i me . The dead t i me due t o t he r eadout of t he

dat a i s - 2 ms . The MI A comput er has an Et her net

l i nk wi t h t he CASA RVAX. The MI A dat a ar e mer ged
wi t h t he CASA dat a and wr i t t en t o a di sk on a pol l by

pol l basi s . The mer gi ng par amet er i s t he GPS t i me of

t he event whi ch i s r ecor ded by bot h dat a acqui si t i on

syst ems .

The si ngl es r at e of a t ypi cal muon count er i s 6 kHz,

of whi ch 4 kHz i s f r om r adi oact i vi t y of t he gr ound . The
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PMT dar k noi se account s f or most of t he r emai ni ng

r at e . Wi t h t he 16 pat ches t her e ar e - 20 acci dent al

count s dur i ng t he 4 ws r ange of t he TDC. As wi l l be

di scussed i n sect i on 4 . 4, t he const r uct i on of a nar r ow

t i me wi ndow f or def i ni t i on of muons associ at ed wi t h

t he shower i s cr uci al t o obt ai n a good def i ni t i on of

muon poor event s .

4. Per f or mance of CASA- MI A

4. 1 . Tr i gger r at es and acci dent al s

The t r i gger r at e of t he compl et e ar r ay i s about 22

Hz at t he aver age at mospher i c dept h of 870 gm/ cm2 .
Thi s r at e var i es wi t h t he at mospher i c pr essur e . The

r at e changes by 1% f or a 1 gm/ cm2 change i n ai r

pr essur e . The aver age number of al er t ed st at i ons i s 19 .

Fi g . 7 shows t he f r equency di st r i but i on of t he number

of al er t ed st at i ons .

The 6 . 5 gm/ cm2 - t hi ck l ead sheet s pl aced on t op of

each st at i on i ncr ease t he t r i gger r at e by a f act or of

1 . 38 . Thi s i ndi cat es a r educt i on of t he ener gy t hr eshol d

f or cosmi c r ays by a f act or - 0 . 8 . The addi t i on of t he

l ead al so i mpr oves t he angul ar r esol ut i on as wi l l be

shown i n sect i on 4 . 3 . 3 .

A r un was made i n whi ch t he t r i gger r equest was

gener at ed by a pul se t o det er mi ne t he r at e of acci den-

t al l y al er t ed and t r i gger ed st at i ons . For 31%of t hese

t r i gger r equest s t her e was at l east one acci dent al al er t

and f or 2 . 6% at l east one st at i on t r i gger occur r ed .

Most of t hese acci dent al s wer e due t o a si ngl e st at i on .

About 0 . 02% of t he acci dent al s wer e shower s t hat

woul d have gener at ed a t r i gger r equest , consi st ent wi t h

t he 10 ws t i me del ay bef or e an al er t ed st at i on i s r eset

and t he 22 Hz t r i gger r at e of t he ar r ay. The ef f ect of

t he acci dent al l y al er t ed st at i ons i s not ver y i mpor t ant .

I t r equi r es a smal l cor r ect i on t o t he measur ed densi t y
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Fi g . 7 . Di st r i but i on of t he number of al er t ed st at i ons dur i ng a

6 h r un .

1000

800

600

400

200

0
0 50 100 150 200 250

Del ay ( ns)

Fi g . 8. Channel number vs del ay bet ween st op and st ar t f or a
t ypi cal TDC.

of equi val ent par t i cl es at a st at i on ( see sect i on 4 . 3 . 4) .

The acci dent al st at i on t r i gger s, however , cause some

pr obl ems wi t h t he det er mi nat i on of t he coi nci dent

muons whi ch wi l l be di scussed i n sect i on 4 . 4 .

4. 2. Cal i br at i ons

I n or der t o r econst r uct ai r shower s, t he TDCs ar e

cal i br at ed by an i nt er nal osci l l at or , t he gai ns of t he

count er s ar e det er mi ned by t he abundant cosmi c r ay

t r i gger s, and t he cabl e and el ect r oni c del ays ar e det er -

mi ned by t he zeni t h angl e di st r i but i ons of t he det ect ed

cosmi c r ays .

4. 2. 1 . TDC cal i br at i on

A50- MHz osci l l at or i n each st at i on can, upon com-

put er command, i nj ect i nt o each TDC a ser i es of st ar t

and st op pul ses wi t h a del ay whi ch i s var i abl e i n uni t s

of 20 ns . A pl ot of channel number vs del ay f or a

t ypi cal TDC i s shown i n Fi g . 8 . I n t he r ange of del ays

f r om 40 t o 240 ns t he r el at i on i s l i near wi t h a t ypi cal

RMS devi at i on of 0 . 3 channel s . These cur ves ar e f i t t o

a f or m T = ANch +B, wher e T i s t he del ay i n ns and

N, , h i s t he channel number . A t ypi cal val ue of t he sl ope

A i s 0. 31 ns/ channel and t he i nt er cept B i s - 27 ns .

The 50 MHz cal i br at i on osci l l at or has a t emper at ur e

coef f i ci ent of l ess t han 10 - 6/ C° . The t emper at ur e co-

ef f i ci ent on t he sl ope par amet er i s f ound t o be ei t her

posi t i ve or negat i ve dependi ng on t he par t i cul ar st a-

t i on, t he t ypi cal magni t ude bei ng 2 x 10 - 4/ C° . ( The

t emper at ur e coef f i ci ent s ar e def i ned as t he f r act i onal

change i n t he quant i t y per C° . ) The t emper at ur e coef f i -

ci ent f or t he i nt er cept i s al ways negat i ve wi t h a t ypi cal

magni t ude of 1 . 8 x 10 - 3 / C° . The TDCs ar e cal i br at ed

at t he begi nni ng of each r un whi ch ar e t ypi cal l y si x

hour s i n l engt h . Because t he t emper at ur e var i at i ons i n

a gi ven r un can be as gr eat as 25° C, t he TDC cal i br a-

t i on appr opr i at e t o t he par t i cul ar t emper at ur e at t he
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Fi g . 9 . Di st r i but i on of r awTDC channel s f or a t ypi cal count er .

t i me of each event i s used i n conver t i ng f r om TDC

count s t o t i mes i n ns .

4. 2. 2. Det er mi nat i on of gai ns of each count er

The pedest al s and gai ns f or each of t he f our coun-

t er s wi t hi n each st at i on ar e det er mi ned usi ng t he cos-

mi c r ay dat a . Fi g . 9 shows t he TDC di st r i but i on of a

t ypi cal count er . Ther e ar e t wo peaks, one bet ween 200

and 300 channel s, cor r espondi ng t o t he ar r i val of a

shower par t i cl e i n one of t he count er s t hat f i r ed t o

al er t t he st at i on, and one i n channel 1023 cor r espond-

i ng t o a count er t hat di d not f i r e . I t s t i me i s measur ed

wi t h r espect t o t he st ar t det er mi ned by t he coi nci dence

bet ween at l east t wo of t he count er s .

Fi g . 10 shows a pl ot of t he val ue of t he i nt egr at ed

pul se ampl i t ude as di gi t i zed f or event s when t he

count er di d not f i r e ( TDC = 1023) . I n t hi s manner t he

pedest al f or each pul se ampl i t ude measur ement i s es-

t abl i shed. Fi g . 11 shows t he di st r i but i on of pul se ampl i -

t udes f or event s wi t h TDCval ues bet ween 190 and 290

count s . Thi s di st r i but i on was sel ect ed f r om event s

wher e onl y t wo of t he f our count er s f i r ed ( t wo- of - f our

condi t i on) . Thi s r equi r ement enhances t he number of

1o0
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Fi g . 10 . Di st r i but i on of pedest al s f or a t ypi cal ADC.
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Fi g . 11 . Pul se ampl i t ude di st r i but i on of t he sci nt i l l at or of Fi g.

4 whi ch sat i sf i es t he t wo- of - f our condi t i on ( see t ext ) .

event s f or whi ch onl y a si ngl e par t i cl e passed t hr ough

t he count er . The pul se ampl i t ude di st r i but i on pl ot t ed

i n Fi g . 11 was obt ai ned f r om t he same sci nt i l l at or as

t he pl ot of Fi g . 4a . We r ecal l t hat i n Fi g . 4a t he pul se

ampl i t ude di st r i but i on f or ver t i cal muons as measur ed

on t he t est st and was pl ot t ed . The peak at smal l pul se

hei ght i s due t o t he sof t phot ons i n t he shower .

A compar i son was made bet ween a r epr esent at i ve

set of count er s each of whi ch was measur ed i n t he f i el d

wi t h t he t wo- of - f our condi t i on and t hen measur ed on

t he t est st and . For t hese measur ement s t he t est st and

was i ncl uded i n t he Et her net l i nk t o t he cent r al st at i on

as al l t he st at i ons i n t he ar r ay . I n t hese compar i sons

t he el ect r oni c boar d used was t he same i n t he f i el d as

on t he t est st and . The gai n of a count er i s def i ned as

t he mean pul se ampl i t ude af t er pedest al subt r act i on .

The gai n measur ed i n t he f i el d wi t h t he t wo- of - f our

condi t i on was f ound t o be 1 . 48 ± 0 . 05 t i mes t he gai n

measur ed on t he t est st and f or ver t i cal muons . When

t he l ead conver t er was r emoved t he f act or was f ound

t o be 1 . 21 ± 0 . 05 . Thus by measur ement s i n si t u t he

gai n of each count er f or a ver t i cal muon can be det er -

mi ned . The hi gh vol t age of each set of f our count er s i s

adj ust ed so t hat t he t wo- of - f our gai n i s about 30 chan-

nel s . Consi der i ng t he gai n r at i o 1 . 48, t he gai n of each

count er f or a ver t i cal muon i s about 20 channel s . A

count er wi t h a gai n of 20 on t he t est st and was det er -

mi ned t o have an ef f i ci ency of >_ 99% f or ver t i cal

muons . The set t i ng of t he upper l evel di scr i mi nat or

cor r esponds t o a t hr eshol d of appr oxi mat el y 2 channel s

as shown i n Fi g 4a . The number of equi val ent par t i cl es

det ect ed by a count er i n an i ndi vi dual event i s def i ned

as t he obser ved pul se ampl i t ude di vi ded by t he gai n of

t he count er f or a ver t i cal muon .

4. 2 . 3. I nt er nal of f set s

Whi l e t he cabl e l engt hs of each sci nt i l l at or t o t he

el ect r oni cs ar e equal i n a gi ven st at i on, t her e ar e
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of f set s i n t he mean t i me di f f er ence measur ed bet ween
any pai r of count er s . Physi cal l y al l t hese di f f er ences
shoul d be zer o ; any syst emat i c di f f er ence r epr esent s an
of f set due t o di f f er ent del ays i n t he el ect r oni cs . These
di f f er ences ar e cal l ed t he i nt er nal of f set s ( I Os) .

