
Nucl ear I nst r ument s and Met hods i n Physi cs Resear ch A289 ( 1990) 35- 102
Nor t h- Hol l and

THE CONSTRUCTI ON OF THE L3 EXPERI MENT

B. ADEVA14 ) , M. AGUI LAR- BENI TEZ 20) , H. AKBARI 5 ) , J . ALCARAZ 20 ) , A. ALOI SI O 22 ) , J . ALVAREZ- TAVI EL 20 ) ,
G. ALVERSON 8) , M. G. ALVI GGI 22) , H. ANDERHUB 33) , A. L. ANDERSON 11 ) , A. M. ANGELOV 11 . 3° ) , T. H. ANGELOV " , 30) ,
G. H. ANTCHEV 30) , L. ANTONOV 3° ) , D. ANTREASYAN 1s) , A. AREFI EV 21) , I . H. ATANASOV 30) , B. AUROY " ) ,
R. AYAD 4 ) , O. L. AYRANOV 30 ) , T. AZEMOON 3) , T. AZI Z 7) , U. BACHMANN 31) , P. BÄHLER18) , J. A. BAKKEN 25) ,
L. BAKSAY 2s) , H. BALDI NGER31) , R. C. BALL 3 ) , J . BALLANSAT 4 ) , S. BANERJEE 7, 14. 15) , J . BAO5 ) , G. BARBI ER16 ) ,
L . BARONE 26) , G. BASTI 26 ) , A. BAY 16) , F. BEAUVAI S 33 ) , U. BECKER11 . 14 ) , R. BEI SSEL 1 ) , S. BENDI G 31) , P. BÉNÉ 16) ,
J . BERDUGO14- 20) , P. BERGES " ) , M. BERTHET 4) , Y. BERTSCH4) , B. L. BETEV 30 ) , A. BI LAND 33 ) , A. BI SCHOFF 32) ,
M. BI SCHOPS 1 ) , R. BI ZZARRI 26 ) , J. J. BLAI SI NG 4) , M. BLANC11, a) , P. BLÖMEKE' ) , B. BLUMENFELD 5 ) , G. J . BOBBI NK 2) ,
M. BOCCI OLI NI 12) , K. D. BOFFI N 1 ) , W. BOHLEN 31 ) , A. BÖHM1 ) , T. BÖHRI NGER18) , H. BONNEFON 4) , C. BOPP 25) ,

B. BORGI A 26) , K. BOSSELER 1 ) , J . F . BOTTOLI ER 4 ) , M. BOURQUI N 16) , D. BOUTI GNY 4) , P. BOWDI TCH " ' b) ,

J. G. BRANSON27 ) , D. BRAUN1 ) , I . C. BROCK 24) , F. BRUYANT 14) , M. BUCHHOLZ 1 ) , B. BÜCKEN 1 ) , W. BULGERONI 31 ) ,
R. BUREL 11 ) , J. D. BURGER" ) , C. BURGOS 20) , J. P . BURQ19 ) , L. CAI AZZO 22) , M. CAI LLAT 4) , B. CAMBERLI N 4 ) ,
D. CAMPANA22) , C. CAMPS1 ) , V. CANALE 26) , M. CAPELL 3) , F. CARBONARA22 ) , F. CARMI NATI 12 ) , A. M. CARTACCI 12 ) ,
M. CERRADA20) , F. CESARONI 26) , Y. H. CHANG" ) , J . W. CHAPMAN 3 ) , M. CHEMARI N 19) , A. CHEN 34 ) , C. CHEN 6 ) ,
H. F. CHEN 17) , H. S. CHEN6 ) , M. CHEN " ) , M. L . CHEN 14) , S. R. CHENDVANKAR7 ) , G. CHEVENI ER33) , S. CHI DZI K ' ' ) ,
G. CHI EFARI 22) , C. Y. CHI EN 5) , F. CHOLLET 4) , M. CHUMAKOV 21 ) , C. CI VI NI NI 12) , 1. CLARE 11 ) , R. CLARE 11) ,

G. COI GNET 4 ) , N. COLI NO 20) , V. COMMI CHAU1 ) , G. CONFORTO 12 ) , P. CRI STOFORI 26) , F. CRUNS 2) , X. Y. CUI 6, 15) ,

T. S. DAI 11 ) , R. D' ALESSANDRO12) , M. DANI EL 20 ) , X. DE BOUARD 4) t , B. DEBYE1 ) , G. DECREUSE 11 ) , A. DEGRÉ4 ) ,
K. DEI TERS 32) , E. DÉNES 9 ) , P. DENES 25) , F. DeNOTARI STEFANI 26 ) , M. DEUTSCHMANN ' ) , M. DHI NA 33) ,

B. DI DI ERJEAN 4 ) , M. DI EMOZ 26) , M. DI ETRI CH" ) , H. A. DI MI TROV 30) , C. DI ONI SI 26 ) , F. DI TTUS 23 ) , M. DOHMEN 1 ) ,
R. DOLI N 11 ) , J. F . DONAHUE 11 ) , A. DONAT 32) , E. DRAGO22 ) , K. H. DREGER 1 ) , T. DRI EVER 2) , G. DROMBY 4) ,
P. DUI NKER2) , 1 . DURAN11 . 14. 20) , M. ELKACI MI 19) , H. ELMAMOUNI 19) , A. ENGLER24) , F. J. EPPLI NG11 ) , F. C. ERNÉ 2) .

1 . ERNE 31 ) , H. ESSER' ) , P. EXTERMANN16) , R. FABBRETTI 33) , G. FABER2, 11) , S. FALCI ANO 26 ) , T. FALK 25 ) , S. J . FAN 29)
M. FAVRE 33 ) , J . FAY 19) , S. FEHÉR28 ) , J . FEHLMANN 33) , M. FELDMANN 14) , H. FENKERs) , T. FERGUSON 24 ) ,
M. FERNANDEZ 20 ) , F. FERRONI 26 ) , H. FESEFELDT ' ) , J . FI ELD 16) , J . M. FI GAROLA 20) , C. F . FI GUEROA 20)
G. A. FI LI POV 30 ) , B. FOLI GNÉ11 ) , G. FORCONI 16) , T. FOREMAN 2 ) , V. FRANZKE 1 ) , W. FREI 31 ) , K. FREUDENREI CH 11) ,

W. FRI EBEL 32 ) , M. FUKUSHI MA11 ) , G. GAI LLARD 4 ) , M. GAI LLOUD 18 ) , Yu . GALAKTI ONOV 21 ) , E. GALLO12)
S. N. GANGULI 7) , D. GARELI CK 8) , S. S. GAU 34 ) , G. GAVRI LOV 13 ) , E. GENNARI 26 ) , S. GENTI LE 26) . M. GETTNER8) ,
C. GI RARD 4 ) , M. GLAUBMAN 8) , S. GOLDFARB 3 ) , Z. F . GONG 17) , E. GONZALEZ 20 ) , A. GORDEEV 21 )
Yu . GORODKOV 21 ) , P. GÖTTLI CHER 1 ) , C. GOY 4) , M. GOYOT 19) , G. GRATTA 26) , A. GRI MES R) , C. GRI NNELL " " ) ,
M. GRUENEWALD 21 ) , M. GUANZI ROLI 15) , S. GUERRA 26) , C. GUI LLON 4) t , A. GURTU 7) , D. GÜSEWELL 14 ) ,
H. R. GUSTAFSON 3 ) , M. HAENSLI 33 ) , M. HAAN 1 ) , C. HALLER" ) , T. HAMACHER ' ) , H. HAMMERS 1 ) ,
K. HANGARTER1 ) , S. HANCKE 1 ) , M. HARRI S 14) , D. HARTI NG 2) , F. G. HARTJES 2 ) , C. F . HE 29 ) , A. HEAVEY 25) ,

T. HEBBEKER14 ) , M. HEBERT 27) , R. HELLER32 ) , Ch . HELMRATH 1) , J . HERRMANN 33) , G. HERTEN " ) , U. HERTEN 1 ) ,
A. HERVÉ14 ) , H. HESSER' ) , G. HI LGERS 1 ) , K. HI LGERS1 ) , H. HOFER" ) , H. HOFER33) , M. HOFER33) , T. HOFER33) ,

F. HOFFMANN 1 ) ,

	

U. HORI SBERGER 33 ) ,

	

I . HORVATH 33 ) ,

	

L. S . HSU 34 ) , G. Q. HU 29 ) ,

	

B. I LLE 19) ,

	

M. M. I LYAS 15 ) ,
G. I MPROTA 22 ) , V. I NNOCENTE 22 ) ,

	

E. I SI KSAL 33) , E. JAGEL 15 ) , B. N. JI N 6) ,

	

L. W. JONES 3 ) , M. JONGMANNS 33)

H. JUNG 33) , P. KAARET 25 ) , O. KAELI N 33 ) , W. KAESTLI 33 ) , Yu. KAMYSNKOV 21 ) , D. KAPLAN 8 ) , W. KARPI NSKI 1 ) ,
Y. KARYOTAKI S 4) , W. KERTZEh 1 ) , V. KHOZE 13 ) , G. KI RCHHOFF 1) , W. KI TTEL 2 ) , A. KLI MENTOV 21 ) , P. F. KLOK 2) .

M. KOLLEK 1 ) , M. KOLLER 31 ) , A. C. K®NI G 2) , O. KORNART ' ) , V. KOUTSENKO 21) , R. W. KRAEMER 24) ,

V. R. KRASTEV 30 ) , A. KRATEL 23) , W. KRENZ 1 ) , A. KUHN 31) , A. KUNI N21) , S. KWAN s) , J . LACOTTE 4) , M. LaMARRAI 6 ) ,

G. LANDI 12) , W. LANGE 32 ) , K. LANI US 32 ) , D. LANSKE 1 ) , S. LANZANO14. 22 ) , J . M. LE GOFF 8 . 14) , J . C. LE MAREC4 ) ,

D. LEA25 ) , M. LEBEAU 4) , P. LEBRUN 19 ) , P. LECOMTE 33) , J . LECOQ4) , P. LECOQ14 ) , P. LE COULTRE 33 ) , 1 . LEEDOM8 ) ,
A

	

ni ~t a 16) F i F1- 1~esNN 1) i _ i F1çTAM14 ) ; R= LFI STE 32) . E. LEJEL' NE 18 ) , B. LEONI 31 ) , J . LETTRY 33 ) , X. LEYTENS 2 ) ,! " 1 . L 1LVLa,
C. LI 17 ) ,

	

H. T . LI 6) ,

	

L. LI 33 ) ,

	

P. J . LI 29 ) ,

	

X. G. LI 6 ) ,

	

J . Y. LI AO 29) .

	

Z. Y . LI N " ) ,

	

F. L. LI NDE 241,

	

D. LI NNH®FER 1° ) ,

E. LOFTI N 11 ) ,

	

W. LOHMANN 32 ) ,

	

S. LÖK®S 28) ,

	

E. LONGO26) ,

	

Y. S . L. L' 6) ,	 J . M. LUBBERS 2 ) ,

	

K. LI . JBELSMEYER1 ) ,

C. LUCI 26) , D. LUCKEY 11 . 15 . d) , X. LUE 33 ) , L . LUMI NARI 26) , G. LUNADEI 26) , F. LORKEN " , H. MA23) , W. G. MA 17) ,

M. MacDERMOTT 33) , N. MADJAR19 ) , R. MAGAHI Z 28) , M. MAI RE 4 ) , P. K . MALHOTRA " ) , A. MALI NI N 21) , C. MANA14zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 2o)

F. MANNA 22 ) , G. MANTO 22 ) , Y. F. MAO 6) , M. MAOLI NBAY 33 ) , P. MARCHESI NI " ) , A. MARCHI ONNI 12) , ,

M. MARKWALDER33) , P. MARSDEN " ' ) , J . P . MARTI N 14, 19 ) , L. MARTI NEZ 20 ) , H. U. MARTYN 1 ) , F. MARZANO26)

V. MARZULLO22 ) , F. MASCI OCCHI 16) , G. G. G. MASSARO2 ) , L . MASSONNET 4) , T. MATSUDA" - ' ) , G. MAURELLI 19 ) ,

K. MAZUMDAR7 ) , P. McBRI DE 10 ) , G. MEDI CI 26) , H. MEI ER 33) . Th . MEI NHOLZ 1 ) , M. MERK 2 ) , R. MERMOD 16)

L . MEROLA 22 ) , M. MESCHI NI 12 ) , W. J. METZGER 2 ) , M. MI LKE 1 ) , U. MI LKE ' ) , G. B. MI LLS 3) , J . MNI CH ' ) ,

0168- 9002/ 90/ $03 . 50 û El sevi er Sci ence Publ i sher s B. V .
( Nor t h- Hol l and)

35



36 B. Adeva et al . / The const r uct i on of t he L3 exper i ment

M. MOELLER' ) , A. MOLI NERO 2° ) , L. MONTANFT ' 4) , B. MONTELEONI ' 2) , R. MONTI NO ' ) , G. MORAND ' 6) ,

R. MORAND4) , S. MORGANTI 26 ) , V. MORGUNOV 2' ) , R. MOUNT 23) , M. MOYNOT 4) , P. MUGNI ER4 ) , W. NÄGELI 3' ) ,

E. NAGY 9, ' 4) , M. NAPOLI TANO 22) , S. NEBOUX 4 ) , H. NEWMAN 23) , Ch. NEVER' ) , K. NGUYEN' ) , L. NI ESSEN' ) ,
A. NI KI TI N 2' ) , W. D. NOWAK 32) , M. OKLE 33) , P. OLMOS 2( ) , J. ONVLEE 2 ) , D. OSBORNE" ) , J . OSSMANN ' 6) ,

D. PANDOULAS' ) , H. PAPROTNY' ) , A. PARMENTOLA 22) , G. PASSEGGI O22) , G. PATERNOSTER22) , S. PATRI CELLI 22) ,

Y. J. PEI ' ) , Y. PENG 2) , Y. PENG 32 ) , D. PERRET- GALLI X 4) , J . PERRI ER' 6 ) , E. PERRI N' 6 ) , G. PERROT 4) , P. PETI TPAS 4) ,

P. PETSCHNER' ) , A. PEVSNER5 ) , J . PI ER- AMORY " ) , M. PI ERI ' 2 ) , V. PI ERI ' 2) , G. PI ERSCHEL' ) , P. A. PI ROUÉ 25) ,

V. PLYASKI N 2' ) , M. POHL 33 ) , V. POJI DAEV 2' ) , C. L . A. POLS 2) , T. PONOMAREFF' ) , J. POTYKA' ) , N. PRODUI T' 6) ,
P. PROKOFI EV' 3) , F. PRUJA4 ) , G. PÜTZ' ) , J . M. QI AN 11 ) , R. RAGHAVAN 7) , P. RAZI S 33 ) , K. READ25) , P. REDDI CK" ) ,
K. REI SSMANN' ) , D. REN 33) , S. REUCROFT 8) , D. REY 4) , M. REYNAUD" », X. RI CADONNA4) , J- P. RI CHEUX' 6) ,
C. RI PPI CH 24) , U. RI NSCHE ' ) , R. ROCCO 22) , S. RODRI GUEZ 2° ) , B. P. ROE 3) , M. RÖHNER' ) , S. RÖHNER' ) ,
Th. ROMBACH' ) , L. ROMERO 2° ) , J. ROSE' ) , U. RÖSER32) , S. ROSI ER- LEES4, ' 4) , J. A. RUBI O' 4.2° ) , W. RUCKSTUHL' 6 ) ,
H. RYKACZEWSKI " , ' 5) , P. SAHUC' 9) , J. SALI CI O 2° ) , S. SARAN ' ) , G. SAUVAGE 4) , A. SAVI N 2' ) , T. SCHAAD' 6 ) ,
B. SCHAFHEI TLE 33) , V. SCHEGELSKY' 3) , A. SCHETKOVSKY' 3 ) , F. SCHI LD 3' ) , R. SCHI LLSOTT " ) , P. SCHMI TT 10) ,

D. SCHMI TZ ' ) , P. SCHMI TZ ' ) , M. SCHNEEGANS 4) , M. SCHNEI DER3' ) , E. SCHNEEVOGT ' ) , M. SCHÖNTAG ' ) ,
D. J. SCHOTANUS 2 ) , H. SCHUI JLENBURG 33) , R. SCHULTE ' ) , A. SCHULTZ VON DRATZI G ' ) , K. SCHULTZE) ,
J. SCHWENKE' ) , G. SCHWERI NG' ) , C. SCI ACCA22) , P. G. SEI LER 33) , J. C. SENS 2 ) , I . SHEER27) , V. SHEVCHENKO2' ) ,

S. SHEVCHENKO 2' ) , X. R. SHI 24) , K. SHMAKOV 2' ) , V. SHOUTKO 2' ) , E. SHUMI LOV 2' ) , R. SI EDLI NG ' ) ,
N. SMI RNOV ' 3) , V. SOUVOROV i 3) , C. SOUYRI 4) , I . SPANGLER 5 ) , T. SPI CKERMANN ' ) , B. SPI ESS 3' ) ,

P. SPI LLANTI NI ' 2) , R. STAROSTA' ) , M. STEUER " . 15. d) , D. P . STI CKLAND 25) , B. STÖHR 33) , H. STONE ' 6) ,

K. STRAUCH' ( », K. SUDHAKAR7) . R. L. SUMNER25 ) , H. SUTER33) , R. B. SUTTON 24) , H. SZCZESNY' ) , J . TANG" , ' 5) ,

X. W. TANG 6) , E. TARKOVSKY 2' ) , A. TAVENRATH' ) , V. TCHUDAKOV 2' ) , J . M. THENARD 4) , E. THOMAS 15 ) .
T. THON 32) , H. THUERI G33) , M. THULEN 8 ) , C. TI MMERMANS 2) , Samuel C. C. TI NG " ) , S. M. TI NG " ) , F. TONI SCH 32) ,

Y. P. TONG 34) , M. TONUTTI ' ) , S. C. TONWAR 7 ) , J . TÔTH 9) , W. TOTH " . b) , G. TROWI TZSCH 32 ) , K. L . TUNG 6)

J . ULBRI CHT 3' ) , L . URBÀN 9) , E. VALENTE 26 ) , R. T. VAN DE WALLE 2) , H. VAN DER GRAAF2) , V. VANZANELLA 22) ,,

M. VERGAI N " ) , 1 . VETLI TSKY 2' ) , H. VEY 4) , G. VI ERTEL 33) , M. VI VARGENT 4 ) , H. VOGEL 24) , S. VOLKOV ' 3) ,

M. VOLLMAR' ) , H. P. VON GUNTEN 33) , I . VOROBI EV 2' ) , A. VOROBYOV' 3) , L . VUI LLEUMI ER' g ) , S. WALDMEI ER33) ,

W. WALK ' 4) , W. WALLRAFF 1 ) , C. Y. WANG ' 7) , G. H. WANG 24) , J . H. WANG 6) . Q. F . WANG ' ° ) , X. L. WANG ' 7) ,
Y. F. WANG' 2) , Z. M. WANG' ) , Z. M. WANG17) , D. WASSENBERG' ) , D. WEGMANN 33) , R. WEI LL' 8 ) , T. J . WENAUS" ) ,
P. WENGER 3' ) , J . WENNI NGER ' 6) , M. WHI TE " ) , R. WI LHELM 2 ) , C. WI LLMOTT 2° ) , H. P . WI RTH ' ) ,
F. WI TTGENSTEI N ' 4) , R. J. WU 6) , S. X. WU" . ' 5) , Y. G. WU 6) , B. WYSLOUCH " . ' 4) , F. Y. XI 6 . " ) , Z. Z . XU 17) , Z. L. XUE 29) ,

D. S . YAN 29) , K. D. YANEV 3 ° ) , B. Z . YANG " ) , C. G. YANG 6 ) , K. S. YANG) , Q. Y. YANG 6 ) , Z. Q. YANG 29) , C. H. YE " . s) ,
S. C. YEH 34 ) . Z. W. YI N 29) , C. ZABOUNI DI S 8) , L. ZEHNDER 33) , Y. ZENG ' ) , D. H. ZHANG 2) , S. Y. ZHANG 6 ) ,
Z. P. ZHANG" . " ) , B. ZHOU " ) , J . F. ZHOU' ) , Z. P . ZHOU " ) , R. Y. ZHU 23 ) , A. ZI CHI CHI ' 4A5 ) , M. ZOFKA' 6 ) and J . ZOLL 14)

) ) 1 . Physi kal i sches I nst i t ut , RWTH, Aachen, FRG * ;
3 . Phvsi kal i sches I nst i t ut , RWTH, Aachen, FRG

2) Nat i onal I nst i t ut e f or Hi gh Ener gy Physi cs, NI KHEF, Amst er dam, The Net her l ands
NI KHEF- H and Uni ver si t y of Ni j megen, Ni j megen, The Net her l ands

. t )
Uni ver si t y of Mi chi gan, Ann Ar bor , USA

4,
Labor at oi r e de Physi que des Par t i cul es, LAPP, Anneçy, Fr ance

s)
Johns Hopki ns Uni ver si t y, Bol t i mor e, USA

h)
I nst i t ut e of Hi gh Ener gy Physi cs, I HEP, Bei j i ng, P. R. Chi na

7)
Tat a I nst i t ut e of Fundament al Resear ch, Bombay, I ndi a

N)
Nor t heast er n Uni ver si t y, Bost on, USA

9)
Cent r al Resear ch I nst i t ut e f or Physi cs of t he Hungar i an Academy of Sci ences, Budapest , Hungar yt o)
Har var d Uni ver si t y, Cambr i dge, USA

) ) ) Massachuset t s I nst i t ut e of Technol ogy, Cambr i dge, USA
) ` ) I NFN Sezi one di Fi r enze and Uni ver si t y of Fi r enze, I t al y
) ; ) Leni ngr ad Nucl ear Physi cs I nst i t ut e, Gat chi na, USSR
14) Eur opean Labor at or y f or Par t i cl e Physi cs, CERN, Geneva, Swi t zer l and
)

s)
Wor l d Labor at or y, FBLJA Pr oj ect , Geneva, Swi t zer l and

) 6) Uni ver si t y of Geneva, Geneva, Swi t zer l and
) N) Chi nese Uni ver si t y of Sci ence and Technol ogy, USTC Hef ei , P. R. Chi na) Ǹ
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The L3 exper i ment i s one of t he si x l ar ge det ect or s desi gned f or t he new gener at i on of el ect r on- posi t r on accel er at or s . I t i s t he
onl y det ect or t hat concent r at es i t s ef f or t s on l i mi t ed goal s of measur i ng el ect r ons, muons and phot ons. By not at t empt i ng t o i dent i f y
hadr ons, L3 has been abl e t o pr ovi de an or der of magni t ude bet t er r esol ut i on f or el ect r ons, muons and phot ons . Ver t i ces and hadr on
j et s ar e al so st udi ed. The const r uct i on of L3 has i nvol ved much st at e of t he ar t t echnol ogy i n newpr i nci pl es of ver t ex det ect i on and
i n new cr yst al s f or l ar ge scal e el ect r omagnet i c shower det ect i on and ul t r apr eci se muon det ect i on. Thi s paper pr esent s a summar y of
t he const r uct i on of L3.

l . I nt r oduct i on

The L3 exper i ment i s desi gned t o st udy e+e- col l i -

si ons i n t he 100- GeV r ange wi t h emphasi s on hi gh

r esol ut i on ener gy measur ement s of el ect r ons, phot ons

and muons . I t i s an ef f or t i nvol vi ng a wor l dwi de col -

l abor at i on of 460 physi ci st s bel ongi ng t o 34 i nst i t ut i ons

f r om 13 count r i es. The pr epar at i on of t he exper i ment

t ook ei ght year s f r om i t s concept i on t o t he begi nni ng of

dat a t aki ng i n summer 1989. The t ot al cost was 200

MSf and 1100 t echni cal man year s . The det ect or s ar e

i nst al l ed wi t hi n a 7800- t magnet pr ovi di ng a 0. 5- T f i el d .

We choose a r el at i vel y l ow f i el d i n a l ar ge vol ume t o

opt i mi ze muon moment um r esol ut i on, whi ch i mpr oves

l i near l y wi t h t he f i el d but quadr at i cal l y wi t h t he t r ack

l engt h . Fr omt he i nt er act i on poi nt out war ds, t he f ol l ow-

i ng det ect or s ar e i nst al l ed ( f i g. 1) :

- A cent r al det ect or , t r acki ng char ged par t i cl es wi t h a

50- [ . m aver age si ngl e wi r e accur acy i n t he bendi ng

pl ane and wi t h 450- Rm doubl e t r ack r esol ut i on. I n

t he nonbondi ng pl ane, t he Z coor di nat es ar e mea-

a)

h)

d)

e)

n

s)

t

Met ar eg.
For mer l y C. S . Dr aper Labor at or y.
Al so LAA.
Al so Bol ogna .
Al so F Bi t t er Nat i onal Magnet Labor at or y .

Al so KEK.
Al so Nanj i ng .
Deceased .
Suppor t ed by t he Ger man Bundesmi ni st er i um f ür For -

schung and Technol ogi e.
Par t l y suppor t ed by t he gr ant CCA- 8411/ 129 f r om t he

" US- Spai n j oi nt commi t t ee, Sci ence and Technol ogy pr o-

gr am" .
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sur ed by f our l ayer s of addi t i onal wi r e chamber s
pr ovi di ng 300- p. m si ngl e t r ack r esol ut i on and 7- mm

doubl e t r ack r esol ut i on .

- An el ect r omagnet i c cal or i met er usi ng a new t ype of
cr yst al s ( BGO) , t o measur e ener gi es of phot ons and

el ect r ons wi t h an accur acy of 5%O at 100 MeV and

bet t er t han 1 %above 2 GeV.

- A hadr on cal or i met er , measur i ng hadr on ener gi es

wi t h ( 55/ ~T + 5) %r esol ut i on and ®e = 2. 5 ° , 3O=

3. 5' f or j et s, whi ch al so pr ovi des a cl ean muon
sampl e by absor bi ng hadr ons cl ose t o t he e + e - i nt er -

act i on poi nt , t hus mi ni mi zi ng i n- f l i ght pi on decays,

and by t r acki ng muons t hr ough t he ur ani um ab-

sor ber . The f or war d- backwar d par t of t he hadr on

cal or i met er i s speci al l y desi gned f or qui ck assembl y

and r emoval t o pr ovi de access t o t he r est of t he

det ect or s .
- A muon det ect or , compr i sed of l ar ge dr i f t chamber s

abl e t o measur e t he sagi t t a of muon t r acks t o pr ovi de

®pl p < 1. 5%at p = 50 GeV.

The det ect or s ar e compl ement ed by a l umi nosi t y
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ACCESS SHAFT

Fi g. 1 . Per spect i ve vi ew of t he L3 exper i ment .

moni t or , t r i gger i ng and dat a t aki ng el ect r oni cs, a cl ust er

of onl i ne comput er s and a mai nf r ame comput er f or

of f l i ne anal ysi s . Et her net and packet - swi t chi ng net -

wor ks ar e used f or l ocal and l ong- di st ance communi ca-

t i ons .

2. Gener al descr i pt i on of t he L3 exper i ment

2. 1 . Det ect or

The L3 exper i ment [ 1] i s i nst al l ed at i nt er act i on

poi nt 2 of t he LEP e +e - st or age r i ng. A 7800- t oct ago-

nal l y shaped sol enoi d houses al l t he det ect or s . The pol es

of t he magnet ar e spl i t i nt o door s t o gi ve access t o t he

f i el d vol ume . The maxi mum f i el d i s 0. 5 T and t he

ef f ect i ve f i el d vol ume i s 11 . 4 m acr oss t he f l at s of t he

oct agonal al umi num coi l and 11 . 9 m l ong. A wat er -

cool ed scr een separ at es t he coi l f r om t he det ect or

vol ume . The magnet r est s on a concr et e cr adl e i n-

t egr at ed i nt o t he hal l f oundat i on ( f i g. 2) .

The det ect or s ar e suppor t ed by a 32- m l ong and

4. 45- mdi amet er st eel t ube whi ch r est s at bot h ext r emi -

t i es on adj ust abl e j acks pl aced on concr et e pi l l ar s ( f i g.

3) . The t ube i s concent r i c wi t h t he LEP beam l i ne and

symmet r i c wi t h r espect t o t he i nt er act i on poi nt ; i t i s

mechani cal l y coupl ed t o t he el ement s of t he l ow- ß

i nser t i on, al l owi ng al i gnment of al l L3 det ect or s r el at i ve

t o t he LEP beam.

The muon spect r omet er f or ms t hr ee concent r i c

chamber l ayer s ar ound t he beam. I t consi st s of t wo

f er r i s wheel s . , each wei ght i ng 86 t . Each of t he f er r i s

wheel s has ei ght oct ant s and each oct ant has f i ve cham-

ber s . The muon spect r omet er cover s 76% of t he sol i d

angl e.

The cent r al sect i on of t he suppor t t ube houses t he

i nner det ect or s, ar r anged as " bar r el " el ement s ar ound

15930 mm

Fi g. 2 . Tr ansver se vi ew of L3 .



2. 2 . Exper i ment al ar ea

Tabl e 1
L3 Det ect or gas syst ems

B. Adeva et al . / The const r uct i on of t he L3 exper i ment

14 180 mm
8235

t he beam pi pe and as " end cap" el ement s i n t he f or -

war d and backwar d di r ect i ons . The bar r el el ement s

consi st of Muon Fi l t er , Hadr on Cal or i met er Bar r el ,

Bar r el Sci nt i l l at or s, BGO El ect r omagnet i c Cal or i met er ,

Ver t ex Chamber and t he beam pi pe. The Lumi nosi t y

Moni t or s ar e si t uat ed i mmedi at el y ; n f r ont of t he l ow- f 3

magnet s .

The 21 . 4- m di amet er , 26 . 5- m l ong exper i ment al hal l

i s or i ent ed l ongi t udi nal l y wi t h r espect t o t he LEP beam

l i ne, whi ch ent er s t he hal l wi t h a sl ope of 1. 39` x . The

hal l i s equi pped wi t h a 40- t over head cr ane, an 11- t

i Ç. pennmem s o, , a sl ope of 1 . 39' f .

Fi g. 3 . Longi t udi nal vi ew of L3 .

monor ai l f i xed t o t he cei l i ng and a 10- t j i b ar mmount ed

on t he back caver n wal l . Ther e i s al so a 14- t gant r y

cr ane i nsi de t he suppor t t ube .

The 23- m di amet er and 52- m deep access shaf t con-

nect ed t o one end of t he exper i ment al hal l ser ves as

access f or exper i ment al equi pment and per sonnel , f or

hal l ser vi ces ( wat er , cabl es . gas, vent i l at i on) and pr o-

vi des i n i t s upper hal f space f or f our count i ng r ooms

wi t h a t ot al ar ea of 325 m2 di r ect l y above t he LEPbeam

l i ne and pr ot ect ed f r om r adi at i on by a 1. 7- m t hi ck

shi el di ng of concr et e beams . A " bl ockhouse" at t he

bot t om of t he access shaf t pr ovi des shi el ded space f or

el ect r oni cs near t he det ect or s ( f i g. 1) .

The det ect or el ect r oni cs i s power ed vi a a dedi cat ed
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Det ect or Mi xt ur e Det ect or
vol ume

[ m
3

]

Oper at i ng,
pr essur e
[ bar gauge]

Fr esh gas
f l ow
[ m3/ hl

Reci r cul a-
t i on f l ow
[ m3/ hl

Number
of
par al l el
ci r cui t s

Speci al
r equi r ement s
[ Rel at i ve
st abi l i t y]

Ti me expansi on chamber C02 +20%i - but ane 0. 75
__

1 di scont i n- 0. 2 1 02 < 1 ppm

uous A dr i f t v . < ±0 . 1

Cent r al Z chamber s AR+ 20%CO, 0. 05 0. 005 0. 02 0 2 x 2

Muon f i l t er AR+20%C0 2 3 0. 005 0. 24 0 16 x 10

LM f or war d chamber s AR+200 C0 2 < 0. 01 0. 005 < 0. 02 0 2 x 2

Hadr on cal or i met er end caps AR+ 200 C02 1 0. 01- 0 . 05 0. 06 0 4 x 7 Adensi t y

Hadr on cal or i met er bar r el AR+ 20%C02 16 0. 01- 0 . 05 0. 8 0 16x 9x6 < t 0 . 05%

Muon p chamber s AR+38. 5%et hane 250 0. 001 2. 5 50 16x 5 A mi x . < ±0 . 1%

Muon Zchamber s AR+8 . 5%met hane 50 0. 001 0. 5 10 16x 3



2- MVA t r ansf or mer and cool ed by wat er / ai r heat ex-

changer s mount ed i nsi de t he r acks. I n addi t i on, each

count i ng r oom i s equi pped wi t h t wo 25- kW ai r condi -

t i oner s . The vent i l at i on syst em of t he exper i ment al ar ea

has a nor mal capaci t y of 40000 m3/ h, st abi l i zi ng t he

t emper at ur e t o t 1 ° C wi t h a dew poi nt at 12 ° C. I n an

emer gency, t he capaci t y of t he vent i l at i on syst emcan be

doubl ed.
A 1780- m2 sur f ace hal l equi pped wi t h a 65- t over -

head cr ane and a 16- mwi de, 8- mhi gh door cover s t he

ver t i cal access shaf t . I t i s used as a t est and assembl y

hal l f or al l equi pment t o be l ower ed i nt o t he exper i men-

t al ar ea. I t al so houses t he magnet power suppl y, t he
el ect r i ci t y and wat er di st r i but i on and t he vent i l at i on f or

t he exper i ment al i nst al l at i ons . To per mi t on- si t e assem-
bl y of l ar ge and heavy par t s of t he exper i ment , a
1420- m2 assembl y hal l was bui l t near t he ver t i cal access
shaf t . I t i s equi pped wi t h a 65- t t r avel i ng gant r y cr ane .

2 . 3. Gas syst ems

Speci al gas syst ems have been bui l t f or t he di f f er ent
wi r e det ect or s used i n L3 ( t abl e 1) . Reci r cul at i on i s used
wher e possi bl e t o keep gas cost l ow, f or bet t er cont r ol
of i mpur i t i es and f or l eak det ect i on by bal anci ng over al l
i nput and out put . A ver y good l ong- t er m st abi l i t y of t he
mi xt ur e r at i o i s achi eved by ' Ki ng i nf r a- r ed anal yzer s
wi t h r egul ar r ecal i br at i on agai nst a r ef er ence mi xt ur e.

2. 4. Gener al saf et y and gas saf et y

The desi gn, const r uct i on and i nst al l at i on of L3 f ol -
l owed t he E; mer al CERN saf °. t y r ul es . I n addi t i on, spe-
ci al r est r i ct i ons ar e appl i cabl e t o under gr ound exper i -
ment al hal l s wi t h l i mi t ed access ( i n par t i cul ar mi ni mi za-
t i on of f l ammabl e mat er i al and of hal ogenat ed pl ast i cs) .
At an ear l y desi gn st age, t he L3 col l abor at i on made
var i ous st udi es t o l i mi t t he use of f l ammabl e hydr o-
car bons i n i t s det ect or s . A consi der abl e r educt i on of f i r e
r i sk was obt ai ned by r epl aci ng, f or t he ur ani um
cal or i met er , t he i ni t i al l y pl anned mi xt ur es wi t h hi gh
concent r at i ons of n- pent ane by t he i ner t ar gon/ C02
mi xt ur e . However , t o achi eve t he r equi r ed per f or mance
i n t he pr eci si on muon chamber s, t he et hane concent r a-
t i on coul d not be r educed bel ow 38 . 5%, r esul t i ng i n t he
use of sl i ght l y mor e t han 100 kg of hydr ocar bons i n L3 .
Thi s choi ce was accept ed by CERN Saf et y i n vi ew of a
whol e package of compl ement ar y saf et y f eat ur es, such
as al l - met al det ect or wal l s, doubl e gasket s, f usi ng of
el ect r i c power , sensi t i ve l eak det ect i on, r eci r cul at i ng gas
syst ems wi t h sensi t i ve oxygen al ar ms and a dedi cat ed
vent i l at i on syst em f or t he det ect or vol umes . The l at t er i s
combi ned wi t h a syst em of smoke det ect i on and a
f aci l i t y f or i nj ect i ng suf f i ci ent quant i t i es of i ner t gas t o
st op any f i r e i nsi de t he det ect or .
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3. The magnet

3. 1 . Gener al descr i pt i on of t he magnet

Al l t he L3 det ect or s ar e mount ed i nsi de t he huge
sol enoi d coi l whi ch i s sur r ounded by an i r on yoke and
cl osed at i t s ends by t wo pol es equi pped wi t h hi nged
door s. The mai n par amet er s of t he magnet ar e l i st ed i n
t abl e 2 .

3. 2. The coi l

The coi l i s made of i ndust r i al pl at es wel ded t oget her
on t he CERN si t e. The sel ect ed mat er i al , " Ant i cor odal
041" , wi t h heat t r eat ment " 71" , has 6% l ess conduct i v-
i t y t han pur e al umi num but bet t er mechani cal and
wel di ng pr oper t i es. Cool i ng i s pr ovi ded by t wo i ndepen-
dent ci r cui t s made of " Ext r udal 050" , an al umi num
al l oy wi t h hi gh r esi st ance t o cor r osi on, wel ded ont o t he
i nner and out er edges of t he coi l ( f i g . 4) . The i nt er t ur n
i nsul at i on i s made of 10- mm f i ber gl ass pl at es cover ed
wi t h 0. 2- mm of Myl ar . The 30- kA cur r ent i s a com-
pr omi se bet ween t he pr oduct i on capabi l i t i es of t he
al umi num suppl i er ( di mensi ons, pl at es t hi ckness,
f l at ness t ol er ances) , t he i nvest ment i n handl i ng t ool s
and manpower t o manuf act ur e t he coi l as wel l as t he
di f f i cul t i es i nher ent t o t he t r anspor t of hi gh cur r ent s .
The 168 t ur ns coi l i s di vi ded i n 28 packages whi ch ar e
bol t ed t oget her . The mechani cal r i gi di t y of each package
i s i nsur ed by axi al bol t s . Al l bol t s ar e t r i pl e i nsul at ed .
The gaps bet ween t ur ns ar e cl osed wi t h r ubber j oi nt s t o
mi ni mi ze heat t r ansf er t o t he det ect or . The packages
r est on i nsul at ed br onze skat es whi ch f ol l ow t he t her mal
expansi on by movi ng on t wo r ai l s embedded i n t he
l ower par t of t he magnet yoke. The coi l i s f ast ened t o
one pol e, wher eas at t he ot her pol e, el ect r i cal l y i n-
sul at ed ai r spr i ngs per mi t coi l mot i on ar i si ng f r om
t her mal expansi on . An act i ve t her mal shi el d pl aced on
t he i nsi de of t he coi l pr ot ect s t he det ect or s .

