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I n t hi s paper t he desi gn, const r uct i on and per f or mance of t he l ower par t of t he f i r st super modul e of t he MACRO det ect or i s
descr i bed .

1 . I nt r oduct i on

The MACROexper i ment bel ongs t o a new gener a-
t i on of under gr ound det ect or s t hat ar e made possi bl e
by t he l ar ge exper i ment al hal l s of t he Labor at or i
Nazi onal i del Gr an Sasso ( LNGS) of t he I st i t ut o
Nazi onal e Fi si ca Nucl ear e ( I NFN) . When compl et ed,
t he det ect or wi l l have a l ar ge accept ance ( = 10000 mZ
sr ) f or i sot r opi c f l uxes of penet r at i ng par t i cl es and i t s
l ar ge ar ea wi l l pr ovi de hi gh sensi t i vi t y i n t he sear ch of
r ar e phenomena i n t he cosmi c r adi at i on .

One of t he mai n physi cs goal s of t he MACRO
exper i ment i s t o sear ch f or magnet i c monopol es wi t h
t he pr oper t i es pr edi ct ed by gr and uni f i ed t heor i es
( GUT monopol es) [ 1] wi t h a sensi t i vi t y wel l bel ow t he
ast r ophysi cal bounds . The key desi gn phi l osophy of
MACROf or t he det ect i on of magnet i c monopol es i s t o
pr ovi de a l ar ge, hi ghl y r edundant det ect i on syst em
al l owi ng mul t i pl e si gnat ur es of t he r ar e event s si nce no

mor e t han a f ew magnet i c monopol es coul d be ex-
pect ed i n a year . Thr ee i ndependent and compl emen-
t ar y met hods ar e empl oyed f or monopol e det ect i on :
sci nt i l l at or s, st r eamer t ubes oper at ed wi t h a hel i um gas
mi xt ur e, and pl ast i c t r ack- et ch det ect or s . These pr o-
vi de a wi de cover age of possi bi l i t i es f or t he unknown
vel oci t y and i oni zat i on pr oper t i es of monopol es . I nde-
pendent t r i gger i ng schemes as wel l as speci al i zed cus-
t om el ect r oni cs ar e used t o i nsur e mul t i pl e si gnat ur es
and cr oss- checks f or al l possi bl e candi dat e event s .

The l ar ge accept ance of t he det ect or and i t s desi gn

f eat ur es wi l l al l ow a sear ch wi t h good sensi t i vi t y f or

ast r ophysi cal poi nt sour ces, such as Cygnus X- 3, whi ch
may be emi t t i ng hi gh ener gy gammas, neut r i nos or
ot her neut r al par t i cl es . Hi gh r esol ut i on t r acki ng of
penet r at i ng par t i cl es by t he st r eamer t ube syst em al -
l ows accur at e poi nt i ng i n cel est i al coor di nat es, < 1° ,
l i mi t ed pr i mar i l y by mul t i pl e coul omb scat t er i ng i n t he
r ock over bur den . Fast t i mi ng and dE/ dx measur e-
ment s have been i ncor por at ed i n t he sci nt i l l at or syst em
t o pr ovi de br oad capabi l i t i es . I n par t i cul ar , upwar d-
goi ng par t i cl es ar e di st i ngui shed f r om downwar d- goi ng
par t i cl es at t he l evel of 1/ 10 7 . Absol ut e t i me measur e-
ment s can be made wi t h accur acy - 1 ws . Thus,
MACRO has ext ensi ve capabi l i t i es f or ast r ophysi cal
obser vat i ons .
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The l ar ge sci nt i l l at or mass ( = 600 t ons i n t he si x
super modul e conf i gur at i on) of MACRO al l ows
sear ches f or neut r i no bur st s emi t t ed i n gr avi t at i onal
st el l ar col l apses . The sensi t i vi t y of sci nt i l l at or t o l ow
ener gy i nt er act i ons i s wel l est abl i shed . Hence f or t hi s
pur pose, MACRO empl oys speci al l y desi gned t r i gger s
and el ect r oni cs t o r ecogni ze, buf f er , and r ecor d a l ar ge
number of l ow ener gy event s over a shor t t i me per i od
whi ch may be an i ndi cat i on of a super nova . Amoni t or -
i ng syst em i s now i n oper at i on t hat sounds an al ar m
( vi a modemand cel l ul ar phone) t o pr ovi de i mmedi at e

i ndi cat i on i f a candi dat e st el l ar col l apse event has

occur r ed .

The i nvest i gat i on of
mi t r adi at i on wi t h hi gh
st udi es on t he pr i mar y
MACRO t r acki ng syst em cover s a si gni f i cant l y l ar ger
ar ea t han any ot her det ect or oper at ed deep under -
gr ound . I t i s possi bl e t o di st i ngui sh t wo or mor e muons
t hat ar e wi t hi n a f ew cent i met er s of each ot her as wel l
as t hose whi ch ar e separ at ed up t o - 75 m. Many l ar ge
separ at i on mul t i pl e muon event s have al r eady been
obser ved al ong wi t h sever al ver y hi gh mul t i pl i ci t y ( > 40
muons) event s . As st at i st i cs ar e accumul at ed, t hese

st udi es t o dat e of
i n t he ul t r a hi gh

t he st andar d penet r at i ng cos-
st at i st i cs wi l l al l ow syst emat i c
cosmi c r ay composi t i on . The

dat a wi l l al l ow f or t he most sensi t i ve
t he pr i mar y cosmi c r ay composi t i on

ener gy ( UHE) r ange .

A uni que f eat ur e of t he MACRO det ect or i s t he
possi bi l i t y of st udyi ng event s i n coi nci dence wi t h t he
ext ensi ve ai r shower det ect or EAS- TOP, l ocat ed on
t op of t he Gr an Sasso mount ai n . For t he event s pass-
i ng t hr ough bot h det ect or s t he pr i mar y ener gy i s mea-
sur ed by EAS- TOP and t he under gr ound hi gh ener gy

( _> 2 TeV) muon cont ent i s measur ed by MACRO.

These dat a ar e i dent i f i ed by coi nci dences gi ven by our

common uni ver sal cl ock. Thi s capabi l i t y al l ows pr i mar y
cosmi c r ay composi t i on st udi es t hat sel ect a hi gher
ener gy r egi on t han under gr ound muons al one i n whi ch
t he st at i st i cs f avor l ower ener gi es .

I n t hi s paper we descr i be t he desi gn, const r uct i on,
and per f or mance of t he l ower par t of t he f i r st super -
modul e of t he MACROdet ect or . I t was br ought i nt o
oper at i on i n Febr uar y 1989, and, except f or a t hr ee

mont h i nt er val i n t he summer of 1989, was i n cont i nu-
ous oper at i on . The pr i nci pal pur pose of t hi s oper at i on
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has been t o t est t he MACRO desi gn pr i nci pl es and
t her ef or e t o gui de t he f ur t her devel opment of t he
appar at us. I n gener al , t he or i gi nal desi gn has pr oven
sound and const r uct i on i s pr oceedi ng wi t h f ew modi f i -
cat i ons r el at i ve t o what i s descr i bed i n t hi s paper . The
ot her f i ve super modul es of t he det ect or ar e al r eady
bui l t and ar e cur r ent l y bei ng put i nt o oper at i on .

2. Gener al l ayout of t he MACROdet ect or

The gener al l ayout of f i nal MACRO det ect or i s
shown i n f i g . 1 . I t consi st s of si x " super modul es" wi t h
over al l di mensi ons of 12 mX 77 mX 9 m. Each super -
modul e has a l ower par t of 4. 8 mhei ght and an upper
par t t hat wi l l br i ng t he t ot al hei ght t o 9 m. I n t hi s
paper we descr i be i n det ai l t he l ower par t of t he f i r st
super modul e. Fi g. 2 shows a cr oss- sect i onal end vi ew
of t he l ower par t of a MACRO super modul e . The
l ower par t of a super modul e i s made of t wo modul es
each wi t h hor i zont al ar ea of 6 mX 12 m. Bet ween t he
t wo modul es t her e i s a gap of 0. 3 mwi t h no sensi t i ve
el ement si nce i t i s occupi ed by t he suppor t i ng st r uct ur e
of t he appar at us . The si des and nor t h f ace of super -
modul e 1 ar e cover ed wi t h l i qui d sci nt i l l at i on

count er s * ' . Ther e ar e t wo t ypes of sci nt i l l at or uni t s,
t hose f or t he hor i zont al pl anes and t hose f or t he ver t i -

#1 Sandwi ched bet ween si x pl anes of l i mi t ed st r eamer t ubes .
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Hor i zont al St r eamer Tube Pl anes

cal pl anes . The sci nt i l l at or syst em and i t s el ect r oni c
i nst r ument at i on ar e descr i bed bel ow i n sect i on 3 . Each
l ayer of t he hor i zont al sci nt i l l at or count er s i s sand-
wi ched bet ween t wo pl anes of l i mi t ed st r eamer t ubes,
each 12 ml ong wi t h a cr oss- sect i onal ar ea of 3 emX 3
cm. Ther e ar e si x mor e hor i zont al pl anes of st r eamer
t ubes i n bet ween, f or a t ot al of t en pl anes . The ei ght
i nner pl anes ar e separ at ed by passi ve absor ber s ( i r on
and r ock - 60 g/ cm2 ) i n or der t o set a mi ni mum
t hr eshol d - 1 GeV f or ver t i cal muons cr ossi ng t he
det ect or . The hor i zont al st r eamer t ube pl anes ar e i n-
st r ument ed wi t h ext er nal pi ck- up st r i ps whi ch make an
angl e of 26 . 5° wi t h t he st r eamer t ubes' wi r es and pr o-
vi de a st er eo r eadout of t r ack hi t s . The st r eamer t ube
syst em and i t s el ect r oni cs ar e descr i bed bel ow i n sec-
t i on 4. The act i ve syst ems of sci nt i l l at or s and st r eamer
t ubes ar e suppl ement ed by one hor i zont al l ayer of
passi ve t r ack- et ch det ect or t o pr ovi de GUT monopol e
det ect i on r edundancy and f ur t her i oni zat i on i nf or ma-
t i on about any monopol e whi ch may be det ect ed The
f i nal conf i gur at i on of MACROwi l l have t he nor t h and
cast ver t i cal f aces of t he det ect or cover ed wi t h t r ack-
et ch modul es . Each t r ack- et ch modul e consi st s of t wo
t ypes of pl ast i c wi t h di f f er ent sensi t i vi t i es separ at ed by
an al umi num sheet . The desi gn al l ows i t t o di st i ngui sh
heavi l y i oni zi ng nucl ear f r agment s f r om t he expect ed
si gnat ur e f or magnet i c monopol es . Thi s syst em i s de-
scr i bed i n sect i on 5 . Sect i ons 6 and 7 descr i be t he
on- l i ne dat a acqui si t i on syst em and t he of f - l i ne dat a
anal ysi s envi r onment , r espect i vel y .

Hor i zont al Sci nt i l l at or Tank

; 0 ; Mi ' í
d . ~ Vi . i

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

d! 0 50,o .
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Hor i zont al Sci nt i l l at or Tank

Fi g. 2 . Cr oss- sect i onal end vi ew ( not t o scal e) of t he l ower par t of a MACROsuper modul e

2 PMs

Ver t i cal
Sci nt i l l at or
Tank

Ver t i cal
SSt r eamer

Pl anes



3. The sci nt i l l at or syst em

The MACROsci nt i l l at or syst em f or t he l ower par t
of t he f i r st super modul e consi st s of 32 hor i zont al coun-
t er s and 21 ver t i cal count er s . Al l ar e const r uct ed f r om
0. 63 cm t hi ck PVC sheet s . The hor i zont al count er s
cover t wo 12 mX 12 mpl anes separ at ed ver t i cal l y by
4. 8 mand t he ver t i cal count er s cover t hr ee of t he f our
ver t i cal f aces of t hi s vol ume . The nomi nal l engt h of
each count er i s 12 mof whi ch about 11 mi s f i l l ed wi t h
a hi ghl y t r anspar ent mi ner al oi l - based sci nt i l l at or . The
composi t i on of t he sci nt i l l at or oi l has been opt i mi zed
f or t hi s count er geomet r y and i t i s descr i bed l at er .
Each end of t he hor i zont al count er s cont ai ns r ef l ect or s
di r ect i ng t he sci nt i l l at i on l i ght t o t wo 20 cm di amet er
phot omul t i pl i er s ( PM) . ( Not e : Hamamat su R- 1408
t ubes ar e used i n t he f i r st super modul e ; however , EMI
D- 642 t ubes wi l l be used f or t he r emai nder of t he
MACROdet ect or . ) The anodes and one dynode of t he
pai r of PMs ar e connect ed separ at el y i n par al l el pr o-
vi di ng t wo PM si gnal s f r om each count er end . The
ver t i cal count er s ar e si mi l ar except t hat each end i s
i nst r ument ed wi t h j ust one PM.

The out put PM si gnal s f r om each count er end ( a
t ot al of 212 si gnal s si nce bot h anode and dynode si g-
nal s ar e used) ar e f ed t o f anout s t hat make copi es f or
dr i vi ng al l t he subsequent t r i gger i ng and measur ement
el ect r oni cs . Thi s el ect r oni c syst empr ovi des a col l ect i on
of t r i gger s wi t h over l appi ng sensi t i vi t i es . I ncl uded ar e
t r i gger s speci al l y desi gned f or magnet i c monopol es
passi ng t hr ough t he det ect or wi t h vel oci t i es as sl ow as
1 . 3 X 10 - 4 c as wel l as ot her s f or muons and bur st s of
l ow ener gy neut r i nos f r om super novae . I t al so pr ovi des
r edundant measur ement s of t he t i me st r uct ur e of t he
si gnal s, t hei r char ge, and t i me of occur r ence .

H
10cm
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Fi g. 3 . Det ai l s of each end of t he hor i zont al sci nt i l l at i on
count er s . The anodes and one dynode of t he t %Wphot ot ubes
ar e connect ed separ at el y i n par al l el . The l engt h of t he sensi -

t i ve vol ume of l i qui d sci nt i l l at or i s 1120 cm.

10cm

Fi g . 4 . Det ai l s of each end of t he ver t i cal sci nt i l l at i on coun
t er s . The l engt h of t he sensi t i ve vol ume of l i qui d sci nt i l l at or i s

1107 cm.

3. 1 . The sci nt i l l at or count er s

cl ear PVC
mi r r or , wi ndow

34 1

Bot h t he hor i zont al and ver t i cal count er s ar e of
uni f or m r ect angul ar cr oss sect i on and consi st of t hr ee
chamber s separ at ed by t r anspar ent PVCwi ndows . The
mi ddl e chamber i s t he maj or one and i s f i l l ed wi t h
l i qui d sci nt i l l at or . The t wo end chamber s cont ai n bot h
t he l i ght col l ect i on opt i cs and t he phot omul t i pl i er s .
They ar e f i l l ed wi t h pur e mi ner al oi l of t he same t ype
as used f or t he base of t he sci nt i l l at or . Thi s geomet r i c
ar r angement pr ovi des i deal opt i cal cont act bet ween
t he sci nt i l l at or and t he PMs and l i mi t s t he dynami c
r ange of PMsi gnal s caused by r adi oact i ve decays near
t he phot omul t i pl i er i t sel f . Fur t her mor e, i t al l ows r ea-
sonabl y conveni ent mai nt enance access t o t he phot o-
mul t i pl i er s . The det ai l ed geomet r y of t hese end cham-
ber s i s shown i n f i g . 3 f or t he hor i zont al sci nt i l l at or s
and i n f i g . 4 f or t he ver t i cal ones .