Bef or e t hese of f set s ar e det er mi ned, a sl ewi ng cor -
r ect i on, est abl i shed f r om t he dat a, i s made . These
cor r ect i ons ar e made bef or e t he r aw TDCchannel s ar e
conver t ed t o ns and ar e gi ven by t he f ol l owi ng :

Her e PA i s t he pedest al subt r act ed pul se ampl i t ude
measur ed i n channel s and d, i s measur ed i n TDC
channel s .

Once t he sl ewi ng cor r ect i ons ar e appl i ed t he t i mes
of each count er ar e conver t ed t o ns and t he di st r i bu-
t i ons of t he si x possi bl e t i me di f f er ences ar e made .
These di st r i but i ons t ypi cal l y have an RMS wi dt h of
- 1 . 8 ns . I f t he del ays i n t he PMTs, cabl es, and el ec-
t r oni cs wer e i dent i cal i n al l f our channel s t hen al l t hese
di st r i but i ons woul d be cent er ed at zer o . The i nt er nal
of f set s ( I Os) ar e def i ned as subt r act i ve const ant s so
t hat t he cent er s of t he t i me di f f er ences ar e al l cor -
r ect ed t o zer o . Thus t he f i nal cor r ect ed t i me of a
count er i s gi ven by:

T( cor r ect ed) = T( r aw) - 10 .

Ther e ar e t hr ee I O const ant s f or each st at i on . ( The 10
of t he nor t h- west count er i n each box i s ar bi t r ar i l y set
t o zer o . ) The t ypi cal val ues of t he I Os have an RMS
spr ead of 1 . 8 ns and a mean of - 0. 7 ns . The I Os ar e
cal cul at ed f or each r un . We have ver i f i ed t hat t he
val ues of t hese const ant s aver aged over a r un wi t h a
l ar ge t emper at ur e var i at i on gi ve t he same r esul t s as
eval uat i ng t he const ant s as a f unct i on of t emper at ur e
over sever al r uns .

4. 2. 4. Ext er nal of f set s

Each st at i on of CASA i s l i nked t o i t s f our near est
nei ghbor s by t wo t wi st ed pai r cabl es . On one of t hese
cabl es t he st ar t pul se of t he st at i on i s sent t o t he
near est nei ghbor as a st op pul se . On t he ot her cabl e
t he st ar t pul se of t he nei ghbor i s r ecei ved as a st op
pul se f or t he l ocal TDC. Thi s exchange of t i me si gnal s
per mi t s t he measur ement of t he di f f er ence i n ar r i val
t i me of t he shower bet ween t he t wo st at i ons . When
t wo adj acent st at i ons ar e bot h al er t ed t hey ar e def i ned
t o be l i nked .

The t i me of t he f i r st count er t o f i r e i s t aken as t he
best measur e of t he ar r i val of t he shower f r ont at t he
st at i on . We denot e t hi s t i me f or t he i t h st at i on as T.

We denot e t he st ar t t i me as To . Then t he l ocal t i me
measur ed by t he TDCi s :

T, =T - Tn 0 .

The t i me f r om a j t h nei ghbor ( cal l ed cr osst i me) i s

measur ed by t he TDCt o be :

' r =T o - T0 .

Usi ng si mi l ar not at i on f or t he j t h st at i on wi t h i t s
cr osst i me f r om t he i t h st at i on one f i nds t hat t he t i me
di f f er ence f or t he ar r i val of t he shower f r ont i s gi ven
by :

T - T =7, - T + ( ,r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� J - T, , ) / 2 .

The r esul t i s i ndependent of t he i ndi vi dual st ar t t i mes
of each TDC. The er r or i n t he t i me di f f er ence mea-
sur ed bet ween adj acent st at i ons i s domi nat ed by t he
t i me j i t t er of t he PMT si gnal s and i t i s - 1 . 7 ns .

I t can be shown wi t h t he above expr essi ons t hat t he
sum of t he cr osst i mes i s a const ant . Thi s sum i s an
excel l ent check of t he pr oper f unct i oni ng of t he el ec-
t r oni cs . The t ypi cal RMS of t hi s sum i s 0. 2 ns and i s a
measur e of t he i nt r i nsi c j i t t er of t he el ect r oni cs . The
net t i me di f f er ence bet ween t wo al er t ed st at i ons sepa-
r at ed by N l i nks can be det er mi ned by summi ng t he
t i me di f f er ences of each of t he l i nked st at i ons . I t can
be shown wi t h t he above equat i ons t hat t hi s t i me
di f f er ence has an addi t i onal er r or of onl y - 0. 2FN ns.
The t i me j i t t er of each of t he i nt er veni ng st at i ons
cancel s out and onl y t he i nt r i nsi c el ect r oni c j i t t er r e-
mai ns .

Fi g . 12 shows t he TDC di st r i but i on f or a t ypi cal
cr osst i me channel . The br oad spr ead of t he TDCchan-
nel s i s due t o t he angul ar di st r i but i on of t he cosmi c r ay
di r ect i ons . Fi g . 13 shows a pl ot of T, - T f or a pai r of
st at i ons . I f al l t he del ays i n t he el ect r oni cs and cabl es
wer e equal , t he di st r i but i on woul d peak at zer o f or t he
case of t he t wo st at i ons bei ng i n a hor i zont al pl ane .
The ext er nal of f set s ( EO) ar e def i ned t o account onl y
f or t he i nequal i t i es i n t he el ect r oni cs and cabl e del ays .
Thus t he di f f er ence i n t he ver t i cal hei ght of t he st a-
t i ons must be t aken i nt o account so t hat cosmi c r ays
f r om t he zeni t h wi l l appear at zer o i n a pl ot f or t he
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Fi g . 12 . TDCdi st r i but i on f or a cr osst i me channel .



cor r ect ed t i me di f f er ences . The EO, , , ar e t hus def i ned

as t he di spl acement of t he peak of t he di st r i but i on of

T, - T + ( n z / c) X ( h, - h) wher e h, i s t he ver t i cal

hei ght of t he i t h st at i on measur ed wi t h r espect t o a

r ef er ence pl ane and n z i s t he di r ect i on cosi ne of t he

cosmi c r ay di r ect i on wi t h r espect t o t he ver t i cal axi s .

Her e c i s t he vel oci t y of l i ght , 0 . 3 m/ ns . Si nce n z i s

not known a pr i or i we t ake i t s aver age val ue 0. 91 i n

pl ot t i ng t he di st r i but i on . The RMS wi dt h of t hi s cur ve

i s t ypi cal l y 16 ns . I n a r un of si x hour s about 4000

event s ar e accumul at ed f or each di f f er ence so t hat

each ext er nal of f set i s det er mi ned wi t h a pr eci si on of

- 0 . 3 ns . The t emper at ur e var i at i on of t hese of f set s i s

such t hat no si gni f i cant er r or i s i nt r oduced even when

t her e i s a l ar ge var i at i on i n t emper at ur e dur i ng a r un .

The hei ght cor r ect ed absol ut e t i me di f f er ence D, , , i s

gi ven by :

DzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , =T, - T +nz/ c( h, - hj ) - EO, , J .

The val ues of t he EOs on aver age ar e zer o wi t h an

RMS spr ead of 4 . 3 ns about zer o . The val ue D, , , i s

di r ect l y r el at ed t o t he di r ect i on cosi ne al ong t he di r ec-

t i on j oi ni ng t he i t h and j t h st at i ons . I f t hi s i s t he x

di r ect i on t hen n x i s gi ven by :

nx=cD, , , / ( X, - X, ) ,

wher e X, and X, ar e t he r espect i ve X coor di nat es of

t he st at i ons .

4. 3. Reconst r uct i on of t he shower s by CASA

Reconst r uct i on of t he cor e posi t i on, di r ect i on, and

si ze ( number of equi val ent par t i cl es) of each shower i s

done usi ng t he cal i br at ed dat a. The posi t i on of t he

cor e of t he shower i s det er mi ned f r om t he number of

equi val ent par t i cl es obser ved i n each st at i on . The di -

r ect i on of t he shower i s det er mi ned f r om t he t i me
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Fi g . 14 . Lego pl ot of t he par t i cl e densi t y of a t ypi cal shower

( l ef t ) . Lego pl ot of t he r el at i ve ar r i val t i mes of t he same

shower ( r i ght ) .

di f f er ences measur ed bet ween l i nked st at i ons . The

mean number of l i nks i s 7 i n each or t hogonal coor di -

nat e . The t i me of ar r i val of t he shower f r ont at a

st at i on i s nor mal l y t aken t o be t he t i me of t he f i r st

count er t hat f i r ed af t er cor r ect i on by t he 10s . ( I n cases

wher e t he pul se ampl i t udes ar e l ar ge a mor e compl ex

al gor i t hm usi ng t i mes f r om sever al count er s may be

used t o def i ne t he shower f r ont . ) Unl i nked st at i ons ar e

onl y usef ul i n t he si ze det er mi nat i on of t he shower . I n

Fi g. 14 we show t wo- di mensi onal hi st ogr ams of t he

equi val ent number par t i cl es i n each st at i on and t he

r el at i ve t i mes of ar r i val of t he shower f r ont at each

st at i on f or a t ypi cal event . Fr om t hese dat a t he di r ec-

t i on and si ze of t he shower ar e r econst r uct ed . By si ze

we mean t he t ot al number of equi val ent par t i cl es i n

t he shower .

4. 3 . 1 . Reconst r uct i on of t he cor e posi t i on

The cor e of t he shower i s t he poi nt wher e t he

ext r apol at ed t r aj ect or y of t he pr i mar y par t i cl e woul d

have hi t t he gr ound . I t i s t he poi nt of hi ghest densi t y .

For 70% of t he shower s t he cor e can be accur at el y

l ocat ed by t he cent er of gr avi t y of t he f i ve st at i ons wi t h

t he hi ghest shower par t i cl e densi t y ( HI GHS met hod) .

The wei ght of each st at i on i s t he est i mat ed number of

par t i cl es summed over t he f our count er s . I f some of

t he st at i ons ar e sat ur at ed ( number of par t i cl es >- 100) ,

t hen t he wei ght of t he sat ur at ed st at i ons i s t aken as a

const ant equal t o t he l owest sat ur at i on l evel . The

HI GHS met hod i s suppl ement ed by a t echni que

( CI RCLE- CORE met hod) whi ch expl oi t s t he f act t hat

t he l at er al di st r i but i on i n t he shower pl ane i s az-

i mut hal l y symmet r i c about t he cor e . I f >- 3 st at i ons can

be f ound wi t h t he equi val ent number of par t i cl es

gr eat er t han 7 . 5 ( densi t y = 5/ mZ ) , t hen i sodensi t y ci r -

cl es ar e const r uct ed whi ch ar e cent er ed on t he cor e

l ocat i on . I sodensi t y poi nt s ar e f ound by i nt er pol at i ng

bet ween st at i ons and >- 5 poi nt s ar e r equi r ed f or a

cont our f i t . The CI RCLE- CORE met hod i s used i n

pr ef er ence t o t he HI GHS met hod when possi bl e . The

CI RCLE- CORE met hod can l ocat e cor es whi ch f al l

out si de t he ar r ay .
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Fi g . 15 . Densi t y of r econst r uct ed cor e l ocat i ons as a f unct i on
of t he hal f - si ze of a squar e annul us. For t he HI GH5 met hod

( above) . For t he CI RCLE- COREmet hod ( bel ow) .