Tabl e 2
Mai n par amet er s of t he magnet

I nsi de r adi us of t he coi l
Wi dt h of t he conduct or
VYf . JDW14t 2D4J VD CaDDr ~VDi V.

Tot al l engt h of t he coi l
El ect r i cal power at t he t aps
Cent : al f i el d
St or ed magnet i c ener gy
Rat ed cur r ent
Cur r ent densi t y i n t he conduct or
Cool i ng wat er
Coi l wei ght ( al umi num)
Shi el di ng wei ght ( sof t i r on)

5930 mm
890 mm
9w ai ui a

11900 mm
4 . 2 MW
0 . 5 T
150 mi
30 kA
55 . 5 A/ cm̀
150 m3/ h
1100 t
6700 t



Fi g. 4. Edge- cool ed pl at e f or t he magnet coi l .

The manuf act ur i ng pr ocedur e of t he coi l has been

det er mi ned by t he di mensi ons of t he det ect or . The

sect or s wer e wel ded usi ng el ect r on beam t echnol ogy. A

set of speci al t ool s cent er ed on a wel di ng gun of 45 kW

at 50 kV ( f i g. 5) was devel oped t o suppor t t he quasi - i n-

dust r i al pr oduct i on . I n a f i r st st ep, f our sect or s wer e

wel ded t oget her , f or mi ng hal f - t ur ns of 3 . 2 t ( f i gs . 6 and

7) . Af t er compl et i on of t hi s wor k, t he equi pment was

moved f r omt he CERN SPS si t e t o t he exper i ment al si t e

wher e, by wel di ng 12 hal f - t ur ns t oget her , t he uni t wei ght
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Fi g . 5 . The 45- kWel ect r on beam wel di ng gun .
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Fi g. 6 . Fi r st coi l wor kshop, assembl i ng pl at es i nt o hal f - t ur ns .

was br ought t o 38 t ( f i gs. 8- 10) . Each 6- t ur n package

has f our cool i ng ci r cui t s ; t hi s desi gn i s a compr omi se

bet ween t he i deal case of havi ng t wo ci r cui t s per t ur n

but an enor mous amount of pi pi ng or t wo ci r cui t s per

package but wat er pr essur e pr obl ems . The cool i ng ci r -

cui t s i ncl ude mor e t han 6000 wel ded j oi nt s. Numer ous

checks concer ni ng di mensi ons, t her mal , mechani cal ,

el ect r i cal , pr essur e and cor r osi on behavi or have been

conduct ed dur i ng t he manuf act ur i ng per i od.
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Fi g. 8 . Second coi l wor kshop, assembl i ng hal f - t ur ns i nt o 6- t ur n
packages .

3 . 3 . The magnet ; ç st r uct ur e

The magnet i c st r uct ur e i s made of sof t i r on wi t h
0. 50 car bon cont ent . The pol es ar e made of 1100 t of
sel f - suppor t i ng st eel st r uct ur e ( f i g. 11) gi vi ng t he r e-
qui r ed r i gi di t y and ser vi ng as a suppor t and r ef er ence
f r ame t o mount t he 5600 t of f i l l i ng mat er i al , whi ch
pr ovi des t he mass needed f or t he magnet i c f l ux r et ur n
bot h i n t he pol es and i n t he bar r el . The f i l l i ng mat er i al
suppl i ed by t he USSR i s made of 50- mm and 40- mm

B. Adeva et al . / The const r uct i on of t he L3 exper i ment

Fi g . 7. St acks of hal f - t ur ns.

Fi g. 9 . Li f t i ng t he f i r st 6- t ur n package .

t hi ck sof t i r on pl at es cut t o shape and t ack- wel ded t o
f or mi ndi vi dual masses of about 40 t f or t he bar r el ( f i g .
12) and 15 t f or t he pol es .

A pol e consi st s of t wo par t s, t he cr own and t he
doubl e door s ( f i g. 13) . Al l t he par t s ar e made of open
f r ames bol t ed t oget her and posi t i oned wi t h expansi on
keys. The cr own f or ms a compl et e r i ng and each door a
hal f - r i ng. The f r ame el ement s of t he door s ar e wel ded
t oget her i n si t u . Two r ai l s on each si de of t he open
f r ames ar e used t o gui de t he st acks of f i l l i ng mat er i al .



Fi g . 10. St acks of f i ni shed 6- t ur n packages,

3. 4. The bus bar s and power suppl y

B. Adeva et aL / The const r uct i on of t he L3 exper i ment

Each f i l l ed hal f door wei ght s 340 t , r est s on gr ease

skat es posi t i oned under t he cent er of gr avi t y and r ot at es

ar ound l ar ge hi nges ( f i g. 14) . The hi nges can be mecha-

ni cal l y di sconnect ed f r om t he door s t o pr event over -

st r essi ng due t o t he magnet i c pr essur e on t he pol es .

The power suppl y i s i nst al l ed i n t he sur f ace hal l and

connect ed t o t he magnet t hr ough t he shaf t wi t h a set of

Fi g . 12 . Fi l l i ng mat er i al .

43

Fi g. 11 . A st eel skel et on f or a door .

82- m l ong wat er - cool ed bus bar s made of 30 t of

al umi num t ubes . To r educe t he f r i nge f i el d and t he

r adi at ed el ect r i cal noi se, bot h pol ar i t i es of t he bus bar s

ar e i nt er l eaved . The power suppl y i s a t hyr i st or con-

ver t er del i ver i ng a maxi mumcur r ent of 31 . 5 kA at 150

V. I t consi st s of t wo t r ansf or mer s f ol l owed by si x banks

of wat er - cool ed t hyr i st or s equi pped wi t h passi ve f i l t er s

and f - - - wheel di odes . Dur i ng t he magnet t est s, t he

cur r ent was st abi l i zed wi t hi n ±0 . 5% of t he r at ed val ue .

Pr eci si on and r epr oduci bi l i t y wi l l be i mpr oved by t he



Fi g. 13 . One of t he magnet pol es ( door and cr own) dur i ng t r i al

assembl y .

addi t i on of an NMRpr obe . The magnet coi l i s gr ounded

i n t he mi ddl e t hr ough a r esi st ance of 1 St .

3 . 5 . The magnet moni t or i ng syst em

The magnet syst em i ncl udes 159 cool i ng ci r cui t s and

29 i nt er i or el ect r i cal connect i ons, al l moni t or ed by em-

bedded det ect or s . I n addi t i on, pot ent i al and f i el d moni -

t or i ng devi ces, wat er f l ow met er s and cont r ol val ves ar e

checked ( about 2000 det ect or si gnal s i n t ot al ) . The
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Fi g . 14 . Vi ew of a magnet door hi nge .

magnet moni t or ' ng syst em pl aced on t he pl ug of t he

ver t i cal shaf t f eeds gener al i nf or mat i on concer ni ng t he

magnet behavi or i nt o t he L3 sl ow cont r ol syst em.

3. 6 . Fi el d measur ement

Because of t he l ar ge vol ume, whi ch i s f ur t her mor e

par t i al l y obst r uct ed by t he suppor t t ube, t he f i el d mea-

sur ement has been di vi ded i nt o t wo par t s : The i nner

vol ume of t he suppor t t ube was mapped wi t h Hal l

pl at es [ 2] . The r emai ni ng vol ume has been mapped wi t h

about a t housand magnet or esi st or s, per manent l y i n-

st al l ed on t he muon chamber s . I n addi t i on, f i ve NMR

pr obes moni t or t he absol ut e val ue of t he f i el d .

For t he i nt er i or of t he suppor t t ube, a mappi ng

devi ce was used whi ch had been devel oped t o map t he

f i el d of al l f our LEP exper i ment s . Two r ods, each

equi pped wi t h 60 Hal l pl at es, r ot at e ar ound t he cent r al

axi s . The r ot at i ng mechani sm i s suppor t ed by t he t wo

r ai l s on whi ch t he hadr on cal or i met er r est s, r emoved

dur i ng t he measur ement s . Bot h t he i : ~ovement i n t he

azi mut hal as wel l as i n t he axi al di r ect i on ar e under

r emot e cont r ol . The Hal l pl at es ar e or i ent ed i n t he Z

( mai n component ) , r and ( P di r ect i ons. Each compo-

nent i s measur ed t wi ce . The r el at i ve al i gnment wi t hi n a

pai r and t o ot her pai r s i s known wi t h an accur acy of 0 . 2

mr ad . Thi s al l ows one t o det er mi ne t he mi nor compo-

nent s of t he f i el d wi t h t he " sum of di f f er ences" al -

gor i t hm even i n t he pr esence of a mi sal i gnment of t he

gear [ 2] .

The vol ume occupi ed by t he muon chamber s has

been mapped wi t h magnet or esi st or s ( mai n component

onl y) . Magnet or esi st or s wer e chosen because t hey ar e

economi cal , st abl e i n t i me and ( si nce t hey ar e sensi t i ve

t o B' - ) need onl y t o be cal i br at ed f or one pol ar i t y of t he

f i el d . Thei r t emper at ur e dependence was t aken car e of

by addi ng compensat i ng r esi st or s i n par al l el . The di st r i -

but i on of t he magnet or esi st or s on t he muon chamber s

was done i n such a manner as t o have a measur ement

whenever t he val ue of t he mai n component changes by

40 G. To f aci l i t at e t hei r i nst al l at i on on t he muon cham-

ber s, up t O ECn magnet or esi st or s wer e mount ed i n a

chai n i n al ur - ; - aum housi ngs up t o 1 m l ong . These

magnet or esi st or ensembl es wer e t hen cal i br at ed i n a

smal l sol enoi d .

3. 7. The det ect or suppor t st r uct ur e

The suppor t t ube ( ST) i s a 32- m l ong, 50- mm t hi ck,
4 . 45- mout er di amet er het er ogeneous t ube ( f i g . 15) wi t h

a f l ange suppor t at each end t o t r ansmi t t he l oad t o t he

gr ound . The par t of t he ST whi ch i s i nsi de t he magnet

( 14 . 1 m) i s of nonmagnet i c st ai nl ess st eel wi t h a 4. 6- m

l ong oct agonal doubl e wal l ed cent r al sect i on ( f i g . 16) .

The r emai ni ng por t i on i s of car bon st eel . Each f l ange

r est s on t wo ser vo- cont r ol l ed mechani cal j acks t o al l ow



Fi g. 15 . The suppor t t ube, wi t h t he t wo capt i ve t or que t ubes, i n

t he assembl y hal l .

cont i nuous al i gnment of t he ST wi t h r espect t o t he LEP

beam( f i g. 17) .

The muon chamber s ar e suppor t ed by t wo t or que

t ubes ( TT) on r ai l s at t ached t o t he ext er i or of t he

suppor t t ube . Each TT, made of nonmagnet i c st ai nl ess

st eel , has a mass of 29 . 5 t and suppor t s ei ght 7- t oct ant s

of muon chamber s . A TT i s a cyl i ndr i cal shel l wi t h

oct agonal r i ng f l anges and ei ght webs ext endi ng f r om

f l ange t o f l ange on t he out si de of t he shel l ( f i g. 18) . The

Fi g . 16 . I nst al l at i on t est s of t he bar r el hadr on cal or i met er

i nsi de t he suppor t t ubes .
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Fi g . 17 . One of t he ser vo- cont r ol l ed j acks .

f l anges hol d t he oct ant end f r ames i n a st abl e conf i gur a-

t i on whi l e t he shel l r esi st s t he t or si on of one f l ange wi t h

r espect t o t he ot her . The t wo TT have been f i t t ed over

t he cyl i ndr i cal par t of t he ST, bef or e t he wel di ng of t he

l ast f l ange suppor t and ar e now capt i ve on t he ST ( f i g .

15) . The f i ni shed ST/ 717 uni t has t hus a mass of 340 t .

St r esses and def or mat i on of t he ST/ TT assembl y have

been st udi ed by t he f i ni t e el ement s met hod . I t was

f ound t hat under f ul l l oad t he t ube sags by 7 mm.

3. 8 . The magnet asser nbl v

The assembl y of t he magnet pr ogr essed i n f our

phases :

Fi g. 18 . Vi ew of a t or que t ube bef or e machi ni ng .



Fi g. 19 . The bot t om of t he hal l ser ves as a cr adl e f or t he
magnet .

a) Fi r st phase : t he l ower 3/ 8 of t he bar r el and 5/ 8 of

t he f i r st cr own wer e assembl ed and al i gned wi t h r espect

t o t he LEP beam t o f or m t he coi l cr adl e, whi ch i s t he

r ef er ence suppor t f or t he coi l ( f i gs. 19- 21) ;

b) Second phase: t he 28 coi l subassembl i es wer e

mount ed i n t hi s cr adl e, al i gned wi t h r espect t o t he LEP

beam and el ect r i cal l y connect ed i n ser i es by wel di ng .

The 5/ 8 of t he second cr own, t oget her wi t h t he t wo

ver t i cal wal l s of t he bar r el wer e t hen er ect ed and t he
pi pi ng f or t he coi l compl et ed ( f i gs . 22 and 23) ;

Fi g . 20 . 3/ 8 of t he bar r el i nst al l ed i n t he cr adl e.
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Fi g . 21 . 5/ 8 of a cr own and 3/ 8 ôf t he bar r el r eady t o r ecei ve
t he coi l .

c) Thi r d phase : t he door s, t he cr own t op ar cs and

bar r el r oof wer e mount ed ( f i g . 24) and t he door el e-

ment s wer e wel ded t oget her ;

d) Four t h phase : f i l l i ng of t he t wo pol es was com-

pl et ed ( f i gs . 25 and 26) .

Af t er t he magnet had been assembl ed and oper at ed

f or 100 h at nomi nal cur r ent , t he mount i ng of t he

ST/ TT uni t i nsi de t he magnet began. The ST/ TT uni t

was pul l ed out of t he assembl y hal l and l i f t ed ver t i cal l y

( f i g . 27) by a 1000- t cr ane hel ped by an 800- t f oot

Fi g. 22 . The begi nni ng of coi l i nst al l at i ons.



Fi g. 23 . The coi l i nst al l at i on pr ogr esses .

cr ane ; i t was t hen br ought over t he openi ng i n t he r oof

of t he bui l di ng cover i ng t he ver t i cal shaf t , l ower ed

t hr ough t he shaf t down t o t he exper i ment al r r eà ( f i g.

28) and i nser t ed i nt o t he magnet ( f i g . 29) . The same

cr ane was used t wo days l at er t o l ower t he f ul l y assem-

bl ed 261- t hadr on bar r el cal or i met er .

3. 9. Pr oper t i es of t he magnet

The coi l axi s has been al i gned t o wi t hi n 2 mmof t he

Fi g. 24. Some of t he L3 col l abor at or s i n f r ont of t he par t i al l y

assembl ed second pol e . The t op of t he coi l i s st i l l vi si bl e .
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4. Muon det ect or

4. 1 . Desi gn consi der at i ons

Fi g. 25 . The f i l l ed magnet door s.

Fi g. 26. The compl et ed magnet . Not i ce t he heat shi el d .

47

beam axi s ( f i g. 30) . The measur ed f i el d of t he magnet

( f i g . 31) agr ees wi t h t he desi gn val ue.

The L3 muon det ect or has been desi gned ( 1] t o

measur e hi gh ener gy muons t o an accur acy of ®p/ p =

2% at 50 GeV, t hus pr ovi di ng a 1 . 4% di muon mass
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Fi g . 27 . The suppor t t ube bei ng l i f t ed by a gi ant cr ane.
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r esol ut i on at 100 GeV. Thi s i s achi eved usi ng a conf i g-
ur at i on of t hr ee l ayer s of dr i f t chamber s whi ch ver y
pr eci sel y measur e t he cur vat ur e of t he muon t r aj ect or y
i n t he r egi on bet ween t he suppor t t ube and t he magnet
coi l . I n t hi s r egi on, t he 0. 5- T magnet i c f i el d makes a 50
GeV muon t r ack devi at e f r om a st r ai ght l i ne by a
sagi t t a :

s = 3 . 4 mm.

To get Am/ m= ( 1 / F) ( Apl p) =1 . 4%, we must mea-
sur e As/ s t o 2%, i . e . As= 70 j m. Ver y good mass
r esol ut i on i s r equi r ed f or t he mi ssi ng mass Hi ggs sear ch
accor di ng t o t he r eact i on :

e + e - - Z° + Hi ggs,

	

Z° - j , +~- .

Fi g . 32 shows a comput er si mul at i on of such an event i n
our det ect or .

The muon det ect or must be modul ar t o f i l l t he l ar ge
vol ume of 1000 m3 . I t consi st s of t wo f er r i s wheel s, each
havi ng ei ght i ndependent uni t s or oct ant s ( f i g . 33) . Ai r
pads on t he suppor t t ube al l ow r ot at i on dur i ng t he
i nst al l at i on phase. Rai l s ar e used t o r ol l t he assembl ed
f er r i s wheel i nsi de t he magnet . The oct ant s ar e at t ached
t o t he t or que t ube ( f i g . 34) .

Each oct ant consi st s of a speci al mechani cal st r uc-
t ur e suppor t i ng f i ve pr eci si on chamber s . Ther e ar e t wo
chamber s ( MO) i n t he out er l ayer , t wo chamber s ( MM)
i n t he mi ddl e l ayer , and one i nner ( MI ) chamber . They
measur e t r ack coor di nat es i n t he bendi ng pl ane . I n
addi t i on, t he t op and bot t omcover s of t he MI and MO

Fi g. 28 . The suppor t t ube ar r i vi ng at t he bot t om of t he acce : a shaf t .
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chamber s ar e al so dr i f t chamber s and measur e t he Z

coor di nat e al ong t he beam. Ther e ar e a t ot al of si x Z

chamber s per oct ant . Pr i me consi der at i on was gi ven t o

t he accur acy of t he sagi t t a det er mi nat i on . Our det ect or

has been desi gned t o mi ni mi ze t he cont r i but i ons f r om

t he mayor causes of er r or s i n t he sagi t t a measur ement s

whi ch ar e :

a) i nt r i nsi c r esol ut i on of t he dr i f t chamber s ;

b) mul t i pl e scat t er i ng ;

c) accur acy of al i gnment of chamber s bel ongi ng t o

di f f er ent l ayer s .

An i nt r i nsi c accur acy of 250 l i m per wi r e i s suf f i ci ent

t o r each t he desi gn r esol ut i on . Car ef ul chamber opt i mi -

zat i on st udi es have l ed t o smal l er val ues [ 3] . We aver age

Fi g. 30 . Coi l al i gnment .

Fi g . 29 . The suppor t t ube ent er i ng t he magnet .

- 2
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over sever al wi r es t o obt ai n t he f i nal t r acki ng accur acy .
Mul t i pl e sampl i ng i mpr oves t he r esol ut i on by a f act or
n over t he si ngl e wi r e r esol ut i on . MI , MM, and MG

sampl e t he muon t r ack n = 16, 24 and 16 t i mes, r espec-
t i vel y . The r esul t i ng measur ement er r or i s :

, I s =( E1 / 2+E?)

wi t h E, and E, def i ned i n f i g. 35 .

We use t hi n al umi num honeycomb wi t h an aver age

of 0. 9% of a r adi at i on l engt h per t wo l ayer s i o encl ose

t he mi ddl e chamber s . Usi ng t hi s desi gn, a mul t i pl e

scat t er i ng i nduced sagi t t a er r or of < 30 ; , mat 50 GeV

was r eached .

Regar di ng poi nt c) above, wi t h t hese smal l sagi t t a

val ues, muons mor e ener get i c t han 3 GeV wi l l be con-

5. 5 [ kGaueel

X- 0, Y- 0, 1- 30333A

Fi g. 31 . Measur ed f i el d .

3 . 5 ~
1 2 3 4 5 6

®l at ance al ong Z axl e [ m]
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Fi g. 32 . End vi ew ( a) and si de vi ew ( b) of t he L3 det ect or .
Tr acks i n t he muon chamber s ar e t hose of a comput er si mu-

l at ed event of t he t ype e +e-	 +Z° + Hi ggs wi t h Z°
and Hi ggs - - bb

-
f r agment at i on.

f i ned t o one oct ant . Ther ef or e, al i gnment i s onl y cr i t i cal

bet ween chamber s of t he same oct ant ( f i g. 36) . To

achi eve t he desi gn r esol ut i on, syst emat i c er r or s i n t he

i nt er nal oct ant al i gnment must be kept bel ow 30 Rm.

As descr i bed l at er , t hi s r equi r es compl ex opt i cal and

a)

Fi g . 33 . Schemat i c vi ew of t he assembl ed muon det ect or .
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Fi g. 34 . An oct ant modul e i s at t ached t o t he suppor t i ng t or que

t ube . Pr eci si on chamber s, Z chamber s, oct ant suppor t st and,
ampl i f i er s and cabl es, gas syst em, and t he UV l aser cal i br at i on

syst em ar e al so shown .

Fi g . 35 . Measur ement er r or s on t he sagi t t a of a muon t r aj ec-
t or y cur ved i n a magnet i c f i el d .
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Fi g . 36 . End vi ew of t he t hr ee chamber l ayer s i n one oct ant ,
wi t h a schemat i c vi ew of t he al i gnment syst em and a det ai l of

t he mi ddl e chamber .
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Fi g . 37 . Expl oded vi ew of an out er ( MO) pr eci si on chamber
and det ai l of Zchamber .

mechani cal measur ement s as wel l as UV l aser and

cosmi c r ay ver i f i cat i on . Sagi t t a er r or s l ess t han 30 Rm

have been achi eved i n al l oct ant s .
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Fi g. 38. An assembl ed chamber i s shown bef or e i t i s cl osed by

a Z l ayer .

4. 2. Pr eci si on chamber s

The moment um measur i ng, or " P" chamber s, ar e
const r uct ed of t wo cast and machi ned al umi num end
f r ames, and t wo ext r uded al umi num si de panel s . The
i nner and out er chamber s ar e cl osed on t he t op and
bot t omby Z chamber s . The mi ddl e chamber s ar e cl osed
by honeycomb panel s t o avoi d degr adat i on of t he r eso-
l ut i on due t o mul t i pl e scat t er i ng. An expl oded vi ew of
t he mechani cal st r uct ur e of one MO( MI ) chamber i s
shown i n f i g . 37, and f i g . 38 shows a phot ogr aph of an
assembl ed chamber j ust pr i or t o Z chamber mount i ng.
Ther e one can see t he 5. 6- m l ong wi r e pl anes posi t i oned
by " end br i dges" i nsi de t he gas- t i ght box of end f r ames
and si de panel s . The i nser t i n f i g. 37 depi ct s t he doubl e
pl ane conf i gur at i on of t he Z l ayer s .

Each Pchamber cont ai ns about 320 si gnal wi r es and
a t ot al of 3000 wi r es. The si gnal and f i el d shapi ng wi r es

ar e posi t i oned t o about 10 I Lm i n t he magnet i c bendi ng

di r ect i on and t o bet t er t han 40 t Lm i n t he nonbendi ng
di r ect i on by pr eci si on Pyr ex gl ass and car bon f i ber
br i dges ( f i g. 39a) . These br i dges have ver y smal l t her mal

expansi on coef f i ci ent s ( 1 . 5 ppm/ ° C) so t hat t emper a-
t ur e ef f ect s on t he wi r e posi t i ons ar e negl i gi bl e. The
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Fi g. 39 . ( a) Thr ee br i dges suppor t t he %. i ces . Thr ee st r ai ght ness

moni t or s and act uat or s ar e schemat i cal l y i ndi cat ed . Added i s a

schemat i c showi ng t he det ai l s of t he st r ai ght ness moni t or . ( b)

The accur acy of t he br i dges caa be seen f r om t hi s di st r i but i on

of er r or s i n t he equi di st ant l ocat i ons of t he Pyr ex gl ass pi eces .
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Pyr ex gl ass pi eces wer e gl ued t o car bon f i ber suppor t i ng

bar s usi ng a ver y pr eci se I nvar t empl at e. Br i dges t hus

pr oduced have a sur f ace- t o- sur f ace spaci ng of 101 . 500

mm. Al l br i dges wer e measur ed usi ng an HP l aser

i nt er f er omet er syst em wi t h an accur acy of 2 [ Lm. The

measur ed r ms absol ut e posi t i on accur acy f or al l 255

br i dges pr oduced was 5. 2 Rm( f i g . 39b) .

Ther e ar e t hr ee br i dges per chamber . One br i dge at

each end pr eci sel y posi t i ons t he wi r es ; t he br i dge i n t he

mi ddl e r educes t he sag of t he wi r es by a f act or of f our

( f i g. 39a) . The t wo end br i dges ar e posi t i oned wi t h

r espect t o ext er nal r ef er ence sur f aces . The wi r e pl anes

ar e put i nt o posi t i on i n t he chamber and adj ust ed i n

l engt h so t hat t he vi br at i onal f r equency of t he f i r st
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Fi g . 40 . ( a) El ect r i c f i el d l i nes i n a dr i f t cel l of an i nner or out er
chamber ar e shown wi t h a 0. 5- T magnet i c f i el d par al l el t o t he
wi r es . Dr i f t t i mes r ef er t o a t r ack 44- mmf r om t he si gnal wi r es .

( b) Dr i f t vel oci t y comput ed as a f unct i on of t he dr i f t f i el d .

of t he L3 exper i ment
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Fi g . 41 . ( a) Di st r i but i on of r esi dual s f or cosmi c muon t r acks
f i t t ed t o 14 of 16 wi r e measur ement s . ( b) Resol ut i on as f unc
t i on of t he dr i f t di st ance measur ed i n 0. 5 T wi t h a t est

chamber .

har moni c i s 27 . 85 ± 0. 2 Hz f or si gnal wi r es. Thi s en-

sur es equal gr avi t at i onal sags of 95 t Lm f or al l si gnal
wi r es.

Thr ee i nt er nal al i gnment syst ems ar e i nt egr at ed i nt o

t he st r uct ur e of t he br i dges ( f i g. 39a) . Thi s t hr eef ol d

al i gnment syst em ( 41 consi st s of LED, l enses and
quadr antr r , nt ~~J1aV~nf i ar i i1_ LJ

r i on
.

Y ; - h. i r V

	

7 LTI mount csA~Ll J4VLJ .
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ül tr Vl l

one end br i dge i s f ocused by t he l ens i n t he mi ddl e

br i dge ont o t he quadr ant phot odi ode at t he opposi t e
end br i dge . A di spl acement 8 of t he mi ddl e br i dge
moves t he i mage by 28 on t he quadr ant di ode . The
i mbal ance of t he phot odi ode out put measur es t hi s di s-
pl acement . Each set has been i ndi vi dual l y cal i br at ed on
an opt i cal bench and t he syst ems ar e l i near over a r ange
of ±250 wm. The mi ddl e br i dge i s moved by act uat or s



i n x and y ( per pendi cul ar t o t he beam di r ect i on) i n
r esponse t o comput er r eadout of t he syst em. The br i dges
ar e al i gned when al l f our quadr ant s of t he phot odi ode
r ecei ve equal amount s of l i ght . These syst ems al l ow us
t o posi t i on t he br i dges and t her eby t he wi r es t o an
accur acy of 10 [ t m. Devi at i ons f r om zer o occur r i ng as
f unct i ons of t i me or t emper at ur e ar e cont i nuousl y r e-
cor ded .

Wi r es ar e put i nt o posi t i on al ong t he Pyr ex sur f aces
of t he t hr ee br i dges uEi ng a t empl at e . They ar e t hen
at t ached t o t he Pyr ex sur f aces wi t h an i nsul at i ng wax.
Si nce t he Pyr ex edges ar e opt i cal l y f l at , t he aver age of

t he 16 ( or 24) si gnal wi r es has l i t t l e syst emat i c er r or and
one can det er mi ne t he l ocal t r ack sl ope t o 1- 2 mr ad .
Fi g. 40a depi ct s a chamber cel l wi t h 16 si gnal wi r es
showi ng t he comput ed dr i f t pat hs i n a 0 . 5- T magnet i c

f i el d .
The chamber cel l has been desi gned t o have a ver y

uni f or mel ect r i c f i el d t hr oughout t he act i ve r egi on . Sense
wi r es ar e spaced 9 mmapar t and ar e i nt er sper sed wi t h

f i el d wi r es. Ei ght addi t i onal wi r es beyond t he l ast sense

wi r e equal i ze t he dr i f t t i me behavi or of al l t he sense
wi r es wi t hi n 0. 2 ns ( 10 Rm) . A pl ane of cat hode wi r es,
spaced 2 . 25 mm apar t , i s at 50 . 75 mm f r om t he sense

wi r e pl ane . Four di f f er ent hi gh vol t ages ar e appl i ed t o

t he sense, f i el d, cat hode and guar d wi r es, al l owi ng us t o
cont r ol t he dr i f t f i el d, t he gas ampl i f i cat i on and t he zer o
pot ent i al posi t i on . At nomi nal vol t age set t i ngs, i n a

0 . 5- T magnet i c f i el d and at 740- mm Hg pr essur e, t he

gas gai n i s 5 x 10 4 . Wi t h an el ect r i c f i el d of 1140 V/ cm
i n t he dr i f t r egi on, t he dr i f t angl e due t o t he Lor ent z

f or ce i s 18 . 8 ° .
Fi g. 40b shows t he comput ed dr i f t vel oci t y f or con-

st ant pr essur e, t emper at ur e and magnet i c f i el d . Mor e
pr eci sel y, t he t i me- t o- di st ance conver si on f unct i on x( t )
= v( O, B, P) x t i n t he dr i f t cel l has been mapped i n

t est beam r uns and i t s dependence on t he t r ack sl ope 0,

magnet i c f i el d B and bar omet r i c pr essur e P was mea-

sur ed . Cor r ect i ons ar e at most a f ew hundr ed [ , m near

t he sense and cat hode pl anes . Wi t hout magnet i c f i el d,

t he measur ed cosmi c r ay r esi dual s of a chamber wi t h a

t hr eshol d equi val ent t o t he 10- 12t h dr i f t i ng el ect r on

r eachi ng t he wi r e and t wo hi t s dr opped i s 136 wm( f i g.

41a' . .
The chamber r esol ut i on i n a magnet i c f i el d depends

on t he di st ance f r om t he wi r e pl ane and on t he sl ope of

t he t r ack . Resol ut i on acr oss t he cel l var i es f r om110 Rm
t o n maxi mum of 2 . 5( 1 ur n cl ose t o t he sense wi r e . Fi g .

41b shows t he r ms r esol ut i on as a f unct i on of t he

di st ance f r om t he sense wi r e . The r egi on of degr aded

r esol ut i on near t he cat hode pl ane i s due t o sl oped t r acks

whi ch ar e l ar gel y i n t he adj acent cel l and t o i nhomo-

genei t y i n t he el ect r i c f i el d. Fr om t he dat a, we cal cul at e

t hat t he over al l r ms chamber r esol ut i on i s 168 ~Lr n . Thi s

i s an aver age over al l posi t i ons and sl opes we expect f or

hi gh moment umt r acks .
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4 . 3. Z Chamber s

Z chamber s [ 5] consi st of t wo l ayer s of dr i f t cel l s
of f set by one hal f cel l wi t h r espect t o each ot her t o
r esol ve l ef t - r i ght ambi gui t i es . Each cel l has t wo par al l el
al umi num I beams ( f i g. 37) connect ed t o - 2 . 4 kV and
one gol d- pl at ed mol ybdenum anode wi r e wi t h 50 Rm
di amet er at + 2 . 15 kV i n t he cent er . The cel l i s cl osed
by t wo al umi num sheet s at gr ound pot ent i al and i so-
l at ed f r omt he I beam pr of i l es by f i ber gl ass st r i ps .

The Z chamber gas mi xt ur e ( 91 . 5% ar gon and 8 . 59
met hane) was chosen because i t i s not expl osi ve. The
dr i f t vel oci t y aver aged over t he cel l i s about 30 t t m/ ns .
The measur ed r esol ut i on, bot h i n a t est beam wi t h a
pr ot ot ype and wi t h cosmi c r ays i n pr oduct i on cham-
ber s, i s t ypi cal l y 500 l , m. Si nce t hese chamber s ar e t he
cover i ng el ement s of i nner and out er pr eci si on cham-
ber s, t i ght di mensi onal t ol er ances wer e needed t o ensur e
mechani cal f i t t i ng and t hus pr eci se machi ni ng was r e-
qui r ed on t he Z chamber f r ames . Rel at i ve wi r e spaci ng
al so depends on t hese f r ames. Asi de f r om t hat , t he
desi gn and t echni cal speci f i cat i ons al l owed f or a r at her
si mpl e const r uct i on. Al l of t he 96 Z chamber s ( di men-
si ons about 6 mx 2 m) wer e bui l t i n t wo year s wi t h a
pr oduct i on r at e r eachi ng si x chamber s per mont h at t he
end of t he second year .

4. 4. Oct ant st ands

5 3

Oct ant st ands ar e pr eci si on st r uct ur es suppor t i ng t he
chamber s and mai nt ai ni ng l ong t er m chamber al i gn-

ment t o <_ 30 ~Lm. The st r uct ur es have been desi gned [ 6]

t o avoi d t ensor f or ce t r ansmi ssi on, t hus oct ant behavi or

i s f ul l y pr edi ct abl e under al l condi t i ons of st r ess, l oad

and t emper at ur e [ 7] .
The mai n el ement s of t he oct ant suppor t st r uct ur e

ar e t he A f r ames ( f i g . 42) . They suppor t each P cham-

ber at f our poi nt s, t wo i n each A f r ame. The MI

chamber i s mount ed di r ect l y ont o t he A f r ame, whi l e

t he ot her chamber s ar e mount ed on speci al suppor t

bar s. A combi nat i on of suppor t poi nt s wi t h zer o, one or

t wo degr ees of f r eedom ensur es t hat chamber s can move

f ol l owi ng t emper at ur e var i at i ons wi t hout i nt r oduci ng

unwant ed mechani cal st r esses. A l onger on connect i ng

t he t wo A f r ames pr ovi des mechani cal st i f f ness i n t he Z

di r ect i on .
I n addi t i on t o t he l ar ge st r uct ur al component s, t her e

ar e appr oxi mat el y 300 smal l pr eci si on par t s per oct ant .

Mat er i al s wer e sel ect ed f or st r engt h, t her mal char act er -

i st i cs and l ong t er m st abi l i t y . Speci al mat er i al s, such as

t i t ani um and copper - ber yl l i um have been used f or

chamber suppor t f eet , chamber t i e- pl at es, t or que t ube

j oi nt s and ot her hi ghl y st r essed ar eas .

Dar i ng t he assembl y phase, each oct ant under goes

det ai l ed di mensi on and r ef er enci ng checks ; some of t he

desi gn t ol er ances ar e l i st ed i n f i g. 42b . The f our suppor t
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f eet on t he f l oor whi ch si mul at e t or que t ube at t achment

hol es have been posi t i oned i n a pl ane t o 50 [ , m. Cr i t i cal

di st ances bet ween r ef er ence sur f aces ar e measur ed t o 5

~Lm by means of speci al t ool s cal i br at ed wi t h a l aser

i nt er f er omet er . Angl es ar e measur ed wi t h el ect r oni c

bubbl e l evel s [ 5] whi ch have an i nt r i nsi c r esol ut i on of

bet t er t han 1 Wr ad. A compl et ed oct ant i s shown i n f i g.

43 .
Af t er chamber l oadi ng, pr el i mi nar y al i gnment and

f unct i onal i t y t est s, each oct ant i s subj ect t o a det ai l ed

al i gnment ver i f i cat i on ( see sect i on 4. 10) . Then i t i s

r ot at ed t o t he angl e cor r espondi ng t o i t s f i nal posi t i on

i n t he f er r i s wheel and al i gnment i s per f or med t o t he

speci f i cat i ons of f i g. 42b . The el ast i c nat ur e of t he

st r uct ur e i s ver i f i ed by t he absence of hyst er esi s i n

oct ant r ot at i on. Thi s i s i mpor t ant i n vi ew of t he i nst al l a-

t i on scheme on t he t or que t ube. For t hese r easons, each

oct ant i s r ot at ed t hr ough 360 ° , t hen i t s al i gnment i s

r echecked . Al l oct ant s have been pr ocessed i n t hi s way

and have shown f ul l r epr oduci bi l i t y, hence el ast i c be-

havi or .

ot 1zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" NT
FNO~N4M
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Fi g . 42 . ( a) The oct ant st and st r uct ur e . ( b) Some of t he
al i gnment t ol er ances ar e shown f or assembl ed oct ant s . The
al i gnment t ol er ance on t he chamber cent er l i nes i s onl y 25 l i m

exper i ment

Fi g. 43 . End vi ew of an oct ant .

4. 5. Opt o- mechani cal al i gnment : ver t i cal al i gnment sys-
t em

The accur acy of t he br i dges i nsi de t he P chamber s
and of t he i nt er nal al i gnment syst ems bui l t i nt o t hem

assur es t hat wi r es wi t hi n a chamber ar e pr eci sel y posi -
t i oned wi t h r espect t o each ot her . The next st ep i s t o

r el at e t he wi r es i n one chamber t o t hose i n t he r est of

t he oct ant .
St r ai ght ness moni t or s si mi l ar t o t hat of t he pr eci si on

br i dges ar e par t of t he oct ant al i gnment syst em [ 4j ( f i g.

44) . A pr eci si on pi ece cont ai ni ng t wo LED i s at t ached

t o each end f r ame of an i nner chamber . An i nsul at ed
br ass pi n r ef er enced t o t he LED t ouches one wi r e of a
si gnal pl ane. The end br i dge can be moved so t hat t he

wi r e j ust makes or br eaks i t s el ect r i cal cont act wi t h t he

pi n . I n t hi s way, t he end br i dge posi t i ons ar e set t o
wi t hi n a f ew ~t m. The mi ddl e and out er chamber s have
a si mi l ar syst em of pi ns t ouchi ng wi r es . These pi n

assembl i es and t hus t he wi r e pl anes of opposi ng cham-

ber s ar e kept at t he pr eci se cel l separ at i ons of 101 . 500

mm by gauge bl ocks. The assembl y bet ween mi ddl e
chamber s cont ai ns a l ens and t hat bet ween t he out er
chamber s cont ai ns t wo quadr ant di odes. Each end t hus
has t wo st r ai ght ness moni t or s whi ch wer e cal i br at ed on
an opt i cal bench.

