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Recei ved 16 Januar y 1992

The new det ect or f or dat a r ecor di ng by t he CLEOcol l abor at i on at t he Cor nel l El ect r on St or age Ri ng i s descr i bed. Thi s
det ect or has been desi gned t o opt i mi ze st udyi ng e+e- anni hi l at i on i nt o hadr oni c mat t er at a t ot al ener gy of 10 GeV. I t consi st s of
hi gh pr eci si on char ged par t i cl e t r acki ng chamber s and an el ect r omagnet i c cal or i met er t oget her wi t h syst ems f or par t i cl e
i dent i f i cat i on . The desi gn of t he det ect or and i t s per f or mance over t he f i r st year and a hal f of oper at i on ar e pr esent ed .

1. I nt r oduct i on

The Cor nel l El ect r on St or age Ri ng ( CESR) was
const r uct ed i n 1977- 79, and st ar t ed oper at i ng i n 1979.
The st or age r i ng pr ovi des el ect r on- posi t r on col l i si ons
i n t he ener gy r ange of t he Tst at es, 9 t o 11 GeV. The
physi cs pr ogr ami s concent r at ed on t he decay of t he T
r esonances and heavy quar k f l avour ed mesons [ 1] . I n
Sept ember 1979, t wo exper i ment al gr oups, CLEOand
CUSB. began r ecor di ng and anal yzi ng dat a. The f i r st
sever al year s of st udy l ed t o t he di scover y of t he TOS)
and T( 4S) r esonances [ 2] and t he r econst r uct i on of B
mesons [ 3] comi ng f r omT( 4S) decay. The over al l dat a
i ndi cat ed t hat t hese newpar t i cl e st at es ar e compat i bl e
wi t h t he St andar d Model but not descr i babl e by t he
ot her pr oposed symmet r y model s [ 4] of t hat t i me. By
1983 i t was r eal i zed t hat accur at e t abul at i on of t he
pr oper t i es of Bmeson decay woul d pr ovi de i mpor t ant
par amet er s f or t he St andar d Model and al l ow eval ua-
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t i on of t he abi l i t y of t he St andar d Model t o descr i be
t he weak decay of heavy quar k mat t er . However , t o
car r y out t hi s pr ogr amwe needed a maj or upgr ade i n
t he CLEOdet ect or . The or i gi nal CLEOdet ect or [ 5] ,
desi gned bef or e t he di scover y of t he Tconsi st ed of a
17 l ayer dr i f t chamber i n a 0. 4 Tsol enoi d magnet i c
f i el d of 1 mr adi us. I n 1981, t he magnet coi l was
r epl ace wi t h a super conduct i ng coi l and t he f i el d r ai sed
t o 1 . 0 T[ 6] .

At t hat t i me t he out er det ect or , whi ch pr ovi ded
par t i cl e i dent i f i cat i on and magnet i c f l ux r et ur n, was
f i nal i zed t o ei ght i dc l ai cal oct ant s. Each oct ant con-
t ai ned a l ayer of dr i f t chamber t o measur e t he t r ack Z
coor di nat e, a 20 l ayer pr opor t i onal chamber t o mea-
sur e speci f i c i oni zat i on, t i me- of - f l i ght count er s, a l ead
l ayer ed pr opor t i onal chamber el ect r omagnet i c
cal or i met er , and a set of dr i f t chamber s out si de of t he
magnet i r on f or muon i dent i f i cat i on. We began dat a
r ecor di ng wi t h t hi s upgr aded det ect or i n Mar ch 1982.

Fi g. 1 . The CLEO11 det ect or ( si de vi ew ai ~û end vi ew) .
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By 1953, i t was cl ear we needed a bet t er dr i f t chamber
and phot on det ect or , and t hat t he par t i cl e i dent i f i ca-
t i on syst emhad t o be l ocat ed i nsi de of t he coi l .

A pr ogr am was i ni t i at ed t o bui l d a new ver t ex
det ect or and dr i f t chamber . The newver t ex chamber
( VD) , a 10 l ayer hexagonal - cel l dr i f t chamber was
compl et ed and i nst al l ed i n t he exi st i ng det ect or dur i ng
summer 1954. Whi l e we cont i nued dat a r ecor di ng wi t h
t he newver t ex det ect or , a 51 l ayer dr i f t chamber was
bui l t . I t was i nst al l ed i n t he CLEO magnet [ 71 t o
r epl ace t he or i gi nal dr i f t chamber i n t he summer of
1956. I n 1954. we r equest ed f unds t o r ebui l d t he r est of
t he CLEOdet ect or [ 51, whi ch we named CLEO11. A
di agr ami l l ust r at i ng t he CLEOI I det ect or i s shown i n
g. 1. The maj or newel ement s ar e a Super conduct i ng

Magnet wi t h a coi l r adi us of 1 . 5 mand 1. 5 Tmaxi mum
. a t i me- of - f l i ght syst em whi ch cover s 95%of t he

angl e, a CA el ect r omagnet i c cal or i met er , and a
i dent i f i cat i on syst em. The CLEO11 det ect or was

i nst al l ed i n t he CESR sout h i nt er act i on r egi on i n
1988- 1959, and dat a r ecor di ng began i n Oct ober 1959.

n t hi s paper t he desi gn pr oper t i es of t he CLEOI I
det ect or ar e descr i bed t oget her wi t h t he cur r ent st at us
of cal i br at i on and r esol ut i on of t he var i ous subsyst ems.
An expanded vi ewof t he det ect or i nsi de of t he magnet
coi l i s shown i n f i g. 2. The magnet i c f i el d i s par al l el t o

e be

 

l i ne and ext ends 1 . 75 mf r om t he cent r e of
t he i nt er act i on r egi on t o t he magnet pol e. We def i ne

f i el
sol . ,
muo
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t he Z axi s t o poi nt al ong t he di r ect i on of t he posi t r on
beam; t he Xaxi s poi nt s hor i zont al ( sout h) , and t he Y
axi s poi nt s upwar d. We have been r ecor di ng dat a wi t h
t he magnet i c f i el d at 1 . 5 T, poi nt i ng i n t he - Z di r ec-
t i on. The el ect r on and posi t r on bunches at t he i nt er ac-
t i on r egi on ar e t ypi cal l y ( FWHM) 1. 1 mmwi de, 0. 1 mm
hi gh, and have a l engt h of 4. 2 cm. Each bunch passes
t hr ough t he i nt er act i on r egi on 390000 t i mes per sec-
ond. The machi ne cur r ent l y oper at es wi t h seven
bunches of el ect r ons and seven bunches of posi t r ons .
The el ect r ons and posi t r ons have separ at ed or bi t s t hat
pass t hr ough each ot her at t he cent r e of t he i nt er act i on
r egi on.

When an " e +e- anni hi l at i on" occur s, most f i nal
st at e par t i cl es cr eat ed i n t he col l i si on pass t hr ough t he
beampi pe and ent er t he det ect or . Par t i cl es movi ng at
an angl e bet ween 25° and 155° wi t h r espect t o t he
beam pass t hr ough a 3. 5 cm r adi us ber yl l i um beam
pi pe, 0. 5 mmt hi ck, and t he pr eci si on t r acki ng l ayer
( PTL) whi ch ext ends f r omt he beampi pe t o t he ver t ex
det ect or . The PTL i s a cel l - st r awt ube- dr i f t - chamber ,
whi ch was desi gned and bui l t i n t he Spr i ng of 1959,
af t er a deci si on was made t o r educe t he CESR beam
pi pe r adi us at t he i nt er act i on r egi on f r om5. 5 t o 3. 5 cm.
Thever t ex det ect or ( VD) , whi ch oper at ed i n t he CLEO
I det ect or , cover s t he r adi al r egi on f r om7. 5 t o 17. 5 cm.
Beyond t he VDi s t he 51 l ayer dr i f t chamber ( DR) . To
measur e t he moment um vect or of char ged par t i cl es,

Fi g. 2. Schemat i c Dr awi ng of one quadr ant of t he CLEO11 det ect or . The f ol l owi ng acr onyms ar e used - DR, VD, PTL: The out er ,
i nt er medi at e and i nner dr i f t chamber s . TF, CC, MU: The t i me- of - f l i ght count er s, cr yst al cal or i met er and muon i dent i f i cat i on

syst em. Pr ef i xes : B=bar r el , E= endcap .



t he dat a f r om al l t hr ee chamber s ar e combi ned.
Char ged par t i cl es cr eat ed wi t h a t r ansver se moment um
gr eat er t han 225 McV/ c and a pol ar angl e gr eat er
t han 45° wi l l r each t he out er r adi us of t he DRand pass
t hr ough t he bar r el t i me- of - f l i ght count er s ( BTF) and
t he bar r el cr yst al cal or i met er ( BCC) . These t r acks ar e
t he best measur ed i n t he CLEOI I det ect or . Char ged
t r acks wi t h pol ar angl es bet ween 25° and 45° ar e mea-
sur ed i n t he PTL, t he VD, and par t of t he DR. The
t r acki ng r esol ut i on i n t hi s smal l pol ar angl e r egi on i s
si gni f i cant l y r educed, but i s adequat e f or many pur -
poses. The endcap t i me- of - f l i ght count er s ( ETF) and
endcap cr yst al cal or i met er ( ECC) cover t he pol ar angl e
r ange f r om 15° t o 37° and ar e mount ed on t he magnet
pol e. The bar r el and endcap t i me- of - f l i ght and

Cr yogeni c SSer vi cel

Cur r ent Lead
Assembl y

St ai nl ess St eel
Cr yost at

S.
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cal or i met er syst ems over l ap i n pol ar angl e r ange be-
t ween 35° and 37° . The bar r el t i me- of - f l i ght count er s
and t he cal or i met er cover t he r ange f r om t he 35° t o
145° . However , t her e i s a r educt i on i n t hei r r esol ut i ons
i n t he r egi on 35°- 45° ( and i 35°- 145°) ar i si ng f r omt he
mat er i al s associ at ed wi t h t he suppor t st r uct ur es f or t he
dr i f t chamber and beampi pe, and t he el ect r i cal cabl es .
The bar r el cal or i met er f i l l s t he r adi al r egi on f r om 1. 02
t o 1 . 44 m. I t wei ghs appr oxi mat el y 30 t ons and i s
mount ed on t he super conduct i ng coi l cr yost at , whi ch
ext ends r adi al l y t o 1. 74 m.
The magnet r et ur n yoke and muon i dent i f i cat i on

syst em(MU) ar e shown i n f i g. 1 . The i r on of t he r et ur n
yoke i s oct agonal l y di vi ded. The f i r st t wo 36 cmt hi ck
l ayer s ar c t he mai n el ement s f or t he magnet i c f i el d f l ux

Li qui d Hel i um
St or age Dower

Thermal Redi mi on Scr een

per conduct i ng Coi l

Li qui d Hel i um
Cool i ng Pi pes

I r on Yoke

Fi g. 3. Ar r angement of t he CLEO11 super conduct i ng coi l and st eel magnet yoke.
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r et ur n. The t hi r d l ayer i s pr i mar i l y f or t he muon i dent i -
f i cat i on syst em. Out si de of each r et ur n yoke l ayer
t her e i s a set of gas wi r e chamber s used f or muon
i dent i f i cat i on . These t hr ee set s of chamber s cover t he
angul ar r ange 45°- 135®. Ther e i s al so one set of muon
chamber s out si de each endcap whi ch cover s t he pol ar
angl e r ange 30°- 48®. Beyond t he out er most muon
chamber s, t her e i s a 2. 5 cmt hi ck pi ece of i r on whi ch i s
mount ed t o mechani cal l y pr ot ect t he chamber s and
shi el d t hemf r omr adi at i on.

Oü magnet

si gn goal s and devel opment

e pr i mar y r equi r ement s of t he CLEOI I magnet
ar e a uni f or m, hi gh magnet i c f i el d st r engt h and suf f i -
ci ent si ze t o cont ai n t he cal or i met er i nsi de t he coi l [ 8] .

h a new super conduct i ng coi l and new yoke wer e
r equi r ed.

 

e desi gn of t he new magnet i s i nt ended t o
keep t he g

 

f eat ur es of t he smal l er CLEOI sol enoi d
[ b1 such as l ow, cr yogeni c l oad, whi l e el i mi nat i ng i t s
weaknesses such as

 

r i nsul at i ng vacuum, sensi t i vi t y
t o r ef r i ger at or per f or mance, suscept i bi l i t y t o ut i l i t y
out ages and dependence on act i ve quench pr ot ect i on.

e desi gn goal s ar e t hus: i ncr eased st abi l i t y, l owcr yo-
geni c l oad, passi ve cool i ng and passi ve pr ot ect i on.

Oxf or d I nst r ument s, Lt d. and G. A. Technol ogi es,
I nc. each per f or med desi gn st udi es wi t h t hese r equi r e-
ment s i n mi nd i n l at e 1984. G. A. Technol ogi es ex-
pl or ed a moder n pool - boi l i ng desi gn usi ng copper st a-
bi l i zed super conduct or and Oxf or d I nst r ument s used
t he novel t her mosyphon appr oach t o t he cool i ng of
al umi numst abi l i zed super conduct or . Bot h desi gns met
our cr i t er i a. These desi gn st udi es wer e sent t o a num-
ber of pot ent i al coi l f abr i cat or s who wer e asked t o
submi t pr oposal s based ei t her on one of t hese st udi es
or on t hei r own scheme. Oxf or d I nst r ument s was se-
l ect ed on t he basi s of cost and desi gn f eat ur es and was
awar ded t he cont r act i n June, 1985. Const r uct i on was
compl et ed i n Jul y, 1987 at whi ch t i me t he coi l was
successf ul l y t est ed at 40%of f ul l cur r ent at Oxf or d,

Tabl e I
Par amet er s of t he CLEOI I magnet
Manuf act ur er
Magnet i c f i el d
Di amet er
Lengt h
Coi l , el ect r i cal
Wei ght
St abi l i t y
Cool i ng
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wi t hout i t s st eel yoke. The coi l ar r i ved at Cor nel l i n
Oct ober , 1987 and passed f ul l cur r ent accept ance t est s
i n t he st eel yoke i n Febr uar y, 1988. Di smant l i ng of t he
CLEOI det ect or began i n t he summer of 1988 and
assembl y of CLEOI I was compl et ed i n t he f al l of 1989.

The desi gn of t he st eel yoke f or CLEO I I under -
went sever al r evi si ons as t he r equi r ement s wer e cl ar i -
f i ed. The CLEOI yoke was not adapt abl e as a uni t t o
t he CLEOI I r equi r ement s and t he st eel pi eces coul d
not easi l y be r ewor ked. The avai l abi l i t y of t he ol d st eel
yoke of t he Space Radi at i on Ef f ect s Labor at or y syn-
chr ocycl ot r on t hat was st or ed at Br ookhaven Nat i onal
Labor at or y, and a use at Br ookhaven f or our ol d
CLEOI yoke and coi l l ed t o a nat ur al t r ade. Thi s st eel
was machi ned by Domi ni on Br i dge- Sul zer I nc . i nt o t he
out er r et ur n yoke sl abs. New, f or ged st eel was pur -
chased and machi ned i nt o t he pol e pi eces . Our sched-
ul e al l owed i nt er act i on wi t h Oxf or d I nst r ument s on
t hose desi gn f eat ur es of t he yoke t hat i nt er f aced wi t h
t he super conduct i ng coi l . Fi g. 3 shows a gener al vi ew
of t he magnet and t abl e 1 pr ovi des i t s gener al par ame-
t er s .

2. 2. Magnet yoke andpol es

The avai l abi l i t y of t he st eel f r om Br ookhaven Na-
t i onal Labor at or y det er mi ned t he r et ur n yoke t hi ck-
ness t o be 36 cmand l ed t o oct agonal symmet r y as t he
most conveni ent geomet r y t o i ncor por at e t hese pi eces .
Ther e ar e t hr ee l ayer s of st eel , separ at ed by gaps of 9
cm f or muon det ect or s, wi t h t he i nner t wo l ayer s
pr ovi di ng al most al l t he magnet i c f l ux r et ur n. A2. 5 cm
t hi ck sheet of st eel out si de t he out er most muon cham-
ber s i s added f or pr ot ect i on and r adi at i on shi el di ng.
The cut i n t he st eel yoke f or access t o t he super con-
duct i ng coi l i s made at a j oi nt i n t he oct agonal out er
r et ur n l ayer s . Thus t he cr yogeni c ut i l i t i es ar e at an
angl e of 22. 5° f r omver t i cal .

The pol e pi eces of t he magnet ar e f or med of nest -
i ng r i ngs on each end i n or der t o sat i sf y t he f unct i ons
of magnet i c f l ux r et ur n, suppor t st r uct ur e, access and
assembl y. The out er col l ar wi t h an oct agonal out si de
and ci r cul ar i nsi de suppor t s t he r et ur n yoke sl abs of

Oxf or d I nst r ument s, Lt d.
1 . 5 T, uni f or mt o ±0. 2%over 95%of t he sol i d an-c! - i n t he dr i f t chamber vol ume
2. 9 mcl ear bor e, 3. 1 mcoi l
3 . 5 mcoi l , 3 . 8 mcr yost at
3300 A, 4. 6 H, 25 MJ
7000 kg col d mass; 20000 kg cr yost at ; 800000 kg st eel
I nt r i nsi cal l y st abl e, quenchback f r omhi gh pur i t y Al secondar y
I ndi r ect , t her mosyphon



4. 89or5. 10
Fi g . 4. Schemat i c cr oss sect i on of t he super conduct i ng wi r e.

Al l di mensi ons ar e i n mi l l i met r es.

st eel and t he cr yost at . Penet r at i ons pr ovi de access t o
t he adj ust abl e r adi al and axi al suppor t s f or t he coi l .
Two mor e nest i ng r i ngs and t he i nner pol e ar e assem-
bl ed i n a way t hat al l ows t he i nst al l at i on of t he det ec-
t or el ement s. Hol es and gr ooves ar e cut i n t hemf or t he
passage of cabl es and l i ght pi pes. The i nner pol e pi eces
of 2 mdi amet er and t he near by CESR quadr upol es
r est on r ai l s so t hat t hey may be wi t hdr awn t o pr ovi de
access t o t he ends of t he dr i f t chamber and ot her
component s near t he i nt er act i on poi nt .
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2. 3. Super conduct i ng coi l

The desi gn of t he coi l was dr i ven by t he pr i mar y
goal s l i st ed above. The choi ce of oper at i ng cur r ent ,
3300 A, i s a compr omi se bet ween l ow heat gener at i on
i n t he l eads and l ar ge conduct or si ze wi t h i t s si mpl er
const r uct i on and ease of pr ot ect i on. The choi ce of a
5 x 16 mm= al umi num st abi l i zed super conduct or i n-
cr eased t he poi nt sour ce ener gy necessar y t o cause a
quench f r oml ess t han 10 mJ i n t he CLEOI coi l t o 6 J
i n t he f i nal CLEOI I desi gn. The hi gh pur i t y al umi num
wi t h r esi st i vi t y r at i o, RRR=R( 300 K) / R( 4 K) = 1000,
was coext r uded by Vacuumschmel ze over Cu- NbTi
f l at cabl e wi t h a hel i cal wi nd. Fi g. 4 i l l ust r at es t hi s
wi r e. An el even- st r and cabl e was used f or t he i nner
l ayer and a ni ne- st r and cabl e f or t he out er l ayer of t he
t wo l ayer coi l . Ei ght pi eces of conduct or wer e used
al t oget her i n t he soi l . To i mpr ove t he f i el d uni f or mi t y,
t he cur r ent densi t y over t he end sect i ons was i ncr eased
by 4%by r educi ng t he wi dt h of t he conduct or f r om5. 1
t o 4. 9 mm.

To suppor t t he magnet i c hoop st r ess, Oxf or d I nst r u-
ment s chose t o wi nd t he coi l on t he i nsi de of a st r uc-
t ur al al umi numshel l . For sel f - pr ot ect i on a si ngl e t ur n
secondar y i n t he f or mof a 1. 5 mmt hi ck, hi gh pur i t y
( RRR> 2000) al umi num sheet i s f i r st f ast ened t o t he
i nsi de of t he shel l . Thi s sheet i s an excel l ent t her mal
and el ect r i cal conduct or and magnet i cal l y cl osel y cou-
pl ed t o t he pr i mar y wi ndi ng. I t s r esi st ance i s adj ust ed
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Fi g . 5 . Sect i on near one end showi ng t he cr yost at . r adi at i on scr een, super conduct i ng wi ndi ngs i n t he al umi numshel l and an axi al
suppor t f i xt ur e .
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t o pr ot ect t he coi l dur i ng a quench ( about 1 mi n t i me
const ant ) but not gener at e excessi ve heat dur i ng nor -
mal char gi ng and di schar gi ng ( about 80 mi n t i me con-
st ant ) . The al l al umi num const r uct i on gr eat l y mi ni -
mi zed t her mal st r esses.

The wi ndi ng was done by f eedi ng t he conduct or i n
compr essi on on t he i nsi de of t he coi l shel l , sl owl y
r ot at i ng on a t ur nt abl e, synchr oni zed t o t he conduct or
f eed. Sever al st at i ons al ong t he conduct or pat h out si de
t he shel l pr epar ed t he conduct or ( shot bl ast i ng, de-
gr easi ng, dr yi ng, bur r det ect i on and t api ng) . The l ast
st at i on was a pl at f or m i nsi de t he coi l f or mt hat used a
cat er pi l l ar f eed and r unway t o push t he conduct or ont o
t he pr evi ous t ur n. The pl at f or m r ose as 650 t ur ns per
l ayer wer e added t o t he coi l . Usi ng an i nduct i ve t ech-
ni que, Oxf or d I nst r ument s moni t or ed t he coi l f or t ur n-
t o- f aul t s. The seven j oi nt s on t he coi l wer e made
by r educi ng t he t hi ckness of t he conduct or f r om5 t o
3. 3 mm, l ayi ng t wo such l engt hs t oget her and maki ng
t wo edge wel ds, usi ng a hi gh pur i t y al umi num f i l l er
over a l engt h of 8

 

mm. Joi nt r esi st ance i s est i mat ed
t o

 

2X 10 - " ' 11. The j oi nt s bet ween t he coi l and
cur r ent l eads wer e made by copper - pl at i ng and sof t -
sol der i ng, t hus yi el di ng demount abl e j oi nt s . Af t er
wi ndi ng, t he coi l was vacuum i mpr egnat ed wi t h an
epoxy r esi n and cur ed at 120*C. Asect i on near t he end
of t he coi l i s shown i n f i g. 5.

24! Themt , phon syst em

Akey desi gn goal was t o avoi d quenches i n cases of
ut i l i t y or r ef r i ger at or pr obl ems. Thi s has been achi eved
by, l ocat i ng above t he magnet a 700 1 dewar whi ch
del i ver s col d l i qui d hel i umt o a mani f ol d on t he bot t om
of t he coi l . Thi s mani f ol d suppl i es 32 r i ser pi pes f as-
t ened t o t he out si de of t he coi l shel l wher e t he hel i um
absor bs heat and decr eases i n densi t y. The buoyancy of
l ower densi t y l i qui d hel i umand gas bubbl es r i si ng i n
t he pi pes dr aws t he l i qui d ar ound t he ci r cui t i n one
di r ect i on. The t wo- phase f l ow r et ur ns t o t he dewar
wher e i t separ at es . Thi s nat ur al f l ow ci r cul at i on, r e-
f er r ed t o as a t her mosyphon, i s sel f r egul at i ng, r el i abl e
and avoi ds t he use of a l i qui d hel i um pump. Some of
t he col d gas cool s t he cur r ent l eads and t he neck of t he
dewar ; t he r est r et ur ns col d t o t he r ef r i ger at or . The
smal l i nvent or y of l i qui d hel i um i n t he coi l means t hat
t he gaseous hel i umgener at ed dur i ng a quench can be
accommodat ed i n a beni gn way. The 700 1 dewar
pr ovi des over one day of oper at i on wi t h di sabl ed r e-
f r i ger at i on. Val ves i nsi de t he dewar al l ow f or ced f l ow
cool i ng f r om t he r ef r i ger at or dur i ng cool down when
t her e ar e no si gni f i cant buoyancy ef f ect s t o dr i ve t he
t her mosyphon ci r cul at i on .

The det ai l s of t he t her mal coupl i ng bet ween t he
r i ser s and t he coi l shel l ar e i mpor t ant t o bot h r ampi ng
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t he coi l and i t s pr ot ect i on i n case of a quench. The
r i ser s ar e st ai nl ess st eel t ubes embedded i n i ndi um-
packed channel s cut i n t he coi l shel l . The t her mal
i mpedance of t hi s i nt er f ace t ur ned out t o be hi gher
t han ant i ci pat ed, l i mi t i ng t he cool i ng capaci t y of t he
t her mosyphon t o about 200W. Thi s l i mi t s our char gi ng
vol t age t o about 3Vor r ampi ng r at e t o about 0. 7 A/ s,
t hus r equi r i ng a t i me of about 1. 5 h t o r each f ul l
cur r ent . Temper at ur es of 6 Kon t he coi l shel l ar e
t ypi cal dur i ng r ampi ng. At t he hi gh heat l oads encoun-
t er ed i n a quench t he t her mosyphon cool i ng l oop be-
comes sat ur at ed as t he hel i umi n t he r i ser s compl et el y
evapor at es . The cool i ng capaci t y of t hi s dr i ed out con-
di t i on can be set by adj ust i ng a const r i ct i ng val ve i n t he
l oop. I t i s set at t he f ewhundr ed wat t s l evel but wi t h
t he hi gher t han expect ed t her mal i mpedance of t he
r i ser - coi l shel l i nt er f ace, t he dr yi ng out of t he t her -
mosyphon i s not cr i t i cal .

2. 5 Radi at i on scr een

Ther mal i sol at i on of t he coi l i s pr ovi ded by a
l i qui d- ni t r ogen cool ed r adi at i on scr een whi ch i s i nsu-
l at ed f r om t he cr yost at by about 100 l ayer s of al u-
mi ni zed Myl ar super i nsul at i on. The scr een consi st s of
i nner and out er cyl i nder s of al umi num honeycomb
panel s 15 mmt hi ck wi t h al umi num t ubi ng bonded t o
one ski n. The heat l oad t o l i qui d ni t r ogen i s sl i ght l y
l ess t han 50 W. The coi l - si de sur f aces of t he r adi at i on
scr een ar e l i ned wi t h a l ow emi ssi vi t y mat er i al t o
r educe t he r adi ant heat l oad on t hecoi l . Fi g. 5 i ncl udes
a por t i on of t he r adi at i on scr een. Dur i ng cool down of
t he syst em, a cont r ol l er mi xes l i qui d and gaseous ni t r o-
gen t o pr ovi de a cont r ol l ed r amp of t he t emper at ur e of
t he r adi at i on scr een over a per i od of days, t hus mat ch-
i ng t he coi l cool down r at e and avoi di ng t her mal
st r esses. Dur i ng nor mal oper at i on, t he r adi at i on scr een
pi pi ng i s f i l l ed wi t h l i qui d ni t r ogen.

2. 6. Ref r i ger at i on syst em

The super conduct i ng coi l i s cool ed by ei t her of t wo
Koch pr ocess model 1430 l i quef i er s. These pr evi ousl y
cool ed t he CLEOI coi l . They have mechani cal engi nes
wi t h a r ef r i ger at i on capaci t y of 100 W, l i quef act i on
capaci t y of 40 1/ h or combi nat i ons bet ween. The sys-
t em i s i nt er connect ed t o have near l y compl et e r edun-
dancy f or t he act i ve component s, t he r ef r i ger at or s and
compr essor s. I n addi t i on t o t he 700 1 dewar above t he
coi l t her e i s a 1000 1 dewar t hat can be f i l l ed by ei t her
r ef r i ger at or or f r oma vendor ' s dewar . I n nor mal oper -
at i ons t he r ef r i ger at or s ar e swi t ched appr oxi mat ed ev-
er y 12 weeks and t he 1000 1 dewar i s not used. The
var i ous sour ces of hel i um ar e connect ed i n a l ar ge
cr yogeni c val ve box t o a coaxi al t r ansf er l i ne goi ng t o
t he 700 1 dewar . Thi s l ow- l oss coaxi al l i ne, made by



Kabel met al El ect r o GmbH, al so r et ur ns col d hel i um
gas and car r i es l i qui d ni t r ogen f or t he r adi at i on shi el d .
The l i ne i s a semi - f l exi bl e desi gn t hat permi t t ed oper a-
t i on i n t he t est l ocat i on wi t hout r ebui l di ng. Est i mat es
of t he cr yogeni c r equi r ement s ar e 8Wfor t he coi l wi t h
col d gas r et ur n, a si mi l ar number f or t he val ve box and
t r ansf er l i ne- ~ -. . - i d 14 1/ h l i qui d equi val en! wi t h warm
gas r et ur n. The r ef r i ger at or s oper at e wi t hout at t ent i on
dur i ng ni ght s and weekends.

27. Cur r ent l eads

The 3300 Acur r ent l eads wer e desi gned by Oxf or d
I nst r ument s t o have l ow heat conduct i on f r om r oom
t emper at ur e t o t he l i qui d hel i um whi l e mai nt ai ni ng a
mar gi n of saf et y agai nst over heat i ng i n case of l oss of
hel i um gas cool ant f or t he 80 mi n magnet r ampdown
t i me. The ext r a t hermal mass f or t hi s saf et y condi t i on
was obt ai ned by addi ng mat er i al i n t he f orm of f i ns .
Bef or e i nst al l at i on t he l eads wer e t est ed t o 110%of
normal oper at i ng cur r ent and at oper at i ng cur r ent wi t h
no gas cool i ng. The per f ormance i ndi cat ed t hat t he
magnet woul d r amp down saf el y wi t hout quenchi ng.
The cont r ol , moni t or i ng and al armsyst ems make oper -
at i on of t he l eads aut omat i c. The hel i umgas f l ow i s
cont r ol l ed at t he warmret ur n end by a r egul at i ng val ve
t hat i s set by t he t emper at ur e of t he l ead at a poi nt
20%f r om t he warmend. Thi s r egul at i on adj ust s f or
t he cur r ent i n t he l ead and t he r et ur n pr essur e of t he
hel i um compr essor s . The cont r ol l er has t wo di f f er ent
t emper at ur e set - poi nt s: one opt i mi zed f or r ef r i ger at or
oper at i on and t i r e ot her " over - cool ed" f or dewar oper -
at i on. Asecond set of cont r ol l er s power s heat er s on
t he warmends of t he l eads t o pr event condensat i on.