I n Fi g . 15 we show t he di st r i but i on of cor e l ocat i ons
as a f unct i on of t he maxi mum val ue of t he car t esi an
coor di nat e ( ei t her X or Y) of t he r econst r uct ed cor e .
The coor di nat e or i gi n i s t he cent er of t he ar r ay . These
st udi es wer e done when t he ar r ay cont ai ned 529 st a-
t i ons wi t h t he edge at 165 mf r om t he cent er . Two
cur ves ar e shown. Fi g . 15a shows t he di st r i but i on f or
t he HI GH5 met hod . Ther e i s a peak at t he edge
cor r espondi ng t o cor es " pul l ed i n" because t he met hod
has no means t o const r uct a cor e out si de t he ar r ay. Fi g .
15b shows t he r esul t of t he CI RCLE- CORE met hod
when condi t i ons per mi t i t s appl i cat i on . Her e t he di st r i -
but i on of cor es ext ends out si de t he ar r ay . I t f al l s of f
smoot hl y as l ar ger and l ar ger shower s t r i gger t he ar r ay
beyond i t s boundar y . Car e i s t aken t o el i mi nat e gr oss
er r or s caused by l ar ge densi t y f l uct uat i ons of di st ant
bi g shower s and by var i ous har dwar e mal f unct i ons .

The accur acy of t he cor e l ocat i on has been eval u-
at ed by Mont e Car l o si mul at i ons and by checki ng sel f -
consi st ency of t he r econst r uct i on al gor i t hm when an
ar t i f i ci al edge of t he ar r ay i s i nt r oduced . The cor e
r econst r uct i on pr eci si on i mpr oves as t ot al number of
det ect ed equi val ent par t i cl es i ncr eases . The pr eci si on
of t he cor e r econst r uct i on ( except wi t hi n 15 mof t he
edge) i s t ypi cal l y bet t er t han 3 mand i s shown i n Fi g.
16 as a f unct i on of t he t ot al number of equi val ent
par t i cl es .

4. 3 . 2 . Reconst r uct i on of t he di r ect i on of t he shower
Accur at e r econst r uct i on of t he shower di r ect i on i s

essent i al f or t he appl i cat i on of an ai r shower ar r ay t o

gamma r ay ast r onomy. Rej ect i on of t he cosmi c r ay
backgr ound i mpr oves wi t h i mpr ovi ng r esol ut i on ; t he
si gnal t o noi se f or t he det ect i on of a poi nt sour ce i s
i nver sel y pr opor t i onal t o t he r esol ut i on. The st at i on
of f set s wer e det er mi ned so t hat t he di r ect i on of t he
zeni t h i s def i ned by t he maxi mum yi el d of t he cosmi c
r ays . The conver si on of t he measur ed t i me di f f er ences
bet ween st at i ons t o a zeni t h angl e depends on t he
cal i br at i on of t he TDCs by t he l ocal osci l l at or i n each
st at i on . The sur vey of t he ar r ay whi ch det er mi ned i t s
or i ent at i on wi t h r espect t o nor t h det er mi nes t he or i gi n
of t he azi mut hal angl e scal e .

The det er mi nat i on of t he di r ect i on cosi nes of t he
shower axi s r equi r es an i t er at i on t o account f or t he
di f f er ence i n t he el evat i on of t he l i nked st at i ons . I f T,
and T ar e t he cor r ect ed t i mes f or t wo l i nked st at i ons
on t he x- axi s t hen t he di r ect i on cosi ne nx i s gi ven by :

( T, - T) ( h , - h, )nx=c
( X, - X, )

- n z
( x, - x, )

,

A si mi l ar expr essi on hol ds f or ny . Si nce one does not
know a pr i or i n Z , we begi n wi t h t he aver age val ue of
n z = 0. 91 . Once nX and ny ar e comput ed, a mor e
accur at e val ue of n z can be i nser t ed, and t hen nX and
n y ar e r ecal cul at ed . The over al l di r ect i on cosi nes ar e
aver ages of t he val ues obt ai ned f r om t he i ndi vi dual
l i nks wei ght ed by t he sum of t he equi val ent par t i cl es
det ect ed i n t he t wo st at i ons f or mi ng t he l i nk .

The pr eci si on of t he di r ect i on cosi nes i s i mpr oved
i n a second st ep . For most event s t he number of
measur ed t i me di f f er ences ( i . e . t he number of l i nks) i s
l ar ger t han t he t ot al number of l i nked st at i ons . For
exampl e, i f 25 st at i ons i n a 5 x 5 ar r ay ar e hi t t her e ar e
40 l i nks f or whi ch 24 r el at i ve t i mes need t o be det er -
mi ned ( t he t i me of one st at i on may be chosen ar bi t r ar -
i l y) . Usi ng t he st at i on near est t he cor e as a r ef er ence,

a2

Û

a
d

ó
U

Fi g . 16 . Pr eci si on of cor e r econst r uct i on as a f unct i on of
number of det ect ed par t i cl es . The pr eci si on i s def i ned as t he
aver age absol ut e di f f er ence of t he r econst r uct ed cor e posi t i on

and t he t r ue posi t i on .
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Fi g . 17 . Pl ot of t he shower f r ont as a f unct i on of di st ance
showi ng i t s coni cal shape .

t he r el at i ve ar r i val t i mes of t he shower at al l t he l i nked
st at i ons ar e det er mi ned usi ng al l t he avai l abl e t i me
i nf or mat i on .

Usi ng t he r el at i ve t i mes, t he r el at i ve hei ght s of t he
st at i ons, and t he di r ect i on cosi nes f r om t he f i r st pass, a
pl ane shower f r ont can be const r uct ed . Al ar ge sampl e
of shower s wer e f i t t o pl anes . The r esi dual s t o t hi s f i t
ar e pl ot t ed i n Fi g . 17 as a f unct i on of t he di st ance f r om
t he cor e . The r esi dual s ar e wel l f i t wi t h a sl ope of 0. 07
ns/ mwhi ch i mpl i es t hat t he shower f r ont has a coni cal
shape .

I n t he f i nal det er mi nat i on of t he di r ect i on cosi nes a
f i t t o t he coni cal shower f r ont i s made . I n t he f i t each
st at i on t i me i s assi gned an er r or , empi r i cal l y det er -
mi ned f r om t he r esi dual s, gi ven by

wher e Na i s t he number of equi val ent par t i cl es de-
t ect ed i n t he st at i on and R, i s t he di st ance f r om t he
cor e i n met er s .

4. 3. 3. Angul ar r esol ut i on and absol ut e pr eci si on of t he
shower di r ect i on

To be conf i dent of ast r onomi cal r esul t s, whi ch may
be onl y upper l i mi t s on sour ce f l uxes, i t i s cr uci al t hat
t he di r ect i on of each ai r shower i s pr oper l y r econ-
st r uct ed and t hat t he poi nt spr ead f unct i on of t he
i nst r ument i s wel l under st ood . To dat e we have ob-
ser ved no - y- r ay sour ce whi ch we mi ght be abl e t o use
t o conf i r mt he poi nt i ng and t o cal i br at e t he r esol ut i on .
We have t hus r esor t ed t o a number of i ndi r ect t ech-
ni ques t o st udy t he r esol ut i on and t he poi nt i ng accu-
r acy . We def i ne t he r esol ut i on as t he angul ar r adi us
t hat woul d cont ai n 63% of shower s comi ng f r om a
poi nt sour ce ( 0`6) . Thi s i s a usef ul def i ni t i on because i t
descr i bes a sol i d angl e whi ch i s cl ose t o opt i mum f or
maxi mi zi ng a si gnal f r om a poi nt sour ce on a uni f or m
backgr ound . I f t he r esol ut i on f unct i on can be appr oxi -

mat ed by a t wo- di mensi onal Gaussi an, t hen 0` 63 i s C
t i mes t he st andar d devi at i on . The def i ni t i on of 0` 63 i s,
however , i ndependent of t he par t i cul ar shape of t he
r esol ut i on f unct i on .

For t he f ol l owi ng di scussi on we expr ess t he r esol u-
t i on as a f unct i on of t he t ot al number of al er t ed
st at i ons . St at i st i cal l y, t he most power f ul met hod t o
det er mi ne t he r esol ut i on i s t he " spl i t - ar r ay" met hod
whi ch makes use of t he cosmi c r ay dat a. For each
st at i on we di vi de t he f our count er s i nt o t wo separ at e
pai r s and t r eat each pai r as an i ndependent st at i on.
Ti mi ng si gnal s ar e consi der ed f or each pai r ; ef f ect i vel y
we have t wo sub- ar r ays, each wi t h hal f of t he det ect or
ar ea of t he or i gi nal ar r ay . For a gi ven shower t he
di r ect i on i s measur ed by t he t wo sub- ar r ays and t he
di f f er ence of t he t wo space angl es i s det er mi ned . I f t he
t wo sub- ar r ays wer e t ot al l y i ndependent one woul d
di vi de t he di f f er ence di st r i but i on by ~_2 t o get t he
di st r i but i on of each sub- ar r ay wi t h r espect t o t he t r ue
di r ect i on . Then, si nce each sub- ar r ay has hal f t he ar ea
of sci nt i l l at or , we mi ght est i mat e t hat t he pr eci si on i n
angl e woul d be ~_2 wor se, so t hat 0`63 i s 0 . 5 t i mes t he
space angl e di f f er ence t hat cont ai ns 63%of t he event s .
However , because t i mi ng si gnal s bet ween l i nks ar e
shar ed by bot h sub- ar r ays t hey do not oper at e as
compl et el y i ndependent ar r ays . We have cal cul at ed by
si mul at i on t he f act or by whi ch t he obser ved spat i al
angl e cont ai ni ng 63%of t he event s must be mul t i pl i ed
t o obt ai n t he angul ar r esol ut i on . The si mul at i on i n-
cl udes t he ar r i val t i me di st r i but i on of t he ai r shower
par t i cl es t oget her wi t h t he 1 . 2 ns i nst r ument al t i me
r esol ut i on f or each count er . Thi s f act or var i es f r om
0. 50 f or smal l shower s ( al er t s < 10) t o 0. 95 f or l ar ge
shower s ( al er t s >_ 100) . Fi g . 18 shows 0` 63 det er mi ned
by t he spl i t ar r ay t echni que as a f unct i on of t he num-
ber of al er t s .