The l engt h of t he sci nt i l l at or chamber of t he hor i -
zont al count er s i s 1120 cm and i t s wi dt h i s 73 . 2 cm.
The nomi nal dept h of sci nt i l l at or oi l i s 19 em, but t hi s
var i es by a f ew mi l l i met er s f r om t ank t o t ank . Si mi l ar l y,
si nce t he t anks ar e not per f ect l y l evel , t her e i s a f ew
mi l l i met er s dept h di f f er ence bet ween t he t wo ends,
al so var yi ng f r om t ank t o t ank . The i nsi de wal l s of t he
sci nt i l l at or t anks ar e l i ned wi t h a commer ci al whi t e
vi nyl - FEP mat er i al #z . Si nce t he FEP has a r ef r act i ve
i ndex of 1 . 33 and t he mi ner al oi l / sci nt i l l at or mi x has
an i ndex of 1 . 4750 ± 0. 0005, t her e i s t ot al i nt er nal
r ef l ect i on f r om t he wal l s f or l i ght i nsi de a cr i t i cal angl e
of - 25 . 6° . The ai r / sci nt i l l at or i nt er f ace f or t he t op
sur f ace al so pr ovi des t ot al i nt er nal r ef l ect i on . Test s
made on scal e model t anks wi t h smal l t r ansver se di -

#2 Thi s mat er i al i s manuf act ur ed by Nor t on Chempl ast ,
Wayne, N. J . , under t he t r ade name " Chemf l our " . I t i s a
whi t e vi nyl mat er i al wi t h an acr yl i c pr essur e sensi t i ve
adhesi ve on one si de and a 0. 001 i n . f i l m of FEP on t he
ot her .
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mensi ons i ndi cat e t hat t he ef f ect i ve at t enuat i on l engt h
due t o r ef l ect i ons on t he l i ner i s gr eat er t han 26 m.
Si nce t he obser ved at t enuat i on l engt h of t he count er s
i s somewhat l ess t han t hi s, t he l i ner i s not a l i mi t i ng
f act or i n t he per f or mance of t he count er s . Fi nal l y,
t her e i s no evi dence of any chemi cal or physi cal i nt er -
act i ons bet ween t he l i qui d sci nt i l l at or and t hi s l i ner
mat er i al over a per i od of sever al year s.

I n or der t o pr ovi de t he possi bi l i t y of conveni ent l y
moni t or i ng t he sci nt i l l at or r esponse wi t h an ar t i f i ci al
l i ght sour ce, a sl ot t ed PVCpi pe i s r un f r om one end of
t he count er t o t he ot her . Thi s pi pe i s mount ed on t he
i nsi de t op sur f ace of t he sci nt i l l at or t ank and i s t r ans-
ver sel y cent er ed . Quar t z opt i cal f i ber s gui di ng UV
l aser l i ght t o var i ous poi nt s i nsi de t he count er ar c
passed t hr ough t he sl ot t ed pi pe . The cal i br at i on l i ght
sour ces ar e descr i bed i n mor e det ai l bel ow.

The end chamber s ar e separ at ed f r om t he sci nt i l l a-
t or by a wi ndow made of 0. 32 cm cl ear PVC #3 . Thi s
mat er i al has an opt i cal t r ansmi ssi on of > 90% f or
wavel engt hs l onger t han 400 nm; i t cut s of f shar pl y at
about 390 r i m. For t he hor i zont al count er s, t he end
chamber s cont ai n t wo l i ght col l ect i on mi r r or s wi t h one
LED mount ed on each, t wo PMs, cl osed cel l pol yf oam
PMmount s t o suppor t t he buoyant f or ces on t he PM,
and t he PM bases and t hei r cabl i ng. They ar e f i l l ed
wi t h pur e mi ner al oi l t o t he same dept h as t he sci nt i l l a-
t or .

I n t he hor i zont al count er s t he t wo 20 cm di amet er
phot omul t i pl i er s ( Hamamat su R- 1408) cover onl y 47%
of t he t r ansver se ar ea of t he count er . Ther ef or e, f or
l i ght pr oduced at poi nt s i n most of t he vol ume of t he
count er , unai ded PMs i nt er cept about hal f of t he l i ght
t hat r eaches t he end chamber . Si nce t he phot omul t i pl i -
er s have an hemi spher i cal phot ocat hode, we wer e abl e
t o desi gn shor t mi r r or s wi t h good geomet r i c l i ght col -
l ect i on ef f i ci ency by al l owi ng t he PM envel ope t o be
r e- ent r ant i nt o t he mi r r or . The mi r r or shape i s a sur -
f ace of r evol ut i on, sui t abl y t r uncat ed t o f i t i nt o t he
r ect angul ar cr oss sect i on of t he count er . The shape of
t he r evol ved pl anar cur ve was cal cul at ed so t hat a r ay
copl anar wi t h t he mi r r or axi s and maki ng an angl e of
31° wi t h i t was r ef l ect ed t angent t o t he sur f ace of t he
r e- ent r ant PM. Thi s condi t i on guar ant ees t hat al l such
copl anar r ays t hat can be t r ansmi t t ed f r om a di st ant
sour ce ar e r ef l ect ed ont o t he phot ot ube envel ope .
Measur ement of t he r esponse of t he phot ocat hode as a
f unct i on of t he angl e whi ch i nci dent l i ght makes wi t h
t he envel ope nor mal , 0, shows a sec 0 r esponse up t o
60° and an al most const ant r esponse f r om 60° t o near
t angency . Thus, t he desi gn i s opt i mal f or l i ght copl anar
wi t h t he axi s of r evol ut i on . Skew r ays can be l ost , but

#3 Thi s mat er i al i s manuf act ur ed by Robeco Chemi cal s, I nc . ,
under t he name " A- 100 cl ear PVC" .
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Mont e Car l o cal cul at i on shows t hat f or l i ght wi t hi n t he
bundl e t r ansmi t t ed f r om a di st ant sour ce, t he mi r r or
geomet r i c ef f i ci ency i s gr eat er t han 99%.

The mi r r or s ar e manuf act ur ed by vacuum f or mi ng
acr yl i c pl ast i c over a pr eci sel y cut al umi num f or m.
These mi r r or bl anks ar e t hen f r ont sur f ace al umi ni zed .
Measur ement s of a count er ' s r esponse at one end t o
muons passi ng t hr ough t he count er near t he ot her end
show t hat t he l i ght col l ect i ng mi r r or s i ncr ease t he
si gnal si ze a f act or of 1 . 71 . Thi s i s t o be compar ed wi t h
an i deal i ncr ease of 2. 13 f or per f ect l i ght col l ect i on, so
t hat t he over al l l i ght col l ect i on ef f i ci ency of t he mi r r or s
i s 80%. The mi r r or s l eave unchanged t he r esponse of
one end t o muons passi ng near t hat end. Thus on
aver age, t he mi r r or s i ncr ease si gnal si ze and decr ease
dynami c r ange .

I n gener al , t he geomet r y of t he ver t i cal count er s i s
si mi l ar t o t hat of t he hor i zont al ones . The l engt h of
act i ve sci nt i l l at or i s 1107 cm and i t i s 21 . 7 cmwi de . The
oi l dept h i s 46 . 2 cm, var yi ng f r om t ank- t o- t ank and
end- t o- end by a f ew mi l l i met er s . The wal l s ar e l i ned
wi t h t he same mat er i al as f or t he hor i zont al t anks. The
geomet r y of t he end chamber s i s shown i n f i g . 4 above .
Onl y one phot ot ube i s used at each end and t he l i ght
col l ect i on mi r r or i s a si mpl e cone t r uncat ed sui t abl y t o
f i t i nt o t he r ect angul ar cr oss sect i on of t he count er .
The cone i s devel oped f r om f l at sheet s of hi ghl y r ef l ec-
t i ve al umi num #4 .

3 . 2. The l i qui d sci nt i l l at or

Because of t he ext r aor di nar y l engt h of t he MACRO
sci nt i l l at i on count er s, t he cr i t i cal par amet er f or t he
sci nt i l l at or oi l i s i t s t r anspar ency . I deal l y, i t s at t enua-
t i on l engt h at t he wavel engt h of t he sci nt i l l at i on l i ght
shoul d be at l east 12 m. Thi s has been achi eved by
usi ng a hi gh pur i t y mi ner al oi l base and choosi ng t he
amount of sci nt i l l ant t o maxi mi ze t he si gnal f r om t he
f ar end of a count er . The mi ner al oi l base has an
at t enuat i on l engt h of 20 mor mor e at a wavel engt h of
425 nm[ 2] . Fi g. 5 shows measur ement s made on a l ong
pat h l aser spect r ophot omet er of a t ypi cal sampl e of t he
base oi l used i n MACRO. The sci nt i l l ant i s a mi xt ur e
of : pseudocumene ( 1, 2, 4- t r i met hyl benzene) ; PPO ( 2, 5-
di phenyl - oxazol e) ; and bi s- MSB ( p- bi s[ o- met hyl st yr yl ]
benzene) . The absor pt i on and f l uor escence spect r a of
t hese mat er i al s ar e gi ven i n r ef . [ 3] .

Pr el i mi nar y measur ement s i n a 12 mx 25 cmx 25
cm t est t ank wer e used t o set t he r el at i ve concent r a-
t i ons t o 40 g PPO and 40 mg bi s- MSB t o one l i t er of
pseudocumene ( 876 g) . Fur t her mor e, t hese measur e-
ment s suggest ed t hat t he concent r at i on of pseudo-

#4 Thi s mat er i al i s manuf act ur ed by Al coa Al umi num under
t he t r ade name " Ever br i t e" . A l ower l i mi t on i t s spect r al
r ef l ect i vi t y i s 85%.
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Fi g . 5 . Long pat h l aser spect r ophot omet er measur ement s on a
t ypi cal sampl e of MACRObase oi l ( Br i t ol 6NF oi l ) .

cumene mi xt ur e i n mi ner al oi l shoul d be 6. 2%.

Twent y- ni ne of t he count er s wer e f i l l ed wi t h t hi s mi x-

t ur e i n June, 1988 . Fur t her wor k was done usi ng a f ul l

si zed hor i zont al count er . I t s r esponse f unct i on was

measur ed as t he amount of sci nt i l l ant was gr adual l y

i ncr eased . Fi g . 6 shows t he l i ght yi el d f r om a muon

passi ng t hr ough t he f ar end of a count er as a f unct i on

of t he per cent age concent r at i on of t he pseudocumene
mi xt ur e i n t he mi ner al oi l . On t he basi s of t hese
measur ement s, i t was deci ded t o use a conser vat i ve
pseudocumene concent r at i on of 3. 6%. The r emai ni ng
t went y- f our count er s i n super modul e 1 wer e f i l l ed wi t h
t hi s concent r at i on and i t wi l l be used f or t he r emai nder
of t he MACROdet ect or . The f i nal MACROsci nt i l l a-

t or i s t hen : 96 . 4% mi ner al oi l , 3. 6% pseudocumene,

1 . 44 g/ l of PPO, and 1. 44 mg/ l of bi s- MSB. I n addi -
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Fi g . 6. Li ght yi el d vs pseudocumene concent r at i on f or a muon
passi ng t hr ough t he f ar end of a MACRO t est count er . The
f i nal sci nt i l l at or mi xt ur e wi t h i mpr oved l i ght at t enuat i on
yi el ded about a f act or of 2 mor e phot oel ect r ons t han i ndi -

cat ed her e .
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t i on, t he mi ner al oi l suppl i ed by t he manuf act ur er
cont ai ns 40 mg/ 1 of an ant i oxi dant . Af t er each bat ch of

sci nt i l l at or i s mi xed, t he f i nal concent r at i ons of t he

act i ve i ngr edi ent s ar e checked by quant i t at i ve spec-
t r ophot omet r y bef or e t he count er s ar e f i l l ed .

3. 3. The sci nt i l l at or cal i br at i on syst em
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For pur poses of set t i ng up t he el ect r oni cs and moni -
t or i ng sci nt i l l at or syst em st abi l i t y, ar t i f i ci al l i ght sour ces
have been i nst al l ed i n each count er . Avai l abl e ar e
LEDs mount ed near t he PM i n t he count er end cham-
ber s and UV l i ght f r om a ni t r ogen l aser coupl ed t o t he
l i qui d sci nt i l l at or by opt i cal f i ber s .

The LEDs ar e mount ed on t he mi r r or s i n each
hor i zont al count er and on t he cl ear wi ndow i n t he
ver t i cal count er s . They al l ow i ndi vi dual exci t at i on of
t he count er s wi t h l i ght pul ses whi ch si mul at e
monopol es, muons, and f r act i onal l y char ged par t i cl es,
and al so pr ovi de a conveni ent sour ce of ver y smal l l i ght
pul ses t o exci t e si ngl e phot oel ect r on si gnal s . We chose
t he HLMP- 3001 r ed LED manuf act ur ed by Hewl et t -

Packar d, si nce out of al l t he LEDs we t est ed, i t has t he

l east over shoot f or mi cr osecond l engt h pul ses whi ch

ar e necessar y f or si mul at i ng monopol es . I t has a r at ed

" speed of r esponse" of 10 ns . We f i nd t hat f or l ong

pul ses, i t has a 60 ns t o 80 ns r i se t i me . Fur t her mor e, i t
i s suf f i ci ent l y br i ght wi t h modest dr i ve t o si mul at e a
monopol e of any vel oci t y . The l aser cal i br at i on syst em
i s based on a t ype VSL337 ni t r ogen l aser * 5 . Thi s
i nst r ument pr oduces a 3 ns FWHMpul se of 337. 1 nm
UV l i ght . Thi s wavel engt h i s wel l bel ow t he absor pt i on
band of pseudocumene, j ust on t he hi gh edge of t hat of
PPO, and at t he peak absor bency of bi s- MSB. Thus,
t he l i ght seen by t he phot ot ubes has essent i al l y t he
same spect r al and t empor al di st r i but i ons as t hat pr o-
duced by nor mal i oni zat i on event s . The l aser out put i s
passed t hr ough a var i abl e at t enuat or and t hen i nt o one
of t wo spl i t t er s, each dr i vi ng one quar t z f i ber per
sci nt i l l at i on count er . The f i ber s f r om one spl i t t er t er -

mi nat e at t he l ongi t udi nal cent er of each count er and

t hose f r om t he ot her t er mi nat e 2 mf r om one end . The

spl i t t er i s manual l y det er mi ned and usual l y t he one
dr i vi ng t he cent er ed f i ber s i s used . Thus, a si ngl e l aser
pul se i l l umi nat es al l t he count er s . I n addi t i on, one
f i ber di r ect l y f r om t he l aser and anot her on t he out put
of t he at t enuat or dr i ve t wo speci al moni t or i ng phot o-
mul t i pl i er s. The one di r ect l y f r om t he l aser pr ovi des us
wi t h a nor mal i zer t o el i mi nat e t he ±5%pul se- t o- pul se
var i at i ons of t he l aser and t hat whi ch passes t hr ough
t he at t enuat or pr ovi des a cr oss check on i t . At f our

#5 Model 33700 VSL- 337 ni t r ogen l aser , manuf act ur ed by
Laser Sci ence, I nc . , Cambr i dge, MA. 40 KWpeak power
at 337 nm, 3 ns FWHM, 100 WJ, r epet i t i on r at e 1- 20 Hz .
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hour i nt er val s dur i ng det ect or oper at i on, bot h t he
LEDs and t he l aser ar e f i r ed about 100 t i mes usi ng a
f i xed set of exci t at i on par amet er s . Thi s al l ows r api d
det ect i on of syst em mal f unct i ons and t he cr eat i on of a
dat a base f r om whi ch t o assess count er st abi l i t y . I n
addi t i on, once per week t he syst em i s exer ci sed much
mor e ext ensi vel y wi t h a wi de pat t er n of exci t at i on
par amet er s al l owi ng exhaust i ve checks and cal i br at i ons
of t he el ect r oni cs .

3. 4. Per f or mance of sci nt i l l at i on count er s

Fr om t he r at i o of t he r ef r act i ve i ndex of t he FEP t o
t hat of t he oi l and t he t r ansver se di mensi ons of t he
count er s, i t can be shown t hat = 6% of t he l i ght
pr oduced at a poi nt f ar t her t han about 1 m f r om a
count er end i s geomet r i cal l y accept ed by t hat end .
Measur ement s compar i ng t he r esponse of sampl es of
t he MACROsci nt i l l at or ( 3 . 6%pseudocumene concen-
t r at i on) t o t hat of a geomet r i cal l y si mi l ar sampl e of
pl ast i c sci nt i l l at or show t hat i t s absol ut e ef f i ci ency i s
0. 94%. ( The l i ght gener at i on ef f i ci ency of t he " 6%
pseudocumene sci nt i l l at or " i s 1 . 15%. ) The cal cul at ed
aver age ener gy l oss of a mi ni mum i oni zi ng par t i cl e
passi ng t hr ough 19 cm of t hi s sci nt i l l at or i s 34 MeV
and t he most pr obabl e ener gy l oss i s 31 MeV. Thus,
i gnor i ng l i ght at t enuat i on of t he sci nt i l l at or , on aver age
4900 phot ons ( 3 eV) r each phot ocat hodes when a muon
passes nor mal l y t hr ough t he sci nt i l l at or .