2. 8. Cr yost at and suppor t s

The st ai nl ess st eel cr yost at , whi ch suppor t s t he 30
t on wei ght of t he CsI cal or i met er , i s suppor t ed by t he
massi ve st eel r et ur n yoke. The cr yost at consi st s of a 12
mmt hi ck out er cyl i nder , a 10 mmi nner cyl i nder and
t wo 20 mmt hi ck end f l anges whi ch ar e bol t ed and
seal ed wi t h O- r i ngs. The coi l i s movabl e i nsi de t he
cr yost at i n or der t o accommodat e t hermal cont r act i on,
t o mi ni mi ze magnet i c decent er i ng f or ces and t o al i gn_
t he magnet i c axi s . The t i t ani umsuppor t s ar e adj ust abl e
at 4Kt hr ough t hei r coupl i ng t o bel l ows seal ed por t s i n
t he cr yost at wal l and end f l anges. Ther e ar e f our axi al
suppor t s, a1_1 at t he ser vi ce end of t he coi l , act i ng ei t her
i n t ensi on or compr essi on. They have a st i f f ness of
sever al t i mes t he magnet i c decent er i ng f or ces . An axi al
suppor t i s shown i n f i g. 5. Ther e ar e si xt een r adi al /
azi mut hal suppor t s ar r anged i n pai r s t angent i al t o t he
coi l t o act pur el y i n t ensi on . St r ai n gauges on al l
suppor t s moni t or t he magnet l oads and wei ght .
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2. 9. I nst r ument at i on andmoni t or i ng
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The st at us of t heCLEOI I magnet and r ef r i ger at or s
i s moni t or ed by a combi nat i on of dat a acqui si t i on
syst ems and a VAX wor kst at i on. The pr i mar y dat a
acqui si t i on syst em i s an LSI - l 1/ 70 based comput er
whi ch cont r ol s anal og and di gi t al har dwar e. Thi s sys-
t em ( cal l ed t he PX- 11 and made by ADAC, I nc. )
acqui r es dat a f r omt he var i ous sensor s and wr i t es i t t o
a ci r cul ar hi st or y buf f er once ever y second. The coi l
t emper at ur es as measur ed by Rh- Fe resi st ance sen-
sor s ar e separ at el y di gi t i zed by a DORI CDat al ogger .
Si mi l ar l y t he t emper at ur es i n t he r ef r i ger at or s ar e
measur ed usi ng t wo r eadout cont r ol l er s (made by Sci -
ent i f i c I nst r ument s, I nc. ) f or si l i con di ode sensor s . The
PX- 11 t hen quer i es t he DORI C and si l i con di ode
cont r ol l er s over RS- 232 ser i al l i nks. The hi st or y buf f er
i s deep enough t o hol d about 40 mi n of dat a, 130
var i abl es of 16- bi t l engt h r ecor ded at one second i nt er -
val .
Al onger t ermr ecor d of t he syst emst at us i s kept by

t he VAXst at i on . The VAXquer i es t he PX- 11 over
anot her RS- 232 l i nk once ever y 5 s f or t he l at est
r eadi ngs . TheVAXchecks t he var i abl es and can r ai se
an al armi f any var i abl e i s out of r ange. I f a coi l quench
i s det ect ed, t he VAXi nst r uct s t he PX- 11 t o dump out
i t s hi st or y buf f er , wi t h dat a i n one- second i nt er val s,
f r om20 mi n bef or e t he quench t o 20 mi n af t er , t hus
pr ovi di ng a det ai l ed pr e- and post - quench hi st or y. The
VAXcan st or e about amont h' s hi st or y i n t he f i ve- sec-
ond i nt er val s. Thi s i s t hi nned t o f i ve-mi nut e i nt er val s
and saved on t ape f or a permanent r ecor d .
The syst em var i abl es t hat ar e moni t or ed i ncl ude

t emper at ur es, pr essur es, f l ows, st r ai ns, vacuum, hel i um
l evel , cur r ent s and vol t ages . Al l ser i ous f aul t condi t i ons
ar e sensed wi t h har dwar e-wi r ed al arms t hat aut omat i -
cal l y t ur n of f t he power suppl y . The comput er al arms
do not di r ect l y cause any act i on t o be t aken. Thi s
r equi r es manual i nt er vent i on. The ent i r e i nst r ument a-
t i on and moni t or i ng el ect r oni cs ar e power ed by an
uni nt er r upt i bl e power syst em.

2. 10. Coi l accept ance t est s

Af i r st set of t est s of t he super conduct i ng coi l was
made at Oxf or d I nst r ument ' s const r uct i on f aci l i t y at
40%of f ul l cur r ent wi t hout t he st eel yoke. Vacuum
i nt egr i t y, cr yogeni c heat l oads, t hermosyphon per f or -
mance and magnet i c exci t at i on wer e measur ed. Tl . e
t hermosyphon cool i ng capaci t y was t est ed by ener gi z-
i ng bui l t - i n heat er s at var i ous l evel s . Aquench was
i ni t i at ed by cl osi ng t he t hermosyphon wi t h t he heat er s
on. The quench st ar t ed when t he conduct or r eached
9. 1 K, as expect ed. The t i me evol ut i on of t he quench
and t he maxi mum t emper at ur e ( 32. 7 K) mat ched a
quench model pr edi ct i on ( 34. 5 K) .
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Fi g. 6. Pl ot of t he axi al magnet i c f i el d or t hr ee r adi i . The
dat a ar e aver aged over azi mut h.

e coi l and t wo l ayer s of t he r et ur n yoke wer e
assembl ed away f r om t he beaml i ne [ 9] at Cor nel l i n
1988. Af t er a cool down t i me of t wel ve days, usi ng one
r ef r i ger at or , t he t est s st ar t ed wi t h t wo sel f - i nduced
quenches at f ul l cur r ent . Thei r or i gi n i s st i l l not under -
st ood, but wer e t ypi cal of t r ai ni ng event s . The cur r ent
decayed dur i ng a quench i n about one mi nut e. The coi l
r eached an aver age t emper at ur e of 65 Ki n agr eement
wi t h pr edi ct i on. Af t er oper at i ng t he coi l at t he f ul l
f i el d of 1. 5 T at 3300 A, t he t emper at ur e mar gi n was
t est ed by i ncr easi ng t he coi l t emper at ur e 1 . 5 K wi t h
t he heat er s, out of an expect ed mar gi n of 2. 2 K. The
cur r ent mar gi n was expl or ed by r unni ng at 102%of t he
f ul l cur r ent . Anot her quench occur r ed r ecent l y af t er
t he coi l was war med and r ecool ed. The coi l has been
war med and r ecool ed sever al t i mes i n t he past t wo
year s wi t hout exper i enci ng subsequent quenches . Thi s
r ecent quench i s not under st ood.

2. 11. Magnet i c f i el d homogenei t y

The magnet i c f i el d was mapped wi t h a t hr ee- axi s
Hal l pr obe r ef er enced t o a f i xed NMRpr obe. Tr a-
ver ses i n z ( t he axi al di r ect i on) wer e made at f i xed
r adi us and azi mut h. The dat a, aver aged over azi mut h,
wer e f i t t o appr opr i at e pol ynomi al s i n r and z i n a
manner consi st ent wi t h Maxwel l ' s equat i ons . Fi g. 6
shows t ypi cal r esul t s f or Bz . Fi el d uni f or mi t y over t he 2
ml ong by 1 mr adi us dr i f t chamber vol ume i s bet t er
t han 0. 1%. These measur ement s i n t he t est l ocat i on
wer e t aken wi t hout t he CESR samar i um- cobal t per -
manent magnet i nt er act i on quadr upol es i n pl ace. Cal -
cul at i ons usi ng t he pr ogr am TRI Mi ndi cat e t hat t he
ef f ect of t hese quadr upol es i s l ocal i zed t o f or war d
di r ect i ons, i . e . , near t he physi cal quadr upol es, wi t h t he
r eal i st i c condi t i on t hat t he per manent magnet mat er i al
has a di f f er ent i al magnet i c per meabi l i t y of 1 . 03 . The
ext er nal quadr upol e f i el d of t hi s mat er i al has been
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i gnor ed i n t hi s cal cul at i on but i t s ef f ect i s smal l and
f al l s of f as 1 / r ; . Over al l t he magnet i c f i el d i s uni f or m
t o 0. 2%i n t he dr i f t chamber vol ume over 95%of t he
t ot al sol i d angl e. The t r acki ng pr ogr am assumes a
uni f or mf i el d .

2. 12. Magnet i c f i el d absol ut e vahse

Dur i ng nor mal dat a- t aki ng t he magnet i c f i el d i s
moni t or ed wi t h an NMRpr obe t hat i s l ocat ed a f ew
cent i met r es beyond t he end of t he dr i f t chamber . Thi s
i s not t he same posi t i on as i n t he f i el d mappi ng when
t he samar i um- cobal t quadr upol es wer e not i nst al l ed .
Ther ef or e a cal i br at i on of t he aver age, ef f ect i ve mag
net i c f i el d i n t he dr i f t chamber vol ume has been made
usi ng event r econst r uct i on i nvol vi ng W pai r s and t he
known masses of t he par t i cl es D11, 4 and K°. Thi s
yi el ded a cor r ect i on t o t he magnet i c f i el d at t he cent r e
of t he magnet of 0. 11 %compar ed t o t he f i el d measur e-
ment wi t h t he NMRpr obe, whi ch i s near t he magnet
pol e, and t he l ongi t udi nal f i el d mappi ng. Thi s cor r ec-
t i on i s wi t hi n t he est i mat ed accur acy of t he measur e-
ment s .

3. Tr acki ng syst em

3. 1. Over vi ew

Char ged par t i cl e t r aj ect or i es ar e measur ed i n CLEO
11 wi t h a set of t hr ee concent r i c, cyl i ndr i cal wi r e dr i f t
chamber s as shown i n f i g. 2. The common axi s of t he
chamber s i s al i gned al ong t he di r ect i on of t he st or age
r i ng beams. Di f f er ent goal s ar e achi eved wi t h each of
t he t hr ee chamber s t hat woul d be mor e di f f i cul t t o
si mul t aneousl y meet wi t h a si ngl e chamber . The out er
dr i f t chamber , wi t h r adi us f r om 17. 5 t o 95 cm, i s used
pr i mar i l y t o measur e char ged par t i cl e : mom=ent umvec-
t or s at t he ver t ex. Moment umt r ansver se t o t he beam
axi s, Pt , r adi al di st ance of cl osest appr oach of t he t r ack
ext r apol at i on t o t he beam l i ne, and t he azi mut hal
di r ect i on, 0, ar e measur ed wi t h 40 axi al ( par al l el t o t he
beam axi s) wi r e l ayer s. Longi t udi nal measur ement s,
pol ar angl e and t he l ongi t udi nal di st ance f r om t he
cent r e of t he i nt er act i on r egi on t o t he ext r apol at i on of
t he t r ack t o t he beamaxi s, ar e measur ed wi t h 11 smal l
angl e st er eo wi r e l ayer s and t wo l ayer s of segment ed
cat hode r eadout .

I n a 1 . 5 T f i el d, par t i cl es wi t h a P, of 90 MeV/ c
cr oss onl y seven l ayer s i n t he out er dr i f t chamber
bef or e cur l i ng ar ound. Tr ansver se moment umi s t hen
bet t er measur ed i n t he i nt er medi at e dr i f t chamber .
Thi s chamber , or i gi nal l y i nst al l ed as a ver t ex det ect or ,
has t en axi al wi r e l ayer s wi t h r adi us f r om8. 4 t o 16. 0 cm
f or Pt and cß measur ement s . On aver age, t he l ayer
spaci ng and cel l wi dt h i s 70%t hat of t he out er dr i f t
chamber , pr ovi di ng bet t er gr anul ar i t y f or separ at i ng



t r acks . The pol ar angl e i s measur ed wi t h t wo l ayer s of
segment ed cat hode r eadout i n addi t i on t o char ge di vi -
si on on al l wi r es. The i nner ver t ex det ect or has si x
l ongi t udi nal wi r e l ayer s wi t h r adi us f r om4. 7 t o 7. 2 cm.
Thi s pr ovi des t he most pr eci se t r ansver se di r ect i on
measur ement s f or det er mi ni ng par t i cl e di r ect i ons and
separ at i ng pr i mar y f r omsecondar y ver t i ces .

The dr i f t chamber s pr ovi de accept ance t hat i s ho-
mogeneous over azi mut h f or t he pol ar angl e r ange

cos 01 <0. 90.

 

However , t r ack

 

r econst r uct i on ef f i
ci ency and r esol ut i ons ar e poor er at pol ar angl es bel ow
45° ( 1 cos 0 I > 0. 71) because of t he r educt i on i n t he
number of l ayer s . Each of t he t hr ee dr i f t chamber s i s
descr i bed bel ow. Thi s i s f ol l owed by a descr i pt i on of
t he r eadout el ect r oni cs and t he gas ci r cul at i on syst em.
Fi nal l y, our cur r ent under st andi ng of t he moment um.
di r ect i on and speci f i c i oni zat i on r esol ut i ons i s di s-
cussed.

3. 2. Out er dr i f t chamber

The out er dr i f t chamber ( DR) has been pr evi ousl y
descr i bed [ 7] . Thi s i s a smal l cel l devi ce wi t h near l y
equal si ze r ect angul ar cel l s f i l l i ng t he vol ume. At ot al
of 12 240 sense wi r es and 36 240 f i el d wi r es ar e ar -
r anged i n a pat t er n of 51 l ayer s of cel l s, wi t h t hr ee
f i el d wi r es f or each sense wi r e. Axi al l ayer s ar e gr ouped
by t hr ee or f i ve, wi t h equal number of wi r es per l ayer
wi t hi n each gr oup. To pr ovi de l ocal r esol ut i on of t he
dr i f t di st ance si gn ambi gui t y, sequent i al l ayer s ar e of f -
set by 1/ 2 cel l i n azi mut h wi t hi n t hese l ayer gr oups.
Nei ghbour i ng l ayer gr oups, whi ch have di f f er ent num-
ber s of wi r es per l ayer t o pr eser ve a near l y equal cel l
si ze, ar e separ at ed by si ngl e st er eo l ayer s as i l l ust r at ed
i n f i g. 7. Ther e ar e 40 axi al l ayer s and 11 st er eo l ayer s .
( See t abl e 2 f or a descr i pt i on of t he wi r e l ayer s i n al l
t hr ee CLEOdr i f t chamber s. )

Segment ed cat hode sur f aces, r at her t han f i el d wi r es,
shape t he f i el d cage on t he i nner sur f ace of l ayer 1 and
t he out er sur f ace of l ayer 51. Segment at i on i s about 1
cmal ong t he beamdi r ect i on so t hat t he i mage char ge
of t he aval anche at t he wi r e i s spr ead over t hr ee pads
on t he cat hode. The cat hode i s di vi ded i nt o 16 ( 8)
azi mut hal sect i ons i n t he i nner ( out er ) cat hode, each
sect i on cover i ng 6 ( 48) wi r es, t o r educe conf usi on of
cat hode si gnal s cor r el at ed t o di f f er ent sense wi r es.

Mechani cal suppor t f or t he wi r es i s pr ovi ded by
3. 175 cmt hi ck annul ar al umi numendpl at es separ at ed
by 193 cm at t he i nner sur f aces ( see f i g. 8) . The
endpl at es wer e gr ound wi t h f l at sur f aces, but as i n-
st al l ed, bowi nwar d by 0. 79 cmat t he i nner r adi us due
t o t he t ot al f or ce of t he t ensi oned wi r es. At t he out er
r adi us, t he endpl at es ar e scr ewed t o a r i ng whi ch
st i f f ens t hem agai nst t he bowi ng f or ces of t he wi r es
and at t aches t hem t o t he out er shel l ( see f i g. 9) . The
out er shel l suppor t s t he t ensi on of t he wi r es and pr o-
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vi des t he gas seal . I t i s made of composi t e panel s t o
r educe t he t ot al mat er i al i n f r ont of t he el ect r omag-
net i c cal or i met er . The i nner r adi us gas seal consi st s of
a car bon f i l ament r ei nf or ced epoxy t ube. Thi s i s at -
t ached t o t he i nner edge of t he annul ar endpl at es wi t h
st ai nl ess st eel r i ngs as di spl ayed i n f i g. 9. Space i s l ef t
over most of t he ci r cumf er ence t o f eed t hr ough t he
i nner cat hode t r aces . The out er suppor t r i ng al so has
scr ew hol es t o at t ach handl es dur i ng t r anspor t and t o
l ocat e t he chamber i nsi de t he magnet .

The sense wi r es ar e 20 Wmdi amet er gol d pl at ed
t ungst en t ensi oned wi t h 50 g. The f i el d wi r es of l ayer s
1 t o 40 ar e 110 Rmgol d pl at ed 5056- al umi num t en-
si oned wi t h 170 g. At l ar ger r adi i , t he f i el d wi r es ar e
110 l . Lm gol d pl at ed copper - ber yl l i um t ensi oned wi t h
270 g. The use of copper - ber yl l i umwi r es i nt r oduces
addi t i onal mat er i al t hat r educes t r acki ng r esol ut i on .
However , at l ar ge r adi i , wi t h shor t moment ar maf t er
scat t er i ng, t he ef f ect of t he hi gher Z mat er i al i s r e-
duced. Wi r es ar e hel d by copper / br ass cr i mp pi ns,
i nsul at ed f r om t he al umi num end pl at es by pl ast i c
bushi ngs made of ULTEM1000, a pol yet her i mi de r esi n
[ 10] ( see f i g. 8) . Hol es wer e dr i l l ed i n t he endpl at e t o
an accur acy of 37 Wm, r ms. The posi t i on of t he 20 Wm
sense wi r es i n t he 100 Wmcent r e hol e of t he cr i mp
pi ns i s undet er mi ned by 23 Wm. Cont r i but i ons t o t he
uncer t ai nt y of t he wi r e l ocat i on due t o t he er r or i n
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concent r i ci t y of t he cr i mp pi ns and pl ast i c bushi ngs ar e
`mal l compar ed t o t hese t wo er r or s r esul t i ng i n a t ot al
uncer t ai nt y of 45 Rm, rms.
The met hod of hol di ng t he wi r es pr oduced t wo

pr obl ems i n t he r el i abi l i t y of t he out er dr i f t chamber .
Dur i ng oper at i on, i n t he per i od f r om1986 t o mi d 1990,
t her e have been occur r ences of br oken wi r es at t he
r at e of one per si x weeks and shor t ed bushi ngs at t he
r at e of one per week. Wi r e br eakage occur s most l y i n
t he al umi numf i el d wi r es at t he poi nt wher e t he cr i mp

Tabl e 2
ecent r al det ect or t r acki ng l ayer t opol ogy. The r adi us of t he sense wi r es, t he number of sense wi r es per l ayer , t he st er eo angl es

of t he out er chamber , and t he t ot al mat er i al bet ween t he beaml i ne and t he sense wi r e ( i n uni t s of %- r adi at i on- l engt h) ar e l i st ed
f or each chamber . One hal f t he l engt h of t he sense wi r es f or each chamber ar e: PTL 25. 0 cm, VD, 35. 0 cm, DR, 96. 2 cm. These
number s combi ned wi t h t he sense wi r e r adi us can be used t o cal cul at e t he angul ar accept ance of each l ayer , i . e . max( cos 0)
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was made wi t h t he wi r e under f ul l t ensi on. The cr i mp-
i ng of al umi numi s ver y sensi t i ve because al umi numi s
sof t er t han t he copper i n t he cr i mp pi n and al umi num
t ends t o cr eep under l ar ge st r ess . Ther e i s onl y a smal l
wi ndow i n t he amount of cr i mp f or ce wher e t he f or ce
i s l ar ge enough t o hol d t o wi r e f r omsl i ppi ng and smal l
enough t o avoi d br eakage. Bushi ng shor t s occur i n
sense wi r e bushi ngs wher e t he cr i mp pi n, at posi t i ve
hi gh vol t age, i s separ at ed f r omt he endpl at e, whi ch i s
at gr ound, by onl y 0. 75 mmof bushi ng mat er i al . These

Laver Radi us
[ cm]

Wi r es
per
l ayer

St er eo
angl e
[ deg]

Mat er i al
i n f r ont
11%R. L. ]

Layer
no.

Radi us
[ cm]

Wi r es
per
l ayer

St er eo
angl e
[ deg]

Mat er i al
i n f r ont
[ %R. L. ]

VD
1 4. 73 64 0 0. 46 7 8. 47 64 0 1. 38
2 5. 15 64 0 0. 52 8 9. 22 64 0 1. 38

5. 64 0 0. 58 9 10. 04 64 0 1. 39
4 6. 10 64 0 0. 64 10 10. 93 64 0 1 . 39
5 6. 64 64 0 0. 70 11 11. 91 64 0 1 . 40
6 7. 213 64 0 0. 75 12 12. 78 96 0 1 . 40

13 13. 52 96 0 1 . 41
14 14. 31 96 0 1. 41
15 15. 15 96 0 1. 42
16 16. 03 96 0 1. 42

R DR
17 19. 96 0 2. 51 43 56. 42 240 0 2. 73
18 21. 96 0 2. 52 44 57. 93 252 5. 57 2. 74
19 2- 1. 71 96 0 2. 52 45 59. 23 264 0 2. 74
20 24. 21 1 3. 77 2. 53 46 60. 64 264 0 2. 75
21 25. 52 120 0 2. 54 47 62. 04 264 0 2. 66
22 26. 92 120 0 2. 55 48 63. 55 276 - 6. 01 2. 77
23 28. 33 120 0 2. 56 49 64. 85 288 0 2. 78
24 29. 83 132 - 4. 22 2. 57 50 66. 26 288 0 2. 79
25 31 . 14 144 0 257 51 67. 66 288 0 2. 80
26 32. 54 144 0 2. 58 52 69. l 6 300 6. 41 2. 80
27 33. 95 144 0 2. 59 53 70. 47 3l 2 0 2. 81
28 35. 45 156 4. 69 2. 60 54 71. 87 312 0 2. 82
29 36. 76 168 0 2. 61 55 73. 28 312 0 2. 83
30 38. 16 168 0 2. 62 56 74. 78 324 - 6. 45 2. 84
31 39. 57 168 0 2. 63 57 76. 09 336 0 2. 85
32 41. 07 180 - 4. 69 2. 63 58 77. 49 336 0 2. 85
33 42. 38 192 0 2. 64 59 78. 90 336 0 2. 86
34 43. 78 192 0 2. 65 60 80. 30 336 0 2. 87
35 45. 18 192 0 2. 66 61 81 . 71 336 0 2. 88
36 46. 69 204 5. l 3 2. 67 62 83. 2l 360 6. 89 2. 89
37 47. 99 216 0 2. 68 63 84. 52 384 0 2. 90
38 49. 40 216 0 2. 69 64 85. 92 384 0 2. 9l
39 50. 80 216 0 2. 69 65 87. 33 384 0 2. 9l
40 52. 31 228 - 5. 56 2. 70 66 88. 73 384 0 2. 92
41 53. 61 240 0 2. 71 67 90. 14 384 0 2. 93
42 55. 02 240 0 2. 72
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shor t s occur i n an i sol at ed r egi on i n r adi us, i ndi cat i ng
t hat t her e was a qual i t y cont r ol pr obl emi n t he si ze of
t he pi ns, bushi ngs . or dr i l l ed hol es t hat r esul t s i n
st r esses on t he bushi ngs whi ch accel er at e t he f or ma-
t i on of cr acks and el ect r i cal br eakdown. I t has been
f ound, al t hough not compl et el y under st ood, t hat t he
f r equency of bot h of t hese pr obl ems ar e gr eat l y r e-
duced by hol di ng t he end pl at e t emper at ur e t o l ess
t han 25°C.

The segment ed cat hodes ar e made of si ngl e si ded
25 pmal umi ni umf oi l bonded t o 188 pmMyl ar sheet s
[ 101. For t he i nner cat hode sur f ace, 32 sheet s ar e
et ched as shown i n f i g . 10. Each act i ve cat hode pad
cover s 1 cmi n t he axi al di r ect i on and 7. 53 cm, cor r e-

ALUMI NUM
ENDPLATES
AND RI NGS

OUTER CATHODE
PADS

CHAMBER

ei i 1 à i

012345mm
00. 1 0. 2

I NCHES

Fi g. 8. Out er dr i f t chamber endpl at e, f eedt hr oughs and wi r es . The sense wi r e i s connect ed t o t he hi gh vol t age.

l at ed t o si x wi r es, i n azi mut h. Two sheet s ar e used t o
cover t he l engt h of each of t he 16 azi mut hal sect i ons
pr ovi di ng act i ve ar ea f or I Cos 0 I < 0. 92. The sheet s
ar e bonded t o t he out er di amet er of a I t ohacel l [ 101
t ube so t hat t he si gnal and gr ound t r aces of each sheet
ar e cover ed by t he act i ve pads of an adj acent over l ap-
pi ng sheet . Tr aces, bonded t o t he Myl ar subst r at e, pass
f r om t he out er sur f ace t o t he i nner sur f ace of t he
suppor t t ube t hr ough a sl ot , t hen t hr ough a sl ot f or med
bet ween t he car bon f i l ament i nner gas seal and t he
i nner di amet er of t he annul ar end pl at e as shown i n
f i g. 9. The out er cat hode i s di vi ded i n azi mut h i nt o
ei ght panel s. Ther e ar e 192 act i ve pads measur i ng 0. 95
cmi n t he l ongi t udi nal di r ect i on and 71. 3 cm i n t he

HONEYCOMB
LAMI NATE

I NNER CATHODE
PADS

Fi g. 9. Out er dr i f t chamber , endpl at es, i nner and out er suppor t st r uct ur e .
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di r ect i on, cont r i but i ng t o t he f i el d cage of 48
wi r es.

 

e f ul l l engt h of each panel i s 1 . 826 m, pr ovi d-
i ng an act i ve ar ea f or I cos o C <0. 71. The panel s ar e
composi t e. The i nner f ace i s an et ched al umi ni zed

yl ar sheet whi ch f or ms t he act i ve sur f ace. The out er
sur f ace i s l exan [ 101 over a l ayer of f i br egl ass. An
i nner cor e, needed t o pr ovi de t hi ckness f or r i gi di t y. i s
pl ast i c honeycomb, 6. 35 mmt hi ck. Tr aces, et ched i n

e al umi numon t he Myl ar subst r at e, wr ap ar ound an
axi al edge f r omt he i nsi de sur f ace of t he panel t o t he
out si de. Ther e, t he t r aces ar e connect ed t o a t wi st ed
pai r cabl e whi ch i s br ought out si de t he gas vol ume
*hr ouagh sl ot s machi ned i n t he endpl at e .

3. 3 I nt er medi at e dr i f t chamber ( ver t ex det ect or , VD)

The i nt er medi at e dr i f t chamber was f i r st i nst al l ed i n
CLEOi n 1984 as a ver t ex det ect or . At ot al of 800
sense wi r es and 2272 f i el d wi r es ar e ar r anged t o f or m
10 l ayer s of smal l hexagonal cel l s, wi t h t hr ee f i el d wi r es
f or each sense wi r e, as shown i n f i g. 11. Al l wi r es ar e
axi al , and ar e di vi ded i nt o t wo gr oups wi t h 64 cel l s per
l ayer i n t he i nner gr oup ( l ayer s 1 t o 5) , and 96 cel l s per
l ayer i n t he out er gr oup. Ambi gui t y of t he si gn of t he
dr i f t di st ance can be r esol ved l ocal l y wi t h hal f cel l
st agger i ng f r om l ayer t o l ayer wi t hi n t he gr oup. To
al l ow f or r unni ng at a hi gher vol t age and pr ovi de f or
mor e i oni zat i on t he chamber i s oper at ed at 20 psi
absol ut e pr essur e. The gas i s si mi l ar t o t hat i n t he
out er dr i f t chamber , 50%ar gon and 50%et hane but
wi t h a smal l amount of wat er added t o r educe t he
amount of or gani c compound bui l di ng up on t he wi r es .

As i n t he out er dr i f t chamber , segment ed cat hode
sur f aces, r at her t han wi r es, shape t he f i el d cage on t he
i nner sur f ace of t he f i r st l ayer and t he out er sur f ace of
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Fi g. 10. Out er dr i f t chamber , i nner cat hode et ched sur f ace.

t he l ast l ayer . Segment at i on i s 5. 85 ( 6. 85) mmal ong t he
beamdi r ect i on on t he i nner ( out er ) cat hode sur f ace so
t hat t he i mage char ge of t he aval anche at t he wi r e i s
spr ead over t hr ee pads on t he cat hode. Bot h i nner and
out er cat hode sur f aces i n t he i nt er medi at e dr i f t cham-
ber ar e di vi ded i nt o ei ght azi mut hal sect i ons t o r educe
conf usi on of cat hode si gnal s cor r el at ed t o di f f er ent
sense wi r es. To pr ovi de f ur t her measur ement s i n t he
axi al di r ect i on, t he sense wi r es ar e made of a ni ckel -
chr omi umal l oy wi t h about t hr ee t i mes t he r esi st i vi t y of
gol d pl at ed t ungst en and ar e i nst r ument ed f or char ged
di vi si on measur ement s . The f i el d wi r es ar e made of
al umi num.