Based on t he r eadout of t hese syst ems, t he mi ddl e

chamber can be moved on i t s t i t ani um f l ext ur e f eet t o
br i ng t he chamber cent er s i nt o a st r ai ght l i ne wi t h an
er r or smal l er t han 10 l t m. Readout of t hi s syst em over a

4- cl ay per i od i s shown i n f i g. 44c .
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Fi g. 44 . ( a) Pr i nci pl e of r ef er enci ng t he oct ant cent er l i ne

di r ect l y t o t he wi r es of t he t hr ee chamber s . ( b) A ver t i cal

al i gnment pi ece assembl y wi t h a l ens ( f or t he mi ddl e cham

ber s) . ( c) Rel at i ve posi t i on of t he mi ddl e chamber i n an oct ant

moni t or ed over a t wo weeks per i od .

The ver t i cal al i gnment syst ems guar ant ee t hat t he

chamber s l i ne up at each end of t he oct ant , but t he t wo

oct ant cent er l i nes must al so be par al l el t o each ot her .

We use a l ager beacon [ 91 t o measur e t he degr ee t o

whi ch t he t wo ends of t he oct ant ar e par al l el . AHe- Ne

l aser beam whi ch i s r ef l ect ed by 90' by a hi ghl y

accur at e r ot at i ng pent apr i smat i c mi r r or assembl y sweeps
out a pl ane t o an accur acy of bet t er t han 30 t Lm. The
devi at i on of t he oct ant cent er l i nes f r om t hi s r ef er ence
pl ane i s measur ed by si x posi t i on sensor s ( mul t i channel
phot odi ode ar r ays) at t ached di r ect l y t o t he t hr ee el e-
ment s of each ver t i cal st r ai ght ness moni t or . The l aser
beacon ( f i g. 45) can measur e t he angl e bet ween t he t wo

oct ant l i nes t o bet t er t han 25 br ad, cor r espondi ng t o an
er r or i n t he sagi t t a of l ess t han 10 [ , m. The MOand
MMchamber s ar e adj ust ed so t hat t hi s measur ed angl e

i s zer o .

4. 7. UV l aser

4. 8. El ect r oni cs

55

Each of t he 16 oct ant s cont ai ns a t wo- st age ni t r ogen

ul t r avi ol et l aser [ 10, 11] , whi ch i s oper at ed under com-
put er cont r ol . The l aser beam i s di r ect ed up and acr oss

t he t op of t he out er chamber l ayer by an addr essabl e

movabl e beam di r ect i onal el ement ( f i g . 46) . Mi r r or s

di r ect t he beam down t hr ough a quar t z wi ndow i nt o

sel ect ed dr i f t cel l s of al l l ayer s of t he oct ant whi ch ar e

connect ed by t ubes poi nt i ng r oughl y t o t he i nt er act i on

poi nt . Phot odi odes at t he bot t om of t he MI chamber

measur e t he i nt ensi t y and posi t i on of t he beamcent r oi d .

Each oct ant has ei ght l aser beam t r aj ect or i es, whi ch

si mul at e i nf i ni t e moment um par t i cl es comi ng f r om t he

i nt er act i on poi nt . The sagi t t a of l aser event s shoul d be

zer o [ 10, 11] , and t hus i s used t o ver i f y t he al i gnment .

Two of t he l aser beams have movabl e mi r r or s and can

pr oduce par al l el t r aj ect or i es of exact l y known sep-

ar at i on, al l owi ng us t o measur e and const ant l y moni t or

t he el ect r on dr i f t vel oci t y .

The si gnal s f r om 27 648 P chamber wi r es ar e con-

nect ed vi a 82- 9 decoupl i ng r esi st or s t o 13 824 ampl i f i er s

[ 12] i n cor r espondi ng pai r s of wi r es f r om bot h det ect or

wheel s . Ampl i f i er s ar e l ocat ed i n t he medi an pl ane of

t he det ect or . The ampl i f i er s conver t i ncomi ng cur r ent s

t o vol t ages wi t h a conver si on f act or of 25 mV/ [ , A. The

di f f er ent i al out put ( t ypi cal l y 200 mV f or a muon) i s sent

vi a 30 mof t wi st ed pai r cabl e t o di scr i mi nat or s [ 13] set

t o a 20- r nV t hr eshol d . The l ogi cal " t i me over t hr eshol d"

si gnal i s conduct ed t hr ough about 14 mof t wi st ed pai r

cabl e t o 500 MHz FASTEUS t i me di gi t i zer s LeCr oy

LRS 1879 whi ch cont i nuousl y r ecor d unt i l t he common

st o? f r om t he beam cr ossi ng ar r i ves. The TI C cover a

r ange of 1100 ns wi t h 2. 2 ns l east bi t accur acy .

The syst em has pr oved st abl e t o 0. 2 ns ( cor r espond-

i ng t o 10 l , m) when checked by our st andar d To cal i br a-

t i on syst en, [ 4} whi ch el ect r oni cal l y i nduces pul ses ont o

t he wi r es . Al l wi r es of t he Z chamber s ar e si mi l ar l y

pr ocessed by 7680 t i me r ecor di ng channel s . Par al l el

out put s wi t hout t i me pr ocessi ng ar e used t o f or m f ast

r oad t r i gger s .
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4. 9. Cont r ol and moni t or i ng

I n addi t i on t o r eadout of t he al i gnment syst ems, t he

l aser beacon syst em and t he UV l aser syst em, t her e ar e

ot her cr i t i cal par amet er s whi ch must be moni t or ed and

cont r ol l ed :

- t he chamber hi gh vol t age syst em,

- t he si gnal pul se hei ght ,

- t he t i me zer o ( To ) cal i br at i on,

- t he oct ant t emper at ur e map,

- di scr i mi nat or t hr eshol ds,

- pr eampl i f i er power suppl i es,

Fi g . 46 . UV l aser al i gnment schemat i cs : ThP beam f r om t he
ni t r ogen l aser i s di r ect ed by a beam di r ect i onal el ement i nt o
ei ght t r aj ect or i es . Posi t i on sensi t i ve phot odi odes whi ch mea
sur e t he l ocat i on of t he beam at t he bot t om of t he i nner

chamber ar e schemat i cal l y i ndi cat ed .
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Rot at i ng

mi r r or

Fi g. 45 . ( a) The l aser beacon r ef er ences si x poi nt s i n t he cent er pl ane. ( b) Two l aser beacon sensor s wi t h pr eci si on t empl at es f or l i ght

t r ansmi ssi on .

- act uat or mot or posi t i on moni t or s,

- magnet i c f i el d measur i ng pr obes .

Al l of t hese t asks ar e per f or med by t he moni t or i ng

syst em, whi ch consi st s of a net wor k of VME cr at es

usi ng an OS- 9/ 68000 oper at i ng syst em. They have mul -

t i t ask, mul t i user and st and al one capabi l i t i es, and al so

communi cat e wi t h t he mai n onl i ne comput er .

4 . 10. Resul t s of al i gnment ver i f i cat i on

Each of t he oct ant s i s adj ust ed as cl osel y as possi bl e

t o an i deal geomet r y usi ng t he doubl e set of st r ai ght ness

sensor s and t he l aser beacon . UV l aser r uns of 100

event s ar e t hen t aken usi ng t he ei ght di f f er ent l aser

beam pat hs i n each oct ant . Reconst r uct i on of t he l aser

t r aj ect or i es ( f i g. 47a) shoul d show st r ai ght l i nes . The

devi at i on f r om zer o cal l ed sagi t t a, whi ch i s a measur e of

our al i gnment accur acy, i s def i ned as :

S = - ( xmi + xmo ) / 2 + xr nm,

wher e xmi , x m, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� and x mo ar e t he coor di nat es measur ed

i n t he i nner , mi ddl e and out er chamber s, r espect i vel y .

Fi g. 47b shows measur ement s f r om 42 l aser r uns, f or

one oct ant . Er r or s on t he poi nt s ar e obt ai ned f r om t he

r esi dual s of 100 event r uns . The r esul t i ng aver age of al l

r uns

- 25 ±10[ . m

i s wi t hi n t he desi gn l i mi t of 30 [ Lm. The er r or i s der i ved

f r om t he scat t er of r esul t s f r om t he di f f er ent r uns, t hus

t aki ng syst emat i c er r or s of t he l aser i nt o account .

An i ndependent way of checki ng oct ant al i gnment i n

t he absence of a magnet i c f i el d uses cosmi c muons .

Sci nt i l l at i on count er hodoscopes ar e posi t i oned above

and bel ow t he oct ant , and moved t o ei t her end as

desi r ed . The r esul t i ng coi nci dence t r i gger , i s used as a

TDC st op . Runs of about 10000 event s ar e t aken at
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Fi g . 47 ( a) Acomput er r econst r uct ed l aser event . ( b) Measur ed
sagi t t a f r om a ser i es of 42 r uns of 100 l aser shot s each .

bot h ends of t he oct ant . Tr acks ar e r econst r uct ed f r om

t he chamber segment s as shown i n f i g. 48a .

Accept i ng al l cosmi c r ays, we obt ai n t he wi de hi st o-

gr ami n f i g. 48b whi ch has an r ms of 1 . 3 mm. Thi s l ar ge

wi dt h i s due t o mul t i pl e scat t er i ng f r om t he pr edomi -

nant l y l ow ener gy cosmi c muons .

The L3 muon chamber s ar e uni que i n t hat t hey al so

measur e t he l ocal sl ope of t he par t i cl e t r aj ect or y t o an

accur acy of = 1 mr ad . Demandi ng t hat t he l ocal sl ope

i n a chamber agr ees wi t h t he over al l par t i cl e t r aj ect or y

t o wi t hi n 2 mr ad el i mi nat es event s wi t h l ar ge mul t i pl e

scat t er s . Anar r ow di st r i but i on of 760 event s i s obt ai ned

i n f i g . 48b. The cent r oi d conf i r ms t hat t hi s oct ant i s

al i gned t o :

s=( 2± 40W7_ 60 ) ~t m=2± 14 . 5 [ t m.

Fi g. 49 summar i zes t he r esul t s f or 16 oct ant s . s = 0 i s

gi ven by t he set t i ng of t he t wo i ndependent opt o- mech-

ani cal syst ems . The squar es show ver i f i cat i on of t he

geomet r y by UV l aser measur ement s . The cosmi c r ay

dat a ar e shown i n ci r cl es as a t hi r d i ndependent mea-

sur ement . We see excel l ent agr eement bet ween al l t hr ee

met hods, and f i nd al l oct ant s t o be wel l wi t hi n t he

r ange of speci f i cat i on of ±30 l i m.

4. 11 . Concl usi on

The L3 pr eci si on muon det ect or i s uni que i n i t s

concept i on and abi l i t y t o det ect di muons wi t h 1 . 4%

B. Adeva et al . / The const r uct i on of t he L3 exper i ment
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Fi g . 48 . ( a) A cosmi c r ay t r ack r econst r uct ed i n t he mi ddl e
chamber . ( b) Sagi t t a di st r i but i ons measur ed wi t hout cut s and

wi t h 2- mr ad cut .
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Fi g . 49 . Compi l at i on of al i gnment r esul t s f or al l 16 oct ant s .

The zer o sagi t t a pr edi ct i on i s t he set t i ng of t he opt o- mechani -

cal syst em. UV l aser ver i f i cat i on r esul t s ar e shown as squar e :

ci r cl es i ndi cat e t he cent er of cosmi c r ay di st r i but i on measur e

ment s . A7- hm syst emat i c er r or on each l aser measur ement i s

not shown .
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mass r esol ut i on at t he Zo mass . The cr i t i cal f eat ur e, t hat

of det ect i ng ( i nf i ni t e moment um) st r ai ght t r acks wi t h

< 3n l. Lmsagi t t a er r or , has been demonst r at ed by t hr ee

i ndependent met hods f or al l 16 pr oduct i on modul es .

Thi s desi gn can be ext ended t o mea, ar e muons at

much hi gher ener gi es .

5. L3 bar r el hadr on cal or i met er

5. 1 . Mot i vat i on and over al l st r uct ur e

The ener gy of hadr t , . . s emer gi ng f r om e+ e- col l i -

si ons i s measur ed i n L3 by t he t ot al absor pt i on t ech-
ni que ( cal or i met r y) wi t h t he BGO cr yst al s and t he

ur ani um hadr on cal or i met er . The ur ani um hadr on

cal or i met er has t wo par t s : t he bar r el par t and t he
f or war d- backwar d par t . The hadr on cal or i met er bar r el
cover s t he cent r al r egi on ( 35 ° < D< 145 ° ) ; i t i s a f i ne
sampl i ng cal or i met er made of depl et ed ur ani um ab-
sor ber pl at es i nt er sper sed wi t h pr opor t i onal wi r e cham-
ber s ; i t act s as a f i l t er as wel l as a cal or i met er , al l owi ng
onl y nonshower i ng par t i cl es t o r each t he pr eci si on muon
det ect or ,

Ur ani ur r has a shor t absor pt i on l engt h, t hus maxi -
mi zi ng t he amount of absor ber mat er i al i n t he avai l abl e
r adi al space . The ur ani um r adi oact i vi t y i mposes st r i n-
gent r equi r ement s on t he const r uct i on and t he oper -
at i on f t he cal or i met er , but i t al so of f er s a bui l t - i n
gamma sour ce f or t he cal i br at i on of t he wi r e chamber s
[ 14] . We choose gas wi r e pr opor t i onal chamber s as
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Fi g. 50 . Per spect i ve vi ew of t he L3 hadr on cal or i met er .

det ect or s because t hey ar e st abl e, r el i abl e, can oper at e

i n t he magnet i c f i el d and ar e r el at i vel y easy t o pr oduce

on a l ar ge scal e. Mor eover , i n a mul t i wi r e det ect or t he

wi r es can be gr ouped i n any r eadout pat t er n . By or i ent -

i ng t he wi r es i n al t er nat e chamber pl anes at r i ght angl es

t o each ot her , bet t er det er mi nat i on of par t i cl e t r aj ect o-

r i es i s possi bl e .

The bar r el hadr on cal or i met er has a modul ar st r uc-

t ur e consi st i ng of 9 r i ngs of 16 modul es each ( f i gs . 50

and 51) . The i nner most r i ng i s cent er ed at t he i nt er ac-

t i on ver t ex and i s f l anked on ei t her si de by one r i ng of

l ong modul es f ol l owed by t hr ee r i ngs of shor t modul es .

Fi g . 51 . Longi t udi nal cut of t he hadr on cal or i met er .



The hadr on cal or i met er bar r el i s 4725 mml ong, has an
out er r adi us of 1795 mmand an i nner r adi us of 885 mm
f or t he t hr ee i nner r i ngs and 979 mmf or t he out er r i ngs .
The 261- t assembl ed bar r el was l ower ed t o t he exper i -
ment al ar ea i n one pi ece by t he same gi ant cr ane used
f or t he suppor t t ube.

5. 2 . Pr opor t i onal wi r e chamber s

The desi gn of t he chamber s [ 15] i s pr esent ed i n f i g.
52 . The chamber gap i s made as t hi n as possi bl e wi t hout
l oss of mechani cal st abi l i t y f or t he anode wi r es at t he
wor ki ng hi gh vol t age . Each chamber i s made of a pl ane
of br ass t ubes of equal l engt h wi t h 0. 3- mm t hi ck wal l s
and 5 mmx 10 mmi nner di mensi ons. The l engt h of t he
t ubes r anges f r om347 mmt o 605 mmdependi ng on t he
posi t i on of t he chamber i nsi de t he modul es . The st r uct -
ur al st r engt h of t he chamber body i s assur ed by 0 . 7- mm
br ass pl at es gl ued ont o bot h si des of t he chamber pl ane
wi t h sel f - adhesi ve Myl ar sheet s . The Myl ar al so i n-
sul at es t he t ubes whi ch ar e at a hi gh pot ent i al dur i ng
oper at i on. The br ass pl at es al so shi el d t he chamber
f r om t he ur ani um r adi oact i vi t y, r educi ng t he count i ng
r at e due t o t he ur ani umby an or der of magni t ude . The
50- Vm di amet er gol d- pl at ed t ungst en anode wi r es ar e
cr i mped i nt o gol d- pl at ed br ass j acks, whi ch i n t ur n ar e
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5. 3 . Modul e desi gn
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RELATI VE GAI N
Fi g. 53 . Rel at i ve gai n di st r i but i on f or t he wi r es of t he cham-

ber s .

f i t t ed i nt o pl ast i c end pi eces. The t ensi on i n t he wi r e i s
250 g wi t h an r ms spr ead of 17 g.

The gas i s suppl i ed i n par al l el t o al l t ubes vi a t wo
channel s whi ch ar e i ncor por at ed i nt o t he end pi eces .
The gas i nl et and out l et ar e di agonal l y opposi t e t o each
ot her t o ensur e adequat e f l ow of gas t hr ough al l t ubes .
I n desi gni ng t he cal or i met er par t i cul ar at t ent i on was
pai d t o mi ni mi zi ng t he si ze of t he dead r egi ons such as
t he chamber end pi eces, var i ous suppor t st r uct ur es and
space f or t he ser vi ces . To achi eve t hi s, 53 di f f er ent si zes
of chamber s ar e used, wi t h t he number of t ubes per

cl amber r angi ng f r om33 t o 58 . For t he same r eason t he
chamber s ar e oper at ed wi t h t he anode wi r es at gr ound
pot ent i al , avoi di ng t he use of numer ous capaci t or s .

Al l 371764 wi r es of 7968 chamber s wer e t est ed i n

t he pr oduct i on l i ne [ 15] and showed good uni f or mi t y of
r esponse ( f i g . 53) . Thi s measur ement was per f or med
usi ng bot h Y r ays f r om t he nat ur al r adi oact i vi t y of

ur ani um ( f i g . 54) and cosmi c r ays. Two i ndependent
t est s wer e car r i ed out t o check t he l ongevi t y of t he

chamber s i n a r adi oact i ve envi r onment . I n t he f i r st t est

t he chamber s wer e i r r adi at ed wi t h a 10 4 t i mes mor e
i nt ense r adi oact i ve sour ce over sever al days at t he wor k-

i ng hi gh vol t age . I n t he second t est t he chamber s wer e

oper at ed i n t he nor mal ur ani umpl at e/ chamber st ack at

10 t i mes hi gher pr opor t i onal gas ampl i f i cat i on ( f i g. 55) .

I n bot h cases t he chamber s pr oved t o be ver y st abl e and

no agi ng ef f ect s wer e obser ved .

Bot h l ong and shor t modul es have basi cal l y t he same

desi gn . The i nner par t of t he modul e r esembl es a t ower

mount ed on a 15- mm t hi ck st ai nl ess st eel base ( f i g . 56) .
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Fi g. 54 . Spect r um of si gnal s caused by ur ani um r adi oact i vi t y :

( 1) nor mal sel f t r i gger ; ( 2) r andomgat e Ni gger .

The base and t he t op 15- mm t hi ck st ai nl ess st eel pl at c,

connect ed wi t h f our spacer bar s, const i t ut e a suppor t i ng

st r uct ur e f or t he absor ber / chamber st ack . The spacer s

l i e al ong t he par al l el f aces of t he modul es . The 5- mm

t hi ck depl et ed ur ani um absor ber pl at es ar e pl at ed f or

saf et y r easons wi t h appr oxi mat el y 20- l i r n t hi ck copper -

0. 8

0. 4

0. 2

0 . 0

0

Ampl i t ude ( ar bi t r ar y uni t s)

DAYS OF OPERATI ON

Fi g. 55 . Gai n st abi l i t y measur ement .
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Fi g . 56 . Hadr on cal or i met er modul e.

ni ckel al l oy . They ar e cl amped i nt o pl ace i n t he suppor t -

i ng spacer s . The chamber s ar e put ont o ur ani um pl at es

and f i xed wi t h epoxy at f our poi nt s . Long modul es

cont ai n 60 pl anes of pr opor t i onal chamber s and 58

ur ani um pl at es pl us t he t op st ai nl ess st eel pl at e . Thi s

pl at e whi ch l i es bet ween t he BGO cal or i met er and t he

ur ani um pl at es i s par t of t he 54- mm shi el di ng f or t he

BGO phot odi odes . Shor t modul es cont ai n 53 chamber s

and 51 pl at es of ur ani um. pl us t he l ess st eel p' a* c .

The di mensi on. a l t ol er ances of t he absor ber pl at es and

t he chamber s ar e ver y t i ght , especi al l y f or t he t hi ckness .

The chamber s wi t h wi r es par al l el t o t he beam axi s ar e

r ef er r ed t o as 4) chamber s and t he ones wi t h t hei r wi r es

nor mal t o t he beam ar e cal l ed Z chamber s . Al l ser vi ces

of t he modul e ar e br ought out t hr ough f eedt hr oughs i n

t he base pl at e.

The hi gh vol t age di st r i but i on syst em whi ch i s em-

bedded i n t he base has f our i ndependent channel s ser v-

i ng t he odd and even number ed chamber s i n each

pr oj ect i on . I t cont ai ns one f use per chamber , whi ch can

be bl own i n a cont r ol l ed f ashi on . Thus i f a chamber

devel ops a ser i ous pr obl em i t can be r emot el y di scon-

nect ed wi t hout compr omi si ng t he r est of t he chamber s



i n t he gr oup . The gas ( 80% Ar + 20%C02 mi xt ur e) i s
suppl i ed ser i al l y t o gr oups of f i ve chamber s i n t he same
pr oj ect i on . Gr oups ar e connect ed i n par al l el t o a com-

mon i nl et and out l et l ocat ed on t he modul e base . The
ser vi ces ar e f i t t ed i nt o t he space bet ween t he absor ber /
chamber st ack and t he hood .

I n f our modul es of each r i ng ( t op, bot t om, l ef t and

r i ght ) t he i nt er nal t emper at ur e i s moni t or ed at t hr ee

posi t i ons wi t h PT1000 sensor s embedded i nt o one of
t he spacer bar s. The measur ement accur acy i s bet t er
t han 0 . 5* C. The i nf or mat i on i s used i n t he of f l i ne
anal ysi s t o cor r ect f or t he change i n t he gas gai n due t o

t emper at ur e var i at i ons .

The hood i s made of st ai nl ess st eel pl at es wel ded
al ong al l edges. The sl ant i ng wal l s of t he hood poi nt t o
t he beam axi s and pr oduce a gap i n t he accept ance.

They, t her ef or e, wer e made as t hi n as pr act i cal ( 4 mm) .

The par al l el wal l s ar e 15 mmt hi ck, whi l e t he t op pl at e

has a t hi ckness of 22 mm. The hood i s bol t ed gas t i ght

t o t he modul e base and l ocked t o t he 15- mm t op pl at e

so t hat i n any or i ent at i on of ' be modul e t he space

bet ween t he st ack and t he hood ser ved f or t he ser vi ces

i s pr eser ved . The smal l est chamber of t he st ack i s

si t uat ed bet ween t he hood and t he 15- mm pl at e . Gas

f i t t i ngs ar e pr ovi ded i n t he base t o per mi t t he gas f l ow

i nt o and out of t he space bet ween t he st ack and t he

hood i ndependent of chamber gas suppl y and r et ur n. I n

pr act i ce t he exhaust f r om t he chamber s i n each modul e

i s f ed i nt o t he housi ng, mai nt ai ni ng a smal l over - pr es-

sur e i n t he chamber s . A l ong modul e wei ghs 1860 kg, a

shor t modul e 1720 kg.

5 . 4. Bar r el mechani cs and ser vi ces

The 16 modul es ar e mount ed on a 17- mm t hi ck

st ai nl ess st eel r i ng and ar e bol t ed t oget her at t hei r out er

B. Adeva et al . / The const r uct i on of t he L3 exper i ment

r adi i f or added r i gi di t y ( f i g . 57) . Each assembl ed r i ng
can move on t wo r ai l s i nsi de t he suppor t t ube on t wo
set s of r ol l er s at t ached t o t he modul es j ust bel ow i t s
mi d- pl ane . The ni ne r i ngs of t he bar r el ar e bol t ed
t oget her t hr ough t he suppor t pl at es of t he r ol l er s . I n t he
assembl ed bar r el ( f i g . 58) t he 144 base pl at es f or m t he
out er sur f ace of t he bar r el . The connect i ons f or t he hi gh
vol t age, pr eampl i f i er s, t emper at ur e sensor s and gas pi p-
i ng ar e al l si t uat ed on t hi s sur f ace . Pr eampl i f i er boar ds
ar e pl ugged di r ect l y i nt o t he connect or s i n t he base
pl at e. The pr eampl i f i er s di ssi pat e about 10 Wper mod-
ul e and t hi s heat i s r emoved by l i qui d- cool ed f i ns
mount ed on t he base pl at e.

5. 5. Tower st r uct ur e

6 1

I n or der t o measur e t he ener gy of hadr ons and
hadr on j et s, t o separ at e t wo j et s f r omeach ot her and t o
det er mi ne t he ener gy l oss and t he t r aj ect or y of muons
passi ng t hr ough t he cal or i met er , a hi gh degr ee of r ead-
out segment at i on i n t he cal or i met er i s r equi r ed . Thi s
need i s accent uat ed by t he f act t hat i n some cases i t i s

necessar y t o conf i ne t he measur ement t o t he i mmedi at e
r egi on i n whi ch t he ener gy i s deposi t ed i n or der t o
r educe t he backgr ound f r om t he nat ur al r adi oact i vi t y of

ur ani um. To t hi s end, t he wi r es i n each modul e ar e

gr ouped t o f or m r eadout t ower s ( f i g . 59) . I n t he 0
pr oj ect i on t he t ower s poi nt t o t he beam axi s wi t h a

const ant angul ar i nt er val . The segment at i on i s 9 i n 0

and Z f or bot h ki nds of modul es and 10 ( 8) i n t he
r adi al di r ect i on f or t he l ong ( shor t ) modul es . I n t he Z

pr oj ect i on t he t ower s have a const ant wi dt h, wher eas i n

t he 0 pr oj ect i on t hey poi nt t o t he beam axi s. The

number of wi r es i n each t ower depends on t he posi t i on

of t he t ower and r anges f or m 3 t o 28 . The gr anul ar i t y i s

Fi g . 57 . An assembl ed hadr on cal or i met er r i ng .
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hi ghest at t he f r ont end of t he modul e wher e hi gher

shower densi t i es ar e expect ed .

5 . 6. Hadr on cal or i met er r eadout and el ect r oni cs

At a wor ki ng hi gh vol t age of 1 . 6 kV t he gas gai n i s
about 10 4 . Thi s gi ves r i se t o an anode si gnal of about 50

f C per mi ni mum i oni zi ng par t i cl e passi ng t hr ough t he

chamber . The si gnal wi r es wi t hi n each t ower ar e con-
nect ed i n par al l el . The si gnal s f r om t he t ower s ar e

br ought vi a r i bbon cabl es t o conn : ct or s f i xed t o t he

base pl at e . The t ot al number of char ge sensi t i ve r eadout
channel s i n t he bar r el i s 23040.

El ect r oni cal l y, each channel consi st s of a pr eampl i -

f i er , a 40- m cabl e, a passi ve r ecei vi ng net wor k, and a

char ge i nt egr at i ng ADC( f i g . 60) . The char ge i nt egr at i ng
pr eampl i f i er i s a j oi nt devel opment ef f or t bet ween L3
and LeCr oy Cor por at i on . A pr eampl i f i er boar d con-
t ai ns 24 channel s as wel l as power r egul at or s, shar k
gaps and t est pul se i nj ect i on ci r cui t s . The di f f er -. nt i al
out put si gnal i s t r ansmi t t ed t o t he ADC over appr oxi -
nt at el y 40 r n of 110- 2 t wi st ed pai r cabl es gr ouped i nt o
shi el ded bun_f i l es of 24 pai r s . At t he r ecei vi ng end of t he
cabl e t her e i s a t r ansf or mer and an at t enuat i on net wor k
whi ch set s t he ener gy scal e i n t he ADC.

The ADC chosen ar e t he 96 channel LeCr oy model
1882 12 bi t FASTBUS ADC, wi t h. a sensi t i vi t y of 50 f C
per count . The ct . m, ~r si on pl us r eadout t i me i s sl i ght l y
mor e t han 500 l. Ls . The ADC ar e pl aced i nt o FASTBUS
cr at es i n gr oups of 18 t oget her wi t h t he Segment
Nl anagcr modul e and Cal i br at i on modul e . Si nce t he
beam cr ossi ngs occur ever y 22 f i s, t he ADC hol d t he
char ge on a capaci t or bef or e Di gi t i zi ng, unt i l t he f i r st
l evel t r i gger gi ves a deci si on I f no f i r st l evel t r i gger

Fi g. 58. The assembl ed hadr on cal or i met er bar r el .

occur s, t he ADC ar e cl ear ed bef or e t he next beam
cr ossi ng. I n t he event of a f i r st l evel t r i gger t he ADC

di gi t i ze t he dat a and st or e t hem i n a mul t i pl e event

buf f er on t he ADC boar d. I n t he meant i me any event

l ef t over i n t he buf f er f r om a pr evi ous gat e i s pi ped out

t o Mul t i pl e Recor d Buf f er memor i es over 70- m ECL
cabl es . Fi nal l y t he dat a ar e moved t o Dual Sl ave Mem-

or i es f or event bui l di ng and f or t r ansf er t o t he VAX

pendi ng t he second and t hi r d l evel t r i gger deci si ons .
The ADC pr ovi de i mmedi at el y a f r act i on ( 1/ 8) of

t he i nput char ge on a separ at e l i ne f or t r i gger i ng pur -

poses . These l i nes ar e gr ouped i nt o 288 i ndependent
t r i gger si gnal s whi ch ar e di gi t i zed by Fast Encodi ng and
Readout ADC. These dat a ar e t hen used by t he ener gy
and cl ust er t r i gger s .

Tabl e 3
Thi ckness i n cm of cal or i met er and ot her component s mea-
sur ed nor mal t o t he beaml i ne

Long
modul es

Shor t
modul es

i nner r i ng+i nner f l ange
( St ai nl ess st eel ) 4 . 0 4. 0

Fi r st pl at e ( st ai nl ess st eel ) 1 . 5 1 . 5
BaseBase pl at epl at e ( st ai nl ess

7 .
st e" A)

9v
1 . 5 1 . 5

Shi el d pl at es ( br a~s) 8 . 4 7 . 4
l ' Vä C t ubes ( br ass) 5 . 3 4 . 7
Ur ani um 27 . 94 24 . 57
CHO: Myl ar 2 . 0 1 . 8

BGO 24 . 0
Sci nt i l l at or 1 . 0
Muon f i l t er ( br ass) 16 . 5
Suppo: t t ube ( st ai nl ess st eel ) 10 . 0
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5. 7. Physi cal pr oper t i es

r

The r el evant pr oper t i es of t he bar r el i n t er ms of t he

t hi ckness of var i ous mat er i al s of whi ch i t i s const r uct ed

ar e gi ven i n t abl e 3. I n t abl es 4a- 4c t he t hi ckness of t he

bar r el component s and t he i nt egr al f r om t he beamaxi s

( per pendi cul ar t o t he axi s) ar e gi ven i n i nt er act i on

l engt hs and mi ni mum i oni zat i on ener gy l oss . Val ues i n

t abl e 4 ar e cal cul at ed f r om t he dat a publ i shed by t he

Par t i cl e Dat a Gr oup except f or pi on i nt er act i on dat a,

whi ch ar e t aken f r om r ef . [ 16] . Tabl e 5 shows how t he
cal or i met er t hi ckness var i es wi t h t he pol ar angl e O.

The pr oper t i es of t he hadr on cal or i met er ut i l i zi ng

Ar / C®2 gas pr opor t i onal chamber s wi t h ur ani udn ab-

sor ber pi at es have been st udi ed ext ensi vel y, bot h as

pr ot ot ypes and f or compl et ed det ect or modul es . One

phase of t he st udy was t he char act er i zat i on of t he

Twi st ed Pai r

	

Tr ar l sf ( >r mcr
Ampl i f i er
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Fi g . 60 . Readout syst em f or t he hadr on cal or i met er .

B. Adeva et at . / The const r uct i on of t he L3 exper i ment

I

	

'

	

I
j 61 1

	

62

	

1

	

63

	

1
- ~

64

	

65

	

66

T
1

_r

41 I 42

6. 1 . I nt r oduct i on

43

31

	

32 1 33 i

	

34 ;	 35

	

36

21

	

22 1 23

	

24

	

_5 , 26
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r esponse t o cosmi c r ay muons ; a t ypi cal r esponse of a
wi r e gr oup t o muons i s gi ven i n f i g. 61 . The r esponse i s

i n good agr eement wi t h t he expect cL' di st r i but i on .
The r esponse of pr ot ot ypes ana ) f t he f i ni shed mod-

ul l . s t o beams of hadr ons and el ect r ons was st udi ed at

t h, . CERN and I TEP accel er at or s bet ween 1 and 50

GeV. A t ypi cal pul se hei ght di st r i but i on f or 20- GeV
pi ons i s gi ven i n f i g . 62 . The r esponse as a f unct i on of

ener gy i s l i near . The r esol ut i on, def i ned as t he st andar d

devi at i on of a Gaussi an f i t t o t he pul se hei ght di st r i bu-

t i oa, ver sus ener gy i s shown i n f i g . 63, wher e dat a f r om

pr ot ot ypes and compl et ed modul es of t ai ned bot h wi t h

and wi t hout BGO i n f r ont ar e used . Ext ensi ve st udi es

have al so been made wi t h ot her gas mi xt ur es i ncl udi ng

i sobut ane i n var i ous mi xt ur es [ 17] .
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T' i e endcaps of t he hadr on cal or i met er ( 1- 1CEC) cover

t he pol ar angl e r egi ons 5 . 5' < 19< 35' and 145' : ! ~, 19

_< 174. 5 ° over t he f ul l azi mut hal r ange 0 ° < 0 < 360 ° .

Ti l e sol i d angl e cover ed by t he endcaps ( 18% of 41r )

ext ends t he cover age of t he hadr oni c cal or i met r y t o
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99 . 5% of 4, Tr . Fi g . 64 shows a l ongi t udi nal ( R- z) cut of

t he cent r al det ect or , whi l e f i g. 65 shows a per spect i ve

vi ew of t he HCEC. The HCEC consi st of t hr ee separ at e

r i ngs : an out er r i ng ( HC1) and t wo i nner r i ngs ( HC2

Tabl e 4a
Hadr on bar r el t hi ckness i n uni t s of nucl ear i nt er act i on l engt hs f or pi ons

Tabl e 4b
Hadr on bar r el t hi ckness i n uni t s of r adi at i on l engt hs

Tabl e 4c
Hadr on bar r el ener gy l oss f or mi nd i oni zi ng par t i cl es i n MeV

B. Adeva et al . / The const r uct i on of t he L3 exper i ment

and HC3) . Each r i ng i s spl i t ver t i cal l y i nt o hal f - r i ngs,

r esul t i ng i n a t ot al of 12 separ at e modul es. The mod-

ul ar i t y of t he HCEC det ect or s per mi t s t hei r f ast

wi t hdr awal t o pr ovi de access t o t he ot her L3 cent r al

Mat er i al Di f f er ent i al i nt er act i on l engt h I nt egr al i nt er act i on l engt h

BGO 0. 93

Sci nt i l l at or 0. 01 0. 94

HC bar r el l ong shor t l ong shor t

Fe : ( st ai nl ess st eel ) 0. 37 0. 37

Cu : ( br ass) 0. 70 0. 62

U : ( absor ber ) 2. 42 2. 13

CHO: Myl ar 0. 03 0. 03 4. 46 4. 09

Cal or i met er subt ot al 3. 52 3. 15

Muon f i l t er ( Cu) 1 . 03 5 . 49 5 . 12

Suppor t t ube ( st ai nl ess st eel ) 0 . 52 6. 01 5 . 64

Mat er i al Di f f er ent i al r adi at i on l engt h I nt egr al r adi at i on l engt h

BGO 21 . 43 21 . 43

Sci nt i l l at or 0. 02 21 . 45
HC bar r el l ong shor t l ong shor t

Fe : ( st ai nl ess st eel ) 3 . 22 3 . 22

Cu : ( br ass) 8. 61 7 . 61
U : ( absor ber ) 87 . 31 76 . 78
CHO: Myl ar 0. 07 0. 06 120. 70 109. 16

Cal or i met er subt ot al 99 . 25 87 . 71

Muon f i l t er ( br ass) 11 . 54 132. 24 120. 70
Suppor t t ube ( st ai nl ess st eel ) 5 . 78 138. 02 126. 48

Mat er i al Di f f er ent i al ener gy l oss I nt egr al ener gy l oss

BGO 221 221
Sci nt i l l at or 2 223
CFI
H04/ ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"

bar r elar r el
1 l ong snor t l ong shor t

Fe : ( st ai nl ess st eel ) 83 83
Cu : ( br ass) 159 140
U : ( absor ber ) 578 509
CHO: Myl ar 5 5 1048 960

Cal or i met er subt ot al 825 737

Muon f i l t er ( Cu) 213 1261 1173
Suppor t t ube ( st ai nl ess st eel ) 118 1379 1251



Tabl e 5
Det ect or t hi ckness at di f f er ent angl es i n uni t s of nucl ear ab-

a) HB: hadr on cal or i met er bar r el .
b) HC: hadr on cal or i met er endcaps .
` ) MF: muon f i l t er .
d) ST : suppor t t ube .
RXXXX

det ect or component s . The HC1 hal f - r i ngs ar e separ at ed
at 0 = 90' ) ( 270' ) by 10- mm( 40- mm) sl i t s. The 10- mm
sl i t accommodat es t he suppor t of t he LEP beam pi pe,

whi l e t he 40- mmone al l ows f or passage of t he vacuum

t ube of an RFQdevi ce f or BGOcr ys! al cal i br at i on .

6. 2 . Techni cal descr i pt i on of t he hadr on cal or i met er end-

caps

The endcaps consi st of st ai nl ess st eel cont ai ner s f i l l ed

wi t h al t er nat i ng l ayer s of br ass t ube pr opor t i onal cham-

ber s ( i nner t ube di mensi ons 5 mmx 10 mm) and 5- mm

and 10- mmt hi ck absor ber pl at es of depl et ed ur ani um
( f i ne and coar se sampl i ng par t r espect i vel y) . Over t he

end cap r egi on, t he amount of mat er i al t r aver sed by a

_an

c
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L
Q
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___ Cosmi cs

80

Ampl i t ude

Fi g. 61 . Cal or i met er r esponse t o cosmi c r ay muons .

100 120

par t i cl e or i gi nat i ng at t he i nt er act i on poi nt var i es be-
t ween 6 and 7 nucl ear absor pt i on l engt hs .

