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A si l i con st r i p mi cr over t ex det ect or has been desi gned, const r uct ed and commi ssi oned i n t he OPAL exper i ment at t he LEP
el ect r on- posi t r on col l i der . The mi cr ost r i p devi ces i ncor por at e a new FoxFET bi assi ng scheme devel oped t oget her wi t h Mi cr on
Semi conduct or Lt d. , UK. The devi ces di gi t i se wi t h a pr eci si on cl ose t o 5 wmand have an except i onal l y hi gh si gnal - t o- noi se r at i o .
The associ at ed mi cr oel ect r oni cs wer e al l cust om made f or t he OPAL pr oj ect . The det ect or began oper at i on m1991 and has si nce
cont i nued t o be par t of t he OPAL exper i ment , per f or mi ng t o a ver y hi gh st andar d and openi ng up new ar eas of physi cs st udi es .

1 . I nt r oduct i on

I n 1990 a pr oposal was appr oved t o equi p t he

OPAL exper i ment at LEPwi t h t wo cyl i ndr i cal l ayer s of

si l i con mi cr ost r i p devi ces, t o be posi t i oned ar ound a
r educed di amet er beam pi pe at t he cent r e of t he
exi st i ng OPAL dr i f t chamber assembl y .

The pr oposed syst em, havi ng been t hr ough t he
phases of pr ot ot ypi ng, det ai l ed i nt egr al desi gn, manu-
f act ur e and i nst al l at i on wi t hi n t he OPAL exper i ment ,
was successf ul l y commi ssi oned f or physi cs dat a i n May
1991 . The mi cr ost r i p devi ces wer e devel oped wi t hi n
t he OPAL Mi cr over t ex Gr oup [ 1] and have si ngl e- si ded
capaci t i vel y- coupl ed r eadout of t he azi mut hal r - ¢ co-
or di nat e at known r adi i ' .

#' The coor di nat e syst em i s cyl i ndr i cal , wi t h z- axi s al ong t he
e - beam di r ect i on .
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Sect i on A

The component s of t he OPAL cent r al t r acki ng i n
r - O ar e now [ 21 :

- A j et dr i f t chamber , gi vi ng o- ( r i b) - 135 wm f r om
159 sense- wi r es at r adi i bet ween 0. 25 and 1 . 85 m.

- Aver t ex dr i f t chamber , gi vi ng o- ( r ( b) - 55 wmf r om
12 wi r es at r adi i bet ween 0. 10 and 0. 16 m.

- Two l ayer s of si l i con mi cr ost r i p det ect or s wi t h i n-
t r i nsi c o- ( r ( b) - 5 wm. The det ect or s ar e t angent i al

t o cyl i ndr i cal sur f aces at r adi i of 0. 061 and 0. 075 m,
as i l l ust r at ed i n f i g . 1 .
The i ncr eased si ngl e coor di nat e pr eci si on of t he

si l i con devi ces t oget her wi t h an i nt r i nsi c t wo- t r ack r es-
ol ut i on of bet t er t han 150 p m make a si gni f i cant
i mpr ovement t o t he capabi l i t i es of t he cent r al t r acki ng
of t he exper i ment . Ef f i ci ency of t r ack r econst r uct i on
wi t hi n j et s i s i mpr oved, as i s t he abi l i t y t o r econst r uct
di st i nct secondar y ver t i ces on an event - by- event basi s

f or hadr ons cont ai ni ng heavy quar ks whi ch may t r avel
up t o mi l l i met r es bef or e decayi ng . As a r esul t such



pr ocesses can be t agged mor e r eadi l y and t hei r de-
t ai l ed physi cs st udi ed mor e ef f ect i vel y . I n addi t i on,

par t i cl e l i f et i mes i n t he r egi on of 10 - 13 s can be
measur ed much mor e pr eci sel y.

I n t hi s paper det ai l s of t he new si l i con FoxFET
det ect or s ar e gi ven i n sect i on 2, and t hei r geomet r i cal
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and el ect r i cal conf i gur at i ons ar e descr i bed i n sect i on 3 .
Det ai l s of t he associ at ed el ect r oni cs ar e i n sect i on 4,

whi l e i n sect i on 5 t he t echni ques and onl i ne sof t war e

al gor i t hms f or r ecor di ng t he dat a f r om t he det ect or s
ar e descr i bed. Sect i on 6 deal s wi t h t he power i ng of t he
devi ces and al l aspect s of cont r ol and moni t or i ng of t he
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Fi g. 1 . The l ayout of t he si l i con mi cr ost r i p devi ces i n t he r o pl ane . The i nner and out er l ayer s cont ai n, r espect i vel y, 11 and 14
devi ces, and ar e posi t i oned bet ween a ber yl l i umvacuum t ube, 1 . 1 mmt hi ck, and an out er car bon f i br e pr essur e t ube, 2 mmt hi ck .
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cool i ng syst em, t emper at ur es and absor bed r adi at i on .
The of f l i ne r econst r uct i on of dat a i s out l i ned i n sect i on
7 and t he cur r ent per f or mance of t he syst em wi t hi n
OPAL i s di scussed i n sect i on S.

2 . The si l i con mi cr ost r i p det ect or s

The si l i con waf er s of t he mi cr ost r i p det ect or wer e
desi gned and devel oped i n t he UK i n col l abor at i on
wi t h Mi cr on Semi conduct or Lt d . [ 3] . These capaci -
t i vel y- coupl ed " FoxFET" det ect or s make use of a novel
bi assi ng t echni que f or t he i mpl ant ed st r i ps, descr i bed
i n det ai l i n r ef . [ 1] , wher e t est r esul t s and pr obe- st at i on
measur ement s ar e al so r epor t ed . The use of a f i el d
ef f ect t r ansi st or wi t h t he gat e over t he f i el d oxi de
pr ovi des si mpl i ci t y of f abr i cat i on whi l e al l owi ng t he
dynami c bi as r esi st ance t o be t uned t hr ough t he gat e
vol t age cont r ol . As shown i n f i g. 2, t he gat e over l aps
bot h t he ends of t he st r i ps ( t he FET sour ce) and t he
l ow- bi as r ai l ( t he FET dr ai n) . Det ect or s ar e t ypi cal l y
oper at ed wi t h a gat e- dr ai n vol t age of about - 15 V,
cor r espondi ng t o a dynami c r esi st ance of at l east 10
Mi l , and a dr ai n vol t age of 3. 6 V. These val ues wer e
chosen t o mat ch t he char act er i st i cs of t he char ge-
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ampl i f i er chi ps used f or r eadout ( sect i on 4. 1) , and have
r esul t ed i n excel l ent si gnal - t o- noi se per f or mance wi t hi n
OPAL.

The det ect or s ar e si ngl e- si ded devi ces wi t h 25 l. Lm
st r i p pi t ch, f abr i cat ed on 300 wi n t hi ck, hi gh- r esi st i vi t y
( 5- 10 kf l cm) si l i con waf er s, whi ch ar e f ul l y depl et ed
bel ow 35 V. Ever y second st r i p has an al umi ni um
r eadout st r i p above t he 170 nm t hi n oxi de i nsul at i on
( f i g . 2) whi ch has t he f ul l l engt h of t he i mpl ant ed st r i p
and gi ves 16 pF/ cm capaci t i ve coupl i ng. The t ot al
det ect or i nt er st r i p capaci t ance i s about 1 . 6 pF/ cm.
Each det ect or i s 33 mmwi de and 60 mm l ong and has
629 r eadout st r i ps and t wi ce t hi s number of p + i mpl ant
st r i ps . Measur ement s t r acki ng a 950 nmwavel engt h, 15
Wi n wi de l i ght spot acr oss a det ect or i n 1 wi n st eps
showed t hat t he i nt er medi at e st r i ps wor k as expect ed
t o l i near i se t he char ge di vi si on [ 1] .

The waf er s ar e passi vat ed wi t h a si l ox coat i ng and
kept i n a ni t r ogen at mospher e i n t he exper i ment . The
t ot al l eakage cur r ent per det ect or ( al l st r i ps pl us guar d
l i ne) i s l ow, t ypi cal l y wel l bel ow 1 l. A. These cur r ent s
r i se t o st abl e val ues wi t hi n a f ew mi nut es and al l
det ect or par amet er s have shown gr eat st abi l i t y i n t he
exper i ment . The t ypi cal si ngl e hi t ef f i ci ency of a 60 mm
l ong bonded waf er i s about 99%, and t est beam mea-
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Fi g . 2. ( a) A FoxFET mi cr ost r i p devi ce, showi ng t he r eadout st r i ps wi t h t hei r bond pads, at 50 wi n i nt er val s, i nt er l eaved wi t h
f ur t her p + i mpl ant s used t o l i near i se char ge di vi si on . The dynami c bi as cont r ol of t he p + i mpl ant s i s pr ovi ded by t he gat e- dr ai n

pot ent i al di f f er ence of t he FoxFET. ( b) Cr oss sect i on of t he det ect or bi as st r uct ur e .
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Fi g . 3 . The measur ed pr eci si on of an OPAL l adder pl aced at t he cent r e of a t r i pl et of det ect or s i n a 5 GeV pi on t est beam. The

f i t t ed cur ve cor r esponds t o a l adder r esol ut i on of 6 wm.

sur ement s at CERN have demonst r at ed t hat an i nt r i n-

	

measur ed wi t h t hr ee det ect or s pl aced about 10 mm

si c r esol ut i on of bet t er t han 6 wm i s r eadi l y achi eved .