Mechani cal suppor t f or t he wi r es i s pr ovi ded by
copper cl ad G- 10 annul ar endpl at es separ at ed by 70
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Fi g . 11 . I nt er medi at e dr i f t chamber cel l st r uct ur e .



cmat t he i nner sur f ace ( see f i g . 12) . The endpl at es ar e
suppor t ed by car bon f i l ament r ei nf or ced epoxy t ubes at
t he i nner and out er r adi i . On t he i nner sur f ace, t he
car bon f i l ament t ube i s pi nned and epoxi ed i nt o posi -
t i on. On t he out er sur f ace, t he car bon f i l ament t ube i s
seal ed t o t he endpl at es wi t h O- r i ngs, and scr ews hol d i t
i n posi t i on. Wi r es ar e posi t i oned di r ect l y by r i dge sl ot
sur f aces machi ned on t he i nsi de sur f ace of each G- 10
endpl at es at t he appr opr i at e r adi i . and hol es dr i l l ed on
t he ot her si de. The r adi al posi t i ons of t he wi r es ar e
def i ned by t he sl ot s machi ned 5. 1 mmdeep i nt o t he
gas vol ume si de of t he endpl at es. Mat chi ng hol es ar e
dr i l l ed 21 . 6 mmdeep i nt o t he out si de sur f ace of each
endpl at e, f or each wi r e ( see f i g. 13) . These hol es def i ne
t he azi mut hal posi t i on, as t he wi r es ar e pul l ed t o one
si de bef or e pi nni ng. The hol e and sl ot over l ap t o f or m
a " D" shape t hr ough whi ch t he wi r e can be easi l y
i nser t ed and posi t i oned wi t hout t he added uncer t ai n-
t i es of i nsul at i ng bushi ngs and cr i mp pi ns as i n t he
out er dr i f t chamber . Hol l ow cyl i ndr i cal bushi ngs ar e
i nser t ed i nt o t he hol es on t he out si de of t he endpl at e.
A t aper ed pi n i nser t ed i nt o t he bushi ng hol ds t he wi r e
i n pl ace by f r i ct i on. I n t he case of f i el d wi r es, t he
bushi ngs ar e br ass t o pr ovi de an el ect r i cal connect i on
t o t he copper cl addi ng on t he endpl at e, whi l e f or t he
sense wi r es, t he bushi ngs ar e made of Del r i n [ 10] .

The segment ed cat hodes i n t he i nt er medi at e dr i f t
chamber ar e made of 76 gmMyl ar sheet s wi t h 8 Wm
al umi numf oi l bonded on bot h si des . Sheet s ar e et ched
as shown i n f i g . 14 wi t h each sheet cover i ng one hal f of
t he act i ve l engt h of t he chamber and 1/ 8 of t he
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Fi g. 12. I nt er medi at e dr i f t chamber .

azi mut h. The si gnal l i nes f or t he act i ve pads ar e t hen
on t he r ever se si de of t he Myl ar . To pr ovi de a l ow
i mpedance el ect r i cal connect i on f r omt he act i ve pads
t o t he pi ck- up pads t hat t er mi nat e each si gnal l i ne, a
smal l hol e was made t hr ough t he Myl ar whi ch was
f i l l ed wi t h si l ver i nk. Each of t he et ched sheet s ar e
bonded di r ect l y t o t he st r uct ur al car bon f i l ament t ubes
t hat def i ne t he i nner and out er r adi i of t he chamber .
The si gnal l i nes ar e br ought out si de t he gas vol ume
t hr ough t he gl ue j oi nt or O- r i ng j oi nt wher e t he st r uc-
t ur al t ube connect s t o t he endpl at es .

A! i nser t

 

C' '

Fi g. 13. I nt er medi at e dr i f t chamber wi r e suppor t .
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Fi g. 14. I nt ermedi at e dr i f t chamber cat hodes .

34 I nner dr i f t chamber ( pr eci si on t r acki ng l ayer s, PTL)

e i nner t r acki ng det ect or was const r uct ed and
i nst al l ed i n CLEO I I i n 1989. I t i s a si x- l ayer t ube
chamber , wi t h 64 axi al wi r es per l ayer and hal f cel l
st agger i ng bet ween sequent i al l ayer s wi t h t he pur pose
of maki ng pr eci se measur ement s of t r ansver se par t i cl e
di r ect i on near t he i nt er act i on poi nt . No l ongi t udi nal
di r ect i on measur ement s ar e made wi t h t hi s chamber . I t
i s si mi l ar t o a t hr ee- l ayer devi ce t hat was i nst al l ed i n
CLEOI f r om1986 t o 1988, and t o a ver t ex det ect or

Fi g. 15. I nner ver t ex det ect or component t ube al i gnment .
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bui l t f or t heAMYdet ect or at KEK[ 11] . The f i el d cage
f or each wi r e i s def i ned by an al umi ni zed Myl ar t ube,
i nst ead of cat hode wi r es as ut i l i zed i n t he out er and
i nt ermedi at e dr i f t chamber s . The di amet er s of t he
cat hode t ubes and t he r adi al spaci ngs of t he l ayer s ar e
det ermi ned by t he r equi r ement t hat each t ube make
cont act wi t h al l nei ghbour i ng t ubes i n t hat and adj a-
cent l ayer s . Thus, al l of t he t ubes ar e gl ued t oget her t o
f orma uni t t hat pr ovi des t he mechani cal st abi l i t y and
i nt er nal al i gnment of t he chamber . Al i gnment of t he
t ubes was f i xed at t he t i me of bondi ng t hem t oget her
wi t h a t empor ar y syst em of r ods and endpl at es. A
gr ound st eel r od was i nser t ed i nt o each of t he 384
t ubes t o hol d i t s shape and posi t i on . I n addi t i on t o
t hese, t wo ot her l ayer s of r ods, i nsi de t he i nnermost
and out si de t he out ermost r eal l ayer s, wer e used t o
bet t er def i ne t he posi t i ons of t he boundar y l ayer s. The
ei ght l ayer s of r ods, wi t h t he r ods of t he si x i nt er nal
l ayer s i nsi de t he al umi ni zed Myl ar t ubes, wer e t hen
st acked ar ound a cyl i ndr i cal mandr el and f i xed i n posi -
t i on by pr eci si on dr i l l ed endpl at es as shown i n f i g. 15.
Once st acked i nt o t hi s r i gi d al i gned st r uct ur e, t he
component t ubes wer e bonded wi t h an epoxy.

Al umi numbushi ngs ar e i nser t ed i nt o each of t he
al umi ni zed Myl ar cat hode t ubes, shown i n f i g. 16. Hel d
i n pl ace by conduct i ve epoxy, t hese pr ovi de el ect r i cal
cont act t o t he al umi ni zed i nner wal l s of t he t ubes. For
t he out er f our l ayer s, el ect r i cal cont act i s made f r om
t he cat hode sur f aces, t hr ough t he bushi ng, t o an al u-
mi num endpl at e, whi ch al so ser ves t o mechani cal l y
st abi l i ze t he assembl y of t ubes i n t he absence of t he
syst em of al i gnment r ods and pl at es. The i nner t wo
l ayer s ar e spaced t oo cl osel y compar ed t o t he di amet er
of t he out er sect i on of t he al umi numbushi ng t o al l ow
t he endpl at e t o be ext ended down t o t hi s r adi us . I n-
st ead, t he cat hodes of t hese l ayer s ar e el ect r i cal l y
connect ed t oget her and t o t he endpl at e by br i dgi ng t he
al umi numbushi ngs wi t h conduct i ve epoxy.

Sense wi r es ar e 15 Wmgol d pl at ed t ungst en, t en-
si oned at 22 g. They ar e posi t i oned i n ULTEMbush-
i ngs i nser t ed i nt o t he ends of t he al umi numbushi ng
descr i bed above as shown i n f i g. 16. I nsi de t he bushi ng,
a " v" gr oove pr ovi des t he pr eci se al i gnment of t he
wi r es. Tensi on i s hel d by a f r i ct i on pi n i nser t ed i nt o t he
bushi ng and epoxy. Gas f l ow i s mai nt ai ned i n t hi s t ube
desi gn, wi t h smal l hol es i n t he i nsul at ed bushi ng pr o-
vi di ng a r out e on each si de of t he t ubes. The ent i r e
det ect or i s encapsul at ed by a 21 p, mMyl ar wr ap, wi t h
G- 10 endpl at es. Thi s def i nes t he gas vol ume and pr o-
vi des a means t o make el ect r i cal connect i ons f r omt he
f r agi l e f r i ct i on pi ns hol di ng each sense wi r e t o cabl e
connect or s mount ed on t he endpl at es.

3. 5 . Readout

Al l chamber s ar e oper at ed wi t h posi t i ve hi gh vol t -
age appl i ed t o t he anode wi r es and cat hodes (wi r es and
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pads) hel d at gr ound. Low i mpedance connect i on of
t he cat hodes t o gr ound i s r equi r ed t o oper at e t he
chamber s i n t he CESRst or age r i ng envi r onment . Each
anode wi r e i s connect ed t hr ough a bl ocki ng capaci t or
t o a pr eampl i f i er mount ed on t he endpl at e of t he out er
dr i f t chamber ( see f i g. 2) . On t he out er dr i f t chamber ,
t he bl ocki ng capaci t or s, pr eampl i f i er hybr i ds, and hi gh
vol t age di st r i but i on r esi st or s ar e mount ed on pr i nt ed
ci r cui t boar ds ( 24 channel s per boar d) t hat ar e con-
nect ed di r ect l y - z) t he anode cr i mp pi ns. Ther e ar e a
t ot al of 515 of t hese boar ds on t he t wo ends of t he
chambP: wi t h odd number ed l ayer s r ead out on t he
west and even number ed l ayer s on t he east .

For t he i nt er medi at e dr i f t chamber , t he VD, 95 cm
of coaxi al cabl e i s used t o connect each sense wi r e t o a
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Fi g. 16. I nner ver t ex det ect or endpl at e, wi r es and bushi ngs.
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di scr et e pr eampl i f i er mount ed on t he out er dr i f t cham-
ber endpl at e . To ext r act an axi al or di nat e t hr ough
char ge di vi si on, t he wi r es ar e r ead out on bot h ends .
Hi gh vol t age di st r i but i on and t he pr eampl i f i er i nput
bl ocki ng capaci t or s ar e mount ed on t he endpl at e of t he
VDchamber .

The i nner dr i f t chamber , t he PTL, i s exposed t o t he
most r adi at i on and i s t he l east accessi bl e f or r epai r . To
pr ovi de t he capabi l i t y t o t ur n of f i ndi vi dual wi r es, t he
si gnal f or each wi r e i s br ought out t o a posi t i on on t he
f ace of t he out er dr i f t chamber t hr ough a coaxi al cabl e,
at hi gh vol t age. Ther e, gr oups of ei ght channel s ar e
t er mi nat ed wi t h a pr i nt ed ci r cui t boar d t hat pr ovi des
t he hi gh vol t age di st r i but i on and anode bl ocki ng capac-
i t or s . These connect t o di scr et e component pr eampl i -

Ti me

- ~ 7 73

Char ge
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Fi g . 18 . Raw t i me of hi t s i n t he i n- t er memat e dr i f t chamber .
The hi st ogr am i s f r om dat a r ecor di ng wi t h nor mal t r i gger .
The dat a poi nt s ar e f r omchannel s known t o have al r eady
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d down and ar e cur r ent l y i n pr ocess of r ecover i ng.

f i er s mount ed al ong wi t h t hose f or t he i nt er medi at e
dr i f t ch

Ampl i f i ed di f f er ent i al si gnal s ar e t r ansf er r ed over 8
mof t wi st ed pai r cabl e t o r eadout el ect r oni cs mount ed
out si de t he endcap muon chamber s on t he st eel pl at es
( see f i g . 2) . e sampl e- and- hol d ci r cui t s, whi ch mea-
sur e t i me and pul se hei ght ( f i g . 17) , have onl y si ngl e hi t
capabi l i t y but have pr oven t o be adequat e i n t he CESR
en: ~i r onmer t . Rampdown of t he t i mi ng capaci t or , " A"
i n t he f i gur e. i s st ar t ed when t he i nput ampl i f i ed si gnal
cr osses t hr eshol d and st opped af t er 800 ns. I n t he case

at t he LO t r i gger was sat i sf i ed ( see t r i gger sect i on)
t he t i mi ng capaci t or r ampdowt t i s st opped wi t h a gat e,
i nput at " R" , t ypi cal l y 430 ns af t er t he beamcr ossi ng.
For speci f i c i oni zat i on measur ement , char ge i s i nt e-
gr at ed f r omt he t hr eshol d cr ossi ng f or a t i me of 900 ns
f or t he out er ( DR) and i nner ( PTL) dr i f t chamber s, but
onl y 5 ns f or t he i nt er medi at e ( VD) det ect or t o
i mpr ove t he char ge di vi si on r esol ut i on.

Ther e i s no act i ve r eset i n t he CLEOI I el ect r oni cs.
Reset pul ses cr eat e noi se whi ch may be above t hr esh-
ol d i n t he t i mi ng ci r cui t s, especi al l y of t he segment ed
cat hodes i n t he out er dr i f t chamber . Pr esent l y, t he
t i me bet ween cr ossi ngs i n CESR i s 360 ns and t he
maxi mumdr i f t t i me i n t he out er dr i f t chamber , wi t h a
magnet i c f i el d of 1 . 5 T, i s about 400 ns whi ch does not

r .
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l eave t i me t o act i vel y r eset t he el ect r oni cs. I nst ead, al l
channel s ar e r eset passi vel y wi t h an RCt i me const ant
of about f our beamcr ossi ngs. Thi s causes some nonl i n-
ear i t y i n t he t i me t o char ge r el at i on but t hat i s com-
pensat ed f or i n t he cal i br at i on . Amor e ser i ous pr ob-
l em due t o t he r eset met hod i s t hat t he syst em i s
sensi t i ve t o char ge deposi t i on f r om about 30 pr evi ous
cr ossi ngs. Ext r a hi t s ar e a pr obl em i n t he t wo i nner
det ect or s whi ch ar e cl oser t o t he beamand have l ess
azi mut hal gr anul ar i t y . Most ext r a hi t s can be el i mi -
nat ed because t he t i me measur ement i s not wi t hi n t he
l i mi t s pl aced by t he t i me of t he l at est beamcr ossi ng
and t he maxi mumdr i f t t i me as can be seen f r om t he
r awt i me of hi t s di st r i but i on i n f i g . 18. Channel s t hat l i e
on t r acks f r om t he l at est cr ossi ng, but wer e r amped
down i n a pr evi ous cr ossi ng ar e not used unt i l t hei r
capaci t or r ecover s f ul l char ge. Dur i ng t hi s t i me per i od
a " st al e dat a" bi t i s set on.

3. 6. Ar gon- et hane gas syst em

The CLEO11 gas syst emsuppl i es al l t hr ee t r acki ng
chamber s ( PTL, VD, DR) and t he muon det ect or s wi t h
a mi xt ur e of 50%ar gon and 50%et hane( C, H(, ) . The
f unct i ons of t he syst emar e t o pr epar e t he pr oper gas
mi xt ur e, t o suppl y an adequat e and st abl e f l owt o each
subsyst em. t o mai nt ai n a st abl e oper at i ng pr essur e, and
t o pr ovi de cont i nuous moni t or i ng of al l i mpor t ant f l ows,
pr essur es, and gas composi t i on . The needs of each
cl i ent det ect or di f f er f r omone anot her , so t he char ac-
t er i st i cs of t he i ndi vi dual gas subsyst ems var y i n t he
f our cases. Tabl e 3 summar i zes t he gas- r el at ed pr oper -
t i es of t he det ect or s .

Ther e i s one common gas mi xer f or â! ! t he det ec-
t or s. The bul k ar gon and et hane ar e passed t hr ough
10- Wm f i l t er s, and t hen f ed i nt o separ at e el ect r oni c
mass f l ow cont r ol l er s ( MFCs) set t o assur e equal f l ow
f or t he t wo gases . The out put f r omt he MFCs t hen j oi n
and accumul at e i n a 1300 1 buf f er t ank at 30 PSI G f or
subsequent i nput t o t he det ect or syst ems .

Al l t he subsyst ems ar e desi gned t o r un j ust above
at mospher i c pr essur e, except t he VD, whi ch oper at es

Tabl e 3
Oper at i onal pr oper t i es of t he f our gas subsyst ems i n CLEO11 . Shown ar e t he vol ume i n l i t r es, oper at i ng pr essur e i n at mospher es,
t he i nf l ux of f r esh gas, r eci r cul at i on f l ow, t he l eak r at e i n 1/ mi n, t he number of det ect or vol ume changes per day, and t he oxygen
l evel at t he det ect or exhaust
Syst em Vol ume

[ 1]
Pr essur e
[ at m]

Fr esh
[ 1/ mi n]

Reci r c
[ 1/ mi n]

Leaks
[ 1/ mi n]

Vol umes
per Day

OZ
[ ppm]

MU 9000 1. 005 2. 1 9. 5 1 . 5 1 . 5 260
DR 5100 1. 005 2. 4 8. 2 0. 3 2. 3 40
VD 60 1. 379 0. 37 - 0. 18 8. 9 < 15
PTL 8 1. 005 0. 21 - <0. 01 38. 0 < 15



at 1. 38 at m( 20PSI A) . The pr essur es ar e mai nt ai ned
separ at el y i n each syst emby a pr opor t i onal val ve ( PV)
connect ed i n a f eedback l oop wi t h a pr essur e t r ans-
ducer ( see f i g. 19 as an exampl e of one syst em) . I f t he
pr essur e di ps bel ow ( goes above) a pr eset val ue, t he
PV cl oses ( opens) sl i ght l y unt i l t he desi r ed pr essur e i s
at t ai ned. The DRand MUsyst ems each have a 300 1
i n- l i ne buf f er t ank bet ween t he t r ansducer and PV t o
st abi l i ze t he pr essur e osci l l at i ons. The PTL syst em
does not use such a val ve; i t s out put gas i s vent ed
di r ect l y t hr ough a f ewmmof oi l t o t he exhaust . Oi l -
f i l l ed bubbl er s act as emer gency pr essur e r el i ef at t he
i nput and out put of t he DR, MU, and PTL det ect or s .
These bubbl er s ar e set sl i ght l y above and bel ow t he
r espect i ve oper at i ng pr essur es . Ther e must be pr ot ec-
t i on agai nst bot h posi t i ve and negat i ve pr essur es be-
cause of t he pr esence of t he i n- l i ne r eci r cul at i on pumps
( f or DRand MU) and a mast er exhaust l i ne, whi ch
because i t i s vent ed by a f an t o t he ai r , si t s bel ow
at mospher i c pr essur e . TheVDi s pr ot ect ed by mechan-
i cal r el i ef val ves at i nput and out put .
The DRand MUare bot h l ar ge vol ume det ect or s

needi ng f l ows of at l east one vol ume change per day.
The cost of gas pr ecl udes such f l ows i f t he al l chamber
exhaust gas i s vent ed t o ai r . Hence t he gas i n each of
t hese syst ems i s r eci r cul at ed. Reci r cul at i on al l ows set -
t i ng t he f l ow t hr ough t he det ect or s i ndependent l y of
t he i nf l ux of f r esh gas, but al so r equi r es r emovi ng t he
oxygen t hat di f f uses i nt o t he syst em t hr ough l eaks.
Ni t r ogen. of cour se, al so accumul at es t o a l i mi t ed
ext ent but does not adver sel y af f ect t he i oni zat i on
pr ocess or chamber l i f et i me as does a hi gh concent r a-
t i on of oxygen. Fi g. 19 shows a schemat i c of t he DR
reci r cul at i onsyst em. Fl owar ound t he r eci r cul at i on l oop
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Fi g. 19. DRgas r eci r cul at i on syst em.

i s mai nt ai ned by an MFC. Just i n f r ont of t heMFCi s a
1300 I buf f er t ank at 6 PSI G. That pr essur e i s set by a
mechani cal backpr essur e r egul at or , whi ch, i f t he pr es-
sur e exceeds t he set t i ng, sends excess gas out of t he
l oop. Fr esh gas i s sent i nt o t he l oop at 2. 41/ mi n, much
smal l er t han t he r eci r cul at i on f l ow of 8. 2 1/ mi n. The
r eci r cul at i on pump i s l ocat ed j ust af t er t he PV at t he
chamber exhaust , and i s f ol l owed by t he pur i f i er .
The gas pur i f i er r emoves oxygen, l ar ge mol ecul es,

and par t i cul at es i n t he st r eam. Asmal l f l owof hydr o-
gen i s i nj ect ed i nt o t he gas j ust upst r eamof an i n- l i ne
pal l adi umcat al yt i c conver t er ; t he hydr ogen and oxygen
i n t he passi ve cat al yst combi ne t o f ormwat er . The gas
t hen passes t hr ough mol ecul ar si eve mat er i al , com-
posed of a synt het i c cr yst al l i ne al umi na- si l i cat e wi t h i t s
wat er s of hydr at i on r emoved, whi ch adsor bs al l wat er
vapour passi ng t hr ough up t o 25%of i t s wei ght . When
t he si eve becomes sat ur at ed i t can be r ecycl ed of f - l i ne
by baki ng f or a f ewhour s at 300°Cwhi l e f l ushi ng wi t h
ar gon. Af t er t he si eve. a 10- Lmi n- l i ne f i l t er r emoves
any r emai ni ng dust i n t he st r eam.

Oxygen l evel s ar e moni t or ed at t he out put of each
det ect or , as summar i zed i n t abl e 3. I n addi t i on. t her e i s
an oxygen pr obe j ust af t er t he pal l adi umcat al yst i n t he
pur i f i er . Fl ow of hydr ogen i nt o t he pur i f i er i s adj ust ed
t o keep t hi s oxygen l evel smal l ( < 25 ppm) .
Gas ent er s t he DRvol ume t hr ough ei ght hol es i n

t he endpl at es, f our on each end of t he chamber i n i t s
upper hal f near t he out er r adi us . Gas exi t s t he cham-
ber t hr ough ei ght hol es i n t he l ower hal f of t he cham-
ber , l ocat ed symmet r i cal l y wi t h t he ent r ance hol es.

Anal ogousl y, t he MU gas syst em r eci r cul at es and
pur i f i es i t s own f l ow. The " f r esh" gas at t heMUi nput
i s act ual l y t he exhaust f r omt he DRl oop; t he exhaust
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f r omt he MUl oop i s vent ed t o ai r . A t ot al of 9. 4 1/ m
f l ows f r omt he 10001 buf f er t ank whi ch i s r egul at ed at
5 PSI G. The f l ow i s t hen di st r i but ed t o t en par al l el
st r eams, one f or each bar r el oct ant and one f or each
endcap. Each of t hose t en st r eams i s agai n di st r i but ed
i n par al l el t o about t en r out es, one per l ayer i n t he
oct ant / endcap; count er s i n each l ayer ar e connect ed
i n ser i es . Each such par al l el st r eami s pr ot ect ed agai nst
over - and under - pr essur e wi t h bubbl er s t o ai r . Each
oct ant / endcap i s per i odi cal l y checked f or l eaks by
swi t chi ng i n- l i ne a pai r of mass f l ow t r ansducer s and
compar i ng measur ed i nput and out put f l ows .

The gas composi t i on i s per i odi cal l y moni t or ed at a
number of poi nt s by a gas anal yzer whi ch measur es t he
gas densi t y ( r el at i ve t o ar gon) vi a i t s t her mal conduct i v-
i t y . The r el at i ve f l ows i n t he gas mi xer ar e cal i br at ed by
compar i ng t he mi xed gas t o a " st andar d" r ef er ence
gas, commer ci al l y pr epar ed t o be ( 50. 0 ± 0. 1) %et hane
wi t h t he bal ance ar gon. The et hane f r act i on i s mai n-
t ai ned t o a st abi l i t y of ±0. 1%.

Par t of t he i nput gas t o t he VDand PTL syst ems i s
passed over a wat er r eser voi r pr i or t o r eachi ng t he
chamber ( 20%of t he f l ow f or t he VDand 10%f or t he
PTL) . Pr esence of wat er vapour i n dr i f t chamber gas
has been shown t o have pal l i at i ve ef f ect s on wi r e
cur r ent s and chamber l i f et i mes i n a hi gh r adi at i on
envi r onment [ 12] .

3. 7. Moment umand angul ar r esol ut i on

Moment umr esol ut i on can be par amet er i zed t o have
t wo component s: one f r omt he er r or i n measur ement
of t he cur vat ur e of a t r ack due t o i ndi vi dual measur e-
ment er r or s i n dr i f t di st ances ; t he ot her f r om t he
di st or t i on of t he t r ack f r oma t r ue hel i x due t o mul t i pl e
scat t er i ng. Thus, we expect t o r esol ve moment um( per -
pendi cul ar t o t he magnet i c f i el d) accor di ng t o t he
r el at i on:

2 53spt ~ 2 ) ,
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wher e s ( i n met r es) i s t he accur acy of i ndi vi dual posi -
t i on measur ement s i n t he dr i f t chamber s, pt i s t he
t r ansver se moment umi n GeV/ c, B i s t he magnet i c
f i el d st r engt h i n t esl a, L i s t he l engt h i n met r es over
whi ch measur ement s ar e made, n i s t he number of
posi t i on measur ement s and t i s t he t hi ckness of ob-
st r uct i ng mat er i al i n t he chamber s i n r adi at i on l engt hs .
The posi t i on measur ement r esol ut i on, s, f or t he out er
dr i f t chamber i s shown i n f i g . 20. Cl ose t o t he cel l edge
( di st ance f r om sense wi r e = 1. 0) t he r esol ut i on i s de-
gr aded because t he el ect r i c f i el d i s weak and t he dr i f t
pat h i s di st or t ed i n t he 1. 5 T magnet i c f i el d. Al ong
wi t h t he poor r esol ut i on, t her e i s a l oss of ef f i ci ency
cl ose t o t he cel l edge, at a 1 . 5 T f i el d, so t hat t he
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Fi g. 20. Posi t i on measur ement r esol ut i on vs posi t i on wi t hi n
t he cel l of t he out er dr i f t chamber . 0. 0 i s at t he sense wi r e and

1. 00 i s at t he edge of t he cel l ( - 7 mmf r omt he sense wi r e) .

aver age ef f i ci ency i n t he dr i f t cel l i s onl y 85%. Near
t he wi r e, t he r esol ut i on i s l i mi t ed by t he spaci ng be-
t ween pr i mar y i ons i n t he chamber gas . The r esol ut i on
obser ved near t he wi r e i s poor er t han expect ed i ndi cat -
i ng t he di scr i mi nat or t hr eshol d i s t oo hi gh t o be sensi -
t i ve t o si ngl e i ons . These t hr eshol ds have not been
l ower ed because t o do so woul d i ncr ease t he noi se
r at e. I n t he cent r al par t of t he cel l , t he r esol ut i on i s
r el at i vel y const ant at 100 gm. I n al l r egi ons of t he cel l
t he r esol ut i on i s act ual l y somewhat wor se t han i s shown
i n f i g . 20 because t her e ar e non- Gaussi an t ai l s i n t he
di st r i but i on of measur ement er r or s . Thi s degr ades t he
expect ed moment um r esol ut i on ei t her by i ncr easi ng
t he posi t i on measur ement r esol ut i on, s, used i n t he
equat i on above or , r educi ng t he number of posi t i on
measur ement s, n, by not usi ng hi t s whi ch di sagr ee wi t h
t he f i t .

The scat t er i ng mat er i al i n t he cent r al det ect or i s
l i st ed i n t abl e 2. I n t he act i ve r egi on t he t ot al mat er i al
has a t hi ckness of 0. 0247 r adi at i on l engt hs . Not e t hat a
subst ant i al por t i on of t hi s mat er i al , 0. 0108 r adi at i on
l engt hs, l i es at t he i nt er f ace bet ween t he i nt er medi at e
and out er dr i f t chamber s . A ki nk i s al l owed at t he
r adi us of t hi s i nt er f ace i n f i t t i ng t he t r acks t o mi ni mi ze
t he ef f ect of t he concent r at i on of mat er i al . Usi ng t he
f or mul a gi ven above wi t h B= 1. 5 T, L = 0. 85 m, n =
49, s = 150 l i m, and t = 0. 025 r . l . t he expect ed r esol u-
t i on becomes

( SPt / Pt ) 2 = «) . ( ) 011 Pt ) 2 + ( 0. 0067) 2,
whi ch l eads t o 8pt = 47 MeV/ c at pt = 5. 280 GeV/ c .
Thi s i s sl i ght l y l ower t han t he measur ed r esol ut i on of
64 MeV/ c shown i n f i g . 21.

Under st andi i g } he r esol ut i on of t he azi mut hal and
pol ar angl e cal cul at ed f r om t he r econst r uct ed t r ack i s
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Fi g. 21 . Measur ed moment umof muons f r om t he r eact i on

e+e - - WWat 5. 280GeVbeamener gy.

i mpor t ant f or est i mat i ng event r econst r uct i on ef f i ci en-
ci es . Our cur r ent under st andi ng of t hese r esol ut i ons i s
based on a sampl e of e+e- - - W+W- event s, whi ch
pr ovi des an est i mat e at hi gh moment um(5. 0 GeV/ c) .
The rms measur ed r esol ut i ons ar e

80 = 1 mr od; 60 = 4 mr od.
The di f f er ence bet ween t he azi mut hal and pol ar

angul ar r esol ut i on i s expect ed because t her e ar e onl y
15 measur ement s i n t he pol ar di r ect i on : 11 f r omst er eo
wi r e l ayer s i n t he out er dr i f t chamber , and f our f r om
cat hode r eadout l ayer s. The st er eo wi r e l ayer s, wi t h a
l ongi t udi nal posi t i on r esol ut i on of f r om 3 t o 5 mm
dependi ng on st er eo angl e, and t he cat hode r eadout
l ayer s, wi t h r esol ut i on about 1. 8 mmcombi ne t o gi ve a
pol ar angl e r esol ut i on of 0. 003 r od. However , t he angu-
l ar r esol ut i ons depend on t he t r ack cur vat ur e ( t he
par t i cl e moment um) and empi r i cal t est i ng of t he mo-
ment um dependence woul d be usef ul . Once t he mo-
ment um resol ut i on i s under st ood, angul ar r esol ut i on
can be i nf er r ed usi ng t he wi dt h of t he t wo pi on mass
spect r um f r omt he decay : K° - zr ' ,r r - . Thi s anal ysi s i s
st i l l i n pr ogr ess.

Angul ar accept ance f or par t i cl es t hat ar e of suf f i -
ci ent moment um t o not cur l i nsi de t he out er dr i f t
chamber i s l i mi t ed by t he number of l ongi t udi nal di r ec-
t i on measur i ng l ayer s at smal l r adi us. Requi r i ng f our
l ongi t udi nal measur ement s ( f or r edundancy and t o al -
l ow f or i mper f ect ef f i ci ency) l i mi t s t he accept ance t o
0. 92 x 4r. ( see t abl e 2) . Thi s can be i mpr oved t o 96%
by l ooseni ng t he r edundancy r equi r ement and usi ng
t he r adi us at whi ch t he t r ack exi t s t he out er dr i f t
chamber as a pol ar angl e measur ement . Lowmomen-
t umpar t i cl e accept ance i s i mpor t ant f or t he det ect i on
of many decays of t he Bmeson. I t i s al so i mpor t ant f or
separ at i ng excl usi ve channel s f r om backgr ound.