20 40 80 80 100 120

Al er t s

34 1

Fi g . 18 . Resol ut i on of CASA as a f unct i on of t he t ot al number
of par t i cl es. The squar es ar e t he spl i t ar r ay met hod, t he
cr osses ar e f r om t he Cher enkov t el escopes, and t he open
ci r cl es ar e f r om t he shadow of Moon . The dot t ed l i ne i s an

over al l f i t .
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We have eval uat ed t he i mpr ovement i n angul ar
r esol ut i on gai ned by pl acement of t he l ead above t he
st at i on . Wi t h t he spl i t - ar r ay met hod we cal cul at ed t he
r at i o of t he angul ar r esol ut i on wi t h and wi t hout l ead as
a f unct i on of t he number of muons det ect ed i n t he
shower . ( The di scussi on of t he muon det ect i on i s gi ven
i n sect i on 4. 4 . ) The number of muons i s unaf f ect ed by
t he l ead so t hat t he r at i o shows di r ect l y t he i mpr ove-
ment pr oduced by t he l ead f or shower s of i dent i cal
si ze . We f i nd t he r at i o of t he angul ar r esol ut i on wi t h
t he l ead t o t hat wi t hout t o be 0. 74 ±0. 03 i ndependent
of t he number of muons .

Al t hough t he spl i t - ar r ay met hod per mi t s a cal cul a-
t i on of 0` 63 as a f unct i on of al er t s wi t h ver y smal l

st at i st i cal er r or , i t cannot eval uat e a possi bl e syst em-
at i c er r or i n t he r econst r uct i on of t he di r ect i on of t he
shower . I t al so depends t o some ext ent on si mul at i on .
We t her ef or e used a second t echni que whi ch measur es
bot h t he absol ut e poi nt i ng of t he ar r ay and 0`63 . Ther e
ar e f i ve smal l t el escopes t hat wer e bui l t by t he Uni ver -
si t y of Ut ah t o sear ch wi t h t he at mospher i c Cher enkov
t echni que f or poi nt sour ces emi t t i ng - y- r ays [ 18] . Each
t el escope consi st s of a si ngl e 5- em PMT at t he f ocus of
a 35 emdi amet er st eer abl e mi r r or . Four t el escopes ar e
l ocat ed 120 mnor t h, sout h, east , and west of t he cent er
of CASA. Af i f t h t el escope i s l ocat ed at t he cent er of
CASA. The t hr eshol d of t hese t el escopes mat ches t hat
of CASA r at her wel l ; about 50% of t he t el escope
t r i gger s mt he 6° di amet er f i el d of vi ew have a coi nci -
dence wi t h CASA. The di r ect i on of t he shower ob-
ser ved by t he t el escopes i s det er mi ned by t he t i me of
ar r i val of t he Cher enkov l i ght . The di r ect i on of poi nt -
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Fi g . 19 . Compar i son of di r ect i ons det er mi ned by CASA wi t h
t he di r ect i ons det er mi ned by t he Cher enkov t el escopes . Di f
f er ence of angl es pr oj ect ed al ong t he x- axi s ( above) . Di f f er -

ence of angl es pr oj ect ed al ong t he y- axi s ( bel ow) .

i ng of t he mi r r or s i s ver i f i ed by t he obser vat i on of a
number of st ar s . We have r ecor ded about 10000 coi n-
ci dences bet ween CASA, oper at i ng wi t h 1089 st at i ons
and t he t el escopes, ai med t owar d t he zeni t h . The r eso-
l ut i on of t he t el escopes ( when at l east f our of t he f i ve
wer e hi t ) was f ound t o be 0` 63 = 0. 65 ±0. 05° , i ndepen-
dent of t he si ze of t he shower . Usi ng t hi s subset of t he
dat a, 0` 63 f or CASA was cal cul at ed and i s al so pl ot t ed
i n Fi g . 18 . The agr eement bet ween t he t wo met hods i s
excel l ent . We f i nd 0` 63 aver aged over t he ent i r e dat a
set i s 1 . 16 ± 0. 05° . However i n t he sear ch f or poi nt
sour ces, gr eat er sensi t i vi t y can be obt ai ned usi ng t he
knowl edge of t he r esol ut i on as a f unct i on of number of
al er t s .

The t el escopes al so wer e used t o ver i f y t hat t her e
ar e no syst emat i c er r or s i n t he r econst r uct i on of t he
shower di r ect i on . I n Fi g . 19 we pl ot t he pr oj ect ed
angul ar di f f er ences bet ween CASA and t he t el escopes .
The mean of f set s ar e f ound t o be - 0. 064 ± 0. 02° and
0. 068 ±0. 02° f or t he x and y di r ect i ons r espect i vel y .
Si mi l ar of f set s wer e f ound f or t he t el escopes di r ect ed
away f r om t he zeni t h when CASA was oper at i ng wi t h
529 st at i ons . These dat a show t hat t he syst emat i c er r or
i n t he di r ect i on r econst r uct i on i s l ess t han 0. 1° f or t he
f ul l r ange of zeni t h angl es accept ed by CASA.

Fi nal l y, we can use an ast r onomi cal body t o ver i f y
t he poi nt i ng accur acy and t he angul ar r esol ut i on . The
Moon i s opaque t o t he cosmi c r ays passi ng t hr ough t he
sol ar syst em. Thus we expect t o see t he shadow of t he
Moon i n t he mi dst of t he i sot r opi c di st r i but i on of t he
cosmi c r ays . ( The Sun can be obser ved as wel l , how-
ever , t he posi t i on and shape of i t s shadow i s af f ect ed
by t he magnet i c f i el ds whi ch sur r ound i t . ) The number
of event s avai l abl e f or t hi s st udy i s l i mi t ed because t he
Moon subt ends an angul ar di amet er of onl y 0. 5° and
appear s at r el at i vel y l ar ge zeni t h angl es . Never t hel ess,
t he det ect i on of t he Moon' s shadow i s a compl et e t est
of t he per f or mance of t he ar r ay f r om i nput dat a t o
f i nal r esul t .

I n Fi g . 20 we pr esent t he shadow of t he moon i n
cosmi c r ays . The r adi al bi ns ar e cent er ed on t he posi -
t i on of t he Moon and t he bi n wi dt hs ar e chosen con-
t ai n equal sol i d angl es . The dashed l i ne i s t he di st r i bu-
t i on expect ed i n t he absence of a shadow. Fr om t hese
dat a we est abl i sh t hat t he poi nt i ng accur acy of t he
ar r ay i s bet t er t han 0. 2° at zeni t h angl es of - 30° . The
val ue of 0763 obt ai ned f r om t hi s st udy f or separ at e
r anges of al er t s i s al so pl ot t ed i n Fi g. 18 . A separ at e
paper on t he det ai l s of t hi s st udy of t he sun and moon
shadow i s i n pr ess [ 19] .

4. 3. 4. Measur ement of t he densi t y of shower par t i cl es at a

st at i on

To r econst r uct t he l at er al densi t y di st r i but i on and,
by i nt egr at i on, t he si ze of a shower we need t o know
t he number of equi val ent par t i cl es det ect ed at each



st at i on . As not ed above, t he number of equi val ent

par t i cl es r ecor ded i n an i ndi vi dual count er i s gi ven as

t he r at i o of t he obser ved pul se ampl i t ude t o t he mean

pul se ampl i t ude f or a ver t i cal muon . I n pr i nci pl e t he
number of equi val ent par t i cl es hi t t i ng a st at i on i s j ust

t he sum of t hose f ound i n each count er . Ther e ar e

compl i cat i ons, however , due t o t he r esol ut i on of an

i ndi vi dual count er , t he sat ur at i on at l ar ge pul se ampl i -

t ude, and t he al er t condi t i on when t he number of

par t i cl es i s l ess t han a f ew. As i ndi cat ed i n sect i on 2. 1,

at l east t wo of t he f our count er s must be hi t i n coi nci -

dence t o al er t a st at i on and r ecor d t he dat a . I f onl y
one of f our st at i ons i s hi t , t he st at i on i s not al er t ed and
t he dat a ar e not r ecor ded .

I f N par t i cl es ar e i nci dent on a st at i on, t he pr oba-
bi l i t y of al l N hi t t i ng onl y one count er i s ( 0 . 25) ^ ' - ~ .
Thus f or f our or mor e par t i cl es t he chance t hat a
st at i on i s not al er t ed i s negl i gi bl e and t he sumof t he
par t i cl es hi t t i ng each count er i s t he best est i mat e of
t he number hi t t i ng t he st at i on . The f act t hat f our
count er s ar e combi ned i mpr oves t he r esol ut i on . The
ADCs have a dynami c r ange of about 950 channel s,

t aki ng i nt o account t he pedest al at - 70 channel s .

Typi cal l y t he mean channel number f or a si ngl e equi va-

l ent par t i cl e i s 20 channel s above pedest al so t hat

sat ur at i on occur s at - 45 par t i cl es . I n f act because of

t he pul se hei ght r esol ut i on t he sat ur at i on begi ns a bi t
ear l i er . The r esol ut i on whi ch i s about 100% f or a
si ngl e par t i cl e i mpr oves as VN_ f or N par t i cl es . Usi ng
t he exper i ment al r esol ut i on gi ven i n Fi g . 4, we have
cal cul at ed t he r esponse of a st at i on as a f unct i on of t he
number of par t i cl es i nci dent upon i t ver t i cal l y . We
assume t hat t he gai n of each count er i s t he same and
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Fi g . 20. The shadow of t he moon as seen wi t h cosmi c r ays .
The bi n wi dt hs cor r espond t o equal sol i d angl es . The dashed
l i ne i s a f i t t o t he di st r i but i on of event s der i ved f r om t he dat a

wi t hout a shadow.
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Fi g . 21 . Mean number of equi val ent par t i cl es det er mi ned i n a
st at i on as a f unct i on of t he number of i nci dent par t i cl es ( sol i d
l i ne) . The RMS f l uct uat i on i n per cent of an i ndi vi dual mea-

sur ement ( dot t ed l i ne) .

t hat t her e ar e no shor t di st ance cor r el at i ons bet ween
t he par t i cl es. Fi g. 21 shows t he r esponse of t he st at i on .
Pl ot t ed ar e t he means and t he st andar d devi at i ons .
Act ual l y t he r esponse of each st at i on wi l l have some-
what di f f er ent sat ur at i on poi nt s dependi ng on t he i ndi -
vi dual gai ns of t he count er s whi ch ar e not al ways
bal anced . The st at i ons can usef ul l y r ecor d up t o - 180
equi val ent par t i cl es, a densi t y of - 120 par t i cl es/ m2 .