	

apar t i n a 5 GeV pi on beam.

Thi s i s i l l ust r at ed i n f i g. 3, whi ch shows t he r esol ut i on

	

Radi at i on t est s at 5 Gy/ h f or 100 h usi ng a 90 Sr

OPAL

BRAKE MECHANI SM

Fi g . 4 . An i l l ust r at i on of t he OPAL si l i con mi cr over t ex det ect or , showi ng some of t he 25 det ect or l adder s, t he suppor t and cool i ng

st r uct ur es and par t of t he I nt er connect Ri ng ( I CR) assembl y and t he emer gi ng cabl e channel s .
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sour ce showed no di scer ni bl e changes i n t he char act er -
i st i cs of t he FoxFET bi assi ng . Thi s dose f ar exceeds
t hat expect ed at LEP ( sect i on 6. 2) .

3. The mechani cal desi gn

The si l i con waf er suppor t st r uct ur e i s shown
schemat i cal l y i n f i g . 4, t oget her wi t h t he r eadout el e-
ment s, wat er cool i ng mani f ol ds and ext er nal cabl e
r out es . The i nner most ber yl l i um pi pe i s 1 . 1 mm t hi ck
and has a mi ni mum i nner r adi us of 53 mm. Thi s
pr ovi des t he vacuum encl osur e f or t he ci r cul at i ng
beams . The out er pi pe, 2 mmt hi ck car bon f i br e epoxy
wi t h an i nner r adi us of 80 mm, pr ovi des t he i nner
sur f ace f or seal i ng t he 4 bar absol ut e pr essur e encl o-
i ur e t hat cont ai ns bot h t he j et and ver t ex dr i f t cham-
ber s . Al i mi t ed annul ar space bet ween t he pi pes of l ess
t han 23 mmi s avai l abl e f or t he si l i con det ect or assem-
bl y . Thi s const r ai ns t he geomet r i cal opt i ons f or det ec-
t or l ayout and r equi r es a compr omi se bet ween max-
i mi si ng azi mut hal cover age and havi ng t he l ar gest pos-
si bl e l ever ar m bet ween det ect or l ayer s . The r esul t i ng
l ayout i n r ( b i s shown i n f i g . 1, wi t h 11 devi ces i n t he
i nner l ayer and 14 i n t he out er l ayer . The si l i con of t he
i nner l ayer ext ends over t he pol ar angul ar r ange
I cos 01 < 0. 83 .

3 . 1. The OPAL det ect or l adder

3. 1. 1 . Ladder st r uct ur e
The st r uct ur e of an i ndi vi dual det ect or l adder i s

shown i n f i g . 5 . Thr ee si l i con waf er s ar e posi t i oned
end- t o- end and t he st r i ps whi ch ar e r ead out ar e wi r e-
bonded ser i al l y t o pr ovi de a det ect or 180 mml ong wi t h
629 r eadout channel s at a pi t ch of 50 l t m acr oss a
sensi t i ve wi dt h of 31 . 4 mm.

The waf er s ar e gl ued ont o a 0. 5 mm t hi ck
epoxy/ Kevl ar composi t e pl at e wi t h a r oom t emper a-

33 mm
629 st r i ps
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di ode st r i ps i n z di r ect i on
kevl ar suppor t pl at e

t ur e cur i ng epoxy adhesi ve . The expansi on coef f i ci ent
of t he pl at e i s about 7 ppm/ ° C, whi l e t hat of si l i con i s
appr oxi mat el y 3 ppm/ ° C. The waf er s and suppor t r ep-
r esent about 0. 6%of a r adi at i on l engt h of mat er i al f or
par t i cl es comi ng at nor mal i nci dence f r om t he i nt er ac-
t i on poi nt . Al umi ni um al l oy end pi eces ar e i ncor po-
r at ed dur i ng f abr i cat i on of t he suppor t t o act as heat
si nks, and t he assembl y i s st i f f ened by a l i ght
epoxy/ Kevl ar sect i on gl ued al ong t he axi s .

Agl ass pi t ch adapt or i s posi t i oned at t he end of t he
waf er assembl y, as i ndi cat ed i n f i g . 5 . I t car r i es 20 Vm
wi de al umi ni um t r acks t o conver t t he det ect or st r i p-
r eadout pi t ch of 50 wmdown t o t he 44 wmpi t ch of t he
MX5 Mi cr opl ex chi ps ( sect i on 4. 1) , whi ch i ncor por at e
t he ampl i f i er s and anal ogue shi f t r egi st er s necessar y
f or r eadi ng out t he st r i ps . The pi t ch conver si on f aci l i -
t at es t he bondi ng bet ween t he det ect or st r i ps and i nput
pads of t he Mi cr opl ex chi ps . A cer ami c pl at e car r yi ng
t he MX5 chi ps and ot her f r ont - end el ect r oni cs, as
descr i bed i n sect i on 4. 3, compl et es t he l adder el e-
ment s . I t i s at t ached t o t he heat si nk t o di ssi pat e t he
heat gener at ed by t he MX5 chi ps .

3. 1 . 2. Ladder assembl y
The compl et e l adder assembl y i s car r i ed out usi ng a

pr eci si on j i g and measur ement syst em consi st i ng of :
a) An opt i cal syst em wor ki ng at 170 X magni f i cat i on,

havi ng a CCDcamer a, an el ect r oni c r et i cul e gener -
at or and moni t or .

b) Tr ansl at i on t abl es wi t h l i near encoder scal es accu-
r at e t o 5 wm/ m.

c) Thr ee vacuum f i xt ur es havi ng adj ust ment i n t wo
or t hogonal di r ect i ons and a r ot at i on i n t hi s pl ane.

d) Avacuum f i xt ur e t o hol d an al i gned set of waf er s
dur i ng adhesi ve cur e .
The t hr ee waf er s of each l adder ar e al i gned i ndi vi d-

ual l y on t he vacuum f i xt ur e ( c) usi ng t he opt i cal al i gn-
ment syst em. They ar e t hen t r ansf er r ed t o t he hol di ng
f i xt ur e ( d) , al l owi ng t hei r kevl ar suppor t t o be al i gned

bondi ng
bet ween det ect or s

90, 5 mm

	

170 mm
5 MX5

gl ass adapt or

	

cer ami c boar d

7

Fi g. 5 . The OPAL mi cr over t ex l adder ; t hr ee FoxFET waf er s ar e suppor t ed on a t hi n kevl ar pl at e . They ar e j oi ned t oget her
el ect r i cal l y by ser i al wi r e bondi ng of t he 629 r eadout channel s f r om t he devi ces, vi a adapt or t r acks on a gl ass pl at e, t hr ough t o MX5
Mi cr opl ex chi ps on a cer ami c boar d . The boar d al so houses a Local Sequencer chi p and sur f ace mount ed component s of t he si gnal

r eadout ci r cui t r y .



on t he same machi ne . Af t er appl i cat i on of t he epoxy

adhesi ve t he waf er set i s r et ur ned t o i t s or i gi nal axi s

and hel d i n t he f i xt ur e unt i l adhesi ve cur e i s compl et e .

The gl ass pi t ch adapt or i s assembl ed i n a si mi l ar pr o-

cess .

3. 1 . 3. Bondi ng

Each det ect or l adder r equi r es about 2600 bond- wi r e

connect i ons t o be made bet ween t he r eadout st r i ps of

t he t hr ee si l i con waf er s, t he gl ass pi t ch adapt or and t he

i nput s t o t he f i ve Mi cr opl ex chi ps ( f i g. 5) . Ther e ar e i n

addi t i on 25 power and cont r ol wi r e connect i ons .

The bondi ng was car r i ed out at CERN usi ng a

Hughes Model 2470 ul t r asoni c wedge- bondi ng machi ne

and 25 wm di amet er al umi ni um wi r e . A check was

made dur i ng bondi ng f or " punch- t hr ough" channel s,

whi ch have r esi st i ve connect i ons bet ween t he met al

r eadout st r i p and t he under l yi ng p + i mpl ant s caused

by hol es i n t he oxi de i nsul at i on l ayer . The i ndi vi dual

si l i con waf er s wer e t est ed at Mi cr on Semi conduct or s

Lt d . and del i ver ed wi t h at l east 99% good channel s .

Af t er assembl y and bondi ng about 96%of t he channel s

of a l adder of t hr ee dai sy- chai ned waf er s ar e good,

wi t h l ow noi se, no punch- t hr ough and no bondi ng or

el ect r oni c f aul t s . Some of t he r emai ni ng 4%of chan-

nel s al so pr ovi de usabl e si gnal s f or physi cs anal ysi s .

3. 2. The det ect or mount i ng

The det ect or l adder s ar e mount ed on t hr ee spl i t

pol ygonal al umi ni um r i ngs as i ndi cat ed i n f i g . 4 . The

t wo end r i ngs car r y l egs, t wo st i f f and t wo spr i ng- l oaded,

t hat posi t i on t he det ect or i n t he suppor t i ng car bon

f i br e pr essur e pi pe . The t hi r d r i ng, cl ose t o t he MX5

r eadout chi ps, i s equi pped wi t h a wat er cool i ng ci r cui t .

Two r i ngs have dowel hol es f or pr eci se posi t i oni ng of

t he l adder s . The compl et e st r uct ur e i s made f r om t wo

hal f - shel l s j oi ned t oget her ar ound t he OPAL beam

pi pe, wi t h 11 l adder s mount ed on t he upper hal f - shel l

and 14 on t he l ower one .