Measur ement s of t he r esponse of a hor i zont al t ank
t o penet r at i ng muons wer e made by def i ni ng beams of
cosmi c r ay muons wi t h smal l pl ast i c sci nt i l l at or t el e-
scopes at ei ght posi t i ons al ong t he count er . Fi g . 7
shows a wor st case count er r esponse cur ve ; i n gener al ,
t he sci nt i l l at or used i n MACROhas l ess at t enuat i on
t han t hat used f or t hese measur ement s . The cal i br a-
t i on of t he PM r esponse f r om si gnal si ze t o " conven-
t i onal phot oel ect r ons" was done usi ng t he mean and
t he r ms wi dt h of i t s r esponse t o LED l i ght f l ashes . I t
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Fi g . 7 . Sci nt i l l at i on count er r esponse cur ve showi ng t he l i ght
yi el d vs muon posi t i on i n t he count er .
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does not t ake i nt o account t he cont r i but i on t o t he
wi dt h of t he di st r i but i on f r om t he st at i st i cal gai n of t he
PM. The r at i o 300/ 4900=6 . 1% of t he number of
convent i onal phot oel ect r ons det ect ed f r om t he f ar end
of t he count er t o t he expect ed amount of l i ght success-
f ul l y t r ansmi t t ed t owar d t he PMi ncl udes t he at t enua-
t i on of t he f i ght i n t he sci nt i l l at or , t he phot ocat hode
ef f i ci ency, and t he ef f ect of t he PMgai n st at i st i cs .

3. 5 . The sci nt i l l at or el ect r oni c i nst r ument at i on

I n t he sect i ons t hat f ol l ow, we gi ve an over vi ew of
each el ect r oni c syst em i n use f or t he MACROsci nt i l l a-
t i on count er s . Many of t he ci r cui t s have been cust om
desi gned and bui l t by var i ous col l abor at i ng i nst i t ut i ons .
Det ai l ed t echni cal ar t i cl es have been publ i shed on
speci f i c syst ems ; hence, we r ef er t he r eader t o t he ci t ed
r ef er ences f or mor e compr ehensi ve descr i pt i ons .

3. 5. 1 . The phot omul t i pl i er t ubes and f r ont - end el ect r oni cs
The phot omul t i pl i er s used i n t he f i r st super modul e

ar e Hamamat su R- 1408. These PMs have 20 cmdi ame-
t er hemi spher i cal phot ocat hodes and 13 CeS dynodes
i n a f ast venet i an bl i nd st r uct ur e . Each anode of t he
t wo t ubes i n one hor i zont al count er end dr i ves a shor t
93 S2 cabl e par al l el ed by a 92 i Z t er mi nat i ng r esi st or ;
t he t wo 93 Sl cabl es ar e si mpl y connect ed t o one 50 1Z
cabl e t hat goes t o t he el ect r oni cs . Pul ses f r om t he
si ngl e phot omul t i pl i er i n t he ver t i cal count er ends ar e
br ought out di r ect l y on a 50 SZ cabl e . The PMs ar e
oper at ed at a nomi nal char ge gai n of 1 X 10' t o yi el d
an aver age peak pul se hei ght f r om a si ngl e phot oel ec-
t r on at t he i nput t o t he el ect r oni cs of 3 mV. The
t ypi cal hi gh vol t age i s about - 1500 V; t hi s vol t age i s
di vi ded so t hat t her e i s about 550 V bet ween t he
cat hode and t he f i r st dynode and t he ot her 950 V i s
uni f or ml y di vi ded among t he dynodes . At t hi s gai n t he
t ypi cal r at e of dar k noi se pul ses above t he mean si ngl e
phot oel ect r on l evel i s bel ow 1 kHz, t he r ms devi at i on
of t he t r ansi t t i me f r om i t s mean f or f ul l cat hode
i l l umi nat i on of 100 phot oel ect r ons or mor e i s l ess t han
1 . 5 ns, and t he r at e of af t er pul ses above t he si ngl e
phot oel ect r on l evel i n a t i me wi ndow f r om 0. 2 ws t o 10
ws i s l ess t han 1 %f or each phot oel ect r on . The di st r i -
but i on of out put char ge f r om si ngl e phot oel ect r ons i s
monot oni cal l y decr easi ng wi t h no hi nt of ei t her a peak
or even a shoul der ; i t i s wel l appr oxi mat ed by a si mpl e
exponent i al . The FWHMof t he out put pul ses f r om a
si ngl e phot oel ect r on i s 8 ns .

Fi nal l y, t he anode out put char ge as a f unct i on of
t he number of phot oel ect r ons f or a smal l si gnal gai n of
5 X 10 6 i s shown i n f i g . 8 . The dynode sat ur at i on
char act er i st i c i s si mi l ar t o t hat of t he anodes, but not
qui t e as sever e ; t he dynami c r ange of t he syst em i s
i mpr oved by a f act or of about 5 by use of t he dynode
out put .
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Fi g. 8 . Phot omul t i pl i er out put char ge as a f unct i on of t he
number of i nput phot oel ect r ons f or a PMgai n = 5 X 10 6 . The
smoot h cur ve t hr ough t he dat a poi nt s ser ves as a gui de t o t he

eye onl y .

I n a st udy of ver t i cal muons t hr ough t he t wo sci nt i l -
l at or pl anes, t he si gma of t he measur ed t i me r esol ut i on
of a si ngl e count er i s of or der 1 ns i ndi cat i ng MACRO' s
abi l i t y t o di st i ngui sh downwar d f r om upwar d goi ng
par t i cl es .

3. 5. 2. Monopol e t r i gger i ng and wavef or m r ecor di ng

A sl owl y movi ng magnet i c monopol e t r aver si ng a
MACRO sci nt i l l at i on count er may pr oduce ver y l i t t l e
l i ght . The si gnal may be a wi de pul se of l ow ampl i t ude
or may br eakup i nt o a t r ai n of si ngl e phot oel ect r on
pul ses l ast i ng f or sever al mi cr oseconds . Hence, t he
cent r al pr obl emt o be addr essed by t he " sl ow monopol e
t r i gger " i s t o be sensi t i ve t o var i ous si gnal s, f r om wi de
pul ses of l ow ampl i t ude t o t r ai ns of si ngl e phot oel ec-
t r on pul ses .

The sl ow monopol e t r i gger ci r cui t used i n MACRO
has t wo par t s . The f i r st i s an anal og ci r cui t t hat pr o-
vi des a TTL out put pul se whose dur at i on i s nomi nal l y
t he t i me t hat t he i nput pul se i s l ar ger t han i t s hal f
hei ght . Thus, i t i s cal l ed t he t i me- over - hal f - mi x
( TOHM) ci r cui t . Ther e i s a mi ni mum pul se si ze r e-
qui r ed at t he i nput f or t he ci r cui t t o oper at e and t hi s i s
set t o bel ow t he si ze of t he aver age si ngl e phot oel ec-
t r on pul se hei ght . These ci r cui t s ar e dr i ven by an
ampl i f i ed anode si gnal ( X 10) f r om t he PM si gnal
f anout s . By t aki ng t he wi dt h at hal f maxi mum of t he
pul ses and di sr egar di ng t he pul se hei ght s, t he TOHM
ci r cui t s ef f ect i vel y suppr ess l ar ge and shar p pul ses pr o-
duced by muons and r adi oact i ve decays . I n t hi s manner
a shar p pul se of 200 phot oel ect r ons, f or exampl e, pr o-
duces a TOHMout put si mi l ar t o a si ngl e phot oel ec-
t r on pul se, whi l e a t r ai n of 20 si ngl e phot oel ect r on
pul ses pr oduces 20 such TOHMout put s . I n super mod-
ul e 1, t he sci nt i l l at or s wer e gr ouped i nt o uni t s of f our
f or dr i vi ng t he TOHMs . The t ypi cal out put r at e of
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each gr oup was about 120 kHz . I n t he f i nal conf i gur a-

t i on of MACRO, each sci nt i l l at or end wi l l have i t s own

TOHMci r cui t .

The second par t of t he sl ow monopol e t r i gger ci r -

cui t uses t he TOHM out put as i nput . Thi s di gi t al

ci r cui t count s a scal er up at a f i xed hi gh f r equency ( 66
MHz) whi l e t he i nput si gnal f r om t he TOHMi s hi gh
and count s down at a r el at i vel y l ow f r equency whi l e t he
i nput si gnal i s l ow. The ci r cui t t r i gger s i f t he count i n

t he scal er exceeds a pr eset l i mi t . Because t he scal er

count r i ses l i near l y whi l e t her e i s i nput and f al l s l i n-
ear l y at a sl ower r at e when no i nput i s pr esent , t he
ci r cui t i s cal l ed a l eaky i nt egr at or ( LI ) . I t i s easy t o see
t hat f or sui t abl y adj ust ed val ues of i t s t wo par amet er s
( t he down count i ng f r equency and t he pr eset count f or
t r i gger i ng) , t hi s ar r angement wi l l r ej ect nar r ow pul ses
due t o muons and det ect bot h wi de pul ses and suf f i -
ci ent l y dense bur st s of si ngl e phot oel ect r ons . The LI
ci r cui t uses st andar d TTL di gi t al l ogi c and each TOHM
ci r cui t dr i ves one LL Acoi nci dence wi t hi n 20 ws of LI
out put s f r om t he t wo ends of a gr oup of sci nt i l l at or s i s
used t o t r i gger t he dat a acqui si t i on and t o st op t he
wavef or m di gi t i zer s at an appr opr i at e t i me so t hat t he
det ai l s of t he t r i gger i ng wavef or m can be st udi ed . At
t he t i me each wavef or m di gi t i zer i s st opped, a t i me
wor d f r om a 5 MHz cl ock i s l at ched . Thi s t i me wor d

r ecor ds t he r el at i ve t i mi ng of t he wavef or m dat a f r om
di f f er ent channel s and can be used t o cal cul at e t he

t i me- of - f l i ght of a sl ow monopol e .
Two wavef or m di gi t i zer s wer e used i n conj unct i on

wi t h t he sl ow monopol e t r i gger syst em. A LeCr oy 2262
syst em, cl ocked at 50 MHz, cover s a 6 l l , s wi ndow
cent er ed on t he t r i gger i ng event . A sl ower , cust om
bui l t syst em i s cl ocked at 20 MHz and cover ed a 20 l i . s
wi ndow [ 5] . The si gnal s i nt o t he 50 MHz syst em ar e
at t enuat ed by a f act or of 5 whi l e t he si gnal s i nt o t he 20
MHz syst em ar e ampl i f i ed by a f act or of 10 so t hat t he
t wo syst ems cover di f f er ent dynami c r anges .

The t r i gger i ng ef f i ci ency of t he sl ow monopol e t r i g-
ger syst em as a f unct i on of t ot al si gnal char ge f or a
f i xed dur at i on of i nput si gnal f al l s ver y st eepl y f r om
uni t y t o zer o near a t r i gger i ng t hr eshol d . The i nput
char ge cor r espondi ng t o a 90%t r i gger i ng ef f i ci ency f or
each pul se dur at i on i s mapped by exci t i ng t he sci nt i l l a-
t or PMs wi t h LED pul ses . Fi g . 9 shows t he measur ed
sl ow monopol e t r i gger sensi t i vi t y as a f unct i on of par t i -
cl e vel oci t y f or t he hor i zont al count er s wi t h t r i gger
par amet er s used f or MACRO dat a t aki ng i n 1990 . I n
addi t i on, f i g. 9 shows t he expect ed l i ght yi el d f or var i -
ous t ypes of par t i cl es [ 6] .

I n addi t i on t o sl ow monopol e det ect i on, MACROi s
i nst r ument ed t o det ect t he passage of r el at i vel y f ast
monopol es wi t h vel oci t i es i n t he r ange 2. 5 X 10 - 3 < p

< 1 . 5 X 10 - 2 . Thi s t r i gger i s gener at ed by t he f ast
par t i cl e t r i gger s ( descr i bed bel ow) wi t h t he addi t i on of
a vet o of pr ompt muon event s . Thi s t r i gger over l aps



346 MACROCol l abor at i on / Fi r st super modul e at Gr an Sasso

Fi g. 9 . The cur ve wi t h dat a poi nt s ( X) shows t he monopol e

t r i gger sensi t i vi t y ver sus par t i cl e vel oci t y . The ci r cui t t r i gger s

wi t h 90% pr obabi l i t y when t he amount of l i ght equal s t he

val ue gi ven by t he sensi t i vi t y cur ve . The cur ve ser ves as a

gui de t o t he eye onl y . The expect ed l i ght yi el d f or var i ous

par t i cl e t ypes [ 6] i s i ndi cat ed by t he l abel ed cur ves .

t he vel oci t y r ange of t he sl ow monopol e t r i gger . I n al l

cases, t he sci nt i l l at or wavef or ms ar e r ecor ded .

3. 5. 3 . Fast par t i cl e t r i gger i ng and i ni t i al ADC/ TDC

el ect r oni cs
The f ast par t i cl e t r i gger i n MACRO t r eat s each

det ect or f ace as a si ngl e l ar ge sci nt i l l at i on count er . The

PM si gnal s f r om each si de of al l t he sci nt i l l at or s on a

f ace of t he det ect or ar e l i near l y added t oget her and

di scr i mi nat ed at a l ow enough l evel t o be 100% ef f i -

ci ent f or muons but hi gh enough t o r ej ect essent i al l y

al l t he r adi oact i ve backgr ound si gnal s. The di scr i mi -

nat ed si gnal s f r om t he t wo si des of a f ace ar e put i n

100 ns coi nci dence ( t he l i ght t r ansi t t i me t hr ough a

sci nt i l l at or i s about 60 ns) , and f i nal l y each pai r of

t hese f ace si gnal s i s put i nt o a l I l , s coi nci dence t o f or m

t he f ast par t i cl e t r i gger .

Because of i t s avai l abi l i t y at t he t i me of t ur n on of

MACRO' S f i r st super modul e, el ect r oni cs used by t he

I MBpr ot on decay exper i ment [ 7] was modi f i ed f or use

as a t r i gger i ng and ADC/ TDCsyst em f or t he sci nt i l l a-

t i on count er s . I n t hi s el ect r oni cs, di scr i mi nat ed si gnal s

ar e der i ved f r om t he i nput ci r cui t r y of t he ADCs and

TDCs and ar e used t o pr oduce a t r i gger f or par t i cl es

passi ng t hr ough any t wo f aces of t he MACROdet ect or

wi t h t r ansi t t i me l ess t han 7 ws Thi s cor r esponds t o a

vel oci t y of ß > 2. 5 X 10 - ; f or a par t i cl e passi ng ver t i -

cal l y t hr ough t he appar at us . The di scr i mi nat i on l evel

on each sci nt i l l at or ' s end i s set at about t he 30 phot o-

el ect r on l evel . Thi s l evel i s wel l bel ow t he si ngl e muon

si gnal and yet r esul t s i n an accept abl y l ow t r i gger r at e

due t o acci dent al s f r om t he r adi oact i vi t y backgr ound .

Coi nci dences wi t hi n 100 ns ar e set up bet ween t he t wo

ends of each sci nt i l l at or and t hese ar e ORed over al l

t he sci nt i l l at or s i n a f ace t o gener at e a pr e- t r i gger . A

f ast par t i cl e ( muon) t r i gger i s gener at ed by a 7 I l , s

coi nci dence bet ween any pai r of t hese pr e- t r i gger s .

When t r i gger ed, t he syst em measur es bot h t he r el at i ve

t i me of occur r ence and t he char ge i n bot h t he anode

and dynode si gnal s f r om al l t he sci nt i l l at or s . The I MB

el ect r oni cs ser ved as t he pr i mar y muon t r i gger and

ADC/ TDC syst em f or t he f i r st super modul e of

MACRO. However , si nce t i me of t ur n- on, mor e so-

phi st i cat ed syst ems have been devel oped whi ch wi l l be

used f or al l of MACRO. These syst ems ar e descr i bed

i n t he f ol l owi ng t wo sect i ons .

3. 5. 4. The ener gy r econst r uct i on pr ocessor
The ener gy r econst r uct i on pr ocessor ( ERP) syst em

( f i g . 10) i s an i nt egr at ed t r i gger and ADC/ TDCr ead-

Fi g . 10 . Gener al l ogi c of t he ener gy r econst r uct i on pr ocessor ( ERP) used by t he MACROdet ect or .
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out syst em f or t he MACRO sci nt i l l at or count er s . I t
pr ovi des a gener al muon t r i gger t hat does not r equi r e
coi nci dence bet ween count er s, pr eci si on ADC and
TDCdi gi t i zat i ons of sci nt i l l at or si gnal s, and a gr avi t a-
t i onal st el l ar col l apse t r i gger . The syst em i s composed
of t hr ee separ at e modul e t ypes : t he sampl e- and- hol d
modul e ( S/ H) , t he t r i gger pr ocessor modul e, and t he
r eadout super vi sor modul e .