The sat ur at i on of a st at i on occur s at l ower densi t i es

when t he shower s have a si gni f i cant i ncl i nat i on.
When t he mean number of par t i cl es i s l ess t han - 4

we can use a st at i st i cal met hod t o est i mat e t he number

of par t i cl es . I f t he mean number of par t i cl es i nci dent

on a st at i on i s N, t hen t he pr obabi l i t y t hat a count er
not be hi t i s p = exp( - 0 . 25 N) . I n t er ms of p, t he
r el at i ve pr obabi l i t y P, of i count er s bei ng hi t can be
cal cul at ed . Si nce an al er t r equi r es t wo count er s t o f i r e,
an ensembl e of st at i ons expect ed t o have t he same
densi t y can pr ovi de t he r el at i ve pr obabi l i t i es ( PzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� + Pl ) ,
P2 , P3 , and P4 . The pr obabi l i t i es P0 and PI ar e
summed because exper i ment al l y t hey ar e i ndi st i ngui sh-
abl e . These pr obabi l i t i es can t hen be used t o cal cul at e
t he most pr obabl e number of par t i cl es i nci dent on t he
st at i on.

At l ow par t i cl e densi t y t he pr oduct i on of a st at i on
al er t becomes ver y i nef f i ci ent because at l east t wo
count er s must be hi t . Thi s si t uat i on per mi t s a di r ect
compar i son bet ween t he obser ved number of par t i cl es
as measur ed by t he pul se hei ght ( anal og par t i cl es) , and
t he number of par t i cl es measur ed by t he st at i st i cal
met hod ( di gi t al par t i cl es) . We di scuss her e t he densi t y
measur ement wi t hout t he l ead conver t er . The l ead
conver t er changes t he r el at i ve pr obabi l i t i es by t he ad-
di t i on of a shor t di st ance cor r el at i on bet ween par t i cl es
whi ch can be negl ect ed when t he l ead i s not pr esent .
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The measur ement of t he densi t y wi t h t he l ead conver t -
er s wi l l be di scussed i n a f ut ur e paper .

A speci al r un cont ai ni ng 150000 shower s was made
wi t h t he l ead conver t er s r emoved . A subset of 40 000
ver t i cal shower s ( cos 0, >_ 0. 95) wi t h cor es >_ 45 mf r om
t he edges of t he ar r ay was sel ect ed f or st udy . These
shower s wer e t hen sor t ed i nt o cat egor i es accor di ng t o
t he number of al er t s associ at ed wi t h each shower . We
have chosen t o st udy shower s wi t h 19 or 20 al er t s, a
cat egor y whi ch cor r esponds t o t he mean number of
al er t s r ecor ded by CASA. About t he cor e posi t i on of
each of t hese shower s, annul i of wi dt h 5 . 0 mwer e
const r uct ed . Then sums of t he number of st at i ons ( N, ) ,
t he number of st at i ons wi t h t wo count er s hi t ( N2 ) ,
t hr ee count er s hi t ( N3 ) and f our count er s hi t ( N4 ) , and
t he t ot al number of equi val ent par t i cl es ( Ph i ) wer e
made f or al l t he shower s f or each annul us. The mean
number of anal og par t i cl es Na st r i ki ng each st at i on i n a
gi ven annul us ( gi ven di st ance f r om t he cor e) i s gi ven by
Ph, / N, . The mean number of di gi t al par t i cl es Nd

st r i ki ng each st at i on i s gi ven by:

( 2XN, +3XN3 +4XN4 ) / N, .

I n Fi g. 22 we pl ot t he r at i o Na/ N, as a f unct i on of
di st ance f r om t he shower cor e. At >_ 100 m f r om t he
cor e t hi s r at i o i s 0. 96 . The r at i o r i ses f or di st ances
bel ow 100 mbecause Nd sat ur at es at 4. 0 whi l e Na

sat ur at es at - 180 par t i cl es . The f act t hat t he r at i o i s
cl ose t o uni t y means t hat our cal i br at i on of an anal og
par t i cl e agr ees wi t h t he di gi t al measur ement when t he
densi t y i s l ow. Thi s f act per mi t s us t o cal cul at e t he
mean number of equi val ent par t i cl es t hat pass t hr ough
each det ect or but r emai n undet ect ed due t o t he al er t
condi t i on whi ch r equi r es at l east t wo count er s t o be
hi t . I f we assume t he f l uct uat i on of t he number of
par t i cl es i n an annul us i s gover ned by a Poi sson pr oba-
bi l i t y, i t i s a si mpl e mat t er t o comput e t he val ue of
N, / N, and der i ve a cor r ect i on f act or bet ween t he
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Fi g . 23 . Fl uct uat i ons i n t he number of par t i cl es st r i ki ng a
st at i on wi t h a mean of 5 . Poi sson di st r i but i on ( ci r cl es) . Di st r i
but i on modi f i ed t o mat ch t he obser ved count er mul t i pl i ci t i es

( hi st ogr am) .

mean number of anal og par t i cl es obser ved and act ual
mean number of par t i cl es . We f i nd however t hat t he
r el at i ve number s PO +P, , P2 , P3 , and P4 ar e not
consi st ent wi t h a Poi sson di st r i but i on when t aken at a
f i xed di st ance f r om t he cor e f or an ensembl e of ver t i cal
shower s char act er i zed by a f i xed number of al er t s . The
r el at i ve number s ar e bet t er account ed f or i f we con-
si der f l uct uat i ons somewhat l ar ger t han t hat of a Poi s-
son di st r i but i on . These l ar ger f l uct uat i ons may be due
t o a number of f act or s whi ch i ncl ude l ar ger i nt r i nsi c
f l uct uat i ons, t he ef f ect of f i ni t e annul us si ze, and spr ead
of shower si ze f or a f i xed number of al er t s . I n Fi g . 23
we pl ot , f or a mean val ue of f i ve par t i cl es st r i ki ng a
st at i on, t he Poi sson f l uct uat i on and a br oader di st r i bu-
t i on whi ch gi ves bet t er agr eement f or t he obser ved
val ues of P, . The cor r ect i on f act or f or t he l ost par t i cl es
due t o t he t r i gger condi t i on i s, however , near l y i nde-
pendent of whet her t he f l uct uat i ons ar e Poi ssoni an or
wi der . I n Fi g . 24 we pl ot t he cor r ect i on f act or f or bot h
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Fi g . 24 . Cor r ect i on f act or f or anal og par t i cl es l ost due t o t he
al er t r equi r ement . Ci r cl es ar e f or t he modi f i ed di st r i but i on .

Cr osses ar e f or a Poi sson di st r i but i on .
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t he Poi sson di st r i but i on and t he wi der di st r i but i on .

Thi s cor r ect i on f act or i s most usef ul when appl i ed t o

an ensembl e of shower s sel ect ed t o have si mi l ar pr op-

er t i es .

As an exampl e we have det er mi ned t he aver age

l at er al di st r i but i on of t he sel ect ed ver t i cal shower s

whi ch have 19 or 20 al er t s . Thi s r ange cor r esponds t o

t he aver age shower det ect ed by CASA. The mean

number of equi val ent par t i cl es i s eval uat ed f or each

annul us . Af t er subt r act i on of 0 . 00045 ± 0 . 00005 equi va-

l ent par t i cl es t o account f or t he acci dent al l y al er t ed

st at i ons ( see sect i on 4. 1) , t he mean number i s mul t i -

pl i ed by t he cor r ect i on f act or of Fi g . 24. The r esul t i ng

l at er al di st r i but i on of densi t y of equi val ent par t i cl es i s

pl ot t ed i n Fi g . 25 . The er r or s at l ar ge di st ance f r om t he

cor e ar e due t o t he uncer t ai nt y i n t he acci dent al sub-

t r act i on . The i nt egr at ed si ze i n t er ms of equi val ent

par t i cl es wi t hi n 300 m f r om t he cor e i s 2 . 44 x 10 4.

Pl ot t ed on t he same f i gur e i s t he r esul t f or t he MOCCA

[ 20] si mul at i on f or an aver age 10 14 eV pr ot on shower .

I n t he si mul at i on we cal cul at ed t he l at er al di st r i but i on

of equi val ent par t i cl es, el ect r ons and muons, whi ch

woul d be r ecor ded by CASA sci nt i l l at or s . Bef or e pl ot -

t i ng, t he si mul at i on was mul t i pl i ed by a f act or 0. 94 t o

mat ch t he i nt egr at ed si ze of t he dat a .

The above anal ysi s was appl i ed t o ensembl es of

many shower s wi t h common char act er i st i cs . Such anal -

ysi s pr ovi des i nput f or al gor i t hms f or t he r econst r uc-

t i on of t he si ze of i ndi vi dual shower s . Di scussi on of

t hese det ai l s and t he mor e compl ex t r eat ment f or t he

l ead conver t er wi l l be r epor t ed i n subsequent paper s .

4. 4. Measur ement of t he muons associ at ed wi t h t he

shower

The pr i mar y pur pose of t he muon det ect or syst em i s

t he i dent i f i cat i on of candi dat e y- r ay shower s and t he

r ej ect i on of backgr ound hadr on shower s based upon

t hei r muon cont ent . Sever al cal cul at i ons pr edi ct t hat i n

t he ener gy r ange 10 14 - 10 15 eV, - y- r ay shower s wi l l

gener at e - 30 t i mes f ewer muons t han hadr on shower s

[ 21] . The under gr ound sci nt i l l at i on count er s sampl e ai r

shower muons by r ecor di ng muon hi t s t hat ar e coi nci -

dent wi t h t he ar r i val of t he el ect r omagnet i c component

of t he shower det ect ed by t he CASA sur f ace ar r ay .

Shower s wi t h si gni f i cant l y f ewer det ect ed muons t han

expect ed ar e consi der ed candi dat e - y- r ay shower s . The

r emai ni ng shower s ar e consi der ed hadr oni c back-

gr ound, and ar e t hus r ej ect ed i n sear ches f or gamma

r ay sour ces .

The MI A syst em r ecor ds al l hi t s t o under gr ound

muon det ect or s dur i ng an i nt er val of - 4 l. . 1s coi nci -

dent wi t h t he det ect i on of shower s by t he CASA sur -

f ace ar r ay . Thi s t i me i nt er val i s l ar ge enough t o i ncl ude

muon hi t s f r om shower s ar r i vi ng f r om any di r ect i on

i nci dent on any l ocat i on of t he ar r ay. However , t he

q
N

a
w

l oo

' 10- 1

10 - 2

345

0 50 100 150 200 250 900

Di st ance f r om Cor e ( m)

Fi g . 25 . Lat er al di st r i but i on of equi val ent par t i cl es det er -

mi ned f r om an ensembl e of ver t i cal shower s wi t h 19 or 20

al er t s ( ci r cl es) . Lat er al di st r i but i on of equi val ent par t i cl es as

det er mi ned by t he MOCCA si mul at i on f or 10 14 eV ver t i cal

shower s ( hi st ogr am) .

number of acci dent al muon hi t s dur i ng t hi s i nt er val i s

l ar ge compar ed t o t he number of r eal muon hi t s i n

each event . On aver age, t he number of muon count er s

t hat f i r e acci dent al l y dur i ng t hi s i nt er val i s about 20,

whi l e t he aver age number of r eal muon hi t s f r om each

ai r shower i s onl y 9 .