An i nt er connect r i ng ( I CR) , whi ch car r i es addi -

t i onal el ect r oni cs, busses and connect or s, i s j oi ned t o

t he det ect or ( f i g. 4) . I t s st r uct ur e al so consi st s of t wo

hal f - shel l s j oi ned t oget her ar ound t he beam pi pe and

suppor t ed f r om t he pr essur e pi pe . The I CR i s made up

of seven mul t i l ayer pr i nt ed ci r cui t boar ds mount ed

ar ound t hr ee equal l y spaced l i ght al umi ni um r i ngs,

f or mi ng a 180 mml ong hept agon .

Fi ne wi r es pr ovi de t he el ect r i cal connect i ons f r om

t he ends of i ndi vi dual det ect or l adder s ont o t he I CR

assembl y . Cabl i ng f r om t he I CR i s gr ouped i nt o f our

t hi n al umi ni um channel s posi t i oned, one i n each quad-

r ant , ar ound t he i nner sur f ace of t he pr essur e pi pe, as

i ndi cat ed i n f i g . 4 . Wi t h t hi s ar r angement t he cabl i ng

does not ent er t he f i duci al accept ance of t he OPAL

l umi nosi t y det ect or s . The cabl e t r ay suppor t consi st s of

P. P. Al l por t et al . / The OPAL si l i con mi cr ouer t ex det ect or

300 mml ong hal f cyl i nder s made of kevl ar / epoxy f oi l s

j oi ned t oget her t o f or m a r i gi d st r uct ur e .

For i nser t i on wi t hi n OPAL, t he el ement s of t he

det ect or ( t he l adder s, t he I CR assembl i es and f our

cabl e t r ay sect i ons) ar e mount ed i n t ur n at t he onl y

accessi bl e sect i on of beam- pi pe, whi ch i s 330 mml ong

and si t uat ed 2 . 36 m f r om t he cent r e of OPAL . The

el ement s ar e at t ached end- t o- end i n t ur n as t he assem-

bl y i s pushed t owar ds t he i nt er sect i on r egi on . The

absol ut e posi t i on of t he det ect or i s known f r om a

l engt h measur ement of a f i ne wi r e at t ached t o t he

cent r al st r uct ur e and passed out war ds t hr ough one of

t he cabl e t r ays. The syst em i s mai nt ai ned i n a f i xed

posi t i on at t he cent r e of OPAL by a br aki ng mecha-

ni sm at t ached t o t he det ect or suppor t . Thi s exer t s

out war d pr essur e i nt o t he car bon f i br e pi pe and i s

act i vat ed ext er nal l y .

3. 3. The sur vey of t he det ect or

4. The el ect r oni cs

3 9

The hal f - shel l l adder st r uct ur es wer e j oi ned t o-

get her f or met r ol ogy measur ement s pr i or t o i nser t i on

i n t he exper i ment . The met r ol ogy equi pment consi st ed

of a f i xed f ocus per i scope at t ached t o t he ar m of a

coor di nat e measur i ng machi ne . Each l adder was sur -

veyed wi t h 27 t hr ee- di mensi onal r eadi ngs i n a gr i d t hat

spanned t he t hr ee- waf er assembl y . The r epr oduci bi l i t y

of t hese measur ement s was f ound t o be at t he 2 Rm

l evel wi t hi n a l adder assembl y, but bet ween l adder s t he

accur acy was l i mi t ed by t he 5 Vi n absol ut e accur acy of

t he coor di nat e measur i ng machi ne .

Fi nal al i gnment const ant s of t he devi ces, bot h i nt er -

nal l y, waf er t o waf er and l adder t o l adder , and gl obal l y

f or t he compl et e assembl y wi t h r espect t o t he sur -

r oundi ng dr i f t chamber , ar e obt ai ned by opt i mi si ng t he

t r ack f i t s t o Z° decay event s . Di f f er ences i n t he t r ans-

ver se posi t i ons of l adder s of t ypi cal l y 10 wm ar e ob-

ser ved bet ween t he opt i cal measur ement s and t he f i nal

al i gnment const ant s .

The si gnal s, capaci t i vel y- coupl ed t o t he i ndi vi dual

r eadout i mpl ant st r i ps of a l adder , ar e ampl i f i ed by

means of f i ve MX5 Mi cr opl ex chi ps, whose oper at i on

i s cont r ol l ed by one Local Sequencer chi p. These com-

ponent s ar e si t ed on t he cer ami c boar d at t ached t o t he

det ect or ( f i gs . 4, 5) . The Local Sequencer s ar e i n t ur n

cont r ol l ed by a FASTBUS Mast er Sequencer , and t he

anal ogue si gnal s f r om t he det ect or ar e pr ocessed by

FASTBUS SI ROCCOS [ 4] . These FASTBUS modul es

ar e descr i bed i n sect i on 5 . Connect i on bet ween t he

det ect or and t he FASTBUS cr at e, whi ch i s si t uat ed i n

t he count i ng r oom, i s made vi a a ser i es of cabl es
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passi ng t hr ough an ext er nal i nt er f aci ng panel and t he
I nt er connect Ri ng next t o t he det ect or ( f i g . 4) .

For t est pur poses, t he Sequencer s and Mi cr opl ex
chi ps al l ow known cal i br at i on pul ses t o be i nj ect ed
ont o t he i nput s of t he ampl i f i er s of a gi ven l adder . I n
addi t i on, a pul se can be appl i ed t o t he backpl ane of
t he waf er s on a l adder f or f ur t her t est s of t he f unct i on-
i ng of t he r eadout chai n.

4 . 1. The MX5 Mi cr opl ex chi p

The MX5 i s a f ur t her devel opment of t he UK f ul l y
cust om VLSI RAL MX ser i es [ 5] , t aki ng advant age of
t he 1 . 5 l t m Mi et ec CMOS pr ocess t o achi eve excel l ent
noi se per f or mance . The det ect or l adder s ar e r ead out
by f i ve chi ps each of 128 channel s, posi t i oned as shown
i n f i g . 5 . Each chi p measur es 6. 28 mmby 6. 66 mmand
i s 300 wm t hi ck . Unl i ke pr evi ous ver si ons of t he MX-
chi p ser i es, t he cont r ol and r eadout bus l i nes ar e dai sy
chai ned acr oss t he chi ps by means of shor t bonds . The
anal ogue si gnal s f r om al l f i ve chi ps ar e mul t i pl exed
ont o a si ngl e bal anced pai r out put . I n most cases t he
out put s of t wo nei ghbour i ng l adder s ar e mul t i pl exed
t oget her , gi vi ng 10 X128 channel s r ead out i n se-
quence by one FASTBUS SI ROCCO channel [ 4] .

Each channel of t he MX5 i ncl udes a char ge- sensi -
t i ve pr eampl i f i er f ol l owed by t wo st or age capaci t or s
and swi t ches, used as sampl e- and- hol d . The swi t ches
al l ow t he st or age of si gnal s subsequent l y r ead out
under t he cont r ol of t he 128- channel shi f t r egi st er . The
l ogi c of a si ngl e channel i s shown i n f i g. 6 . The chi ps
ar e oper at ed wi t h an act i ve ampl i f i er f i l t er , t he " band-
wi dt h l i mi t " , t o sl ow t he r i se t i me of t he out put t o
about 250 ns and gi ve a cor r espondi ng i mpr ovement ( a
f act or of 1 . 6) i n t he noi se per f or mance of t he unl oaded
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a
ampl i f i er bandwi dt h
cont r ol

	

l i mi t cont r ol
0, 1 - 10 MSZ

chi p . Agai n, t o opt i mi se noi se per f or mance t he chi ps
ar e oper at ed i n hi gh power mode, whi ch r equi r es t he
cool i ng t o cope wi t h a di ssi pat ed power of 250 mWper
chi p. Wi t h t hese r unni ng condi t i ons, t he noi se per f or -
mance of t he chi p i n number s of el ect r ons i s measur ed
t o be 325 + 23/ pF equi val ent noi se char ge ( ENC) . The
capaci t i ve l oadi ng r epr esent ed by t he t hr ee bonded
si l i con waf er s on a l adder i s deduced t o be about 29
pF, f r om t he t ot al measur ed noi se of a l adder assembl y
of about 1000 ENC. Thi s cor r esponds t o a si gnal - t o-
noi se per f or mance of 22 : 1 f or mi ni mum i oni si ng par t i -
cl es t r aver si ng 300 wm of si l i con i n t he 180 mml ong
l adder . I t i s f ound empi r i cal l y t hat t he noi se per f or -
mance of t he MX5 chi ps det er i or at es appr eci abl y f or
det ect or bi as r esi st ance bel ow 10 Mi l . The gat e- dr ai n
vol t ages of t he FoxFET det ect or s ar e t her ef or e ad-
j ust ed t o gi ve dynami c r esi st ances i n t he 10- 40 Mi l
r ange .

When power ed, t he MX5 i nput pr ot ect i on ci r cui t r y
shows per f or mance degr adat i on at r adi at i on l evel s
above about 30 Gy . Thi s shoul d not be a l i mi t at i on f or
pl anned oper at i on wi t hi n OPAL, and t he MX5 pr oves
t o be hi ghl y sat i sf act or y f or t he r eadout of t hi s det ec-
t or .