6. 2. 1 . Cont ai ner s

The HC1 cont ai ner s ar e subdi vi ded i nt o f our com-

par t ment s by 16- mm t hi ck st ai nl ess st eel wal l s pr ovi d-
i ng st r uct ur al r i gi di t y . Thei r t hi ckness i s chosen t o ap-
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Pi on moment um ( GeV/ c)

Fi g. 63 . Hadr on cal or i met er ener gy r esol ut i on . The l i ne i s

dr awn t hr ough t he poi nt s obt ai ned %0t h t he BGOi n f r ont ( f ul l

ci r cl es) and cor r esponds t o Q/ E = ( 55/ E_+5 ) %.

0 t

1
4. 0 11 . 0 18 . 0 250 320 390

ENERGY( GEV)

Fi g. 62. Cal or i met er r esponse t o 20 GeV pi ons .

U

65

sor pt i on l engt hs f or pi ons 70

0

90 . 0

BGO

0. 94

HB a1

3. 52

HC b1

-

MF ` 1

099

ST a1

0. 52

Tot al

5 . 97 60

82 . 0 0. 94 3 . 56 - 100 0. 52 6 . 02
72 . 5 0. 94 3 . 70 - 1 . 34 0. 54 6. 22
66 . 5 0. 94 3 . 84 - 1 . 08 0. 54 6. 42 I n 50

58. 5 0. 94 4. 28 - 1 . 16 0. 60 6. 98
Z
w

54. 0 0. 94 4. 56 - 0. 49 0. 64 6. 63 w

50 . 5 0. 94 4. 54 - 0. 52 0. 67 6. 67
, 40

48 . 5 0. 94 4. 35 - 0. 25 0. 69 6. 23
w
I n

42 . 5 - 4. 92 - - 0. 75 5. 68
Z 30

39 . 0 - 5. 22 - - 0. 41 5 . 63
35 . 0 - 5. 12 1 . 05 - 0. 45 6. 62
32. 0 - 3 . 74 1 . 68 - 0. 48 5 . 90

20
27 . 0 - 1 . 97 3 . 13 - 0. 47 5 . 67
22. 0 - - 6. 36 - - 6. 36
17. 0 - - 6. 01 - - 6. 01 10

12 . 0 - - 5. 91 - - 5. 91
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Fi g . 64 . Longi t udi nal cut of par t of t he L3 hadr on cal or i met er .
One si de of t he f or war d- backwar d syst em i s shown ( dot t ed

ar ea) .

pr oxi mat e t hat of a 10- mmt hi ck ur ani umpl at e i n t er ms
of nucl ear absor pt i on l engt hs . The f i r st compar t ment

( f i ne sampl i ng par t ) i s 26 chamber l ayer s deep and i s

equi pped wi t h 5- mm ur ani um pl at es . I n t hi s compar t -
ment t he f i r st t hr ee l ayer s of ur ani umpl at es have been

Tabl e 6
Di mensi ons and mechani cal pr oper t i es of t he hadr on cal or i me-

t er endcap modul es

r epl aced by st eel pl at es i n or der t o shi el d t he BGO

cr yst al s and t he TECchamber f r omt he ur ani um r adi o-

act i vi t y backgr ound . The t hr ee r emai ni ng compar t -
ment s, eacn 17 chamber l ayer s deep, ar e equi pped wi t h

Fi g . 65 . Per spect i ve vi ew of t he f or war d- backwar d hadr on cal or i met er .

Cont ai ner t ype

HCl HC2 HC3

Tot al

syst em

Number of modul es 4 4 4 12

I nner di amet er [ m] 0. 95 0. 32 0. 42
Out er di amet er [ m] 1 . 60 0. 94 0. 94
Lengt h [ m] 1 . 37 0. 55 0. 48

Compar t ment s 4 2 2
Fl ange t hi ckness [ mm]

Fr ont 25 19 19
Addi t i onal shi el di ng

f or BGO/ TEC 10+15 10+15 -
I nsi de ( each) 16 16 16
Back 25 25 25

Wal l t hi ckness [ mm]
I nner 15 15 15
Out er 4 5 5

Wei ght [ t ]
Tot al ( per modul e) 8 . 5 1 . 4 1 . 1 44
Ur ani um( per modul e) 5 . 22 1 . 05 0. 82 28 . 4

Chamber l ayer s
( per modul e) 77 27 23 127

Tot al number of chamber s 1384 488 412 2284
Number of t ubes

( per chamber ) 25 24 19
Tot al number of t ubes ( wi r es) 34 600 11712 7828 54140



10- mm t hi ck ur ani um pl at es ( t wo 5- mm pl at es put
t oget her ) . Ther e ar e t hus 77 chamber l ayer s i n t he HC1
cont ai ner . The HC2 and HC3 cont ai ner s, wi t h a dept h
of 27 and 23 chamber l ayer s r espect i vel y, ar e subdi -

vi ded i nt o t wo compar t ment s each, agai n vi a 16- mm
t hi ck st ai nl ess st eel wal l s . Al l compar t ment s ar e
equi pped wi t h 10- mm t hi ck absor ber pl at es. As f or
HCl , shi el di ng consi der at i ons l ed t o t he r epl acement of
t he f i r st 15 mm of ur ani um i n HC2 by t he same

t hi ckness of st eel . Tabl e 6 summar i zes t he di mensi ons
and mechani cal pr oper t i es of t he HCl , HC2 and HC3
cont ai ner s.

6. 2. 2. Pr opor t i onal chamber s
Wi t hi n a hal f - r i ng, a chamber l ayer consi st s of f our

chamber s, each cover i ng an i nt er va10O= 45 ° ( U- l ayer ) .
The wi r es ar e st r et ched azi mut hal l y t o measur e t he

pol ar angl e 0 di r ect l y . Even number ed chamber l ayer s

( V- Layer s) ar e r ot at ed by 045 = 22 . 5 ° wi t h r espect t o
t he odd number ed ones. Thi s st er eo angl e bet ween
successi ve l ayer s al l ows measur ement of t he coor di nat e

0 or t hogonal t o O and t he gaps bet ween chamber s do

not coi nci de i n successi ve l ayer s. Chamber s whose wi r es

woul d have cr ossed t he boundar y bet ween t wo hal f - r i ngs
ar e spl i t i nt o t wo hal ves . Ever y second chamber l ayer i s

t hus compr i sed of t hr ee f ul l - si zed chamber s and t wo

hal f - si zed ones .
Det ai l s of t he const r uct i on of t he pr opor t i onal t ube

chamber s ar e i l l ust r at ed i n f i g. 66 . The i ndi vi dual br ass

t ubes have an i nner cr oss sect i on of 5 x 10 mm2 and a

wal l t hi ckness of 0. 3 mm. The chamber i s shi el ded on

bot h si des agai nst ur ani umi r r adi at i on by 0. 7- mm t hi ck

br ass pl at es. To save t he space r equi r ed by decoupl i ng

capaci t or s, hi gh vol t age i s appl i ed t o t he body of t he

t ubes r at her t han t o t he wi r es . A 0 . 2- mm t hi ck pol y-

car bonat e f oi l , gl ued bet ween t he t ubes and t he out er

shi el di ng pl at es, pr ovi des t he necessar y i nsul at i on . End

r egi ons ar e addi t i onal l y pr ot ect ed agai nst hi gh vol t age

br eakdowns by Kapt on f oi l . Each t ube cont ai ns a 50- Wm

di amet er gol d- pl at ed t ungst en wi r e, st r et ched wi t h a

200- g t ensi on and cr i mped on a gol d- pl at ed Cu- Be

pi ece f i xed i nsi de t he pl ast i c chamber endpi ece. On one

si de of t he chamber , pr i nt ed ci r cui t boar ds, sol der ed t o

pi ns on t he Cu- Be wi r e f i xat i on pi eces, ser ve t o t r ans-

mi t t he wi r e si gnal s r o t he out si de wor l d . Wi t hi n a

chamber , ser i al ci r cul at i on of t he gas f r om one t ube t o

t he next i s achi eved vi a gas t hr oughput s mi l l ed i nsi de

t he pl ast i c endpi eces .
Chamber s f or t he HCl , HC2 and HC3 r i ngs consi st

of 25, 24 and 19 t ubes r espect i vel y . Over al l , t he HCEC

det ect or cont ai ns 2284 i ndi vi dual chamber s wi t h a t ot al

of 54140 wi r es ( t abl e 6) .

6. 2. 3 . Absor ber
The azi mut hal segment at i on of t he absor ber i s t wi ce

t hat of t he chamber s . f i g . 67 shows t he ar r angement of
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a)

b)

HC- 1

br ass- pl at e

pol ycar bonat et oi O br assdube

br ass- t ube

gas- channel

pol ycar bonat et oi l

67

br ass- pl at e

Fi g . 66 . Hadr on cal or i met er f or war d- backwar d syst em. ( a)
Shows schemat i cal l y t he chamber ar r angement wi t h t he 22 . 5"
st er eo angl e of t he wi r es . ( b) Shows det ai l s of t he chamber

const r uct i on .

t he depl et ed ur ani um pl at es wi t hi n a U or V absor ber

l ayer of a HCl and HC2 hal f - r i ng . ( An absor ber l ayer i s

def i ned t o be of t he V t ype, when i t f ol l ows a V t ype

chamber l ayer ) . The gaps bet ween pl at es do not coi n-

ci de i n successi ve l ayer s and t hey do not poi nt t o t he

beam axi s ; nor do t hey coi nci de wi t h t he gaps bet ween

chamber s ( compar e f i gs . 66 and 67 ; see al so f i g. 65) .

6 . 2 . 4. I Vi r e gr oupi ng
The wi r e si gnal s ar e gr ouped t o f or m " t ower s"

poi nt i ng t o t he i nt er act i on r egi on . I n t he R- z pl ane t he

Fi g . 67 . Hadr on cal or i met er f or war d- backwar d syst em. The

f i gur e shows t he ur ani um absor ber pl at e ar r angement f or t he

HCl and HC2 modul es . Di spl ayed i s t he ar r angement f or t he

U- l ayer s . For t he V- l ayer s t he pl at e ar r angement i s mi r r or

symmet r i c .
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det ect or i s segment ed i n 31 poi nt i ng " r oads" of wi dt h

DO=1 ° by gr oupi ng t wo wi r es ( or t hei r equi val ent ) at

t he z posi t i on of t he f i r st HC1 chamber l ayer . Si gnal

" t ower s" ar e t hen f or med by subdi vi di ng each of t he

t hr ee end cap r i ngs i n dept h and gr oupi ng t he wi r es

wi t hi n each r oad . To r et ai n t he st er eo angl e i nf or ma-

t i on, separ at e t ower s ar e f or med f or t he U- and V- t ype

l ayer s . The azi mut hal segment at i on i s t her ef or e A45 =

22. 5' . I n dept h, HC1 i s di vi ded i nt o a t ot al of seven

l ogi cal segment s ( f i g. 68) , t he f i r st t wo f or mi ng t he f i ne

sampl i ng par t , whi l e HC2 and HC3 ar e di vi ded i nt o

t hr ee and t wo segment s r espect i vel y. Thi s segment at i on

scheme r esul t s i n a t ot al of 3960 si gnal t ower s f or t he

t wo endcaps . The t ower st r uct ur e of t he HCEC i s

summar i zed i n t abl e 7 .

6. 2. 5. Ser vi ces

Hi gh vol t age i s pr ovi ded t o t he chamber s by 72

suppl y channel s, whi ch ar e f anned out i nt o a t ot al of

180 l i nes . Each l i ne i s connect ed t o a gr oup of 11 t o 14

chamber s . Di st r i but i on boxes, mount ed on t he back

f l anges of t he d, r ect or , al l ow us t o di sconnect i ndi vi d-

ual chamber s f r om t he hi gh vol t age syst em, e. g. i f a

par t i cul ar chamber dr aws excessi ve cur r ent .

Gas i s suppl i ed t o t he chamber s vi a f our i nput l i nes

f eedi ng a t ot al of 20 ci r cui t s f or t he HC1 cont ai ner s and

4 each f or HC2 and HC3. Chamber s ser ved by t he same

ci r cui t ar e connect ed ser i al l y t o t he gas suppl y. Ther e

ar e bet ween 38 and 128 chamber s per ci r cui t because,

due t o t he var i ous chamber si zes wi t hi n t he HCEC, i t

was possi bl e t o equal i ze t o wi t hi n 30% t he r esi st ance of

Tabl a, 7
Segment at i on ( t ower st r uct ur e) of t he hadr on cal or i met er end caps
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Fi g. 68 . Hadr on cal or i met er f or war d- backwar d syst em. I n t he
l ower par t of t he f i gur e t he segment at i on of t he HO con-
t ai ner s i n 0 and z ar e shown separ at el y f or t he U- and
V- l ayer s . The upper par t of t he f i gur e shows enl ar ged t he 0

segment at i on i nt o r oads at t he bor der of t he f i ne and coar se
sampl i ng par t s.

Longi t udi nal

1

segment

2 3 4 5 6 7

Al l

HCl
Number of U- chr l ayer s 7 6 5 4 5 6 6 39
Number of V- chr l ayer s 6 7 4 5 4 6 6 38
Number of t ower s ( U+V) 520 468 396 344 324 288 252 2592

Number of ampl i f i er boar ds 108
Number of ADCmodul es 28

HC2
Number of U- chr l ayer s 4 5 5 14
Number of V- chr l ayer s - - 5 4 4 - - 13
Number of t ower s ( U+V) 344 324 288 956
Number of ampl i f i er boar ds 40
Number of ADCmodul es 10

HO
Number of U- chr l ayer s 6 6 12
Number of V- chr l ayer s 5 6 11
Number of t ower s ( U + V) 232 180 412
Number of ampl i f i er boar ds 20
Number of ADCmodul es 5



t he var i ous ci r cui t s . The hal f - r i ng cont ai ner s t hemsel ves,

excl udi ng t he chamber vol ume, can al so be f l ushed

ser i al l y ( i . e. one gas l i ne per end cap) ei t her wi t h t he

count i ng gas or wi t h an i ner t gas ( e . g. C02 , N2) . At t he

chamber out l et , t he gas densi t y i s st abi l i zed usi ng t he

si gnal s of pr essur e t r ansducer s and t emper at ur e pr obes .

For t emper at ur e moni t or i ng, 84 Pt 100 pr obes ar e

mount ed on chamber s l ocat ed at t op, bot t omand al ong

t he cent er l i ne of each hal f - r i ng cont ai ner .

6. 2. 6. Readout and t r i gger segment at i on

The 3960 t ower si gnal s ar e ampl i f i ed by 108 LRS

2724 pr eampl i f i er boar ds mount ed on t he r oar f l anges

of t he HC1 and HOcont ai ner s . The si gnal s ar e t hen

f ed t hr ough an appr oxi mat el y 55- m l ong 1. uß . ; d pai r

cabl e t o 43 LRS 1885F FASTBUS ADC modul es

l ocat ed i n t he bl ockhouse ( t abl e 7) .

For t r i gger i ng pur poses t he hadr on cal or i met er

end cap modul es ar e l ongi t udi nal l y di vi ded i nt o t wo

t r i gger pl anes : A( 1 . 5 X) and B f or t ho r emai nder ( up t o

6. 5 X) . Each pl ane i s azi mut hal y ( 45) subdi vi ded i nt o 16

el ement s whi l e t he pol ar ( 4) subdi vi si on cont ai ns 4

el ement s.

6. 3. Det ect or per f or mance

6. 3. 1 . Pr opor t i onal chamber per f or mance

The chamber s ar e oper at ed wi t h an 80%ar gon- 20

C0 2 gas mi xt ur e. The si ngl e l ayer si gnal f or a mi ni mum

i oni zi ng par t i cl e at nor mal i nci dence i s 100 f C wi t h a

char ge col l ect i on t i me of 240 ns ( 95%) . At an oper at i ng

hi gh vol t age of 1650 V t he gas ampl i f i cat i on i s 1 . 5 x 10 4 .

I n f i g. 69 t he mean pul se hei ght di st r i but i on f or al l 2284

chamber s mount ed i nt o t he endcaps i s di spl ayed show-

i ng an excel l ent manuf act ur i ng homogenei t y of S/ mean

of 3%. The sensi t i vi t y due t o changes of t he envi r on-

1, 20

1, 10
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Fi g. 69 . 1- l adr on cal or i met er f or war d- backwar d syst em. Mean

pul se hei ght di st r i but i on f or al l 2284 chamber s mount ed i nt o
t he endcaps ( 8/ mean =0. 03) measur ed wi t h cosmi c muons.

ment i s as f ol l ows :

Pr essur e :

	

AQI ( QAp) = 0. 6%mbar - t ;

Temper at ur e :

	

AQI ( QAT) =1 . 8% ° C- 1 ;

Hi gh vol t age:

	

OQ/ ( QAU) =1 . 2%V- 1 ;

Par t i cul ar at t ent i on was gi ven t o t he l ong t er m be-

havi or cf t he pr opor t i onal chamber s under r adi oact i ve

l oad of t he ur ani um absor ber . An accel er at ed agi ng t est

has been car r i ed out wi t h a st r ong 129Ru sour ce. No

change i n t he per f or mance wi t hi n 3%ha been f ound up

t o a cor r espondi ng l i f et i me of 800 yr i n t he ur ani um

envi r onmen, of t he end caps ( f i g . 70) .

91

i

	

I

	

A

500 600 700 800

cal or i met er

69

Fi g. 70. Hadr on cal or i met er end cap chamber behavi or under i r r adi at i on . Accel er at ed agi ng t est wi t h
12QRu

. Nor mal chamber

oper at i on condi t i ons ( see t ext ) . Qr e f i s t he si gnal f r om 55 Fe t aken i n t he non- i r r adi at ed par t of t he chamber . Qt est i s t he si gnal at t he

cent er of i r r adi at i on . The l i near char ge densi t y of 1 C/ emaccumul at ed i n 30 days of 129Ru i r r adi at i on cor r esponds t o 800 year s of

oper at i on i n t he L3 exper i ment .
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6. 3. 2. Cal i br at i on and moni t or i ng

An absol ut e cal i br at i on of t he cal or i met er wi t h

cosmi c muons has been per f or med usi ng sci nt i l l at i on

t r i gger count er s above and bel ow t he end cap modul es .

Addi t i onal concr et e shi el di ng r esul t ed i n a l ower muon

cut of f ener gy of 2 GeV. A f ace t o f ace cut was appl i ed

t o t he r aw dat a, demandi ng a coi nci dence of t hr ee

consecut i ve ver t i cal l y ar r anged t ower s t o ensur e t hat t l t c

cent er t ower was t r aver sed by t he muon ver t i cal l y i n f ul l

l engt h. Pr el i mi nar y r esul t s f or one hal f - r i ng ar r ange-

ment ( one HCl , HC2 and HOmodul e) ar e shown i n

f i g . 71 . The mean pul se hei ght of t he cent er t ower s

cor r esponds t o 45 ADCchannel s wi t h a var i ance of 8%.

The moni t or i ng and r el at i ve cal i br at i on of t he hadr on

cal or i met er end caps wi l l be achi eved by usi ng t he

r adi oact i ve backgr ound r adi at i on of t he ur ani um ab-

sor ber . The t ot al i oni zat i on yi el d - Li e t o el ect r ons and

phot ons ( ot ' s ar e absor bed i n t he chamber cover s) can

be measur ed accur at el y wi t h our gaseous det ect or , al -

t hough we cannot det ect a si ngl e phot on l i ne f r omt he

chai n of r adi oact i ve decays of t he ur ani um absor ber

nucl ei . I n our chamber / absor ber ar r angement t hi s i oni -

zat i on r at e amount s t o 40 Hz/ cm2 yi el di ng 10 4 count s/ s

f or a t ypi cal t ower . At t hi s hi gh r at e we can r andoml y

capt ur e ur ani umsi gnal s wi t h hi gh ef f i ci ency whi l e open-

i ng t he ADCf or 500 ns wi t h 2- kHz r epet i t i on r at e. Thi s

mode of oper at i on i s hi ghl y pr act i cal i n our 4000 chan-

nel s syst em as we avoi d addi t i onal ci r cui t r y f or t he

cal i br at i on gat e f or mat i on . The appr oxi mat el y exponen-

t i al spect r um of t he i oni zat i on yi el d obser ved i n t hi s

f ashi on i s shown i n f i g . 72; At hi gher chamber gai n, t he

sl ope of t he spect r um decr eases whi l e i t s end poi nt i s

12

10

8

ä6

0
u 4

' f0

most pr obat e pul se hei ght cosmi c myons

Fi g. 71 . Hadr on cal or i met er f or war d- backwar d syst em. Mean
pul se hei ght di st r i but i on obt ai ned wi t h cosmi c muons f or a

f ul l y assembl ed ar r angement of a HC1, HC2 and HOcon-

t ai ner af t er appl yi ng a f ace t o f ace cut t o t he r aw dat a.
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Fi g. 72 . Pul se hei ght di st r i but i on of t J- noi se si gnal s . About

10 - 3 of t he gat e openi ngs capt ur e a ur ani um si gnal . El ect r o-

magnet i c pi ckup noi se i s smal l as demonst r at ed by t he dashed

di st r i but i on, obser ved whi l e l ower i ng t he hi gh vol t age by 300 V

f r om t he st andar d oper at i on poi nt .

pushed f ur t her out . Thi s f act i s used t o cor r ect f or any

changes of t he det ect or gai n due t o envi r onment al

changes ( gas t emper at ur e, pr essur e, HV, et c . ) .

Spect r a f ar e t aken at r egul ar i nt er val s ( dur i ng r un

st ar t up or end) and compar ed t o a r ef er ence spect r um

r . The act ual gai n g i s det er mi ned f r om t he mi ni mum

of t he X2 f unct i on,

2

X 2 ( gsk) _ F, ( f ( gxi )
_

gr ( x, ) ~ 182,

F c111

	

00

k =- - = f

	

f ( x) dx/ f

	

r ( x) dx,
âXmm

	

x mm

whi ch i s a measur e of t he si mi l ar i t y bet ween t he t est

spect r um f and t he r ef er ence spect r um r . By compar i -

son t o di r ect l y measur ed spect r a f r om
ss

Fe we have

est abl i shed t hat t hi s cal i br at i on met hod wor ks r el i abl y

f or gai n changes wi t hi n a f act or of f i ve ( f i g . 73) .

The var i anc - of t he gai n g det er mi ned f r om t he
X2

mi ni mi zat i on i s i nver sel y pr opor t i onal t o t he number of

ur ani um si gnal s obser ved ( f i g. 74) . The gai n t est spec-

t r um i nf or mat i on i s r ecor ded at f ul l r eadout speed. A

3% pr eci si on r un cor r espondi ng t o 3000 ent r i es t akes
9

	

1

	

knowl edge

	

I .

	

. 1

appr oxi mat el y 150 s . The l i mi t ed

	

of me

r ef er ence spect r um det er mi nes t he ul t i mat e pr eci si on of

t hi s gai n t est met hod . Wi t h one day of r unni ng, r ef er -

ence spect r a f or 0 . 3% accur at e gai n t est s can be ob-

t ai ned .

Each wi r e cont r i but es pr opor t i onal l y t o i t s l engt h t o

t he i nt egr al F of t he ur ani um sPect r um ( f i g . 75) of a

det ect or cel l ( " t ower " ) and t he det ect or per f or mance

can be moni t or ed at t he wi r e l evel .
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Fi g. 73 . Gai n det er mi nat i on by obser vi ng ur ani um noi se si g-
nal s compar ed t o gai n det er mi nat i on by obser vi ng t he maxi -
mumof t he pul se hei ght di st r i but i on f r om 55 Fe 5. 9 keVgamma
r ays i n t he same chamber . The gai n was var i ed by changi ng t he

hi gh vol t age.
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Fi g . 74 . Pr eci si on of t he gai n det er mi nat i on as a f unct i on of t he
i nver se number of ent r i es i n t he r andoml y sampl ed U spec

t r um. Wi t h hi gh st at i st i cs i n t he r ef er ence spect r um r el at i ve
gai n det er mi nat i ons t o bet t er t han 1%can be achi eved

1000 2000 3000 4000 5000

wi r e l ongt h[ r nml

Fi g . 75 . U r at e f or t wo di f f er ent HC2 t ower s as a f unct i on of

t he oper at i ve l engt h of t he sense wi r e ( change i n l engt h by

connect i ng t he appr opr i at e chamber s t o hi gh vol t age sel ec

t i vel y) . The ver y l ow end of t he U spect r um ( Qu <_
Qmi , )

has

been cut out r esul t i ng i n a sl ope of 26 Hz/ cm.

7. The muon f i l t er
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6. 3 . 3 . Det ect or r esponse t o pi ons and el ect r ons
The r esponse of t he hadr on cal or i met er endcaps t o

pi ons up t o 25 GeV and el ect r ons up t o 10 GeV has
been st udi ed i n a pr c ~t ot ype set up whi ch had a , i i r dl ar
i nt er nal st r uct ur e but i l l owed f or l ar ger shower cont ai n-
ment [ 18] . The r esul t s ar e compar ed wi t h Mont e Car l o
si mul at i on cal cul at i ons [ 19] gi vi ng good agr eement wi t h
t he dat a.

The muon f i l t er i s mount ed on t he i nsi de wal l of t he
suppor t t ube and adds 1. 03 absor pt i on l engt h t o t he
hadr on cal or i met er . I t consi st s of ei ght i dent i cal oc-
t ant s, each made of si x 1- cmt hi ck br ass ( 65%Cu + 35%
Zn) absor ber pl at es, i nt er l eaved wi t h f i ve l ayer s of
pr opor t i onal chamber s and f ol l owed by f i ve 1 . 5- cm
t hi ck absor ber pl at es mat chi ng t he ci r cul ar shape of t he
suppor t i ng t ube ( f i g. 76) . Each oct ant i s 4- ml ong, 1 . 4- m

wi de and 0. 2- m t hi ck i n t he r adi al di r ect i on . The f i r st

f our l ayer s of an oct ant each cont ai n 16 chamber s
wher eas t he out er most l ayer cont ai ns 14 chamber s . The

muon f i l t er pr opor t i onal chamber s ar e made of a 4- m

l ong comb- ! i ke br ass pr of i l e cover ed wi t h a br ass l i d,

t hus f or mi ng ei ght t ubes, and ar e encl osed i n a pl ast i c

box t o ensur e gas t i ght ness . Each t ube i s 8_4 mmwi de

and 5 mr n hi gh and i s equi pped wi t h a r esi st i ve ( 470
SZ/ m) wi r e 50 [ Lm i n di amet er . The t ubes ar e separ at ed

by 1 . 6- mm t hi ck wal l s . They ar e ext r uded i ndust r i al l y ;

wi r es ar e st r ung manual l y and suppor t ed ever y 20 cm

by pl ast i c hol der s . The chamber s ar e t er mi nat ed by a

boar d equi pped wi t h ei ght 700 pF decoupl i ng capaci -

t or s and ei ght 10 M2 r esi st or s t hr ough whi ch t he Hi gh

Vol t age i s appl i ed t o t he wi r es . Chamber s ar e t est ed f . -

gas l eakage ( l ess t han 100 ml / h at 10 mbar over pr es-

sur e) , wi r e st r engt h ( 190- 310 g) and dar k cur r ent ( l ess

t han 100 nA at 3600 V) .

The chamber s use t he same gas mi xt ur e as t he hadr on

cal or i met er bar r el at about 1800 V t o obt ai n 400 f C f or

mi ni mum i oni zi ng par t i cl es . The 8064 channel s r eadout

syst em i s t he same as t hat of t he bar r el hadr on cal or i m-

et er . For t hr ee cent r al l ayer s of each oct ant we al so

di gi t i ze t ake, char ge pul se f r om t he ot her end of t he

chamber so t hat t he coor di nat e al ong t he wi r e can be

obt ai ned by char ge par t i t i on . By cor i bi ni ng t he mea-

sur ement s on t he t hr e . l ayer s, t he pr eci si on on t hi s

coor r j i nnt e r anges f r or n O_ROF, , ( 3_1 cm) t o 1 . 2% ( 4. 7 cm)

f or a gat e goi ng f r om 250 ns t o 400 ns [ 20] .

The muon f i l t er chamber s wer e t est ed bot h i n

l abor at or y, wi t h cosmi c r ays, and wi t h t he X3 beam at

t he CERN SPS [ 21, 22] . I n t he l abor at or y t est s, sever al

Ar - C02 mi xt ur es wer e used . Fi gs . 7/ 7 and 78 show some

r esul t s t hat demonst r at e t he ver y sat i sf act or y chamber

behavi or . The over al l chamber ef f i ci ency, measur ed dur -

i ng t he t est s on t he SPS t est beam, was 91%. gi vi ng 97%
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when unf ol ded f or geomet r i cal ef f ect s ( wal l t hi ckness,

pl ast i c suppor t s) .

8. Sci nt i l l at i on count er s

The good t i me r esol ut i on ( < 1 ns) of t he sci nt i l l at i on

count er s wi l l be used t o di st i ngui sh di - muon event s

f r omcosmi c muons . Asi ngl e , . osmi c muon whi ch passes

near t he i nt er act i on poi nt r esembl es a muon pai r event

pr oduct : d i n e' e i nt er act i on, but t he t i me- of - f l i ght

di f f er ence bet ween opposi t e sci nt i l l at i on count er s i s 5 . 8

ns f or cosmi c muons and zer o f or muon pai r s .

8. 1 . Count er di mensi ons

The sci nt i l l at i on count er s ar e l ocat ed bet ween t he

el ect r omagnet i c and hadr oni c cal or i met er s ( f i g. 79) . I n

t hi s posi t i on near l y compl et e cover age of t he sol i d angl e

0 ?00 400 600 1, 00 1000

A~, C Channel

Fi g. 77 . Typi cal char ge di st r i but i on obt ai ned wi t h di f f er ent
Ar + CO2 mi xt ur es .
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1390 mm

Fi g. 76 . Sect i on of one muon f i l t er oct ant .

can be achi eved and t he sci nt i l l at or can be used i n t he

t r i gger on hadr oni c event s . The bar r el sci nt i l l at i on

count er s ar e bent t o f ol l ow t he shape of t he hadr on

cal or i met er bar r el : t hey ar e 875 mm away f r om t he

beam at t he posi t i on of t he hadr on cal or i met er r i ngs

R0, R1 and at 969 mmat t he posi t i on of r i ngs R2, R3,

R4. We use a 1- cmt hi ck Bi cr on BC- 412 pl ast i c sci nt i l l a-

t or . The count er i s 167 mmwi de i n t he mi ddl e and 182

mmat t he ends i n or der t o cover t he same sol i d angl e

f or t he i nner and out er r i ngs of t he hadr on cal or i met er .

The pr oj ect ed l engt h of t he sci nt i l l at or i s 2900 mm. We

use adi abat i c l i ght gui des made of UV t r anspar ent

Pl exi gl as GS218 ( Roehm, FRG) . A bar r el count er has a

320- mml ong l i ght gui de on ei t her end . The count er s ar e

gr ouped i n 16 pai r s . Each pai r cover s one hadr on

cal or i met er 0 sect or . Bot h 0 sect or s near t he r ai l s f or

t he BGO cal or i met er ar e cover ed onl y by t wo wi der

count er s . Thus i n t ot al t her e ar e 30 bar r el count er s . The

l i ght gui des ar e asymmet r i c so t hat t he phot ot ubes of

t wo adj acent count er s ar e cl ose t o each ot her . I n t hi s

way t her e i s enough space f or cabl es bet ween pai r s of

phot ot ubes .
The end cap count er s ar e l ocat ed i n f r ont of t he end

cap hadr on cal or i met er ( f i g . 80) . The l i ght gui des have a

90' bend and ext end t o t he end of t he hadr on cal or i m-

et er end caps. Ther e ar e 16 count er s on ei t her si de of

t he det ect or each one vi ewed by a si ngl e t ube. The

sci nt i l l at or i s 2. 70 mml ong, 10 mmt hi ck, 275 mmwi de

on one si de and 180 mmon t he ot her . I t i s per pendi cu-

1500 2100 2700 3300

7

HI GH VOLTAGE M

F, g . 78 . Col l ect ed char ge f ( - ^ l i ni mur r s i oni zi ng par t i cl es as a
f unct i on of t he appl i ed hi gh vol t age f or di f f er ent Ar +C0 2

mi xt ur es .
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. .
i ndi cat i ng t he l ocat i on of t he sci nt i l l at i on count er . The bar r el

count er i s shown) .

so
Bar r el

scr nt dl at or s

Endcap

sci nt i l l at or s

l ar t o t he beam l i ne, 1030 mm f r om t he i nt er act i on

poi nt . Each count er cover s one of t he 16 0 sect or s of

t he hadr on cal or i met er endcaps .

The bar r el count er s angul ar cover age i s I cos 191

0. 83 ( 34" < O< 146" ) , wher e O i s t he pol ar angl e wi t h

r espect t o t he beam l i ne. They cover t her ef or e t he

accept ance of t he mi ddl e muon chamber ( MM) . The

end cap count er s ext end t he cover age down t o I cos

OI <0. 90 ( 25 ° < O< 155 ° ) . I n t he azi mut hal angl e 45,

93%of t he sol i d angl e i s cover ed by sci nt i l l at or s .

8. 2. Phot omul t i pl i er

The Hamamat su 82490- 01 16 st ages mesh dynode

phot omul t i pl i er oper at es i n t he 0. 5- T f i el d r egi on wi t h

hi gh quant um ef f i ci ency ( 14% at 430 nm, t he maxi mum

i n t he emi ssi on spect r um of t he BC- 412 sci nt i l l at or ) ,

hi gh gai n ( 4 x 10 5 at 0. 5 T magnet i c f i el d compar ed t o

1 . 5 x 10 6 wi t hout magnet i c f i el d) and good t i me r esol u-

t i on . The r i se t i me of t he anode pul se i s 2. 7 ns wi t h a

Fi g. 80 . The end cap sci nt i l l at or s ar e mount ed on t he end cap

hadr on cal or i met er HC1 .
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t r ansi t t i me j i t t er of 0. 9 ns f or one phot oel ect r on and
0. 6 ns f or -- 0 phot oel ect r ons .

8. 3. Readout

The 92 si gnal s ar e di gi t i zed i n LeCr oy FASTBUS
TDC 1875, wi t h a r esol ut i on of 50 ps and a dynami c
r ange of 15 bi t s . The t i me r esol ut i on of t he count er s can
be i mpr oved by a f act or of t wo because we al so di gi t i ze
t he char ge of t he pul se, so t hat t i me st ewi ng cor r ect i ons
can be appl i ed . Apaddl e car d has been bui l t t o conver t
t he phot omul t i pl i er pul se t o t he di f f er ent i al si gnal s
needed f or t he LeCr oy 1885 ADC.

8. 4. Test r esul t s

Accept ance t est s have been per f or med wi t h cosmi c

r ays on al l count er s, wi t h t he f ol l owi ng r esul t s :

The mean at t enuat i on l engt h i s 1 . 7 ± 0. 2 m. Acosmi c

r ay whi ch penet r at es t he mi ddl e of t he count er yi el ds on

aver age 41 phot oel ect r ons . A t i me r esol ut i on of 0. 35 ns

has been measur ed f or t he mean t i me of bot h phot o-

t ubes . We have al so t est ed a count er wi t h phot ot ubes i n

a magnet i c f i el d of 0. 5 T. The number of phot oel ect r ons

i s not af f ect ed by t he magnet i c f i el d, but t he gai n i s

r educed by a f act or of 2. 2 compar ed t o zer o f i el d.

Si mi l ar r esul t s have been obt ai ned f or t he end cap

count er s . Her e we have measur ed 80 phot oel ect r ons f or

a mi ni mumi oni zi ng par t i cl e penet r at i ng t he sci nt i l l at or .

9 . The el ect r omagnet i c det ect or

The el ect r omagnet i c det ect or has excel l ent ener gy

and spat i al r esol ut i on f or phot ons and el ect r ons over a

wi de ener gy r ange ( f r om 100 MeV t o 100 GeV) . I t uses

bi smut h ger manat e ( BGO) as bot h t hr shower i ng and

det ect i ng medi i i r n . B0r O i s a par t i cul ar l y at t r act i ve

mat er i al f or an el ect r omagnet i c cal or i met er because i t

has hi g; i st oppi ng power ( shor t r adi at i on l engt h) f or

phot ons and el ect r ons, and l ar ge nucl ear i nt er act i on

l engt h . Fur t her mor e, i t has l ow af t er gl ow and i s not

hygr oscopi c .

The el ect r omagnet i c cal or i met er [ 23] consi st s of

about 11000 BGOcr yst al s poi nt i ng t o t he i nt er act i on

r egi on . Each cr yst al i s 24 em l ong and i s a t r uncat ed

pyr ami d about 2 x 2 cm2 at t he i nner end and 3 x 3 cm2

at t he out er end. Two si ucon pet ot oaai odes and' associ -

at ed ' i r l ear el ect r oni cs det ect t he l i ght . The ener gy r eso-

l ut i on i s = 5% L: t 10` 3 MeV and bel ow 1 %f or enc r gi es

above = 2 GeV; t he measur ed spat i al r esol ut i on above

2 GeV i s bet t er t han 2 mm and t he hadr on/ el ect r on

r ej ect i on r at i o about 1000 : 1 . The det ect or ( f i g . 81)

sur r ounds t he ver t ex chamber and consi st s of :
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9. 1 . The bar r el

( 1 ;

Fi g. 81 . Longi t udi nal cut t hr ough t he BGOdet ect or .

i ) t wo hal f - bar r el s ( EB) made of BGOcr yst al s ;

i i ) t wo end caps ( EC) made of BGOcr yst al s, wi t h t r ack

chamber s ( FTC) i n f r ont ( t o be i nst al l ed i n Phase

I I ) .

The 7680 cr yst al s of t he bar r el ( t abl e 8) ar e ar r anged

i n t wo symmet r i cal hal f - bar r el s, gi vi ng a pol ar angl e

cover age 42* < 0< 138* .

9. 1 . 1 . BGOcr yst al s
The BGO cr yst al s ( t abl e 9) ar e pr oduced by t he

Shanghai I nst i t ut e of Cer ami cs i n Chi na, usi ng a mod-

i f i ed Br i dgeman met hod . Ver y pur e B' 203 and Ge02
powder s ( i mpur i t i es < 10 - 6 ) ar e mi xed i n t he cor r ect
st oi chi omet r i c pr opor t i ons . The r esul t i ng pol ycr yst al l i ne

powder of Bi 4Ge3012, cont ai ned i n a pl at i num f oi l
cr uci bl e, i s i nt r oduced i nt o an oven. Then a t emper at ur e
gr adi ent i s sl owl y di spl aced r el at i ve t o t he mel t , st ar t i ng
f r om a BGO monocr yst al seed . The cr uci bl e has t he
shape of t he f i nal cr yst al but i s somewhat l ar ger t o
al l ow f or l at er machi ni ng .