We can gr eat l y r educe t he ef f ect of acci dent al s by

t aki ng advant age of t he t i mi ng char act er i st i cs of ar r i v-

i ng muons . Real shower muons wi l l ar r i ve wi t hi n a

t i ght l y const r ai ned t i me wi ndow associ at ed wi t h t he

physi cal wi dt h of t he shower f r ont , whi l e acci dent al

muon hi t s ar e di st r i but ed r andoml y t hr oughout t he 4

Vs i nt er val of t he muon TDCs . By nar r owi ng t he t i me

i nt er val f or t he accept ance of muons, we can gr eat l y

r educe t he number of acci dent al muon hi t s associ at ed

wi t h t he shower s . We accompl i sh t hi s by det er mi ni ng

t he ant i ci pat ed ar r i val t i me of muons at each i ndi vi dual

muon count er usi ng t he r econst r uct ed shower f r om t he

CASA sur f ace ar r ay .

Ti mi ng coor di nat i on bet ween t he muon count er s

and t he sur f ace ar r ay i s pr ovi ded by t he common st op

f r om t he CASA t r i gger box . The common st op i s

associ at ed wi t h t he ar r i val of t he f i r st t r i gger r equest

cur r ent pul se at t he cent r al t r i gger box . For each event ,

cur r ent pul ses f r om at l east t hr ee i ndi vi dual CASA

st at i ons wi l l ar r i ve at t he cent r al t r i gger . The f i r st such

pul se t o ar r i ve i s cal l ed t he " f i r st t r i gger " . The cabl e

del ays f or t he t r ansmi ssi on of cur r ent pul ses f r om each

CASA st at i on t o t he t r i gger box have been di r ect l y

measur ed. Usi ng t he cor e posi t i on and t he di r ect i on

cosi nes of t he shower as r econst r uct ed f r om t he sur -

f ace dat a, we can i dent i f y t he par t i cul ar CASA st at i on

t hat pr ovi ded t he f i r st t r i gger f or each shower . We

def i ne t he t i me of passage of t he shower f r ont t hr ough

t hat st at i on as a zer o t i me r ef er ence f or t he ent i r e

event . Wi t h r espect t o t hi s zer o, t he shower f r ont
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passes a gi ven muon count er at a t i me Tp whi ch can
be comput ed f r om t he shower par amet er s and t he
l ocat i on of t he par t i cul ar muon count er . Not e t hat t hi s
t i me can be negat i ve ( l at e) or posi t i ve dependi ng on
t he di r ect i on of t he shower .

When a muon count er i s hi t , t he si gnal st ar t s a TDC
f or t hat count er . The st ar t of t he par t i cul ar muon TDC
i s at Tw + Tá61e, wher e Tá61e i s t he t i me del ay i n t he
cabl e f r om t he muon count er t o i t s TDC. The st op of
t he TDCi s at a t i me Tabl e + Tt op wher e Tcabl e i s t he
known del ay bet ween t he f i r st t r i gger CASA st at i on

and t he t r i gger box and Tst op i s t he del ay bet ween t he

ar r i val of t he f i r st CASA t r i gger and t he common st op

of t he muon TDC syst em. Thi s l at t er del ay i s a con-

st ant .
As wi t h t he sur f ace ar r ay, t he muon ar r ay can be

cal i br at ed usi ng t he cosmi c r ay event s t hemsel ves . We

measur e t he aver age val ue of Tabl e + Tst op f or each

muon count er wi t h r espect t o al l f i r st t r i gger CASA

st at i ons . Thi s i s gi ven by :

Tabl e + Tst op = ( TDCW+ TI l - Tabl e) '
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Her e TDC" i s t he measur ed TDC val ue f or t he
par t i cul ar count er . The aver age del ay measur ed i n-

cl udes t he del ays i n t he muon count er PMTS and i n

t he el ect r oni cs . The spr ead of t hi s measur ement ( - 10

ns) ar ound i t s aver age val ue i ncl udes t he ef f ect s of

er r or s i n r econst r uct i on of t he shower , f l uct uat i ons i n

t he ar r i val t i me of muons wi t h r espect t o t he shower

f r ont and var i at i ons i n t he PMT del ays and el ect r oni cs

of each f i r st t r i gger ed st at i on used i n t he aver age .
Once t he del ay f or each muon count er i s det er mi ned, a
si mi l ar pr ocedur e i s car r i ed out f or each f i r st t r i gger ed
st at i on t o det er mi ne t he st at i on of f set s . These of f set s

var y by - 10 ns . Bot h muon and st at i on of f set s ar e

t hen appl i ed as a cor r ect i on t o t he TDC of each muon

count er so t hat t he mean ar r i val t i me i s zer o . Fi g . 26

shows t he di st r i but i on of t hese cor r ect ed muon t i mes .

The r esi dual t i me spr ead i n t he muon hi t s as shown

i n Fi g . 26 i s due t o t he i nt r i nsi c spr ead of t he muon

shower f r ont but mor e i mpor t ant l y, i t i s al so due t o t he

manner i n whi ch t he muon t i mi ng i s est abl i shed . Si nce

t he muon t i me scal e i s det er mi ned by t he sur f ace

shower par amet er s, an er r or i n ei t her t he r econst r uc-

t i on of t he shower di r ect i on or i n t he i dent i f i cat i on of
t he f i r st t r i gger CASA st at i on can r esul t i n l ar ge er r or s
i n t he muon t i mes . I f uncor r ect ed, such er r or s may

l ead t o t he mi si dent i f i cat i on of shower s as muon- poor ,

si nce t he associ at ed muon t i mes ar e pushed out of t he
nar r ow coi nci dence wi ndow. Even i f t hese t i mi ng er -

r or s ar e r ar e, t hey can easi l y l i mi t t he moon r ej ect i on
obt ai nabl e f or l ar ge shower s .

To i nvest i gat e t he i mpact of muon t i mi ng er r or s, we

st udy event s wi t h l ar ge number s of muon hi t s so t hat

t he t i mi ng can be r econst r uct ed i ndependent l y of t he
sur f ace ar r ay r econst r uct i on . For - 1% of t he event s
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Fi g . 26 . Di st r i but i on of muon t i mes wi t h r espect t o t he shower
f r ont , cor r ect i ng f or of f set s ( dashed hi st ogr am) . Di st r i but i on
of muon t i mes cor r ect ed wi t h t he cl ust er al gor i t hm ( sol i d

hi st ogr am) .

wi t h a l ar ge number of muons, t he muon t i mes ar e
di spl aced si gni f i cant l y f r om t he cal cul at ed zer o ar r i val
t i me. We f i nd t hat a smal l f r act i on of t he t i mi ng er r or s
r esul t f r om unr ecogni zed cases wher e a CASA shower
i s i ncor r ect l y mer ged wi t h an uncor r eat ed MI A event ,
or , i n t he ear l y days of oper at i on, f r om har dwar e
pr obl ems . However , most muon t i mi ng er r or s ar e

caused by smal l ai r shower s t hat can i ni t i at e i ndi vi dual
st at i on t r i gger pul ses ei t her j ust bef or e or j ust af t er a
r egul ar ai r shower event occur s . These acci dent al st a-
t i on t r i gger s, di scussed i n sect i on 4. 2, ar e caused by
r eal ai r shower s t hat ar e t oo smal l t o sat i sf y t he t hr ee-
st at i on t hr eshol d r equi r ed f or an ar r ay t r i gger , but
pr ovi de enough par t i cl es t o cause one or t wo CASA
st at i ons t o f or ma st at i on t r i gger .

When an acci dent al st at i on t r i gger occur s i n i sol a-
t i on, t he t r i gger box si mpl y r eset s, and t her e i s no
adver se i mpact on t he muon t i mi ng . However , i f t he

acci dent al t r i gger occur s wi t hi n t he 4 ws TDCr ange of

a r eal ar r ay t r i gger , i t can cause a shi f t i n t he gl obal
t i me base f or t hat event . I n t he case t hat t he acci dent al
shower occur s bef or e t he r eal shower , t he char ge pul se
f r om t he acci dent al st at i on wi l l ar r i ve ear l i er t han t he

r eal f i r st t r i gger associ at ed wi t h t he r eal shower . As a

r esul t , t he muon TDCs wi l l be st opped t oo ear l y. I f t he
acci dent al t r i gger ar r i ves af t er t he r eal shower , t hen
t he acci dent al l y t r i gger ed st at i on may be i ncor r ect l y
i dent i f i ed as t he f i r st t r i gger st at i on, dependi ng upon
t he geomet r y of t he event ( e . g . , i n t he case t hat t he r eal

shower cor e i s l ocat ed near t he edge of t he ar r ay and
t he acci dent al st at i on i s l ocat ed near t he cent er of t he
ar r ay) .



Al t hough t he muon t i mi ng er r or s t hat r esul t f r om

f i r st t r i gger mi si dent i f i cat i ons can be ver y l ar ge, t he

t i mi ng shi f t i s i dent i cal f or each muon TDC i n a gi ven

shower . Ther ef or e, t he t i mes f or r eal muon hi t s shoul d

r emai n t i ght l y cl ust er ed, even i f t he gl obal t i me base i s

cor r upt ed. To compensat e f or t he ef f ect s of mi si dent i -

f i ed f i r st t r i gger st at i ons, we have devel oped an al go-

r i t hm t o i dent i f y cl ust er s of t hr ee or mor e muon hi t s .

The muon t i mes associ at ed wi t h t he cl ust er ar e shi f t ed

i n t i me by t he di spl acement of t he cl ust er cent er f r om

zer o . I n 26% of t he event s no cl ust er i s f ound and t he

t i mes of t hese muons r emai n unmodi f i ed . Al so shown

i n Fi g. 26 i s t he muon t i me di st r i but i on af t er t he

cl ust er cor r ect i on . The i mpr ovement i s evi dent .