4. 2 . The Local Sequencer chi p

The Local Sequencer i s a semi - cust om VLSI gat e
ar r ay st at e machi ne desi gned wi t hi n t he OPAL col l ab-
or at i on [ 6] and f abr i cat ed i n Fal con 5 wm CMOS
t echnol ogy by Mi cr o Ci r cui t Engi neer i ng [ 7] . The di e
measur es 5 . 8 mmby 6 . 8 mmand has 64 bond pads, of
whi ch 28 ar e used on t he OPAL cer ami c . The devi ce i s
unusual i n havi ng an anal ogue swi t chi ng capabi l i t y
whi ch al l ows cal i br at i on pul ses t o be set f r om an ana-

shi f t out

Fi g . 6 . The l ogi c of a si ngl e channel of t he 128- channel MX5 Mi cr opl ex chi p.



l ogue vol t age der i ved f r om t he Mast er Sequencer . I t s

oper at i on i s descr i bed i n det ai l i n r ef . [ 6] , and i t s

f unct i on i s t o pr ovi de t he capt ur e and r eadout si gnal s

needed by t he MX5 chi ps and t o per mi t al l envi saged
MX oper at i ons wi t h a mi ni mum of i nput cont r ol si g-

nal s and cabl es .
Each set of f i ve MX5 chi ps on a l adder i s ser ved by

a si ngl e Local Sequencer . A number of sequencer s can
be connect ed i n a chai n i n a way t hat al l ows t hem t o
shar e an anal ogue r eadout pat h t o a si ngl e SI ROCCO
channel whi l e pr eser vi ng a degr ee of i ndependent con-
t r ol of each Sequencer i n t he chai n .

Each Local Sequencer needs onl y f our di gi t al con-
t r ol si gnal s ; one " enabl e" , t wo " st eer " l i nes, and a
" st ep" si gnal whi ch act s as an asynchr onous cl ock . Due
t o t he par al l el nat ur e of t hei r cont r ol t he 25 Local
Sequencer s ar e dr i ven by onl y t wo i ndependent set s of
si gnal s, pr ovi ded by t he pur pose- bui l t Mast er Se-

MSEQ: mast er sequencer
FVSBI : FASTBUSt o VSBbus

i nt er f ace
DPRAM: dual por t ed RAM

LDA: l ong di st ance adapt or
FI C: f ast i nt el l i gent cont r ol l er

( VMEpr ocessor 68020)

LHD: l ocal har ddi sk
VI C: VMEi nt er connect modul e
LRT: et her net car d
LTU: l ocal t r i gger uni t
DI SP: VMEdi spl ay modul e

BX: beam cr ossi ng
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quencer , whi ch ser vi ce r espect i vel y t he 11 upper - hal f
and 14 l ower - hal f l adder s . St at e t r ansi t i ons ar e i ni t i -
at ed by t he st ep si gnal . The st eer l i nes choose bet ween

di f f er ent t r ansi t i ons and set var i ous i nt er nal f l ag r egi s-
t er s at t he i ni t i al i sat i on of a r un . These f l ags cont r ol
t he pr oduct i on of cal i br at i on pul ses of ei t her pol ar i t y,
on any combi nat i on of f our l i nes, and t he st at e of t he
bandwi dt h l i mi t and power - sel ect si gnal s t o t he MX5
chi ps .

The Local Sequencer has ext ensi ve di agnost i c f aci l i -
t i es i ncor por at ed i n i t s desi gn. The chi ps wer e si mu-
l at ed and waf er t est ed at 3 MHz oper at i on, guar ant ee-
i ng r eadout at 1 . 5 MHz. Hi gher speeds wer e seen t o be
obt ai nabl e, but unnecessar y because of l i mi t at i ons i m-
posed by t he MX5 ampl i f i er r i se t i me and shi f t r egi st er
cl ocki ng speed . Radi at i on t est s have shown a gr adual
degr adat i on i n per f or mance of t he Local Sequencer
above 50 Gy.

event number , t r i gger code, conver t pul ses

r eadout synchr oni sat i on
t r i gger , BX, r eset , busy

D
P

R

A

M

VMEbus
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Fi g . 7. An over vi ew of t he r eadout syst em, wi t h a FASTBUS cr at e cont ai ni ng a Mast er Sequencer modul e and seven SI ROCCO
modul es, and t he r eadout pr ocessor housed i n a VME cr at e . The cr at es ar e connect ed by a VSB bus cabl e and a FASTBUS t o

VSB bus i nt er f ace ( FVSBI ) .
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4. 3 . The cer ami c boar d

Each det ect or l adder i s equi pped wi t h one cer ami c
boar d, car r yi ng t he Mi cr opl ex r eadout chi ps, t he Local
Sequencer , sur f ace mount ed devi ces f or cal i br at i on
and l ow vol t age power and bi as f i l t er i ng . Each uni t i s a
33 x 65 mm2 t hi ck- f i l m f our - l ayer gol d ci r cui t , si l k
scr eened on a 300 wmt hi ck cer ami c ( A120 3 ) subst r at e,
and cut t o f i nal di mensi ons by l aser . The boar ds wer e
desi gned, mount ed and t est ed at CERN wi t hi n OPAL,
and ver y good noi se suppr essi on i s achi eved t hr ough
car ef ul scr eeni ng and f i l t er i ng .

4. 4. The I nt er connect Ri ng

The seven mul t i l ayer pr i nt ed ci r cui t boar ds of t he
I nt er connect Ri ng ( f i g . 4) cont ai n busses and connec-

- - - - _- - - _- - - - - - - - - - - _- __- __- _- - _- - _- - _- - __- - _- _- __- - - - - - _- - - - -
mi cr over t ex det ect or : 25 l adder s
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l ocal sequencer

mai n dat a f l ow

sof t war e communi cat i on

har dwar e communi cat i on

har dwar e uni t

sof t war e pr ocess

mi cr over t e x l adder

t i ons ser vi ng cont r ol , bi assi ng and power i ng f or al l 25
l adder s of t he mi cr over t ex det ect or , and hi gh- speed
di f f er ent i al ampl i f i er s ( ÀD848) f or t he mul t i pl exed
anal ogue out put si gnal s . The t wo i ndependent hal f -
r i ngs dr i ve t he 11 upper and t he 14 l ower l adder s,
r espect i vel y . Space l i mi t at i ons i n t he f our cabl e t r ays
si t uat ed bet ween t he vacuum pi pe and t he i nner sur -
f ace of t he pr essur e t ube r equi r e t he out goi ng cabl es
f r om t he I nt er connect Ri ng t o consi st of r el at i vel y t hi n
copper wi r es, t hus gi vi ng r i se t o subst ant i al vol t age
dr ops over t hei r 7 ml engt h . The cabl es wer e speci al l y
made, wi t h doubl e scr eeni ng and si ngl e poi nt gr ound-
i ng, as wel l as r emot e sensi ng f or t he f l oat i ng power
suppl y syst em. These pr ecaut i ons have enabl ed t he
compl et e det ect or syst em t o achi eve an except i onal l y
hi gh si gnal - t o- noi se r at i o f or t he exper i ment al dat a
r ecor ded i n OPAL.

5 NM st r i det ect or s
t

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
anal ogue dat a f r om2 l adder s

( < 2 ms)

FASTBUS cr at e

	

7 SI ROCCO ;
boar ds, each
of 2 channel s

DATA( < 10 ms)

VMEl ocal syst em cr at e I

OPAL r eadout
event bui l der

Fi g . 8 . Over vi ew of t he dat a f l ow i n t he mi cr over t ex det ect or r eadout . At r i gger si gnal r ecei ved by t he l ocal t r i gger uni t ( LTU) st ar t s
t he pr ocess SI _ I NT. Havi ng checked f or a f r ee f r ont - end buf f er ( FEB) , t hi s st ar t s t he r eadout of t he MX chi ps vi a t he Mast er
Sequencer and t he Local Sequencer s . The dat a ar e di gi t i sed on t he SI ROCCOboar d, wr i t t en t o a FEB, pr ocessed by t he DSP and

copi ed t o a cr at e- end buf f er ( CEB) , f r omwher e t hey ar e r ead by t he pr ocess SI

	

READOUT.



4. 5 . The i nt er f aci ng panel

The i nt er f aci ng panel i s an el ect r i cal l y passi ve and

f ul l y i sol at ed Eur o- cr at e chassi s, mount ed on t he mag-

net of t he exper i ment . I t al l ows t he r ear r angement of

cont r ol s, bi as and l ow vol t age wi r i ng and al so pr ovi des
t he conver si on poi nt f or i ncr easi ng t he copper cr oss
sect i on of al l t he cabl es bef or e t hey t r avel a f ur t her 25

m t o t he count i ng r oom. As t he chassi s i s el ect r i cal l y

f l oat i ng and connect ed onl y t o t he shi el ds of al l used
cabl es, pi ckup si gnal s f r om ext er nal noi se sour ces ar e

pr act i cal l y el i mi nat ed . I n addi t i on, al l cabl e shi el ds ar e

gr ounded onl y at t he det ect or end t o avoi d noi se f r om

gr ound l oop cur r ent s .

5 . Dat a acqui si t i on and r eal t i me pr ocessi ng

The OPAL mi cr over t ex det ect or has appr oxi mat el y

16 000 i ndi vi dual r eadout st r i ps . I n or der t o achi eve
ef f i ci ent dat a r educt i on wi t hout causi ng si gni f i cant dead
t i me, a hi ghl y par al l el f r ont - end pr ocessi ng syst em i s
used .

