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Introduction (G. Gilcbriese) 

Physics Goals (R. Cahn) 

Schedule of Presentations 

Motivation for Solenoidal Detector (H. Williams) 

Break 

Review of Large and Small Solenoids (S. Mori) 

Tracking Systems 
Wire Chambers (H. Ogren) 
Silicon Systems (H. Sadrozinski) 

Lunch 

Calorimetry 
Liquid argon (H. Gordon) 
Room Temperature (M. Pripstein) 
Scintillator (D. Bintinger) 

Break 

Trigger and DAQ (A. Lankford) 

Organization of Remaining Meeting Time (G. Trilling) 

*Note Presentation on Muon Systems postponed until June 27. 

June 26, 1989 
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9:20-10:05 

10:05 - 10:45 

10:45 - 11:15 

11:15 - 11:55 

11:55 - 12:25 p.m. 
12:25 - 12:55 

1:00 - 2:30 

2:30 - 3:05 
3:05 - 3:40 
3:40 - 4:15 

4:15 - 4:45 

4:45 - 5:25 

5:25 - 5:45 
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Processing Farms: The Problem 

• 1 Q4-1 OS events / sec 

• 1 MByte/event 

• 10-100 VAX 11/780 seconds/event 

• Rich Programming Environment 



General Purpose Processors 

• Developments in RISC processors 

• Example: ACP MIPS VME board 

• "Conservative" Projection 

50-100 V AX equivalents per processor 
4 processors/board (200-400 VAX/board) 
15 boards/crate (3000-6000 VAX/crate) 
30-50 crates (105-3 105 per system> 



MIPS Inc. Projection of Computing Trends 
1000 

Rise 
100 

1 VAX 

~964 1969 1974 1979 1984 1989 1994 

Year Announced 



Processing time depends on three components: 

Execution Time -= Instructions/Task 

• Cycles/Instruction 

• Time/Cycle 

RISC: (Reduced Instruction Set Computers) seek to minimize the 
second and third component. 

Cycles/ln.:,truction. 10.6 for VAX 11/78{) 
6.3 for Motorola 68020 
1.25 for MIPS R3000 -

Simpler architecture allows higher cloclc speeds and 
implementation in faster technologies (ECl, GaAs) 
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i860: A 64-bit Microprocessor 

Single-chip numeric microprocessor 
- 64-bit Internal data paths 

- 64-bit data bus to memory 

"RiSe" architecture 
Multiple pipelined functional units 

- separate integer, floating point, and graphic units 

- separate 4 Kbyte code cache and 8 Kbyte data cache 

1.02 million transistors 

33/40 MHz operation on CHMOS IV 

Next iPSes intel Scientific Computers 050589-05 



i860 Multi-Function Organization 
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Next iPSCs intel Scientific Computers 050589·06 



TEXAS INSTRUMENTS HAS DEMONSTRATED GaAs 
VHSIC SCALE INTEGRATION IN THE MIPS PROCESSOR 

BEING. DEVELOPED FOR DARPA AND IS UTILIZING 
GaAs GATE ARRAYS IN ITS NEW MILITARY SYSTEMS 

Pr ••• R.le.l. 

TEXAS INSTRUMENTS DEMONSTRATES WORLD'S FIRST 100 MHz 31-BIT RISC CPU 

DALLAS (NOVEMBER I, 1988) -

1eus Instruments has demonslraled the "urld's first n·bit reduced instruction set compuler (RiSe), single-chip 
microprocessor operating" wilh a clock rale in exce!! of 100 million cycles per second. Built wilh TI's unique 
helerujunction bipolar (iliff) proce5~, this 12,900 aate microprocessor is also the laracst funclional luaic 
device built to dale using gallium arsenide. (OaAs) material. 

The microprocessor is developed by TI's Defen~ Systems .nd Electronics Oroup (DSEO) with support 
from Conlrol Data Corporation (CDC) under a contraC1 with the Defense Advanced Research Projects Agclll"y 
(DARPA). This 32·bit RiSe processor uses the DARPA MIPS CORE Instruction Set Architecture (lSA). 
A 32·bit RIse architecture is f8\'Ored by DuD fat tire nelt aenefltion DoD standard processor. 