Once t he t i mi ng of t he muon hi t s i s cor r ect ed f or

shower r econst r uct i on and cl ust er i ng, a nar r ow t i me

wi ndow i s chosen f or sel ect i ng muon hi t s t hat ar e

associ at ed wi t h t he shower . Hi t s t hat ar r i ve wi t hi n t he

t i mi ng wi ndow ar e cal l ed " i n- t i me" muons, whi l e hi t s

ar r i vi ng out si de t he wi ndow ar e consi der ed t o be acci -

dent al s . The wi dt h of t he t i mi ng wi ndow i s chosen t o

i ncl ude at l east 95%of r eal shower muons . The si ze of

t he wi ndow i s det er mi ned on a r un by r un basi s . We

f i nd t hat t he wi dt h of t he t i mi ng wi ndow var i es wi t h

t he di st ance of t he muon count er f r om t he cor e of t he

shower . Typi cal l y i t var i es f r om about 35 ns f or muon

count er s wi t hi n 50 mf r om t he shower cor e, t o about

120 ns at 300 mf r om t he cor e . The wi dt h of t he t i mi ng

wi ndow i s i ndependent of t he number of muons i n t he

cl ust er .

Fi g . 27 shows t he di st r i but i on of t he number of

i n- t i me muons . About 5% of t he shower s ( al l smal l )

have no muons at al l . I n Fi g . 28 we pl ot t he di st r i bu-
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t i on of muons f or l ar ge shower s wi t h >_ 250 al er t ed

st at i ons . Of t he 7 . 8 x 10 4 shower s r epr esent ed al l but

100 have >_ 30 muons . These 100 event s r epr esent f or

t he most par t a r esi dual of event s wher e an acci dent al

t r i gger st ops t he muon TDCs bef or e t he l ar ge shower

and t he muons st r i ke t he ar r ay . Recent l y we have

i nst al l ed modi f i ed t r i gger el ect r oni cs whi ch wi l l r ecor d

f or each event t he ar r i val t i mes of t he f i r st f i ve t r i gger

r equest pul ses. I n t he r econst r uct i on of t he shower , t he

pr edi ct ed t r i gger r equest ar r i val t i mes must be consi s-

t ent wi t h t hose r ecor ded . I n t hi s manner we can sup-

pr ess event s wher e t he t r i gger r equest s i ncl ude an

acci dent al al er t . We expect , t hen, a si gni f i cant i m-

pr ovement i n t he hadr on r ej ect i on f or l ar ge shower s .

To char act er i ze t he muon cont ent of i ndi vi dual

event s, we det er mi ne t he expect ed number of muons,

based upon t he assumpt i on t hat t he over whel mi ng

maj or i t y of r eal cosmi c r ay shower s ar e hadr oni c, and

t hen we sel ect event s whi ch cont ai n r el at i vel y f ew

i n- t i me muons hi t s . I n consi der i ng t he condi t i ons f or

sel ect i ng such " muon- poor " shower s, we must consi der

bot h t he mean and t he st at i st i cal f l uct uat i ons i n t he

number of expect ed i n- t i me muons . Si nce l ar ger show-

er s wi l l have mor e i n- t i me muons, we wi sh t o scal e t he

number of expect ed muons wi t h a par amet er t hat

scal es wi t h t he shower si ze, such as t he number of

al er t ed CASA st at i ons . Fi g . 29 shows t he mean number

of i n- t i me muons ver sus t he number of al er t s . The

cor r el at i on of t hese t wo quant i t i es i s evi dent . We al so

consi der t he dependence on t he zeni t h angl e and cor e

l ocat i on of t he shower . Then, on a shower - by- shower

basi s, we can speci f y t he muon cont ent i n t er ms of t he
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Fi g . 29 . Mean number of muons- i n- t i me as a f unct i on of t he
number of al er t ed st at i ons .

l og r at i o of t he obser ved t o expect ed i n- t i me hi t s . We
def i ne t he r el at i ve muon cont ent r , , as :

( n l i - obs
r W- _ l ogco

( nw- exp~ >

wher e
n~L - obs i s t he number of i n- t i me muons act ual l y

det ect ed and
nW_exp

i s t he number of i n- t i me muons
pr edi ct ed f or hadr ons . Fi g. 30 shows t he di st r i but i on of
r , , f or a col l ect i on of r eal event s . When a shower
cont ai ns zer o muons, as many of t he smal l est shower s
do, t he shower i s def i ned as muon- poor and i s assi gned
a val ue of r W= - 4 . 0 . Al so shown i n Fi g . 30 i s a
di st r i but i on of t he val ues of r , , f or a si mul at ed set of
- y- r ay event s gener at ed wi t h t he MOCCA si mul at i on .
As can be seen i n t he f i gur e, t he di st r i but i on f or - y- r ays
i s shi f t ed t o t he l ef t of t he nor mal cosmi c r ay di st r i bu-
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MOCCA si mul at i on .
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Fi g . 31 . Fi gur e of mer i t as a f unct i on of t he muon- poor cut i n
r , , . Dashed l i nes show t he f r act i on - y- r ays and cosmi c r ays

r et ai ned by t he r . cut .

t i on and cont ai n a much l ar ger pr opor t i on of zer o- muon
event s .

To r ej ect hadr oni c backgr ound and t her eby enr i ch
t he - y- r ays i n t he sampl e, we cut event s above some
val ue of r W i n our sear ch sampl e . The opt i mum val ue
of r W f or t he cut i s det er mi ned by t he mi ni mum of t he
r at i o : F= f ca / f y, wher e f cx and f y ar e t he f r ac-
t i ons of nor mal ( hadr oni c) cosmi c r ay and y- r ay show-
er s r et ai ned af t er t he cut . Fi g. 31 shows a pl ot of t hese
quant i t i es as cal cul at ed f or a set of r eal event s . The
r at i o F r epr esent s t he f i gur e of mer i t f or hadr oni c
r ej ect i on based on t he muon cont ent . I f a r eal - y- r ay
si gnal i s obser ved i t s si gni f i cance woul d be pr opor -
t i onal t o 1/ F. As i ndi cat ed above, hadr on r ej ect i on
i mpr oves dr amat i cal l y f or l ar ger shower s . Fi g . 32 shows
t he f i gur e of mer i t f or muon cont ent cut s appl i ed t o
sampl es of successi vel y l ar ger shower s . For event s wi t h
mor e t han t hi r t y CASA st at i ons al er t ed, t he sensi t i vi t y
i mpr ovement achi eved by t he muon syst em i s mor e
t han a f act or of 10 compar ed t o a syst em wi t h no
hadr on r ej ect i on ( F= 1) .

A mor e cl assi cal met hod of r ej ect i ng hadr on show-
er s gi ves r esul t s si mi l ar t o t he one descr i bed above . I n
t hi s met hod we use a maxi muml i kel i hood t echni que t o
comput e t he t ot al shower si ze Nc i n CASA and t he
t ot al muon si ze ( N, ) i n MI A. Na i ncl udes bot h el ec-
t r ons and muons t hat i mpi nge on CASA whi l e N, , i s
vi r t ual l y pur e muons t hat ar e r ecor ded by MI A. The
l i kel i hood f i t uses t he appr opr i at e NKG f unct i on [ 22]
f or t he el ect r on l at er al di st r i but i on and t he Gr ei sen
f unct i on [ 23] f or t he muon l at er al di st r i but i on . The f i t s
t ake pr oper account of t he shower l ocat i on and angl e
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Fi g . 32 . Fi gur e of mer i t f or t he muon- poor cut par amet er i zed

accor di ng t o al er t s .

The f i gur es- of - mer i t of t hi s met hod ar e si mi l ar t o t hose

shown i n Fi g . 32 and have mi ni ma near RW= - 1 .

5. Oper at i ng exper i ence wi t h CASA- MI A

The f i r st oper at i on of CASA began on Januar y 1,

1989 wi t h a 49 st at i on pr ot ot ype ar r ay . At t hi s t i me

MI A consi st ed of t he ei ght i nner pat ches i ndi cat ed i n

Fi g . 1 . Thi s ar r ay r an unt i l Oct ober 1989 wi t h a t r i gger

r at e of 1 . 2 Hz . About 24 mi l l i on event s wer e col l ect ed

and t he r esul t s of t hi s per i od have been publ i shed [ 24] .

I n Febr uar y 1990 an enl ar ged ar r ay of 529 det ect or s

began t o oper at e . The t r i gger r at e began at about 9 Hz

and gr adual l y i ncr eased t o 12 Hz as var i ous f aul t s i n

t he t r i gger syst em wer e r emoved . Dat a wer e col l ect ed

wi t h 529 det ect or s whi l e t he r emai nder of CASA and

t he 8 out er pat ches of MI A wer e i nst al l ed . About 280

mi l l i on event s wer e accumul at ed t hr ough December

1990 and r esul t s of an al l sky sur vey wer e publ i shed

[ 25] .

I n l at e Mar ch 1991 t he f ul l ar r ay of 1089 st at i ons

began oper at i on wi t h a r at e of 22 Hz . On Apr i l 22,

1991 t he ar r ay was st r uck by l i ght ni ng and sever el y

damaged . I t di d not r esume oper at i on unt i l Januar y

1992 . On t he advi ce of a consul t ant [ 26] l i ght ni ng

pr ot ect i on was i nst al l ed . The ent i r e ar r ay has been

encl osed i n a ver y coar se Far aday cage consi st i ng of

wi r es spaced - 30 m apar t suspended by gr ounded

pol es 4 mabove t he ar r ay . A si mi l ar mesh was pl aced

on t he gr ound at t ached t o t he pol es suppor t i ng t he

over head wi r es . Al so spar k gaps and MOVs ( met al

oxi de var i st er s) have been i nst al l ed at appr opr i at e

pl aces on t he AC power di st r i but i on and t he t r i gger

r equest , t r i gger acknowl edge, and Et her net cabl es . I n

addi t i on, t he cent r al st at i on has been el ect r i cal l y i so-

l at ed f r om t he dual Et her net spi nes usi ng f i ber opt i cs .

Fi g . 33 shows t he t ot al accumul at ed t r i gger s as a

f unct i on of t i me col l ect ed t hr ough November 1993 .

Due t o var i ous mal f unct i ons, shut downs, power f ai l -

ur es, and qual i t y cut s on t he dat a, t he r at i o of l i ve- t i me

t o act ual t i me i s about 92%.

5. 1 . I nst r ument mai nt enance pr ogr am

Nor mal l y CASA- MI A can be r un by a si ngl e oper a-

t or . The onl y act i vi t y t hat st r i ct l y r equi r es dai l y oper a-

t or act i on i s t he changi ng of 8 mm dat a t apes . The

r emai ni ng oper at or ef f or t i s di r ect ed t owar ds mai nt e-

nance of t he ar r ay, par t i cul ar l y r epai r s t o occasi onal l y

f ai l i ng component s wi t hi n t he 1089 st at i ons . Dur i ng t he

pr ot ot ype and i nst al l at i on st ages of t he exper i ment ,

mai nt enance ef f or t s wer e f ai r l y hi gh, wi t h sever al new

component f ai l ur es occur r i ng each day . Typi cal l y, t hese

" l ow- l evel " component f ai l ur es af f ect ed t he oper at i on

of some 5%of t he oper at i ng st at i ons wi t hi n t he ar r ay .