The S/ Hmodul e f or ms t he f r ont end of t he syst em.
I t s pr i mar y f unct i on i s t o hol d t he PMsi gnal ampl i t ude
and t i mi ng i nf or mat i on f or ei t her r eadout or t r i gger i ng
pur poses . For ampl i t ude i nf or mat i on, i t i nt egr at es t he
PM si gnal s and, f or t i mi ng i nf or mat i on, i t i nt egr at es
const ant cur r ent pul ses whose l engt hs measur e t he
r el at i ve occur r ence t i mes of t he PM si gnal s . I t hol ds
t hi s i nf or mat i on as anal og vol t ages and makes t hem
avai l abl e t o a di gi t al t r i gger i ng ci r cui t i n t he t r i gger
pr ocessor and, when a t r i gger i s gener at ed, t o a pr eci -
si on di gi t i zer i n t he r eadout super vi sor . I n addi t i on, t he
S/ H ci r cui t r y i ncl udes di scr i mi nat or s on t he i nput si g-
nal s, l ogi c t o gener at e a mi ni mum bi as t r i gger f or
i nt er nal use, ADC char ge i nt egr at i on gat i ng l ogi c, and
out put mul t i pl exi ng used dur i ng r eadout .

The di scr i mi nat or s, whose t hr eshol ds ar e CAMAC
pr ogr ammabl e, pr oduce 200 ns l ong pul ses, whi ch f or m
t he char ge i nt egr at i on gat es . Thi s wi dt h i s appr opr i at e
bot h f or i nt egr at i ng t he 50 ns wi de PM si gnal s and f or
accommodat i ng t he maxi mum l i ght t r ansi t t i me of 60
ns f r om one end of a count er t o t he ot her . To enabl e
t hi s i nt egr at i on gat e t o st ar t bef or e t he PM si gnal
ar r i ves, t he PM si gnal s t o be i nt egr at ed ar e passed
t hr ough 140 ns del ay l i nes on t he S/ Hmodul e .

Each del ayed PM si gnal i s spl i t i nt o a di r ect out put
( t he AO and A1 i n f i g. 10) and one at t enuat ed by a
f act or of 10 ( A' 0 and A' 1 i n f i g. 10) . The at t enuat ed
ver si on of t he si gnal al l ows t he ent i r e dynami c r ange of
t he PM t o be on- scal e i n t he ADC ci r cui t r y . Each of
t hese si gnal s dr i ves a vol t age- t o- cur r ent ampl i f i er whose
out put i s f ed t hr ough a f ast anal og swi t ch t o an i nt e-
gr at i ng and hol d capaci t or . Thus ampl i t ude dat a f or a
si ngl e count er consi st s of f our ADCval ues .

Separ at e di scr i mi nat or s ( gi vi ng t i me si gnal s T and
T' ) , i dent i cal t o t hose used i n t he t r i gger gener at i on,
but wi t h i ndependent t hr eshol ds, t ur n on a const ant
cur r ent i nt o t he i nt egr at i ng capaci t or s . Thi s cur r ent i s
t ur ned of f by a gl obal st op si gnal f or med by t he de-
l ayed l ogi cal OR of al l mi ni mum bi as t r i gger s i n t he
syst em. Thus t he vol t ages on t he capaci t or s pr ovi de
r el at i ve t i mi ng i nf or mat i on on al l PM si gnal s i nvol ved
i n an event . The use of t wo i ndependent t i mi ng t hr esh-
ol ds pr ovi des r edundancy i n t he t i mi ng measur ement ,
hel pi ng t o el i mi nat e t he ef f ect s of PM pr e- pul si ng .
Hence, t i mi ng dat a f or a count er al so consi st s of f our
val ues .

An over l ap of t he di scr i mi nat or out put s f r om bot h
ends of a count er pr oduces t he mi ni mum bi as t r i gger ,
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whi ch i s t he r equi r ement f or subsequent pr ocessi ng of
an event . I n t he absence of a mi ni mumbi as t r i gger , t he
S/ H val ues ar e r eset wi t hi n 200 ns and t he event

r ej ect ed wi t hout par t i ci pat i on of t he t r i gger modul e . I f
a mi ni mum bi as t r i gger i s obt ai ned, t he i nt egr at ed
si gnal s ar e hel d and a t r i gger modul e pr ocessi ng cycl e
i s i ni t i at ed .

Af t er a 1 ws del ay t o al l ow t he S/ H vol t ages t o
set t l e, t he t r i gger pr ocessor per f or ms r api d 6- bi t di gi t i -
zat i ons of t he S/ Hanal og i nf or mat i on f or bot h ends of
a count er . The t wo ampl i t ude di gi t i zer s have a nonl i n-
ear ( hyper bol i c) r esponse gi ven by dozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , =V�, / ( BV, , , +
V. ) , wher e B ( amount of nonl i near i t y) and V~ ar e
const ant s . These di gi t i zat i ons ar e used as addr esses ( X
and Y) i nt o an 8k x 8k RAMl ook- up t abl e ( LUT) .
These t abl es ar e pr e- l oaded wi t h sui t abl e i nf or mat i on
t o pr oduce t wo t ypes of t r i gger s : one occur s f or ever y
PM si gnal combi nat i on t hat a muon can pr oduce i n a
count er ( equi val ent t o an ener gy t hr eshol d of about 10
MeV) and t he ot her , f or ever y combi nat i on associ at ed
wi t h an ener gy of about 5 MeV.

When a t r i gger occur s, t he super vi sor cont r ol s t he
r eadout of t he syst em. The key el ement of t he super vi -
sor i s a 12 bi t , 1 MHz ADC, i nt o whi ch t he S/ H
vol t ages ar e f ed sequent i al l y . The di gi t i zed ampl i t ude
and t i mi ng wor ds ar e st or ed i n t wo buf f er s . The f i r st of
t hese i s l oaded onl y f or t he case of a muon- t ype t r i gger
and i s pr esent ed f or i mmedi at e CAMACr eadout . The
second buf f er i s ci r cul ar and cont ai ns a hi st or y of t he
pr evi ous - 800 event s of bot h t r i gger t ypes . Thi s buf f er
i s r eadout at t he t i me of i t s wr ap- ar ound, appr oxi -
mat el y ever y 10 mi n f or t he set t i ngs used i n t he f i r st
super modul e r un . The TDC i nf or mat i on r eadout by
t he ERP syst em has a l east count of 1/ 6 ns and t he
ADChas a l east count of 1 pC.

The S/ H modul e i s packaged as a 9U VMEmodul e
and cont ai ns ci r cui t r y f or f our count er s . The PMi nput s
ar e pr ovi ded t o t he modul e t hr ough a r i bbon coaxi al
cabl e . The ERP t r i gger pr ocessor modul e i s packaged
as a si ngl e wi dt h CAMAC uni t whi ch ser vi ces f our
sci nt i l l at or count er s . The r eadout super vi sor i s al so a
si ngl e wi dt h CAMAC uni t and ser vi ces t he S/ H and
t r i gger pr ocessor modul es f or one super modul e .

3. 5 . 5. Pul se hei ght r ecor der and synchr onous encoder
The pul se hei ght r ecor der and synchr onous encoder

( PHRASE) ci r cui t ( f i g . 11) was devel oped f or MACRO
as a speci al i zed t r i gger and r ecor di ng syst em f or gr avi -
t at i onal st el l ar col l apse event s . I t pr ovi des a wavef or m
r ecor di ng capabi l i t y compl ement ar y t o t he ones t r i g-
ger ed by t he TOHM and ot her ci r cui t s . To det ect
st el l ar col l apse event s, t he l ar ge r adi oact i vi t y back-
gr ound must be r ej ect ed i n har dwar e . Due t o l i ght
at t enuat i on, a cer t ai n ener gy r el eased i n a sci nt i l l at i on
count er may cor r espond t o PM pul se ampl i t udes di f -
f er i ng by a f act or up t o t hr ee . Hence, r adi oact i vi t y
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Fi g . 11 . Gener al l ogi c of t he pul se hei ght r ecor der and syn-
chr onous encoder ( PHRASE) used by t he MACROdet ect or .

r ej ect i on by ener gy t hr eshol d depends on f ast har d-
war e ener gy r econst r uct i on, i ndependent of t he event
posi t i on wi t hi n t he count er . A t r i gger ci r cui t f or gr avi -
t at i onal st el l ar col l apse det ect i on must t her ef or e pr o-
vi de such a pr i mar y ener gy t hr eshol d i n t he r ange
E= 5- 10 MeV. Mor eover , i f one wi shes t o det ect t he
2 . 2 MeV phot on t hat may r esul t f r om n- capt ur e i n
hydr ogen, t he ener gy t hr eshol d must be l ower ed t o
- 1 MeV f or a t i me at l east compar abl e t o t he n- cap-

t ur e t i me i n sci nt i l l at or ( ~ 180 ws) af t er det ect i on of a
pr i mar y event .

The PHRASE el ect r oni c modul es ar e bui l t i n a
CAMAC st andar d . Each modul e ser ves t wo sci nt i l l a-
t i on count er s . The mai n ci r cui t char act er i st i cs ar e :

1) I t pr ovi des ( i n

	

= 80 ns) a t r i gger si gnal ET
( ener gy t r i gger ) when a t hr eshol d condi t i on i s sat i sf i ed
on t he ener gy r el eased by an event i n a MACRO
count er . The pr i mar y ener gy t hr eshol d ( Ept h) i s i nde-
pendent f r om t he event posi t i on wi t hi n t he count er .

2) I t di gi t i zes wavef or ms of t he si gnal s f r om bot h
count er ends and st or es t hem wi t h aut omat i c zer o
suppr essi on onl y when an ET has occur r ed .

3) I t measur es wi t h an accur acy - 1 . 6 ns t he t i me of
each event r el at i ve t o a UTC cl ock .

4) Each t i me an ET i s obt ai ned f r om one count er ,

t he PHRASE t hr eshol ds f or bot h count er s r ead by t he
modul e ar e l ower ed ( i n - 80 ns) t o a di f f er ent pr o-
gr ammabl e val ue ( E, t h) f or a pr e- set t abl e t i me i nt er val
ST ( speci al t i me) . A maxi mum of 14 event s can be
st or ed dur i ng t he ST.

5) ACAMACLAMi s gener at ed at t he end of t he
ST t o t r i gger t he dat a acqui si t i on .

The ener gy t r i gger wor ks accor di ng t o t he f ol l owi ng
pr i nci pl es . I f L i s t he MACROcount er l engt h and one
chooses a l ongi t udi nal coor di nat e axi s x wi t h or i gi n at
t he count er cent er , t he t wo count er ends ar e i dent i f i ed

MACROCol l abor at i on / Fi r st super modul e at Gr an Sasso

by t he x- val ues x = - L/ 2 and x = +L/ 2 f or t he
" l ef t " and " r i ght " ends r espect i vel y . Si nce l i ght at t enu-
at i on i n t he count er i s exponent i al t o ver y good appr ox-
i mat i on ( apar t f r om t he l ast met er cl ose t o t he PMs) , i f
one cal l s A t he at t enuat i on l engt h ( A - 12 m) , t he pul se
ampl i t udes f or t he " l ef t " and " r i ght " PMs can be
wr i t t en :

AL( E, x) =aE e - A/ ' ;

	

AR( E, x) =aEe+xl ' ,

f or an event r el easi ng vi si bl e ener gy E at t he l ongi t udi -
nal posi t i on x i nsi de t he count er . The l i ght ar r i val t i me
at t he t wo PMs can be wr i t t en :

=t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� +x/ v ; t R =t � - x/ u ; v = 0 . 2[ m/ ns ] .

Now, i f an exponent i al t i me- t ai l i s el ect r oni cal l y added
t o t he peak ampl i t ude si gnal s, t hese can be wr i t t en :

SL( E, x, t ) aE e- r / ' e( ` - ` 1) / ~
;

SR( E, x, t ) ( x E e" / Ä e - ( ' - ' R) / "

f or t >- t L, R; ot her wi se S, , and SR ar e 0 .
I f one i nt r oduces t he " mean t i me" t MT = ( t L + 1R) / 2
and i f T i s chosen such as 7 = A/ u, t he pr evi ous
f or mul ae si mpl i f y t o :

S, ( E, x, t ) aE e- ( ' - ' MT) / ` ;

SR( E, x, t ) aE e- ( ' - ' MT) / '

f or t > MAX( t L , t R) .
Thi s means t hat , f or t i mes gr eat er t han t he maxi mum
bet ween t L and t R, t he exponent i al t ai l s ar e over l ap-
pi ng and t hei r ampl i t udes, at a f i xed del ay t * af t er
t MT , ar e onl y f unct i ons of ener gy; t he exponent i al
nonuni f or mi t y has been cancel ed . I n MACRO, r = 60
ns and we chose t * =40 ns, whi ch al ways sat i sf i es t he
condi t i on t > MAX( t L , t R) . The exponent i al t ai l s ar e
cont i nuousl y compar ed wi t h t he pr i mar y ener gy t hr esh-
ol d and t he di scr i mi nat or out put s go t o a t hr ee- f ol d
coi nci dence t oget her wi t h a t m, si gnal . The coi nci -
dence r equi r es t hat bot h t he L- t ai l and t he R- t ai l be
above t hr eshol d when t he t m, si gnal ar r i ves ; an " en-
er gy t r i gger " ET i s t hen gener at ed .

The PHRASE ci r cui t pr ovi des a wavef or m di gi t i za-
t i on t hat i s based on t echni ques devel oped f or t he
ci r cui t GATHER by Fr ancoi s Bour geoi s at CERN [ 8] .
The t wo PM si gnal s ar e cont i nuousl y sampl ed by non-
l i near ( hyper bol i c compr essi on) wavef or m di gi t i zer s,
based on 6- bi t s, 100 MHz Fl ash ADCs . The 8- bi t
equi val ent dynami c r ange i s 1 t o 256 mV.

The 100 MHz cl ock, ext er nal l y di st r i but ed t o al l t he
PHRASE ci r cui t s, i s al so used t o measur e t he l i ght
ar r i val t i me at bot h count er ends . Thr ee cont i nuousl y
r unni ng t i me count er s ar e dr i ven by t he cl ock . The f i r st
count er i s a si mpl e 12 . 5 MHz, 24- bi t bi nar y count er ; i t s
t i me dept h i s t her ef or e - 1 . 3 s ; i t s 80 ns per i od i s
f ur t her subdi vi ded i nt o 1 . 6 ns i nt er val s by t wo ot her
cl ocks . One of t hese i s a f our - l i ne Gr ay code count er
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( 10 ns per i od, 160 ns t i me- dept h) ; t he ot her has a
per i od of 1. 6 ns obt ai ned by spl i t t i ng t he 100 MHz

cl ock i nt o t hr ee l i nes t hat ar e r el at i vel y del ayed by 1 . 6

ns ( Johnson code) . The Gr ay and Johnson codes change

- Mont e Car l o Pr edi ct i ons

+ Exper i ment al Dat a

Fi g . 12 . The ener gy spect r um f or event s i nduced by t he Am/ Be sour ce . The 4 . 44 and t he 2. 2 MeV
f ul l - l i ne hi st ogr am i s t he Mont e Car l o si mul at i on .
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gamma- l i nes ar e vi si bl e . The

onl y one bi t at a t i me t hus al l owi ng an asynchr onous
l at chi ng of t hei r st at us when si gnal s f r om t he sci nt i l l a-
t i on count er pass speci f i c t hr eshol ds . The t i me i nf or -
mat i on of t he t hr ee t i me count er s i s st or ed i n a GATE

Fi g . 13. Det ai l s of an 8 cel l st r eamer t ube chamber of MACRO. The PVC envel op has been cut i n or der t o show t he i nner par t of
t he chamber . The wi r e and st r i p r eadout car ds ar e al so shown .
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ARRAY chi p, cust ommade f or PHRASE. Thi s met hod
of t i me measur ement does not depend on any cal i br a-
t i on ; i t al l ows a t i me r esol ut i on bet t er t han 2 i ns be-
t ween t he si gnal s f r om t he t wo count er ends or be-
t ween any t wo event s f r om di f f er ent sci nt i l l at i on coun-
t er s .

The PHRASE el ect r oni cs has been used t o det er -
mi ne an absol ut e cal i br at i on of a t ypi cal MACRO
sci nt i l l at i on count er at l ow ener gy . An Am/ Be sour ce
( ext er nal t o a sci nt i l l at i on count er ) whi ch emi t s neu-
t r ons as wel l as a 4. 44 MeV gamma- l i ne was used .
Si nce a l ar ge f r act i on of t he emi t t ed neut r ons ( = 60%)
ar e f ol l owed by a cascade 4. 44 MeV gamma- emi ssi on,

one can al so per f or m mor e r ef i ned t est s [ 9] . Del ayed
n- capt ur e, t agged by t he 4. 44 MeV gamma- l i ne, af t er
neut r on moder at i on and di f f usi on i n t he l i qui d sci nt i l -
l at or can be st udi ed . The 2. 2 MeV gamma- r ays, pr o-
duced by t he r eact i on n + p - y + d on t he f r ee pr o-
t ons of t he l i qui d sci nt i l l at or , wer e obser ved . The abso-
l ut e det ect i on ef f i ci ency f or neut r ons and f or 4. 44 and
2. 2 MeV gamma' s was measur ed and compar ed wi t h
Mont e Car l o pr edi ct i ons . Fi g . 12 shows t he t wo
gamma- l i nes and t he compar i son bet ween exper i men-
t al dat a and Mont e Car l o .