Tabl e 8
Mai n par amet er s of t he BGObar r el

I nsi de r adi us of bar r el

	

52 cm
I nsi de l engt h of cyl i nder

	

100 cm
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The pr oduced i ngot s ar e t hen cut t o si ze and pol i shed .
The t ol er ances i n di mensi ons ar e di ct at ed by t he need
t o have a saf e mount i ng i n t he suppor t st r uct ur e t o-

get her wi t h a mi ni mumdead space bet ween cr yst al s :

- f r om - 300 Rmt o 0 pmi n t r ansver se di mensi ons,
- f r om - 400 t Lm t o 0 Wmi n l engt h,

- l ess t han 50 t , m i n pl anar i t y of al l f aces .

Al l cr yst al s ar e t r uncat ed pyr ami ds ( f i g. 82 and t abl e

10) poi nt i ng t o t he i nt er act i on r egi on, wi t h a smal l
angul ar of f set ( 10 mr ad i n 45) t o suppr ess phot on
l eakage . Thei r cr oss sect i on i s appr oxi mat el y squar e and
t hey have a const ant f r ont f ace ar ea . Thi s geomet r y
i nvol ves 24 t ypes of cr yst al s, wi t h shape changi ng sl owl y
al ong Odue t o t he var i abl e di st ance t o t he i nt er act i on

poi nt ( f i g. 81) . An accur at e ( = 50 Rm) , f ast , cheap and

saf e met hod f or cut t i ng and pol i shi ng t he cr yst al s was

devel oped [ 24] , consi st i ng i n sawi ng di r ect l y t he cr yst al s
t o t he r equi r ed di mensi ons wi t h a di amond di sk . The
sur f ace f i ni sh obt ai ned al l ows us t o pr oceed di r ect l y t o

mechani cal pol i shi ng of ni ne cr yst al s si mul t aneousl y on

a spi nni ng t abl e .
Syst emat i c t est s [ 25] wer e per f or med on al l cr yst al s

ar r i vi ng at CERN i n mont hl y bat ches of 130 t o 400
cr yst al s dur i ng t hr ee year s . Each cr yst al was f i r st i n-

TYPE 24

Fi g . 82 . ' t ypi cal cr yst al shapes f or t he bar r el . See al so t abl e 10.

Tabl e 9
BGOand Nal ( TI ) pr oper t i es

4

BGO Nal ( TI )

Densi t y [ g/ cm3 ] 7. 13 3 . 67
Radi at i on l engt h [ cm] 1 . 12 2. 59
Mol i er e r adi us [ cm] 2. 3 4 . 4

dE/ dx [ MeV/ cm] 9 4. 8
I nt er act i on l engt h [ cm] 22 41
Ref r act i ve i ndex 2. 15 1. 85

2 Wavewngt h of maxi mum
emi ssi on [ nm] 480 410

Rel at i ve l i ght out put 8- 15 100
Temper at ur e coef f i ci ent

of l i ght yi el d - 1 . 55 0. 22
[ %/ ° Cat 25 ° C]

Lumi n. l i f et i me at r oom
t emper at ur e [ l i s] 0 . 3 0. 23

Af t er gl owat 3 ms 0. 005% 0. 5- 5%
Hygr oscopi c no yes

Mat er i al i n f r ont of cr yst al s 0. 05- 0. 1 Xo
t i - AS

' . ASP _ . 1

Angul ar ~nvPr aoa 42 . 30 _137 . 70 e I I I 5 u 5

Number of cr yst al s 2 x 3840
TYPE 2 6P t 2

i

Number of cr yst al t ypes i n ® 24
r -~
I- AzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" { - - - AP

Number of cr yst al , per t ype i n 0 160
Vi er )

V- 1

Cr yst al di mensi ons
l engt h 24 . 0 cm 4

f r ont f ace 2 x 2 cm2 3

back f ace 2. 6 x 2 . 6 t o 2 . 9 x 2 . 9 cm' ` 240 mm

vol ume 130- 150 cm3



Tabl e 10

Di mensi ons of a f ew r epr esent at i ve cr yst al s i n t he bar r el . NCR i s t he cr yst al r ow number , ® ( deg) i t s pol ar angl e wi t h r espect t o t he
beamaxi s and d® i t s angul ar aper t ur e. The meani ng of t he ot her quant i t i es ( i n mm) i s shown i n f i g. 82.

spect ed by eye and any def ect was r ecor ded. Then, t he

opt i cal qual i t y of t he cr yst al s was checked by a mea-

sur ement of t he t r anspar ency spect r um on t hei r f ul l

l engt h [ 26) . Typi cal t r ansmi ssi on cur ves ar e shown i n

f i g. 83 . The t hr ee r ef er ence poi nt s at 400, 480 and 630

nm ar e mi ni mum t r anspar ency val ues r equi r ed i n t he

speci f i cat i ons .

A depar t ur e f r omt he t r ansmi ssi on pr of i l es shown i n

f i g. 83, especi al l y i n t he near UV r ange, may i ndi cat e a

weaker r esi st ance t o r adi at i on. Thi s ef f ect was obser ved

on a f ew pr ot ot ype cr yst al s . Dur i ng t he qual i t y cont r ol

of t he bar r el cr yst al s, sever al bat ches of a f ew cr yst al s

each wer e checked f or r adi at i on har dness . They wer e

exposed t o a dose of 10 3 r ad f r om a medi cal
60

Co Y r ay

sour ce . Thi s i s mor e t han 100 t i mes t he dai l y dose

expect ed f or t he bar r el at LEP i n t he wor st case scenar i o

( beam l oss, et c. ) . I mmedi at el y af t er i r r adi at i on, t he

t r anspar ency i n t he bl ue r egi on had decr eased by about

409 . Then i t was obser ved t o r ecover spont aneousl y a

r oom t emper at ur e. Ful l r ecover y of t he or i gi nal t r ans-

mi ssi on pr of i l e was r eached af t er one mont h . I t shoul d

al so be st r essed t hat t he sci nt i l l at i on ef f i ci ency was not

af f ect ed by t he i r r adi at i on . Thi s was demonst r at ed by

compar i ng t he l i ght out put of smal l and l ar ge cr yst al s .

The cr : , st al di mensi ons, pl anar i t i es and angl es wer e

checked on a measur i ng bench [ 27] , si mul t aneousl y r e-

O
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H
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10
L
H

4davel enyt h ( nm)

Fi g. 83 . Opt i cal t r ansmi ssi on of a f ew cr yst al s

l ul l l engt h as a f unct i on of t he wavel engt h . The

sent t he mi ni mum t r ansmi ssi on val ues accept ed .
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t hr ough t hei r

cr osses r epr e-

cor di ng al l di mensi ons of a cr yst al by compar i son wi t h

an accur at e st eel st andar d, wi t h t he hel p of 39 i nduct i ve

posi t i on sensor s . The accur acy of each measur ed poi nt

was bet t er t han 10 Wm. Af t er t he i ni t i al bat ches, t he

cr yst al r ej ect i on r at e f or bad aspect ( dent s, scr at ches,

et c. ) , l ow t r anspar ency or i ncor r ect di mensi ons was

0. 2%.

The l i ght col l ect ed at t he l ar ge end f ace of a t aper ed

cr yst al wi t h i t s si x f aces pol i shed i ncr ea_ es st r ongl y wi t h

t he di st ance f r omt he l i ght sour ce t o t he l ar ge end f ace .

Thi s i s shown i n f i g . 84 f or a cr yst al vi ewed by a

phot omul t i pl i er and i l l umi nat ed by a
137CS

sour ce. Good

l i near i t y and ener gy r esol ut i on r equi r e a near l y uni f or m

l i ght col l ect i on ef f i ci ency, as i ndi cat ed by t est measur e-

ment s and ' _%Zont e Car l o si mul at i on . By coat i ng t he

pol i shed cr yst al s wi t h a 40- t o 50- ~t m t hi ck l ayer of hi gh

r ef l ect i vi t y NE560 pai nt , one obt ai ns a near l y f l at l i ght

col l ect i on ef f i ci ency cur ve ( f i g. 84) , wi t h a l i ght out put

compar abl e t o t hat r eached wi t h t he best wr appi ngs

t est ed ( 160- 270 Rm t hi ck) .
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Fi g. 84. Li ght col l ect i on cur ves measur ed wi t h a col l i mat ed
137

Cs sour ce r unni ng al ong t he cr yst al mai n di mensi on . Al l

cr yst al f aces ar e pol i shed . The par amet er R i s t he r el at i ve l i ght

out put di f f er ence f or t he sour ce at 21 and 3 cm f r om t he

phot omul t i pl i er . The dot s cor r espond t o al umi ni zed myl ar

wr appi ng and t he ci r cl es t o whi t e pai nt coat i ng ( see t ext ) .

NCR A AS B AP ASP BP ® d®

2 20 . 12 20. 17 20. 54 29 . 52 29. 59 30. 14 87. 7040 2 . 2898
12 20. 12 20. 46 20 . 39 28 . 57 29. 05 28. 95 65 . 6825 2 . 0434

24 20. 12 20. 70 20 . 27 26 . 48 27. 24 2 . 68 43 . 9097 1 . 5283
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Di st ance t o phot odi odes ( cm)

Fi g. 85. Typi cal l i ght col l ect i on cur ves obt ai ned wi t h t he cosmi c

r ay bench f or a sampl e of 96 cr yst al s . The l i ght yi el ds ar e
measur ed by t he number of phot oel ect r ons per cm of i oni zed

t r ack .

To guar ant ee t he per f or mance of t he cr yst al s f or

ener gy measur ement , i t was necessar y t o check t hei r

l i ght out put and t he uni f or mi t y of l i ght col l ect i on . The

l i ght out put i s an i mpor t ant par amet er f or t he r esol u-
t i on at l ow ener gy ( 100 MeV t o about 2 GeV) , whi ch i s

domi nat ed by t he si gnal - t o- noi se r at i o. We used t he

i oni zat i on by cosmi c muons f or t hese measur ement s
[ 281 .

A t est bench capabl e of si mul t aneous measur ement
of t he r esponse of 40 cr yst al s per day and r econst r uc-
t i on of t r ack l engt h and posi t i on al ong t he cr yst al s was
set up . The pai nt ed cr yst al s wer e equi pped wi t h caps-
ul es hol di ng t wo phot odi odes ( Hamamat su S- 2662, 1. 5
cr n2 act i ve ar ea) , f ol l owed by pr eampl i f i er , shapi ng

ampl i f i er and ADC. The dat a obt ai ned ( f i g . 85) can be
consi der ed as a pr ecal i br at i on of t he cr yst al s and wer e
ver y usef ul f or under st andi ng t he f i nal beam cal i br a-
t i ons of t he t wo hal f - bar r el s . Fi g . 86 shows t he l i ght
yi el d ver sus t he uni f or mi t y par amet er R def i ned as t he
r el at i ve var i at i on of t he col l ect i on ef f i ci ency of t he l i ght
pr oduced at t he cr yst al ext r emi t i es . These measur e-
ment s wer e made wi t h cosmi c r ays, f or al l cr yst al s of
t he f i r st hal f - bar r el . Li mi t s wer e set on t hese par amet er s
t o avoi d l ow l i ght out put t ai l s or l i ght col l ect i on cur ves
t oo f ar away f r om t he opt i mum val ue . Cr yst al s out of
l i mi t s wer e cor r ect ed by pai nt addi t i ons .

91 . ?. Mechani cal st r uct ur e

The r j cchani cal st r uct ur e of t he bar r el ( f i gs . 87 and
88) bear s t he wei ght of t he 7680 cr yst al s, t he pr eampl i -
f i er boar ds and t he cor r espondi ng cabl es, moni t or i ng
devi ces and cool i ng ci r cui t r y . To achi eve t he best sol i d
angl e cover age and t o mi ni mi ze dead spaces bet ween
cr yst al s, t he st r uct ur al mat er i al i s conf i ned t o t hi n wal l s
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Fi g. 86 . Li ght out put ver sus uni f or mi t y par amet er R f or al l t he
cr yst al s of t he f i r st hal f - bar r el . The aver age l i ght out put i s
( 14. 4±3 . 8) x 10 3 e/ cmand t he aver age val ue of R i s ( - 6 . 9 f
3. 8) %. The best ener gy r esol ut i on i s obt ai ned f or R val ues

bet ween 0 and - 10%.

ar ound t he cel l s and t o a cyl i ndr i cal i nner t ube at t ached
on each si de t o a coni cal f unnel ( " t r umpet " ) whi ch
car r i es t he wei ght and t r ansmi t s i t t o t he f our bear i ng

pads. The whol e st r uct ur e was st udi ed on a comput er
ai ded desi gn syst em [ 291 .

For t he cal i br at i on of t he cal or i met er , i t i s necessar y

t o ai m an el ect r on beam of known moment um at each
cr yst al i ndi vi dual l y, wi t h t he beampassi ng t hr ough t he
geomet r i cal cent er of t hc, ûar r el . Ther ef or e, t he bar r el i s
spl i t i nt o t wo hal ves al ong a pl ane nor mal t o i t s axi s . As

a consequence, each hal f - bar r el has t o be r ei nf or ced at
t he cut wi t h a 0. 5- mm aust eni t i c st eel membr ane, whi ch
i s most l y needed dur i ng t he coupl i ng oper at i on of t he
t wo hal f - bar r el s and r emai ns i n pl ace af t er war ds .

The cel l wal l s, as wel l as t he i nner t ube, ar e made of
epoxy r esi n car bon f i ber composi t e [ 301 . Thi s mat er i al
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Fi g. 87 . I somet r i c vi ew of t he mechani cal st r uct ur e f or t he
BGObar r el . ( 1) Tr umpet . ( 2) Mi ddl e f l ange. ( 3) Mi ddl e mem-
br ane . ( 4) Bar r et t e. ( 5) Sl i ce . ( 6) Row of 24 cr yst al s ( 7) Rol l er

bear i ng. ( 8) TECsuppor t i ng r ai l .
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Fi g. 88. Longi t udi nal sect i on t hr ough t he BGO bar r el . ( 1)
Cr yst al s . ( 2) Cel l wal l s. ( 3) Tr umpet body out of car bon f i ber

composi t e . ( 4) Rei nf or cement pads f or t i t ani umbol t s. ( 5) Mi d

dl e f l ange wi t h st ai nl ess st eel membr ane. ( 6) Ther mal shi el d.

( 7) Pr eampl i f i er boar d . ( 8) TECsuppor t i ng r ai l .

of f er s excel l ent mechani cal pr oper t i es and i s of r el a-

t i vel y l ow densi t y. The mi ni mumval ue of t he Young' s

modul us i s E=45000 N/ mm2 and t he yi el d st r ess i s

a, , = 350 N/ mm2 . The t ube t hi ckness cor r esponds t o

0. 04 r adi at i on l engt h at nor mal i nci dence . Mor eover ,

t hi s composi t e mat er i al has good mol di ng pr oper t i es

and i s ver y sui t abl e f or bui l di ng a compl ex st r uct ur e

wi t h t he r equi r ed pr eci si on . Met al l i c par t s ar e i nt r o-

duced i n some pl aces f or ver y speci f i c pur poses :

- Ti t ani um al l oy scr ews t o connect t he t wo hal f - bar r el

st r uct ur es ( l ow densi t y, hi gh r esi st ance al l oy ASTM

3. 7164) .

- Hi gh r esi st ance al umi num al l oy ( Ant i cor odal 100)

pads t o connect t he suppor t i ng st r uct ur e t o t he f our

r ol l er bear i ngs behi nd t he cr yst al s .

BGOcr yst al s ar e ext r emel y sensi t i ve t o per manent

l oadi ng, wi t h r i sks of subcr i t i cal cr ack pr opagat i on [ 31] .

Each cr yst al i s t hus hel d i n a separ at e cel l wi t h cl ear ances

such t hat nor mal st r uct ur al def or mat i on does not af f ect

any cr yst al and t hat t he wei ght of any cr yst al i s not

t r ansf er r ed t o i t s nei ghbor s . A t ot al of 160 modul ar

mol ded " sl i ces" wi t h 24 cel l s each ar e gl ued si de by si de

on t he suppor t i ng st r uct ur e i n or der t o pr oduce a com-

pl et e hal f bar r el . Ast ep- shaped par t , cal l ed a " bar r et t e" ,

cl oses t he sl i ce bot t omand pr ovi des accur at e l ongi t udi -

nal cr yst al posi t i on .

Each cr yst al i s pr essed f r om i t s back ont o t he f r ont

of i t s cel l by a spr i ng- l oaded devi ce whi ch pul l s on t he

wal l s wi t h a f or ce of about 20 N( cr yst al wei ght = 1 kg)

ensur i ng t hat a posi t i ve f or ce i s exer t ed on t he bot t om

of t he cel l i n any posi t i on and t hat t he cr yst al cannot

sl i de si deways nor pr ess on t he cel l wal l .
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The t hi ckness of t he cel l ul ar st r uct ur e has been mhi i -
mi zed t o t he l i mi t of t echni cal f easi bi l i t y : each cr yst al i s
separ at ed f r omi t s nei ghbor s by a composi t e wal l , made
of t wo l ayer s of 100 R. mpr e- i mpr egnat ed car bon cl ot h .
The f i nal t hi ckness var i es bet ween 200 Rmand 250 Rm.
A nomi nal cl ear ance of 100 l i m i s kept bet ween t l : e
cr yst al f aces and t he wal l s i n t he 0 and ©di r ect i ons . I t
al l ows f or t he pai nt coat i ng and t he expect ed el ast i c
def or mat i on of t he st r uct ur e due t o t hr changes i n
posi t i on of t he det ect or , f r om assembl y t o cal i br at i on
and t o exper i ment , wi t hout st r essi ng t he cr yst al s . Cel l u-
l ar wal l s and cl ear ances r epr esent about 1. 75% of t he
sol i d angl e cover ed by t he bar r el .

The suppor t i ng st r uct ur e i s made of t wo symmet r i cal

shel l s connect ed by t i t ani um bol t s i n t he mi ddl e pl ane .

Each shel l i s a composi t e t r umpet , 1- ml ong obj ect wi t h
a 10- mmt hi ck cyl i ndr i cal par t i n f r ont of t he cr yst al s

and a 5- mm t hi ck coni cal par t al ong t he si de of t he l ast

bar r el cr yst al s at O= 47 ° . A 25- mm t hi ck sol i d r i ng

wi t h f i xt ur es f or t he bear i ngs r ei nf or ces t he cone edge .

The cyl i nder i nsi de di amet er i s 1015 nua; t he sol i d r i ng

out si de di amet er i s 1600 mm. I ndi vi dual cr yst al wei ght s

and pul l i ng r esul t ant s ar e gat her ed on t he t r umpet

cyl i ndr i cal shel l and t r ansmi t t ed t o t he bear i ngs t hr ough

t he coni cal shel l and t he sol i d r i ng . The maxi mum

t r umpet def or mat i on, cal cul at ed [ 32] and measur ed dur -

i ng a pr eassembl y l oadi ng, i s l ess t han 1 mmi ncl udi ng

bendi ng and sect i on def or mat i on. Thi s def or mat i on i s

uni f or ml y shar ed on t o t he cel l ul ar st r uct ur e. The com-

posi t e st r uct ur e wei ghs 140 kg f or a t ot al l oad of 10 t .

9. 1 . 3. El ect r oni cs

Si nce t he BGO cal or i met er i s oper at i ng i n a 0. 5- T

magnet i c f i el d and space i s at a pr emi um, convent i onal

phot omul t i pl i er s cannot be used . I nst ead, we use 1 . 5

cn~' - 1- l amamat su 52662 phot odi odes t o det ect t he BGO

sci nt i l l at i on l i ght ; t hey ar e i nsensi t i ve t o t he magnet i c

f i el d and have a quant umef f i ci ency of about 70%. Each

cr yst al has t wo phot odi odes gl ued t o i t s r ear f ace. The

t ot al di ode capaci t ance i s 230 p1 f or 15 V r ever se bi as .

Si nce t hey have uni t y gai n ( each phot on det ect ed pr o-

duces one el ect r on- hol e pai r ) , a pr eampl i f i er must be

added. The si gnal f r om t he phot odi ode i s about 0. 2 f C

( 1200 el ect r ons) f or each MeV deposi t ed i n t he BGO

[ 33] .
The char ge sensi t i ve pr eampl i f i er [ 34] i s mount ed

di r ect l y behi nd t he cr yst al and uses a l ow noi se, hi gh

t r ansconduct ance Toshi ba 2SK147 FET i n a cascode

conf i gur at i on. The out put pul se r i se t i me i s 300 ns

( cor r espondi ng t o t he BGOl i ght decay t i me) and t he

exponent i al decay t i me i s 800 l i s . The r ms r andomnoi se

l evel of t he phot odi ode and pr eampl i f i er combi nat i on i s

l ess t han 1000 el ect _ ons . Thi s i s much hi gher t han t he

val ue t hat can be obt ai ned wi t h phot omul t i pl i er s, but

si gni f i cant l y af f ect s t he r esol ut i cn onl y f or ver y smal l

si gnal s ( shower s l ess t han a f ew hundr ed MeV) . The
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ampl i f i er gai n i s ext r emel y st abl e however and we do

not expect any of t he gai n var i at i ons t hat ar e nor mal l y

exper i enced when usi ng phot omul t i pl i er s . A t est pul se

i nput t o t he pr eampl i f i er i s pr ovi ded.

The anal og t o di gi t al conver t er ( ADC) uni t s, one f or

each cr yst al ( f i g. 89) ar e mount ed 3 maway, j ust out si de

t he hadr on cal or i met er . The ADChas been desi gned t o

sat i sf y t wo basi c r equi r ement s : t o measur e si gnal s accu-

r at el y over a wi de dynami c r ange, f r om100 MeV t o 100

GeV, and t o have a shor t memor y t i me so t hat t he t ai l s

f r om l ar ge si gnal s do not mi mi c smal l si gnal s i n l at er

beam cr ossi ngs . The si gnal f r om t he pr eampl i f i er i s

di f f er ent i at ed wi t h a pol e zer o ci r cui t whi ch r epl aces t he

800 or s exponent i al decay wi t h a 1 . 1 Ws decay t i me, and
spl i t t hr ee ways, i nt o a pr ogr ammabl e at t enuat or chan-

nel f or t he t r i gger ( see sect i on 12) , and i nt o t wo separ at e

ADC channel s, one f or smal l si gnal s and one f or l ar ge
si gnal s . Each channel has i t s own i ndependent r eset t a-
bl e i nt egr at or and a sampl e- hol d ci r cui t .

The l ow r ange has an addi t i onal gai n of 32 bef or e

t he i nt egr at or . Af t er each beam cr ossi ng, t he si gnal i s
i nt egr at ed and st or ed by t he sampl e- hol d ci r cui t . Then
t he i nt egr at or i s r eset , i n pr epar at i on f or t he next beam
cr ossi ng. Thi s pr ovi des t he shor t i nt egr at or memor y
t i me f or l ar ge si gnal s. The sampl e- hol d ( wi t h t he st or ed
si gnal ) i s not r el eased unt i l j ust bef or e t he next beam
cr ossi ng, al l owi ng maxi mum t i me f or t he f i r st l evel
t r i gger t o oper at e. The sampl e- hol d ci r cui t s ar e f ol -
l owed by t wo ampl i f i er s, each pr ovi di ng a gai n of f our
t o yi el d t he desi r ed wi de dynami c r ange. A si ngl e chi p
mi cr ocomput er wi t h i t s pr ogr am i n masked ROM
( Hi t achi 6305) chooses one of t he si x si gnal s avai l abl e
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SAMPLE- HOLDS

t o di gi t i ze usi ng a 12- bi t di gi t al t o anal og conver t er
( DAC) and si x compar at or s . A si mpl e successi ve ap-
pr oxi mat i on al gor i t hm i s used on t he chosen si gnal . The
l east count on t he most sensi t i ve r ange ( t he l ow ener gy
channel and a gai n of 16 af t er t he sampl e- hol d) i s 5 [ X,
cor r espondi ng t o l ess t han 100 eV. Ful l scal e ( on t he
l east sensi t i ve r ange, no gai n af t er t he pr eampl i f i er ) i s
10 V, about 200 GeV. The di gi t i zi ng r ange of t he ADC
i s equi val ent t o a 21- bi t ADC, wi t h r esol ut i on of at l east
10 bi t s ( 1 : 1000) f or si gnal s gr eat er t han 100 MeV. The
l i near i t y i s bet t er t han 1% over t he f ul l r ange. The
act ual dynami c r ange achi eved f or BGO si gnal s i s
200 000 : 1, f r omf ul l scal e t o t he noi se l evel .

The mi cr ocomput er s ( l evel 1 r eadout ) compl et e t he
di gi t i zi ng and st or e t he dat a wi t hi n 250 ps af t er t he
t r i gger . The mi cr ocomput er s, one f or each BGO cr yst al ,
ar e or gani zed i n t oken r i ng net wor ks of 60 cr yst al s and
ar e cont r ol l ed by anot her comput er ( l evel 2 r eadout ) ,
whi ch i s a si ngl e boar d Mot or ol a 68010 i n a VMEcr at e .
These ar e l ocat ed mor e t han 100 maway i n t he count -
i ng r oom. Communi cat i on i s vi a di f f er ent i al ' 1TL dr i ver s
and r ecei ver s . Onl y t he act ual anal og t o di gi t al conver -
si on i s done at t he t r i gger t i me ; r eadout by t he hi gher
l evel comput er s i s done as a backgr ound t ask . The
mi cr ocomput er s can buf f er up t o 41 event s i nt er nal l y .
Thi s syst em al l ows a peak i nst ant aneous event r at e of
4000 t r i gger s per second and an aver age r at e of 500
t r i gger s per second ( t he t r ansf er r at e t o t he mast er ) . The
mi cr ocomput er s al so al l ow sever al syst em f eat ur es t o be
added at t he l owest l evel . Each cr yst al has an i ndi vi dual
spar se scanni ng t hr eshol d, t r i gger at t enuat or const ant
( f or t he anal og out put t o t he t r i gger syst em) , t r i m

HANDSHAKE I OKENS RESET I NTERRUPT
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I N A TOKEN RI NG NETWORK
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Fi g. 90 . Or gani zat i on of t he upper l evel s of t he r eadout syst em.

const ant ( t o adj ust t he pedest al val ue) , t est pul se enabl e,

et c . ; al l of whi ch ar e downl oaded f r om t he l evel 2

comput er . Each ADC ca - : i al so measur e t he l eakage

cur r ent of t he phot odi odes ai d, i f desi r ed, t he t emper a-

t ur e of t he BGO cr yst al . Sevsr al t est modes ar e avai l a-

bl e t o ensur e t he i nt egr i t y of t he syst em. Al l t he dat a

wor ds have a par i t y bi t added bef or e t hey l eave t he l evel

1 mi cr ocomput er . Fi g. 90 shows t he or gani zat i on of t he

upper l evel s .

The l evel 2 comput er s ar e or gani zed i n gr oups of 16
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and cont r ol l ed by a l evel 3 comput er ( al so Mot or ol a

68010) , whi ch i s t he VME cr at e mast er ( t he l evel 2

comput er s ar e VME sl aves) . Communi cat i on bet ween

l evel 2 and l evel 3 i s vi a dual por t ed memor y l ocat ed i n

each l evel 2 comput er . The pr ogr ams i n t hese comput er s

ar e st or ed i n RAMand ar e l oaded dur i ng an i ni t i al i za-

t i on phase, ei t her by downl oadi ng f r om a hi gher l evel ,

or f r om l ocal non- vol at i l e memor y i n each VME cr at e.

Each VME cr at e pr ovi des r eadout and cont r ol f or 960

cr yst al s . Ei ght cr at es ar e r equi r ed f or t he bar r el , t hi r t een

cr at es f or t he f ul l cal or i met er ( wi t h endcaps and i ncl ud-

i ng t he l umi nosi t y moni t or ) . These cr at es ar e connect ed

t o a l evel 4 cr at e vi a a VME t o VME l i nk, whi ch

i ncor por at es FI FO memor y buf f er s . The l evel 4 com-

put er combi nes t he dat a f or each event i nt o one bl ock

and sends i t t o a FASTBUS memor y modul e i n t he

mai n dat a acqui si t i on syst em. The syst em has a maxi -

mumaver age dat a t r ansf er r at e gr eat er t han 6 Mbyt e/ s .

Thi s cor r esponds t o 500 t r i gger s per second, wi t h 20%

of t he cr yst al s havi ng dat a above t he spar se scan

t hr eshol d .

9. 1 . 4. Ther mal r egul at i on
The l i ght pr oduced i n a BGOcr yst al by a par t i cl e of

a gi ven ener gy i s st r ongl y cor r el at ed t o t he cr yst al

t emper at ur e. The l i ght out put var i at i on i s - 1 . 55/ ° C.

Ther ef or e we must mai nt ai n t he BGO at t he l owest

possi bl e t emper at ur e but above t he dew poi nt . The

r equi r ed ener gy r esol ut i on ( < 1 % at 50 GeV) i mpl i es

mai nt ai ni ng t he cr yst al t emper at ur e const ant wi t hi n a

f ew t ent hs of a degr ee, as wel l as t he t emper at ur e

di f f er ence bet ween t he t wo cr yst al end f aces bel ow

0. 5° C.

Fi g. 91 . Expl oded vi ew of a pr eampl i f i er boar d f or t he BGO bar r el . ( 1) Ther mal st abi l i zat i on cover . ( 2) Cool i ng pi pe . ( 3) Cabl es t o

t he l evel 1 cor d. ( 4) Pr eampl i f i er s . ( ` ) Ther mal sensor s .
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Fi g. 92 . Schemat i c vi ew of a l evel 1 r eadout box. ( 1) Ther mal scr een. ( 2, , Cool i ng pi pe . ( 3) Level 1 r eadout boar d. ( 4) Connect or s f or
t he r eadout cabl es f r om t he pr eampl i f i er boar ds . ( 5) Suppor t f r ame f or t he r eadout box and f or t he cabl es .

The pr eampl i f i er s l ocat ed at t he r ear f ace of t he
cr yst al s di ssi pat e about 0. 2 Weach . Thi s heat must be
r emoved t o mai nt ai n t he pr eampl i f i er t emper at ur e be-
l ow 35° C and t o mi ni mi ze t he gr adi ent s al ong t he
cr yst al s . To evacuat e t hi s heat , each of t he 320 24- chan-
nel boar ds i s cover ed wi t h a br ass scr een t o whi ch
copper pi pes have been sol der ed . The pi pes ar e con-
nect ed t o cool i ng f l ui d ci r cui t s [ 35] . These scr eens ar e
posi t i oned about 1 mmaway f r om t he el ect r oni cs com-
ponent s t o achi eve adequat e heat t r ansf er . A schemat i c
l ayout of t he pr eampl i f i er boar d and i t s t her mal scr een
i s shown i n f i g . 91 . To pr event heat t r ansf er t o t he
el ect r omagnet i c cal or i met er f r omout si de, t he cal or i me-
t er i s sur r ounded by ver y t hi n act i ve t her mal shi el ds,
connect ed t o t he f l ui d ci r cui t s .

The l evel 1 r eadout boxes, each cont ai ni ng up t o 32
r eadout el ect r oni cs car ds wi t h 12 channel s per car d, ar e
i nst al l ed on t he end f aces of t he hadr oni c cal or i met er
bar r el . Each channel di ssi pat es 2 W, r esul t i ng i n a t ot al
di ssi pat i on of 23 kW. Thi s heat has t o be evacuat ed t o
mai nt ai n t he el ect r oni cs bel ow 40° C. A l evel 1 r eadout
box i s equi pped wi t h 17 bui l t - i n r nn' si na cr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" r F- i nc canj _

wi ched wi t h r eadout car ds . Speci al scr eens wer e devel -
oped usi ng t he r ol l - bond t echni que [ 36] . Four boxes ar e
connect ed t o a cool i ng f l ui d ci r cui t , r esul t i ng i n a t ot al
of t wo set s of f our ci r cui t s . A sci t emat i c vi ew of a
cool i ng box i s gi ven i n f i g . 92.

A c ) oi i l g f l ui d ci r cui t [ 35] i s basi cal l y composed of a
vacuum pump, a ci r cul at i on pump, a wat er - cool ed heat
exchanger and a t her mal val ve t o r egul at e t he f l ui d

B. Adeva et al . / The const r uct i on of t he L3 exper i ment

t emper at ur e ( f i g. 93) . To avoi d acci dent al f l ui d l eaks,
t he ci r cui t i s oper at ed at 800 mbar bel ow at mospher i c
pr essur e . The cool i ng f l ui d must have l ow densi t y, l ow
vi scosi t y, l ow vapor pr essur e and hi gh speci f i c heat ; i t
must be an i nsul at or t o avoi d mi xi ng up t he el ect r i cal
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Fi g. 93 . Schemat i c vi ew of a cool i ng ci r cui t .
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Fi g. 94 . Schemat i c of t he BGOxenon moni t or i ng syst em. PFB:

pr i mar y f i ber bundl e . SFB: secondar y f i ber bundl e. SF : spec

t r al f i l t er . F: at t enuat i on f i l t er ( opt i onal ) . ( 1) Fi ber f r om t he

ot her l amp syst em. ( 2) Fi ber s f r omot her mi xer s .

gr ounds of t he syst em. We use about 1 t of a si l i con- base

l i qui d, Dow Cor ni ng DC 200/ 50 wi t h a densi t y of 1

g/ cm3 , a vi scosi t y of 5 cst at 25 ° C, a vapor pr essur e of

40 mbar and a speci f i c heat of 1400 J/ kg.

The. t emper at ur e at t he f r ont and back of t he BGO

cr yst al s i s moni t or ed by 1280 AD590 sensor s, so t hat

t her e i s one f r ont and back t emper at ur e measur ement

f or ever y 12t h cr yst al . These sensor s ar e r ead out t hr ough

t he BGO l evel 1 r eadout syst em. Anot her set of 960

AD590 sensor s moni t or s t he t emper at ur e of t he pr e-

ampl i f i er boar ds, of t he l evel 1 r eadout boar ds and of

t he cool i ng f l ui ds . They ar e r ead out by an i ndependent

syst em t o p- , r saf e oper at i on of t he el ect r oni cs even

i n case of f ai l ur e of t he cent r al Br 0 comput er . The

r eadi ng accur acy i s about 0. 1° C f or each sensor .

9. 1 . 5. Xenon l i ght moni t or

The l i ght col l ect i on ef f i ci ency of each cr yst al . ~-

get her wi t h t he gai n. of t he couespondi ng r eadout chi i n

ar e moni t or ed by means of xenon l i ght pul ses di st r i b-

ut ed by opt i cal f i ber s ( f i g . 94) . The l i ght f l ashes ar e

gener at ed by a set of 16 xE t on f l ash l amps. Fr omeach

l amp, t he l i ght i s t r anspor t ed by f our bundl es of opt i cal

f i ber s ( " pr i mar y be adl es" ) t o f our l i ght mi xer s and t hen

t o t he cr yst al s by f our " secondar y bundl es" of 240

f i ber s each . Fr om each mi xer , addi t i onal f i ber s car r y

l i ght t o r ef er ence phot omul t i pl i er s and phot odi odes .

Each cr yst al i s i l l umi nat ed by t wo f i ber s f r om t wo

i ndependent syst ems, one f or hi gh ener gy pul ses ( t ypi -

cal l y 35 GeV equi val ent ) , t he ot her f or l ow ener gy

1- bout 11 . 55 ( 0r eV equi val ent ) - These t wo pul ses ar e used

t o compar e t he behavi or of t he l ow and hi gh gai n

channel s of t he BGO r eadout el ect r oni cs . Fur t her mor e,

t he sect or s of t he bar r el cover ed by nei ghbor i ng l ow and

hi gh ener gy f i ber bundl es ar e sl i ght l y of f set . Thi s en-

abl es t he i nvest i gat i on of syst emat i c ef f ect s .

The dr i vi ng ci r cui t s of t he Hamamat su L2453 xenon

l amps have been t uned t o pr oduce t he same pul se

l engt h as t he BGO sci nt i l l at i on . The pr i mar y bundl es
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ar e made of 14 quar t z f i ber s ( t ype PCS600, cor e di ame-

t er 600 gm, pr oduced by Fi br es Opt i ques I ndust r i e)

whi ch at each end ar e gl ued t oget her i n a connect or .

The l engt h of a bundl e i s 35 m. The l i ght mi xer consi st s

of a pol i shed l uci t e r od, 200 mml ong, wi t h a 5 x 5 mm2

sect i on. Upst r eam and downst r eam of t hi s r od, sl i ght l y

depol i shed l uci t e pl at es i mpr ove t he mi xi ng. I n or der t o

mat ch t he spect r um of t he BGO sci nt i l l at i on l i ght , t he

ul t r avi ol et and i nf r ar ed component s ar e suppr essed by

appr opr i at e f i l t er s . The secondar y bundl es, t ypi cal l y 2

m l ong, ar e composed of 200/ 230 t Lm quar t z/ har d

pl ast i c f i ber s t ype HCP200 pr oduced by Ensi gn Bi ck-

f or d Opt i cs Company . At one end, t he f i ber s ar e gl ued

t oget her i n a connect or and at t he ot her end each f i ber

i s t er mi nat ed by a br ass f er r ul e whi ch snaps i nt o t he

cr yst al capsul e . The mechani cal coupl i ngs of t he pr i mar y

and secondar y bundl es t o t he casi ng of t he mi xer ar e

made t o be st r ong and ver y pr eci se .

Two di f f er ent t ypes of r ef er ences ar e used t o moni -

t or t he i nt ensi t y of t he l i ght pul ses comi ng out of each

mi xer , namel y phot omul t i pl i er s equi pped wi t h Har shaw

Nal - Am pul ser s and Hamamat su 52662 phot odi odes .

Because of t he t emper at ur e dependence of t he Nal ( TI )

sci nt i l l at i on ef f i ci ency, t he phot omul t i pl i er s ar e housed

i n t emper at ur e cont r , ~I i ed cabi net s l ocat ed out si de t he

L3 magnet , about 30 m away f r om t he BGO bar r el ,

wher eas t he phot odi odes ar e mount ed on t he BGO

bar r el st r uct ur e i t sel f and need not be decoupl ed f r om

t h°; mi xer s dur i ng t r anspor t at i on bet ween t he cal i br a-

t i . ) n si t e and t he L3 exper i ment al hal l . For each phot o-

di ode, t he 59 . 5- keV y r ay l i ne of an
" ' Am

sour ce al l ows

us t o moni t or t he gai n of t he ampl i f yi ng chai n .