One of t he most common component s t o f ai l ar e

t he LT1016 compar at or s . Bef or e t he i nst al l at i on of t he

Far aday cage even di st ant l i ght ni ng coul d damage t he

LT1016s . Count er s can al so f ai l ; t he gl ue j oi nt of t he

PMT t o t he sci nt i l l at or can br eak or t he base of t he

PMT can devel op an ar c. On a f ew occasi ons cabl es

have been chewed by bur r owi ng ani mal s .

I n 1992, a syst emat i c mai nt enance pr ogr am was

devel oped t o cor r ect al l r emai ni ng i nst r ument pr ob-
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Fi g . 33 . Accumul at ed t r i gger s of CASA- MI A as a f unct i on of
t i me . Al so shown i s t he accumul at ed number of event s pr o-

cessed.
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l ems i n t he ar r ay . The goal of t he pr ogr am was t o
opt i mi ze sensi t i vi t y and t o r educe t he l evel of dai l y
mai nt enance r equi r ed. The pr ogr am combi ned sever al
i ni t i al i nt ensi ve r epai r ef f or t s wi t h det ai l ed t r acki ng of
component f ai l ur es i n t he ar r ay . Thr ee maj or ar r ay
component syst ems wer e addr essed : el ect r oni cs boar ds,
sci nt i l l at i on count er s, and power suppl i es and connec-
t or s .

5. 2. Repai r s t o st at i on el ect r oni cs boar ds

Dur i ng t he summer of 1992, as many as 5% of t he
1089 st at i ons cont ai ned boar ds wi t h some sor t of el ec-
t r oni cs pr obl ems . Most of t hese pr obl ems f el l i nt o t wo
br oad cat egor i es :

Some boxes f ai l ed i nt er mi t t ent l y such t hat t hey di d
not col l ect dat a or el se di d not t r ansmi t col l ect ed dat a
t o t he cent r al pr ocessor . By t r acki ng t he per f or mance
of al l st at i ons over sever al weeks of t i me, al l such
mal f unct i oni ng boar ds wer e i dent i f i ed and r epl aced or
r epai r ed . Fi g. 34 shows t he aver age per cent age of al l
st at i ons t r ansmi t t i ng dat a . By t he end of 1992, mor e
t han 99 . 8%of al l st at i ons wer e t r ansmi t t i ng dat a . Typi -
cal l y t her e ar e l ess t han t hr ee such mal f unct i oni ng
st at i ons i n t he ar r ay . The cur r ent f ai l ur e r at e f or t hi s
pr obl em i s ver y l ow; t ypi cal l y one new f ai l ur e occur s
ever y week or t wo .

Many st at i ons r et ai ned mi nor anal og ci r cui t r y pr ob-
l ems whi ch af f ect ed t i mi ng and pul se hei ght i nf or ma-
t i on f r om i ndi vi dual channel s . Boar ds wi t h t hese pr ob-
l ems wer e syst emat i cal l y i dent i f i ed and r epai r ed. The
f ai l ur e r at e f or new anal og boar d pr obl ems r emai ns
l ow, wi t h one new f ai l ur e occur r i ng ever y f ew days.

1 . 01

1 . 00

0. 99

0. 98

0. 97

00

û 0. 95
0
w

0. 94

0. 93

0. 92

0. 91

A. Bonone et al . / Nucl . I nst r . and Met h. i n Phys. Res. A 346 ( 1994) 329- 352

0. 90
6500 7000 7500 8000 8500 9000 9500 10000

Run

Fi g . 34 . The aver age f r act i on of CASA st at i ons col l ect i ng and
r epor t i ng dat a dur i ng r uns obt ai ned i n 1992 .

6500 7000 7500 8000 8500 9000 9500 10000
Run

Fi g . 35 . The number of st at i ons mt he ar r ay wi t h mal f unct i on-
i ng sci nt i l l at i on count er s i n 1992 .

5. 3 . Repai r s t o sci nt i l l at i on count er s

Dur i ng t he Fal l of 1992, a pr ogr amwas i ni t i at ed t o
t r ack t he det ai l ed per f or mance of each of t he 4356
sci nt i l l at i on count er s l ocat ed wi t hi n t he sur f ace ar r ay
st at i ons . Over t wo hundr ed pr obl em count er s wer e
i dent i f i ed and r epai r ed i n t he f i el d or r epl aced . Some
of t he most common pr obl ems di scover ed wer e :

Wat er damage t o PMT base ci r cui t r y and compo-
nent s : Many of t he damaged bases wer e successf ul l y
cl eaned and r epai r ed . Thi s damage occur r ed pr i or t o
t he i nst al l at i on of t he cover s as ment i oned i n sect i on
2 . 2 . 1 .

Fai l ur e of opt i cal cement t o bond PMT t o sci nt i l l at or :
These count er s wer e cl eaned and r e- gl ued .

Count er l i ght l eaks : Smal l hol es and t ear s wer e
l ocat ed and cl osed.

Fai l ed phot ot ubes : Sever al dozen phot ot ubes
demonst r at ed si gni f i cant degr adat i on i n out put gai n .
These count er s wer e r epl aced .

Fi g . 35 shows t he aver age number of pr obl em coun-
t er s i n t he ar r ay dur i ng 1992 . As a r esul t of t hese
count er r epai r ef f or t s, t he number of pr obl emcount er s
i n t he ar r ay has been r educed t o negl i gi bl e l evel s .
Cur r ent l y t he f ai l ur e r at e f or count er s i s l ow; t ypi cal l y
one new count er pr obl emoccur s ever y week .

Addi t i onal l y, a pr ogr amwas begun t o syst emat i cal l y
bal ance count er gai ns wi t hi n each st at i on, and f r om
st at i on t o st at i on, so as t o obt ai n an opt i mal l y uni f or m
gai n r esponse over t he ent i r e ar r ay. To accompl i sh t hi s,
count er s wer e r ear r anged wi t hi n near l y 200 i mbal -
anced st at i ons and an aut omat ed pr ogr am was devel -
oped t o f i ne t une hi gh- vol t age l evel s f or each st at i on .



5. 4. Repai r s t o power suppl i es and connect or s

Each sur f ace st at i on cont ai ns a l ow- vol t age DC

power suppl y and a hi gh- vol t age DC- DCconver t er . I n
t he f i r st si x mont hs of 1992, as many as 50 of each of
t hese suppl i es f ai l ed . Most of t he l ow- vol t age suppl y
f ai l ur es pr obabl y r esul t ed f r om moi st ur e i n t he boxes .

Addi t i onal l y, t he connect or s bet ween t he l ow- vol t age
suppl i es and t he boar ds i n dozens of st at i ons wer e

f ound t o be sl i ght l y cor r oded . Thi s cor r osi on degr aded

t he + 5 V power i nput t o t he boar ds such t hat t hese

boar ds woul d mal f unct i on .

To addr ess t hese pr obl ems, al l damaged power sup-

pl i es wer e r epai r ed or r epl aced, and al l cor r oded con-

nect or s wer e cl eaned and l ubr i cat ed . Si nce t he i nst al l a-
t i on of t he weat her pr oof cover s, moi st ur e damage and
cor r osi on have been dr amat i cal l y r educed. Pr esent l y,
t he f ai l ur e r at e f or power suppl i es and connect or s i s
l ow; t ypi cal l y one new f ai l ur e occur s ever y week .

5. 5. Resul t s of mai nt enance pr ogr am

The basi s of t he mai nt enance pr ogr ami mpl ement ed

i n Fal l of 1992 was a syst emat i c pr ocedur e f or t r acki ng

i nst r ument al pr obl ems combi ned wi t h sever al i nt ensi ve

r epai r ef f or t s t o r epai r speci f i c component s of t he
ar r ay . One r esul t of t hi s pr ogr am has been a st eady
i mpr ovement i n t he aver age t r i gger r at e, whi ch scal es
di r ect l y as t he sensi t i vi t y of t he exper i ment . Fi g. 36 i s a
pl ot of t he t r i gger r at e dur i ng 1992, whi ch shows an
over al l i ncr ease as a r esul t of t he mai nt enance and
r epai r pr ogr am.

Addi t i onal l y, si nce t he compl et i on of t he 1992 pr o-
gr am, t he dai l y mai nt enance r equi r ed t o addr ess new
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Fi g . 36. The t r i gger r at e of t he ar r ay f or 1992.

i nst r ument al pr obl ems has been subst ant i al l y r educed .

Thus, we ant i ci pat e cont i nued exper i ment oper at i on at

f ul l y opt i mum per f or mance l evel s wi t h mi ni mal f ut ur e

mai nt enance ef f or t s .

5 . 6 . Longt er m muon count er st abi l i t y
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The component s of MI A must be r obust si nce t hei r
bur i al pr ecl udes mai nt enance . The desi gn goal was a
count er l i f et i me > t en year s . We have been encour -
aged by t he success of t he wat er - t i ght PMT encl osur es
and t he passi ve el ect r oni cs component s i n t he bases .
Onl y 41 of t he 1024 count er s have t er mi nal l y f ai l ed
af t er bur i al t i mes r angi ng f r om t wo t o si x year s . Over
hal f of t hese ceased oper at i on shor t l y af t er i nst al l at i on .
Si nce ear l y 1991 ( t he compl et i on dat e of t he f ul l 16
pat ch syst em) t he unr ecover abl e f ai l ur e r at e has been
< 0. 4%per year .

The maj or i t y of t he r out i ne count er f ai l ur es occur i n
t he above- gr ound di scr i mi nat or and si gnal - r epeat er
el ect r oni cs and ar e easi l y di agnosed and r epai r ed . Mor e

r ar el y, f ai l ur es occur i n t he cabl e connect i ons i n out -
door j unct i on boxes whi ch ar e pl aced about ever y 60 m
bet ween a pat ch and t he cent r al st at i on . These ar e
al most al ways due t o det er i or at i on of sol der connec-
t i ons f r om wat er condensat i on or seepage .

The const r uct i on of CASA- MI A i nvol ved t he ef f or t
of many i ndi vi dual s . I n t he devel opment of t he desi gn
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f or a number of t he anal og ci r cui t desi gns . The me-
chani cal desi gn of t he pr ot ot ype ar r ay was gr eat l y
assi st ed by Wayne Johnson of LASR. Mechani cal de-
si gn of t he f ul l ar r ay was car r i ed out by El i zabet h Pod
and Ri char d Ar mst r ong of t he Uni ver si t y of Chi cago
Engi neer i ng ser vi ces gr oup. Thanks go t o many under -
gr aduat e st udent s who l abor ed t o bui l d and t o i nst al l
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Loef f l er , Ann Par sons and Bob Render wor ked t i r e-
l essl y on t he i nst al l at i on of t he MI A count er s . John
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