4 . The st r eamer t ube syst em

Tr acki ng i n MACRO i s per f or med wi t h pl ast i c
st r eamer t ubes . A pr el i mi nar y descr i pt i on of t he

st r eamer t ubes of MACROhas been gi ven el sewher e

[ 10] . They have been devel oped f r om t he desi gn used
f or t he NUSEX under gr ound exper i ment [ 11] and
hadr on cal or i met er s f or LEP exper i ment s [ 12] . The
t ubes oper at e i n t he l i mi t ed st r eamer mode [ 13] , and
t ake advant age of t he r esi st i ve cat hode t echni que [ 14]
t o al l ow bi - di mensi onal r eadout on t he same pl ane .

The t ube syst em has a modul ar st r uct ur e consi st i ng
of chamber s, 3. 2 cmx 25 cm x 12 msi ze, each cont ai n-

i ng ei ght i ndi vi dual cel l s . Each hor i zont al pl ane i s

made of 24 chamber s, whi l e t he pl anes of t he ver t i cal

and end wal l s ar e made of 14 chamber s . The t ot al
number of wi r es ~or one super modul e i s 5856 . A pi c-
t ur e showi ng some det ai l s of a st r eamer t ube chamber
i s shown i n f i g. 13 . The basi c uni t i s an open cel l
pr of i l e ext r uded f r om 1 . 5 mm t hi ck PVC. The si ngl e
cel l i s 2 . 9 x 2. 7 cm' . The anode wi r e ( si l ver ed Be- Cu)
has a di amet er of 100 [ . Lm. Pl ast i c i nser t s suppor t t he
wi r e ever y 1 m. The wi r es of each chamber ar e sol -
der ed t o pr i nt ed ci r cui t boar ds at bot h ends . Thr ee
si des of t he cel l ar e coat ed wi t h a l ow- r esi st i vi t y

gr aphi t e ( < 1 k1Z/ squar e) t o per f or m t he cat hode
f unct i on by t he el ect r odel ess shapi ng pr i nci pl e [ 15] .
The f i el d conf i gur at i on i s shown i n f i g . 14 . Thi s st r uc-
t ur e i s i nser t ed i nsi de an uncoat ed PVC envel ope ( 1 . 5
mm t hi ck) and cl osed by t wo pl ast i c end caps at t he

MACROCol l abor at i on / Fi r st super modul e at Gr an Sasso

I nsul at i ng PVC si de

Fi g. 14 . Cal cul at ed el ect r i c f i el d conf i gur at i on i n a st r eamer
t ube of MACRO.

ends . On one of t he t wo end caps t he hi gh vol t age
connect i ons t o each wi r e and t he gr ound connect i on t o
t he gr aphi t e cat hode ar e i nser t ed. Bot h end caps have
gas connect i ons . Each wi r e behaves as a t r ansmi ssi on
l i ne wi t h a char act er i st i c i mpedance of 330 f l and a
pr opagat i on t i me of - 3. 3 ns/ cm.

Par t i cul ar car e has been devot ed t o t he gas seal : t he
end caps ar e bot h gl ued and heat seal ed t o t he PVC
envel ope . The t i ght ness of t he chamber s has been
t est ed under l ow vacuum ( 10- 3 at m) j ust af t er con-
st r uct i on, and agai n j ust bef or e t he i nst al l at i on i n t he
det ect or . The t hi ckness of t he PVC envel ope al l ows
onl y a mi ni mal di f f usi on of l i ght gases : f or 1 at m of
hel i um t he measur ed di f f usi on r at e i s - 5 x 10 - 6 at m
cm- Z s - 1 .

For t he hor i zont al pl anes, t he t wo- coor di nat e r ead-
out i s pr ovi ded i n one vi ew by t he wi r es and on t he
ot her by pi ck- up ext er nal st r i ps pl aced at 26 . 5° wi t h
r espect t o t he wi r es. The st r eamer modul es ar e pl aced
upon t he st r i p pl anes so t hat t he i nsul at i ng si de of t he

act i ve cel l f aces t he st r i ps di r ect l y . The pi ck- up st r i ps
ar e made of an al umi num r i bbon ( 40 ~Lm t hi ck) at -

t ached t o a PVCf oi l ( 1 mmt hi ck) . On t he ot her si de of
t he pl ast i c f oi l an al umi num sheet ( 40 [. Lm t hi ck) pr o-
vi des a gr ound r ef er ence el ect r ode . A si mi l ar al u-
mi num f oi l pr ovi des a gr ound on t he opposi t e si de of
t he st r eamer modul es. The ver t i cal st r eamer pl anes
have onl y t he wi r e r eadout . HV i s di st r i but ed i n par al -
l el t o t he wi r es of each pl ane by di st r i but i on boxes .
Each box cont ai ns a 1 Mf l l i mi t i ng r esi st or / wi r e and a

2 nF bl ocki ng capaci t or t o pi ck- up t he cur r ent si gnal
f r om t he wi r e . The si gnal s f r om t he ei ght wi r es ar e sent
t o t he f r ont - end el ect r oni cs t hr ough a connect or i n-
ser t ed on each di st r i but i on box . A cur r ent l i mi t of 10

[ LA i s set f or each pl ane .
Gas di st r i but i on i s per f or med i n par al l el t o al l

pl anes, wher e each pl ane i s connect ed i n ser i es . I NOX
pi pes ar e used t o t r ansf er gas f r om t he mi xi ng st at i on
t o f l ow met er s and t hen t o t he st r eamer modul es . The

gas vol ume of t he act i ve el ement s of t he f i r st super -
modul e i s

	

- 59 m3 . The f i r st super modul e has been
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Fi g . 15 . Si ngl es r at e pl at eau as a f unct i on of hi gh vol t age and
wi r e pul ses ( 50 f 2 t er mi nat i on) f or a st r eamer t ube t est

chamber of MACRO( 50 cml ong) .

oper at ed wi t h di f f er ent gas mi xt ur es . I n a f i r st r un i t
was Ar ( 70%) , C0 2 ( 5%) and n- pent ane ( 25%) , ob-
t ai ned by bubbl i ng a pr oper Ar - C02 mi xt ur e t hr ough
n- pent ane kept at 3° C. I n a second per i od, a mi xt ur e of
Ar ( 35%) and i sobut ane ( 65%) was adopt ed. Event u-
al l y, He ( 73%) and n- pent ane ( 27%) was chosen . Thi s
f i nal mi xt ur e wi l l al l ow t he expl oi t at i on of t he Dr el l

ef f ect [ 16] f or sl ow monopol e det ect i on . Gas f l ow i s
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kept at a r at e of one change of t he whol e vol ume ever y

f i ve days, and t he pr essur e i nsi de t he chamber s i s

mai nt ai ned at a f ew mbar above at mospher i c pr essur e .

Fi g . 15 shows t he measur ed si ngl es r at e ver sus hi gh
vol t age f or a t est chamber exposed t o bet a r ays usi ng
t he He + n- pent ane gas mi xt ur e . The pl at eau cor r e-
spondi ng t o f ul l ef f i ci ency noi sel ess oper at i on i s at

l east 700 V wi de . The wi r e pul ses at 250 V above t he

knee of t he si ngl e' s r at e pl at eau ar e shown . At t hi s
oper at i on poi nt , ver y weakl y i oni zi ng par t i cl es can t r i g-
ger a st r eamer wi t h r easonabl e ef f i ci ency: - 20% f or
si ngl e i oni zat i on el ect r ons has been measur ed [ 17] . The

maxi mum dr i f t t i me i n a t ube i s - 600 ns . The dead

r egi on al ong t he wi r e i nduced by t he st r eamer di s-

char ge i s a f ew mm, f or a t i me i nt er val of - 300 l . Ls .

Test s per f or med wi t h r el at i vi st i c i on beams [ 18] have

shown t hat l ar ge i oni zat i on i nduces an i ncr ease of t ot al

st r eamer char ge whi ch i s l ogar i t hmi cal l y dependent on

dE/ dx f or dE/ dx > dE/ dx( m, . P . ) .

4. 1. The wi r e r eadout el ect r oni cs

The r eadout car d consi st s of ei ght channel s f or
pr ocessi ng t he si gnal s f r om t he wi r es of a MACRO
ei ght - f ol d st r eamer t ube modul e . The car d i s di r ect l y
connect ed t o t he HV encl osur e of t he t ube wi t h a 16
pi n connect or . I n addi t i on, t o keep i t f i r ml y connect ed
t o t he t ube, i t s wi dt h i s onl y 140 mmand i t i s i nser t ed
bet ween t wo pl ast i c gui des f i xed t o t he encl osur e . Wi t h

- - - - - - - - - - - - - - - - - - -

+5V

. . . . . . . . . . . . . .

- - - - - - - - - - - - - - - - - - - - - - - - - -

Fi g . 16 . Ei ght ampl i f i cat i on i nput st ages and t he " anal og OR" f or t he st r eamer t ube wi r e r eadout car d .
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t hi s mechani cal sol ut i on i t i s qui t e easy t o i nt er connect
t he car ds wi t h a shor t f l at cabl e .

I n f i g . 16, t he ei ght ampl i f i cat i on i nput st ages ( one
f or each wi r e) and t he " anal og OR" ar e shown . The
i nput si gnal s ( VzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , > 50 mV on 330 Q) ar e connect ed t o
t wo ampl i f i er s . The f i r st ampl i f i er i s f ed by a si gnal
der i ved f r om t he r esi st i ve chai n f or med by a 330 Q
r esi st or i n ser i es wi t h t he i nput i mpedance ( 15 S2) of
t he f i r st st age . The anal og si gnal f r om t hi s ampl i f i er i s
sent vi a a t wi st ed pai r cabl e t o ADCs and TDCs ( QTP
modul es) and t o t he t r i gger l ogi c. The i ndi vi dual
pr eampl i f i er f or each wi r e has an i nput t hr eshol d of 40
mV. I t s out put i s TTL conver t ed and f eeds t he di gi t al
par t of t he car d .

I n f i g . 17, t he car d di gi t al sect i on i s shown. The
TTL pul se wi dt hs ar e 10 ws f or f ast par t i cl e t r acki ng
( f ast chai n) and 550 l. Ls f or sl ow monopol es ( sl ow
chai n) . The ei ght si gnal s comi ng f r om t he 10 ws one
shot ar e ORed : t he r esul t i ng si gnal i s avai l abl e
( DI GOR BOARD FAST OUT) f or f ur t her t r i gger s .
An addi t i onal OR si gnal i s made wi t h t he pr evi ous
car d OR ( I N/ OR) : i t i s avai l abl e on t he car d connec-
t or and i s sent vi a t he i nt er connect i on f l at cabl e t o t he
next car d ( DI GOR/ BUS) . The one shot out put s of
each chai n ar e connect ed t o t wo par al l el - i n ser i al - out
shi f t r egi st er s . The ser i al i nput of any shi f t r egi st er
comes f r om t he pr evi ous car d whi l e t he ser i al out put
f eeds t he f ol l owi ng car d . I n t he hor i zont al pl anes, 24
car ds ar e connect ed i n ser i es and t her e ar e 14 i n t he
ver t i cal pl anes . The l oad, cl ock, shi f t - i n, shi f t - out si g-
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Fi g . 17 . Di gi t al l ayout of t he st r eamer t ube wi r e r eadout car d .

Fi g . 18 El ect r oni c scheme of t he QTP boar d .
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nal s ar e f ed t o each car d by dr i ver s . The suppl y cur r ent
f or each car d i s 15 mA. The hybr i d car d has di men-
si ons of 140 X 80 MMZ .

4. 2. The char ge and t i me pr ocessor f or st r eamer t ubes
( QTP)

The sensi t i vi t y of st r eamer t ubes t o si ngl e i oni zat i on
el ect r ons ensur es a good r esponse down t o ß _ 10- 4 .
Aver t i cal l y movi ng monopol e wi t h ( 3 _ 10 - 4 cr osses a
si ngl e st r eamer t ube l ayer i n about 1 [ Ls, and t he whol e
appar at us i n 150 l Ls . The cr ossi ng t i me i ncr eases wi t h
t he t r ack angl e . A maxi mum t i me accept ance i s set at
600 FLs, whi ch gi ves a compl et e angul ar accept ance .

A QTP syst em ( char ge and t i me pr ocessor ) has
been desi gned t o pr ovi de si gnal s f or t r i gger i ng and t o
measur e ar r i val t i me, dur at i on, and char ge of st r eamer
t ube si gnal s . The syst em consi st s of t hr ee
ci r cui t s :

1) QTP car ds t o pr ocess
t ubes and t o st or e char ge
( see f i g . 18) .

2) A t r anscei ver
car d cr at es .

3) A CAMAC pr ocessor

el ect r oni c

si gnal s f r om t he st r eamer
and t i me i n a cycl i c memor y

car d t o manage t he QTP' s Eur o-

st or ed i nf or ma
t i on, sel ect dat a i n t he 600 l. Ls t i me wi ndow and t r ans-
mi t t hem t o t he Mi cr oVAX.

t o r ead



Each QTP channel ser ves 32 wi r es of a hor i zont al

pl ane, so a QTP car d havi ng t hr ee channel s ser ves a

hal f pl ane . A cent r al modul e needs 20 car ds i n an

Eur ocar d cr at e . Fur t her mor e, each QTPchannel ser ves

16 wi r es i n a ver t i cal pl ane, and 14 QTP car ds ar e

needed t o r ead al l t he ver t i cal pl anes of a super mod-

ul e . For t r i gger pur poses, each boar d pr esent s t hr ee
out put s and t hei r OR. Al so, t hr ee " hi gh char ge" out -
put s and t hei r OR ar e avai l abl e t o t r i gger hi gh char ge
event s . A 16 bi t f r ee count i ng 6. 6 MHz TDC gi ves t he
t i me of t he r i si ng edge and f al l i ng edge of t he shaped
si gnal wi t h a pr eci si on of 150 ns, whi ch i s about t he
t i me r esol ut i on of t he st r eamer t ube syst em. For each

channel , a l i near i nt egr at or and 8- bi t 20 MHz FADC

pr ovi des t he char ge measur ement s i n a r ange f r om 2 t o

3000 pC ( f i g . 18) . Four r egi ons wi t h di f f er ent conver -

si on sl opes pr ovi de a l ar ge dynami c r ange wi t hout

l osi ng sensi t i vi t y f or smal l si gnal s . Hence, t he st r eamer

si gnal ar r i val t i me, i t s dur at i on and i t s char ge ar e
measur ed and st or ed i n a cycl i c memor y, 63 byt es l ong .
Thi s i nf or mat i on per mi t s di scr i mi nat i on bet ween r el a-

t i vi st i c muons and sl ow cr ossi ng par t i cl es as wel l as
muon i ni t i at ed shower s and hi gh act i vi t y event s i nsi de
MACRO.

An Eur ocar d cr at e can cont ai n up t o 20 QTP boar ds
managed by a cont r ol boar d cal l ed a t r anscei ver . Thi s

car d gener at es t he 150 ns common cl ock t o al l QTPs
and t o t he CAMACpr ocessor r eadi ng t he cr at e, whi ch

synchr oni zes t he whol e syst em. I n addi t i on, t he

t r anscei ver per mi t s t he cal i br at i on of t he FADCs, gen-

er at i ng a sampl e of si gnal s and sendi ng t hem t o t he
QTP i nput . Fi nal l y, t he t r anscei ver cont r ol s t he suppl y
vol t age and t he f l ow of dat a bet ween QTP and CA-
MACr eadout car d . The syst em was successf ul l y t est ed
on t he f i r st MACROmodul e and has been oper at i ng
si nce Oct ober 1989 .