The st abi l i t y of t he opt i cal f i ber ayst em i s est i mat ed

as f ol l ows : ' n each sect or of 240 cr yst al s connect ed t o

t he same mi xer , t he xenon l i ght ampl i t ude measur ed i n

a gi ven channel i s nor mal i zed t o t he sum of t he ampl i -

t udes i n t he sect or . Over a per i od of 45 days, t he mean

var i at i on of t hese r el at i ve ampl i t udes f or one compl et e

hal f - bar r el i s 0. 20 r ms . Thi s demonst r at es t he qual i t y of

t he opt i cal f i ber syst em and of t he el ect r oni cs .

9. 1 . 6. Ener gy cal i br at i on

The cal or i met er was cal i br at ed at CERN i n t he SPS

X3 beam, wher e an accur acy bet t er t han 1 % was ob-

t ai ned. I n t ur n, each of t he t wo f ul l y equi pped hal f - bar -

r el s was i nst al l ed on a r ot at i ng t abl e. Suf f i ci ent st at i st i -

cal accur acy was achi eved by r ecor di ng about 1500

el ect r ons f or each cr yst al at 2, 10 and 50 GeV/ c

moment a. Owi ng t o t he hi gh r esol ut i on of t he cal or i me-

t er , t hi s measur ement r equi r es a wel l t est ed pr ocedur e

and cont r ol of syst emat i c devi at i ons f r om t he nomi nal

ener gy deposi t i on .

The f i r s . r equi r ement i s a beam spect r omet er of

adequat e r esol ut i on, st abi l i t y and moment um r epr o-

duci bi l i t y compar abl e t o t he ener gy r esol ut i on of t he

BGO. We measur ed t he magnet i c f i el d of t he bendi ng
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Tabl e 11

Par amet er s . of t he X3 beamspect r omet er

Fi el d r epr oduci bi l i t y

	

< 0. 15%

Fi el d peak t o peak r i ppl e

	

<10 - $ at 10 GeV/ c

Fi el d sl ow dr i f t

	

< 5 x 10 - 4 at 2 GeV/ c

Chamber r esol ut i on

	

±400 t . m

Absol ut e moment umer r or

f r ombendi ng angl e

	

4x10 - 3

magnet s t o i nsur e t hat t he desi gn par amet er s wer e r e-

spect ed . The measur ed par amet er s of t he spect r omet er

ar e gi ven i n t abl e 11 .

The second r equi r ement i s t o have a geomet r i cal

pr eci si on i n t he cr yst al al i gnment wi t h t he nomi nal

beam di r ect i on and posi t i on such t hat no cor r ect i on

shoul d be i nt r oduced i n t he eval uat i on of t he ener gy

deposi t ed i n t he cr yst al . Thi s r equi r ement i s t r ansl at ed

i n a posi t i oni ng of t he geomet r i cal cent er of t he cr yst al

f r ont f ace bet t er t han 1 mmand an angl e bet ween t he

beamand t he cr yst al l ongi t udi nal axi s l ess t han 5 mr ad.

These l i mi t s wer e achi eved by t he mechani cal pr eci si on

of t he suppor t i ng t abl e and by t he el ect r oni c cont r ol s of

t he ser vo mot or s .

Fi nal l y dur i ng t he cal i br at i on t he hal f - bar r el was

encl osed i n an ai r - condi t i oned t ent wi t h a st abi l i zed

nomi nal t emper at ur e of 18 f 0 . 5° C.

The cal i br at i on const ant of a cr yst al i s def i ned as t he

r at i o bet ween t he ener gy deposi t ed i n t he cr yst al and

t he el ect r oni c si gnal r ead by t he r eadout syst em. The

ener gy deposi t ed L . a si ngl e cr yst al i s a f r act i on of t he

el ect r on ener gy whi ch depends upon t he i mpact poi nt .

I n or der t o r educe t hi s dependence, we sumt he si gnal s

f r om a mat r i x of 3 x 3 cr yst al s . I n t hi s sumwe nor mal -

i ze each ampl i t ude wi t h t he val ue of t he si gnal gi ven by

t he cosmi c r ay measur ement . I n subsequent i t er at i ons,

t he nor mal i zat i on val ues ar e r epl aced by t he cal i br at i on

const ant s obt ai ned i n t he pr evi ous st ep .

Two quant i t i es comput ed f r om t he pul se hei ght di s-

t r i but i ons can be used t o eval uat e t he cal i br at i on con-

st ant s : t he peak and t he mean val ues. We use t he mean

val ue t o comput e t he const ant s and t he peak t o cont r ol

syst emat i c er r or s possi bl y due t o dat a sel ect i on or t o t he

i nf l uence of mal f unct i oni ng or absent channel s . Bot h

met hods agr ee wi t hi i i 0. 2% ( f i g . 95) . Each cr yst al con-

t r i but i ng t o t he t ai l of t he di st r i but i on i s r eeval uat ed . A

t hi r d met hod, based on si ngl e cr yst al si gnal s, was al so

used as an addi t i onal check . I t agr ees wel l wi t h t he

ot her met hods ( < 0. 4%) .

The mai n cor r ect i on was due t o t he act ual t emper a-

t ur e pr of i l e i n t he BGO cr yst al s . The t her mal sensor s

al l ow t he det er mi nat i on of a t emper at ur e map whi ch i s

used t o cor r e?7Y t he measur ed pul se hei ght appl yi ng t he

aver age t emper at ur e coef f i ci ent of - 1 . 55%/ ° C. The

r epr oduci bi l i t y and t he st abi l i t y of cal i br at i on const ant s

, B. Adeva et al . / The const r uct i on of t he L3 exper i ment
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Fi g . 95 . Rat i o of t he mean val ue t o t he peak val ue f or al l

cr yst al s i n t he f i r st hal f - bar r el .

wer e t est ed wi t h a pr ot ot ype mat r i x [ 371, wi t hi n 0 . 3%

r ms syst emat i c er r or .

Si nce one of t he most i mpor t ant par amet er s of t he

BGO det ect or i s i t s l ow ener gy r esol ut i on, t hi s was

t est ed usi ng one of t he hal f - bar r el s at a speci al l y desi g-

ned beaml i ne pr ovi di ng 180- MeV el ect r ons at t he LEP

i nj ect or l i nac. A r epr esent at i ve sampl e of appr oxi mat el y

200 cr yst al s wer e exposed t o t he beam. The measur ed

r esol ut i on i s shown i n f i g . 96, whi ch al so i ncl ude t he

hi gh ener gy measur ement s as wel l as r esul t s f r om an

ear l y pr ot ot ype det ect or . The r esol ut i on at 180 MeV i s

bet t er t han 4%, whi ch i s wi t hi n t he desi gn goal s of t he

det ect or .

Cosmi c muons ar e used t o moni t or t he cal i br at i on

const ant s as measur ed at t he t est beam, and t o per f or m

per i odi c cal i br at i ons i n si t u t o ensur e t he st abi l i t y of t he

ener gy r esponse of t he cal or i met er [ 38, 391 . They al l ow a

measur ement of t he possi bl e var i at i on ozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA¬ t he l i ght r e-

sponse of t he cr yst al al ong i t s maj or axi s. The expect ed

muon r at e usef ul t o t he cal i br at i on, i . e . t hose muons

cr ossi ng opposi t e f aces of a cr yst al , i s about 500/ day

d
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bar r el 1` 388 .



9. 2. The end caps

HB

B. Adeoa et al . / Ti r e const r uct i on of t he L3 c- per i ment

c , 0 20cm

Fi g. 97 . BGQ end cap l ongi t udi nal sect i on . ( 1) Cr yst al s . ( 2)

Cel l wal l s . ( 3) Mechani cal st r uct ur e. ( 4) St i f f eni ng r adi al spokes .

( 5) Suppor t i ng r i ng. ( 6) Pr eampl i f i er boar d . ( 7) Cool i ng duct s .

( 8) Ther mal shi el d. ( 9) Opt i cal f i ber bundl e.

per hor i zont al cr yst al and 200, / day per ver t i cal cr yst al .

Wi t h t hese r at es, t he pr eci si on on t he muon moment um

measur ement i n t he muon chamber s and t he det er mi na-

t i on of t he ener gy l oss i n BGO [ 40] , cal i br at i on and

moni t or i ng of t he l i ght yi el d al ong t he cr yst al wi t h t he

accur acy r equi r ed t o mat ch t he det ect or per f or mances

can be achi eved i n a f ew days .

The end caps ( EC) ar e made of t wo symmet r i cal

par t s, wi t h 1536 BGO cr yst al s each, gi vi ng an angul ar

cover age r angi ng f r om 12' t o 42" and 1, 38' t o 168' ,

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" n~r a ~nt i asst y l f w 471 Fach end cap i s spl i t i nt o t woat +Jar vvóseva~ ~ . . b. ~-
r a

hal ves f or i nst al l at i on ar ound t he beam t ube . Each hal f

i s composed of ei ght sect or s ( f i g . 98) , i n whi ch t he

cr yst al s ar e di st r i but ed i nt o f i ve modul es of t hr ee r ows

and one modul e of t wo r ows near t he beam t ube . The

end caps ar e bui l t wi t h t he same mat er i al s as t he bar r el .

The el ect r oni c r eadout , t he t her mal r egul at i on syst em

and t he xenon l i ght moni t or i ng syst em ar e al so i dent i cal

10 . The l umi nosi t y moni t or

10. 1 . Desi gn descr i pt i on

Hadr on Cal or i met er Endcap

Pl anar

Ch- [ er ,

BGQ

Fi g. 99. The L3 l umi nosi t y moni t or .
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B_ 11 . 60

Fi g. 98 . Cr yst al ar r angement i n an end cap sect or . Ther e ar e 16
sect or s per end cap .

t o t hose used i n t he bar r el . I n f r ont of each endcap, f our

dr i f t chamber s measur e t he posi t i on and t he di r ect i on

of a char ged par t i cl e af t er t he TEC f 1wnge wi t h a spat i al

r esol ut i on of bet t er t han 200 Rm, and angul ar pr eci si on

bet t er t han 10 mr ad .

The l umi nosi t y moni t or ( f i g. 99) i s desi gned f or

r el i abl e l umi nosi t y measur ement s i n t he Z° ener gy r ange

at LEP [ 411, by measur i ng t he r at e of Bhabha event s . I t
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Fi g . 100 . An end vi ew of t he BGOcr yst al ar r ay .

i s l ocat ed i n an angul ar r egi on f or war d enough t o

become i ndependent of t he Z° exchange and yet not t oo

f ar f or war d so as ' t o al l ow easy Bhabba event sel ect i on

unaf f ect ed by syst emat i c er r or s . I t consi st s of a char ged

par t i cl e t r acki ng devi ce wi t h good posi t i on r esol ut i on,

f ol l owed by a hi ghl y segment ed BGO ar r ay of good

r adi at i on har dness t o measur e t he ener gy of t he shower -

i ng el ect r ons and phot ons.

Wi t h t hi s syst em, or e can st udy i n det AI t he Bhabha

pr ocess i ncl udi ng t he r adi at i ve t ai l . ThezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" t r i gger [ 421 wi l l

per mi t t he measur ement and r emoval of ba- kgr ound

event s l i ke beam- gas i nt er act i ons . Of f l i ne anal ysi s wi l l

r emove t he Bhabha event s t hat devel op onl y a f r act i on

of t hei r ener gy i n t he BGOdet ect or but ot her wi se pass

t he t r i gger condi t i on . By compar i ng t he t r acki ng i nf or -

mat i on wi t h t he ener gy pr of i l e deposi t ed i n t he cr yst al

ar r ay, one can def i ne a ver y pr eci se geomet r i cal accep-

t ance r egi on . An asymmet r i c sof t war e cut wi l l r educe

t he syst emat i c ef f ect s of var i at i ons i n t he LEP beam

par amet er s .

The BGO ar r ay i s cyl hndr ca' j l y symmet r i c. The

cr yst al s ar e ar r anged i n ei ght r i ngs ( f i g. 100) , each

cover i ng 15 mm r adi al l y, par al l el t o t he beam pi pe .

Azi mut hal l y, t hey ar e ar r anged i n 16 sect or s of 22 . 5 °

each . Each sect or consi st s of 19 cr yst al s whi ch ar e 26
cml ong and whi ch r ange i n cr oss sect i on f r om 1 . 5 x 1 . 5
cm2 t o 1. 5 x 3. 0 cm2 . The cr yst al s ar e wr apped f i r st i n
t ef l on t ape and t hen i n 25 gmcopper f oi l . Each cr yst al
i s vi ewed by an Hamamat su phot odi ode, and a yel l ow

l i ght emi t t i ng di ode i s mount ed opposi t e t he phot odi ode

t o r oäci t or any r adi at i on dai nàge and r ecover y . 10

ensur e opt i mum shower cont ai nment , a sof t war e cut i s
def i ned t hat l i mi t s t he accept ance t o t he i nner si x of t he
ei ght r i ngs . Thi s al so mat ches t he f ul l ef f i ci ency r ange of
t he moni t or chamber s . The BGOar r ay i s spl i t i nt o t wo
hal ves t hat ar e separ at ed ( f i g. 101) dur i ng each f i l l i ng of
t he LEP r i ng by an hydr aul i c devi ce wi t a a posi t i oni ng
accur acy of 10 Rm. A l ead sh; ° l d bet ween BGO and
beam pi pe pr ovi des f ur t her r adi at i on pr ot ect i or . ' T ., . , :
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Fi g. 101 . The suppor t st r uct ur e f or t he BGOar r ay.

mai n char act er i st i cs of t he syst em ar e summar i zed i n

t abl e 12 .

Apar t f r om an ener gy t r i gger demandi ng a l ar ge

amount of ener gy deposi t ed i n t he t wo BGOar r ays ( e. g.

f or t ags i n t wo- phot on physi cs) , a geomet r i cal t r i gger

wi l l r equi r e a coi nci dence havi ng a mi ni mumener gy i n

each of t he t wo BGO ar r ays . The azi mut hal wi dt h of

t he over l ap r egi on f or t he coi nci dence i s def i ned as t wo

BGO sect or s, i . e. 45' . Thi s t r i gger scheme al l ows t he

Tabl e 12
Mai n char act er i st i cs of t he L3 l umi nosi t y moni t or

/ E J"

, 1O [ ni r s~~d]
®O ' ) [ deg]

Has been measur ed i n a r 0 Cc" . . l ect r o

0. 5- 1 . 0
900
< 0 . _,
< 0 . 6

Di st ance f r om t he i nt er act i on poi nt [ cm] 265
Beampi pe r adi us [ cm] 6. 0
Radi al ext ent of physi cal BGOar r ay

R -mi n Rma. , [ cm] 6. 8- 19 . 0
Radi al ext ent of accept ance ar ea

R -mi n Rma, , [ cm] 8 . 8- 17. 5

Ef f ect i ve pol ar angl e cover age

Omi n - Omax [ mr ad] 31- 62

Ef f ect i ve Bhabha cr oss sect i on Q [ nb] 100
Lengt h of BGOcr yst al [ cm] 26 . 0
Lengt h of BGOcr yst al [ X0 ] 24
Tr acki ng chamber r esol ut i ons
( ent i r e t r ack)

AR" I I . Lm] < 250
d0 [ mr ad] < 0. 10
A( P' ) [ deg] 0 . 6

Cal or i met r y



10. 2. Pr eci si on goal s f or t he L3 l umi nosi t y moni t or

t i on, or mul t i pl e phot on emi ssi on
They cont r i but e t o t he syst em. at i c
mat ed 1%.

B. Adeva et al . / The const r uct i on of t he L3

obser vat i on of r adi at i ve and nonr adi at i ve Bhabha event s
as wel l as of backgr ound i nt er act i ons . Sof t war e st udi es
wi l l t hen cont r ol t he amount of backgr ound t o be
admi t t ed i nt o t he l umi nosi t y event sampl e.

The f or war d t r acki ng syst em i n f r ont of t he BGO
ar r ay consi st s of a st ack of f our pl anar mul t i wi r e pr o-
por t i onal chamber s wi t h cat hode st r i p r eadout . The
chamber di mensi ons ar e 400 mmx 200 mmx 10 mm
and each st ack of f our chamber s has t he cat hode st r i ps
ar r anged i n bot h R- 45 ( t wo chamber s) and x - y ( t wo
chamber s) conf i gur at i ons . Dat a on ef f i ci ency and spa-
t i al r esol ut i on wer e obt ai ned by exposi ng a st ack of f our
pr ot ot ype chamber s t o 50 GeV el ect r ons i n t he X3
beam at t he CERN SPS. The ef f i ci ency per wi r e pl ane
was bet t er t han 98%. Requi r i ng a t r ack t o have at l east
3 out of 4 hi t s gi ves a t r acki ng ef f i ci ency of 99. 8%. The
spat i al r esol ut i on was < 350 l i m per chamber . Agai n,
r equi r i ng at l east 3 out of 4 hi t s gi ves a spat i al r esol u-
t i on per t r ack of bet t er t han 250 Rm. The measur ed
pul se hei ght mat chi ng bet ween opposed cat hode pl anes
wi t hi n an i ndi vi dual chamber has an r ms spr ead of
17%; t hi s wi l l ai d i n r esol vi ng ambi gui t i es f or mul t i hi t
event s .

Because of t he st eep dependence of t he Bhabha cr oss
sect i on on t he angl e f r omt he beams axi s a cr uci al f act or
i s zhe t ur n- on of t he ef f i ci ency near t he i nner r adi us of
t he chamber s . The syst em was f ound t o be f ul l y ef f i -
ci ent f or r adi i gr eat er t han 88 mmwhi ch i s adequat e f or
t he f i duci al voi er ne used i n t he ener gy t r i gger .

The l umi nosi t y moni t or wi l l accept an angul ar r e-
gi on of 30- 62 mr ad wi t h f ul l ef f i ci ency, cor r espondi ng
t o an ef f ect i ve Bhabha cr oss sect i on a = 100 nb . At an
aver age l umi nosi t y of 10 31 cm- 2 s - 1 , a t r i gger r at e of
about 1 Hz wi l l r esul t , t o be compar ed wi t h t he 0 . 3 Hz
expect ed r at e f r omZ event s . Thus, a st at i st i cal er r or of
about 1% i n t he l umi nosi t y wi l l be achi eved i n a 3- h
r un. We ahn at a pr eci si on, i ncl udi ng syst emat i c ef f ect s,

of bet t er t han 2%i n t he i nt egr at ed l umi nosi t y on a r un

t o r un basi s . The mai n l i mi t at i on wi l l t hen come f r om
syst emat i c er r or s whi ch can be separ at ed i nt o f our

maj or sect i ons, as di scussed i n t he f ol l owi ng subsec-

t i ons .

10. 2 . 1 . Theor et i cal uncer t ai nt i es
These i ncl ude uncer t ai nt i es i n t he Bnabha cr oss sec-

t i on, such as weak i nt er act i on ef l eCt S, vaCüüai i pvi ar i . - a-
beyond ol der a. ; .

er r or s f or an est i -

10. 2 . 2. Det ect or per f or mance
The l i mi t at i ons of t he l umi nosi t y I - t ect n- cont r i but e

bel ow t he 1 % l evel t o t he syst emat i cs . The t ot al ener gy

t r i gger and t he r equi r ement of good l at er al shower

exper i ment 8 5

cont ai nment wi l l pr oduce no si gni f i cant l oss of Bhabl za
event s . Longi t udi nal shower cont ai nment i s al most
compl et e i n 24 ni di at i on l engt hs and can be i gnor ed
agai nst t he mor e i ncompl et e l at er al cont ai nment . The
t r acki ng chamber r esol ut i on of bet t er t han 250 dam,
t aken at t he cr i t i cal i nner r adi us R = 8 . 8 cm, pr oduces a
l umi nosi t y er r or of l ess t han 0 . 6% per event and t hi s wi l l
be made negl i gi bl e by t he st at i st i cs of a 3- h r un . Cham-
ber pr oduct i on t ol er ances, as wel l as f i nal al i gnment
and sur vey, shoul d be bel ow 100 t i m and t hus cont r i b-
ut e 0 . 2% t o t he syst emat i cs . The chamber s wi l l be
mount ed i n a f i xed posi t i on on t he beam pi pe and t hey
wi l l be sur veyed wi t h r espect t o t he LEP quadr upol es .
Chamber ef f i ci enci es have t he most cr i t i cal ef f ect i n t he
syst emat i cs . They must be known t o bet t er t han 1%per
wi r e, and must al so be st abl e at t hat l evel . Requi r i ng
hi t s on 3 out of 4 chamber s r educes t he syst emat i c er r or
t o 0. 3%. Thus, by moni t or i ng any i nef f i ci enci es, espe-
ci al l y near t he onset of f ul l ef f i ci ency at R = 8. 8 cm, t he
syst emat i c er r or shoul d be wel l bel ow t he 1%l evel .

10. 2. 3. LEP beambackgr ounds
Mi nor cont r i but i ons t o t he syst emat i cs come f r om

backgr ound i nt er act i ons mi xed i nt o t he event sampl e .
Synchr ot r on r adi at i on i nduced event s ar e easi l y r e-
moved by a sui t abl e ener gy t hr eshol d i n t he t r i gger .
Of f - moment um el ect r ons r esul t i ng f r om beam- gas or
beam- wal l i nt er act i ons wi l l be st udi ed as par t of t he
event sampl e . They ar e i dent i f i abl e as hi ghl y acopl anar
event s wb_ ; h vi ol at e t he geomet r i c t r i gger but ar e
accept ed by t he ener gy t r i gger . A st udy of t hese event s
wi l l per mi t a r el i abl e backgr ouna subt r act i on accur at e
t o bet t er t han t he 1% l evel .

10. 2 . 4. LEP beam par amet er s
One of t he r no~t ser i ous obst acl es t o keepi ng t he

l umi nosi t y syst emat i cs bel ow t he 1% l evel i s t he depen-

dence of t he obser ved Bhabha r at es on var i at i ons of t he

beam par amet er s at t he i nt er act i on poi nt . The par ame-

t er s ar e pr edi ct i ons der i ved f r om si ngl e separ at ed beam

measur ement s . Hence, a maj or ef f or t was under t aken t o

adequat el y el i mi nat e t he dependence of t he Bhabha

cal i br at i on on t he pr eci se val ues of t he beam par ame-

t er s . Af t er consul t at i on wi t h t he Lf : P i nst r ument at i on

gr oup, t he f ol l owi ng par amet er s wer e pi cked as t he

most essent i al t o cont r ol [ 43] : I P posi t i on ( ( x) , ( y) ,

( z) ) ; I P wi dt h

	

( ay ) , ( a- ) , ' ; beam di sper si on

and angul ar beamof f set ( ( x` ) , ( y" , ) .

A Mont e Car l o st udy of t he ef f ect s of beampar

	

e-

t er val ues, i n combi nat i on wi t h t he t r i gger desi gn end

event sel ect i on, was under t aken [ 421 . We have t nr ese : n

t he use of a: 3 asymmet r i c sof t wan . t r i gger [ 441 : one : ) f

t he det ect or ar ms r equi r es t he nomi nal geomet zal

t r i gger bet ween 30 and 62 mr ad, wher eas t he ot her ar m

has t o sat i sf y t he geomet r i cal t r i gger wi t hi n a l oosened

angul ar r ange f r om 30 - d t o 62 + d mi l l i r adi ans, wher e
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ai /

<x> ( mm)

a) d= 0, ox , a , aZ as f or ( c) :

b) d= 0 . 6 mr aj , ox= oy= a== 0

c) d= 0 . 6 mr ad, c x = 0 . 3 mm, oy= 0. 012 mm, a== 33 mm

Fi g. 102. Ef f ect of asymmet r i c t r i gger .

d i s a par amet er t o be sui t abl y chosen . As an exampl e,

t he event r at es dr op al most l i near l y wi t h ( x) when

d = 0 . Wi t h i ncr easi ng d, t he dependence becomes

par abol i c unt i l , f or a par t i cul ar val ue of d, t her e i s no

dependence f or a wi de r ange of ( x) val ues Wi t h st i l l

l ar ger d val ues, one obt ai ns even á r i se i n r at e wi t h ( x)

f or smal l val ues of ( x) . The var i at i on of t he event r at e
f or par t i cul ar val ues of d as a f unct i on of ( x) i s shown

i n f i g . 102 .
I n our si r ul at i on, a chani ber r esol ut i on of 400 t Lm

was used . The ener gy shower s wer e not si mul at ed, but

l at er al non- f l uct uat i ng shower spr eadi ng was al l owed.
The t r i gger was si mul at ed wi t h an ener gy t r i gger

t hr eshol d of 781- of beam ener gy per ar m. The event s

Lhemsel ves wer e pr oduced by a st andar d gener at or [ 451
i ncl udi ng f i r st or der r adi at i ve event s .

I t i s i mpor t ant t o r eal i ze t hat t he r esul t s f r om t he

st udy on t he syst emat i c er r or s appl y onl y i n case t hat a
par t i cul ar beam par amet er set t i ng cannot be measur ed
( or pr edi ct ed) . I f a par amet er can be measur ed ( e . g. by

Tabl e 13
Syst emat i c uncer t ai nt i es i n r el at i ve l umi nosi t y measur ement

The const r uct i on of t he L3 exper i ment

t he ccont r al det ect i r ) , i t can cl ear l y t ) e cor r ect ed f or and

i t s ef f ect s on syst emat i cs r emoved . A st udy i s under way

t o i nvest i gat e t he f easi bi l i t y of measur i ng beampar ame-

t er s wi t h t he l umi nosi t y moni t or i t sel f . Hence, t he st at ed

r esul t s ar e wor st case onl y . Tabl e 13 shows t ypi cal

val ues f or t he par amet er s as t hey have been est i mat ed

by t he LEP i nst r ument at i on gr oup [ 43] . The col umn

l abel l ed " absol ut e change" shows t he cor r espondi ng

change i n t he l umi nosi t y cal i br at i on. Usi ng a val ue of

d = 0. 6 mr ad, t he syst emat i c er r or on t he absol ut e

l umi nosi t y due t o i gnor ance of beampar amet er set t i ngs

can be kept bel ow t he 1% l evel f or val ues sever al t i mes

l ar ger t han t he col umn l abel l ed " t ypi cal val ue" i n t abl e

13 .

11. The cent r al t r ack det ect or

1L1. I nt r oduct i on

The L3 cent r al t r ack det ect or i s desi gned wi t h t he

f ol l owi ng goal s :
- det ect i on of char ged par t i cl es and pr eci se measur e-

ment of t he l ocat i on and di r ect i on of t hei r t r acks ;
- det er mi nat i on of t he t r ansver se moment um and t he

, .
si gn of t háh. char ge f or pa i l - Ces up t o 501

. .
~cV/ C;

- r econst r uct i on of t he i mpact poi nt and di r ect i on f or
char ged par t i cl es at t he ent r ance of t he el ect r omag-
net i c cal or i met er ;

- det er mi nat i on of t he t r ack mul t i pl i ci t y or i gi nat i ng

f r om t he i nt er act i on r egi on at t he t r i gger l evel ;
- r econst r uct i on of t he i nt er act i on poi nt and of sec-

ondar y ver t i ces f or par t i cl es wi t h l i f et i mes gr eat er

t han 10- 13 s .
These goal s and t he l i mi t ed space avai l abl e f or t hi s

det ect or wi t hi n t he el ect r omagnet i c cal or i met er have
det er mi ned i t s desi gn . The t ot al l ever ar m avai l abl e f or
coor di nat e measur ement s i n t he chamber i s 37 cm r a-
di al l y . The char ge i dent i f i cat i on of SO GeV/ c par t i cl es

wi t h 95%. conf i dence r equi r es 50 coor di nat e measur e-
ment s wi t h 50 p. m r esol ut i on . Thi s i s accompl i shed by
t wo concent r i c cyl i ndr i cal dr i p chamber s on common
end pl at es oper at ed i n " t i me expansi on" mode, t he

TEC, sur r ounded by t wo cyl i ndr i cal pr opor t i onal cham-
ber s wi t h cat hode st r i p r eadout , t he Z- det ect or ( f i g.
103) .

ne f i venn ex anszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" aon Chr aM- i , - nv
a a . 2. . s r ee ssesse. ~. r sj r . er s . e " vss a seueseei er

Fol l owi ng t he TEC pr i nci pl e, t he hi gh f i el d ampl i f i -
cat i on r egi on at t he sense wi r e pl ane i s separ at ed f r om
t he l ow f i el d dr i f t r egi on by an addi t i onal gr i d wi r e
pl ane . Thi s conf i gur at i on al l ows t o opt i mi ze t he el ec-
t r on ar r i val t i me di st r i but i on as wel l as t he t r ack l engt h
seen by t he i ndi vi dual anode wi r es i ndependent l y of t he
dr i f t vel oci t y chosen i n t he dr i f t r egi on . The TEC oper -

a . n. nw l a m 1 v ~ . m r . 5

( y) 100 ~Lm 5 ~t m 0. 1

12 ~t m 1 ~L m 0. 06

( ) 1 mm 0. 7 mm 0. 1

o. 33 mm 0. 5 mm 1 . 5

( x' ) 0 2 ~L r ad 0

a, 1 175 l i r ad 5 ~L r ad 0. 05

( v , ) 0 10 gr ad 0

a, , - 175 ~L r ad 5 ~t r ad 0. 05

Par amet er Typi cal Known Absol ut e

at I P val ue t o change i n %o

f or t ypi cal val ue

( . x) 100 ~t m 15 ~L m 0. 1
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Fi g. 103 . Gener al vi ew of t he cent r al t r ack det ect or s.

at es wi t h 80%C02 and 20% i C4Ht o , whi ch has a l ow

l ongi t udi nal di f f usi on and t hus per mi t s a l ow dr i f t

speed . Fur t her mor e, t hi s gas has a negl i gi bl e Lor ent z

angl e . To r each t he ul t i mat e r esol ut i on f or dr i f t l engt hs
of up t o 5 cm, det er mi nat i on of t he dr i f t t i me by a
cent er of gr avi t y met hod i s mandat or y . Thus t he anode

pul ses ar e sampl ed by Fl ash Anal og t o Di gi t al Con-

ver t er s ( FADC) af t er a shapi ng of t he anal og pul ses t o

cancel t he i on t ai l . Thi s pr i nci pl e has been t est ed by
pr ot ot ype chamber s i n t est beams and i n t he MARK J

exper i ment at PETRA[ 46- 481 .

11. 2 . 1 . Mechani cal const r uct i on
The TECwi r es ar e suppor t ed by t wo end pl at es wi t h

pr eci sel y dr i l l ed hol es f or t he anode, pot ent i al and f i el d

shapi ng wi r es . Fur t her mor e, t he pl at es cont ai n t he gas

i nl et s and out l et s, and t he gr ooves f or t he posi t i oni ng of
t he gr i d wi r e pl anes ( f i g. 104) . The end pl at es ar e hel d

apar t , and t he encl osur e i s gas seal ed, by a 4- mm t hi ck

al umi num cyl i nder at t he out er di amet er and a 1 . 5- mm

t hi ck ber yl l i um cyl i nder at t he i nner di amet er . The

st r uct ur e has been st udi ed by t he f i ni t e el ement t ech-

ni que t o meet t he r equi r ed pr eci si on of about 10 Wm f or

t he wi r e posi t i oni ng and t o mi ni mi ze t he amount of

mat er i al t r aver sed by t he par t i cl es ent er i ng t he chamber

and r eachi ng t he el ect r omagnet i c cal or i met er ( l ess t han

1 %and 10%of a r adi at i on l engt h, r espect i vel y) . Fi g . 105

shows one of t he end pl at es .

The anode wi r e pl anes ar e ar r anged r adi al l y f or mi ng

12 i nner and 24 out er sect or s . Thei r sensi t i ve l engt h i s

982 mm. Ther e ar e t wo t ypes of sense wi r es : st andar d

wi r es t o measur e pr eci sel y t he R- 0 coor di nat es oé t he
t r acks and char ge di vi si on ( CD) wi r es t o det er mi ne t he

Z coor di nat es . Addi t i onal l y, or par t of t he st andar d

wi r es, gr oups of f i ve gr i d wi r es on each si de of t he

ampl i f i cat i on r egi on ar e r ead out ( pi ck- up wi r es) . Com-

par i ng t he i nduced si gnal s, t he l ef t - r i ght ambi gui t y f or

t hese anodes ( LR wi r es) can be r esol ved [ 491 . The i nner

sect or s i ncl ude si x st andar d and t w, ) CD wi r es, whi l e

t he out er sect or s i ncl ude 31 st andar d, 14 LR and 9 CD

wi r es .

[ 3195

Fi g . 105 . One of t he TECend pl at es .

=SPACI NG BETWEEN WI RES

ALL DI MENSI ONS I N mm
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Fi g . 104 . Techni cal dr awi ng of t he wi r e conf i gur at i on i n one
i nner TECsect or and i n par t of t wo out er sect or s.

11 . 2. 2 . Readout

Fi g. 106 shows a schemat i c dr awi ng of t he anal og
par t of t he TEC r eadout . Al l anodes ar c capaci t i vel y

coupl ed t o t he same t ype of hybr i d pr eampl i f i er s vi a
HV pr ot ect i on ci r cui t r y . The CD anodes have an i n-

cr eased t i me const ant f or bet t er si gnal - t o- noi se r at i o .

The shaper s ( t ype A) ar e set t o pr oduce a symmet r i c

WARE DI AMETERNm
MATERI AL

TENSI ONC~3

CHARGE DI VI SI ON ANODE 20 W . 0

ANODE 20 W 70zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
" " FOCUS 100 CuBe 200

0 " OUTER B I NNER FOCUS . CATHODE 250 CUBS 1200

100 CuBo 300
~~- -

O- - - - - -
GROUP OF 5 GRI D WI RES USED FOR PI CK UP - MEASUREMENT

i 0 " POTENTI AL WI RE S 100 Gu8® 300
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out put si gnal wi t h mi ni mal over shoot [ 50] . For t he

pi ck- up ( gr i d) wi r es, a di f f er ent pr eampl i f i er and a

speci al shaper ( t ype B) wi t h a di f f er ent i al i nput ar e

used . The shaper s f or t he LR anodes, t he pi ck- up wi r es

and t he CDanodes pr ovi de addi t i onal out put si gnal s t o

t he l evel 1 and l evel 2 t r i gger pr ocessor s . Cal i br at i on of

t he CD channel s i s done by i nj ect i ng known char ges at

t he cor r espondi ng pr eampl i f i er i nput s .

The desi gn par amet er s of t he di gi t al r eadout syst em

of t he TEC ar e gi ven by t he 45- kHz bunch cr ossi ng r at e

and t he 50- Hz event s r at e accept ed by t he t r i gger l evel

2 . To achi eve t hi s, t he r eadout syst em has t o buf f er 10

event s at t r i gger l evel 1 . The 2 Mb of r aw dat a per TEC

event , comi ng f r om 2000 r eadout channel s, have t o be

r educed consi der abl y bef or e bei ng t r ansf er r ed t o t he L3

dat a acqui si t i on syst em. Ther ef or e, a f ast dat a r educt i on

pr ocessor ( DRP) i s at t ached t o each p, : ; of di gi t i zat i on

uni t s .

The TEC r eadout syst em ( f i g . 107) consi st s of 60
VME cr at es or gani zed i n 4 chai ns of 15 cr at es. Each

cr at e houses up t o 38 FADC channel s and i t s cont r ol
uni t , t he cr at e mast er ( CM) . I n a f i f t h chai n, t he FADC
uni t s ar e r epl aced by char ge t o t i me conver t er s ( QTC)

f or r eadout of t he Z chamber s and by mul t i pl exer s t o

r ead t he sci nt i l l at i ng f i ber s . Speci al modul es have been
desi gned t o i nt er f ace t he cr at es wi t h t he moni t or i ng

comput er , t he L3 t r i gger syst em and t he DAQsyst em.

The TEC dat a ar e wr i t t en i nt o a LeCr oy 1892 FAST-
ni 1 0
BUJ
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syst em. A pr ogr am r unni ng on t he host comput er i ni -

t i al i zes and super vi ses t he compl et e syst em.
The shaper out put si gnal of ever y anode wi r e i s

di gi t i zed by one FADC wi t h a 100- MHz cl ock r at e .
Each FADC consi st s of a 6- bi t ADCchi p ( TRWTDC
1029- J7C) and 1- kB ECL memor y ( Hi t achi HM2112- 1) .
Thi s al l ows one t o di gi t i ze t he i ncomi ng pul ses i n 10 . 24
t t s, cover i ng t he maxi mumTEC dr i f t t i me . The FADC

Fi g. 106 . Schemat i c di agr amof TECanal og el ect r oni cs .
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i nput can be swi t ched under pr ogr amcont r ol t o a si gnal

gener at ed by t he cr at e mast er f or cal i br at i on . Two

FADC channel s ar e connect ed t o one DRP t o r educe

t he amount of dat a t r ansf er r ed downst r eam i n t he r ead-

out syst em. The t wo FADCchannel s and one DRPar e

bui l t as one VMEboar d ( f i g. 108) .

The DRP i s bui l t ar ound a Texas I nst r ument s chi p

TMS 99105 wi t h a 24- MHz cl ock . I t has a 32- kByt e

RAMmemor y f or pr ogr am, dat a and mul t i event buf f er -

i ng . St ar t ed by a t r i gger l evel 2 accept , t he DRP r educes

t he FADC r aw dat a t o about 5%. The out put i s wr i t t en

i nt o a dual por t memor y f r om wher e i t i s col l ect ed by

t he cr at e mast er ( CM) . For a t ypi cal TEC event , t he

comput at i on t i me i s l ess t han 5 ms . A check sumcan be

#7 #8

Q

1

Fi g . 107 . Schemat i c di agr am of t he cent r al t r ack det ect or
r eadout syst ems .
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Fi g . 108 . AVMEmodul e cont ai ni ng t wo Fl ash ADCchannel s
and one DRP.

cal cul at ed by t he DRP and added t o i t s out put .

Each VME cr at e i s cont r ol l ed by a CM, whi ch

consi st s of t hr ee PC boar ds. I t i s bui l t ar ound a Mot or ol a

68000 12- MHz CPU. The cent r al f unct i on of t he CMi s

t o communi cat e wi t h t he DRP uni t s i n t he cr at e and t o

t r ansf er t he DRP dat a t o t he dat a acqui si t i on syst em.