5. 1 . Gener al st r uct ur e

The gener al l ayout of t he r eadout and dat a acqui si -

t i on el ect r oni cs i s i l l ust r at ed i n f i g . 7 . A FASTBUS

cr at e cont ai ns seven SI ROCCO I V modul es [ 4] , whi ch
ar e used t o di gi t i se and pr ocess t he r aw anal ogue dat a,
and a cust om- bui l t Mast er Sequencer modul e, whi ch
cont r ol s t he whol e det ect or vi a t he i ndi vi dual Local
Sequencer s . The FASTBUS i s i nt er f aced vi a VSB bus
and a FVSBI i nt er f ace [ 8] t o a st andar d OPAL l ocal
syst em cr at e [ 9] . The i mpor t ant component s wi t hi n t hi s

VME syst em ar e a FI C 8230 pr ocessor [ 10] r unni ng t he
OS- 9 oper at i ng syst em [ 11] , an OPAL l ocal t r i gger uni t

( LTU) , and a VME i nt er connect modul e, f or commu-

ni cat i on wi t h t he OPAL event bui l der [ 9] .
Cont r ol over t he whol e syst em i s accompl i shed us-

i ng a combi nat i on of har dwar e and sof t war e . The Mas-
t er Sequencer i s t he key component . I t cont ai ns bl ocks
of RAMwhi ch can be l oaded wi t h code t o cont r ol
Local Sequencer st at e t r ansi t i ons and t he necessar y
t i mi ng pul ses f or t he SI ROCCOs . Asequence of code
i s execut ed by i ncr ement i ng t he Mast er Sequencer
addr ess count er at a f i xed r at e, t he necessar y st eer i ng
si gnal s f or t he Local Sequencer s bei ng der i ved f r om
t he out put bi t s i n t he memor y . I n addi t i on, sever al
l oadabl e r egi st er s al l ow f i ne t uni ng of t he Mast er Se-
quencer t i mi ng, t he set up of t he Local Sequencer con-
f i gur at i on, and t he det er mi nat i on of t he si ze of cal i -
br at e pul ses . Ther e ar e t hr ee di f f er ent code sequences:

1) SETFLAGS sequence :
Set up r equi r ed f l ags i n Local Sequencer s .
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2) CAPTURE sequence :
Car r y out an anal ogue si gnal capt ur e cycl e on al l

l adder s i n synchr oni sat i on wi t h a LEP beam cr oss-
i ng . I n or der t o achi eve t hi s, t he sequence i s st ar t ed
by sendi ng a si gnal der i ved f r om t he pr evi ous beam
cr ossi ng . Thi s si gnal i s vet oed by t he LTU dur i ng

t he r eadout of a t r i gger ed event .

3) READOUT sequence :
Car r y out a r eadout cycl e . Thi s r esul t s i n t he mul t i -

pl exed dat a bei ng cl ocked out f r om t he f r ont - end i n

synchr oni sat i on wi t h anal ogue t o di gi t al conver si on

i n t he SI ROCCO modul es . I t i s i ni t i al i sed by t he

VME pr ocessor wr i t i ng an event number t o a Mas-

t er Sequencer r egi st er , af t er r ecei vi ng an OPAL

t r i gger . The event number i s sent by t he Mast er

Sequencer t o each of t he SI ROCCO modul es .

Each of t he seven SI ROCCO modul es consi st of
t wo i ndependent channel s, whi ch ar e used separ at el y
t o pr ocess t he dat a f r om t he one or t wo i nner or t wo
out er l ayer l adder s dr i ven by a si ngl e I nt er connect
Ri ng ( I CR) car d . Af t er di gi t i si ng usi ng a 10- bi t FADC,
t he dat a ar e st or ed i n one of f our f r ont - end buf f er s

( FEB) , t he buf f er used bei ng det er mi ned f r om t he

l ower t wo bi t s of t he event number . The dat a ar e t hen

pr ocessed usi ng a Mot or ol a 56001 di gi t al si gnal pr oces-

sor ( DSP) [ 12] . The DSPs ar e used t o per f or mpedest al

and noi se cal cul at i on, pedest al subt r act i on and hi t

f i ndi ng as descr i bed i n sect i on 5 . 2. Af t er pr ocessi ng
and spar ci f i cat i on, t he dat a ar e f or mat t ed and wr i t t en

t o one of f our out put buf f er s ( CEB) i n RAM, agai n
dependi ng on t he event number .

The VME pr ocessor ( FI C 8230) mai nt ai ns cont r ol
over t he whol e syst em, as i l l ust r at ed i n f i g . 8 . At t he
st ar t of a r un i t conf i gur es and downl oads t he code t o

t he DSPs and Mast er Sequencer . Dur i ng a r un t wo
pr ocesses r unni ng i n t he FI C handl e t he communi ca-
t i on wi t h t he FASTBUS syst em. The f i r st handl es t he
r ecei pt of an OPAL t r i gger vi a t he LTU, and st ar t s t he
READOUT sequence by downl oadi ng an event num-

ber t o t he Mast er Sequencer as soon as t her e i s a f r ee

FEB. The event number det ai l s ar e passed t o t he

second pr ocess, whi ch r uns asynchr onousl y . Thi s pr o-
cess pol l s an addr ess cor r espondi ng t he out put buf f er
( CEB f l ags) f or t he next expect ed event i n each DSP
channel , unt i l t he event i s r eady, t hen does a DMA
t r ansf er vi a VSB i nt o l ocal memor y . Asi mpl e account -
i ng pr ocedur e i s used t o det er mi ne t he number of f r ee
FEBs at any i nst ant . The event number associ at ed wi t h
each event al so pr ovi des a si mpl e syst em t o assur e dat a
i nt egr i t y . Addi t i onal pr ocesses r unni ng on t he OS- 9
syst em pr ovi de onl i ne moni t or i ng and hi st ogr ammi ng
and pass event s on t o t he OPAL event bui l der . For
devel opment and di agnost i c wor k, i t i s al so possi bl e t o
r ead r eal or si mul at ed dat a f r om a l ocal har d di sk, t o



44

downl oad i t t o t he DSPs f or pr ocessi ng, and t o wr i t e
event s t o har d di sk or t ape .

5. 2. The DSP al gor i t hms

Gr eat car e has t o be t aken i n t he desi gn of t he DSP
pr ogr ams, as t hey ar e t he key component of t he onl i ne
syst em f or det er mi ni ng t he qual i t y of dat a comi ng f r om
t he mi cr over t ex det ect or . The pr ogr ams use wel l pr oven
numer i cal al gor i t hms wi t h adj ust abl e par amet er s . I n
addi t i on, t her e ar e onl i ne hi st ogr ams whi ch may be
swi t ched of f f or ef f i ci ency r easons at hi gher t r i gger
r at es . The pr ogr ams ar e coded i n assembl er l anguage,
and ar e descr i bed i n det ai l i n r ef . [ 13] .

A si ngl e DSP handl es t he anal ogue dat a f r om one
or t wo mi cr over t ex l adder s ( up t o 10 MX5 chi ps or
1280 channel s) . I t s mai n goal s ar e t o subt r act l evel
of f set s and pedest al s and t o f i nd hi t cl ust er s i n or der t o
r educe t he dat a vol ume r ead out wi t hout l osi ng any
physi cs i nf or mat i on .

5. 2 . 1 . The dat a model
Each r eadout channel has an i ndi vi dual pedest al

val ue t hat has t o be subt r act ed f r om t he r aw dat a .
Pedest al s can var y consi der abl y f r om channel t o chan-
nel , but t he val ue f or an i ndi vi dual channel changes
onl y sl owl y wi t h t i me . Each channel i s assi gned an
i ncoher ent noi se val ue, whi ch i s t he wi dt h of t he
pedest al di st r i but i on i n t he absence of hi t s, and whi ch
may al so var y sl owl y wi t h t i me. I n addi t i on, al l chan-
nel s r ead out by t he same MX5 chi p ar e al l owed t o be
shi f t ed by a common l evel of f set , and t hi s " coher ent "
noi se may var y event by event and chi p by chi p .
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5. 2. 2 . The pr ocessi ng st eps
Ther e i s a sequence of pr ocessi ng st eps i n each of

t he DSPs . Fi r st l y, t he l evel of f set s ar e cal cul at ed chi p
by chi p and subt r act ed f r om t he dat a. To be i nsensi t i ve
t o dead and noi sy channel s t hi s i s done by cal cul at i ng
t he medi an of al l channel cont ent s, usi ng a hi st ogr am-
mi ng met hod . Af t er subt r act i on of t he pedest al s a
cl ust er sear ch i s per f or med . Her e t he ampl i t udes of
t wo nei ghbour i ng channel s ar e added and t he sum i s
compar ed wi t h t he noi se f r om t hose channel s . Acl us-
t er i s i dent i f i ed i f t he si gnal exceeds t hr ee t i mes t he
noi se val ue . The dat a of t he channel s i nsi de a cl ust er
and of adj acent st r i ps ar e wr i t t en i nt o an event r ecor d
t o be r ead out .

I n t he next st ep pedest al and noi se val ues ar e
r ecal cul at ed . To cope wi t h sl ow dr i f t s wi t h t i me t hey
ar e updat ed af t er each event f or al l channel s wi t h no
hi t usi ng t he f ol l owi ng al gor i t hms :

pn+1 - pn +c1S,

nn+1 - \ 1 - C2) n2 +C2S 2 ,
wher e S i s t he r esi dual si gnal af t er of f set and pedest al
subt r act i on and p, and n, ar e t he pedest al s and noi se
val ues f or event i . The val ues used f or c 1 and c 2 ar e
t ypi cal l y chosen t o be 0. 01 .