Y. Kubot a et al . / TheCLEO11det ect or

Fi g. 22. Tr ack r econst r uct i on ef f i ci ency at l ow moment um
cal cul at ed f r omMont e Car l o si mul at i on of a pi on i n t he dr i f t
chamber s wi t h a magnet i c f i el d of 1. 5 T. The sol i d cur ve i s f or
t he si ngl e i sol at ed t r acks. The dashed hi st ogr am, i s t he r esul t
af t er embeddi ng t he same set of pi on t r acks i n a r eal dat a

sampl e of hadr oni c event s r ecor ded at t heTOS) .

Char ged par t i cl es ar e not det ect ed bel owa moment um
of 65 MeV/ c due t o t he mat er i al i n t he par t i cl e pat h.
The accept ance i s f ur t her r educed by over l aps wi t h
ot her t r acks, and as i n t he case of hi gher moment um,
by t he l i mi t ed number of l ongi t udi nal measur i ng l ayer s
at l ow r adi us so t hat t he ef f i ci ency r i ses above 65
1eV/ c r eachi ng 50%at 100 MeV/ c as shown i n f i g .
22.

3. 8. Char ged par t i cl e i dent i f i cat i on by speci f i c i oni zat i on

Par t i cl es have been i dent i f i ed i n CLEOI I by mea-
sur i ng t he speci f i c i oni zat i on ener gy l oss ( dE/ dx) i n
t he 51 l ayer s of t he mai n dr i f t chamber . Fi g. 23 shows
dE/ dx vs moment umf or hadr oni c t r acks. Because of
t he l ar ge Landau t ai l of t he i oni zat i on di st r i but i on, we
t ake, as t he best est i mat or of dE/ dx, t he 50%t r un-
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Fi g. 23. Speci f i c i oni zat i on vs t r ack moment umf or hadr ons.
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cat ed mean [ 131. I n or der t o obt ai n opt i mumr esol u-
t i on, t he r aw dat a must be cor r ect ed f or t he f ol l owi ng
ef f ect s.

a) Di p angl e sat ur at i on. When a t r ack i s pr oduced
i n a di r ect i on t hat i s per pendi cul ar t o t he sense wi r es,
t her e i s t h; : hi ghest densi t y of i oni zat i on al ong t he z
di r ect i on. Thi s causes el ect r i c shi el di ng whi ch ef f ec-
t i vel y r educes t he gai n ( t hus t he col l ect ed char ge) f or
each hi t on t hat t r ack. Ther ef or e t he measur ed char ge
depends on t he pol ar angl e of t he t r ack, wi t h t he
l ar gest ef f ect at angl es cl ose t o 90° .

b) Dr i f t di st ance. The amount of char ge r eachi ng
t he wi r e wi t hi n t he gat e t i me depends on t he di st ance
t he el ect r ons have t o dr i f t f r omt he t r ack t o t he wi r e.
Thi s depends on t he el ect r i c f i el d shape wi t hi n t he cel l ,
and i n par t on t he magnet i c f i el d st r engt h t hr ough t he
ExBef f ect .

c) Ent r ance angl e. The dr i f t di st ance di st r i but i on
depends on t he magni t ude of t he ent r ance angl e of t he
t r ack, i n t he ( r , - 0) pl ane, i nt o t he cel l . We have f ound
t her e i s al so a dependence on t he si gn of t he ent r ance
angl e due t o t he Ex Bef f ect .

d) Axi al - st er eo l ayer . Agai n, due t o di f f er ent el ec-
t r i c f i el d shapes of axi al and st er eo cel l s, t he dr i f t
di st ance di st r i but i on depends on t he t ype of l ayer .

Al l of t hese dependenci es have been measur ed and
a f i ve- di mensi onal , 1600 bi n map has been pr oduced
whi ch i s used t o cor r ect t he char ge associ at ed wi t h
each hi t on a t r ack . For a t r ack wi t h 40 or mor e good
hi t s, ar esol ut i on of 6. 2%Ghas been achi eved f or Bhabha
t r acks, whi l e f or mi ni mumi oni zi ng pi ons, we get 7. 1%.

4. The t i me- of - f l i ght syst em

4. 1. I nt r oduct i on

The t i me- of - f l i ght ( TOF) syst em i n t he CLEO I I
Det ect or i s used as a pr i mar y t r i gger f or dat a r ecor di ng
( t he t r i gger syst em i s descr i bed i n sect i on 7) , and as a
t ool f or par t i cl e i dent i f i cat i on. The moment um of a
char ged par t i cl e i s measur ed f r omt he t r ack cur vat ur e
i n t he dr i f t chamber . Measur i ng t he " t i me" t o r each
t he TOF sci nt i l l at i on count er al l ows const r ai nt on t he
par t i cl e mass whi ch enabl es par t i cl e i dent i f i cat i on .

Y. Kubot a et al . / TheCLEO11 det ect or

Ther e ar e t wo maj or par t s of t he TOF syst em, t he
bar r el and t he endcap. The bar r el count er s cover t he
pol ar angl es f r om 36° t o 144°, whi l e t he endcap coun-
t er s ext end f r omabout 15° t o 36° on t he west si de and
f r om 144° t o 165° on t he east . The sol i d angl e sub-
t ended by t he bar r el count er s i s about 81%of 4,r r and
t hat by t he endcap count er s i s 16%. Bel ow, we pr esent
descr i pt i ons of t he bar r el and endcap count er s and
summar i ze t he cur r ent st at us of t he measur ed t i me
r esol ut i ons .

4. 2 Bar r el t une- of - f l i ght count er s

Ther e ar e 64 bar r el count er s l ocat ed i mmedi at el y
out si de of t he cent r al dr i f t chamber and f ast ened by
st r aps t o t he i nsi de sur f ace of t he cr yst al cont ai ner .
Fi g. 24 shows a dr awi ng of a bar r el count er . The
t hi ckness of 5 cmwas chosen t o maxi mi ze t he t hi ckness
wi t hout har mi ng t he per f or mance of t he cesi umi odi de
cal or i met er . Bi cr on BC- 408 sci nt i l l at or was chosen f or
t he f ast decay t i me ( 2. 1 ns) and l ong at t enuat i on l engt h
( 2. 5 m) . At each end of t he sci nt i l l at or t her e i s at -
t ached a l i ght pi pe made of UVT Luci t e wi t h a 17°
bend. The l i ght pi pe was f or med wi t h t he pr oper angl e
by usi ng heat l amps t o war mt he Luci t e and bendi ngt he
l i ght pi pe i n a pr eci sel y const r uct ed j i g. The sci nt i l l at or
and t he l i ght pi pes ar e gl ued t oget her wi t h HE17017
epoxy obt ai ned f r om Har t el Pl ast i cs. Thi s epoxy f or ms
a ver y st r ong bond wi t h good l i ght t r ansmi ssi on. At t he
phot ot ube end of t he l i ght pi pe, t her e i s a shor t UVT
Luci t e t r ansi t i on pi ece f r omt he end of t he l i ght pi pe t o
t he cyl i ndr i cal phot omul t i pl i er t ube. The j oi nt s be-
t ween t he l i ght pi pe and t he t r ansi t i on pi ece and t he
phot omul t i pl i er ar e made wi t h Hexel Epol i t e 5313.
Thi s epoxy was chosen f or i t s opt i cal qual i t y, const ant
pr oper t i es over l ong t i mes, and st r ong j oi nt whi ch can
be br oken wi t h a shar p kni f e t o al l ow r epl acement of
t he phot omul t i pl i er t ube. The count er s wer e wr apped
f i r st wi t h al umi num f oi l and subsequent l y wi t h bl ack
t ape.

The phot omul t i pl i er t ubes ar e a sl i ôht modi f i cat i on
of t he Àmper ex 2020. The phot ocat hode i s somewhat
di f f er ent wi t h a hi gher quant umef f i ci ency . The accel -
er at or el ect r ode i s not connect ed i nt er nal l y t o dynode
5, but i s connect ed t o a spar e pi n so t hat i t s vol t age can

279. 4 cm
Fi g. 24. Bar r el t i me- of - f l i ght count er .
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be adj ust ed . Test s showed t hat t he best t i me r esol ut i on
i s obt ai ned wi t h t he accel er at or gr i d connect ed t o
dynode 7. These modi f i cat i ons i ncr ease t he dar k cur -
r ent of t he phot omul t i pl i er t ube sl i ght l y . The phot o-
t ube i s wr apped i n al umi numf oi l whi ch i s at t he same
pot ent i al as t he phot ocat hode. The f oi l ext ends an i nch
beyor , ~1 t he phot ocat hode ont o t he t r ansi t i on pi ece and
i s el ect r i cal l y - nsul at ed f r omt he al umi numf oi l ar ound
t he l i ght pi pe- sci nt i l l at or assembl y wi t h a pi ece of
whi t e paper .

For mount i ng t he count er s, t hr ee bands wer e i n-
st al l ed ont o t he i nner sur f ace of t he cr yst al cont ai ner
wi t h suf f i ci ent t hi ckness ( 0. 546 cm) t o l ocat e t he coun-
t er s beyond t he r i vet heads t hat ar e on t he sur f ace.
The cent r al band i s made of G10 t o mi ni mi ze t he
amount of mat er i al i n f r ont of t he bar r el cal or i met er .
The t wo bands at t he ends ar e made of al umi num. The
count er s ar e f ast ened t o t he end bands wi t h f l exi bl e
met al t i es and t o t he mi ddl e band wi t h pl ast i c t i es.

Fi g. 25 shows a di agr amof t he phot omul t i pl i er t ube
base. The base i s a modi f i cat i on of t he desi gn sug-
gest ed by Amper ex and uses a vol t age of appr oxi mat el y
500Vbet ween t he phot ocat hode and t he f i r st dynode
t o i mpr ove t i me r esol ut i on . The base ci r cui t i s con-
st r uct ed on a f l exi bl e PCboar d made of kevl ar and
dr aws 0. 68 mA at 3000 V. I n oper at i on t he aver age
phot ot ube vol t age i s 2200 V.

4. 3. Endcap t i me- of - f l i ght count er s

Adr awi ng of t he CLEOl I endcap TOFcount er s i s
shown i n f i g. 26a. Ther e ar e 28 wedge- shaped count er s
mount ed on each endcap cal or i met er . Each count er i s
a t r apezoi dal sect or of 4. 8 cm t hi ck Bi cr on BC- 408
sci nt i l l at or , whi ch i s t he same mat er i al as t hat used f or
const r uct i ng t he bar r el TOFcount er s . The sci nt i l l at or
cover s t he r adi al r ange f r om25 . 9 cmt o 89. 0 cmf r om
t he beaml i ne at a l ongi t udi nal di st ance of 117. 5 cm
f r omt he cent r e of t he i nt er act i on r egi on. The nar r ow
end of t he sci nt i l l at or i s shaped i nt o a 45° pr i sm, t hus
avoi di ng a gl ue j oi nt t hat woul d be needed f or a
separ at e pr i smpi ece. The sci nt i l l at or desi gn i s shown
i n f i g. 26b. AHamamat su R2490 phot omul t i pl i er t ube
i s gl ued di r ect l y t o t he squar e f ace of t he pr i smwi t h
t he axi s of t he t ube at r i ght angl es t o t he l engt h of t he
count er . Ther e i s no l i ght gui de bet ween t he t ube and
t he sci nt i l l at or so t hat t he phot omul t i pl i er oper at es
i nsi de a 1 . 5 Tmagnet i c f i el d, wi t h t he t ube axi s par al l el
t o t he f i el d. Ther e ar e 28 count er s, mount ed i n a ci r cl e
on t he endcap cal or i met er s as shown i n f i g. 27. At t he
phot ot ube end, t he count er s ar e suppor t ed by 3 mm
t hi ck al umi num f i ns i nser t ed bet ween each count er
and at t ached t o t he f i l eï wâl l of t he endcap cal or i me-
t er . A 1 . 5 mmt hi ck al umi num cyl i nder of r adi us 25. 4
cmi s al so suspended f r omt he i nner wal l t o pr ot ect t he
phot omul t i pl i er s. The phot omul t i pl i er s ar e suppor t ed
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Fi g. 25. Phot omul t i pl i er t ube base used f or bar r el t i me- of - f l i ght

by t he gl ue j oi nt at t he pr i sm f ace wi t h i ndust r i al
st r engt h HE17017 epoxy f r omHar t el Pl ast i cs .
The Hamamat su R2490 i s a 5. 1 cmdi amet er , head-

on t ype phot omul t i pl i er t ube speci al l y desi gned f or
hi gh magnet i c f i el d envi r onment s . Suppl i ed by t he
manuf act ur er wi t h a r esi st or - di vi der base assembl y,
cal l ed H2520, i t i s r ugged and compact wi t h a t ot al
l engt h of 9 cm. The ci r cui t di agr amof t he base assem-
bl y i s shown i n f i g. 28. The desi gn of t he t ube i s based
on pr oxi mi t y mesh, t r ansmi ssi ve dynodes wi t h si xt een
st ages and can oper at e i n magnet i c f i el ds of sever al
t esl a. Wi t h r espect t o ot her oper at i ng char act er i st i cs,
t he t ube i s si mi l ar t o t he convent i onal Amper exXP2020
used i n t he bar r el count er . I t has a bor osi l i cat e wi n-
dow, wi t h bi al kal i cat hode and dynode secondar y emi t -
t i ng sur f ace. The cat hode quant umef f i ci ency at 390
nmi s about 20%, whi l e t he anode pul se r i set i me i s 2. 1
ns . Themagnet i c f i el d char act er i st i cs of 25 Hamamat su
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Fi g. 26. ( a) Si de vi ewof an endcapTOFcount er mount ed on t he endcap cal or i met er . ( b) Desi gn of t he endcapTOF sci nt i l l at or .

82490 t ubes wer e t est ed by pl aci ng t hemi n an exper i -
ment al t est set up wi t h a 1 . 5 Tmagnet i c f i el d par al l el t o
t l e t ube axi s . We f ound t he gai n r educt i on var i es f r om
70 i n t he best case t o about 250 i n t he wor st case, f or
an oper at i ng vol t age of 2400 V, whi ch i s t ypi cal l y about
200 Vabove t he pl at eau shoul der . I n t he same ser i es
of t est s, we f ound no evi dence of t i mi ng r esol ut i on
degr adat i on due t o t he magnet i c f i el d. The gai n r educ-
t i on i s compensat ed by a f ast , hi gh gai n pr eampl i f i er at
t he phot omul t i pl i er t ube out put . I t s ci r cui t di agr am i s
shown i n f i g. 29 and i s based on t he Si gnet i cs wi deband
hi gh f r equency ampl i f i er NE5205. The ampl i f i er gai n
used i n l abor at or y t est s was 50 and sat ur at ed at an
out put of about 5 V. I nsi de CLEOI I , t he phot omul t i -
pl i er out put s wer e f ed by RG58/ U coaxi al cabl es t o
ampl i f i er car ds mount ed on t he out si de f ace of t he
sol enoi dal pol e t i ps and t he ampl i f i er gai ns wer e r e-
duced t o about 15. Al l 56 endcap count er s wer e t est ed
i n a l abor at or y bench set up at an oper at i ng vol t age of
2400 Vwi t h t he pr eampl i f i er . The r . m. s . t i mi ng r esol u-
t i on var i ed f r om120 ps i n t he best case t o 250 ps i n t he
wor st case, t he aver age val ue bei ng about 170 ps.

4. 4. Readout el ect r oni cs

The dat a acqui si t i on car ds f or t he t i me- of - f l i ght
syst emwer e desi gned and const r uct ed at Har var d. For
each phot omul t i pl i er si gnal t her e ar e t wo t i me t o pul se
hei ght conver t er s and a ci r cui t f or r ecor di ng t he i nt e-
gr at ed char ge i n t he pul se. For each of t he t i me

channel s t her e i s a di scr i mi nat or whi ch det ermi nes t he
poi nt on t he i nput pul se at whi ch t he t i me measur e-
ment i s st ar t ed. The st op si gnal f or t he t i me measur e-
ment i s der i ved f r omt he r f f r equency of CESRand i s

Fi g . 27. Rear vi ewof t he east endcap TOF count er s on t he
f ace of t he Csl pol et i p cal or i met er , and t he r el at i ve l ocat i on
of t he bar r el count er s. The number s shown ar e t he phot ot ube
addr esses. The 64 bar r el count er s each have t wo phot ot ubes ;
t he t ubes on t he east si de ar e odd i nt eger ; t hose on t he west
si de of t he same count er have an addr ess number one l ar ger .
West endcap phot ot ubes ar e addr essed 157 t hr ough 184.
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Fi g. 28. Ci r cui t di agr am of t he base assembl y f or t he Hamamat su R2490 phot omul t i pl i er t ube. Unl ess ot her wi se speci f i ed, al l
capaci t or s ar e i n VF, and t he r esi st or s ar e470ki t , 1 W.

DY2 DY4 DY6

Fi g. 29. Ci r cui t di agr amof t he f ast pr eampl i f i er .

di r ect l y r el at ed t o t he t i me at whi ch t he beams col l i de.
( The CLEO11 t i mi ng syst em, whi ch pr ovi des t he st op
si gnal _ i s descr i bed t o sect i on 7. ) The t wo di scr i mi nat or s
ar e set t o separ at e t hr eshol d l evel s so a measur ement
of t he t wo t i mes can be used t o cor r ect f or t he r i se
t i me of t he phot omul t i pl i er pul se. Ther e i s no r eset f or
t he pr i mar y st or age capaci t or and each channel r ecov-
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4. 5. Cal i br at i ng t he TOFsyst em
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er s wi t h a t i me const ant of 2 Ws. The di scr i mat or
t hr eshol ds ar e 40 and 80 mV, and phot ot ube hi gh
vol t ages ar e set so t hat a mi ni mum i oni zi ng par t i cl e
pr oduces a 400 mVpul se. Upon r ecei pt of a sui t abl e
t r i gger , t he anal og si gnal s of t i me and pul se hei ght
measur ement s ar e st or ed usi ng sampl e and hol d ci r -
cui t r y and r ead out by t he cr at e cont r ol l er s. Apr o-
gr ammed pul se gener at or i s used t o cal i br at e t he el ec-
t r oni c ci r cui t s. The si gnal s ar e r ecor ded as a f unct i on
of t he del ay of t he pul se and t he dat a ar e anal yzed t o
det er mi ne t he pedest al and t i me- ( TDC count s) r el a-
t i on f or each el ect r oni c channel .

Bhabha event s ar e used t o cal i br at e t he syst em.
Event s ar e sel ect ed f or whi ch t her e i s onl y one hi t i n a
count er and t he moment umand t r aj ect or y ar e used t o
cal cul at e t he t i me- of - f l i ght . Let T. ; j r epr esent t he t i me
cal cul at ed f r omTDCcount s f or phot ot ube i f or event
j . The cal cul at i on i s based on el ect r oni c cal i br at i on
const ant s. The t i me measur ed by a phot ot ube i s com-
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Fi g. 30. Ti me r esol ut i on obt ai ned wi t h t he bar r el t i me- of - f l i ght count er s: ( a) f or Bhabbhs, and ( b) f or pi ons i n hadr oni c event s.
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par ed t o t he expect ed t i me, T, , whi ch i s gi ven by an
expr essi on of t he f orm
Tj =T~j +T; +Lj / c, ; +K; / Qj '

Her e Toj i s t he cal cul at ed t i me f or t he el ect r on t o
move f r omt he i nt er act i on poi nt t o t he sci nt i l l at or , T i s
a t i me of f , ~t const ant f or each channel , Lj i s t he
di st ance f r omt he poi nt wher e t he el ect r on cr osses t he
sci nt i l l at or t o t he end of t he sci nt i l l at or , L' ; i s t he
vel oci t y of si gnal pr opagat i on i n t he sci nt i l l at or , Qj i s
t he measur ed pul se hei ght i n ADCcount s, and K; and
n ar e par amet er s whi ch depend on pul se shape and t he
t i me sl ewi ng i n t he di scr i mi nat or . For each phot omul t i -
pl i er t ube T, v; , and K; wer e t aken as f r ee par amet er s
and t he best val ues det ermi ned by mi ni mi zi ng t he
di f f er ence bet ween T , ; j and Tj wi t h t he Bhabha dat a.
For i ni t i al st udi es, n was set t o 0. 5 . I t was subsequent l y
var i ed and wi t h n=0. 15, t he t i me r esol ut i on i mpr oved
by 5 ps. For t he bar r el count er s, t her e ar e t wo phot o-
t ubes on each sci nt i l l at or and i ni t i al l y t he f i t t i ng was
done usi ng t he same ef f ect i ve vel oci t y of t he l i ght
si gnal f or bot h phot ot ubes . I t was f ound t hat t he r eso-
l ut i on i mpr oved 25 ps by al l owi ng each phot ot ube t o
have an i ndependent vel oci t y par amet er . The r esol u-
t i on obt ai ned f or Bhabt i as i s 139 ps. Fi g. 30a shows a
pl ot of t he t i me r esol ut i on f or an i ndependent sampl e
of Bhabha event s not used i n t he cal i br at i on . A pl ot of
t he t i me r esol ut i on on pi ons f r om hadr oni c event s i s
shown i n f i g . 30b, wher e moment umi s r equi r ed t o be
l ess t han 0. 7 GeV/ c . The hi gh si de t ai l i s due t o kaons,
and a t wo-Gaussi an f i t gi ves a t i me r esol ut i on of 154
ps, rms, f or pi ons. Thi s r esol ut i on pr ovi des a 2Qsepa-
r at i on f or pi ons and kaons of 1. 07 GeV/ c moment um.
Si mi l ar r esul t s wer e obt ai ned f or bot h l ow and hi gh
t hr eshol d di scr i mi nat or channel s . The t wo channel s
wi l l be used t o ext r apol at e t o zer o pul se hei ght f or
count er s wher e t her e ar e t wo hi t s i n a count er and
t her ef or e bot h phot ot ubes of t he count er can not be
used f or t he same par t i cl e, or when t he pul se hei ght
ADCs over f l ow. Ref . [ 141 descr i bes t he t est pr ogr am
used t o devel op t he bar r el t i me- of - f l i ght count er s . The
t est gave an aver age r esol ut i on of 110- 120 ps. Recent
st udi es suggest t hat t he di f f er ence bet ween t he t est
r esol ut i ons and t hat obt ai ned i n t he CLEOI I det ect or
may be par t i al l y due t o var i at i ons bet ween t he r f - de-
r i ved st op si gnal and t he t r ue t i me of t he bunch cr oss-
i ngs . The Bar r el TOF count er s al r eady pr ovi de si gni f i -
cant i nf ormat i on f or par t i cl e i dent i f i cat i on . The sep- - - -
r at i on of hadr ons i s i l l ust r at ed i n f i g . 31 wher e 1/ 13
der i ved f r omt he TOFcount er s i s pl ot t ed as a f unct i on
of t r ack moment um f or a set of hadr oni c event s
r ecor ded at t he T( 4S) .
The r eadout el ect r oni cs f or t he endcap TOF coun-

t er s i s t he same as t hat used f or t he bar r el count er s
and a si mi l ar cal i br at i on pr ocedur e usi ng Bhabha
event s has been i mpl ement ed. The count er s wer e oper -
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5. 1 . I nt r oduct i on

0 0. 25 0. 5 0. 75 1 1 . 25 1 . 5 1 . 75 2
P(GeV)

Fi g . 31 . 1/ ,6 ( 13 = v 1c) ver sus t r ack moment ummeasur ed i n
t he dr i f t chamber s f or a sampl e of hadr ons i n t he bar r el TOF

count er s .

at ed at a vol t age bet ween 2200 and 2400 V. The t i me
di f f er ence di st r i but i on bet ween t he measur ed and ex-
pect ed t i mes f r oma sampl e of Bhabha event s not used
i n t he cal i br at i on r esul t ed i n a t i mi ng r esol ut i on of
about 272 ps, whi ch i s not as good as t he aver age of
170 ps f r om bench t est s . Cal i br at i ng t he endcap t i me-
of - f l i ght count er s i s mor e di f f i cul t t han t he bar r el .
Si nce t her e i s onl y one phot ot ube per count er , one can
not st udy posi t i on dependent cor r el at i ons . Fur t her -
mor e, usi ng Bha, ) ha event s i nt r oduces a compl i cat ed
spr ead i n t he t i mi ng caused by el ect r omagnet i c show-
er s i ni t i at ed i n t he dr i f t chamber endpl at e, wher e one
of t he el ect r ons f r om t he shower ent er s t he sci nt i l l at or
at a si gni f i cant l y cl oser di st ance t o t he phot ot ube t han
t he pr i mar y el ect r on . The r esul t pr esent ed her e on t he
endcap t i me r esol ut i on i s pr el i mi nar y and cal i br at i on
of t he endcap count er s i s st i l l under st udy .

5. The el ect r omagnet i c cal or i met er

The CLEO I I cal or i met er consi st s of 7800 t hal -
l i um- doped cesi um i odi de (Cs! ) cr yst al s . A number of
pr evi ous publ i cat i ons [ 15- 18] have cxp: or cd t he sui t -
abi l i t y of such a det ect or and associ at ed r eadout
schemes. For t he CLEO I I appl i cat i on ( i n whi ch a
hi ghl y segment ed, l ar ge- vol ume shower det ect or at a 1
mradi us i n a 1 . 5 T f i el d must make pr eci si on measur e-
ment s on phot ons f r om15- 5000 MeV) t hal l i um- doped
cesi um i odi de has been shown [ 161 t o be t echni cal l y
super i or and mor e cost - - ef f ect i ve v,hen compar ed t o
al t er nat i ves, such as Nal , BGO, BaF, , or l ead gl ass .



The pr oper t i es [ 19] of Cs1 i ncl ude hi gh l i ght out put , an
emi ssi on spect r um wel l -mat ched t o phot odi odes, l ow
hygr oscopi ci t y, pl ast i ci t y and r esi st ance t o cr acki ng,
ease of machi ni ng, hi gh densi t y ( 4. 51 g/ cm3) , shor t
r adi at i on l engt h ( 1 . 83 cm) and Mol i èr e r adi us ( 3. 8 cm) ,
and good t hermal st abi l i t y near r oomt emper at ur e. The
900 ns decay t i me i s r el at i vel y l ong but can be accom-
modat ed adequat el y f or t r i gger i ng and r eadout .