The CM al so cont ai ns t he FADC mai n cont r ol uni t

( FMC) whi ch accept s t he pr i mar y t r i gger i nput si gnal s

and cont r ol s al l FADC f unct i ons. The dat a col l ect ed by

t he CM f r om al l DRP ar e st or ed i n a 64- kByt e out put

memor y ( OM) . The OM of 15 cr at es bui l d a chai n

whi ch i s connect ed t o t he mai n DAQsyst em t hr ough a

f ast r eadout sequencer and t he FASTBUS memor y

modul e.

A speci al VME cr at e, t he dat abox, cont ai ns modul es

whi ch cont r ol t he f l ow of dat a f r om t he CM t o t hei r

dest i nat i ons . The r eadout scanner modul e ( R5) f eeds

t he dat a f r om t he OMt o t he r ecei vi ng memor y modul e .

A l ookup t abl e f l ags cr at es t hat have t o be ski pped i n

t he r eadout and cr at es whose out put dat a shoul d be

copi ed i nt o a spy channel . Thr ee spy channel s equi pped

wi t h 256- kByt e memor y each enabl e t he moni t or i ng

pr ogr am t o i nvest i gat e TEC dat a wi t hout i nt er f er i ng

wi t h t he mai n dat a st r eam.

11 . 2 . 3. I nf r ast r uct ur e

To achi eve t he spat i al r esol ut i on of 50 l am, t he TEC

i s oper at ed wi t h a gas mi xt ur e of 809 CO, and 20%

i C4 Ht o , a gas wi t h a l ow dr i f t vel oci t y, at 2 bar . The

dr i f t vel oci t y_ and hence t he spat i al r esol ut i on, depends

st r ongl y on t he pr essur e and t he st abi l i t y of t he gas

mi xt ur e, t hus t he i C4H) ( ) cont ent must be st abl e wi t hi n:

0. 1%. Fi g . 109 summar i zes t he desi gn of t he TEC gas

syst em, whi ch oper at es i n cl osed l oop t o guar ant ee l ong

t er m st abi l i t y . The mi xt ur e i s st or ed i n a 1- m3 bar r el

and ci r cul a. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ed t hr ough a f i l t er and an Oxysor b pur i f i er

t o keep t he oxygen cont ent bel ow 1 ppm. The pur i f i ed

gas passes t hr ough TEC at a f l ow of 200 1 bar / h . The

The const r uct i on of t he L3 exper i ment

gas qual i t y i s cont i nuousl y moni t or ed by a mass spec-
t r omet er and t he wat er cont ent i s measur ed by an
hygr omet er . A smal l dr i f t chamber moni t or s changes i n
dr i f t vel oci t y, ef f i ci ency and mean pul se hei ght due t o
smal l changes i n t he gas composi t i on . AVMEcomput er
super vi ses t he gas syst em and passes st at us i nf or mat i on
t o t he moni t or i ng comput er and t o t he L3 sl ow cont r ol
syst em.

ThP hi ah unI t ~ae syst em Cur s- hoc. t h r esi st or
. . D. .

	

aabv syst em out r Yaawo - e 1411. +. ° _Vl ci 1d111S

f or t he f i el d shapi ng wi r es, as wel l as t he anode and

pot ent i al wi r es . Si nce t he TEC i s oper at ed wi t h a l ow

dr i f t vel oci t y, l i near l y dependent on t he val ue of t he

el ect r i c f i el d, a st abi l i t y bet t er t han 0. 5 V/ cm i s neces-

sar y . For a saf e st ar t , t he 210 power suppl i es ar e r amped

at a speed of 100 V/ s. Si nce t he hi gh vol t age r esi st or

chai ns and t he pr eampl i f i er s ar e at t ached t o t he end

pl at es of t he chamber , t hei r t emper at ur e has t o be

cont r ol l ed by a cool i ng and heat i ng syst em. Ther e ar e

96 t emper at ur e sensor s di st r i but ed over t he i nner and

out er cyl i nder s, as wel l as over t he end pl at es . The t hr ee

magnet i c f i el d component s ar e al so measur ed at t wo

posi t i ons on each end pl at e .

11 . ?. 4. TECcal i br at i on
Each TEC segment i s equi pped on i t s out er sur f ace

wi t h a pl ast i c sci nt i l l at i ng f i ber r i bbon t o moni t or t he

l ow dr i f t vel oci t y ( 6 l am/ ns) t o an accur acy of 0. 1% ( f i g .

110) . A r i bbon i s compr i sed of 143 f i ber s, each 700 l i m

wi de, 1000 l ane t hi ck and 1 . 3 mi n l engt h . The f i ber s i n

each r i bbon ar e r ead out usi ng t wo mul t i anode mi cr o-

channel phot omul t i pl i er t ubes . The si gnal s f r om each

t ube ar e mul t i pl exed ser i al l y usi ng t he MX4 mi cr opl ex

chi p and ar e i nt er f aced t o t he st andar d dat a r educt i on

pr ocessor of t he T1 C 1511 .

L- , . J

Fi g . 109 . Schemat i c di agr am of TECgas syst em.
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Fi g . 110 . TEC cal i br at i on usi ng pl ast i c sci nt i l l at i ng f i ber s ( PSF) .

The dr i f t di st ance- t i me r el at i onshi p i s obt ai ned f or
ever y anode by aver agi ng over t he f i t t ed t r acks f or ever y
f i ber usi ng t he e + e - i nt er act i on poi nt and t he f i ber
posi t i on . For ever y anode, an aver age dr i f ! t i me i s
pl ot t ed f or al l f i ber s of t he segment . Si nce each f i ber
yi el ds azi mut hal posi t i on i nf or mat i on ( wi t h an r ms of
700 [ . m/ 12 ) , t he sl ope of such a pl ot i s t he nvcr se of
t he dr i f t vel oci t y of t he speci f i c anode . Mont e Car l o
st udi es have shown, t hat f or f i ve t r acks per f i ber ( b- h
r un at a l umi nosi t y of 10 31 cm- 2 s - 1 ) t he dr i f t di st ance
r esol ut i on i s of t he or der of 10 j i m, det er mi ni ng t he
dr i f t vel oci t y f or each anode wi t h a 0 . 1% accur acy .
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Fi g. 111 . Di f f er ence bet ween t he f i ber posi t i on wi t h a hi t f r om
t he pr edi ct ed f i ber posi t i on usi ng dr i f t t i me i nf or mat i on .

' The f easi bi l i t y of t hi s cal i br at i on syst emwas demon-
st r at ed i n a t est beamdur i ng Mar ch 1989 [ 52] . Fi g. 111
shows t he di f f er ence bet ween t he posi t i ons of f i ber s
wi t h a hi t and t he pr edi ct ed f i ber posi t i ons usi ng t he
dr i f t t i me i nf or mat i on of t he near est anode wi r e of
TEC. These r esi dual s peak about one f i ber posi t i on .
The r esi dual s at l ar ge devi at i ons ar e due t o t he pr esence
of mor e t han one beam t r ack per t r i gger .

11 . 2. 5 . Test r esul t s f r ompr ot ot ypes
Si nce t he most i mpor t ant desi gn goal , an aver age

r esol at i on of 50 I Lm i n t he measur ement of t he R- 0
coor di nat e, was r eached on a pr ot ot ype [ 47] , much t i me
has been spent t o under st and t he var i at i on of t hi s
r esol l ut i on :
- Ti i e sampl ed t r ack l engt h i nf l uences t he wi dt h of t he

el ect r on ar r i val t i me di st r i but i on and t he number of
pr i mar y el ect r ons col l ect ed at t he anode . An accep-
t ance of about 2 . 4 mm was f ound t o be a good
compr omi se.

- As t he pol ar angl e 19 devi at es f r om 90' , t he r esol u-
t i on i mpr oves cl ue t o i ncr eased el ect r on st at i st i cs ( f i g.
1121) . When t he azi mut hal angl e 0 devi at es f r , - m 0 °
wi t h r espect t o an anode pl ane, t he r esol ut i on de-
t er i or at es due t o a st r et chi ng of t he ar r i val t i mes.
Thi s ef f ect i s smal l f or t he L3 TEC, si nce t he maxi -
mumval ue of 45 i s 7 . 5 ° ( f i g. 112b) .
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- The r ange of dr i f t vel oci t i es i s gi ven on t he one hand
by t he wi r e geomet r y and t he r esul t i ng hi gh vol t ages
and on t he ot her by t he possi bl e 8- bunch oper at i on

of LEP. I nsi de t hi s r ange, a measur ement of t he
r esol ut i on as a f unct i on of dr i f t vel oci t y i ndi cat ed an
opt i mum of about 6 [ i m/ ns .

- A t uni ng of t he shapi ng ampl i f i er f or symmet r i c
out put and t he use of a 80%D C02- 20` 6 i C4Ht o gas

mi xt ur e at 2 bar gi ves an opt i mum bet ween r esol u-

t i on and r unni ng condi t i ons .
A Z- coor di nat e r esol ut i on of about 2 cm was r e-

ached by char ge di vi si on. The same R- 45 r esol ut i on was
obt ai ned f r om t he CD wi r es as f r om t he st andar d

anodes . The l ef t - r i ght ambi gui t y i s r esol ved by compar -

i ng si gnal s i nduced on t he nei ghbor i ng gr i d wi r es [ d91.

These si gnal s can al so be pr ocessed and r ead out by t he
FADC/ DRP syst em and be used i n t he t r i gger syst em.

Because of t he r est r i ct ed r adi al ext ensi on of t he

TEC, t he t wo t r ack r esol ut i on i s i mpor t ant . I t was

st udi ed by super i mposi ng si ngl e hi t s f r om t est beam
event s . Beyond a separ at i on of 450 [ Lm i n dr i f t di st ance,

f ul l y ef f i ci ent t wo t r ack r esol ut i on can be expect ed [ 531 .

11. 2 . 6. Resul t s f r om t est beam

The compl et e det ect or syst em has been t est ed i n a

pi on beam at CERN dur i ng Mar ch 1989 . The compo-

nent s wer e oper at ed under st andar d condi t i ons as f or e-

seen f or LEP oper at i on, i ncl udi ng pr oper t emper at ur e

and cabl e l engt hs .
The qual i t y of t he TEC si gnal s was moni t or ed by

swi t chi ng sever al DRP t o " r aw dat a mode" t o di spl ay

t he f ul l DRP memor y cont ent f r om t he even . 3 . Fi g . 113

demonst r at es t he excel l ent per f or mance of t he di gi t i zed

si gnal s af t er pul se shapi ng f r om a mul t i t r ack event . The

FADC I Row DRP 1117 Sof t 152010"

Fi g . 113 . Di spl ay of FADC r aw dat a f or a mul t i t r ack event

and t he t i me mar ker si g[ . , - 1 ( ext r eme r i ght ) . The t r i angl es

i ndi cat e t he peak posi t i on f ound by t he peak- f i ndi ng pr ogr am.
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11 . 3. The Z det ect or
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pul se at t he ext r eme r i ght i s t he t i me r ef er ence si gnal .
The t r i angl es i ndi cat e t he peak posi t i ons f ound of f l i ne
by t he same peak f i nder pr ogr am r unni ng i n t he DRP
oper at i ng i n nor mal mode. Fi g . 114 shows an exampl e
of t he si ngl e wi r e r esol ut i on as a f unct i on of t he t r ack
di st ance f r om t he anode . Thi s has been obt ai ned wi t h a
st r ai ght l i ne f i t on dr i f t t i mes det er mi ned f r omt he DRP
i nf or mat i on i n one of t he TEC sect or s . The aver age
r esol ut i on st ays wel l bel ow t he desi gn goal of 50 pm.
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Fi g. 114. Si ngl e wi r e r esol ut i on f r om t he t i me expansi on cham
ber oper at ed at nomi nal condi t i ons i n a 15 GeV/ c pi on t est

beam.

30 35

The Z det ect or ( f i g . ° ' 0) consi st s of t wo cyl i ndr i cal
pr opor t i onal chamber s wi t h cat hode st r i p r eadout ,
cover i ng t he out er cyl i nder of t he TEC ( f i g . 103) . The

st r i ps of t he f our cat hodes f or m angl es of 90 ° , 70 . 1 ° ,

- - 70 . 1' and 0 ° wi t h r espect t o t he beam di r ect i on,

r espect i vel y . The t hr ee suppor t i ng cyl i nder s ar e bui l t of

pol yur et hane f oam as f i l l i ng mat er i al , r ei nf or ced by

0 90 70 50 30

POLAR ANGLE 0 t ° l

Fi g . 115 . Spat i al r esol ut i on of a Z det ect or pr ot ot ype as a

f unct i on of pol ar angl e .
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200- [ Lm gl ass f i ber epoxy . Bot h cover l ayer s of t he

mi ddl e cyl i nder and t he out er ( i nner ) l ayer of t he i nner

( out er ) cyl i nder consi st of 50- Rm Kapt on f oi l car r yi ng

t he al umi num cat hode st r i ps of 4. 4- mm pi t ch . On bot h

ends of t he cyl i nder s, t wo gl ass f i ber r ei nf or ced epoxy

r i ngs hol d t he wi r e f eedt hr oughs . I n or der t o avoi d

el ect r ost at i c di spl acement s, t he chamber i s oper at ed i n

dr i f t mode wi t h ever y second wi r e at gr ound pot ent i al .

The Z det ect or has an ef f ect i ve l engt h of 106, 38 mm, an

out er di amet er of 980 mmand a t hi ckness of 21 . 5 mm,

r epr esent i ng about 1 . 36 of a r adi at i on l engt h . An 80%

ar gon and 20% C02 gas mi xt ur e i s used f or oper at i on

[ 54] .
T' he hi gh vol t age i s suppl i ed on one end of t he

cyl i nder ; t he si gnal s f r om t he 920 cat hode st r i ps ar e
r ead out f r om t he opposi t e end . Pr eampl i f i er boxes

car r yi ng f our 4- f ol d hybr i d ci r cui t s ar e posi t i oned on

t he coni cal end f l ange. The si gnal s ar e f ed vi a 45 m
coaxi al cabl e, l i ne dr i ver s and anot her 70 mt wi st ed pai r
cabl e t o t he ADC i nput s . The di gi t al r eadout f or ms par t
of t he TEC r eadout syst em ( f i g. 107) , t he FADC/ DRP
uni t s bei ng r epl aced by 16- f ol d 8- bi t ADC. A cal i br a-
t i on syst em wi l l pet : or m a qui ck check of al l channel s,
measur e t he gai n and r ms noi se of i ndi vi dual channel s
and t he cr osst al k bet ween t hem.

The r esol ut i on as f unct i on of ® was st udi ed wi t h a
pr ot ot ype of near l y t he same l engt h ( 828 mm) but wi t h
a r educed di amet er ( 246 mm) ( f i g . 115) . The aver age
si ngl e t r ack r esol ut i on over t he f ul l r ange 45 ° < ®<

135 0 was about 300 t Lm. The doubl e t r ack r esol ut i on
was 7 mmat 90% conf i dence l evel [ 55] .

12. Tr i gger and dat a acqui si t i on

12. 1 . I nt r oduct i on

Af t er each beamcr ossi ng, t he t r i gger deci des whet her
an e + e - i nt er act i on t ook pl ace and i f so, whet her t he
event shoul d be r ecor ded . Thi s f unct i on i s per f or med at
t hr ee l evel s of i ncr easi ng compl exi t y, r educi ng t he 45-
kHz beamcr ossi ng r at e t o a f ew Hz of t ape wr i t i ng r at e .
The qual i t y of t he accept ed dat a i s moni t or ed. The
det ect or par amet er s ar e al so moni t or ed, f or det ect or
cal i br at i on and f or saf et y ( sl ow cont r ol ) .

The onl i ne comput er syst em consi st s of a VAX 8800,
cl ust er ed wi t h f i ve smal l er VAX moni t or i ng each of t he
mai n det ect or component s and t he t r i gger syst em. 11- he
cl ust er i s connect ed vi a Et her net t o VME cr at es and
per sonal comput er s whi ch acqui r e t he sl ow cont r ol dat a
and t o VAX st at i ons f or event di spl ay and r un cont r ol .
The dat a acqui si t i on uses most l y FASTBUS, chosen f or
i t s speed and f l exi bi l i t y . The syst em i ncl udes ampl e
buf f er i ng capaci t y t o al l ow asynchr onous oper at i on
wi t hout cont r i but i ng t o t he dead t i me .
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12. 2. Tr i gger l evel s

Al l t he det ect or s ar e r ead by t he f r ont end el ect r on-
i cs f or each beam cr ossi ng. I n addi t i on t o t he mai n
dat a, each det ect or pr ovi des coar ser and l ess accur at e
t r i gger dat a avai l abl e i n di gi t i zed f or mwi t hi n a f ew [ Ls.
The l evel 1 t r i gger anal yzes t he t r i gger dat a and ei t her
i ni t i at es t he di gi t i zat i on of t he mai n dat a or cl ear s t he
f r ont end el ect r oni cs be! " or e t he next beam cr ossi ng, i . e.
wi t hi n 22 j Ls, so t hat negat i ve deci si ons at l evel 1 do not
cont r i but e t o t he dead t i me. Af t er a posi t i ve deci si on,
t he det ect or dat a ar e di gi t i zed and st or ed wi t hi n 500 ps
i n mul t i event buf f er s and t he syst em i s r eadi ed f or t he
next beamcr ossi ng . The expect ed l evel 1 t r i gger r at e i s
100 Hz, cor r espondi ng t o a dead t i me of 5%, but t he
syst em can cope wi t h a t r i gger r at e up t o 500 l 4z wi t h a
25%dead t i me .

Af t er a l evel 1 t r i gger , t he t r i gger dat a ar e f ur t her
anal yzed by f our pr ogr ammabl e pr ocessor s ( XOP) , each
one di sposi ng of an aver age t i me per event of 8 ms
under t he most adver se condi t i on of a 500- Hz t r i gger
r at e. Thi s l evel 2 t r i gger shoul d r educe t he r at e of
accept ed event s by a f act or of 10 .

The l evel 3 t r i gger i s per f or med by t hr ee 3081/ E
whi ch have at t hei r di sposal t he or i gi nal t r i gger dat a,
t he r esul t s of t he cal cul at i ons per f or med by t he l evel 1
and l evel 2 pr ocessor s and t he compl et e set of di gi t i zed
dat a f i o n al l t he det ect or component s. These dat a ar e
t hen used f or a f ur t her f i l t er i ng of t he event s . The t i me
avai l abl e f or each event i s now about 10 t i mes l onger
and t he i nf or mat i on much mor e compl ex, t hus a f ur t her
r educt i on of a f act or 10 on t he number of accept ed
event s i s expect ed f r om t hi s t hi r d l evel t r i gger . Onl y
when t hi s l ast scr ut i ny ar r i ves at a posi t i ve deci si on, t he
event i s t r ansmi t t ed t o t he mai n dat a acqui si t i on com-
put er t o be wr i t t en on t ape at an expect ed r at e of I Hz
at t he Z° peak.

12. 3. Dat a f l ow

The di gi t i zed dat a f or each det ect or component may
be st or ed i n sever al event memor i es si t uat ed i n t he
" det ect or " FASTBUS cr at es ( f i g . 116) . Dat a f r om al l
par t s of t he det ect or ar e t hen col l ect ed t oget her and
sent t o t he cent r al cr at e . The mer gi ng of t he dat a f r om
separ at e subst r eams i s per f or med by t he combi nat i on of
t hr ee FASTBUS modul es, a gener al pur pose mast er
( GPM) [ 56] , a bl ock mover ( BM) [ 57] and a dual sl ave
memor y ( DSM) [ 58] . The GPM i s a FASTBUS mast er
whi ch moni t or s t he st at us of t he sour ce memor i es
( LRS1892 and DSM) and set s up t he bl ock t r ansf er
par amet er s i n t he BM. The BM t hen t akes up mast er -
shi p of t he cr at e and cabl e FASTBUS segment s and
per f or ms a ser i es of bl ock movi ng f r om sever al sour ce
memor i es t o one dest i nat i on memor y ( DSM) . The f unc-
t i on of t he BM i s cont r ol l ed by a mi cr ocode, and a
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Fi g. 116. The L3 dat a acqui si t i on syst em.

var i et y of FASTBUS oper at i ons can be easi l y i mpl e-

ment ed . Fur t her mor e, each det ect or component has,
i nt er f aced t o i t s comput er , a dedi cat ed FASTBUS cr at e

wi t h a DSMwhi ch i s on t he same cabl e segment as t he

DSMof t he cent r al cr at e . The dat a f r om each det ect or
component can t her ef or e al so be moni t or ed i n " spy

mode" on t he det ect or comput er .
An i mpor t ant except i on t o t hi s pr ocedur e i s t he

TEC. Dat a r educt i on pr ocessor s ( DRP) ar e used at t he

f r ont end t o r educe t he l ar ge amount of dat a gener at ed

by t hi s det ect or by a f act or of 20. Si nce t he DRP need 5

ms t o pr ocess a t ypi cal event and t r ansf er i t t o t he

buf f er , t hey ar e onl y st ar t ed by t he posi t i ve deci si on of

t he l evel 2 t r i gger .
One of t he DSMon t he cent r al cr at e r ecei ves f r om

t he l evel 2 pr ocessor s t he t r i gger dat a t oget her wi t h t he

l evel 2 deci si on . The GPMexami nes t hi s deci si on . I f i t

i s negat i ve, t he event i s si mpl y er ased f r om each subde-

t ect or DSM and f r om t he f r ont end memor i es of t he

TEC. I f i t i s posi t i ve, t he DRP of t he TEC ar e st ar t ed

and t he BM i s i nst r uct ed t o mer ge t he i nf or mat i on

comi ng f r om t he di f f er ent subdet ect or s and t o send

t hemt o one of t he t hr ee 3081/ E comput i ng uni t s whi ch

ar e on i t s cabl e segment .
The cent r al cr at e i s connect ed t o t he VAX 8800 wi t h

t he 4- MB/ s CERN host i nt er f ace ( CHI ) . The CHI can

per f or m any FASTBUS act i on, c! ?eck and moni t or col -

l ect ed dat a and t r ansf er t hem t o t he VAX.
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12 . 4. The l evel 1 t r i gger

The l evel 1 t r i gger i s si mpl y t he l ogi cal ORof t r i gger
condi t i ons f r om di f f er ent sour ces : cal or i met r i c t r i gger ,
muon t r i gger , TEC t r i gger and sci nt i l l at or t r i gger .

12. 4. 1 . Cal or i met r i c t r i gger
The cal or i met r i c t r i gger pr ocesses t he i nf or mat i on

gi ven by t he el ect r omagnet i c and hadr oni c cal or i met er s
and by t he l umi nosi t y moni t or ( 256, 384 and 32 chan-
nel s r espect i vel y) ; i t r eaches a f i nal deci si on 16. 8 l i s
af t er t he beam cr ossi ng and i s bui l t wi t h 350 CAMAC
modul es f or mi ng a di gi t i zer par t and a pr ocessor par t .
The CAMACbus i s onl y used f or i ni t i al l oadi ng and f or
t est i ng pur poses . The t r i gger dat a f l ow on f r ont panel
di f f er ent i al ECL buses, 16 bi t s wi de. Dat a f r om di f f er -
ent buses can mer ge t oget her maki ng synchr onous oper -
at i on of al l t he modul es necessar y . Thi s i s achi eved wi t h
a cent r al i zed and pr ogr ammabl e t i mi ng sour ce whi ch
di st r i but es t he st r obes t o t he whol e t r i gger syst em.
CAMAC 16 channel s f ast encodi ng and r eadout ADC
( FERA) modul es, LRS4300, ar e used f or a f ast di gi t i za-
t i on of t he i nf or mat i on wher eas t he pr ocessor par t i s
bui l t ar ound memor y l ookup uni t s ( MLU LRS2372)
and ar i t hmet i c l ogi c uni t s ( ALU LRS2378) .

For t he el ect r omagnet i c cal or i met er , t he out put s of
30 BGO cr yst al s ar e gr ouped t oget her t o obt ai n a
segment at i on of 32 i n 45 and of 8 i n ®. These 256
si gnal s ar e di gi t i zed i n 8 . 5 ~Ls wi t h an 11- bi t r ange and a

sensi t i vi t y of 25 MeV/ bi t . The l umi nosi t y moni t or s gi ve
16 si gnal s on ei t her si de, cor r espondi ng t o 16 segment s
i n 0 . Two si gnal s ar e ext r act ed f r om each hadr on

cal or i met er modul e . The f i r st ( l ayer A) cor r esponds t o
t he chamber s i n t he f i r st i nt er act i on l engt h . The r emai n-

i ng chamber s f or m t he l ayer B. The l ast modul es on

each si de of t he bar r el do not have a l ayer A si nce t hey

can onl y be r eached by par t i cl es f r om t he i nt er act i on
r egi on whi ch have cr ossed t he A l ayer of ot her modul es

( f i g . 117) . The r esul t i ng segment at i on i s 16 i n 0 and 11

( l ayer A) or 13 ( l ayer B) i n ! 9, wi t h a t ot al of 384

channel s . These si gnal s ar e di gi t i zed i n 4 . 8 Rs wi t h a

10- bi t r ange and 50 MeV/ bi t .
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The dat a di gi t i zed by t he FERA ar e r ead at 120

ns/ wor d vi a t he f r ont panel bus ; t he dat a f r om t wo

gr oups of FERA ar e mul t i pl exed i nt o a si ngl e bus and

go at 60 ns/ wor d t hr ough memor y l ookup uni t s ( MLU,

LR52372) whi ch equal i ze t he ener gy scal e f or al l t he

cal or i met er par t s and r emove t he coher ent noi se cont r i -

but i on . The out put of t hese MLU r equi r es onl y 12 bi t s,

and one of t he hi ghest bi t s i s pr ogr ammed t o gi ve a

si gnal ( " hi t " ) i f t he ener gy r ecor ded i n t he si ngl e t r i gger

cel l i s above a gi ven t hr eshol d, di f f er ent f or each

cal or i met er and f unct i on of ®. These si gnal s ar e used

by t he " hi t count i ng t r i gger " as descr i bed bel ow. The

ener gy dat a f r om t he MLU ar e pr esent ed on a bus t o

t he second par t of t he pr ocessor at one wor d ever y 60

ns. The oper at i ons of sumand accumul at e, addi t i on and

subt r act i on ar e per f or med by f ast ar i t hmet i c and l ogi c

uni t s ( ALU, LRS2378) [ 591 ; mor e compl ex oper at i ons

ar e per f or med by MLU; i nt er medi at e dat a ar e st or ed i n

dat a st acks ( DS, LRS2375) . The pat t er ns of t i mi ng

si gnal s necessar y t o dr i ve t he syst em ar e st or ed i n f ast

memor i es ( ECLi ne Dr i ver s, or ED) [ 601 . Ext ensi ve use

i s al so made of t he bus swi t ch ( BSW) [ 611 modul e whi ch

l at ches t wo 16- bi t ECL wor ds and mul t i pl exes dat a

f r om t wo buses ont o a si ngl e bus. I n or der t o speed up

t he dat a f l ow, dat a f r om t he hadr on cal or i met er ar e

pr esent ed i n par al l el on seven di f f er ent buses . Si nce t he

BGOdat a need a l onger t i me t o be di gi t i zed, t hey ar e

r eady when t he f l ow of t he HC dat a i s t er mi nat ed and

t hey ar e sent on t he l ast f our of t he same buses .

For each cal or i met er ( BGO, HC l ayer A, HC l ayer

B) , t he dat a cor r espondi ng t o a f i xed & and di f f er ent 0

val ues ar e summed t oget her ( 45- sums) and si mi l ar l y t he

dat a cor r espondi ng t o a f i xed 0 and di f f er ent val ues of

0 ( 0- sums) . The 640 t r i gger dat a ar e t her ef or e r educed

t o 96 Pl ement s, whi ch ar e used t o per f or m t he f ol l owi ng

t r i gger cal cul at i ons :

Tot al ener gy t r i gger : The 0 sums ar e added over

t o gi ve t he t ot al el ect r omagnet i c, t ot al hadr oni c and

t ot al ener gi es . A par t i al sum i s al so per f or med l i mi t ed

t o t he cent r al par t of t he det ect or . A t r i gger i s gi ven i f

t he t ot al ener gy i s above a pr edef i ned t hr eshol d, whi ch

can be di f f er ent i f t he ener gy i s l ocal i zed i n t he cent r al

par t of t he det ect or and can al so depend on t he r at i o of

el ect r omagnet i c t o hadr oni c ener gy .

Cl ust er t r i gger : A cl ust er i s a l ocal i zed deposi t of

ener gy obser ved i n di f f er ent det ect or l ayer s at t he same

O, 0 coor di nat es, t he ener gy t hr eshol d dependi ng on

t r e cal or i met er s i nvol ved . A t r i gger i s gi ven i f at l east

one cl ust er i s f ound. Cl ust er s ar e sear ched f or i ndepen-
dent l y i n t he t wo pr oj ect i ons R- 0 and R- 0. The

i nf or mat i on f r om TEC and t he sci nt i l l at i on couwer s

can cont r i but e t o t he def i ni t i on of a cl ust er i n t he } t - O
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det ect ed . No t r ack must be det ect ed by t he TEC i n

coi nci dence wi t h t he cl ust er i n t he R- 45 pr oj ect i on .

Hi t count i ng t r i gger : A t r i gger i s gi ven i f t he number

of hi t s det ect ed by t he MLU i n t he f i r st par t of t he

pr ocessor i s above a cer t ai n t hr eshol d .

I n addi t i on, t he l umi nosi t y moni t or dat a ar e pr e-

sent ed on one bus and t he dat a cor r espondi ng t o t he

t wo opposi t e sect i ons of t he det ect or ar e st or ed i n t wo

dat a st acks . A sear ch i s made f or t wo hi gh ener gy hi t s

wi t h st r ong back t o back cor r el at i on whi ch i s an i ndi ca-

t i on of Bhabha event s and gi ves r i se t o a l umi nosi t y

t r i gger . I f a hi gh ener gy hi t i s measur ed i n onl y one

moni t or and, i n addi t i on, some ener gy i s measur ed i n

t he cent r al par t of t he det ect or , t he event i s accept ed as

a si ngl e t ag t r i gger .

12 . 4. 2 . Muon t r i gger

The t r i gger pr ocessor sear ches f or t r acks or i gi nat i ng

at t he i nt er act i on poi nt . I t i s composed of 120 CAMAC

modul es, al l cont r ol l ed by a si ngl e sour ce of synchr o-

nous cl ock pul ses . The mai n modul e i s t he hi t ar r ay

( HA, LRS2376) , a 1 kb memor y wi t h t wo modes of

oper at i on, l oad and sear ch, cor r espondi ng t o t he t wo

st eps of t he t r ack f i ndi ng pr ocedur e def i ned bel ow.

Each muon chamber wi r e sends a si gnal t o t he 96

channel FASTBUSTDC. The same si gnal s ar e al so sent

vi a t he FASTBUS modul e auxi l i ar y connect or t o a

per sonal i t y car d ( PC) f or t he t r i gger pur pose . I nput s

f r om t wo adj acent wi r es ar e ORed and st or ed i n a hi t

memor y . The 48 hi t memor i es ar e enabl ed f or t he

dur at i on of t he chamber s dr i f t t i me ( 1 . 2 l i s) . For t he

t r i gger t he chamber wi r es ar e gr ouped i nt o " t r i gger

cel l s" whi ch, f or t he P chamber s, coi nci de wi t h t he

physi cal chamber cel l s ( 16 t o 24 wi r es) whi l e, f or t he Z

chamber s, t he i nf or mat i on f r om t he adj acent t wo wi r es

of each doubl e pl ane ar e combi ned t oget her t o gi ve a

si ngl e t r i gger cel l . The per sonal i t y car d cont r ol l er ( PCC)

i s a FASTBUS modul e whi ch accesses t he PC and

deci des about t he pr esence of a t r ack i n each t r i gger

cel l . For t he Pchamber s t he PCCgr oups t he i nput dat a

accor di ng t o t he t r i gger cel l segment at i on, count s t he

number of f i r ed hi t memor i es wi t hi n t he t r i gger cel l and

compar es i t wi t h a pr eset t hr eshol d number . I f t he

number of hi t s i 5 above t hr eshol d, t he PCC encodes a

10- bi t wor d wi t h t he l ayer number ( 2 bi t s) , t he cel l

number ( 7 bi t s) and one cont r ol bi t . For t he Z chamber

t he pr ocessi ng i s si mpl er si nce a t r i gger cel l cor r esponds

t o a si ngl e hi t memor y . The dat a ar e pr ocessed by t he

PCC i n par al l el f or al l oct ant s and t her ef or e a t ot al of

16 buses, 8 f or t he P end 8 f or t he Z chamber s, f eed t he

t r i gger dat a i nt o t he t r i gger pr ocessor at t i e same t i me .

I n t he l oad st ep, t he hi t addr esses ar e pr esent ed by

t he PCC on each bus t o a number of HA ( 4 f or t he Z

chamber s and 3 f or t he P chamber s) . Onl y one HA,

whose l ayer number assi gnment agr ees wi t h t he l ayer

number pr esent ed on t he bus, pi cks up t he cel l number ,

Vi ew.
Si ngl e phot on t r i gger : A cl ust er i n t he BGO i s

accept ed even i f i t s ener gy i s ver y l ow, pr ovi ded i t
account s al most f or t he t ot al i t y of t he e. m. ener gy



i nt er pr et s i t as a l oad addr ess and wr i t es 1 i n t he
cor r espondi ng l ocat i on of i t s hi t memor y .

For t he sear ch st ep a number of possi bl e " r oads" of
t r acks or i gi nat i ng f r om t he i nt er act i on poi nt ar e pr ede-
f i ned . Each r oad i s par amet er i zed by i t s cent r al cel l
number and i t s hal f wi dt h i n each one of t he t hr ee

chamber s l ayer s . Each r oad cor r esponds t o a cer t ai n

r egi on of t he muon pr oduct i on angl e i n 0, t he t r ans-
ver se moment umand t he el ect r i c char ge. Al l t he possi -
bl e t r acks wi t h P, > 1 GeV/ c ar e def i ned. Tr ack f i ndi ng

st ar t s af t er al l t he PCC have f i ni shed l oadi ng t he t r i gger

dat a . Acont r ol st ack pr esent s r oad par amet er s of each

l ayer t o t he r espect i ve HA and i nt er r ogat es whet her t he
HA f i nds any hi t s wi t hi n t he speci f i ed r ange. I n t he
R- 45 pl ane t he t hr ee l ayer s of Pchamber s ar e used . The

answer s f r om t he t hr ee HA ar e col l ect ed at one pl ace

and t he t r ack i s i dent i f i ed i f a coi nci dence condi t i on

( 3- f ol d or maj or i t y of 2) i s sat i sf i ed bet ween t he t hr ee

l ayer s . The l ar ge bendi ng of t he l ow moment ummuons

can cause t he r oad pat t er n t o i nt er est t wo nei ghbor i ng

oct ant s . For t hese r oads t he answer s of t he HA cor r e-

spondi ng t o t he t wo oct ant s ar e col l ect ed t oget her . I n

t he R- Z pl ane ( Z chamber s) t her e ar e f our chamber

l ayer s and a si mi l ar pr ocedur e i s f ol l owed . The f ol l ow-

i ng condi t i ons gi ve a t r i gger :

Si ngl e muon t r i gger : A muon t r ack i s def i ned i n t he

R- 0 pl ane as û coi nci dence of al l t hr ee chamber l ayer s

and i n t he R- Z pl ane as a coi nci dence of al l f our

chamber l ayer s . At l east one oct ant shoul d have a t r ack

i dent i f i ed bot h i n t he R- P and R- Z pl anes . Thi s

t r i gger i s ef f ect i ve i n t he r egi on 44 ° < O< 136 ° wher e

t he chamber s have a compl et e Ocover age .

Di - muon t r i gger : A muon t r ack i s def i ned by a

t wof ol d coi nci dence of any t wo l ayer s bot h i n t he R- 4)

and R- Z pl anes but at l east t wo oct ant s shoul d have a

t r ack i dent i f i ed and t he t wo t r acks shoul d sat i sf y a

copl anar i t y condi t i on . Thi s t r i gger i s usef ul f or t he

l ar ger angul ar r egi on 36 ° < O< 144° wher e t he angu-

l ar cover age of t he chamber s i s i ncompl et e .

Smal l - angl e muon t r i gger : A muon t r ack i s def i ned

by t he pr esence i n t he R- 45 pl ane of a si ngl e hi t i n t he

i nner P chamber s and i n t he R- Z. pl ane by a coi nci -

dence of bot h l ayer s of i nner Z chamber s . Fur t her mor e,

i f a t r ack i s f ound i n t he f or war d hal f of t he det ect or ,

anot her shoul d be f ound i n t he backwar d hal f . Ther e i s

al so t he possi bi l i t y t o accept t wo t r acks bot h i n t he

f or war d or backwar d hal f of t he det ect or . Thi s t r i gger

cover s t he smal l angl e r egi on ( 36 ° < O< 44 ° , 136 ° <

H < 144` ) wher e onl y one l ayer ol r c hai nbe s i s

avai l abl e.

12. 4 . 3. TECt r i gger

For each of t he 24 out er TEC segment s t he t r i gger

uses 14 wi r es out of 54 1621 . The dat a f r om al l TEC

segment s ar e pr ocessed i n par al l el : a segment di vi der

modul e ( SD) di vi des t he t ot al dr i f t t i me i nt o t wo bi ns
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and sol ves t he l ef t - r i ght ambi gui t i es by means of si g-
nal s i nduced on t he gr i ds l ocat ed at t he r i ght and l ef t of
t he anode pl ane [ 631 . I n t hi s manner , t he R- 0 pl ane i s
subdi vi ded i nt o 96 0 bi ns . Thus, af t er pr ocessi ng by t he
SD modul es, t he l evel 1 TEC t r i gger i nf or mat i on con-
si st s of a 96 x 14 bi t mat r i x .

For each 0 bi n, a t r ack f i nder modul e ( TF) sear ches
f or t he pr esence of t r acks whi ch l eave t he TEC i n t hi s 0
bi n and or i gi nat e at t he beam l i ne. The 96 set s of 14
si gnal s ar e used t o addr ess r andom access memor i es
( RAM) whi ch cont ai n t he t opol ogi es of al l r el evant
t r acks, al l owi ng f or t he ef f ect s of i nef f i ci enci es and
addi t i onal hi t s . The TF per f or m t he t r ack sear ch i n
par al l el i n l ess t han 1 I . s . Thr ee t ypes of t r acks ar e
def i ned :

- Tr acks wi t h pol ar angl e 0> 42 ° and t r ansver se
moment um P, > 600 MeV/ c ar e cont ai ned i n a si ngl e
0 bi n and t he t r ack sear ch can be r eal i zed wi t h a
16- kbi t RAMaddr essed by t he 14 dat a bi t s f r om t hi s
si ngl e 40 bi n . The l ower l i mi t of 42 ° on 0 i s set by t he
TEC geomet r y : t r acks wi t h smal l er pol ar angl es mi ss
t he out er most wi r es.