Intel-DARPA Touchstone Project 
Building the Technology for Supercomputers in the '90s 

• A $27.5 million development contract 

• The goal: a practical ultra high performance supercomputer technology 

- 200 GFLOPS (2,000 node) prototype by late 1991 
- Ease of use comparable to today's workstations 

• Specific research focus on ... 

Interconnect technology Software environments 

Node architectures High performance graphics 

• Touchstone will be the technology driver for future iPSe systems 

DARPA· Touchstone Intel Scientlftc Computers 



Touchstone Interconnect 
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• 32 X 64 mesh 

• 8,000 Mbytes/sec 
bi-section bandwidth 

• Scalable to 4000 nodes 

2 



High Speed Mesh Router 

West 

North 

Mesh 
Router 

South 

DARPA - Touchstone 

East 

Intel Scientific Computers 

• Single VLS I chip 

• Byte-wide channels 
- unidirectional 
- 128 Mbytes/sec 

• Low latency 
( 40ns/hop) 

• Self-timed design 

3 



Special Purpose Processors 

• General purpose processors may not be sufficient 

• Specialized devices have traditionally been up to 
1000 times as powerful for specific tasks 

• Specialized devices can be used both before event 
event building (on sub events) or after (on full 
events) 

• Modem DSPs have high level languages and 
operating systems 



Special Purpose Processors 

• Traditionally hard-wired microcoded devices 

• Still have a role despite increasingly powerful 
general purpose processors 

• Jet finding, track finding, ••. 
• Current spedalized processors provide SOOO VAX 

equivalents for these tasks 
• Neural networks 

• Digital Signal Processors (DSPs) now have high 
level languages and full operating systems 
supporting program development 

• ASIC (Application Specific Intergrated Circuits) 
with RISC and DSP cores becoming available 
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11 E·SYSTEMS :z: GARLAND 
DIVISION 

) 
) 

DATA ) IIF 
) SYSTEM 
) 
) 

CIRCA 
1993 SYS.TEM 

SHARED MEMORY 

SSC DATA ACQUISITION 
TASK GROUP WORKSHOP 

MAY 3-5, 1989 

Q 
9 TRACK 

a 
HARDCOPY 

[j SUPERCOMPUTER FARM 

ORDERED DATA SETS 

-RECORDERm09OnCS 
';, - SIMIl CASSETTE 

;';; - HELICAl. SCAN 
- 5000 FEETICASSEn'E 
-15-30 MBYTESISEC 
- 190 GIGABYTESlCASSEn'E 
- 1.2 GBYTESICU INCH 

ARCHIVE/SORT/CACHE RECORDER POOL 

, 

• 101' 

CASSETTE 

'" '" • DATATAPE DIGITAl. 
CASSETTE RECORDER (DCR) 
• BOSCH CASSETTE 
• HELICAl. SCAN 

• 
• 930 FEETICASSEn'E 
• 12.5 MBYTESISEC 
• 20 GIGABYTESlCASSEn'E 
• 0.18 GBYTESICU INCH 

1..11 

PRODUCTION POOL .) 