The l ast pr ocessi ng st ep i s a sear ch f or noi sy chan-
nel s ( dynami c bad channel maski ng, sect i on 5 . 2 . 4) , t o
keep t he r at e of unwant ed dat a l ow.

At each pr ocessi ng st ep hi st ogr ams ar e f i l l ed t o
moni t or t he behavi our of t he det ect or , t he dat a pr o-
cessi ng al gor i t hms, t he suppr essed dat a and t he r ead-
out per f or mance . Fi g . 9 shows a compar i son of t he
dat a bef or e and af t er pr ocessi ng by t he DSP. Onl y t he
shaded channel s ar e r ead out .
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Fi g. 9. Dat a f r om one MX5 chi p ar e shown bef or e and af t er pr ocessi ng by a SI ROCCO DSP. Thi s ex
channel and t hr ee channel s wi t h abnor mal l y hi gh pedest al val ues . Af t er t he pr ocessi ng t hr ee genui ne cl us

and onl y t he shaded channel s ar e r ead out .
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5. 2. 3. Pedest al r un
At t he st ar t of each r un a det ect or cal i br at i on i s

per f or med usi ng a hundr ed r andom t r i gger s . The mean

and r ms of t he ampl i t udes ar e cal cul at ed f or each
channel , gi vi ng t he i ni t i al pedest al and noi se val ues f or
t he dat a pr ocessi ng al gor i t hms .

5. 2. 4 . Bad channel s and dynami c bad channel maski ng
I n t he SI ROCCOboar ds t he st at us of each channel

i s kept i n a l i st . Channel s ar e f l agged as NOI SY or
DEAD at t he end of a pedest al r un i f t hei r noi se
val ues l i e out si de upper or l ower l i mi t s . I n addi t i on,

dynami cal l y af t er each event , a check i s made f or bad
channel s . A NOI SY channel can be r est or ed i f i t s
noi se val ue r ecomput ed wi t h N ( t ypi cal l y 25) event s
f al l s bel ow a pr eset t hr eshol d . Conver sel y, a channel
can be set NOI SY i f i t has mor e t han a speci f i ed
number of hi t s f r om Nevent s . NOI SY channel s ar e
not r ead out , but t hei r pedest al and noi se val ues ar e
updat ed so t hat t hey may r ecover .

For each event t he number of bad channel s per chi p
i s wr i t t en t o t he out put r ecor d . I n pr act i ce t he number
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of such bad channel s was negl i gi bl e t hr oughout t he
1991 dat a t aki ng .

5. 2. 5 . Per f or mance of t he DSPpr ogr ams
The DSP pr ocessi ng t i me i s 25- 32 ms per event ,

dependi ng on t he amo- t of hi st ogr ammi ng and t he
number of hi t s . Cal cul aùon and subt r act i on of of f set s,
subt r act i on of pedest al s, updat i ng of pedest al s and
noi se and basi c hi st ogr ammi ng t ake 25 ms per event .
The sel ect abl e hi st ogr ammi ng can t ake up t o an addi -
t i onal 7 ms per event .

5. 3. Per f or mance wi t hi n OPAL

Dur i ng 1991, t he t ypi cal OPAL t r i gger r at e of 3- 4
Hz was easi l y handl ed usi ng t he f r ont - end buf f er i ng .
Ther ef or e t he DSP pr ocessi ng and r eadout t i me wer e
not l i mi t i ng and t he dead t i me was domi nat ed by t he
anal ogue r eadout and di gi t i si ng sequence, whi ch t ook
appr oxi mat el y 2 ms .

A st udy of di l ept on event s has shown t hat i nef f i -
ci enci es i n i nf or mat i on t r ansf er due t o t he onl i ne dat a
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Cl ust er Pul se Hei ght ( MI Ps)
Fi g . 10 . The open hi st ogr amshows t he di st r i but i on of t he summed pul se hei ght per cl ust er f or hadr oni c Z° decay i n uni t s of MI Ps
( t he pul se hei ght f r om a mi ni mumi oni si ng par t i cl e) . The shaded hi st ogr amshows t he di st r i but i on seen i n l umi nosi t y Bhabha event s

( wher e ver y f ew t r acks ent er t he si l i con det ect or ) and hence t he cont r i but i on f r om noi se, synchr ot r on r adi at i on, et c.
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pr ocessi ng ar e negl i gi bl e . Af t er onl i ne pr ocessi ng t he
dat a wer e f ound t o cont ai n appr oxi mat el y 0. 3 noi se
cl ust er s per l adder . The f r ont - end dat a pr ocessi ng
t her ef or e r educes t he r aw dat a by a f act or of about 300
wi t hout l osi ng physi cs i nf or mat i on .

6 . Cont r ol and moni t or i ng syst ems

The syst ems ar e cent r ed ar ound one VME cr at e
cont ai ni ng an MVME147 CPU [ 14] and sever al i nt er -
f ace modul es, not abl y a 32 channel VME ADC [ 15] ,
connect ed t o t he var i ous component s t o be cont r ol l ed
and moni t or ed . The CPUr uns under t he OS- 9 oper at -
i ng syst em [ 11] . Al l cont r ol har dwar e and t he det ect or
power i ng syst em r un on bat t er y backed- up non- i nt er -
r upt abl e power suppl i es [ 16] .

6. 1. The power syst em

The FoxFET det ect or s and t he associ at ed el ect r on-
i cs on t he I nt er connect Ri ng ( I CR) car ds need si x
di f f er ent vol t ages, wi t h f l exi bi l i t y t o al l ow di f f er ent
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set t i ngs f or each l adder and I CR car d . The vol t ages
ar e gr ouped, wi t h seven set s of suppl i es f or each of t he
MX5 Mi cr opl ex, hi gh- speed ampl i f i er and common
FoxFET guar d vol t ages, one set f or each I CR car d .
Ther e ar e i n addi t i on 25 set s of FoxFET bi as, dr ai n
and gat e vol t ages, one set f or each l adder . Two l ow
vol t age channel s ar e al so needed f or t he common
cont r ol el ect r oni cs on each hal f - r i ng of I CR car ds .

Al l power and bi as vol t ages ar e pr ovi ded by a
LABEN power i ng syst em [ 17] , consi st i ng of 16 dual
power suppl y modul es, each capabl e of suppl yi ng t wo
I CR car ds and t wo det ect or l adder s wi t h t hei r neces-
sar y vol t ages . The LABEN syst em i s i nt er f aced t o t he
det ect or t hr ough power i nt er f ace modul es whi ch r e-
gr oup t he vol t ages and pr ot ect det ect or s agai nst over -
vol t ages . By means of a passi ve net wor k, appr opr i at e
t i me const ant s ar e i ncl uded i n t he power i nt er f ace
modul es t o ensur e smoot h r amp down i f t he i nput
vol t ages ar e di sconnect ed .

The LABEN syst em i s cont r ol l ed f r om t he CPU
modul e vi a an RS232 i nt er f ace whi ch al l ows vol t ages
and cur r ent l i mi t s t o be l oaded and cont i nuousl y moni -
t or ed under sof t war e cont r ol . Thi s cont r ol sof t war e i s
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Fi g . 11 . The hi t ef f i ci ency f or each mi cr over t ex det ect or l adder f r om di muon event s .



spl i t i nt o t hr ee basi c modul es . The f i r st i s a pr ogr am t o

r amp t he vol t ages up and down wi t h a menu- dr i ven

i nt er f ace . The second cont i nuousl y moni t or s cor r ect

f unct i oni ng of suppl i es and t he out put vol t ages and

cur r ent s, and t he t hi r d can be cal l ed by ot her pr ogr ams

t o per f or m an emer gency r amp down . Over cur r ent s,

vol t ages t hat ar e out of t ol er ance, or f ai l ur e of t he

r ef er ence power suppl i es f or t he power i nt er f ace mod-

ul es, l ead t o an aut omat i c r amp down under sof t war e

cont r ol . A sof t war e- cont r ol l ed r amp down i s al so i ni t i -

at ed by a mai n power f ai l ur e .

Vol t age dr ops i n t he cabl es bet ween t he power

suppl i es and I nt er connect Ri ng ar e cont i nuousl y mea-

sur ed by t he ADC modul e and moni t or ed by t he CPU.

6. 2 . Radi at i on moni t or s

Four smal l r adi at i on moni t or i ng det ect or s ar e si t u-

at ed on t he I nt er connect Ri ng t o measur e r adi at i on

f r om t he LEP machi ne at hor i zont al and ver t i cal posi -

t i ons . These semi conduct or devi ces [ 18] wer e car ef ul l y

sel ect ed and cal i br at ed bef or e i nst al l at i on . They can

r ecor d l evel s up t o 0 . 8 Gy/ h at a r esol ut i on of 0 . 25

mGy/ h . The ver y l ow det ect or si gnal cur r ent s ar e
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ampl i f i ed and conver t ed i n speci al ampl i f i er s mount ed

on t he i nt er f ace panel . The si gnal i s t r anspor t ed t o t he

el ect r oni cs but as a f r equency, whi ch i s conver t ed i nt o

a vol t age i n a pur pose- bui l t modul e . Thi s vol t age i s

t hen di gi t i sed by t he ADC modul e and val ues ar e

moni t or ed by t he CPU.