5. 2. Cr yst al di mensi ons, mount i ng and suppor t

The choi ce of CsI bl ock si ze [ 16] was di ct at ed by t he
need t o at t ai n adequat e ener gy and posi t i on r esol ut i on
whi l e keepi ng cost of t he bl ocks, mount i ng, and r ead-
out at a r easonabl e l evel . Longer cr yst al s pr event l eak-
age at hi gh ener gi es wher e f l uct uat i ons i n such l eakage
domi nat es t he r esol ut i on, but ar e mor e expensi ve and
have poor er l i ght t r ansmi ssi on whi ch adver sel y af f ect s
r esol ut i on at l ow ener gy . Nar r ow l at er al di mensi ons
gi ve opt i mal posi t i on r esol ut i on but i ncr ease t he num-
ber of channel s as t he i nver se squar e, and so have an
enormous i mpact on cost ; smal l cr yst al s al so r ai se t he
number t hat must be summed t o comput e shower
ener gy, degr adi ng t he r esol ut i on due t o i ncr eased el ec-
t r oni c noi se. The chosen di mensi ons, appr oxi mat el y 5
cm(2. 7 H. ) squar e by 30 cm(16 H. ) l ong, achi eve an
economi cal and t echni cal compr omi se, r esul t i ng i n a

Y. Kubot a et al . / TheCLEO11 det ect or

Tabl e 4
Bar r el and endcap cr yst al di mensi ons [ cm] as def i ned i n f i g. 32. A- F have a t ol er ance of ±0. 01, Hhas a t ol er ance of ±0. 10
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syst em of 7800 cr yst al s. CLEO 11 has a cal or i met er
wi t h angul ar segment at i on. f i ner by an or der of magni -
t ude t han t he pr evi ous gener at i on of cr yst al det ect or s
(Cr yst al Bal l [ 20] and CUSB [ 211) oper at i ng at e+e
st or age r i ngs, and compar abl e t o t he 1. 3 det ect or [ 22] .
The cal or i met er consi st s of t he bar r el and t wo end-

caps, whi ch t oget her cover 95%of t he sol i d angl e. The
bar r el cover age st ar t s at a pol ar angl e of 32°, over l ap-
pi ng sl i ght l y wi t h t he endcap whi ch ends at 36°. The
bar r el cal or i met er cont ai ns 6144 bl ocks ar r anged i n a
near l y ver t ex- poi nt i ng geomet r y of 48 z- r ows wi t h 128
azi mut hal segment s i n each. The 256 bl ocks i n each
pai r of symmet r i cal l y l ocat ed z- r ows have i dent i cal l y
t aper ed shapes . The di mensi ons of t he 24 di f f er ent
shapes ar e l i st ed i n t abl e 4 and r ef er t o t he quant i t i es
shown i n f i g. 32. The di mensi ons wer e chosen so t hat
t he gaps bet ween cr yst al s poi nt a f ewcent i met r es away
[ 23] f r om t he nomi nal i nt er act i on poi nt , pr event i ng
smal l l osses i n sol i d angl e cover age by t he f ul l 16 r . l .
dept h of CsI . Phot ons or i gi nat i ng at t he i nt er act i on
poi nt st r i ke bar r el cr yst al f aces at near l y normal i nci -
dence.
The bar r el cr yst al hol der i s desi gned t o bear t he

consi der abl e l oad of t he CsI bl ocks ( 27 x 103 kg) , t o
al l ow f or mount i ng and r out i ng of t he r eadout , cool i ng,
and cal i br at i on syst ems, and t o pr ovi de a seal ed, moi s-
t ur e- f r ee envi r onment . Mat er i al i n f r ont of and be-

Row A B C D E F H
1 5. 25 6. 59 4. 98 5. 69 7. 13 5. 41 15. 0
2 5. 22 5. 92 4. 98 6. 05 6. 83 5. 78 27. 0
3 5. 20 5. 71 4. 98 6. 16 6. 72 5. 91 30. 0
4 5. 19 5. 65 4. 98 6. 119 6. 69 5. 94 30. 0
5 5. 18 5. 59 4. 98 6. 22 6. 66 5. 98 30. 0
6 5. 18 5. 53 4. 98 6. 25 6. 63 6. 02 30. 0
7 5. 17 5. 47 4. 98 6. 28 6. 60 6. 06 30. 0
8 5. 16 5. 41 4. 98 6. 30 6. 57 6. 09 30. 0
9 5. 15 5. 35 4. 98 6. 33 6. 54 6. 13 30. 0
10 5. 14 5. 30 4. 98 6. 35 6. 51 6. 17 30. 0
11 5. 13 5. 25 4. 98 6. 38 6. 48 6. 20 30. 0
12 5. 12 5. 20 4. 98 6. 40 6. 45 6. 23 30. 0
13 5. 11 5. 16 4. 98 6. 42 6. 43 6. 27 30. 0
14 5. 10 5. 12 4. 98 6. 43 6. 41 6. 29 30. 0
15 5. 09 5. 08 4. 98 6. 45 6. 39 6. 32 30. 0
16 5. 07 5 . 04 4. 98 6. 46 6. 37 6. 35 30. 0
17 5. 06 5 . 01 4. 98 6. 47 6. 35 6. 37 30. 0
18 5. 05 4. 98 4. 98 6. 48 6. 33 6. 39 30. 0
19 5. 04 4. 96 4. 98 6. 48 6. 32 6. 41 30. 0
20 5. 03 4. 94 4. 98 6. 48 6. 32 6. 43 30. 0
21 5. 02 4. 93 4. 98 6. 48 6. 32 6. 44 30. 0
22 5. 01 4. 92 4. 98 6. 48 6. 31 6. 45 30. 0
23 5. 00 4. 92 4. 98 6. 47 6. 31 6. 45 30. 0
24 4. 99 5. 02 4. 98 6. 46 5. 74 6. 46 30. 0
Endcap 5. 00 5. 00 5. 00 5. 00 5. 00 5. 00 30. 0
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Fi g. 32. Def i ni t i on of t he di mensi onal par amet er s det ermi ni ng
cr yst al si ze and shape.

t ween cr yst al s, whi ch degr ades ener gy r esol ut i on, i s
kept t o a mi ni mum. The hol der , consi st i ng ent i r el y of
al umi num component s, i s shown i n f i g . 33. I t has
cyl i ndr i cal i nner and out er wal l s, capped by a cover
annul us at each end, and sur r ounds an i nt er nal l at t i ce
of 64 l ongi t udi nal f i ns ( separ at i ng ever y ot her cr yst al i n
azi mut h) and 13 l at er al r ows of f i ns ( separ at i ng ever y
f our t h r ow i n z) . The f i ns pr ovi de t he necessar y r i gi d-
i t y and separ at e t he CsI bl ocks i nt o snugl y packed
2 x 4- bl ock pocket s. The hol der i s 3. 37 ml ong and i t s
i nner wal l has a r adi us of 1. 024 mand a t hi ckness of
1. 59 mm; t he f i ns ar e 0. 51 mmt hi ck . An out er ski n of
r adi us 142. 5 cmconsi st i ng of ei ght panel s, each 6. 35

Fi g . 33. Apor t i on of t he bar r el cr yst al hol der .
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Fi g. 34. A quadr ant of an endcap cr yst al hol der showi ng
l ocat i on of t he endcap cr yst al s .

mmt hi ck and cover i ng t he f ul l bar r el l engt h, cl oses t he
st r uct ur e . The bar r el hol der was bui l t on a st eel i nner
mandr el t hat pr ovi ded st r engt h whi l e l oadi ng t he cr ys-
t al s i nt o t he pocket s and t r anspor t i ng t he compl et ed
uni t . The mandr el and bar r el hol der wer e r ol l ed i nt o
pl ace on a cent r al r ai l and t he whol e uni t l ower ed
sl i ght l y t o r est on t he i nner wal l of t he cr yost at of t he
super conduct i ng coi l . The mandr el was t hen r educed
i n di amet er and r ol l ed back out .
Each endcap hol ds 828 cr yst al s st acked i nsi de a

cyl i ndr i cal hol der , as shown i n f i g . 34, so t hat t he
maxi mal amount of ar ea near t he out er r adi us i s cov-
er ed by CsI . Al l endcap bl ocks ar e r ect angul ar ( see
t abl e 4) . The ar r angement of cr yst al s i n each endcap i s
f our - f ol d symmet r i c; t he same pat t er n of 207 cr yst al s i s
r epeat ed, r ot at ed by 90° each t i me. The al umi num
hol der has i nner and out er cyl i ndr i cal wal l s capped by
ci r cul ar cover pl at es. The i nner and out er wal l r adi i
( t hi cknesses) ar e 0. 321 m(6. 35 mm) and 0. 914 m(9. 53
mm) , r espect i vel y, and t he f r ont cover pl at e i s 6. 35 mm
t hi ck. Each f r ont pl at e i s l ocat ed 1 . 248 mf r om t he
i nt er act i on poi nt .

Pr eampl i f i er boar ds ar e mount ed di r ect l y behi nd
t he cr yst al s. Cabl es, l i ght f i br es, and cool i ng t ubes pass
t hr ough t he end cover s i n t he bar r el and near t he out er
r adi us of t he endcaps. Al l j oi nt s, r i vet s, and openi ngs
i n t he cr yst al hol der s wer e cover ed wi t h seal ant ; ni t r o-
gen f l ows t hr ough each hol der t o keep t he CsI dr y . The
on- l i ne comput er r out i nel y and aut omat i cal l y checks
t emper at ur e and humi di t y moni t or i ng st at i ons ( ei ght i n
t he bar r el and t hr ee i n each endcap) t o ver i f y t hat t he
cool i ng and dr yi ng syst ems ar e wor ki ng pr oper l y . The
t emper at ur e i s mai nt ai ned at ( 28 ± 2) °C, and t he hu-
mi di t y at l ess t han 1%. The bar r el and endcap hol der
di mensi ons al l ow f or a t ol er ance of ±0. 1 mmon t he
cr yst al l at er al di mensi ons, and f or a t ot al of 0. 13 mmof
wr appi ng ar ound each bl ock .



Cal or i met er per f or mance var i es consi der abl y wi t h
pol ar angl e because t he ener gy r esponse i s degr aded by
t he mat er i al pr esent i n suppor t st r uct ur es and r eadout
el ect r oni cs f or t he t r acki ng chamber s. The cent r al bar -
r el r egi on, whi ch cover s 71%of t he sol i d angl e ( 45° <9
< 135°) , has t he smal l est amount of mat er i al i n f r ont of

i t . Mat er i al cl ose t o t he CsI cr yst al s r educes ener gy
r esol ut i on onl y by phot on conver si on and absor bi ng
t he el ect r on ener gy vi a i oni zat i on, wher eas mat er i al f ar
i n f r ont of t he cr yst al s i nt r oduces a much gr eat er ef f ect
because t he ener gy i s di sper sed over a br oad r egi on.
The t ot al mat er i al bet ween t he beaml i ne and t he f i r st
wi r e l ayer of t he mai n dr i f t chamber i s 2. 5%r adi at i on
l engt hs . The ar gon- et hane gas and t he 51 wi r e l ayer s
cont r i but e anot her 0. 4%( see t abl e 2 f or mor e det ai l s) .
The near by mat er i al consi st s of t he out er cat hode
l ayer , 1%r . l . ; out er wal l , 2%r . l . ; and t he TOF coun-
t er s, 12%r . l . A l ar ger amount of mat er i al exi st s be-
t ween t he i nt er act i on poi nt and each endcap. The dr i f t
chamber endpl at e i s 3. 18 cm of al umi num, and t he
cabl es, r eadout boar ds mount ed on t he endpl at e, sup-
por t bar s, and a copper cool i ng pl at e ( 3 mmt hi ck)
mount ed j ust i n f r ont of t he endcap TOFadd subst an-
t i al l y t o t he mat er i al . Bel ow 25° t he ver t ex det ect or
endpl at e and cabl es bl ock t he pat h as wel l . The
bar r el - endcap t r ansi t i on r egi on ( 32° < 6 < 36°) i s
bl ocked by dr i f t chamber suppor t s and t he out er wal l
of t he endcap hol der , and has i nadequat e Csl i n dept h
t o cont ai n hi gh ener gy shower s .

Nei ghbour i ng bl ocks i n t he bar r el ar e st agger ed
l ongi t udi nal l y wi t h r espect t o each ot her by a di st ance
whi ch var i es wi t h pol ar angl e f r omzer o at 90° t o 9 cm
at 35°, as shown i n f i g. 2. St agger i ng has been shown
[ 16] t o det er i or at e ener gy r esol ut i on near cr yst al
boundar i es by a smal l but measur abl e amount ; t he
shower can l eak out t he si des and r ear of t he st agger ed
cr yst al s . Such ef f ect s ar e si gni f i cant onl y near t he ends
of t he bar r el wher e t he st agger i ng i s l ar ge. The ef f ect i s
r educed by t he non- ver t ex poi nt i ng geomet r y .

0 5 10 15 20 25 30
Di ode ( PM)

 

Z ( cm)
End

Fi g. 35. An exampl e of t he speci f i cat i on f or cr yst al gr adi ent ,
t wo cr yst al s wi t h t he same G~ but di f f er ent scat t er i n t he l i ght
out put ar eshown. Onepasses t he speci f i cat i on andone f ai l s .
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5. 3. Cr yst al acqui si t i on and eval uat i on

5. 4. Cr yst al r eadout
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Af t er a l engt hy i ni t i al eval uat i on [ 161 of t hal l i um-
doped CsI cr yst al s f r om f our manuf act ur er s [ 241, t wo
wer e chosen, each t o pr ovi de hal f t he CLEOI I cr ys-
t al s. The speci f i cat i ons demanded hi gh absol ut e l i ght
out put , uni f or mi t y i n r esponse al ong t he l engt h of t he
cr yst al , st r i ct adher ence t o di mensi onal t ol er ances ( see
t abl e 4) , absence of vi si bl e def ect s such as bubbl es,
cr acks, or cl oudi ness, and no cr yst al f l uor escence af t er
exposur e t o f l uor escent l i ght . By suppl yi ng manuf act ur -
er s wi t h measur ement t ool s si mi l ar t o t hose devel oped
f or CLEO 11, eval uat i on of t hese cr i t er i a f or ever y
cr yst al became a r out i ne and r epr oduci bl e t ask . The
manuf act ur er s wr apped each bl ock i n t hr ee l ayer s of
0. 04 mmwhi t e Tef l on f ol l owed by 0. 01 mmal umi ni zed
Myi ar , assur i ng hi gh l i ner : al r ef l ect i on and l i ght - t i ght -
ness of each cr yst al .

Li ght out put char act er i st i cs wer e measur ed [ 161 by
exposi ng each cr yst al at t en posi t i ons al ong i t s l engt h
t o 662 keVphot ons f r oma col l i mat ed Cs137 sour ce and
r eadi ng out t he l i ght wi t h a gr een- sensi t i ve Amper ex
XP1017 phot omul t i pl i er . The si gnal f r omt he 662 KeV
l i ne was compar ed t o t he same l i ne measur ed wi t h t he
same phot ot ube, but usi ng a smal l " st andar d" CsI
bl ock. The cr yst al speci f i cat i on r equi r ed t he aver age
l i ght out put , La, t o exceed 20%of t hat obt ai ned wi t h
t he smal l " st andar d" CsI bl ock. The l ongi t udi nal gr adi -
ent , GZ, def i ned as t he r el at i ve change i n l i ght out put
f r omt he f r ont t o r ear end of t he cr yst al f r om a l i near
f i t t o t he l i ght out put , t ypi cal l y l i es bet ween - - 1 and
+I I %. The act ual speci f i cat i on r equi r ed t hat at most
one of t he t en l i ght out put measur ement s coul d l i e
out si de a band cent r ed on t he val ue of La, as shown i n
f i g. 35. Such a posi t i ve gr adi ent , as compar ed t o zer o,
does not hur t ener gy r esol ut i on at l ow ener gy and
i mpr oves i t above 1 GeV: t he i ncr eased l i ght out put at
t he back of t he cr yst al par t i al l y compensat es f or f l uct u-
at i ons i n r ear shower l eakage whi ch domi nat e t he
r esol ut i on at hi gh ener gi es. Bot h l i ght out put and gr a-
di ent depend cr uci al l y upon t he pur i t y of t he cr yst al -
gr owi ng mat er i al s, t he cl ar i t y of t he r esul t i ng bl ock,
sur f ace pr epar at i on, and wr appi ng. The La and GZ
val ues f or al l cr yst al s ar e shown i n f i g. 36.

Four si l i con phot odi odes mount ed on a 6 mmt hi ck
UVT Luci t e wi ndow on t he r ear f ace of each cr yst al
conver t t he sci nt i l l at i on l i ght f r omt he CsI i nt o el ect r i -
cal si gnal s . For r edundancy, each of t he phot odi odes i s
connect ed t o an i ndependent near by pr eampl i f i er . The
cabl e f r omt he pr eampl i f i er t r avel s out si de t he CLEO
ü det ect or t o t he mi xer / shaper car d, whi ch sums t he
f our pr eampl i f i er si gnal s f r omeach cr yst al and shapes
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t he si gnal f or i nput t o t he ADC. Fi g. 37 shows t he t i me
st r uct ur e of t he pul ses at each st age of r eadout .

The Hamamat su S1723- 00 phot odi ode [ 16- 18] has
an act i ve ar ea of 1 x 1 cm2 . When a r ever se bi as
vol t age of 10 V i s appl i ed, each di ode has l ow l eakage
cur r ent ( t ypi cal l y 1 nA) and a j unct i on capaci t ance of
75 pF. Ear l y di ode f ai l ur es f r om i ncr eased sur f ace
l eakage cur r ent s wer e t r aced t o t he epoxy coat i ng, and
Hamamat su subsequent l y el i mi nat ed t hi s pr obl em. The
manuf act ur er checked t he pr oduct i on or der s by baki ng
at 80°Cf or t wo days and passi ng t hose di odes wi t h l ow
l eakage cur r ent s ( < 5 nA at 20 V and 25°C) . Af t er
del i ver y, di odes wor e oper at ed f or one week at 20 V
and 25°C, and t hose wi t h hi gh cur r ent s wer e di scar ded.

Aschemat i c of t he char ge pr eampl i f i er i s shown i n
f i g . 38. I t f eat ur es hybr i d i mpl ement at i on, a si ngl e + 15
Vpower suppl y, di f f er ent i al noi se i mmuni t y t o out put
cabl e pi ckup, a r i se t i me of 15 ns, and f al l t i me of 180
~t s . The r i se t i me of a pul se f r om t he cal or i met er i s
domi nat ed by t he 900 ns decay t i me of t he CsI ( Tl ) .
Noi se r ef er r ed t o t he i nput i s about 250 el ect r ons
wi t hout t he phot odi ode connect ed. Wi t h a di ode con-
nect ed t he noi se i s appr oxi mat el y 600 el ect r ons r ms .
Under comput er cont r ol , char ge may be i nj ect ed at
each channel ' s i nput t o cal i br at e el ect r oni c gai n and
l i near i t y. Pr eampl i f i er s ar e ar r anged i n gr oups of 16
per boar d, ser vi ci ng di odes on f our nei ghbour i ng cr ys-
t al s . Each boar d di ssi pat e%3 Wof power , so copper
t ubes, i n t her mal cont act wi t h a copper case sur r ound-
i ng each boar d assembl y, ar e used t o ci r cul at e f r eon
f or cool i ng . The FET i s t he most l i kel y component t o
f ai l ( see f i g. 38) . The manuf act ur er t her mal l y cycl ed
t he pr eamps t en t i mes bet ween - 40°C and + 140°C
and oper at ed t hemat 85°C f or t wo days, r ej ect i ng any
f ai l ur es . The ci r cui t s wer e t est ed agai n af t er del i ver y.
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Fi g. 36. Di st r i but i ons : ( a) aver age l i ght out put L, , and ( b) gr adi ent Gz f r om sour ce measur ement s of al l cr yst al s i n CLEO 11 .
Cr yst al s wi t h L a < 0. 2 and GZ > 0. 15 ar e f r omear l y or der s and wer e pl aced near t he i nner r adi us of t he endcap.

The mi xer / shaper f i r st sums t he f our si gnal s per
cr yst al . I t has a pol e- zer o shaper t o el i mi nat e t he l ong
t ai l of t he pr eamp pul se ar ! d has a ci r cui t t o dr i ve
t wi st ed- pai r cabl es t o t he ADCs. The ci r cui t di agr ami s
shown i n f i g . 39. The r i se t i me i s 2 Ws and f al l t i me i s 9
p, s; f i g . 37 shows t he pul se shape. A f i ne gai n adj ust -
ment i s avai l abl e t o compensat e wi t h about 5%accu-
r acy f or cr yst al - t o- cr yst al var i at i ons i n l i ght out put f or
t r i gger i ng pur poses . Each i nput i s comput er - addr essa-
bl e t o sel ect t he pr eamp/ di ode channel s t o be used f or
each cr yst al and si mul t aneousl y adj ust t he gai n t o
account f or any of t he i nput channel s t ur ned of f . The
car ds r esi de i n one of t he 24- car d cr at es speci f i cal l y
desi gned f or t he CLEO I I cal or i met er . Ther e ar e a
t ot al of t went y f our mi xer - shaper cr at es, 16 f or t he

Fi g. 37. Pul se shapes at out put of t he pr eamps, and
mi xer / shaper ci r cui t s, and sampl i ng gat e f or t he ADC.
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Fi g. 38. Ci r cui t di agr am of t he CLEO I I hybr i d char ge sensi t i ve pr eampl i f i er f or cr yst al r eadout connect ed t o t he. si l i con
phot odi ode. RF=100MSt ±5%, CF=1 pF±5%, RB* t o be t r i mmed f or FET(0. 6 kf t <_Rs<1 . 2 ki t ) .

bar r el and f our f or each endcap. Af t er t he gai n var i a-
t i ons have been equal i zed but bef or e shapi ng f or t he
ADC, t he anal og si gnal s f r om t he 16 cr yst al s on each
mi xer / shaper car d ar e di f f er ent i at ed and summed t o-
get her f or t r i gger pur poses . The r esul t ant 16- cr yst al
sum i s f ed t o t wo on- boar d di scr i mi nat or s, set at 100
and 500 MeVrespect i vel y, whi ch t hen act as i nput bi t s
t o t he t r i gger syst em( sect i on 7) .
LeCr oy Fast bus model 1885NADCs, wi t h 96 chan-

nel s per car d, di gi t i ze t he anal og pul se f or r eadout i nt o

4bi t Comput er
Gai n Compensat i on

( I <G<2)

t he dat a acqui si t i on syst em. The si gnal f r om t he
mi xer / shaper i s at t enuat ed by a f act or of 20 at t he
ADC, f i l t er ed wi t h a 10 kHz hi gh pass f i l t er , and
i nt egr at ed wi t h a 1-Ws gat e as shown i n f i g . 37. The
di gi t i zed out put has 12 bi t s of pr eci si on and an ext r a
bi t i ndi cat i ng hi gh or l ow r ange. Hi gh and l ow r ange
di f f er i n gai n by a f act or of ei ght , so t hese modul es
have an ef f ect i ve 15 bi t dynami c r ange. The ADCs ar e
oper at ed i n aut o- r ange mode i n whi ch t he ADCi t sel f
aut omat i cal l y chooses t he appr opr i at e gai n f or t he

I nt egr a' t or

Di scr i mi nat or

Fi g. 39. Schemat i c of t he mi xer / shaper ci r cui t s bet ween t he cr yst al pr eampl i f i er s andt he ADCs.
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Fi g. 40. RMSnoi se l evel s i n i ndi vi dual cr yst al s, as br oken
down bet ween ( a) t he i ncoher ent and ( b) coher ent cont r i bu-

t i ons.

si gnal pr esent at t he i nput . Four Fast bus cr at es, wi t h
21 ADCsl ot s f i l l ed per cr at e, house t heADCcar ds f or
CLEOI I .
The el ect r oni c noi se i n t he syst emcan be gi ven i n

ADCcount s ( or equi val ent MeV) and can be br oken
down i nt o coher ent and i ncoher ent cont r i but i ons . The
i ncoher ent cont r i but i ons f r omagr oup of summed cr ys-
t al s combi ne i n quadr at ur e, wher eas t he coher ent ones
add l i near l y. The pr i mar y sour ce of i ncoher ent noi se i s
Schot t ky noi se f r om t he phot odi ode l eakage cur r ent s,
wher eas t he coher ent cont r i but i on i s pr i mar i l y i n t he
ADCmodul e. These noi se l evel s can be measur ed by
t he wi dt h of i ndi vi dual and summed cr yst al s when
t her e i s no t r ue ener gy si gnal pr esent , such as dur i ng a
pedest al cal i br at i on wi t h no beams i n CESR. The
di st r i but i ons of t he rms pedest al val ues f r oma no- beam
cal i br at i on ar e shown i n f i g. 40. The aver age val ues ar e
0. 5 MeV i ncoher ent ( 2. 3 ADCcount s) and 0. 2 MeV
coher ent ( 0. 9 ADCcount s) ; most channel s have l ess
t han 1 MeVi ncoher ent and 0. 5 MeVcoher ent noi se
l evel s .
The har dwar e component s per f ormi ng t he spar si f i -

cat i on of t he ADC' s out put dat a i s descr i bed i n sect i on
7. The al gor i t hmsel ect s f or r eadout i nt o t he comput er
t he addr ess and ADCval ue of al l cr yst al s t hat ar e
l ocat ed wi t hi n t wo bl ocks of any deposi t i on >6 MeV,
and i s mor e t han a st andar d devi at i on above pedest al .

H. V.

Z

FX280

Ref l ect or
Fi l t er s
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X Bundl e

I mmf i ber s

Mor e pr eci sel y, a cr yst al ' s dat a i s saved as par t of t he
event i f i t i s bot h a) above pedest al by t wo or mor e
count s, and b) one of t he cr yst al s i n t he 5 x 5 bl ock
ar r ay cent r ed ar ound a cr yst al whi ch i s 25 or mor e
count s above pedest al . Thi s r esul t s i n appr oxi mat el y
430 cr yst al di gi t i zat i ons wr i t t en t o t ape on a t ypi cal
hadr oni c event .
The f ai l ur e r at e of t he cr yst al r eadout component s

i s an i mpor t ant f i gur e of mer i t f or per f ormance, espe-
ci al l y f or t he di odes and pr eampl i f i er s i nsi de t he det ec-
t or because t hey cannot be r epai r ed wi t hout di sassem-
bl i ng CLEO11. Di odes f ai l by exhi bi t i ng l ar ge l eakage
cur r ent s and hence a hi gh noi se l evel . Pr eampl i f i er s
f ai l by yi el di ng al most no si gnal or an er r at i c one.
For t unat el y, because t he cabl es f r om al l f our di ode/
pr eampl i f i er combi nat i ons on each cr yst al ar e br ought
out si de t he cr yst al hol der , t hose di odes ( or pr eampl i -
f i er s) t hat f ai l can be deact i vat ed i n t he mi xer / shaper
ci r cui t . Cr yst al s can oper at e adequat el y even wi t h onl y
one l i ve di ode/ pr eampl i f i er combi nat i on, t hough t he
i ncoher ent el ect r oni c noi se r el at i ve t o t he si gnal i s a
f act or of t wo smal l er wi t h al l f our channel s al i ve. Of
t he t ot al 31200 di ode/ pr eamp channel s i n CLEO11,
108 wer e f ound t o be f aul t y or di sconnect ed af t er
assembl y of t he cal or i met er . I n a subsequent 13 mont h
per i od of oper at i on, f r omFebr uar y 1990 unt i l Mar ch
1991, 35 pr eampl i f i er s and 9 di odes f ai l ed, and 6
mi xer / shaper car ds and 2 ADCboar ds wer e r epl aced
due t o mal f unct i ons . At t hi s r at e, i t shoul d r equi r e i n
excess of 19 year s bef or e one cr yst al has onl y one l i ve
di ode/ pr eamp, and mor e t han 69 year s unt i l one cr ys-
t al has al l f our of i t s channel s dead.

5. 5. Li ght f l asher cal i br at i on syst em

Al i ght f l asher syst emmoni t or s changes i n t he cal i -
br at i on of t he phot odi odes and t he cr yst al s ( el ect r oni c
pul ser cal i br at i on moni t or s t he component s down-
st r eam of t he di odes) . The goal of t he syst em i s t o
det ect i f t he l i ght - sensi t i ve gai n changes mor e t han
0. 510 on a day- t o- day basi s. The schemat i c of t he
syst em i s shown i n f i g. 41 . Li ght f i br es t r ansmi t t he
f l asher pul ses f r oma f l ash t ube t o t he r eadout end of
each cr yst al . The l i ght t hen r ef l ect s of f t he cr yst al
sur f aces and i s col l ect ed by t he phot odi odes.
Two EGand GFX280 xenon f l ash t ubes each ser ve

3900 cr yst al s ( an endcap and hal f of t he bar r el each) .

Phot odi ode

Fi g. 41. Schemat i c of t he l i ght f l asher syst em.



Ther e i s a par abol i c mi r r or behi nd each of t he f l ash
t ubes. Pi eces of gr een and whi t e pl ast i c ar e pl aced i n
t he 5 cmgap bet ween t he t ube and 1- mmf i br e bundl es
i n or der t o mat ch t he l i ght spect r um t o t hat of CsI
sci nt i l l at i on l i ght , and t o di f f use t he l i ght so t hat al l t he
f i br es ar e i l l umi nat ed mor e uni f or ml y . Ther e ar e 156
1- mmdi amet er PCS( pl ast i c cl ad si l i ca) f i br es gr ouped
i n si x bundl es at t he f l ash t ube end. Each of t hese l mm
f i br es t hen connect s t o a bundl e of 50 PCSf i br es, each
200 Wmi n di amet er . I n t ur n t hese t hi n f i br es t r ansmi t
l i ght t o i ndi vi dual cr yst al s . Ther e i s a 1 cmgap bet ween
each pai r of mat i ng 1 mmf i br es and 200 wmf i br e
bundl es. Thi s ensur es t hat al l t he 200 pmf i br es ar e
i l l umi nat ed uni f or ml y . The 200 Wmf i br es ar e con-
nect ed t o t he back of t he cr yst al s, wher e t he phot odi -
odes ar e mount ed, usi ng Hewl et t Packar d snap- i n con-
nect or s HFBR4001/ 4005.

The i nt ensi t y of t he l i ght pul ses changes t oo much
f r om pul se t o pul se and f r om one day t o t he next t o
moni t or smal l changes i n t he absol ut e gai n of each
cr yst al . Ther ef or e, onl y t he gai n change of a cr yst al
r el at i ve t o i t s " nei ghbour s" i s moni t or ed ( t hose cr yst al s
f l ashed by t he same bundl e of 200 p, m f i br es ar e
def i ned as t he nei ghbour s) . Si nce t he f l uct uat i on of t he
r el at i ve pul se hei ght s i s t ypi cal l y 1%( 3%f or absol ut e
nor mal i zat i on) , t he st at i st i cal accur acy of a 25- pul se
measur ement i s 0. 2% f or each cr yst al . The f l asher
syst em has been usef ul i n det ect i ng f ai l ed di odes and
swapped cabl es . When one of t he f our di odes on a
cr yst al f ai l s, i t i s obvi ous t hat a l ar ge change ( > 10%)
i n t he f l asher cal i br at i on has occur r ed, wher eas t he
el ect r oni c cal i br at i on mi ght onl y showa subt l e i ncr ease
i n pedest al wi dt h i n such a case. Ther e has al so been
an occur r ence of swapped cabl es t hat went undet ect ed
unt i l t he f l asher dat a i ndi cat ed t he pr obl em. Thi s l at t er
pr obl em i s easi er t o det ect wi t h t he f l asher syst em
because t he opt i cal char act er i st i cs var y f r omone cr ys-
t al t o t he next mor e t han t he el ect r oni c gai ns .

5. 6. Cl ust er i ng and cal i br at i on

The ADC val ues i n t he r aw dat a banks ar e con-
ver t ed i nt o ener gi es bef or e shower r econst r uct i on be-
gi r l . Thi s r equi r es el ect r oni c pedest al subt r act i on, gai n
mul t i pl i cat i on appr opr i at e t o t he r un bei ng anal yzed,
and conver si on t o absol ut e ener gy uni t s. Per i odi c pul s-
i ng of t he el ect r oni cs moni t or s changes i n t he pedest al s,
gai ns, and noi se i n t he r eadout syst em, whi ch can be
due t o sl owdr i f t s i n t he el ect r oni cs or di f f er ent pr oper -
t i es of r epl aced mi xer / shaper or ADCmodul es. Cr ys-
t al - t o- cr yst al cal i br at i ons, nor mal i zed f or beamener gy
el ect r ons, ar e cal cul at ed usi ng e+e - - > e+e - event s.
These const ant s ar e comput ed by mi ni mi zi ng t he r ms
wi dt h of t he Bhabha el ect r on shower ener gy di st r i bu-
t i on and const r ai ni ng i t t o peak at t he beamener gy;
t hi s r equi r es sol vi ng a l i near equat i on i nvol vi ng a 7800
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Fi g. 42. of / E as a f unct i on of t he number of hi ghest - N
cr yst al s summed. The cur ves wer e gener at ed f r om Mont e
Car l o shower si mul at i on of 100 MeV phot ons wi t h appr opr i -
at e noi se i ncl uded. The poi nt s wer e measur ed wi t h r eal dat a,
t he 100 MeVphot on l i nes at t he TOS) . The ar r ow i ndi cat es
t he act ual number summed i n t he CLEOI I cl ust er al gor i t hm

f or 100 MeVphot ons .

x 7800 spar se mat r i x. I n pr i nci pl e, t hese const ant s can
be obt ai ned accur at e t o ±0. 5%f or ever y cr yst al i n a
30pb- ' dat aset ( < 1 week of r unni ng at cur r ent CESR
l umi nosi t i es) . I n pr act i ce, t he cr yst al const ant s change
sl owl y wi t h t i me and need t o be updat ed onl y ever y f ew
mont hs.

Reconst r uct i on of cal or i met er shower s begi ns wi t h
t he f or mat i on of cl ust er s f r om i ndi vi dual cr yst al hi t s .
The most ener get i c cr yst al i n any cl ust er i s t he onl y
cl ust er member exceedi ng 10 MeV t o have hi gher
ener gy t han any of i t s i mmedi at e nei ghbour s . Each
member of a cl ust er i s physi cal l y l ocat ed at most t wo
bl ocks away f r omanot her member of t he same cl ust er .