7" "17 



l:e E·SYSTEMS = GARLAND 
DIVISION 

VOLUME SSC DATA AcaUISITIO.'t 
TASK GROUP WORKSHOP 

MAY 3-5, 1989 

• EVEN THE HIGHEST DENSITY STORAGE TECHNIQUES WILL 
REQUIRE SUBSTANTIAL STORAGE VOLUMES •.• 

ONE 
TERABYTE = 

0.80 12 
opnCAL MEDIUM 

TAPE 5 CASSETTES 34 
REELS LARGE SMALL 

. CASSETTES CASSETTES 

5000 
348D-TYPE 

CARTRIDGES 

500 
OPTICAL 

DISKS 

6369 
9·TRACK 

TAPE 
REELS 

t 
500 

FEET 

sa,ooo $4,250 $2,015 $2,560 $100,000 $45,000 $122,285 WASHINGTON 
MONUMENT 

1 SMALL CASSETTE CONTAINS 29,500 MEGABYTES or 187 REELS OF TAPE 

1 MEDIUM CASSETTE CONTAINS 86,625 MEGABYTES or 551 REELS OF TAPE 

1lA.rtG~ CASSETTE CONTAINS 189,875 MEGABYTES or 1,185 REELS OF TAPE 

120F 17 



I ~ E-SYSTEMS = GARLAND 
DIVISION 

VOLUME SSC DATA ACQUISITION 
TASK GROUP WORKSHOP 

MAY 3-5, 1989 

•.• BUT ROBOTICS CAN MINIMIZE ACCESS TIMES 

1$1101·341 



I =e E-SYSTEMS . = GARLAND 
DIVISION 

MID 1990'S 
MASS STORAGE SYSTEMS 

SSC DATA ACQUISITION 
TASK GROUP WORKSHOP 

MAY 3-5, 1989 

• SYSTEM 1/0 RATE ~ SYSTEM DEPENDENT 

• SYSTEM STORAGE ~ 50 PENTABYTES 

• STORAGE SYSTEM COST ~ $5/GIGABYTE 

• MEDIACOST ~ $21GIGABYTE 

• RECORDER 1/0 RATE ..... 30+ MBYTES/SECOND 

• THE MASS STORAGE ARCHITECTURE MUST FIT INTO 
THE FRAMEWORK OF THE SYSTEM ARCHITECTURE 
'CO TAKE FULL ADVANTAGE OF THIS TECHNOLOGY 

170F 17 



Level 2 
Buffer 

Leve' 1 
Buffer 

10 to 1000 events/sec 
.... t---- 10 - 100 M8Isec 

~-"""---.., 
Online 

Processing 
Farm 

ParaDei 
Event 

Builder 

_ 105 -108 MIPs 
(e.g.: 5000 CPUs@200MIPs) 

Parallel Data Unks 
(e.g.: 200 links @ 50 MBlsec) 

10· -105 Prompt TriggersIsec 
200 K8 - 1 MBlevent 

10-1 00 J,Lsec 

1-2~ec 

10' InteractionslSecond 
10' Channels 

WI 
G7IA. 
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Start 
16ns~------------~~ 

~~ 

Reference Time F2 
el--Il,---------------.~R 

Vg 

Vg 

Reset Store 

Fil· 5 TMC Feedback Circuit 

Fig. 6 Microphotograph of the TMC chip. 
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Fig. 7 Ca> Supply volcage dependence of the 
delay element (b) Temperature dependence 
of dle delay element 



Level 1 Trigger LM2TIfgger 

• • 
• • • • • • • • • • •• • • • 
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• CH8~~~-P~-----
• I ~~--~~~ 
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I WIiID SeIecl I 
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~' ~~.~----.... 
Second LeYei Buffer 

.,. -n.c-.. _. -------------------Readout Controller 
Ben Crossing 

Fil· 8 Readout scheme of the time measurement system. 

• ... 

• • ~ 

P - Pre ~lOiscri 
T-TMC~ 
R-Read~~ 

.--... _----_ . 
- --. .-" ..... . 
II I • I 

- I -
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1m [!] 01 ... 
~ 8ch ~ 
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M - Multiplexer 
D- Driver 

,r-------. 
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PiJ. 9 Mountinl of the front-end electronics to the Slayer straw tube. 