4. 3. The st r i p r eadout el ect r oni cs

The st r i p r eadout car ds [ 19] ar e connect ed t o t he

st r i ps vi a t wi st ed pai r s sol der ed di r ect l y on t he st r i ps
( si gnal and gr ound) . Ever y car d r eads 32 st r i ps . I n-
duced i nput si gnal s ar e f ed t o a hybr i d chi p cont ai ni ng
t wo D779 CMOS i nt egr at ed ci r cui t s . Each D779 ser ves
f our i nput s and consi st s of an ampl i f i er , a di scr i mi na-
t or , a di gi t al one shot , a shi f t r egi st er pl us a di gi t al OR
( Di gOR) , whi ch gr oups f our channel s as shown i n f i g .
19 . The wi dt h of out put si gnal s i s det er mi ned by a 4. 43
MHz cl ock . Fi ve cl ock cycl es f i x t he shapi ng t i me t o be
about 580 Vs t o al l ow det ect i on of sl ow monopol es
( down t o / 3 _ 10 - 4 ) . The ser i al out put of each r egi st er
i s connect ed t o t he ser i al i nput of t he next , achi evi ng a
32- bi t shi f t r egi st er per car d ( sl ow chai n) havi ng a
memor y of about 580 Vs. To r educe backgr ound con-
t ami nat i on on r el at i vi st i c event s ( / 3 - 1) , anot her shi f t
r egi st er chai n ( f ast chai n) i s added by r eshapi ng t he
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4 . 4. St r eamer t ube t r i gger s
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Fi g . 19 . Schemat i c of a si ngl e r eadout channel of t he st r eamer
t ube st r i p el ect r oni c car d .

Di gORpul ses t o 14 Vs . Aboar d OR i s al so avai l abl e

f or gener al pur poses . A 30 Hz r eset si gnal i s f ed t o al l

t he D779 t o per f or m t he of f set nul l of t he sense

ampl i f i er s . Thi s r eset pr oduces a dead t i me i n t he

D779, whi ch i s l ess t han 1%. The r ecover y t i me of t he

t hr eshol d set t i ng af t er a r eset pul se i s negl i gi bl e . The
pr obabi l i t y t o have el ect r oni c cr oss- t al k when a pul se i s
f ed i nt o t he hybr i d i nput st age i s al so negl i gi bl e . The
hybr i d chi p i nput i mpedance i s - 25 St whi ch can be
mat ched t o t he char act er i st i c i mpedance of t he st r i p
l i ne by adj ust i ng by an ext er nal r esi st or .

The st r i p r eadout ef f i ci ency has been st udi ed by

anal yzi ng t wo set s of dat a, cor r espondi ng t o di f f er ent
val ues of t he t hr eshol d set t i ngs : 1 . 8 and 2. 4 mV. For
t he t wo sampl es, t he r eadout ef f i ci enci es have been

f ound t o be 98% and 96%, r espect i vel y . I n MACRO,

t he st r i ps have di f f er ent l engt hs but even i f t her e i s no

shar p separ at i on bet ween shor t and l ong st r i ps, t wo

di f f er ent r egi ons can be si ngl ed out : a r egi on of shor t er

st r i ps ( about 400 st r i ps per super modul e whose l engt h
i s l ess t han 7 . 5 mcover i ng about 35%of t he ar ea) , and
one of l onger st r i ps ( 240 st r i ps whose l engt h i s gr eat er
t han 7. 5 m) . The anal ysi s shows f ul l r eadout ef f i ci ency
on shor t st r i ps f or bot h val ues of t he t hr eshol d set t i ng
and a ver y hi gh l ong st r i p ef f i ci ency : 97%at 1 . 8 mV.

The st r eamer t ube i s a l ow noi se devi ce . I t s si gnal

r at e i s domi nat ed by i oni zi ng par t i cl es due t o r adi oac-

t i ve decays . I n t he MACRO bui l di ng phase, speci al
car e was devot ed t o choosi ng mat er i al s t hat r educed
t hi s sour ce of noi se t o a ver y l ow l evel : 40 Hz/ m2 . Thi s
l ow r at e per mi t s t he use of t r i gger al gor i t hms wi t hout

t r acki ng r equi r ement s . The i nput s t o t he t r i gger ci r -
cui t s ar e t he OR of t he di scr i mi nat ed si gnal s comi ng
f r om a 12 x 12 m2 pl ane of hor i zont al st r eamer t ubes
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or 3 . 5 x 12 mZ ver t i cal st r eamer t ubes . Wi t h t he gas
mi xt ur e used, t he si gnal s have a t i me j i t t er smal l er t han
600 ns and t he r esul t i ng t r acki ng syst em has a t i me
r esol ut i on of 150 ns .

The ci r cui t used i n t he MACRO appar at us f or
t r i gger i ng on f ast par t i cl es i s based on EPROMcom-
ponent s and wor ks wi t h st andar d TTL posi t i ve l ogi c
[ 20] . Thi s ci r cui t manages up t o 26 l i nes f r om i ndepen-
dent count er s and has hi gh t r i gger i ng capaci t y and
f l exi bi l i t y . For each modul e, a count er i s made by
ORi ng t he si gnal s comi ng f r om t he st r eamer t ubes of
t he same pl ane . To r educe t he l oss i n accept ance, t he
r esul t i ng si gnal s ar e i ndi vi dual l y spl i t and over l apped
wi t h t hose comi ng f r om t he cor r espondi ng pl ane of t he
adj acent modul es, r espect i vel y . Each l ogi cal uni t has 26
count er l i nes, whose si gnal s ar e TTL f or mat t ed wi t h a
t i me l engt h adj ust abl e bet ween 900 ns and 2500 ns .
These si gnal s ar e handl ed as bi nar y wor ds, each of
t hem r epr esent i ng t he addr ess of a memor y l ocat i on
i nsi de t he EPROM. Each EPROMmemor y l ocat i on
hol ds an 8- bi t wor d coded accor di ng t o whet her t he
addr ess cor r esponds t o a good t r i gger conf i gur at i on .
Si nce t he commer ci al l y avai l abl e EPROMs have a max-
i mumof 17 i nput l i nes, t hr ee EPROMs have been used
wi t h t he 26 count er l i nes par t i t i oned bet ween t hem.
The l ogi cal f unct i ons ar e di vi ded i nt o an hor i zont al
gr oup ( 12 l i nes) and a ver t i cal one ( 14 l i nes) . The
hor i zont al gr oup i s f ed t o one EPROMand t he ver t i cal
gr oup t o anot her , t aki ng car e r espect i vel y of par t i cl es
abl e t o t r i gger t he appar at us wi t h hor i zont al or ver t i cal
count er s onl y . A t hi r d 32k x 8- bi t EPROMi s used t o
t ake car e of t hose i ncl i ned t r acks f or whi ch t he t r i gger -
i ng condi t i on i s achi eved by a combi nat i on of hor i zon-
t al and ver t i cal si gnal s, even t hough nei t her hor i zont al
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nor ver t i cal si gnal combi nat i ons pr oduce a t r i gger
al one .

Al l t he i nput si gnal s ar e sampl ed at a 3 . 3 MHz
f r equency i n or der t o check f or val i d coi nci dences
wi t hi n each sampl e . Thi s i s achi eved by a f r ee r unni ng
cl ock, c ( 150 ns pul ses, 300 ns per i od) , st r obi ng f our
8- bi t l at ches as shown schemat i cal l y i n f i g . 20 . I n addi -
t i on t o cl ock c, a cl ock d, ( equi val ent t o c) and a cl ock
e, ( 70 ns pul ses, 300 ns per i od) , bot h dr i ven by c, ar e
used . The cl ock d i s AND- gat ed wi t h l at ch out put s .
The EPROMs ar e enabl ed t o READ cont i nuousl y .
The f i nal out put s of t he t hi r d EPROM ar e ANDed
wi t h cl ock e t hat i s i nver t ed and del ayed t o cope wi t h
t he si gnal t r ansi t t i me acr oss t he t hr ee EPROMsys-
t em. To avoi d any possi bl e t r i gger l oss, t he pul ses of
t he f r ee r unni ng cl ock c have t o agr ee wi t h t he access
t i me of t he EPROMs and wi t h t he si gnal over l appi ng .
The si gnal f or mat i on l engt h depends on t he l engt h of
t he j i t t er . For t he same event , i t i s possi bl e t o have one
or mor e t r i gger si gnal s, dependi ng on t he phase be-
t ween t he cl ock c and t he i nput si gnal s . Ar et r i gger abl e
one- shot at t he end of t he l i ne sums t hese mul t i pl e
t r i gger s i nt o a si ngl e l onger pul se . To cont i nuousl y
check t he appar at us per f or mance and pr ovi de a di ag-
nost i c, t he l at ch out put s ar e sent t o a 2 x 16 bi t CA-
MAC r egi st er , st r obed by t he EPROMs t r i gger out put .
EPROMcodi ng depends on t he t r i gger i ng cr i t er i a f or
whi ch t he ci r cui t i s used .

The t r i gger i ng condi t i ons chosen f or t he f i r st super -
modul e of t he MACROappar at us ar e : ( Maj or i t y coi n-
ci dence of si x out of t en hor i zont al st r eamer pl anes)
OR ( Maj or i t y of f i ve out of ei ght cont i guous hor i zont al
pl anes, f i r st and t he t ent h pl anes excl uded) OR ( 3/ 10
hor i zont al AND 3/ 6 ver t i cal west pl anes) OR ( 3/ 10

Fi g . 20 . Schemat i c over vi ew of t he st r eamer t ube t r i gger ci r cui t

CKe



hor i zont al pl anes AND 3/ 6 ver t i cal east pl anes) OR

( 3/ 6 ver t i cal east pl anes AND3/ 6 ver t i cal west pl anes)

OR ( 5/ 6 ver t i cal east pl anes) OR ( 5/ 6 ver t i cal west

pl anes) . Thi s i s t he t r i gger i ng f unct i on usi ng st r eamer

t ubes onl y . The t ot al number of l ogi cal combi nat i ons i s

about 5500 and i s wel l mat ched by t he t r i gger ci r cui t

capabi l i t y . Al l of t hese condi t i ons can be changed by
r ecodi ng t he EPROMs .

I n addi t i on t o t he f ast par t i cl e st r eamer t ube t r i gger
i n MACRO, t her e ar e t wo i ndependent sl ow par t i cl e
t r i gger syst ems f or hor i zont al and ver t i cal st r eamer
t ube pl anes . Acompl et e descr i pt i on of t he t r i gger f r om
hor i zont al t ubes i s gi ven i n r ef . [ 21] . The pur pose of
t he st r eamer t ube sl ow par t i cl e t r i gger i s t o di st i ngui sh
si gnal s whi ch may be pr oduced by a monopol e f r om

r andom backgr ound si gnal s occur r i ng dur i ng t he l ong

gat e t i me ( - 0. 5 ms) . Si nce l i mi t ed st r eamer t ubes ar e

essent i al l y noi sel ess, t he onl y backgr ound i s nat ur al

r adi oact i vi t y event s whi ch occur at a r at e of - 40
Hz/ m2 i n t he MACROdet ect or . I n cont r ast , a mas-
si ve sl ow par t i cl e woul d t r aver se t he det ect or i n a
st r ai ght l i ne and at const ant speed . Hence, i t i s possi -
bl e t o t r i gger on event s i n whi ch t he ver t i cal coor di -
nat es of t he hi t pl anes ar e t empor al l y al i gned . The
t r i gger f or t he hor i zont al pl anes act s as t he OR of 320
del ayed coi nci dences wi t h a r esol vi ng t i me of 2 ws .
Each coi nci dence r equi r es t he t i me al i gnment of at
l east seven hi t pl anes cor r espondi ng t o a par t i cul ar
t i me- of - f l i ght wi ndow. The t r i gger i ng ci r cui t i s based
on 20 cust om gat e ar r ays, each wi t h t he equi val ent of

6000 gat es . For t he ver t i cal st r eamer pl anes, t i mi ng
r equi r ement s al one ar e not suf f i ci ent t o f or m a t r i gger
si nce t he t i me- of - f l i ght bet ween t he i nner and out er
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ver t i cal pl anes i s shor t except f or ver y l ow bet a par t i -
cl es . Hence, i n addi t i on t o a l oose t i me al i gnment , t he

ver t i cal pl ane t r i gger r equi r es spat i al l y al i gned hi t s .

Bot h t ypes of t r i gger uni t s ( hor i zont al and ver t i cal )
pr oduce a t r i gger r at e of 10 - Z Hz . The pr oduct of t he
el ect r oni cs ef f i ci ency t i mes t he accept ance i s 70%of a
f ul l 4 . 8 X 12 X 12 m3 sensi t i ve box f or 10 - 4 < /3 < 1 .

Lower t hr eshol ds ( and hi gher accept ance) wi l l be used

i n t he f i nal MACROconf i gur at i on .

4. 5 . Space and angul ar accur acy of t he t r acki ng syst em

Tr acki ng pr eci si on i s i mpor t ant i n det er mi ni ng t he

t r ue di r ect i ons of penet r at i ng par t i cl es t o st udy muon
ast r onomy and angul ar di st r i but i ons of muons . I n addi -
t i on, i t i s of pr i mar y i mpor t ance f or sel ect i ng candi dat e
sl ow par t i cl es ( e . g . , monopol es, nucl ear i t es, et c . ) . I n
t hi s l at t er case, si nce a r el at i vel y l ong t i me wi ndow i s
used ( 500 vs) , i t i s mandat or y t o r ecogni ze a candi dat e
t r ack among t he nat ur al r adi oact i vi t y noi se . Spat i al
r esol ut i on depends on t he gr anul ar i t y and per f or mance
of bot h wi r e and pi ck- up st r i p vi ews . Mor e pr eci sel y,
t he l ocal i zat i on of t he t r ack i s def i ned wi t hi n a cl ust er ,
whi ch i s t he gr oup of t r acki ng el ement s f i r ed when a
par t i cl e cr osses a pl ane . The si ze of t he i nduced si gnal

on adj acent st r i ps depends on t he det ect or desi gn and

gas mi xt ur e, and i t s i mpor t ance depends on t he el ec-
t r oni c t hr eshol d of t he r eadout el ement s . The cl ust er

wi dt h di st r i but i on i s cl osel y r el at ed t o t he spat i al accu-
r acy obt ai ned i n t he st er eo vi ew. Mor eover , t r ack r e-
const r uct i on i s af f ect ed by par t i cl e i nt er act i ons j ust
out si de and wi t hi n t he appar at us . I n f act , el ect r omag-
net i c pr ocesses l eavi ng ener gy deposi t s i n t he st r eamer
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Fi g . 21 . Angul ar r esol ut i on of t he muon t r acki ng syst em as der i ved f r omt he st udy of t r ack sl opes f or t he wi r e and st r i p vi ews.
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t ubes near t he cel l t hat t he par t i cl e cr osses can enl ar ge
t he cl ust er wi dt h . The aver age cl ust er wi dt hs have been
measur ed t o be 4. 5 cm i n t he wi r e and 8. 96 cm i n t he
st r i p vi ew, cor r espondi ng t o a mean occupancy of 1 . 45
and 2. 75 el ement s, r espect i vel y . Space r esol ut i on
achi eved wi t hout any sel ect i on on t he t r acks i s o, ( w) =
1 . 1 cm, and or ( s) = 1 . 6 cm, wher e o, ( w) r ef er s t o t he
wi r es and a( s) t o t he st r i ps . These number s r ef er t o
t he r esi dual s obt ai ned by subt r act i ng t he cl ust er cen-
t er s f r om t he posi t i on of t he st r ai ght l i ne passi ng
t hr ough t he ot her hi t s bel ongi ng t o t he t r ack. Thi s
r esul t conf i r ms t hat t he t r acki ng syst em i s oper at i ng
cor r ect l y .

The muon t r acki ng pr ocedur e consi st s of a pat t er n
r ecogni t i on sect i on, based on t he sear ch f or a set of
al i gned poi nt s . St ar t i ng f r om t hese sel ect ed hi t s we
per f or ma l i near f i t and cal cul at e t r ack par amet er s and
t hei r er r or s . For each hi t el ement , t he act ual coor di -
nat e i s assumed t o be uni f or ml y di st r i but ed wi t hi n t he
ent i r e cl ust er wi dt h . The angul ar r esol ut i on depends
on t he cl ust er wi dt hs and on t he t r ack l engt h . The
aver age er r or s on t he sl opes ar e t r ( w) = 0. 14° , ozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ( s) =
0. 29° ( onl y t r acks wi t h 4 or mor e hi t s ar e kept ) . The
angul ar r esol ut i on r el at ed t o t hese val ues i s r epor t ed i n
f i g . 21 wher e i t i s shown t hat 68% of t he t r acks f al l
wi t hi n 0. 48° of t he or i gi nal di r ect i on . I t shoul d be
not ed t hat f or muon physi cs, t he i nst r ument al angul ar
r esol ut i on i s onl y one component of t he uncer t ai nt y on
t he or i gi nal di r ect i on of t he muons . The mai n cont r i bu-
t i on comes f r om t he mul t i pl e coul omb scat t er i ng due
t o t he passage of t he muons i n t he r ock over bur den .
The Ear t h' s magnet i c f i el d and t he i nci dent par t i cl e' s
t r ansver se moment um i n t he nor mal pr oduct i on of t he
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muons f r om pi on and kaon decay ar e compl et el y negl i -
gi bl e .