The ener gy and posi t i on of each cl ust er ar e com-
put ed f r om i t s most ener get i c Ncr yst al s, wher e N
var i es l ogar i t hmi cal l y wi t h t he t ot al cl ust er ener gy f r om
4 at 25 MeVt o 17 at 4 GeV( N= 4 bel ow25 MeVand
N= 17 above 4 GeV) . These val ues [ 25] of Nmi ni mi ze
t he ener gy r esol ut i on, as shown i n f i g . 42, whi ch woul d
ot her wi se be degr aded f ur t her by el ect r oni c noi se. Thi s
al gor i t hm yi el ds bet t er ener gy r esol ut i on t han ot her
possi bl e met hods, such as summi ng a f i xed number of
cr yst al s near t he hi ghest , or summi ng al l nei ghbour i ng
cr yst al s over some t hr eshol d . I t does so by sel ect i ng
cr yst al s wi t h t he l ar gest ener gy deposi t i on and r ej ect i ng
t hose most l i kel y t o be domi nat ed by noi se ( i . e . t he
smal l est ) , and i ncl udes t he r i ght number of cr yst al s as a
f unct i on of ener gy. I n a smal l per cent age of cases a
cr yst al may bel ong t o t wo cl ust er s, i n whi ch case i t s
ener gy i s appor t i oned bet ween t hem. The absol ut e
cal i br at i on cor i ect i on descr i bed bel ow i s t hen appl i ed
t o t he cl ust er ener gy t o yi el d t he best est i mat e of t he
ener gy of t he i nci dent par t i cl e assumi ng i t t o be a
phot on.
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Fi g. 43. Lat er al cor r ect i on i n azi mut h as a f unct i on of bl ock
cent r oi d coor di nat e f or var i ous ener gi es. A posi t i ve cent r oi d
coor di nat e i s at l ar ger azi mut h angl e t han t he bl ock cent r e .
The cur ves ar e not per f ect l y ant i - symmet r i c about t he bl ock
cent r e because t he cr yst al s ar e syst emat i cal l y t i l t ed t o poi nt

away f r omt he beaml i ne.

The posi t i on vect or of each cl ust er i s comput ed i n
t wo st eps. Fi r st , t he cent r oi d i s cal cul at ed as t he en-
er gy-wei ght ed sumof t he coor di nat es of each cr yst al ' s
geomet r i c cent r e. Then a cor r ect i on vect or i s added t o
t he cent r oi d. The cor r ect i on has t wo pi eces, a l at er al
cc:: : ponent cor r ect i ng t he shower l ocat i on i n t he pl ane
per pendi cul ar f o t he i nci dent par t i cl e' s di r ect i on, and a
l ongi t udi nal pi ece whi ch adj ust s t he dept h i nt o CsI of
t he shower cent r e. Bot h component s depend on cl ust er
ener gy . The l at er al cor r ect i on var i es wi t h t he pr oxi mi t y
of t he cent r oi d t o t he edges of a bl ock . The l at er al
cor r ect i on, whi ch i s onl y appl i ed t o bar r el cl ust er s
( wher e par t i cl es st r i ke a near l y r ect angul ar ar r ay of
cr yst al s at normal i nci dence) , i s smal l near t he cent r e
and edge of a bl ock, and moves t he cent r oi d away f r om
t he bl ock cent r e i n bet ween [ 16) as shown i n f i g . 43.
The l ongi t udi nal cor r ect i on pl aces t he shower at t he
dept h wi t hi n t he CsI wher e an el ect r omagnet i c shower
woul d have i t s mean ener gy deposi t i on. Thi s dept h can
be cal cul at ed anal yt i cal l y f or CsI as a f unct i on of t he
shower ener gy Eas
Dept h [ cm] = 5 . 45 + 0. 97 l n( E[ MeV] )
whi ch var i es f r om 10 cmat 100 MeV t o 14 cmat 5
GeV. Assi gni ng t he cor r ect shower dept h i s i mpor t ant
f or mat chi ng shower s t o char ged t r ack t r aj ect or i es pr o-
j ect ed i nt o t he cal or i met er , and i n t he endcaps t o
assi gn t he pol ar angl e cor r ect l y.

Absol ut e ener gy normal i zat i on f or phot on cl ust er s
r equi r es a number of t echni ques t o cover t he ent i r e
phot on ener gy r ange. Such normal i zat i on account s f or
t he di f f er ence bet ween phot ons and el ect r ons at 5
GeVand t he ef f ect s of shower l eakage, cr yst al gr adi -
ent s, and t he cl ust er al gor i t hm, al l of whi ch var y wi t h
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Fi g. 44. The cor r ect i on f act or Et r ue / Emeasur ed f or absol ut e
phot on ener gy cal i br at i on, measur ed usi ng di f f er ent t ech-

ni ques .

phot on ener gy . Such a cal i br at i on has onl y been per -
f ormed so f ar f or shower s i n t he r egi on 45° < 0 < 135°,
and i s summar i zed i n f i g . 44. Phot on pai r s f r om 7r °

decays, const r ai ned t o t he expect ed mass, yi el d a cal i -
br at i on accur at e t o about ±0. 5%bel ow2 GeV. Above
500 MeV, phot on ener gi es i n r adi at i ve Bhabha event s
ar e compar ed t o t he const r ai ned val ue obt ai ned f r om
t he measur ed moment a of t he el ect r on and posi t r on,
yi el di ng cal i br at i ons accur at e at t he ±0. 5%l evel . Si mi -
l ar l y, r adi at i ve yy event s (wi t h t hr ee phot ons obser ved

10 100 1000 5000
Er (MeV'

Fi g . 45. ( a) Azi mut hal angl e r esol ut i on of t he cal or i met er as a
f unct i on of phot on ener gy . ( b) Shower ener gy r esol ut i on of

t he cal or i met er as a f unct i on of phot on ener gy .



i n t he det ect or ) can be used f or phot on ener gi es above
700 MeV, usi ng ener gy- moment umconser vat i on and
t he measur ed angl es ; t he r esul t i s al so accur at e t o
about ±0. 5%. Fi nal st at es wi t h t wo back- t o- back pho-
t ons pr ovi de an accur at e nor mal i zat i on at t he beam
ener gy . Fi nal l y, Mont e Car l o shower si mul at i on [ 26]
can be used as a cr oss- check. Wi t hi n t he quot ed er r or s,
al l t hese t echni ques ar e consi st ent wher e t hey over l ap,
yi el di ng an absol ut e cal i br at i on accur at e t o ± 1%at 25
MeV, ±0. 5%at 100 MeV, and ±0. 2%at 5 GeV. The
er r or s r el evant f or det er mi ni ng ener gy di f f er ences of
near by phot on l i nes [ 27] ar e much smal l er because t he
var i at i on of t he absol ut e cal i br at i on wi t h ener gy i s
gr adual .

The cal i br at i on pr ocedur es descr i bed above have
mai nt ai ned an absol ut e r un- t o- r un gai n st abi l i t y of
bet t er t han ±0. 25%as moni t or ed by measur ed Bhabha
ener gi es and w° masses over t i me. Ther e i s no ob-
ser ved angul ar dependence wi t hi n t he bar r el of t he
absol ut e ener gy cal i br at i on; i . e . t he ener gy- dependent
cor r ect i on i s i dent i cal f or 45° <0 < 135° .

5. 7. Per f or mance of t he cal or i met er

Wi t h t hese cal i br at i ons t he CLEO I I cal or i met er
has per f or med super bl y. Fi gs . 45a and 45b show t he
angul ar and ener gy r esol ut i ons, r espect i vel y, def i ned as
FWHM/ 2. 36 of t he r el evant di st r i but i ons ( whi ch ar e
non- Gaussi an and asymmet r i c) . Phot on ener gy r esol u-
t i on i n t he bar r el ( endcap) i s 1 . 5%( 2. 6%) at 5 GeV,
and 3. 8%( 5. 0%) at 100 MeV. Bar r el ( endcap) angul ar
r esol ut i on i n azi mut h i s 3 mr ad ( 9 mr ad) at 5 GeVand
11 mr ad ( 19 mr ad) at 100 MeV. The ener gy r esol ut i on
can be par amet r i zed as

Q
Bar r el :

 

1%] =
0
E

.
o
35
. 7s + 1 . 9- 0 . 1 E,

o, E 0. 26
Endcap:

 

E [ %] =-E +2. 5,

whi l e angul ar r esol ut i on [ 28] i s gi ven by
2. 8

Bar r el :

 

aj mr ad] =
7E

+ 1 . 9,

o,®[ mr ad] =0. 8o, , si n( 9) ,
3 . 7

Endcap :

 

oo[ mr ad] =
7E

+ 7. 3,

1 . 4
o, e[ mr ad] =

7E
+5. 6,

wher e t he phot on ener gy E i s i n GeV. These par ame-
t er i zat i ons come f r om Mont e Car l o si mul at i on of
shower i ng i n t he CLEO I I det ect or , i ncl udi ng el ec-
t r oni c noi se. Not i ncl uded i n t he si mul at i on i s t he
modest degr adat i on due t o ot her par t i cl es i n an eveni
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Fi g. 46. I nvar i ant mass of pai r s of cal or i met er shower s un
mat ched t o char ged t r acks i n f our yy moment um r anges

( f r omadat a sampl e of hadr oni c event s at t he T( 3S) ) .

and beam- r el at ed ener gy over l appi ng wi t h t he phot on
cl ust er s . These ef f ect s var y wi t h event t opol ogy and
CESR oper at i ng condi t i ons . The endcap r esol ut i ons
quot ed ar e t ent at i ve and ar e t he subj ect of f ur t her
st udy. The bar r el r esol ut i ons measur ed i n CLEOI I
dat a ar e al so shown i n f i g. 45 and ar e consi st ent wi t h
t he pr edi ct i ons . Bar r el ener gy r esol ut i on at 100 MeV
measur ed wi t h i ncl usi ve T( 3S) decays [ 27] i s ( 4. 2 ±
0. 2) %and at 5 GeVmeasur ed wi t h e+e- yy event s i s
( 1. 5 ± 0. 1) %. The 100 MeV r esol ut i on compar es
f avour abl y wi t h t hat obt ai ned by CUSB[ 29] ( 4. 8%) and
Cr yst al Bal l [ 30] ( 4. 8%) . Angul ar r esol ut i on consi st ent
wi t h Mont e Car l o i s measur ed wi t h e+e- - yyy event s
above 2 GeV. The- r r o mass wi dt h depends on bot h t he
ener gy and angul ar r esol ut i on of i t s component pho-
t ons and i s consi st ent wi t h t he Mont e Car l o pr edi c-
t i ons.

I n par t , t he power of CLEOI I l i es i n i t s abi l i t y t o
i mpl ement pr eci si on r econst r uct i on of decays i nvol vi ng
phot ons. Many of such decays i nvol ve i nt er medi at e
- r r ° s or q° s, whi ch decay i nt o t wo phot ons. Fi g. 46
shows t he i nvar i ant mass of pai r s of shower s not
mat ched t o t he pr oj ect i ons of char ged t r acks. The - Tr °
peak i s evi dent i n al l f our moment umbi ns pl ot t ed, and
t he i l peak appear s above 1 GeV/ c. The r ms wi dt h of
t he 7r ° peaks i s appr oxi mat el y 5 MeV, whi ch i s domi -
nat ed by ener gy r esol ut i on at l owmoment a and angu-
l ar r esol ut i on at hi gh moment a. Much can be done,
dependi ng on t he appl i cat i on, t o i mpr ove w° ( and
, n) - - + Yy r econst r uct i on beyond what has been done
her e, i ncl udi ng, f or exampl e, cut s on t he l at er al shower
shape and decay angl e. Aphot on det ect i on ef f i ci ency
of 50%i n t he bar r el cal or i met er can be obt ai ned,
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Fi g. 47. The r at i o of shower ener gy t o moment um E/ p f or
t r acks i n event s i n t he one- vs- t hr ee char ged- t r ack t opol ogy, a
sampl e r i ch i n - r - pai r s. The one- pr ong si de t r acks, shown i n
t he sol i d hi st ogr am, ar e nor mal i zed t o t he same number of
ent r i es as t he t hr ee- pr ong si de t r acks ( dot t ed) . The expect ed

el ect r on peak i s evi dent at E/ p=1 f or t he l oner t r ack.

compar ed wi t h 10%f or CUSB[ 291 and 15%f or Cr ys-
t al Bal l [ 30] . The f i ne segment at i on al l ows t he separ a-
t i on of i ndi vi dual phot on shower s f r omr ° decay up t o
r ° ener gi es of 2. 5 GeV, above whi ch ener gy t he show-
er s somet i mes mer ge. Mer ged- shower - r r ° s can be di s-
t i ngui shed f r omsi ngl e phot ons by t hei r l ar ger l at er al
shower spr ead.

The cal or i met er ener gy can be used i n conj unct i on
wi t h t he moment umand dE/ dx f r om t he t r acki ng
chamber s f or el ect r on i dent i f i cat i on . By ut i l i zi ng t he
r at i o of shower ener gy t o moment um( E/ p) , l at er al
shower shape, di f f er ence bet ween t he pr oj ect ed t r ack
posi t i on and t he shower l ocat i on, and speci f i c i oni za-
t i on i n t he dr i f t chamber gas, power f ul hadr on r ej ec-
t i on ( sever al hundr ed t o one) i s achi eved whi l e mai n-
t ai ni ng a hi gh ef f i ci ency ( > 90%) . By f ar , t he most
power f ul of t hese i s E/ p. Fi g. 47 shows t he r at i o of
shower ener gy t o t r ack moment umf or event s i n t he
one- vs- t hr ee t opol ogy, a sampl e r i ch i n T- pai r s. For t he
1- pr ong si de, t her e i s cl ear evi dence f or t he expect ed
el ect r on peak near uni t y, i n cont r ast t o t he 3- pr ong
si de, whi ch shows no enhancement .

Dat a have been acqui r ed wi t h a r andom t r i gger
under nor mal col l i di ng beamcondi t i ons. These dat a
yi el d i dent i cal r esul t s f or t he r ms pedest al wi dt h as t he
no- beampedest al cal i br at i ons, but do show evi dence
f or occasi onal beamassoci at ed shower s . For exampl e,
t her e i s t ypi cal l y a shower i n 1/ 10 r andomevent s i n
each of t he pol ar angul ar r anges
( 0. 87 < I cos 01 < 0. 94) , ( 0 . 71 < I cos 01 <0 . 87) ,

These beamr el at ed shower s have ener gy di st r i but i ons
as shown i n f i g. 48. Appr oxi mat el y 115 of t hose show-
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Fi g. 48. Di st r i but i on of l ar gest shower ener gy per event i n t he
bar r el f r om a r andom t r i gger r un under nor mal col l i di ng
beamcondi t i ons . The bi n wi t h 0 t o 10 MeV ener gy, whi ch
cont ai ns 90%of al l event s, i s suppr essed because a " shower
cl ust er " must cont ai n at l east one cr yst al wi t h ener gy gr eat er

t han 10 MeV.

er s have ener gy above 50 MeV, and 1/ 10 above 100
MeV. Such shower s ar e pr esent at l ow angl es i n t he
endcaps ( < 20°) i n about hal f of t he event s, and have
an ener gy di st r i but i on si mi l ar t o t hat of t he bar r el . The
r at e of such ext r a shower s i n bot h bar r el and endcap,
however , st r ongl y depends on CESRbeamcondi t i ons,
and has been obser ved t o be consi der abl y hi gher f or
cer t ai n r un per i ods . No evi dence f or r adi at i on damage
yet exi st s, even f or t hose cr yst al s most at r i sk near t he
i nner endcap r adi us. I nner endcap cr yst al s have been
exposed t o a dose of 100 r ad, and wi t h cal i br at i ons
based on ver t i cal cosmi c r ays, showl ess t han 5%degr a-
dat i on i n l i ght out put si nce i nst al l at i on. Ot her cr yst al s
have been exposed t o f ar l ess r adi at i on, and al so show
no measur abl e decr ease i n l i ght out put .

The muon i dent i f i cat i on syst em f or CLEOI I was
desi gned wi t h t he goal s of maxi mumsol i d angl e cover -
age, hi gh ef f i ci ency, l ow pr obabi l i t y of a hadr on bei ng
mi si dent i f i ed as a muon ( f ake r at e) , r el i abi l i t y and ease
of oper at i on . Because of space l i mi t at i ons t he muon
chamber s onl y cover t he pol ar angl e r ange 30° t o 150°,
whi ch i s 85%of t he t ot al sol i d angl e. Her e we pr esent
a br i ef descr i pt i on of t he syst em and a summar y of
per f or mance l evel . A mor e det ai l ed account of i t s
const r uct i on and per f or mance can be f ound i n a sepa-
r at e paper [ 31] . Bar r el muon chamber s ar e embedded
i n an i r on absor ber at dept hs of 36, 72 and 108 cmof
i r on ( see ` r i g . 1) . Addi t i onal muon chamber s ( endcaps)



Fi g. 49. Cr oss sect i on of a pl ast i c pr opor t i onal t ube i n t he
muon det ect or .

cover t he t wo ends of t he det ect or . The t ot al equi va-
l ent t hi ckness of i r on absor ber var i es f r omabout 7. 2 t o
10 nucl ear absor pt i on l engt hs ( A; = 16. 8 cm i n i r on
[ 32] ) , dependi ng on t he di r ect i on of t he t r ack .

Ease of oper at i on i s obt ai ned by usi ng "pl ast i c
st r eamer count er s" [ 33] , oper at i ng i n t he pr opor t i onal
mode, at 2500 Vwi t h a 50: 50 ar gon- et hane mi xt ur e.
The count er s ar e about 5 ml ong and 8. 3 cmwi de. The
cr oss sect i on of a count er i s shown i n f i g. 49. The ei ght
anodes i n each count er ar e 50 pmdi amet er si l ver -
pl at ed Cu- Be wi r es. They ar e ganged t oget her , gi vi ng
an rms space r esol ut i on per count er of 2. 4 em, whi ch i s
bet t er t han t he spat i al uncer t ai nt y due t o mul t i pl e
scat t er i ng at t he moment a of i nt er est i n our exper i -
ment . The comb- l i ke pl ast i c pr of i l e [ 34] i s coat ed wi t h
gr aphi t e t o pr ovi de a cat hode on t hr ee si des of each
anode. One hi t coor di nat e i s obt ai ned by r eadi ng out
t he anode si gnal , whi l e t he or t hogonal coor di nat e
( al ong t he count er ) i s measur ed wi t h ext er nal copper
pi ckup st r i ps, of t he same wi dt h as t he count er s . The
ar gon- et hane gas mi xt ur e i s pr ovi ded by t he gas sys-
t emdevel oped f or t he cent r al dr i f t chamber , descr i bed
i n sect i on 3.

I n or der t o achi eve hi gh ef f i ci ency, we have i nst r u-
ment ed each i r on gap and t he ext er i or of t he i r on
absor ber wi t h "uni t s" , each composed of t hr ee l ayer s
of 20, 25, 29, or 24 count er s, dependi ng on t he uni t
l ocat i on ( see t abl e 5) . Each l ayer has r eadout of t he
or t hogonal coor di nat es. The r eason f or havi ng t hr ee
l ayer s i s t he f ol l owi ng: t wo sl i ght l y st agger ed l ayer s ar e
needed t o el i mi nat e t he geomet r i cal i nef f i ci ency of a
si ngl e l ayer , and t he t hi r d l ayer pr ovi des r edundancy i n
case of mal f unct i oni ng of some count er s . Fur t hermor e
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t he use of appr opr i at e l ogi cal combi nat i ons of hi t s i n
t he t hr ee l ayer s al l ows noi se r ej ect i on whi l e mai nt ai n-
i ng an adequat e ef f i ci ency.
Hi gh vol t age i s pr ovi ded by 32 comput er - cont r ol l ed

power suppl i es, one f or each uni t . The hi gh vol t age
r i ppl e i s kept bel ow l evel s at whi ch i t woul d cont r i but e
t o t he pedest al wi dt h. The vol t age dr ops at most 1%at
maxi mumcur r ent dr aw. The normal cur r ent dr awn by
a uni t i s bel ow 1 WAand a sof t war e- cont r ol l ed t r i p i s
set at 10 t LA. Ext er nal hi gh vol t age di st r i but i on boxes
al l owdi sconnect i ng i ndi vi dual count er s .

Char ge di vi si on r ead- out i s used t o det ermi ne t he
t wo or t hogonal space coor di nat es f or each hi t - , t he
muon det ect or . Each l ayer of count er s i s di vi ded i nt o
t wo subgr oups (mul t i pl et s) of bet ween 10 and 15 coun-
t er s each ( see t abl e 5) . The anode wi r es f r om each
count er wi t hi n a mul t i pl et ar e connect ed vi a 100 i 2
r esi st or s t o each nei ghbour and t he st r i ng i s connect ed
at each end t o a char ge i nt egr at or vi a a 15- 20 f oot
l ong, 50 i 2 cabl e. I n each l ayer t he ext er nal copper
pi ckup st r i ps t hat pr ovi de t he or t hogonal coor di nat e
ar e di vi ded i nt o 4 mul t i pl et s of ei t her 9 or 15 st r i ps
each. These st r i ps ar e al so i nt er connect ed by 100 i 2
r esi st or s t o each nei ghbour and t he t wo out si de st r i ps
ar e connect ed t o char ge i nt egr at or s. I n t hi s way, si gnal s
f r om t he 2352 count er s and 5472 st r i ps ar e pr ocessed
by a t ot al of 1152 char ge i nt egr at or s and associ at ed
el ect r oni cs. I n or der t o moni t or t he el ect r oni c gai n
st abi l i t y, pr ovi si on has been made t o i nj ect a f i xed
char ge i nt o each char ge i nt egr at or f r oma pul ser . The
r eadout el ect r oni cs i s descr i bed i n mor e det ai l i n r ef .
[ 31] .

6. 2. Har dwar eper f ormance

Af t er t he i ni t i al shakedown per i od ( June-Novem-
ber , 1989) , t heCLEOI I muon det ect or has per f ormed
r el i abl y. We cur r ent l y have 86 di sconnect ed count er s
( out of a t ot al of 2352) because of excessi ve gas l eaks
or br oken wi r es . Most of t hese count er s wer e f ound t o
be def ect i ve dur i ng assembl i ng and t est i ng t he uni t s,
but t oo l at e t o make r epl acement pr act i cal . Si nce t he
i nst al l at i on and shakedown per i od, si x count er s had t o
be di sconnect ed because of shor t ed wi r es.

Tabl e 5
Uni t st r uct ur e. The f i r st t hr ee ent r i es i n t he t abl e r ef er t o ei ght oct ant s, each cont ai ni ng t hr ee Uni t s, sur r oundi ng t he magnet coi l

( see f i g. 1) . The Uni t desi gnat ed "Ret ur n" i s at t he i nner most i r on gap, " I nner " i s at t he mi ddl e gap, and "Out er " i s at t he out er

most gap. Four end cap uni t s ar e r equi r ed t o cover an end of t he det ect or

Uni t
l ocat i on

No. of
uni t s

No. of
l ayer s

Usef ul
si ze [ m21

Mul t i pl et
count er s

St r uct ur e
st r i ps

Ret ur n 8 3 4. 39x 1 . 67 10+10 9+15+15+15
I nner 8 3 4. 87x2. 0 10+15 15+15+15+15

Out er 8 3 4. 87x2. 42 14+15 15+15+15+15

Endcap 8 3 4. 38x2. 00 10+14 9+15+15+15
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Pui se hei ght r at i o di st r i but i on f r omchar ge di vi si on
r eadout of an ani me mul t i pl et .

The el ect r oni cs has al so per f ormed wel l . Si nce Jane
1989, we have changed onl y one out of a t ot al of 24
dat a car ds ( t hi swas t o f i x t wo channel s whose pedest al s
wer e f l uct uat i ng) . Cal i br at i on dat a i s t aken ever y t wo
or t hr ee days t o moni t or pedest al mean and wi dt h
st abi l i t y. They have r emai ned sat i sf act or i l y const ant .
Dur i ng normal dat a r ecor di ng we moni t or t he muon
chamber s on- l i ne usi ng cosmi c r ays and muon pai r s
pr oduced i n t he e' e - col l i si ons . The on- l i ne di agnos-
t i cs ar e desi gned t o det ect pr obl ems whi ch af f ect l ar ge
par t s of t he muon syst em - e. g. gas i s t ur ned of f ,
di sconnect ed dat a car ds, et c.

6. 3. Char ge di vi si on cal i br at i on

The act ual posi t i on of a hi t ( i . e . count er and st r i p
number wi t hi n a mul t i pl et ) can be det ermi ned f r om
t he r at i o of pul se hei ght s r ecor ded at t he t wo ends of
t he char ge di vi si on l i ne, whi ch connect s count er s ( or
st r i ps) i n t he mul t i pl et . The r el at i on bet ween pul se
hei ght r at i o and space coor di nat es i s det ermi ned by
of f - l i ne cal i br at i on. The el ect r oni c gai n r at i o bet ween
t he t wo ends of each char ge di vi si on mul t i pl et ar e
absor bed i nt o t he cal i br at i on. The pul se hei ght r at i o
di st r i but i ons f or t he anode wi r e r eadout pr oduce cl ear l y
r esol ved peaks f or each i ndi vi duaï count er as i l l us-
t r at ed i n f i g. 50. The di st r i but i ons ar e t her ef or e sel f -
cal i br at i ng. The peaks due t o i ndi vi dual st r i ps i n t he
pul se hei ght r at i o di st r i but i on ar e much br oader and
not easi l y r esol ved. The r esol ut i on of t he char ge di vi -
si on i s wor se i n t hi s case because of t he smal l er amount
of char ge i nduced on t he st r i ps compar ed t o t he wi r es,
and t her e ar e count er - t o- count er di f f er ences i n t he
ext er nal pi ckup st r i p r at i o due t o sl i ght l y var yi ng di s-
t ance bet ween t he count er wi r es and a pi ckup st r i p.
Thi s dependence has not yet been opt i mal l y cal i br at ed
under r eal exper i ment al condi t i ons . The r el at i on be-
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t ween t he pul se hei ght r at i o and t he space posi t i on of
t he hi t s i s obt ai ned by pr edi ct i ng t he hi t posi t i on f r om
t he muon t r aj ect or i es measur ed i n t he cent r al t r acki ng
syst em f or e+e- - > p. +W- event s . The r esol ut i on t hus
obt ai ned i s sat i sf act or y and t he el ect r oni c syst em has
been st abl e enough t hat t he same cal i br at i on of t he
char ge di vi si on has been used f or al l dat a col l ect ed so
f ar .
The space r esol ut i on of t he det ect or , def i ned as t he

rms spr ead i n t he di f f er ence bet ween t he pr oj ect ed
t r ack posi t i on i n t he l ayer and t he hi t posi t i on, i s
det ermi ned by t hr ee f act or s:

i ) t he pr opagat i on of t he er r or s of t he t r ack par ame-
t er s, measur ed i n t he dr i f t chamber , when t he t r ack i s
pr oj ect ed t o a uni t ;

ü) mul t i pl e scat t er i ng i n t he CsI cal or i met er and i n
t he i r on absor ber , i mpor t ant at t he r el at i vel y l owener -
gi es t ypi cal of our exper i ment , and

i i i ) t he i nt r i nsi c space r esol ut i on of t he count er s and
st r i ps, i . e . t he accur acy wi t h whi ch we can det ermi ne
t he space posi t i on of a count er and st r i p hi t . The
i nt r i nsi c space r esol ut i on of t he count er s i s domi nat ed
by t he wi dt h of t he i ndi vi dual count er s ( rms wi dt h =
8. 3/ 12 =2. 4 cm) . For t he st r i ps t he i nt r i nsi c rms
wi dt h i s appr oxi mat el y 5. 3 cm. I n bot h cases t hese
di st r i but i ons ar e symmet r i c but not Gaussi an, as ex-
pl ai ned i n r ef . [ 31] . The anode space r esol ut i on, t aki ng
i nt o account pr opagat i on of t r acki ng er r or s and mul t i -
pl e scat t er i ng, f or 5. 28 GeVmuons, i s 3. 7, 4. 6 and 5. 7
cm f or t he bar r el uni t s at successi vel y gr eat er i r on
dept h, and 7. 2 cmf or t he endcap uni t s, r ef l ect i ng t he
i ncr ease i n mul t i pl e scat t er i ng of t he t r acks . The cor r e-
spondi ng r esol ut i ons f or t he st r i ps ar e: 5. 5, 7. 0, 7. 5 and
9. 0 cm.

6. 4. Muon i dent i f i cat i on pr ocedur e

The f i r st st ep i s t o ext r apol at e i nt o t hemuon det ec-
t or each t r ack r econst r uct ed i n t he cent r al det ect or ,
t aki ng i nt o account dE/ dx ener gy l oss . The pat h
l engt h t o each muon l ayer i s cal cul at ed i n t erms of
nucl ear absor pt i on l engt h. Then a sear ch i s made f or
hi t s i n t he muon uni t s t hat ar e l i kel y t o be t r aver sed by
t he t r ack and a t wo- di mensi onal X2 of t he di st ance
bet ween t he measur ed and t he pr oj ect ed hi t posi t i ons
i s cal cul at ed. I f t hi s X2 i s l ess t han 16, we consi der t hat
l ayer t o be hi t . Si nce t he er r or s ar e not Gaussi an, we
cannot associ at e a conf i dence l evel t o t hi s number . I t
shoul d be consi der ed as an adj ust abl e p_, >w"amet er t o
r each t he best compr omi se bet ween maxi mi zi ng t he
muon i dent i f i cat i on ef f i ci ency and mi ni mi zi ng t he f ake
pr obabi l i t y . The t r ack i s consi der ed as def i ni t el y de-
t ect ed i n a uni t i f at l east t wo out of t he t hr ee l ayer s i n
t hat uni t ar e hi t .
The t r ack i s assi gned t he dept h of t he out ermost

uni t i n whi ch i t i s det ect ed. I f t her e ar e ot her uni t s at
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gr eat er dept h t hat , accor di ng t o t r ack ext r apol at i on,
ar e expect ed t o be hi t but t her e ar e no hi t s i n t hose
uni t s ( i . e . i f t he t r ack' s dept h i s l ess t han pr edi ct ed)
t hen t he t r ack i s consi der ed as a non-muon. Al so, a
t r ack i s consi der ed a bad qual i t y muon candi dat e i f i t
f ai l s t o gi ve at l east one associ at ed l ayer hi t i n each of
t he uni t s al ong i t s pat h at a dept h l ess t han t he
maxi mal one.