Hi gh r adi at i on l evel s r esul t i n war ni ngs and al ar ms

i n t he OPAL cont r ol r oom. Al t hough t he CMOS el ec-

t r oni cs on t he l adder cer ami c have gr eat er r adi at i on

t ol er ance when unpower ed, no act i on i s t aken as hi gh

r adi at i on bur st s ar e nor mal l y of a shor t er dur at i on

t han t he t i me r equi r ed t o r amp down vol t ages i n a saf e

way . Af t er t he 1991 r un t he t ot al r adi at i on dose mea-

sur ed by t he moni t or s was l ess t han 0 . 5 Gy. Thi s r at e i s

expect ed t o r i se, per haps by an or der of magni t ude, i n

f ut ur e year s t hr ough changes i n t he LEP machi ne . The

mi cr over t ex det ect or i s l ef t unpower ed dur i ng LEP

machi ne devel opment per i ods t o mi ni mi se r i sk of r adi -

at i on damage .

6. 3 . Cool i ng syst em

The 30 Wof el ect r i cal power di ssi pat ed at t he 25

det ect or l adder s ar i ses mai nl y f r omt he Mi cr opl ex chi ps

100

SI N

47

Fi g . 12. The si gnal - t o- noi se r at i o ( SI N) f or di l ept on event s t aken i n OPAL dat a, wher e t he noi se i s t he wei ght ed aver age over al l
channel s i n a cl ust er .
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mount ed on t he cer ami c boar ds . Thi s power i s r e-
moved by t emper at ur e cont r ol l ed ci r cul at i ng wat er .
Two heat exchanger modul es ar e cool ed wi t h pr i mar y
wat er at 16° C, whi l e a smal l magnet coupl ed gear
pump ci r cul at es t he secondar y l ow pr essur e wat er
t hr ough t he det ect or at a r at e of - 60 1/ h . Wat er
t emper at ur e i s r egul at ed el ect r i cal l y by means of Pel t i er
el ement s [ 19] mount ed bet ween heat exchanger pl at es,
wi t h a maxi mum cool i ng power at 5° C t emper at ur e
di f f er ence of 200 W.

The cont r ol el ect r oni cs ar e i nt er f aced t o a VME
modul e, t hat can be cont r ol l ed and moni t or ed f r om t he
CPU. Wat er pr essur e, vel oci t y and t emper at ur es ar e
cont i nual l y measur ed and moni t or ed, and devi at i ons
f r om pr eset l i mi t s act i vat e t he cont r ol syst em.

The pr ocedur e f or r ampi ng t he power up and down

i ncl udes swi t chi ng on and of f cool i ng as needed t o
mai nt ai n st abl e t emper at ur e condi t i ons at t he det ect or .

I n equi l i br i um t her e i s a t emper at ur e di f f er ence of
about 3° C bet ween t he si l i con at t he t wo ends of t he
180 mml ong det ect or l adder . The power on t he det ec-
t or i s r amped up about 8 h bef or e t he st ar t of LEP
r unni ng t o ensur e st abl e t emper at ur e condi t i ons f or
dat a- t aki ng, and i s r amped down onl y at t he end of a
r unni ng per i od .

6. 4. Temper at ur e moni t or s

Temper at ur es ar ound t he det ect or ar e moni t or ed
by 21 t her mi st or s. Seven of t hese ar e connect ed i n
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Fi g . 13 . The di l ept on separ at i on at t he r econst r uct ed i nt er ac-
t i on poi nt usi ng t he cent r al dr i f t chamber s al one ( dashed) ,
and wi t h t he addi t i on of t he si l i con det ect or hi t s ( sol i d) . The
l at t er di st r i but i on cor r esponds t o an i mpact par amet er ( d 0 )

r esol ut i on of 18 wm.
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par al l el i n t wo gr oups t o measur e t he cer ami c boar d
t emper at ur es f or t he upper and l ower hal f - r i ng l ad-
der s . Two t her mi st or s measur e t he upper and l ower
hal f - r i ng cool i ng wat er t emper at ur es and anot her si x
measur e t he t emper at ur e at t hr ee poi nt s al ong t wo of
t he det ect or l adder s . Four t her mi st or s measur e t he
t emper at ur es i n t he beam pi pe cabl e t r ays, and t wo
measur e t he cool i ng wat er t emper at ur e j ust bef or e and
af t er t he heat exchange modul es .

The t her mi st or s ar e bi ased f r om a dedi cat ed power
suppl y and t hei r vol t ages ar e di gi t i sed by t he ADC
modul e and moni t or ed by t he CPU, wher e t he t emper -
at ur es ar e al so cal cul at ed t o a pr eci si on of bet t er t han
0. 2° C. I n t he event of over heat i ng a war ni ng i s f i r st
i ssued i n t he cont r ol r oom, and i f t he t emper at ur e
cont i nues t o r i se t he power i s aut omat i cal l y r amped
down by t he sof t war e .

6. 5. I nt er f aci ng wi t hi n OPAL

Cont r ol and moni t or i ng sof t war e communi cat e wi t h
t he gl obal OPAL sl ow cont r ol syst em. Thi s al l ows er r or
messages t o be ent er ed i nt o t he EMU [ 9] syst em and
di spl ayed on appr opr i at e scr eens i n t he cont r ol r oom
and el sewher e . The CPU i t sel f can be accessed r e-
mot el y t hr ough t he l ocal ar ea net wor k vi a TCP/ I P
sof t war e .

7 . Of f l i ne pr ocessi ng

The of f l i ne pr ocessi ng f or t he si l i con mi cr over t ex
det ect or i s per f or med wi t hi n t he f r amewor k of t he
st andar d OPAL r econst r uct i on and Mont e Car l o pr o-
gr ams . The si mul at i on of t he si l i con det ect or wi t hi n
OPAL has been descr i bed el sewher e [ 20] . The i nt er nal
si l i con pat t er n r ecogni t i on consi st s of a cl ust er f i ndi ng
al gor i t hm and t he t r ansf or mat i on of t hese cl ust er s i nt o
t he OPAL coor di nat e syst em. The si l i con hi t s ar e t hen
associ at ed t o t r acks whi ch have al r eady been r econ-
st r uct ed i n t he ot her OPAL cent r al t r acki ng chamber s
and f i nal l y i ncl uded i n an over al l t r ack f i t .

7. 1 . Cl ust er f i ndi ng

When a mi ni mum i oni si ng par t i cl e t r aver ses 300
l. Lmof a si l i con st r i p det ect or , ener gy i s deposi t ed wi t h
a t ypi cal Landau di st r i but i on and a most pr obabl e
val ue of 84 keV. The par t i cl e i mpact poi nt at t he
det ect or mi d- pl ane i s det er mi ned f r om t he mean of t he
cl ust er st r i p posi t i ons wei ght ed by t hei r pul se hei ght s .

The dat a avai l abl e of f l i ne ar e t he pedest al - sub-
t r act ed pul se hei ght s cal cul at ed by t he DSP al gor i t hms
t hat pass t he onl i ne cl ust er sel ect i on cr i t er i a ( sect i on
5 . 2) . The of f l i ne al gor i t hm used at pr esent i s si mpl e,
but wor ks ef f i ci ent l y due t o t he cl eanl i ness of t he dat a



comi ng f r om t he DSPs . Acl ust er i s r equi r ed t o have at
l east one st r i p wi t h a pedest al - subt r act ed pul se hei ght
of mor e t han 4o- , wher e o- i s t he noi se of t he i ndi vi dual

st r i p, and an adj acent st r i p i s i ncl uded i f i t s pul se
hei ght exceeds 1 . 5o, . The di st r i but i on of summed st r i p
pul se hei ght s i n a cl ust er i s shown i n f i g. 10 f or hadr oni c
Z° decays .

P. P. Al l por t et al . / The OPAL si l i con mi cr over t ex det ect or

7. 2. Hi t associ at i on

49

The t ask of assi gni ng si l i con hi t s t o char ged t r acks
r econst r uct ed i n t he OPAL j et and ver t ex dr i f t cham-
ber s i s si mpl i f i ed by t he cl eanl i ness of t he si l i con
det ect or i nf or mat i on and by t he f act t hat bot h t he
t r ack posi t i on and di r ect i on ar e wel l det er mi ned af t er

Fi g. 14 . A t ypi cal mul t i hadr oni c decay r ecor ded wi t h t he si l i con mi cr over t ex det ect or , showi ng bot h t he spat i al and anal ogue pul se
hei ght i nf or mat i on f r omt he i ndi vi dual si l i con det ect or hi t s .
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ext r apol at i on f r om t he dr i f t chamber measur ement s t o
t he si l i con det ect or . For a 5 GeV t r ack, f or exampl e,
t he ext r apol at ed posi t i on at t he out er si l i con bar r el i s
known t ypi cal l y t o about 40 wm, whi l e t he r el at i ve
posi t i ons of t he t r ack at t he i nner and out er si l i con
bar r el s ar e known t ypi cal l y t o about 10 wm.