The measur ement of t he over al l r esol ut i on has been
per f or med usi ng t he r el at i ve angl e of muons i n doubl e
muon event s and i s shown i n f i g . 22 . The 68%wi dt h of
t he di st r i but i on i s 1 . 35° , hence, t he r esol ut i on on si ngl e
t r acks, ( C bet t er ) , t ur ns out t o be 0. 95° .

5 . The t r ack- et ch det ect or

The mai n pur pose of t he MACROt r ack- et ch det ec-
t or i s t he sear ch f or magnet i c monopol es [ 22] . The
det ect or i s pl aced hor i zont al l y i n t he mi ddl e of t he
MACRO st r uct ur e . Ver t i cal wal l s on t he east and
nor t h si des of MACRO ar e bei ng added f or t he f i nal
conf i gur at i on . The hor i zont al t r ack- et ch det ect or i s
or gani zed i n 48 " t r ai ns" per super modul e ; each t r ai n
has 47 " wagons" of 25 x 25 CMZ i n si ze . A " wagon"
cont ai ns t hr ee l ayer s of CR39, 1 . 4 mm t hi ck, 1 mm
t hi ck al umi num absor ber , and t hr ee l ayer s of LEXAN,
0 . 2 mmt hi ck . These l ayer s ar e pl aced i n an al umi num
bag f i l l ed wi t h dr y ai r . Each " wagon" can be i nser t ed
or r emoved by sl i di ng i t on r ai l s. The passage of
magnet i c monopol es i s expect ed t o cause st r uct ur al
damage i n t he CR39 . Chemi cal et chi ng shoul d r esul t i n
col l i near et ch pi t s of equal si ze on bot h f aces of t he
sheet . The t r ack- et ch det ect or wi l l be used mai nl y f or
conf i r mat i on, when " t r i gger ed" by a si gnal i n t he sci n-
t i l l at i on count er s and/ or t he l i mi t ed st r eamer t ubes .
For t hese candi dat e event s, a sear ch i s per f or med f or a
monopol e t r ack i n t he CR39 ar ound t he expect ed
posi t i on, def i ned t o wi t hi n a f ew squar e cent i met er s .
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Fi g. 22 . Over al l angul ar r esol ut i on of t he muon t r acki ng syst em as der i ved f r omt he st udy of di - muon event s .
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The i nt er est i ng " wagon" i s ext r act ed and one l ayer of

CR39 i s heavi l y et ched . A scan f or hol es i s per f or med

wi t h l ow magni f i cat i on opt i cal met hods. The ot her t wo

sheet s of CR39 ar e used f or conf i r mat i on of any candi -

dat e monopol e t r ack f ound i n t he heavi l y et ched l ayer .
The r el at i ve posi t i on of t he monopol e t r acks i n t he
di f f er ent l ayer s of CR39 can be det er mi ned wi t h a
pr eci si on of bet t er t han 100 l t m. The t echni que has
been t est ed and shown t o be vi abl e .

I n col l abor at i on wi t h t he I NTERCAST Company of
Par ma, I t al y, manuf act ur er of CR39 mai nl y f or sun
gl asses, t he qual i t y of t he pol ymer was i mpr oved i n
or der t o achi eve l ower det ect i on t hr eshol d, hi gher sen-
si t i vi t y i n a l ar ger r ange of ener gy l osses, hi gher qual i t y

of t he post - et ched sur f ace af t er pr ol onged et chi ng,
st abi l i t y of t he sensi t i vi t y of t he pol ymer over l onger
per i ods of t i me ( sever al year s) , and uni f or mi t y of sensi -

t i vi t y f or mass- pr oduced sheet s . Af t er a number of

t est s, a f i r st bat ch of 1000 CR39 sheet s, each 98 x 98
cm2 i n si ze, was made by I NTERCAST. These wer e

used f or t he f i r st super modul e . Fur t her i mpr ovement s

came f r om t he use of a di f f er ent cat al yzer ( I PP i nst ead
of CHPC) , a di f f er ent cur i ng cycl e, and a number of
ext r a pr ecaut i ons . The pr esent di scussi on wi l l be r e-
st r i ct ed mai nl y t o t wo t ypes of CR39 : EN3 ( f i r st bat ch)
and L6 ( l at er bat ches) t hat ar e al r eady i nst al l ed i n
MACRO.

The bul k et chi ng r at es of sever al sampl es of CR39
of di f f er ent chemi cal composi t i on and made wi t h di f -
f er ent cur i ng cycl es wer e measur ed by et chi ng i n a
sol ut i on 6N of NaOH at 70° C f or successi ve et chi ng
t i mes of 5, 10, 15, 20, and 40 h . The t hi cknesses of t he
sheet s wer e measur ed wi t h a pr eci si on compar at or
af t er each et chi ng per i od . Gener al l y, t he t hi cknesses
i ncr ease i n t he f i r st f i ve hour s of et chi ng; t hen t hey
decr ease r egul ar l y . The sl ope of t he decr ease i s t he
bul k et chi ng r at e . The i ncr ease i n t hi ckness at smal l
et chi ng t i mes i s connect ed wi t h a swel l i ng of t he pl as-
t i c, due t o t he combi ned ef f ect of wat er and t emper a-
t ur e . The bul k et chi ng r at es wer e det er mi ned by f i t t i ng
t he measur ed dat a af t er t he f i r st 10 h of et chi ng . The
r esul t s ar e gi ven i n t abl e 1 ; er r or s i ncl ude st at i st i cal
and syst emat i c uncer t ai nt i es. The EN3 t ype has t he
l ar ger et ch r at e ( v B) . The post - et chi ng sur f ace qual i t y
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Fi g. 23. Measur ed val ues of t he r educed et ch- r at i o p = ' ~ T / r B

vs REL f or EN3 and L6 t ypes .

and t r anspar ency decr ease f r om L6 t o EN3. Thi s sug-
gest ed t he conveni ence of t he use of t he I PP cat al yzer
i nst ead of t he CHPC cat al yzer . Af t er a number of
t est s, we l i mi t ed t he mass pr oduct i on t o t he L6 t ype .

I n or der t o cal i br at e t he CR39, st acks wer e exposed
t o i ons of 585 MeV/ nucl eon at t he Ber kel ey Beval ac .
The EN3 and L6 sampl es wer e 1 . 5 and 0. 5 yr ol d,
r espect i vel y . Af t er pr oduct i on, t hey wer e st or ed i n
al umi num bags f i l l ed wi t h dr y ai r i n t he Gr an Sasso
under gr ound l abor at or y . Ast ack was t ypi cal l y made of
6 CR39 sheet s, a copper absor ber 1 . 4 cm t hi ck, f ol -
l owed by t en sheet s . Al l t he CR39 sheet s wer e 13 x 7
cm2 i n si ze, and 1 . 4 mmt hi ck . The sheet s l ocat ed af t er
t he absor ber al so det ect ed l ower Z f r agment s f r om t he
or i gi nal i ons . Af t er 45 h of et chi ng i n NaOH, 6N at
70° C, t he sur f ace ar eas of t he et ch- pi t s wer e measur ed
wi t h an El bek i mage anal yzer . Fr om t hese measur e-
ment s and t he measur ement of U B, t he r educed et ch
r at i o, p =

UT/ U
B , was cal cul at ed f or each det ect ed

char ged f r agment [ 23] . The val ues of p obt ai ned ar e
pl ot t ed ver sus r est r i ct ed ener gy l oss ( REL) i n f i g . 23
f or bot h EN3 and L6 t ypes . The cont i nuous l i nes ar e

Tabl e 1
Chemi cal composi t i on of t wo t ypes of CR39, t he maxi mumt emper at ur es r eached i n t he cur i ng cycl e and t he measur ed bul k et chi ng
r at es

Type Dat e Cat al yzer Addi t i ves Max . t emp. i n LB [ mm/ h]
t he cur i ng cycl e
[ ° C]

EN3 Jan . 88 CHPC DOP 80 1 . 21+0. 02
L6 Jul . 88, I PP Naugar d 95 1 . 16+0. 02

Mar . 89, Jan . 90 Ant i oxi dant
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t he r esul t of a best f i t t o t he exper i ment al dat a . The
ext r apol at i on t o p = 1 of each cur ve yi el ds t he t hr esh-
ol d val ues, REL = 27 and 53 MeVCMZ/ g f or L6 and

EN3 t ypes, r espect i vel y . These val ues cor r espond t o

Zer r / ß = 5 . 1 and 7. 3, r espect i vel y . The EN3 t ype shoul d
be sensi t i ve t o magnet i c monopol es wi t h uni t Di r ac
char ge havi ng / 3 > 1 . 8 x 10 - 3 and al so f or 2 . 6 x 10 - 5
< / 3 < 1 . 7 x 10 - 4 i f nucl ear ener gy l osses can be de-
t ect ed i n CR39 . We ar e st udyi ng exper i ment al l y t he
r esponse of CR39 i n t he ver y l ow ( 3- r egi on .

Sampl es f r om di f f er ent sheet s of t he same bat ch
wer e exposed t o Ne i ons of 585 MeV/ nucl eon and
et ched t oget her . The p- val ues obt ai ned f or each sheet
i ndi cat e a good uni f or mi t y of sensi t i vi t y f or sheet s of
t he same bat ch . We checked t hat t he CR39 of t he EN3
t ype shows no si gni f i cant l oss of sensi t i vi t y near t hr esh-
ol d af t er 1 . 5 yr of i nst al l at i on i n t he MACROdet ect or .
The r esul t suggest s t hat t he seal i ng of t he CR39 i n dr y
al umi num bags f i l l ed wi t h dr y ai r at 15° C ( MACRO
envi r onment ) ar e good st or age condi t i ons .

Pr el i mi nar y r esul t s i ndi cat e t hat bot h EN3 and L6
t ypes of CR39 ar e adequat e f or t he sear ch f or mag-

net i c monopol es i n MACRO [ 24, 25] . The r el at i vel y
l ar ge di f f er ence i n t hr eshol d bet ween sampl es of EN3
and L6 makes onl y a r el at i vel y mi nor ef f ect on t he
( 3- t hr eshol d of monopol es .

6 . On- l i ne dat a- acqui si t i on syst em

The MACROdat a- acqui si t i on syst em [ 26] has been

desi gned t aki ng i nt o account t he f ol l owi ng r equi r e-
ment s :

1) The syst em must be modul ar and must consi st of
a net wor k of mi cr ocomput er s t o mat ch t he appar at us
modul ar i t y . I n t hi s way t he syst em si ze can be t ai l or ed
t o t he r eal necessi t i es .

2) The syst em must al l ow easy access f r om r emot e
l ocat i ons t o each comput er or mi cr ocomput er i n or der
t o cont r ol t he appar at us .

3) The syst em must be based on commer ci al pr od-

uct s, bot h f or sof t war e and f or har dwar e, i n or der t o be

easi l y mai nt ai ned .
Taki ng i nt o account t hese r equi r ement s, we have

chosen a syst em based on a Mi cr oVAXI I net wor k
( Et her net / DECNET) . The Mi cr oVÁXeS ar e r unni ng
a VAXELN syst em. VAXELN i s a Di gi t al Equi pment

sof t war e pr oduct f or t he devel opment of dedi cat ed,

r eal t i me syst ems f or VAX pr ocessor s . A cent r al VAX,
r unni ng under t he VAX/ VMS oper at i ng syst em, i s
used as f i l e ser ver and i nt er f ace wi t h r espect t o t he
user ' s wor l d . The " CERN- Fi sher CAMAC syst em

cr at e" , t hat uses t he CES 2280 Qbus- CAMAC i nt er -
f aces wi t h t he DMA cont r ol l er 2281, has been chosen
as t he mai n har dwar e st andar d . The gener al l ayout of
t he acqui si t i on syst em i s shown i n f i g . 24 . For t he f ul l
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Fi g . 24 . Gener al l ayout of t he gl obal dat a acqui si t i on syst em
i n MACRO. SM1 t o SM6 r epr esent t he si x super modul es of

t he f i nal MACROdet ect or .

MACRO det ect or , t hr ee Mi cr oVAXes wi l l cont r ol
t hr ee gr oups of t wo super modul es each . Each Mi -
cr oVAX i s connect ed t o t wo CAMAC par al l el
br anches . Two addi t i onal Mi cr oVAXes wi l l act as t he
super vi sor s f or t he neut r i no event s f r om st el l ar col -
l apse. The r aw dat a l oggi ng i s per f or med on t he
VAX8200 di sks and t he amount of mass st or age ( 3
Gbyt es) al l ows t he dat a t o be avai l abl e f or a f ew weeks
t o al l ow f or a f ast anal ysi s and copyi ng t o t ape .

Al l t he comput er s ar e connect ed vi a Et her net under
DECNET pr ot ocol . Thi s choi ce does not pr oduce any

l i mi t at i on on t he dat a t hr oughput . We have obt ai ned,
i n absence of hi gh sof t war e over l oad, a dat a t hr ough-
put of mor e t han 300 kbyt e/ s bet ween t wo Mi -
cr oVAXes i n VAXELN, and mor e t han 150 kbyt e/ s
bet ween a Mi cr oVAX i n VAXELN and t he VAX8200 .
I f t he dat a ar e l ogged on a VAX8200 di sk, t he dat a
t hr oughput i s of t he or der of 40 kbyt e/ s . An advant age
of t hi s net wor k sol ut i on i s t he r educt i on of cabl es,
si nce i t i s not necessar y t o have al l t he cr at es i n t he
same l ocat i on . I n t he f ut ur e some VMEel ect r oni cs wi l l
be i ncl uded i n t he acqui si t i on . I n t hi s case, t he r eadout
wi l l be done usi ng a VME boar d wi t h a Mi cr oVAX
CPU and et her net i nt er f ace .

The MACRO l ocal ar ea net wor k ( LAN) i s con-
nect ed t o t he gener al LNGS LAN by a DEC Br i dge .
The LNGS LAN i s composed of segment s l i nked vi a
opt i cal f i ber s r unni ng f or about 6 km bet ween t he
under gr ound l abor at or y and t he ext er nal l abor at or y,
wher e t he gener al comput i ng f aci l i t i es ar e l ocat ed .
Fr om t he ext er nal l abor at or y, i t i s possi bl e t o have
access t o t he DECNET wi de ar ea net wor k ( WAN) .
Ut i l i t i es have been i mpl ement ed t o hel p cont r ol and
debug t he appar at us . I n f act , dur i ng t he acqui si t i on, a
user f r om any DECNET node can r equest a copy of
t he r aw dat a buf f er f r om a gi ven Mi cr oVAX or f r om



t he cent r al VAX as wel l as r equi r e t he execut i on of
CAMAC oper at i ons by t he use of r emot e pr ocedur e
cal l s ( RPC) .

6. 1 . The VAXELNsyst em f or t he Mi cr o VAXes

VAXELN has t he f ol l owi ng advant age wi t h r espect

t o t he VMS oper at i ng syst em:
1) opt i mi zed per f or mance f or r eal t i me oper at i ons

due t o t he smal l over head of t he oper at i ng syst em;

2) power f ul and ef f i ci ent message exchange f aci l i -

t i es t hat ar e usef ul f or bui l di ng mul t i - j ob appl i cat i ons,

even i f t he j obs ar e r unni ng on di f f er ent machi nes ;

3) ease of wr i t i ng devi ce dr i ver s and wor ki ng wi t h
per i pher al s . Devi ce dr i ver s can be wr i t t en usi ng hi gh
l evel l anguages ( EPASCAL or C) .

The VAXELN syst em f or MACROconsi st s of seven
user j obs r unni ng wi t h di f f er ent pr i or i t i es . The syst em
i ncl udes f our syst em j obs such as t he Et her net dr i ver ,
t he consol e dr i ver , et c . I n each j ob many concur r ent
subpr ocesses can r un wi t h di f f er ent pr i or i t i es ; i n our
syst em mor e t han sevent een subpr ocesses r un concur -
r ent l y . The number of subpr ocesses depends on t he

number of act i vat ed DECNET connect i ons . The sof t -

war e has been wr i t t en i n t he VAXELN PASCAL ver -

si on of EPASCAL.

The CAMACi nput / out put can be done usi ng a l i st

of CAMAC oper at i ons cont ai ned i n a f i l e on t he
VAX8200 . Thi s i s t he nor mal way t o handl e CAMAC
dur i ng t he dat a t aki ng. Mor eover , t he access can be
done by usi ng a st andar d ESONE CAMAC l i br ar y,
ei t her di r ect l y i nsi de VAXELN, or f r oma comput er i n
t he DECNET net wor k vi a r emot e access r out i nes .