6. 5. Ef f i ci ency

The i dent i f i cat i on ef f i ci ency i s def i ned as t he r at i o
of number of muons det ect ed by t he muon syst emt o
al l muon t r acks r econst r uct ed i n t he cent r al det ect or
and cal or i met er . I t was det ermi ned f or f ast muons
usi ng e+e- - > W+W- CLEOI I event s. Thi s i dent i f i ca-
t i on ef f i ci ency ver sus dept h r equi r ement s ( l i st ed i n
uni t s of nucl ear i nt er act i on i engt h, A; ) i s shown i n
t abl e 6 f or t r acks wi t hi n t he angul ar accept ance of t he
muon det ect or t hat sat i sf y t he dept h r equi r ement . I n
f i g. 51 t he i dent i f i cat i on ef f i ci ency i s pl ot t ed vs t he
cosi ne of t he pol ar angl e. The Mont e Car l o si mul at i on,
t uned accor di ng t o measur ed uni t ef f i ci enci es dur i ng
t he cosmi c r ay t est [ 35] , r epr oduces t he above r esul t s
r easonabl y wel l and i s assumed t o gi ve a good est i mat e
of t he ef f i ci ency at l ower moment a. Asampl e of 23000
Mont e Car l o muons gener at ed uni f orml y i n cos 0 and

cos 8
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Fi g. 51. Muon i dent i f i cat i on ef f i ci ency f r om e+e- - p' w
event s vs cos 0, f or t hr ee di f f er ent dept h r equi r ement s.
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Fi g. 52. Mont e Car l o cal cul at i on of muon i dent i f i cat i on ef f i -
ci ency vs muon moment um, wi t hi n t he good angul ar accep
t ance r egi ons, f or t he t hr ee di f f er ent dept h r equi r ement s :

> 3A; , > 5A; , > 7A; .

i n moment um f r om 0. 6 t o 4. 0 GeV/ c was used t o
det ermi ne t he moment umdependent ef f i ci ency. The
r esul t i s shown i n f i g. 52.
As an exampl e of t he use of t he muon det ect or

syst emwe have l ooked f or * mesons wi t h moment um
l ess i han 2. 0 Gev / c i n a sar n l e of ' F71 ~l v t dl i Gl l V9
CLEOI I at t he peak of t he T( 4S) r esonance. Fi g. 53
shows t he W+W- i nvar i ant mass spect r um. We re-
qui r ed one t r ack t o penet r at e at l east f i ve nucl ear
absor pt i on l engt hs, whi l e f or t he ot her t r ack t he r e-
qui r ement was l ower ed t o mor e t han 3 A;. Fr oma
Gaussi an f i t , we est i mat e t he peak cont ai ns 256± 18
mesons over a backgr ound of 32, gi vi ng a si gnal t o
backgr ound r at i o of 8.

2 . 5 3 . 0 3 . 5 4 . 0

Fi g. 53. W+W- i nvar i ant mass spect r umf r omCLEO111990- 1
dat a at t he TOS) .

Dept h Sol i d angl e Muon i dent i f i cat i on
r equi r ement cover age ef f i ci ency
>3A; 0. 85x 41r 0. 986±0. 016
>5A; 0. 82x 4Tr 0. 975±0. 016
> 7A, 0. 79x 41T 0. 895 ±0. 015
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Fi g. 54. Fake r at e due t o ( a) i t ± and ( b) K± as a f unct i on
si mul at i on) .

The f ake r at e i s def i ned her e as t he r at i o of number
of hadr ons mi si dent i f i ed as muons ( i . e . f akes) t o al l
char ged t r acks wi t hi n t he muon det ect or geomet r i cal
accept ance and i n a gi ven moment umbi n. The f ake
r at es, Fr and F1, ( due t o r r and K, r espect i vel y) , f or
di f f er ent dept h r equi r ement s, det er mi ned by Mont e
Car l o si mul at i on, ar e shown i n f i g . 54 as a f unct i on of
t he moment umof t he i nci dent hadr on. The shape of
t he moment umdependence of t he f akes r at e f or "r r and
K ar e si mi l ar , but t he f ake pr obabi l i t y per kaon i s
r oughl y f our t i mes hi gher t han per pi on. The momen-
t umdependence r ef l ect s t wo ef f ect s :

i ) t he r el at i ve cont r i but i ons of t he di f f er ent mecha-
ni sms l eadi ng t o t he f ake muon si gnal change wi t h
i ncr easi ng moment umand dept h;

p [ GeV/ c]

r
Kaons

1 . 0 1 . 8 2 . 6 3 . 4
I N

p [ GeV/ c]

of moment um, f or di f f er ent dept h r equi r ement s ( Mont e Car l o

i i ) wi t h i ncr easi ng moment ummor e i nf or mat i on be-
comes avai l abl e f r om uni t s at gr eat er dept hs, t hus
al l owi ng bet t er hadr on r ej ect i on vi a i ncr eased nucl ear
absor bt i on.

I n or der t o ver i f y exper i ment al l y t he f ake r at es
obt ai ned f r om t he Mont e Car l o si mul at i on, 370000
K" s decayi ng i nt o r r +" r r - have been sel ect ed f r omt he
T( 4S) dat a. Keepi ng onl y KS' wi t h t he decay ver t ex at
l east I cm away f r om t he beam l i ne, t he non K°
backgr ound becomes negl i gi bl e. The f ake r at e det er -
mi ned t hi s way i s compar ed t o t he one pr oduced by
Mont e Car l o si mul at i on i n f i g. 55. The agr eement i s
sat i sf act or y. The excess of t he f akes i n t he - r r sampl e
f r om K° decays f or smal l moment a possi bl y comes
f r omt he r andommat ch of noi se hi t s, not yet si mul at ed
by our Mont e Car l o. A mor e ext ensi ve check of t he
f ake r at e, i ncl udi ng f akes due t o K±, i s under way. I t

i Dept h
O Dept h
® Dept h

3
5
7 _
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Fi g. 55. Compar i son bet ween dat a and Mont e Car l o of f ake r at e due t o pi ons vs moment umf or t hr ee di f f er ent dept h r equi r ement s .
The pi ons ar e f r omr econst r uct ed K" decays .
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( K- , Tr +) , Tr + and T( 1S) hadr oni c decays and wi l l be
compl et ed when mor e T( 1S) dat a i s avai l abl e.

7. Ti mi ng, t r i gger and dat a acqui si t i on

7. 1 . CLEOI I t i mi ng syst em

Ever y col l i di ng beamexper i ment needs har dwar e t o
pr ovi de gat es and st r obes pr oper l y t i med t o t he cr oss-
i ng of t he beams i n t he det ect or and t o handl e t he
enabl i ng, di sabl i ng, and r eset t i ng t he var i ous det ect or
el ement s. At CESR, keepi ng t hese si gnal s al i gned wi t h
beami n t he i nt er act i on r egi on i s made mor e di f f i cul t
by t he uneven spaci ng of bunches i n t he st or age r i ng
( see f i g. 56) .

Ther e ar e sever al par t i cul ar l y cr uci al t i mi ng par am-
et er s i n CLEO I I . The t i me- of - f l i ght el ect r oni cs i s
gat ed ever y beamcr ossi ng. The t i me- t o- ampl i t ude con-
ver t er s ar e st ar t ed by t he ar r i val of a pul se f r om t he
sci nt i l l at or s and st opped i n common by t he end of t he
gat e. Gi ven t hat t he i nt r i nsi c r esol ut i on of t he t i me- of -
f l i ght syst emi s on t he or der of 150 ps, we need t o keep
t he gat e wi dt h and, mor e cr i t i cal l y, t he gat e end t i me
ver y st abl e wi t h r espect t o t he beamcr ossi ng t i me. I n
t he dr i f t chamber t he t i me- t o- ampl i t ude conver t er s ar e
st opped by t he l owest l evel ( " LO" ) t r i gger ( see bel ow) .
The i nvest i gat i on of t he t r i gger i s done by l at chi ng
t r i gger i nput s on t he l eadi ng edge of a st r obe and
i nvest i gat i ng t he t r i gger memor y out put s on t he t r ai l i ng
edge. Agai n t he t i me of t he end of t hi s st r obe ar e
cr i t i cal t o t he exper i ment , si nce ever y nanosecond of
j i t t er adds 25- 50 Wi n t o t he chamber spat i al r esol ut i on.
The cal i br at i on syst em needs a hi gh degr ee of se-
l ect abi l i t y i n del ay t i me and yet st abi l i t y at any set t i ng
t hat i s as good as t he beamst abi l i t y i n CESR.

To pr oper l y mat ch t he uneven i nt er - ar r i val t i mes of
beams i n t he i nt er act i on r egi on and t o cr eat e st r obes
and gat es wi t h r epr oduci bi l i t es of t he same qual i t y as
t he beams t hemsel ves, t he el ect r oni cs used by t he
accel er at or st af f t o i nj ect beams i nt o CESRwas r epl i -
cat ed f or CLEOI I use. The t wo si gnal s sent t o CLEO
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Fi g. 56. Ti mi ng st r uct ur e of CESR. Shown ar e t he r f synchr o-
ni zat i on si gnal f r omCESRand t he OLEOcr ossi ng si gnal . For
N bunches of el ect r ons and Nof posi t r ons t her e ar e N- 1
equal i nt er val s Ta bet ween col l i si ons f ol l owed by one i nt er val
of l engt h r h . For N=3, Ta =- r t , = 854 ns ; f or N= 7 ( t he
pr esent conf i gur at i on) T; , =364 and Th = 378 ns. The of f set Td
i s chosen t o open gat es and t i me st r obes f or when t he beams

col l i de i n CLEO11 .
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I I by t he CESRt i mi ng syst emar e a copy of t he over al l
t i mi ng st ar t si gnal , whi ch r uns at 390 kHz, t he r evol u-
t i on f r equency i n t he st or age r i ng; and a copy of t he
accel er at or ' s 23. 8 MHz cl ock, der i ved f r omt he r f sys-
t emwhi ch oper at es at a f r equency of 500 MHz.

Each cr i t i cal si gnal [ 36] has a coar se del ay ci r cui t
and a f i ne del ay ci r cui t [ 37] , as shown i n f i g . 57. The
cour se ci r cui t del ays t he over al l st ar t si gnal by an 8- bi t
pr ogr ammabl e number of 24 MHz cl ock cycl es ; i . e. , t he
del ay i s 0 t o 11 Ws i n 42. 02 ns st eps. Thi s del ayed st ar t
i s t he i nput t o t he f i ne del ay ci r cui t , whi ch has a r at e
mul t i pl i er t o pr oduce an i nt er nal 71. 4 MHz cl ock. Just
as shown i n f i g . 56, t hi s ci r cui t can be set t o 1 . wi de
bet ween 1 and 61 equal l y spaced out put s, f ol l owed by
t he appr opr i at e gap unt i l t he st ar t of t he next t r ai n of
pul ses. The t i me of t he f i r st of t hi s t r ai n of out put s
wi t h r espect t o t he i nput si gnal i s al so pr ogr ammabl e i n
8- bi t s wi t h r oughl y 165 ps st eps.

Abeampi ckup moni t or has been used t o eval uat e
t he per f or mance of t hese f i ne del ay ci r cui t s. Fi g. 58a
shows t he ar r i val t i me of t hi s pi ckup si gnal as mea-
sur ed i n t he TF t i mi ng syst emwhose common st op i s
t he out put of such a ci r cui t . The r esol ut i on of t hi s
si gnal i s 30 ps . The 8- bi t i nput t o t hi s common st op
si gnal can be changed t o check t he l i near i t y of t he
ci r cui t s . The devi at i on f r om such l i near i t y i s depi ct ed
i n f i g . 58b f or var i ous val ues of t he set t i ng. Bot h of
t hese f i gur es ar e consi st ent wi t h t he 50 ps st abi l i t y
pr edi ct ed f or t hese ci r cui t s [ 38] .

Less- cr i t i cal del ays and wi dt hs ar e handl ed by 8- bi t
pr ogr ammabl e del ay gener at or s ( AD9500) l ocat ed i n a
modul e cal l ed t he sequencer ; t hese si gnal s ar e usual l y
r ef er enced t o t he LOst r obe. Exampl es of t he si gnal s
usi ng t hese gener at or s ar e t he st ar t and wi dt h of t he
hi gher l evel t r i gger st r obes and t he cl osi ng t i me of t he
pul se hei ght gat es i n t he cent r al t r acki ng chamber s .

Two of t he det ect or syst ems empl oy di gi t al del ays
( " pi pel i nes" ) i n gener at i ng t r i gger i nput s [ 39) . The
t i me- of - f l i ght syst emhas a si mpl e doubl e l at ch scheme

SETTI NGS

FI NE
DELAY

105

Fi g. 57. Schemat i c of del ay gener at i on of cr i t i cal l y t i med
CLEO I I si gnal s. The " CESR St ar t " and " 24 MHz TTL
cl ock" ar e pr ovi ded by CESR. The exper i ment er chooses t he
8 bi t s of coar se del ay and 8 bi t s of f i ne del ay as descr i bed i n
t he t ext . The r esul t i ng t r ai n has i t s number of equal l y spaced

pul ses det er mi ned by t he " bunch count " .
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whi ch woul d be necessar y i f coi nci dences bet ween t he
cent r al dr i f t chamber and t he t i me- of - f l i ght wer e r e-
qui r ed i n t he LOt r i gger or i f CESRchanges i t s mode
of oper at i on t o use mor e t han seven bunches of el ec-
t r on and posi t r ons ( see f i g. 59) .

The CsI cr yst al syst emi s r at her sl ow i n gener at i ng
t r i gger si gnal s. Tr i gger s r el yi ng sol el y on ener gy deposi -
t i on i n t he cr yst al s ( eg. , e+ e - - > yY) wi l l t her ef or e
sat i sf y t he LOt r i gger at a much l at er t i me t han t hose
t hat have t i me- of - f l i ght or t r acki ng i nf or mat i on avai l -

Fi g . 59. Schemat i c of t he t i me- of - f l i ght t r i gger bi t gener at i on
showi ng t he doubl e l at ch scheme whi ch i s ef f ect i vel y a t wo- sl ot
pi pel i ne . The f i r st l at ch i s set by t he ar r i val of a si gnal f r om
t he t i me- of - f l i ght dat a el ect r oni cs . To move t he i nf or mat i on i n
t he pi pel i ne ei t her i ) t he mode of oper at i on must be " SAME"
so t hat t he second l at ch i s t r anspar ent or i i ) t he " TF l at ch
cl ock" must ar r i ve bef or e t he " TF l at ch cl ear " . A " TEST"

mode of oper at i on exi st s t o l oad pat t er ns vi a t he comput er .
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Fi g. SS. ( a) The posi t r on beamar r i val as t i med by t he t i me- of - f l i ght syst em. The beamsi gnal i s f r om i nduced char ge on a passi ve
det ect or l ocat ed 5 mf r omt he i nt er act i on poi nt . ( b) Resi dual f r oma st r ai ght l i ne f i t vs pr ogr ammed del ay f or a f i ne del ay ci r cui t

used i n CLEO11. The nomi nal di f f er ence bet ween set t i ngs i s 165 ps .

abl e at L0. Nonet hel ess, we wi sh t o al ways exami ne t he
pul se hei ght i n t he cr yst al s at t he same t i me wi t h
r espect t o t he col l i si on t hat pr oduced t he event . Ther e-
f or e, i f LOwas sat i sf i ed by t i me- of - f l i ght and/ or t r ack-
i ng, t he sequencer sends ext r a cl ock pul ses t o t he Csl
di gi t al pi pel i ne and del ays t he cl osi ng of t he CsI pul se
hei ght gat e. I f , on t he ot her hand, t he LOt r i gger was
due excl usi vel y t o cr yst al ener gy, no ext r a cl ocki ng or
del ay ar e gener at ed.

One of t he most i mpor t ant f unct i ons of t he se-
quencer i s t o r eset det ect or and t r i gger el ect r oni cs and
t o r e- enabl e t he exper i ment af t er an event . Ther e ar e
t hr ee si t uat i ons f or execut i ng t he t wo- par t r eset se-
quence: i ni t i al i zat i on, such as at t he begi nni ng of dat a
col l ect i on; r esumpt i on of dat a col l ect i on, usual l y af t er
r eadi ng out t he det ect or ; r e- enabl i ng of t he t r i gger
syst emand det ect or af t er an unsuccessf ul sear ch f or a
hi gher l evel t r i gger [ 39] . Aschemat i c of t he oper at i on
of t hi s r eset sequence i s shown i n f i g. 60. The f i r st
si gnal i n t he sequence, ASRST, i s gener at ed asyn-
chr onousl y t o col l i si ons, i mmedi at el y upon r ecei pt of
t he r equest f or t he r eset ; t hi s r eset s al l t he sequencer
l ogi c, cl ear s t he cal i br at i on cont r ol l er , cl ear s t he Csl
ADC buf f er s, r est ar t s t he CsI di gi t al cl ocks ( t o cl ear
t he CsI t r i gger pi pel i ne descr i bed above) , r eopens al l
t he pul se hei ght gat es, and f r ees t he dr i f t chamber
t r i gger l ogi c t o sel f - r eset [ 40] .

The second si gnal , SYRST, i s synchr onous wi t h t he
beams cr ossi ng i n t he i nt er act i on r egi on, bei ng t i med
by t he pr ogr ammabl e coar se and f i ne del ay ci r cui t s
descr i bed above [ 36] . The mi ni mum amount of t i me
bet ween ASRST and SYRST i s set by t he exper i -



Fi g. 60. Schemat i c of t he r eset sequence showi ng t he gener a-
t i on of t he asynchr onous and synchr onous pul ses. TheAD9500
af f or ds 8 bi t s of pr ogr ammabl e del ay bet ween gener at i on of

ASRSTand t he enabl i ng of SYRST.

ment er and i s t ypi cal l y 800ns . The f unct i ons of SYRST
are cl ear i ng t he t r i gger l ogi c, enabl i ng t he LOst r obe
and t he det ect or t i mi ng gat es, cl ear i ng t he t i me- of - f l i ght
t r i gger l ogi c, and enabl i ng t he cal i br at i on cont r ol l er .

For SYRSTt o be asser t ed t he ENABL i nput t o t he
sequencer must be armed. Thi s si gnal i s l ogi cal l y l ow
dur i ng t he r eadout of t he det ect or . Af t er an event t he
ENABL l i ne i s not set l ogi cal l y hi gh f or appr oxi mat el y
12 As af t er ASRST, al l owi ng t he devi ces t o pr oper l y
cl ear t hei r t i mi ng and char ge capaci t or s bef or e r e- en-
abl i ng dat a r ecor di ng.

7. 2. CLEOI I t r i gger syst em

The r "f TI \ 111CI LE- 00 i i t r i gger syst em i s descr i bed i n a pr evi -
ous ar t i cl e i n t hi s j our nal [ 39] . Her e onl y an over vi ewof
t he syst em and det ai l s of changes and modi f i cat i ons
wi l l be gi ven.
At r i gger syst emwi t h t hr ee t i er s or l evel s has been

devel oped. The f l ow of t r i gger l ogi c i s depi ct ed i n f i g.
61 . I n t he absence of t r i gger s, t he det ect or i s act i ve,
wi t h t he wi r e chamber s cont i nuousl y col l ect i ng t i me
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and pul se hei ght i nf ormat i on. I f t he dat a i s not r ead
out , t he i nf ormat i on decays away wi t h appr oxi mat el y a
1. 3 As t i me const ant . The sci nt i l l at or el ect r oni cs i s
gat ed ever y beamcr ossi ng.

Level 0 ( LO) i s f ast , si mpl e, yet di scr i mi nat or y. I t
r ecei ves i nput s f r omt he t i me- of - f l i ght sci nt i l l at or s, f r om
t he ver t ex det ect or , and t he CsI el ect r omagnet i c
cal or i met er , at t empt i ng t o r educe t he 2. 7 MHzcr ossi ng
f r equency t o a r at e on t he or der of 20 kHz. The
exper i ment er i s abl e t o def i ne any numb;.: of set s of
cr i t er i a f or L0, al l of whi ch ar e l ogi cal l y ORA.

Whenever any of t he LOcr i t er i a ar e met , al l gat es t o
t he det ect or ar c di sabl ed and a sear ch f or a . ' of t he
Level 1 ( L1) t r i gger combi nat i ons r equest ed by t he
exper i ment er i s i ni t i at ed. Ll r ecei ves i nput s f r omt he
sci nt i l l at or s, f r omt he ver t ex det ect or and cent r al dr i f t
chan, b- - r , and f r om t he el ect r omagnet i c cal or i met er .
The t i me r equi r ed f or t hese devi ces t o al l be " r eady"
f or L1 i nt er r ogat i on i s appr oxi mat el y 1 . 0 As, so an LO
rat e of 20 kHz i mpl i es a mi ni mumof 2%dead t i me.
The goal of L1 i s t o r educe t hi s r at e t o 25 Hz at
pr esent CESRl umi nosi t i es . I f no Ll cr i t er i a have been
met , t he t r i gger l ogi c i s r eset and gat i ng of t he exper i -
ment r esumes. Each set of Ll cr i t er i a has a speci f i c set
of L2 cr i t er i a whi ch wi l l be exami ned i f t hose Ll
cr i t er i a ar e met . The Ll t r i gger s can be pr escal ed vi a
8- bi t pr ogr ammabl e seal er s .

At pr esent onl y t he ver t ex det ect or and dr i f t cham-
ber cont r i but e t o L2. The r eadi ness t i me f or L2 i s now
50 As, al t hough i mpl ement at i on of newL2 schemes
mi ght i ncr ease t hi s wai t i ng per i od. Si nce t he Ll r at e i s
not envi si oned t o exceed 50 Hz, t hi s wai t f or L2 r esul t s
i n onl y 0. 25%dead t i me. As wi t h Ll , i f no pr oper L2
cr i t er i a ar e met t he syst emi s r eset and gat i ng r esumes.

Si nce submi t t i ng t he ar t i cl e det ai l i ng t hi s syst em
[ 39] , sever al si gni f i cant changes have been made t o t he
syst em:

Fi g. 61. Fl owof t he t i er ed t r i gger f or CLEO11, showi ng t he var i ous det ect or el ement s used i n each l evel of t he deci si on pr ocess.
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Fi g. 62. An event i n t he CLEO11 det ect or t hat was accept ed
onl y on t he newl y added t wo- phot on t r i gger l i nes. Thi s event

i s of t he t ype - " - f 2 - > -mow( ) .

i ) Two- phot on physi cs: I n an at t empt t o i ncr ease
our sensi t i vi t y t o yy physi cs ( i . e . , e +e - - e +e - - y- y) ,
sever al new cr i t er i a have been added t o t he t r i gger
speci f i cat i ons. The coi nci dence of an endcap t i me- of -
f l i ght sci nt i l l at or wi t h a ver t ex det ect or t r ack has been
added as an accept abl e combi nat i on t o have an LO
t r i gger ; t hi s has i ncr eased t he LOrat e by r oughl y 25%.
At Ll t wo newcombi nat i ons appear . The f i r st ( desi g-
ned t o capt ur e unt agged, al l - neut r al event s) demands
non- adj acent hi gh- t hr eshol d bi t s set i n t he CAbar r el
cal or i met er i n conj unct i on wi t h no char ged t r acks
t r aver si ng t he dr i f t chamber . The second newLl com-
bi nat i on i s desi gned t o f i nd si ngl e- t agged yy event s; i t
r equi r es an el ect r on si gnat ur e i n t he endcap t i me- of -
f l i ght and CsI endcap cal or i met er , t wo non- adj acent
l owt hr eshol d bi t s i n t he CsI bar r el cal or i met er , and at
most one shor t t r ack i n t he dr i f t chamber . Ther e ar e
no L2 r equi r ement s . I n t ypi cal r unni ng condi t i ons t hese
yy speci f i cat i ons add 8%t o t he over al l t r i gger r at e. An
exampl e of an event whi ch we accept ed by vi r t ue of
havi ng t hese new t r i gger r equi r ement s i s shown i n f i g.
62.
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Fi g. 63. Rat es f or t he t hr ee t r i gger l evel s vs l umi nosi t y i n a
r ecent r un. Not e t hat t he l umi nosi t i es ar e t he on- l i ne dat a
r ecor di ng val ues and t hat t he poi nt s f or LOuse t he r i ght axi s.

i i ) Bar r el t i me- of - f l i ght i nput s : I ncr eases i n CESR
l umi nosi t y have f or ced us t o use t he ANDof t he t wo
ends of t he bar r el t i me- of - f l i ght sci nt i l l at or s as t he
basi c t r i gger el ement i nst ead of t he OR of t he t wo
ends . Coupl ed wi t h i mpr oved backgr ound condi t i ons,
t hi s change has r educed t he LOrat e by a f act or of mor e
t han 5.

i i i ) LOst r obe t i me: The r el at i ve t i me of i nvest i gat i ng
t he LOt r i gger i nput s wi t h r espect t o t he beams cr ossi ng
has been i ncr eased t o 405 ns . Thi s has been done t o
i mpr ove t he ef f i ci ency of t he ver t ex det ect or i n t he LO
deci si on pr ocess . Thi s change does, unf or t unat el y, r e-
duce t he r esol ut i on of char ge di vi si on i n t he ver t ex
det ect or si nce t he char ge col l ect ed nowhas mor e t i me
t o equal i ze bet ween t he t wo ends of t he chamber .

i v) Dead t i me i nduced by LOt r i gger s : By f i ne- t uni ng
var i ous del ays, t he number of cr ossi ngs " l ost " when a
val i d LOcombi nat i on f ai l s t o f i nd a val i d Ll combi na-
t i on has been r educed f r om 7 t o 6. Thi s makes t he
dead t i me associ at ed wi t h t he l owest t r i gger l evel 0. 22%
per kHz . Gi ven t hese changes, t he act ual r at es f or L0,

Tabl e 7
Readout cr at es i n CLEO11

Devi ce Type Number Ready t i me Spar si f i cat i on
cr at es [ ms]

Out er dr i f t chamber Anal og 20 7. 2 T. AND. Q
Ver t ex det ect or Anal og 4 7. 0 T. AND. Q
Pr eci si on t r acker Anal og 1 4. 6 T. AND. Q
Ti me- of - f l i ght Anal og I 2. 4 Tl . OR. T2. OR. Q
Muons Anal og 2 2. 9 Q1. OR. Q2
Tr i gger Di gi t al 7 0. 4 None
CAMAC Di gi t al I 0. 4 None
Csl cal or i met er Fast bus 1 8. 0 SPARXL

4
L2

2

I - ' 0
100 150 200



L1, and L2 i n a t ypi cal dat a r un ar e shown i n f i g. 63 as
a f unct i on of i nst ant aneous l umi nosi t y .

7. 3. CLEOI I dat a acqui si t i on syst em

Once t he t r i gger syst em has deci ded t hat an event
of i nt er est has occur r ed, t he dat a f r om t he CLEOI I
det ect or must be r ead out t o f aci l i t at e sof t war e t est s of
event qual i t y ( somet i mes r ef er r ed t o as t he "Level 3
t r i gger " ) and r ecor d t he event f or subsequent anal ysi s .
CLEOI I has t hr ee di st i nct t ypes of dat a syst ems:

i ) anal og ci r cui t s devel oped by t he CLEOI I st af f
whi ch st or e t hei r t i mi ng or char ge i nf ormat i on on
capaci t or s ;

i i ) Fast bus el ect r oni cs f or t he st or age of i nf ormat i on
f r omt he Cs! cal or i met er ; and

i i i ) di gi t al i nf ormat i on f r omt he t r i gger syst em and
var i ous CAMACmodul es.
The det ect or el ect r oni cs i s or gani zed i nt o " dat a

cr at es" as i ndi cat ed i n t abl e 7. Wi t h each cr at e i s
associ at ed a mi cr opr ogr ammed cont r ol l er whi ch exe-
cut es mul t i pl e i nst r uct i ons per cl ock cycl e. The t r i gger
syst em gener at es a si gnal whi ch i nt er r upt s bot h t he
on- l i ne VAX- 3200 and t he dat a cr at e cont r ol l er s. The
cont r ol l er s f or t he anal og devi ces have a f ast ADCand
a l ocal memor y f or t he st or age of const ant s such as
pedest al s and t i me wi ndows whi ch al l owus t o suppr ess
channel s t hat have no usef ul i nf ormat i on. Thi s spar si f i -
cat i on has a di f f er ent al gor i t hmf or each of t he var i ous
anal og syst ems. I n t he t r acki ng devi ces ( cent r al dr i f t
chamber , ver t ex det ect or , pr eci si on t r acker ) t he dat a
st r eamconsi st s of a cel l I D, a t i me, and a char ge. For
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t hi s t r i pl et of dat a t o be kept t he t i me must bewi t hi n a
speci f i ed wi ndow and t he char ge must be above a
cer t ai n mi ni mum. I n t he t i me- of - f l i ght syst emt he dat a
st r eam has f our ent r i es: an addr ess, t wo t i mes, and a
char ge. For t he quar t et t o be passed on, one of t he
t hr ee var i abl es must be wi t hi n a speci f i ed r ange. The
muon syst em, whi ch empl oys char ge di vi si on, has
t r i pl et s of dat a consi st i ng of an addr ess and t wo
char ges, t hi s t r i pl et i s accept ed i f ei t her of t he t wo
char ges i s above a speci f i ed mi ni mumval ue.
Upon r ecei vi ng t he event i nt er r upt f r omt he t r i gger ,

al l t he " anal og" cr at es begi n di gi t i zat i on i n par al l el ,
wi t h a conver si on t i me of 3 ps per channel ; ~. - , maxi -
mumdi gi t i zat i on t i me f or a cr at e f or each det ect or
el ement i s al so shown i n t abl e 7. The spar si f i ed dat a
f or each cr at e i s st or ed l ocal l y on t he cont r ol l er i n a
buf f er RAMawai t i ng r eadout t o t he VAX- 3200. I n
pr i nci pl e once t he dat a i s di gi t i zed t he f r ont end el ec-
t r oni cs coul d be r e- enabl ed. I n pr act i ce t he i nput el ec-
t r oni cs, par t i cul ar l y f or t he t r acki ng chamber s, i s sensi -
t i ve t o t he cr at e cont r ol l er cl ocki ng t he dat a f r om i t s
l ocal memor y t o t he on- l i ne VAX- 3200 and al l cr at es
must be di gi t i zed and r ead out bef or e t he r e- enabl i ng
i s per f ormed. The cont r ol l er s i n t he cr at es handl i ng
di gi t al f unct i ons ( t r i gger and CAMAC) pr epar e t he
dat a f or r ead back and l oad i t i nt o a l ocal buf f er RAM.
As shown i n t abl e 7 t he di gi t al cr at es ar e r eady qui ckl y.
The CsI cal or i met er anal og dat a i s t r ansmi t t ed t o

LeCr oy Fast bus ADCcar ds whi ch di gi t i ze t he dat a i n
750 Ws . The dat a ar e t hen t r ansf er r ed t o a spar si f i er ;
t hi s t r ansf er t akes 6ms. Spar si f i cat i on of t he CsI dat a
t akes l ess t han I ms, l eadi ng t o a t ot al " r eady t i me" f or

Fi g. 64. Schemat i c showi ng t he f l ow of spar si f i cat i on of t he CAcal or i met er dat a, as descr i bed i n t he t ext . On t he f i r st pass t he hi t
l i st memor i es ar e f i l l ed. On t he second pass t he dat a f r omt he hi t l i st cel l s ar e compar ed t o t he t hr eshol ds st or ed i n t he ski mr am.



t he cal or i met er of 8 ms ( see t abl e 7) . To get pr oper
r esol ut i on on 50 MeVphot ons, ener gi es i n CsI cel l s on
t he or der of 1 MeVmust be kept i f t hey ar e associ at ed
wi t h a shower cent r e. The noi se l evel i n a cel l i s
t ypi cal l y 600 keV, t hus maki ng i t di f f i cul t t o si mpl y
spar si f y based on a si ngl e t hr eshol d; ei t her t oo many
cel l s woul d be kept , def eat i ng t he pur pose of spar si f y-
i ng, or t oo many cel l s needed f or good r esol ut i on
woul d be t ossed out . Ther ef or e we need t wo- di men-
si onal spar si f i cat i on ( t o l ook at near est nei ghbour s and
next - near est nei ghbour s of seed cel l s) and t wo passes
of spar si f i cat i on ( si nce on t he f i r st pass we do not know
i f apar t i cul ar cel l i s a nei ghbour t o a seed) .