Si l i con hi t associ at i on i s per f or med usi ng an i t er a-
t i ve pr ocedur e . I n ear l y i t er at i ons, onl y wel l r econ-
st r uct ed char ged t r acks, nor mal l y i ncl udi ng ver t ex dr i f t
chamber hi t s, ar e consi der ed, and si l i con hi t s ar e onl y
assi gned i f bot h t he i nner and out er si l i con bar r el s
have uni que candi dat es . I n subsequent i t er at i ons,
poor er qual i t y t r acks and pot ent i al l y ambi guous associ -
at i ons ar e t r eat ed, and hi t s can be associ at ed si ngl y t o
t r acks i n cases wher e geomet r i cal l y onl y one si l i con
l ayer coul d have pr ovi ded a coor di nat e . Hi t pai r s ( one
f r om t he i nner bar r el , one f r om t he out er bar r el ) can
be associ at ed t o t r acks onl y i f t hei r absol ut e and r el a-
t i ve posi t i ons ar e consi st ent wi t h t he t r ack ext r apol a-
t i on wi t hi n speci f i ed r anges .

Once a hi t has been associ at ed t o a t r ack, t he z
posi t i on of t he t r ack can be used t o cor r ect f or possi bl e
z- dependent mi sal i gnment s of t he si l i con det ect or ( e . g.
a smal l r ot at i on about t he beam axi s) t her eby i mpr ov-
i ng t he r econst r uct ed ( x, y) posi t i on of t he si l i con hi t .
Fi nal l y t r acks wi t h one or mor e si l i con hi t s associ at ed
ar e r ef i t t ed usi ng a met hod whi ch t akes i nt o account
mul t i pl e scat t er i ng i n t he mat er i al bet ween t he si l i con

Ó
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Fi g . 15 . A compar i son bet ween Mont e Car l o pr edi ct i on ( sol i d
hi st ogr ams) and dat a ( cr osses) f or t he di st r i but i on of number
of si l i con hi t s i n t he i nner and out er bar r el s of t he mt cr over t ex

det ect or i n hadr oni c Z° decay event s .

det ect or and t he OPAL dr i f t chamber s and wi t hi n t he
si l i con det ect or s t hemsel ves [ 21] .

7. 3 . Al i gnment usi ng t r acks

A set of al i gnment const ant s, consi st i ng of t r ansl a-
t i ons and r ot at i ons about t hr ee or t hogonal axes, i s
def i ned f or each waf er on ever y l adder of t he det ect or .
The met r ol ogy pr ocedur e pr i or t o i nser t i on i n t he
exper i ment pr ovi ded an i ni t i al set of t hese waf er al i gn-
ment const ant s whi ch have been r ef i ned usi ng t r ack- f i t
opt i mi sat i on on di l ept on event s t o al i gn l adder pai r s
separ at ed by 180° i n azi mut hal angl e. Mul t i hadr oni c
decays pr ovi de a mor e compr ehensi ve demand f or r el a-
t i ve al i gnment . An i t er at i ve pr ocedur e usi ng bot h t ypes
of event cur r ent l y r esul t s i n an al i gnment pr eci si on of
about 10 p, m i n t he r o pl ane .

The over al l r ot at i on and t r ansl at i on of t he compl et e
det ect or i n t he t r ansver se pl ane wi t h r espect t o t he
sur r oundi ng OPAL t r acki ng chamber s i s obt ai ned f r om
di l ept on event s . The z posi t i on of t he assembl y i s
det er mi ned f r om t r acks passi ng t hr ough t he known
smal l gaps bet ween t he sensi t i ve ar eas of t he waf er s on
a l adder .

The st abi l i t y of t he det ect or i s such t hat one set of
al i gnment const ant s can be used f or al l t he 1991 dat a,
any var i at i ons wi t h t i me bei ng bel ow t he 10 wm l evel .

8. The det ect or per f or mance i n OPAL

Dur i ng t he 1991 LEP r unni ng t he si l i con mi cr over -
t ex det ect or r ecor ded mor e t han 270000 Z° decays,
wi t h an i ndi vi dual l adder hi t ef f i ci ency of - 97%( f i g .
11 . Test beam conf i gur at i ons of OPAL l adder s show
t he i nt r i nsi c t r ack r esol ut i on of det ect or s t o be bet t er
t han 6 p, m, wi t h a si gnal - t o- noi se r at i o f or genui ne hi t s
peaked near 22 : 1 . Fi g . 12 conf i r ms t hat t hi s excel l ent
noi se per f or mance i s mai nt ai ned i n t he OPAL envi r on-
ment .

Fi g. 13 shows t he t r ack mi smat ch separ at i on f or
di l ept on event s at t he i nt er act i on poi nt , usi ng t he cen-
t r al dr i f t chamber s al one, or wi t h t he addi t i on of t he
si l i con hi t s . The cur r ent i mpact par amet er ( d o) r esol u-
t i on i s about 18 wm, r epr esent i ng a f act or of mor e t han
2 i mpr ovement over t he val ue wi t hout si l i con mi cr over -
t ex det ect or dat a .

At ypi cal mul t i hadr oni c decay event i s shown i n f i g.
14 wi t h t he si l i con hi t posi t i ons havi ng an associ at ed
anal ogue di spl ay of pul se hei ght . The r econst r uct ed
t r acks ar e shown as ext r apol at i ons of t hose f ound i n
t he out er chamber s .

Because of t he excel l ent si gnal - t o- noi se pr oper t i es,
t he pr ocessed dat a f r om t he DSPs ar e domi nat ed by
genui ne hi t i nf or mat i on, wi t h ver y l i t t l e noi se . Thi s i s
i l l ust r at ed i n f i g. 15, wher e t he number s of cl ust er s
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f ound i n t he i nner and out er si l i con bar r el s ar e com-
par ed wi t h Mont e Car l o pr edi ct i on [ 20] f or hadr oni c
Z° decays . Event s ar e si mul at ed wi t hout t he addi t i on
of noi se hi t s f r om t he si l i con mi cr over t ex det ect or , and
r easonabl e agr eement i s seen bet ween dat a and Mont e
Car l o pr edi ct i on .

As an i l l ust r at i on of t he cont r i but i on now bei ng
made t o t he qual i t y of t r ack- r el at ed physi cs anal yses
we show i n f i g . 16 t he di st r i but i on of t he - r decay l engt h
obt ai ned f r om t he r econst r uct i on of 3- pr ong T decay
ver t i ces . The addi t i on of t he i nf or mat i on f r om t he
si l i con det ect or gi ves enhanced pr eci si on and l eads t o
an i mpr oved det er mi nat i on of t he T l i f et i me .

The OPAL si l i con mi cr over t ex det ect or was i n-
st al l ed ear l y i n 1991, and dur i ng t he 1991 dat a r un i t
r ecor ded mor e t han a quar t er of a mi l l i on Z° decay
event s . The det ect or i s wel l under st ood, and i t cont i n-
ues t o oper at e cl eanl y wi t h excel l ent per f or mance . The
si l i con mi cr ost r i p devi ces pr ovi de dat a of except i onal l y

P. P. Al l por t et al . / The OPAL si l i con mi cr over t ex det ect or
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Fi g . 16 . The decay l engt h di st r i but i on f or 3- pr ong - r - decays, showi ng t he i mpr oved r esol ut i on when si l i con hi t i nf or mat i on i s
i ncl uded i n t r ack r econst r uct i on .

hi gh si gnal - t o- noi se r at i o, and t he si l i con hi t posi t i ons
ar e known t o an absol ut e pr eci si on of about 10 wm
wi t hi n OPAL f or physi cs event r econst r uct i on .

The successf ul desi gn, const r uct i on and commi s-
si oni ng of t he OPAL mi cr over t ex det ect or was made
possi bl e by t he excel l ent t echni cal suppor t pr ovi ded
f r om t he Cavendi sh Labor at or y, Cambr i dge, CERN,
Queen Mar y and West f i el d Col l ege and t he Rut her -
f or d Appl et on Labor at or y El ect r oni cs and Engi neer i ng
Di vi si ons . Fr om CERN we t hank M. Bur ns and A.
Lang f or our SI ROCCO modul es and C. Hauvi l l er , M.
Mast and P. Wi cht f or t he desi gn wor k associ at ed wi t h
t he new OPAL vacuum and pr essur e pi pes . We al so
t hank t he t echni ci ans of t he OPAL det ect or gr oup,
and t he PPE mechani cal wor kshop and t echni cal assi s-
t ance gr oups and t he MT sur f ace t r eat ment wor kshop,
i n par t i cul ar G. Li nser , W. Bi chl er , G. Schmi dl i n, M.
Pr i ce, A. Br aem, D. Car mi nat i , A. Fol l ey, A. Gandi , F.
DeDonat o, L. Mast r ost ef ano, A. Monf or t and M.
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Sanchez . Fr om RAL we t hank J . F . Connol l y and P. H.
Shar p f or t hei r suppor t .

The cont r i but i on of Mi cr on Semi conduct or Lt d . i n
r api dl y pr oduci ng new si l i con devi ces of excel l ent qual -
i t y was i nval uabl e . We t hank M. Tyndel , H. Hei j ne and
P. Wei l hammer f or usef ul di scussi ons and P. Donnat ,
F. Lemei l l eur , P. Gal l no and M. Gl aser f or t hei r par -
t i ci pat i on i n l abor at or y and t est beam act i vi t i es . We
gr at ef ul l y acknowl edge t he suppor t of our f undi ng au-
t hor i t i es : Sci ence and Engi neer i ng Resear ch Counci l ,
UK, Bundesmi ni st er i um f ür For schung and Technol o-
gi e, FRG, Nat i onal Sci ences and Engi neer i ng Re-
sear ch Counci l , Canada, and Depar t ment of Ener gy,
USA.
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