The dat a f l ow af t er t he occur r ence of a t r i gger i s
shown i n f i g . 25 . The exchange of dat a bet ween j obs i s

done usi ng t he VAXELN message f aci l i t i es . Af t er a

t r i gger i nt er r upt t he dat a ar e r ead i nsi de t he Event I n
j ob usi ng a memor y r egi on mapped as a VAXELN

message . A concur r ent subpr ocess, r unni ng at l ower
pr i or i t y, pr ovi des t he message mappi ng and t he mes-
sage r out i ng . The t i me needed f or t hese oper at i ons i s 4
ms f or a buf f er of 100 kbyt e . Two memor y r egi ons ar e
al l ocat ed as dat a buf f er s t o mi ni mi ze t he dead t i me.
The over head, due t o t hi s ar chi t ect ur e, set s an abso-
l ut e l i mi t on t he maxi mum peak acqui si t i on r at e of

90 Hz .
I n t he Mi cr oVAX used t o moni t or l ow ener gy neu-

t r i no event s, t he dat a ar e buf f er ed ( 16 event s) t o i m-

pr ove t he per f or mance . I n t he same j ob, a per i odi c
r eadout of equi pment i s per f or med ( e . g. vol t ages, cur -
r ent s, scal er s) . These dat a ar e i nser t ed i n t he same
st r eam as t he nor mal event s but wi t h a di f f er ent i dent i -
f i er . The dat a can be sent ei t her t o a j ob, dedi cat ed t o
t he dat a r educt i on and dat a f or war di ng t o t he
VAX8200, or t o t he Event f i l t er and pr e- anal ysi s j ob .
I n t he Dat a Reduct i on j ob, dat a ar e zer o suppr essed,
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Fi g . 25 . Dat a f l ow f r om a Mi cr oVAX t o t he VAX8200 f ol l ow-
i ng a t r i gger .

i f necessar y, and t he wavef or m dat a ar e compr essed
accor di ng t he Huf f man compr essi on al gor i t hm [ 27] .
The event f i l t er j ob deci des whet her t he event shoul d
be di scar ded af t er a pr e- anal ysi s based mai nl y on t he
t r acki ng . I n t he acqui si t i on wi t h t he f i r st super modul e,
however , al l event s ar e accept ed . Al so, t he dat a ar e
sent t o t wo dat a spool er j obs, whi ch r un at l ow pr i or i t y .
The f i r st copi es t he dat a bef or e r educt i on, t he second
copi es t he dat a af t er r educt i on . User s f r om r emot e
DECNET nodes can ask f or a copy of t he dat a buf f er
by r equest i ng a DECNET connect i on t o a spool er j ob .
Acent r al i zed j ob handl es t he commands comi ng f r om
t he cent r al VAX and r out es such commands t o t he
appr opr i at e VAXELN j ob ( f i g . 26) . Thi s j ob al so sup-
por t s t he ESONE r emot e CAMAC pr ocedur es cal l s
comi ng f r om t he mai n acqui si t i on pr ogr am.

6. 2. The VAXI VMS acqui si t i on syst em f or t he VAX
8200

The VMS par t of t he acqui si t i on syst em per f or ms
t he f ol l owi ng f unct i ons :

1) Net wor k ser ver and 1/ O ser ver f or t he ELN
syst ems r unni ng on t he Mi cr oVAX net wor k ;

2) r out er of t he di r ect i ves t o t he Mi cr oVAX net -
wor k ;

3) r out er of t he user di r ect i ves t o t he subpr ocess
component s of t he VMS syst em;

4) handl er of t he gener al hi st ogr ammi ng;
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Fi g . 26. Command f l ow f r om t he VAX8200 t o a Mi cr oVAX.

5) spool er of compl et e event dat a t o ot her
VAX/ VMS comput er s i n t he net wor k ;

6) col l ect or of t he al ar mcondi t i ons ;
7) per i odi c moni t or i ng of t he appar at us per f or -

mance.
The VMS syst em i s composed of sever al par al l el

subpr ocesses t hat ar e schedul ed accor di ng t o a pr e- de-

t er mi ned scheme of pr i or i t i es and ar e synchr oni zed vi a

event f l ags . Ot her mul t i pl e pr ocesses, subst ant i al l y de-

coupl ed f r om t he cor e of t he syst em, ar e t he user
i nt er f aces ( e . g . consol es, hi st ogr am pr esent er s) . The
dat a shar i ng among t he pr ocesses i s per f or med vi a
mai l boxes and gl obal sect i ons, whi l e t he r aw dat a f l ow
bet ween t he di f f er ent component s of t he syst em i s
ar bi t r at ed by t he model buf f er manager [ 28] , devel oped
at CERN. The net wor k ser vi ce i s per f or med by DEC-
NET communi cat i ons . The syst em i mpl ement s syn-
chr onous DECNET t r anspar ent communi cat i ons i n t he

subpr ocess t hat r out es t he di r ect i ves t o a compani on

pr ocess of t he ELNsyst ems ( e . g . , send commands/ wai t
f or t he compl et i on) and asynchr onous DECNET non-
t r anspar ent communi cat i ons i n t he subpr ocess t hat

handl es unsol i ci t ed dat a comi ng f r om t he ELNsyst ems

( e . g . , messages cont ai ni ng event dat a, al ar ms) .
The dat a spool er t asks accept connect i ons f r om t he

r emot e moni t or i ng j obs and di st r i but e on r equest r aw
dat a and i nf or mat i on on t he r unni ng condi t i ons . The
event di spl ay i nt er act i ve pr ogr ams ar e an exampl e of a
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Fi g . 27 . Onl i ne event di spl ay of t wo muon t r acks mt he f i r st
super modul e . The r ect angul ar boxes i ndi cat e sci nt i l l at or

count er s hi t and t he poi nt s ar e st r eamer t ube hi t s .

r emot e j ob r ecei vi ng dat a f r om t he dat a spool er s . The
event di spl ay per f or ms t he 3D vi sual pr esent at i on of
t he event s shown i n f i g . 27, usi ng GKS [ 29] . Dat a
sour ces f or t he event di spl ays coul d be al so t he r aw
dat a f i l es st or ed i n t he di sks of t he wi de ar ea net wor k .
The st el l ar col l apse moni t or i s anot her exampl e of a
j ob r ecei vi ng dat a f r om t he dat a spool er s . Thi s l ob
execut es a r eal - t i me moni t or of possi bl e si gnal s due t o
a st el l ar col l apse and sends al ar ms i n case of candi dat e
event s .

The appar at us moni t or i ng i s per f or med vi a t he hi s-
t ogr am pr esent er s, whi ch make use of HBOOK [ 30]
and ZEBRA [ 31] . They al l ow t he pr esent at i on and t he
mani pul at i on of t he f i l l ed hi st ogr ams . The hi st ogr am
handl er pr ovi des dat a t o t he l ocal pr esent er s vi a a
gl obal sect i on and t o r emot e pr esent er s vi a a di sk f i l e
st or i ng a per i odi c dump of t he hi st ogr am cont ent s . A
f ur t her st age of t he moni t or i ng i s per f or med by a " post
End- Run" pr ogr am r unni ng i n bat ch . The pr ocedur e
makes avai l abl e t he r aw dat a t o sever al r out i nes de-
si gned f or t he ef f i ci ency eval uat i on of t he di f f er ent
component s of t he appar at us, f or t he book- keepi ng of
t he r unni ng condi t i ons, pr e- anal ysi s pr ocedur es, et c .
I n t he f i r st super modul e of MACRO, t he t ot al number
of el ect r oni c channel s r ead was as shown i n t abl e 2 .

Tabl e 2

Channel s Max si ze
[ kbyt e]

1) St eamer t ube syst em 24000 ( di gi t al ) 3. 5

2) QTP syst em 60 6

3) Sci nt i l l at or s ERP,
ADC, TDC 700 1 . 4

4) Sci nt i l l at or s WED 28 31

5) PHRASE 41 0. 95 per
channel



Two mi cr oVAXes wer e used i n t he r un wi t h t he

f i r st super modul e : one f or st el l ar col l apse ( PHRASE)

and t he ot her f or t he muon physi cs and t he monopol e

sear ch . The Mi cr oVAX f or st el l ar col l apse col l ect ed

event s at t he r at e of about 0. 9 Hz . An event was

def i ned at t he si ngl e count er l evel . The event l engt h

was about 0 . 95 kbyt e . Af t er t he dat a r educt i on per -

f or med i n t he Mi cr oVAX t he event l engt h was about

0 . 24 kbyt e. The second Mi cr oVAX col l ect ed dat a at a

r at e of about 0 . 13 Hz . The aver age event l engt h was 9

kbyt e, wi t h a maxi mum of about 34 kbyt e . Af t er t he

dat a r educt i on and compr essi on t he aver age event

l engt h was 3 . 2 kbyt e . The aver age dead t i me was of t he

or der 0 . 5%. A VAXst at i on 3100 was used f or event

di spl ay and st el l ar col l apse moni t or , and t he dat a wer e

obt ai ned usi ng our net wor k f aci l i t i es . Dat a wer e l ogged

on t he VAX8200 di sks and t hen per i odi cal l y copi ed on

t he VAX8700 i n t he ext er nal l abor at or y .

6. 3. The uni ver sal t i me ( UTC) cl ock

The t i me of occur r ence of t he event s i s det er mi ned

by a syst em ( UTC cl ock) whi ch has as t he pr i mar y

component a mast er cl ock, l ocat ed i n t he ext er nal

l abor at or y, dr i vi ng per i pher al uni t s ( sl ave cl ocks) l o-

cat ed i n t he t unnel . The Mast er cl ock uses a hi gh

st abi l i t y r ubi di um osci l l at or as a l ocal f r equency sour ce .

The measur ed l ong t er m f r equency f r act i onal dr i f t ,

Ov/ v, of t he osci l l at or i s l ess t han 10- 11 . Two met hods

ar e used t o al i gn t he cl ock t o t he uni ver sal t i me scal e .

The f i r st , l ow qual i t y, met hod was based on t he st at i st i -

cal anal ysi s over per i ods of 1 t o 15 days of r adi o

br oadcast t i me si gnal s . I t gi ves an accur acy of about 0 . 1

ms . The second met hod used now i s based on measur -

i ng t he posi t i on, r el at i ve t o t he l ocal t i me scal e, of t he

t el evi si on f r ame synchr oni zat i on si gnal s . The compar i -

son wi t h t he same measur ement per f or med on t he

same si gnal s by t he I t al i an t i me st andar d i nst i t ut i on

( Gal i l eo Fer r ar i s) , r el at i ve t o t he UTC scal e, al l ows t he

cal cul at i on of t i me cor r ect i ons f or i nt er est i ng event s

wi t h a r esi dual di scr epancy of - 1 Rs r el at i ve t o UTC,

apar t f r om a const ant of f set of up t o 1 ms t hat i s not

yet measur ed . The t i me i nf or mat i on i s t r anspor t ed t o

t he sl ave cl ocks i n t he under gr ound exper i ment al ar eas

t hr ough monomodal opt i cal f i ber cabl es, 8 km l ong . A

sl ave cl ock pr esent s t o t he dat a acqui si t i on syst em a

pat t er n of 80 bi t s cont ai ni ng t he t i me wi t h 0. 1 Ws

r esol ut i on . Whenever an event t r i gger s t he appar at us,

t he out put r egi st er of t he cl ock i s f r ozen t o al l ow t he

r eadi ng oper at i on ( f i ve CAMACwor ds of 16 bi t s each) .

An i nput / out put r egi st er ( CES I OR 1420) i nt er f aces

t he cl ock t o t he CAMAC dat away . I n or der t o r each a

hi gh degr ee of r edundancy, t he UTC cl ock syst em wi l l

be augment ed i n t he f i nal conf i gur at i on by addi t i on of

a gl obal posi t i oni ng syst em ( GPS) r ecei ver . Thi s wi l l
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moni t or t he l ocal t i me scal e by means of t i me si gnal s

f r om sat el l i t e based st andar d cl ocks .

Dat a r ecor ded on t he acqui si t i on comput er ( VAX

8200) ar e pr ocessed t hr ough pass 0 of t he of f - l i ne

anal ysi s pr ogr amDREAM( Dat a Reduct i on and Event

Anal ysi s f or MACRO) . Thi s pass si mpl y r ef or mat s r aw

dat a f i l es ont o a mul t i - r un t ape, wr i t t en i n a machi ne

i ndependent f or mat wi t h t he addi t i on of some i nf or ma-

t i on about t he r un st at us i n each r un header . DREAM

i s a ver sat i l e pr ogr am concei ved t o manage t he di f f er -

ent st ages of MACRO anal ysi s : dat a 1/ O ( pass 0) ,

event decodi ng ( pass 1) , r econst r uct i on of cal i br at ed

physi cal par amet er s ( pass 2) , and event r econst r uct i on

( pass 3) . I t i s wr i t t en i n st andar d FORTRAN 77 code

usi ng onl y gener al packages t hat ar e por t abl e t o di f f er -

ent machi nes ( mai nl y t he CERN l i br ar y) . The dat a

memor y management i s accompl i shed by t he ZEBRA

package, whi ch al l ows bot h a dynami c st or age of dat a

st r uct ur es and machi ne i ndependent I / O ser vi ces . The

por t abi l i t y of t he pr ogr am has been t est ed on

VAX/ VMS, I BM/ VM and UNI X based I BM

RI SC/ 6000 comput er s . The compl et e anal ysi s t hr ough

pass 3 r equi r es - 0 . 15 s/ event on a VAX 8600 . The

cal i br at i on dat a f r om t he sci nt i l l at or syst em ar e col -

l ect ed at each r un and dur i ng some speci al dedi cat ed

r uns . The cal i br at i on dat abase r esul t i ng f r om t he anal -

ysi s of cal i br at i on r ecor ds and r uns ar e st or ed on di r ect

access f i l es ( RZ/ ZEBRA) f or t he r econst r uct i on of

cal i br at ed dat a ( pass 2) . The t r ack r econst r uct i on on

t he st r eamer t ube hi t s i s per f or med on i ndependent

vi ews ( wi r e, st r i p and ver t i cal pl ane vi ews) r equi r i ng

t he al i gnment of at l east f our hi t s f or each t r ack. The

t r acks r econst r uct ed i n t he di f f er ent vi ews ar e t hen

mer ged and space t r acks ar e def i ned i n t he unambi gu-

ous cases . The t r acki ng package t akes car e of t he

gr oupi ng of par al l el t r acks i n t he same event ( mul t i -

muon bundl es) . Speci al car e has been dedi cat ed t o t he

geomet r i cal sur vey of t he st r eamer t ube syst em t o have

a good absol ut e r ef er ence syst em, as r equi r ed by t he

muon ast r onomy anal ysi s . These dat a ar e kept i n a

geomet r y dat abase t hat i s updat ed f r om t i me- t o- t i me

as mor e det ai l ed sur veys or mor e r ef i ned anal yses

become avai l abl e .

Anot her i mpor t ant t ool of t he MACRO of f - l i ne

anal ysi s i s a GEANT [ 32] based si mul at i on pr ogr am,

GMACRO, whi ch descr i bes t he exper i ment al appar a-

t us i n al l i t s det ai l s ( geomet r y and det ect or r esponses) .

GMACRO i s i nt er f aced t o many i nput event gener a-

t or s ( mul t i - muon event s, muons f r om cosmi c poi nt

sour ces, monopol es, et c . ) and pr oduces bot h r aw dat a

and machi ne i ndependent dat a sampl es wi t h t he same

st r uct ur e as r eal dat a . These dat a can be pr ocessed by
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a st andar d DREAMr un, t hus al l owi ng t he eval uat i on

of t he MACRO accept ance and t he r econst r uct i on

pr ogr am ef f i ci ency . Bot h DREAMand GMACRO i n-

cl ude gr aphi c event di spl ay f aci l i t i es ( devel oped usi ng

GKS and X- wi ndow gr aphi c packages) f or t he vi sual

anal ysi s of compl i cat ed event s . The cal cul at i on of t he

r eal pat h l engt h of t he r econst r uct ed t r acks i n t he r ock

over bur den above t he det ect or i s done by usi ng di gi -

t i zed dat a pr ovi ded by t he I GM ( I st i t ut o Geogr af i co

Mi l i t at e) over a wi de r egi on ( 10 x 10 km2) ar ound t he

Gr an Sasso l abor at or y . The el evat i on map used has a

hei ght st ep of 25 m i n t he r egi ons wi t h sl ope on

aver age l ar ger t han 12%, and of 5 mel sewher e . These

dat a have been r educed usi ng i nt er pol at i on t echni ques

and conver t ed t o st andar d r ock dept h as a f unct i on of

t he zeni t h and azi mut h angl es . Pr ogr ams gi vi ng t he

muon sur vi val pr obabi l i t y f or each r ock t hi ckness have

al so been devel oped .
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