Thi s pr ocedur e has been desi gned i nt o a har dwar e
modul e cal l ed SPARXL; a schemat i c of SPARXL' s
oper at i on i s showni n f i g. 64. TheADCi nf or mat i on ( 13
bi t s of dat a) and cel l addr ess ( al so 13 bi t s) come f r om
t he FASTBUSel ect r oni cs. Af t er a t r i gger , ever y cr ys-
t al ' s pul se hei ght i s di gi t i zed and t he ADCdat a ar e
r ead i nt o t he r aw dat a RAM. On t he f i r st pass, t he
ADCval ue i s compar ed wi t h t he seed t hr eshol d; i f t he
cel l qual i f i es as a seed, t he addr esses of i t s 24 nei gh-
bour s ( i . e . . a 5 x 5 ar r ay cent r ed on t he seed) ar e
l ooked up i n t he nei ghbour Li st RAM. The 25 hi t l i st
RAMSar e t hen l oaded wi t h a l ogi cal TRUE. at t hese
addr esses ( seed pl us 24 nei ghbour s) . On t he second
pass, t he addr ess gener at or si mul t aneousl y pr esent s
t he same 13 bi t addr ess t o t he 25 hi t l i st RAMs. t he
r aw dat a RAM, and a ski m RAM. Thi s l ast memor y
al l ows f or each cel l t o have a di f f er ent t hr eshol d t o be
kept as pza- t of t he shower . I f any of t he 25 hi t l i st
RAMS hoe i t s memor y l ocat i on set TRUE. and t he
ADCval ue f r omt he r awdat a RAMexceeds t he ski m
t hr eshol d t he addr ess and dat a ar e put i nt o t he out put
RAMs. The t i mi ng of t he wr i t e cl ocks, t he swi t chover
bet ween passes, t he cycl i ng of addr esses, and t he
event - by- event cl ear i ng ar e al l handl ed by t he mi -
cr ocode r unni ng i n t he SPARXL cr at e cont r ol l er .

An on- l i ne pr ocessor r eads t he dat a f r omt he cr at es
sequent i al l y vi a a 16- bi t bus ( cal l ed YBUS) at a r at e of
1. 5 MByt es/ s, and pl aces t he dat a f r om each event
i nt o one of 32 buf f er s l ocat ed i n a dual - por t ed mem-
or y. Thi s FI FO buf f er syst em consi st s of 1 MByt e of
memor y i n whi ch we cur r ent l y al l ocat e 32 kByt es per
event . I t i s r ead asynchr onousl y by t he on- l i ne dat a- l og-
gi ng pr ocess, whi ch f or mat s t he dat a i nt o sequent i al
ZEBRA [ 41] r ecor ds and wr i t es t hem t o di sk. The
cr at es s. ° addr essed sequent i al l y i n t he or der t hat t hey
nomi nal l y have dat a r eady, as gi ven i n t abl e 7 ( t i me of
f l i ght f i r st , CsI cal or i met er l ast ) . The t ot al r eadout
t akes about 12 ms, af t er whi ch t he exper i ment i s r e- en-
abl ed; hence t he dead t i me i ncur r ed i s 1 . 2%/ Hz. Thi s
dat a bus i s not a si ngl e cabl e si nce t hat cabl e woul d be
t oo l ong ( r equi r i ng sever al r epeat er s) and woul d make
f i ndi ng pr obl em connect i ons t oo di f f i cul t . I nst ead a
f an- out f or t he bus has been i mpl ement ed 33 mf r om
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8. Pl ans f or t he next f ewyear s

8. 1. Upgr adi ng t he dat a acqui si t i on syst em

Fi g. 65. The CLEOI l bus scheme. The bl ocks l abel l ed " CC"
ar e cr at e cont r ol l er s whi l e " FO" i s a f an- out f or t he YBUS.

t he on- l i ne comput er whi ch has si x br anches ( see f i g.
65) , t her ef or e each br anch has onl y a smal l number of
cr at es at t ached t o i t and al l t he necessar y ampl i f i cat i on
done i n one l ocat i on [ 42] .

As i ndi cat ed i n f i g. 65 t he VAX- 3200 does not
communi cat e wi t h t he YBUS di r ect l y but r at her vi a a
QBUS/ YBUSi nt er f ace. The dat a t hat has been r ead
out of t he cr at es i s deposi t ed i n a dual por t buf f er
memor y t o mi ni mi ze dead t i me t o t he exper i ment . Al so
at t ached t o t he QBUS i s anot her i nt er nal bus, denot ed
XBUS, whi ch i s used f or set t i ng hi gh vol t ages, set t i ng
cal i br at i on par amet er s, and many ot her har dwar e f unc-
t i ons.

The exi st i ng dat a acqui si t i on syst em of t he CLEO
det ect or al l ows r ead out of t he det ect or at a maxi mum
r at e of 10 Hz. Thi s i s l i mi t ed by t he on- l i ne comput er
r eadi ng t he event dat a f r om an i nt er medi at e_ memor y
f i l e whi ch can cont ai n up t o 32 event s. Appr oxi mat el y
100 ms ar e r equi r ed t o r ead out an event f r om t he
buf f er . At a t r i gger r at e of 10 Hz, t he det ect or l i ve t i me
i s appr oxi mat el y 88%. To put t hese number s i nt o con-
t ext , one shoul d keep i n mi nd t he hadr oni c cr oss
sect i on at t he T( 4S) i s 3. 5 nb and CLEO t ypi cal l y
begi ns dat a r ecor di ng af t er beamf i l l i ng wi t h a l umi nos-
i t y of 1 . 5 x 10; 2/ cm2/ s . Hence, t he hadr oni c event
r at e at t he begi nni ng of a r un at t he T( 4S) i s 0. 52 Hz .
However , we r ead out many event s i n addi t i on t o t hose
f r omt he hadr oni c cr oss sect i on. Ther e i s much i nt er est
i n st udyi ng T l ept on decay and t wo phot on physi cs .
The t r i gger t aggi ng of e+e- - - > T+, T_

 

and e+e- - ,
e+e- yy - e+e-

 

( hadr ons)

 

event s

 

r equi r es

 

much
l ooser t r i gger cr i t er i a because of t he l ow mul t i pl i ci t y of
t hese f i nal st at es . Fur t her mor e, one uses Bhabha and



muon pai r event s t o hel p cal i br at e t he det ect or . How-
ever , t hese do not pr oduce a maj or enhancement i n
our dat a acqui si t i on needs si nce we can pr escal e t hem
t o r educe t he r at e at whi ch we ar c r eadi ng i n t he
" cal i br at i on event s . " (We have been pr escal i ng t he
endcap Bhabha t r i gger by a f act or of 30. ) Cur r ent l y,
our t ot al t r i gger r at e when r ecor di ng dat a on t he T( 4S)
i s t ypi cal l y 6 Hz at t he begi nni ng of t he r un, and t he
det ect or l i ve t i me i s 90%. Appr oxi mat el y 12%of t hese
t r i gger s ar e mul t i - pr onged hadr oni c event s wi t h a vi si -
bl e ener gy gr eat er t han 3. 5 GeV, and25%ar c cal i br a-
t i on event s. Ther ef or e, t he exi st i ng dat a acqui si t i on
syst em i s adequat e.

However , we of t en want t o sear ch f or newphenom-
ena, whi ch can onl y be done by r unni ng t he det ect or
wi t h a l ooser t r i gger and not pr escal i ng. Fur t hermor e,
we expect a l umi nosi t y i ncr ease of at l east a f act or t wo
f r omCESRwi t hi n t he next f ewyear s. To handl e t hi s
i ncr ease i n l umi nosi t y i t i s cr i t i cal t o upgr ade t he r at e
at whi ch we can acqui r e dat a. Anewdat a acqui si t i on
syst em, DAQ90, has been devel oped. The cr at e r ead-
out syst em wi l l be changed t o r educe t he det ect or
r eadout dead t i me f r om12 t o 2ms per event . The goal
of t he newsyst emi s t o r eadout di gi t i zed event s at r at es
up t o 50 Hz and t o per f ormf ur t her r ej ect i on i n sof t -
war e. Thi s i s accompl i shed by i nt r oduci ng poi nt - t o-
poi nt l i nks bet ween each cr at e and a cent r al VME-
based dat a spar si f i cat i on and event f ormat t i ng syst em.
As each dat a i t em i s di gi t i zed at t he cr at e i t i s sent t o
i t s own dual por t ed memor y at t he cent r al syst em. Four
Mot or ol a 68040 pr ocessor s empt y t he dual por t ed mem-
or i es over VSB(VMEsub- syst embus) and spar si f y t he
dat a. Asi ngl e 68040 t hen assembl es t he event f r ag-
ment s i nt o an event r ecor d. Thi s i s t hen di st r i but ed t o
one of a set of DECst at i on 5000 comput er s wher e i t i s
pr ocessed wi t h code si mi l ar t o our exi st i ng comput er
pr ogr am, whi ch al l ows event r ej ect i on and cl assi f i ca-
t i on. We expect t o enabl e mor e sophi st i cat ed event
sel ect i on pr i or t o t r ansf er r i ng t he dat a i nt o t he on- l i ne
comput er , whi ch wi l l pr ovi de an or der of magni t ude
i ncr ease i n our dat a acqui si t i on capaci t y . We ar e
pr esent l y ( June 1991) i nst al l i ng t he DAQ90syst emand
wi l l st ar t usi ng i t af t er t he summer shut down.
8. 2. Af ut ur e upgr ade of t he CLEOver t ex det ect or

I n or der t o si gni f i cant l y i mpr ove t he ver t exi ng capa-
bi l i t y of t he CLEOdet ect or , i t i s necessar y t o f ur t her
r educe t he r adi us of t he beampi pe, whi ch i s cur r ent l y
3. 5 cm, compar ed t o 5. 5 cmi n t he CLEOI det ect or .
The r educt i on i n beampi pe r adi us l ed t o an i ncr ease
i n backgr ound whi ch must be mi ni mi zed bef or e t he
beampi pe can be f ur t her r educed. I nvest i gat i ons i ndi -
cat ed t hat t he sour ce of t he backgr ound was, i n r oughl y
equal measur e, scat t er i ng of beampar t i cl es of f r esi dual
gas upst r eam of t he i nt er act i on r egi on, and syn-
chr ot r on r adi at i on ( SR) . The sour ce of t he SR hi t t i ng
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t he beampi pe at t he i nt er act i on r egi on was f ound t o
be r ef l ect i ons of f of t he wal l of t he vacuumchamber i n
t he bendi ng magnet r egi on of t he machi ne upst r eamof
t he i nt er act i on r egi on. I t was pr oposed t hat movi ng t he
vacuumchamber i n t hi s r egi on by 2 cmwoul d r esul t i n
t he SR t hat was hi t t i ng t he I R bei ng masked by an
upst r eam f l ange. Subsequent l y, t he vacuum chamber
was moved, and t he SRevi dent i n t he CLEOdet ect or
was r educed. We ar c nowengaged i n a pr ogr am t o
under st and and r educe t he r emai ni ng beamgas back-
gr ound.

Ther e i s a r esear ch- devel opment ef f or t i n bot h si l i -
con and gas chamber det ect or whi ch mi ght be used i n a
f ut ur e ver t ex det ect or syst em. Abeamt est was per -
f ormed at FNAL of a doubl e si ded si l i con t el escope
[ 43] . 1 x 1 cm= pr ot ot ype doubl e si ded det ect or s wer e
manuf act ur ed by Hammamat su, and used wi t h mi -
cr opl ex r eadout el ect r oni cs based on t he desi gn used
f or t he ALEPHdet ect or at LEP. Dur i ng t he beamt est
t he det ect or s wer e successf ul l y oper at ed and r ead out ,
and t he dat a i ndi cat ed spat i al r esol ut i ons of 20 pm,
rms. Ther e i s not yet a det ai l ed desi gn f or a smal l er
beampi pe and a newver t ex det ect or syst embut we
ant i ci pat e bei ng r eady t o i nst al l a 2 cmradi us pi pe wi t h
doubl e si ded si l i con st r i p det ect or s by Spr i ng 1994.

8. 3. Thephysi cs pr ogr am

Si nce t he t ur n on i n Oct ober 1989, we have accumu-
l at ed 150 pb- ' on t he TOS) , 15 pb- ' on t he T( 1S) ,
530 pb - ' on t he T( 4S) , 230 pb- ' on t he cont i nuum26
MeVbel ow t he TOS) , and 65 pb- ' above t he T( 4S) .
Thi s dat a i s bei ng used t o st udy Tspect r oscopy, charm
and bot t omdecay, T l ept on decay, and quar k f r agmen-
t at i on . Al t hough t hi s i s a si gni f i cant dat a sampl e, t o
answer t he many quest i ons r el at ed t o t hese subj ect s we
pl an t o r ecor d an addi t i onal 1 f b- ' on t he T( 4S) , 0. 5
f b - ' bel owt he TOS) , and 0. 1 f b - ' on t he T( 1S) wi t h
i n t he next t wo year s . Thi s wi l l al l ow si gni f i cant i m-
pr ovement i n t abul at i on of t he B meson br anchi ng
f r act i ons and bet t er measur ement of mi xi ng and t he
CKMmat r i x el ement s . I t wi l l be i nt er est i ng t o see how
much we l ear n wi t h t hi s newdet ect or .

Acknowl edgement s

Desi gn, const r uct i on and assembl y of t he CLEOI I
det ect or t ook pl ace over a seven year t i me span, 1983
t o 1989. Dur i ng t hi s t i me, we r ecei ved enormous hel p
and advi ce f r om a wi de ar r ay of t echni cal pr of essi on-
al s . We wi sh t o t hank t he exper i ment al suppor t st af f s
at each of t he Uni ver si t i es who under t ook maj or r e-
sponsi bi l i t i es f or bui l di ng CLEO11. Desi gn and con-
st r uct i on of t he cal or i met er el ect r oni cs was car r i ed out
t hr ough a coor di nat ed ef f or t bet ween Cor nel l and Ohi o



St at e Uni ver si t y . The SUM- ci r cui t el ect r oni c car ds and
t he associ at ed cr at es wer e desi gned, const r uct ed and
t est ed at OSU. We t hank C. Rush of OSUwho was
r esponsi bl e f or t hi s wor k .
The Har var d col l abor at or s bui l t t he bar r el t i me- of -

f l i ght count er s and t he associ at ed r eadout el ect r oni cs.
The col l abor at or s f r omSUNYAl bany bui l t t he endcap
t i me- of - f l i ght count er s. J . Bl andi no andJ. McEl aney of
Har var d di d t he det ai l ed bar r el count er desi gn wor k
and super vi sed t he const r uct i on, assembl y, t est i ng, and
i nst al l i ng of t he bar r el t i me- of - f l i ght count er s i n t he
CLEOI I det ect or . J . Ol i ver of Har var d desi gned and
bui l t t he hi gh vol t age suppl i es and t he r eadout el ec-
t r oni cs f or t he ent i r e t i me- of - f l i ght syst em.
The Syr acuse Uni ver si t y col l abor at or s desi gned and

bui l t t he muon i dent i f i cat i on syst em. L. Buda and J .
Ennul at wer e r esponsi bl e f or t he const r uct i on, assem-
bl y and t est i ng of t he 24 bar r el + 8 endcap t hr ee- l ayer
uni t s at Syr acuse Uni ver si t y . Z. Sobol ewski pr ovi ded
t he hi  vol t age suppl y syst emand made t he necessar y
modi f i cat i ons t o t he ol d CLEOdE/ d. r el ect r oni c ci r -
cui t s so t hat t he " st r eamer count er s" coul d oper at e i n
pr opor t i onal mode. He al so came t o t he Cor nel l l abo-
r at or y and hel ped wi t h t he ni st al l at i on and t est i ng of
t he syst em.
The coor di nat i on of t he r eadout el ect r oni cs of t he

ent i r e CLEO I I det ect or was car r i ed out mai nl y by
col l abor at i on physi ci st s at Cor nel l . However , much of
t he det ai l ed desi gn and const r uct i on was per f ormed by
J . Dobbi ns of Cor nel l . He pr ovi ded t he pr eampl i f i er s
f or t he endcap t i me- of - f l i ght count er s, t he pr eampl i -
f i er s and r eadout el ect r oni cs f or t he t r acki ng cham-
ber s, and much good advi ce f or t he cal or i met er r ead-
out .
We t hank Pr of . B. D. McDani el , f ormer di r ect or of

t he Cor nel l Labor at or y of Nucl ear Physi cs, f or hi s
st r ong suppor t f or t he desi gn, devel opment , and con-
st r uct i on of t he CLEO I I det ect or . He al so par t i ci -
pat ed i n t he desi gn and const r uct i on of t he mechani cal
suppor t of t he CsI cal or i met er . Amaj or shar e of t he
cost of t he i nt ermedi at e dr i f t chamber , ( t he VD) , and
t he t i me- of - f l i ght syst emwas pr ovi ded by t he Depar t -
ment of Ener gy. The Nat i onal Sci ence Foundat i on
pr ovi ded t he f unds f or bui l di ng t he r est of t he CLEO
I I det ect or . We al so acknowl edge t he f i nanci al suppor t
of t he Nat i onal Sci ence Foundat i on and t he Depar t -
ment of Ener gy f or t he i nst i t ut i onal member s of t he
CLEOCol l abor at i on.

Ref er ences

[ 1] The T f ami l y of r esonances wer e f i r st obser ved i n pr ot on
nucl eus col l i si ons at Fermi l ab; S. W. Her b, et al . Phys .

Y. Kcul x) t a et al . / Thc" CLEO11 det ect or

Rev. Let t . 39( 1977) 252 . The Fermi l ab r esul t was con-
f i rmed at DESY, wher e t he pr oduct i on cr oss sect i on f or
e + e - - T( 1S) pr ovi ded ar gument s f or post ul at i ng t he T
f ami l y i s a bound b5 quar k syst em. Obser vat i on of t he
TOS) was r epor t ed by Ch. Ber ger et al . , Phys . Let t .
768( 1978) 243 and C. W. Dar den et al . , Phys. Let t .
76B( 1978) 246. Obser vat i on of t he T( 2S) was r epor t ed by
J . K. Bi enl ei n et al . , Phys. Let t . 78B( 1978) 360, and C. W.
Dar den et al . , Phys. Let t . 80B( 1979) 419,

[ 2] Obser vat i on of t he TOS) , TUS) , and TOS) wer e r e-
por t ed by : D. Andr ews et al . , Phys . Rev. Let t .
44( 1980) 1108 and T. Bohr i nger et al . , Phys . Rev. Let t .
44( 1980) 1111 . Di scover y of t he T( 4S) was publ i shed by
D. Andr ews et al . , Phys. Rev. Let t . 45( 1980) 219; and G.
Fi nocchi ar o et al . , Phys. Rev . Let t . 45( 1980) 222.

[ 3] S. Behr ends et al . , Phys . Rev. Let t . 5( 1( 1983) 881.
[ 4] G. L. Kane andM. E. Peski n, Nucl . Phys. 8195( 1982) 29;
H. Geor gi and M. Machacek, Phys . Rev. Let t .
43( 1979) 1639 ;
E. Derman, Phys Rev . 1319( 1979) 317;
H. Geor gi and S. L. Gl ashow, Nucl . Phys. 13167( 1980) 173;
and R. N. Mohapat r a, Phys . Let t . 82B( 1979) 101.

[ 5] E. Nor dber g and A. Si l verman, The CLEO Det ect or ,
Labor at or y of Nucl ear St udi es, CBX79- 6 ( 1979) ( unpub-
l i shed) , and
D. Andr ews et al . , Phys. Rev. Let t . 44( 1980) 1108.

[ 61 D. Andr ews et al . , Nucl . I nst r . and Met h. 211( 1983) 47 .
[ 7] D. G. Cassel et al . , Nucl . I nst r . and Met h. A252( 1986) 325.
[ 8] CLEOI l Updat ed Pr oposal f or I mpr ovement s t o t he
CLEODet ect or f or t he St udy of e' Fe - I nt er act i ons at
CESR, CLEO Col l abor at i on, CLNS- 85/ 634, Januar y
1985. ( super sedes CLNS84/ 609) .

[ 9] D. M. Cof f man et al . , I EEE Tr ans . Nucl . Sci . NS-
37( 1990) 1172.

[ 101 The f ol l owi ng const r uct i on mat er i al s ar e t r ademar ked:
Ul t em, t he Gener al El ect r i c Cor por at i on,
Del r i n, t he Dupont Cor por at i on ;
Myl ar i s a t hi n st r ong pol yest er f i l m t r ademar ked by
Dupont ;
Rohacel l , a pol ymet hacr yl i mi de r i gi d f oam, Cyr o I ndus-
t r i es,
Lexan, a pol ycar bonat e, Gener al El ect r i c Cor por at i on .

[ I 1 ] M. Fr aut schi et al . , Nucl . I nst r . and Met h. A307( 1991) 52 .
[ 121 J. A. Kadyk, Nucl . I nst r . and Met h. A300( 1991) 436.
[ 13] R. Tal man, Nucl . I nst r . and Met h. 159( 1979) 189.
[ 141 R. T. Gi l es, F. M. Pi pki n and J . P. Wol i nski , Nucl . I nst r .

and Met h. A252( 1986) 41.
[ 15] A. Bean, et a] . , I EEETr ans . Nucl . Sci . NS- 33( 1986) 411 .
[ 161 E. Bl ucher , et al . , Nucl . I nst r . and Met h. A249( 1986) 201 .
[ 17] Z. Bi an, J . Dobbi ns, and N. Mi st r y, Nucl . I nst r . and

Met h. A239( 1985) 518.
[ 181 C. Bebek, Nucl . I nst r . and Met h. A265( 1988) 258.
[ 19] B. C. Gr abmai er , I EEETr ans . Nucl . Sci , Ns- 31( 1984) 372.
[ 20] E. D. Bl oom and C. W. Peck, Ann. Rev . Nucl . Par t .

Sci . 33( 1983) 143;
D. Ant r easyan et al . , Phys. Rev . 1336( 1987) 2633; and
D. A. Wi l l i ams et al . , Phys . Rev . 1338( 1988) 1365.

[ 21] J . Lee- Fr anzi ni , Nucl . I nst r . and Met h. A263( 1988) 35;
and P. M. Tut s, Nucl . I nst r . and Met h. A265( 1988) 243.

[ 22] L3 Col l abor at i on, B. Adeva et al . , Nucl . I nst r . and Met h.
A2890990) 35 .



[ 23] The gap at 0=90° does poi nt di r ect l y at t he nomi nal
col l i si on ver t ex .

[ 24] The bul k of t he t hal l i um- doped Csl cr yst al s f or CLEO- I I
wer e manuf act ur ed by Hor i ba, Lt d, Kyot o, Japan. and
BDHChemi cal s, Lt d. . ( nowMer ck Lt d. ) Pool e, Engl and.
About 100 endcap cr yst al s wer e al so suppl i ed by each of
Bi cr on Cor p. , Newbur y. Ohi o, and Har shaw/ Fi l t r ol
Cor p. , Sol on, Ohi o.

[ 25] The val ue of Ni s i n gener al not an i nt eger . t he ener gy
cor r espondi ng t o t he f r act i onal par t of Ni s t aken as t hat
f r act i on of t he next hi ghest cr yst al ' s ener gy . For exampl e,
i f N=5. 5, t he cl ust er ener gy i s t aken as t he sumof t he
hi ghest f i ve cr yst al s pl us hal f of t he si xt h. Thi s avoi ds
di scr et e j umps i n shower ener gi es whi ch woul d occur i f
Nwer e r equi r ed t o be i nt egr al .

[ 26] The CERNdet ect or -model i ng sof t war e package known
as GÉANTf orms t he basi s of t he CLEO- I I Mont e Car l o
si mul at i on .

[ 27] I ncl usi ve X( 2P) Pr oduct i on i n TOS) Decay. R. Mor r i son,
et al . , Phys. Rev. Let t . 67( 1991) 1696.

[ 28] Angul ar r esol ut i on i n t he bar r el cr yst al s var i es wi t h t he
posi t i on wi t hi n a bl ock, t he r esol ut i on i s much bet t er
near a bl ock boundar y t han near t he cent er because
mor e ener gy i s shar ed wi t h ot her cr yst al s . For exampl e.
near t he cent er ( edge) of a bl ock, t he azi mut hal r esol u-
t i on i s 3. 8 mr ad ( 2. 1 mr ad) at 5 GeVand 14 mr ad ( 5. 7
mr ad) at 100 MeV. The val ues quot ed i n t he t ext and
f i gur e r epr esent r esol ut i ons aver aged over al l angl es .

[ 29] M. Nar ai n et al . . Phys. Rev. Let t . 66( 1991) 3113.
[ 30] R. Ner nst et al . , Phvs. Rev. Let t . 54( 1985) 2195.
[ 31] D. Bor t ol et t o et al . , t hi s i ssue, Nucl . I nst r . and Met h.

A3200990114.
[ 32] Thi s quant i t y i s cal l ed " nucl ear i nt er act i on l engt h" i n t he

Revi ewof Par t i cl e Dat a of t he Par t i cl e Dat a Gr oup.
[ 33] E. I ar occi , Nucl . I nst r . and Met h. 217( 1983) 30.
[ 34] Fr omCost r uzi oni Meccani che Bi ndi , San Gi ust i no. PG,

I t al y.

Y. Kahot a et al . / TheCLEO! I det ect or

[ 35] See Appendi x Ai n r ef. [ 31] .
[ 36] The si gnal s ar e t he st ar t and st op of t he t i me- of - f l i ght

gat e. t he st ar t and st op of t he LOst r obe, t he har dwar e
r eset , t he st r obe used t o cl ock t he r eadout bi t s i n t he CA
cr yst al s t r i gger el ect r oni cs pi pel i ne, and t wo si gnal s used
i n cal i br at i ons.

[ 37] Di agr ams f or t hi s and ot her component s ar e avai l abl e
f r omt he LNSDraf t i ng Room, Newman Labor at or y. Cor -
nel l Uni ver si t y, I t haca. NY 14853, USA. The coar se
t i mi ng ci r cui t i s dr awi ng 6044- 33 and t he 72 MHz
phase- shi f t er ci r cui t i s on dr awi ngs 6044- 99 ( TTL out -
put s) and 6044- 115 ( ECLout put s) .

[ 38] R. E. Mel l er , I EEE Tr ans. Nucl . Sci . NS- 26( 1979) 4152.
The dat a shown i n f i g. 54a i s aver aged over t he seven
bunches of posi t r ons i n CESRf or one par t i cul ar set t i ng
of t he f i ne del ay. Ot her set t i ngs of t hi s del ay pr oduce
di st r i but i ons t hat have sever al such nar r ow peaks. wi t h
meansbet ween peaks var yi ng up t o 100 ps and each peak
cor r espondi ng t o a par t i cul ar subset of t hesevenbunches.
Si nce we knowwi t h whi ch bunch an event i s associ at ed,
we can cor r ect f or t hi s ef f ect i n sof t war e. i f necessar y.

[ 39] C. Bebek. et al . , Nucl . I nst r . and Met h. A302( 1991) 261.
[ 40] The l at ches whi ch f orm t he t r i gger i nput s f r omt he t r ack-

i ng chamber s ar e r eset by an RC net wor k whi ch i s
enabl ed by t hi s asynchr onous r eset si gnal . The t i me con-
st ant f or t hi s net wor k t o gener at e a r eset i s appr oxi -
mat el y 500 ns.

[ 41] R. Br un and J. Zol l . CERNO- 100. 1987. I n or der t o
mi ni mi ze t i me spent f ormat i ng, CERNZEBRAcode was
not used; r at her , code based on ZEBRA f ormat was
wr i t t en f or t he CLEO- 11 dat a st r uct ur e.

[ 42] The ci r cui t desi gn f or t hi s f an- out i s avai l abl e, dr awi ng
6052- 602. See r ef . [ 37] .

[ 43] J. P. Al exander et al . . Conf er ence r ecor d of t he 1990
I EEE Nucl . Sci . Symp. , Oct . 1990 ( CLNS90- 1034) Vol .
1, p. 766.