- Tr acks wi t h 0 > 42 ° and P, > 150 MeV/ c cr oss
up t o t hr ee adj acent 45 bi ns . The cor r espondi ng SD
modul es pr ovi de t her ef or e 5 x 14 bi t s of i nf or mat i on,

i . e . one t i me 14 bi t s f r om t he " r ef er ence bi n" pl us t wo
t i mes 2 x 14 bi t s f r om t he t wo pai r s of bi ns adj acent t o
t he cent r al one. To keep t he si ze of RAMmemor y t o a

manageabl e l evel , i t i s necessar y t o r educe t hi s i nf or ma-

t i on. The 14 bi t s of each ( b bi n ar e gr ouped r adi al l y t wo
by t wo . The gr oupi ng i s an ANDor OR, i ndependent l y

pr ogr ammabl e f or each pai r of bi t s . I f t he backgr ound

condi t i ons ar e good, al l pai r s can be set t o OR t o
maxi mi ze t r i gger ef f i ci ency . I f backgr ound condi t i ons

ar e bad, al l pai r s can be set t o AND so as t o i ncr ease

t he r ej ect i on of spur i ous t r acks . As a compr omi se, i f t he

backgr ound i s l ocal i zed at smal l r adi i , t he si gnal s i n t hi s

r egi on can be set t o AND, t he ot her s at l ar ger r adi i t o

OR.

- For war d t r acks wi t h 0 > 25*

	

and

	

P, > 100

MeV/ c . The sear ch f or smal l pol ar angl e t r acks i s

per f or med wi t h t he seven i nner most wi r es . The al -

gor i t hmdescr i bed above i s appl i ed, but no ANDor OR

i s nownecessar y. Si nce t he same masks ar e used, t he P,

cut i s l ower f or t he f or war d t r acks .

Becaut i e of t l ±e di f f er ence i n maxi mum dr i f t t i me

bet ween t he i nner and out er wi r es, t he sear ch f or Lhe

f or war d ~r acks i s per f or med f i r st . i n 5 [ i s f r om t he beam
- - ; - , t i t r e Af t Pr n f ur t her 5 us t he sear ch f or t he. . . . , . , . , . . . b

cent r al t r acks can begi n . The sear ch i s compl et ed wi t hi n

1. 1 [ Ls . At t he end of t he sear ch a t r ack adder modul e

count s t he t ot al number of t r acks f ound, t he number of

cl ust er s ( a cl ust er bei ng def i ned as any number of

cont i guous t r acks) and t he number of pai r s of t r acks

wi t h an acopl anar i t y angl e smal l er t han some pr ogr am-

mabl e val ue . The l evel 1 TEC t r i gger deci si on i s t aken



96

on t he basi s of t hese number s, and t he i nf or mat i on on

t he t r acks f ound i s sent t o t he cal or i met r i c t r i gger

pr ocessor as wel l as t o t he l evel 2 t r i gger .

12 . 4. 4 . Sci nt i l l at or t r i gger

The sci nt i l l at or t r i gger s, based on t he si gnal s of 30

bar r el and 32 end cap count er s, ar e t he f ol l owi ng:

Mul t i pl i ci t y t r i gger : I t r equi r es a coi nci dence of t wo

out of t he 30 bar r el count er s and i s used t o t r i gger on

cosmi c muons i n cal i br at i on r uns. Dur i ng LEP oper -

at i on t hi s t r i gger i s ef f i ci er i s f or event s wi t h t wo muons

or t wo hadr oni c j et s, t hus i t ser ves as a si mpl e backup

t r i gger f or t he - í i - muon and cl ust er t r i gger s, and i s

usef ul t o moni t or t hei r ef f i ci ency .

Coi nci dence pat t er n : Thi s al l ows us t o sel ect pr ede-

f i ned pat t er ns of hi t s, chosen f r om t he bar r el and t he

end cap count er s, and i n coi nci dence wi t h t he beam

gat e. The f ol l owi ng t r i gger condi t i ons can be pr o-

gr ammed:

- t wo count er s i n di f f er ent bar r el oct ant s ;

- one bar r el count er and one end cap count er ;

- one f or war d and one backwar d end cap count er ;

- t wo f or war d ( or t wo backwar d) end cap count er s i n

di f f er ent quadr ant s .

The sci nt i l l at or si gnal s ar e al so sent t o t he cal or i met -

r i c t r i gger t o cont r i but e t o t he deci si on of t he cl ust er

t r i gger .

12. 4. 5. Tr i gger cont r ol
The t r i gger cont r ol i mpl ement s t he f i nal l evel 1 t r i g-

ger deci si on and synchr oni zes t he dat a acqui si t i on and

t he l evel 1 t r i gger wi t h t he beam cr ossi ng si gnal . Bef or e

ever y beamcr ossi ng, t he t r i gger cont r ol checks i f al l t he

det ect or component s ar e r eady f or a new event . I f t hey

ar e, i t sends a CLEAR si gnal t o r eset t he whol e DAQ

syst em. i ncr ement s t he event number count er and st ar t s

t he next cycl e ; t hen t he beamcr ossi ng si gnal i s sent out

t o sampl e t he dat a of t he whol e det ect or and t o i ni t kï t e

t he l evel 1 t r i gger pr ocessor s . The r esul t s f r om t he

t r i gger pr ocessor s ar e r et ur ned and eval uat ed bef or e t he
next beam cr ossi ng. I f t he event i s r ej ect ed, t he syst em

i s r eset by t he CLEAR si gnal and r eady f or t he next

event . I f t he event i s accept ed, an ACCEPT si gnal i s
sent t o t he subdet ect or s t o st ar t t he dat a conver si on and

buf f er i ng . Dur i n t hi s t i me t he subdet ect or s must set
FALSE on t hei r READY l i ne t o pr event f ur t her event s
f r om bei ng accept ed

The r esul t s of t he l evel 1 t r i gger pr ocessor s ar e
combi ned i nt o a 16- bi t t r i gger wor d . Toget her wi t h a
16- bi t event number i t i s sent t o t he subdet ect or s and
at t ached t o t he event dat a . Thi s pr ovi des a check of t he
dat a i nt egr i t y at t he event bui l di ng st age . The t r i gger
wor d al so pr ovi des i nf or mat i on f or event sel ect i on of
t he onl i ne: moni t or i ng and i s a gui de f or t he l evel 2 and
l evel 3 comput at i ons . Tr i gger cont r ol al so pr ovi des t i m-
i ng si gnal s f or t aki ng cosmi c dat a or synchr oni zi ng t est
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si gnal gener at or s t o cal i br at e t he det ect or and t est t he

DAQsyst em.

12. 5 . The l evel 2 t r i gger

The l evel 2 t r i gger scheme i s shown i n f i g. 116 . The

mul t i por t mul t i event buf f er ( MMB) i s an 8 event s deep,

256 wor ds per event , f i r st i n/ f i r st out i nput memor y

[ 641 . Af t er each beam cr ossi ng, al l dat a ( 4 k 16- bi t s

wor ds) del i ver ed by t he f r ont end t r i gger di gi t i zer s ar e

st or ed i n par al l el i n t he 60 ECL i nput por t s at t he speed

of 60 ns per wor d . The f i nal and some i nt er medi at e

r esul t s of al l t he l evel 1 t r i gger pr ocessor s ar e al so

st or ed . One of t he por t s r ecei ves t he t r i gger wor d and

t he event number gener at ed by t he t r i gger cont r ol l ogi c.

The l evel 2 t r i gger r ecei ves al so i nf or mat i on whi ch was

not avai l abl e i n t i me t o be pr ocessed by t he l evel 1 . I n

par t i cul ar , i t r ecei ves char ge and dr i f t t i me i nf or mat i on

f r om t he char ge di vi si on wi r es of t he TEC, whi ch al l ow

t o def i ne t he t r ack coor di nat es i n t hr ee di mensi ons [ 621 .

Dat a acqui si t i on management i s har d wi r ed and

synchr oni zed by si gnal s del i ver ed by t he l evel 1 t r i gger .

Al l t he dat a bar ks connect ed t o t he i nput por t s ar e

over wr i t t en at each beam cr ossi ng unt i l a l evel 1 si gnal

val i dat es t he event . Thi s i ncr ement s t he i nput event

poi nt er and t he st at us r egi st er .

Four XOP pr ocessor s wor k i n r ound r obi n mode

bet ween t wo FASTBUS segment s . XOP i s a f ast t r i gger
pr ocessor desi gned at CEI ?N [ 651 and Ul y i nt egr at ed i i i

FASTBUS [ 661 . I t i s mi cr opr ogr ammabl e and execut es

192 bi t s wi de mi cr oi nst r uct i ons i n 100 ns on 16- bi t s

dat a wor ds . I t communi cat es wi t h t he ext er nal wor l d vi a

a VMF i nt er f ace ~or pr ogr aml oadi ng and a FASTBUS

i nt er f ace [ 671 f or dat a t aki ng and pr ocessi ng . When i dl e,

each XOP compet es f or mast er shi p of t he i nput cr a e

segment . The wi nner r eads t he MMB st at us wor d . I f

posi t i ve, i t r eads t he ear l i est event i n each memor y and

decr ement s each MMB st at us r egi st er , t hus bui l di ng a

compl et e event wi t h i t s event number . Thi s r eadout i s

decoupl ed f r om l evel 1 oper at i on si nce t he MMB mem-

or y pr ovi des a si mul t aneous r andom r ead/ wr i t e access .

When t he r eadout i s compl et ed t he XOP r el eases mas-

t er shi p and st ar t s comput at i on .
The mai n pur pose of t hi s comput at i on i s t o r educe

t he event r at e by :

a) t he det ect i on of t he cl ust er ed ener gy i n t he BCJOand

t wo l at er al l i yer s of hadr on cal or i met er by cor r el at -
i ng t hem i n a f ul l O- 4) pl ane;

b) t he l ongi t udi nal and t r ansver se ener gy bal ance of t he

cl ust er ed ener gy ;
cl t he r ecogni t i on of t he ver t ex al ong t he beam axi s by

usi ng t he char ge di vi si on wi r e of t he TEC chamber .

The pr ogr ammabi l i t y of t he XOP pr ovi des ampl e

f l exi bi l i t y i n t he sel ect i on cr i t er i a.

Af t er t he comput at i on i s f i ni shed, t he XOP ar bi -
t r at es f or mast er shi p on t he out put segment i n or der t o
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wr i t e dat a and r esul t s, i ncl udi ng t he f i nal deci si on on
t he accept ance of t he event , i nt o t he DSM on t he
cent r al cr at e . The same dat a can be r ead i n spy mode by
t he DSMconnect ed t o t he t r i gger comput er and used t o
moni t or t he t r i gger .

12 . 6. The l evel 3 t r i gger

The l evel 3 t r i gger , made by t hr ee 3081/ E emul at or s,
i s embedded i n t he mai n f l ow of t he dat a acqui si t i on .
The 3081/ E i s a comput er devel oped at SLAG and
CERN whi ch emul at es a subset of t he I BM 370 i nst r uc-
t i on set and r uns as f ast as an I BM 370/ 168 . Each
3081/ E i s equi pped wi t h a FASTBUS i nt er f ace wi t h
t wo cabl e segment por t s compl et el y symmet r i c and i n-
dependent , one used f or dat a i nput , anot her f or dat a
out put : I / O oper at i ons can be done by one por t at a
t i me, whi l e t he cont r ol and st at us r egi st er ( CSR#0) i s
common t o bot h por t s and can be si mul t aneousl y
accessed by t hem t o know t he st at us of t he machi ne .
Thr ough t hi s i nt er f ace t he 3081/ E becomes a FAST-
BUS sl ave geogr aphi cal l y addr essabl e on cabl e segment .
As a consequence t he l evel 3 ar chi t ect ur e r el i es on t he
use of i nt er communi cat i ng mast er s on bot h i nput and
out put segment s t o cont r ol al l t he , spect s of t he dat a
f l ow. When a 3081/ E i s f r ee i t s i nput r esponds t o T- pi n
br oadcast and r ecei ves a compl et e event at a speed of
16 MB/ s . I t t hen st ar t s a comput at i on f or t he event
sel ect i on.

Unl i ke t he l evel 1 and l evel 2 t r i gger s, f or whi ch onl y
t he t r i gger dat a wi t h coar se gr anul ar i t y and l ower r eso-
l ut i on ar e avai l abl e f or t he t r i gger deci si on . t he l evel 3
t r i gger has access t o t he compl et e di gi t i zed dat a wi t h
f i ner gr anul ar i t y and hi gher r esol ut i on . A compl i cat ed
al gor i t hm wr i t t en i n FORTRAN and t est ed wi t h t he
of f l i ne comput er i s execut ed . The sel ect i on of good
event s i s based on
a) t he cor r el at i on of t he ener gy deposi t ed i n t he BGO

and hadr on cal or i met er s,
b) t he r econst r uct i on of muon t r ack i n t he Z chamber . , ,
c) t he r econst r uct i on of t he ver t ex i n t he TEC chamber .

A st eer i ng pr ogr am mi ni mi zes t he pr ocessi ng t i me by

pr oper l y ar r angi ng t he sequence of t he above cal cul a-
t i ons.

I n case of a posi t i ve l evel 3 deci si on, a ser vi ce

r equest ( SR) si gnal i s asser t ed on t he out put por t and

t he FASTBUS comput er i nt er f ace ( CHI ) t r ansf er s t he

dat a f r on' t he emul at or memor y t o t he mai n dat a
acqui si t i on compui eÎ f or t ape wr i t i ng .

1? . 7. The onl i ne cwnput er s and sof áu-ar e

The onl i ne comput er syst em of t he L3 appar at us i s

sket ched i n f i g. 118 . I t i s cent er ed on a cl ust er of DEC

VAX. Thr ee TA78 t ape dr i ves, t wo TA90 car t r i dge

dr i ves and 10 GB of di sks ar e connect ed vi a t he 1/ O

of t he L3 exper i ment

TEC

Comput e,

Et her net

Dl <, K

Onl i ne

Host

Comput er

DI S . ,

' xGf
CONT

i n- mvI N
W

~TON

Br i dge

QUO

Comput er

vmE t o

	

1 PC

Tnyger

Comput er

TAF

SPY

I Mu- Cn

LTp- l ef

Sai el y

Moni t or

LEP Cenl r oi

LEPI CS

CERN Ons-

Cumpu1e, s

Haa Ca

C- Dut

Fr om FASTBUS

Del ecl or Cont r oi

I NA- 00, I L Cw. b

SPY MAi r ,

Run At ar m

ConUO. Consol e

Consoi o
Sao- Det ect or Conau~e ana D~ap~ay

Et her net

Fi g. 118 . The L3 onl i ne comput er syst em.

WpI R

SI . . i on

Hi st ogr am ana

Event DzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 9pi ay

9 7

ser ver HSC70. The mai n dat a acqui si t i on comput er i s a
VAX 8800. Fi ve smal l er VAX devot ed t o each of t he
mai n det ect or component s and one t o moni t or t he
t r i gger syst em ar e at t ached t o t he cl ust er . These VAX
al so f or m, vi a Et her net , a l ocal ar ea VAX cl ust er
( LAVC) wi t h a number of VAXst at i ons used as i nt el l i -
gent command consol es and as mul t i wi ndow gr aphi cs
di spl ays . One of t he VAXst at i ons i s used f or t he r un
cont r ol . The sl ow cont r ol dat a ar e gat her ed by a ser i es
of VME cr at es and PC, whi ch ar e l i nked t o t he cl ust er
vi a a second Et her net .

The onl i ne sof t war e has been devel oped usi ng t he
MODEL l i br ar y package devel oped at CERN. Swung .
st oppi ng, et c . , of bot h t he event dat a f l ow and moni t or -
i ng pr ocesses i s under oper at or di r ect i on vi a a mast er
pr ocess r unni ng on t he r ur i cont r ol VAXst at i on . When
t he r un i s act i ve t he event dat a ar r i ve f r om t h- C 30' 01 / E
i nt o t he CHL A pr ocess r unni ng on t he 8800 t r ansf er s
t he event out of t he 01- 11 and i nt o a buf f er i n t he SRO, )

memor y . The pr ocess t hen assi gns an event number and
f i ni shes t he f or mat t i ng . A subsequent pr ocess pi cks up

t t i e event f r om memor y and wr i t es i t t o t he t ape i n

machi ne i ndependent f or mat . Concur r ent l y wi t h t he
event wr i t i ng, but at a l ower pr i or i t y, moni t or i ng
pr ocesses ar e r eadi ng event s out of t he memor y buf f er

on a sampl i ng basi s . On t he 8800, onl y t hose moni t or i ng

t asks whi ch r equi r e dat a f r om mor e t han one det ect or

component ar e per f or med, i ncl udi ng t he par t i al r econ-

st r uct i on of event s usi ng t he L3 of f l i ne sof t war e . The

out put s of t hese t asks ar e buf f er ed on di sk f or event

di spl ay and f or f ur t her anal ysi s . A bank of ei ght VAX-
sr : a_i nns i s avai l abl e f or t hi s .

The dat a f or t he moni t or i ng and cont r ol of i ndi vi d-
ual det ect or component s ar e acqui r ed by t he det ect or

comput er s whi ch can access t he det ect or component

dat a cal a sampl i ng basi s . possi bl y sub; ect t o pr edef i ned

condi t i ons . Whi l e t he 8800 r ecei ves onl y t he event s

accept ed by t he l e\ , el 3 t r i gger , t he i ndi vi dual det ect or

comput ess can have access t o al l t he event s accept ed by
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t he l evel 1 t r i gger , ~ynd al so dur i ng cal i br at i on and set up

per i ods . Each one of t hese comput er s has a consol e

VAXst at i on r unni ng pr ocesses f or anal ysi s and di spl ay

of t he dat a.

The L3 det ect or i s moni t or ed f or over al l saf et y and

det ect or i nt egr i t y . The LEP Gener al Saf et y Ser v ; ces

mi cr oVAX cont i nuousl y moni t or s condi t i ons i n t he ex-

per i ment al ar ea t o det ect and pr event hazar ds such as

t he accumul at i on of expl osi ve gases . Thi s mi cr oVAX i s

l i nked t o t he LEP cont r ol r oom vi a Et her net , and,

shoul d a danger ous si t uat i on begi n t o devel op and not

be r esponded t o, t he power t o t he ar ea i s cut . A f unc-

t i on of t he sl ow cont r ol mi cr oVAX i s t o r espond t o

t hese pr ompt i ngs and al er t oper at or s t o i ni t i at e l ess

dr ast i c r esponses . These t wo mi cr oVAX ar e on an uni n-

t er r upt i bl e power sour ce. Ot her f unct i ons of t he pr o-

gr ams r unni ng on t he sl ow cont r ol VAX - t r e t o ensur e

t hat t he dat a t aki ng condi t i ons ar e wi t hi n speci f i ed

t ol er ances and al er t t he oper at or s shoul d t hey change.

Shoul d t he oper at or s not r espond, i t can i nf or m devi ces
cont r ol l i ng ot her par t s of t he det ect or oper at i on. Al l

t hese r r - Sages ar e l ogged f or l at er i nvest i gat i on.

For pr eci se r econst r uct i on of t he event s i t i s al so
necessar y t o set , moni t or and r ecor d many det ect or

par amet er s at a much f i ner l evel t han t hat needed f or

sl ow cont r ol and saf et y pur poses . Thi s t ask i s di st r i b-
ut ed ( f i g. 118) bet ween t he PC and VME mi cr o-
pr ocessor s whi ch cont r ol t he har dwar e and t he VAX

comput er s . Per i odi cal l y, or on r equest , t h - mi cr opr oces-
sor s t r ansf er t he cur r ent set t i ngs t o di sk f i l es on t he
VAX cl ust er . As a debuggi ng t ool . t hese f i l es can be
i mmedi at el y dumped t o consol es . Per i odi cal l y, pr oces-
ses on t he 8800 pi ck up t hi s dat a and f or mat i t i nt o
ZEBRA banks and i nser t i t i nt o t he event dat a st r eam,
f r om whi ch i t i s wr i t t en t o t ape . An al t er nat e pat h i s t o
send t hese banks ur an Et her net l i nk t o t he L3 of f l i ne
comput er LEPI CS, wher e t hey ar e pr ocessed f or i ncl u-
si on i n t he mast er dat abase. The onl i ne copy of t he
dat abase i s al so updat ed by t hese pr ocesses . Thi s dat a-
base i s used f or t he event r econst r uct i on and di spl ay
ment i oned above. Fi l l i ng i t dur i ng dat a t aki ng ensur es
t hat r econst r uct i on r esul t s acqui r ed onl i ne wi l l be r epr o-
duci bl e of f l i ne . Anot her f unct i on of t he onl i ne dat abase
i s t o al l ow moni t or i ng of t hese par amet er s over t i me .
The onl i ne dat abase has a val i di t y i nt er val r eachi ng
back about one week whi ch al l ows t hese par amet er s and
t hei r cor r el at i ons t o be hi st ogr ammed ver sus t i me .

13 . LE

	

NET: L3' s i nt er cont i nent al comput er net wor k

13 . 1 . The or i gi n and evol ut i on of LEP3NET

L3 r ecogni zed i n 1981 t hat compl et i on of t he det ec-
t or and pr epar at i on of t he dat a anal ysi s woul d r equi r e a
sophi st i cat ed syst em of comput er l i nks bet ween t he
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member s of t he Col l abor at i on [ 68, 69] . Pr i or t o dat a
t aki ng, L3 physi ci st s, engi nee- s and t echni ci ans i n t he
US, Eur ope and Asi a woul d need a means of i nst ant

el ect r oni c communi cat i on wi t h t hei r col l eagues at

CERN and at t he col l abor at i ng i nst i t ut i ons . Because of
t he pr eci si on and di ver si t y of t he L3 det ect i on syst ems
and t he r i chness of t he L3 physi cs pr ogr am, t he of f l i ne
sof t war e devel opment t ask i s si gni f i cant l y l ar ger t han

f or any pr evi ous hi gh ener gy physi cs exper i ment , r equi r -

i ng sever al hundr ed man year s of wor k . I t was t her ef or e
vi t al t o get t he means t o al l ow physi ci st s t o wor k
ef f i ci ent l y whi l e at t hei r home si t es and t o coor di nat e
wi t h and cont r i but e t o t he mai nst r eam of sof t war e

devel opment wor k goi ng on at CERN. Thi s l ed t o

LEP3NET: L3' s i nt er cont i nent al comput er net wor k.
LEP3NET began i n 1982- 1983 as a pi l ot pr oj ect ,

i nvol vi ng l i nks bet ween Cal t ech, DESY and CERN, f or
t he MARK J and L3 exper i ment s . The net wor k was
i ni t i al l y based on t he publ i c packet swi t chi ng net wor ks

TELENET ( US) , DATEX- P ( Feder al Republ i c of
Ger many) and TELEPAC ( Swi t zer l and) . Publ i c net -
wor k usage soon expanded t o i ncl ude l i nks t o Mi chi gan,
Amst er dam, Madr i d and Aachen . Dedi cat ed l i nks t o

Annecy, Lyon, Rome and Napl es cont i nued t o be used,
wi t h pr ogr essi ve mi gr at i on ( whol l y or i n par t ) t o X25.

The per f or mance of i nt er nat i onal l i nks usi ng t he
publ i c packet net wor ks was a f r act i on of t he maxi mum
l i ne speed ( t ypi cal l y 4. 8 or 9. 6 kb/ s i n 1983) and t he
char ges f or t he vol ume of dat a sent wer e qui t e hi gh . The
f i er y f act t hat char ges wer e vol ume- sensi t i ve l ed t o t he
unaccept abl e si t uat i on t hat mont hl y bi l l s coul d r i se t o
unpr edi ct abl e l evel s . These f act or s soon made l eased
l i nes t he pr ef er r ed sol ut i on . Fol l owi ng a f easi bi l i t y dem-
onst r at i on usi ng a l eased sat el l i t e l i nk bet ween Caï t ech
and Pr i ncet on i n 1985- 1986, t he net wor k became oper -
at i onal on Januar y 30, 1986 when a t r ansat l ant i c l i ne
was del . ver ed by AT &T and t he Swi ss PTT. Fr om
t hen on, t he net wor k l i nes and swi t ches demonst r at ed
mean t i me bet ween f ai l ur es measur ed i n mont hs and
mean t i mes t o r epai r i n hour s i n most cases.

The cur r ent t opol ogy of LEP3NET i s shown i n f i g .
119 . LEP3NET i s wi del y used by hi gh ener gy physi ci st s
i n t he USAand i n Eur ope . I ncr eases i n net wor k band-
wi dt h have been achi eved t hr ough mor e sophi st i cat ed
and expensi ve modems on t he exi st i ng LEP3NET l i nes.
I n Jul y 1986, Codex moder r N r unni ng at 16 . 8 kb/ s wer e
i nst al l ed on t he LEP3i t ET t r ansat l ant i c l i nes . The
Cal t ech- MI T and MI " ( ' - LBL l i nks ar e now r unni ng at
19. 2 kb/ s . The CAMTEC packet swi t ches at CERN
and MI T wer e upgr aded t o model s capabl e of swi t chi ng
packet s bet ween l i nes r unni ng at up t o 64 kb/ s . Most
r ecent l y, t he pr esence of t he hi gher speed X25 TELE-
FI LE swi t ches at MI T and CERN, whi ch ar e key si t es
bot h on LEP3NET and ESNET, has l ed t o t he deci si on
t o move some key l i nes t o t he f ast er swi t ches . I n Sep-
t ember 1988, t he speed of t he LEP3NET t r ansat l ant i c



l i ne was i ncr eased t o 56 kb/ s . Thi s became economi -

cal l y f easi bl e wi t h t he advent of t he TAT- 8 Tr ans-

at l ant i c opt i cal f i ber cabl e.

13. 2. LEP3NET desi gn el ement s

The desi gn of LEP3NET t akes :. -. t o account t he

wor l dwi de spr ead of t he Col l abor at i on, t he l i mi t ed

manpower avai l abl e t o const r uct , devel op and mai nt ai n

t he net wor k and above al l t he l i mi t ed budget . Some of

t he desi gn el ement s ar e :
1) The dat a communi cat i ons pr ot ocol s ar e based on,

t he i nt er nat i onal l y r ecogni zed st andar d X25, whi ch

sends t he dat a f r om sour ce t o dest i nat i on i n packet s,

i ncl udi ng i nf or mat i on f or er r or checki ng, and er r or r e-

cover y pr ocedur es t o ensur e t hat t he dat a i s r ecei ved

er r or - f r ee. The X25 pr ot ocol was chosen f or LEP3NET

f or a number of compel l i ng r easons . X25 i s t he onl ,

way t o r each ma ay of U' s Eur opean col l abor at or s and

i t al l ows t r anspar ent connect i ons t c - est abl i shed acr oss

combi ned l eased- l i ne and publ : - net wor ks . The X25

pr ot ocol s ar e suppor t ed, and of f - t he- shel f i nt er f aces ar e

pr ovi ded, by al l maj or comput er manuf act ur er s .

2) I n or der t o suppor t t he f ul l r ange of ser vi ces

needed by t he physi ci s?s, sever al set s of hi gher - l evel

pr ot ocol s r un on t op of X25 . Thi s i ncl udes DECNET

and t he Col our ed Books pr ot ocol s . The Col our ed Books

pr ot ocol has been i mpl ement ed on many machi nes t o

pr ovi de a hi gh l evel user i nt er f ace on t op of t he X25

pr ot ocol and has par t i cul ar l y val uabl e f eat ur es f or r e-

t r i es and r esumpt i on af t er i nt er r upt i ons .

3) The dat a communi cat i ons equi pment i s al l st an-

dar d, commer ci al l y avai l abl e . Thi s i ncl udes t he packet

swi t ches and comput er i nt er f aces . The CAMTEC packet

swi t ches wer e chosen on t he bass of per f or mance/ cost ,
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pr ogr ammi ng f l exi bi l i t y and pr oven l ong t er m r el i abi l -

i t y .

The f aci l i t i es of f er ed by LEP3NET ar e det ai l ed be-
l ow.

13 . 3 . : . Ter mi nal access t o r emot e comput er s
Any LEP3NET comput er can make t er mi nal cal l s

di r ect l y t o any ot her LEP3NET host . The X25 pr ot ocol

avoi ds t he over heads of r out i ng t hr ough i nt er medi at e

host s and t er r est r i ad ®4nes . mi ni mi zi ng pr opagat i on de-

l ays . Except under hen%y l oad, t he swi t chi ng del ays ar e

st i l l smal l compar ed wi t h t he cabl e t r ansi t t i mes f or

coast - t o- coast or t r ansat l ant i c nul l s . Remot e we of f ul l -

scr een f aci l i t i es ( such as t he VAX TPU edi t or or I BM

VM/ CMS) over 11000 mi l es of LEP3NET cabl e i s

r el at i vel y comf or t abl e, even t hough t he 200- ms del ay

f or r emot el y echoed char act er s i s qui t e vi si bl e . Wi t t t t he

connect i on of D' s " LEPI CS" I BM 3090 t o LEP3NET

i n Febr uar y 1988, i t became evi dent t hat f ul l scr een

access t o LEPI CS, usi ng char act er by char act er r emot e

echoi ng, of t en pl aces a heavy l oad on LEI 3NET. Even

wi t h an unl oaded net wor k, pr opagat i on del ays make

t hi s mode of access sl ow. A sof t war e package suppor t -

i ng I BM" 327x" f ul l scr een t er mi nal emul at i on on VAX
a_- - a___-
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l o , - al scr een i mage on t he VAX at t he user ' s si t e mnd

onl y changes ar e t r ansmi t t ed t o and f r om t he I BM

whenever t he " ent er " or " at t ent i on" key i s pr essed . The

package al so pr ovi des ext ensi ve suppor t f or " key map-

pi ng" , whi ch i s needed t o make r emot e use conveni ent

on non- I BM r emot e t er mi nal s by emul at i on of t he PF

( per manent f unct i on) keys, whose use i s an i nt egr al par t

of wor ki ng on an I BMVM/ CMS comput er syst em.
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13. 3. 2. El ect r oni c mai l

El ect r oni c mai l over LEP3NET has r emoved al most

al l need f or paper mai l and t he di r ect neEs and speed of

mai l exchange has al so decr eased t he need f or l ong

di st ance phone cal l s . I n many cases, t he exchange of

many mai l messages wi t hi n a shor t t i me t akes t he pl ace

of a t el ephone di scussi on, wi t h t he added advant age of

gi vi ng t i me t o t hi nk and t o f or mul at e i deas cl ear l y. The

el ect r oni c mai l over LEP3NET has t he advant ages of

i mmedi acy ( i n most cases) and r el i abi l i t y . Mai l can be

sent t o comput er s whi ch ar e down f or mai nt enance or

di sconnect ed due t o t empor ar y l i ne pr obl ems; del i ver y

of t he mai l wi l l t ake pl ace as soon as t he connect i on i s

r eest abl i shed .

13. 3. 3. Fi l e t r ansf er
The Col our ed Rooks f i l e t r ansf er syst em suppor t s

t r ansf er of pr ogr ams and bi nar y f i l es bet ween many

t ypes of comput er s ( e . g. VAX, I BM, Goul d, et e) . The

syst em of f er s dat a compr essi on, aut omat i c r e- t r i es, and

aut omat i c r esumpt i on f r om" mar ks" af t er any i nt er r up-

t i on . Fi l e t r ansf er r equest s ar e sent t o a manager pr o-

cess and cont r ol i s i mmedi at el y r et ur ned t o t he user

whi l e t he t r ansf er i s handl ed by a backgr ound sub- pr o-

cess . These f eat ur es make i t easy t o t r ansf er pr ogr ams

and smal l dat a sampl es of up t o a f ew t ens of mega-

byt es . Even t hough t he l i ne bandwi dt h makes such

t r ansf er s l ast many hour s, t hey can be conf i dent l y l el t

t o r un whi l e ot her wor k cont i nues .

13 . 3 . 4. Decnet

DECNET " dat a l i nk mappi ng" ci r cui t s have been

est abl i shed over LEP3NET bet ween Cal t ech and CERN

and bet ween Far var d and CERN. These ci r cui t s l i nk

t he Eur opean and USA HEP DECNET i n a way t hat i s
t r anspar ent t o most user s . I n spi t e of t he obvi ous val ue
of a l i nk bet ween USA and Eur opean HEP, and t he

gr eat r ange of f aci l i t i es of f er ed by DECNET, L3 i t sel f

cont i nues t o use t he Col our ed Books net wor k sof t war e
f or most net wor k t r af f i c . The Col our ed Books sof t war e' s
gr eat er i mmuni t y t o net wor k di st ur bances, i t s mor e

ef f i ci ent use of t he l i mi t ed bandwi dt h, and i t s avai l abi l -
i t y on non- DEC machi nes, make i t t he nat ur al choi ce
f or most ser i ous wor k . Never t hel ess, LEP3NET does
not i mpose a choi ce of net wor k sof t war e. Col our ed
Books and DECNET can coexi st on t he same machi nes
usi ng t he same physi cal connect i ons .

13 . 4 . Exampl es of LEP3NET usage

Even bef or e t he of f i ci al st ar t of LEP3NET, t he
Pr i ncet on gr oup, whi ch i s r esponsi bl e f or t he BGO
el ect r oni cs and r eadout , was maki ng heavy use of a
LEP3NET pi l ot pr oj ect l i nki ng t hem t o CERN vi a a
Pr i ncet on- Cal t ech sat el l i t e l i nk and t he Tel enet gat e-
way at Cal t ech . The Pr i ncet on gr oup has cont i nued
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t hei r heavy net wor k usage whi ch has per mi t t ed t hem t o

cont i nue t o cont r i but e t o t he anal ysi s of BGOt est beam

dat a. Net wor k access t o t he t est beam dat a acqui si t i on

syst em has pr oved i nval uabl e f or t he pr epar at i on and

debuggi ng of t he syst em by exper t s who wer e usual l y

not at CERN.

The muon chamber r econst r uct i on sof t war e has been

wr i t t en al most excl usi vel y by peopl e r esi dent i n t he

USA, but used t he l at est ver si on of t he SI GEL3 L3

Mont e Car l o si mul at i on pr ogr am devel oped at CERN.

Soon af t er t he st ar t up of LEP3NET, t he compl et e

sof t war e base needed t o r un t he Mont e Car l o ( some 50

MB) was t r ansf er r ed t o MI T and r egul ar l y updat ed.

Mor e r ecent l y, wi t h t he cr eat i on of a CERN- based

br anch of t he muon chamber sof t war e gr oup, t her e has

been a f r equent i nt er change of new sof t war e .

Coor di nat i on of t he L3 comput i ng and sof t war e

t usks r equi r es an act i ve i nvol vement i n many ar eas.

Net wor k access i s al so used f or exami ni ng and r esol vi ng

pr obl ems wi t h t he net wor k . I n addi t i on, speci f i c pr o-

j ect s at par t i ci pat i ng i nst i t ut i ons r equi r e access t o sof t -

war e devel oped at ot her i nst i t ut es i n t he col l abor at i on .

For exampl e, t he Mont e Car l o st udy of l i ght col l ect i on

i n cr yst al s under cal i br at i on by t he RFQ syst em r e-
qui r ed t he col l ect i on of sof t war e f r om L3' s Eur opean

col l abor at or s.

13. 5. Fut ur e net wor k needs and LEP3NET

The success of LEP3NET i n of f er i ng a hi gh qual i t y,

gener al pur pose ser vi ce at a cost compar abl e t o t hat of
t he l i ne r ent al s has made i t an at t r act i ve model f or t he
f ut ur e of HEP net wor ki ng i n t he US. The HEPNET

Techni cal Coor di nat i ng Commi t t ee i ncor por at ed much

of LEP3NET' s exper i ence and desi gn pr i nci pl es i n i t s
r ecommendat i ons f or t he ESNET X25 backbone.

I n t he near f ut ur e, t he mai n pr obl em of LEP3NET

wi l l be i t s l i mi t ed speed. Ear l y anal yses of t he L3

net wor k needs made i n 1984 and 1985 [ 68, 69] showed

t hat t he pr i nci pal l i nks t o CERN shoul d r each speeds i n
t he r ange of 224 kb/ s soon af t er LEP st ar t up, r i si ng

above t he Mb/ s r ange when LEP Phase I r eaches i t s

desi gn l umi nosi t y . These hi gh speeds ar e pr i mar i l y

needed t o suppor t r emot e i nt er act i ve t er mi nal sessi ons,
r api d t r ansmi ssi on of a mi nut e f r act i on of t he dat a, f i l e
t r ansf er f or pr ogr am devel opment and physi cs anal ysi s,
al ong wi t h sever al ot her ser vi ces . Each physi cs gr oup i s

expect ed t o need net ; °. , or k access t o CEI ZN 11' 1 t he EI LÎ .

kb/ s r ange or hi gher .
Thi s ear l y anal ysi s has si nce been conf i r med by

det ai l ed anal yses per f or med by t he HEPNET Revi ew

Commi t t ee ( HRC) f or hi gh ener gy physi cs as a whol e
[ 70] . Thi s has l ed t he HRC t o r ecommend pr ovi si on of
Mb / / s speeds on t he ESNET backbones used by HEP

by 1989 . NSFNET al so has pl anned l i nks t o Eur ope i n
t hi s speed r ange, al t hough t hese l i nks wi l l be shar ed by



a l ar ge, br oadl y based sci ent i f i c communi t y . I n Eur ope,

sever al i ni t i at i ves whi ch seek t o pr ovi de 2- Mb/ s l i nks t o

CERN have been l aunched, i n r esponse t o t he f i ndi ngs

of st udy gr oups on t he comput i ng and net wor ki ng needs

f or t he LEP exper i ment s [ 71, 721 .

Al t hough i t i s hoped t hat some of L3' s f ut ur e hi gh

bandwi dt h net wor ki ng needs wi l l be sat i sf i ed by t he

expansi on of " gener al pur pose" net wor k, , such as

ESNET or NSFNET i n t he US, LEP3NET wi l l con-

t i nue t o be W' s pr i mar y net wor k f or t he next f ew year s .

Onl y LEP3NET wi l l be abl e t o pr ovi de t he f ul l r ange of

hi gher l evel pr ot ocol s, r api d i nt er act i ve access, and

guar ant eed bandwi dt h f or L3' s hi ghest pr i or i t y needs .
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