:z .. 



s. r S:rA.lP· SY:STEM -------- ....... -.......... . 

strips 

Fic. 17 

DTSC 
Bulf'ClS 

Bus L.. ... Int w-... ~ 

__ ---_. ·······_·_·l),:-S_C._. __ . __ . 
Increment Write Pointer ------.--

Levell 
Burrer 

m..-.... Re:ld Pointer Read Pointer 

Increment 1 ~d "'>ointcr 

Fig. ~8 



FAST 
PATTERN 
MODE 

READOUT 
MODE 

II 
T[f'E 

1 
PATTERN 

t-+--+--+--+--+--+--+-+--f - 8LFFERS 

u 
X-AOORESS 

u 
ANFLOG OJTPUT X-v ADDRESS 



HYBRID APPROACH 
OPTIMIZES PERFORMANCE, 

MINIMIZES COST 
HUGHES 

~, 'r' J 0.1 ,t 

n29·SP9 MC18 

Pat lie" 
Oi •• elton 

• EACH ELEMENT OF THE 
HYBRID CAN BE 
SEP(~RATELY OPTIMIZED 

• CHANGES IN ONE OR THE 
OTHER ELEMENT e.g. 
DETECTOR OR READOUT 
CHIP CAN BE ACCOMODATED 
QUICKL V AT LOWER RISK 
AND COST 

• VIELD LOSSES IN DETECTOR 
AND READOUT PROCESSING 
NOT COMPOUNDED 



calibration x64 

x2800 

SO ohm 

Sma peak current 
100p' 

JFET CM)S RING BUFFER 

2SuV - 2SMeV 
2.SV - 2.STeV 

DYNAMIC RANGE 
18 bits 

fast shaper 62Mhz 

Mh 11-12 bits 62 z 

2nd level 
multi-event 
buffer and 
readout 

multiple 
waveform 
samples 
each event 

x3 layers 



EM:3mm U HAD:3mm U 
.08x.08 EM 

• • . 
CAL nOise nOise nOise 

match unmat 3: 1 
MeV 

EM 165 400 

I-D 570 4030 450 

TIME 

10 1 ns 2ns 

25 

50 

100 

GeV 

trigger tower 
.32x.32 HAD 

pileup • • • nOise nOise nOise 
match unmat 3 :1 

110 660 1600 

280 2300 16100 1800 

TIME 

12ns 80 12 

5 32 5 

2 16 3 

1 8 1 

pileup 

480 

1170 



CAL d91 x dn Pad Coad #plates #plates # chnls 
width p= 3mm U 6mm U 

EM1 0.04xO.04 7cm 34 6 BOx160 

EM2 0.02xO.02 3.5 9 B 160x320 

EM3 0.04xO.04 7 34 1 1 80x160 

HD1 0.04xO.04 B.4 49 30 1 5 80x160 

HD1' 0.04xO.04 B.4 49 30 1 5 BOx160 

HD2 0.04xO.04 9.9 68 30 15 BOx160 

HD2' 0.04xO.04 9.9 6B 30 1 5 BOx160 

HD3 0.04xO.04 12.1 102 30 15 BOx160 

HD3' 0.04xO.04 12.1 102 30 1 5 BOx160 

HD4 0.04xO.04 13.9 135 30 15 BOx160 

HD4' O.04xO.04 13.9 135 30 1 5 BOx160 

/~." - , 



CAL d¢xdn Pad Coad #plates #plates # chnls 
width pF 3mm U 6mm U 

EM1 O.04xO.04 7cm 34 6 80x160 

EM2 0.02xO.02 3.5 9 8 160x320 

EM3 0.04xO.04 7 34 1 1 80x160 

. HD1 0.04xO.04 8.4 49 30 15 80x160 

HD1' 0.04xO.04 8.4 49 30 15 80x160 

HD2 0.04xO.04 9.9 68 30 15 80x160 

HD2' 0.04xO.04 9.9 68 30 15 80x160 

HD3 O.04xO.04 12.1 102 30 15 80x160 

HD3' 0.04xO.04 12.1 102 30 15 80x160 

HD4 0.04xO.04 13.9 135 .30 15 80x160 

HD4' 0.04xO.04 13.9 135 30 15 80x160 



EM:3mm U HAD:3mm U EM:3mm U HAD:6mm U 

CAL Cd+Cstray+Cconn+Cf Cd+Cstray+Cconn+Cf 
pf pf 

EM1 (200+90+60+ 100) 450 (200+90+60+ 100) 450 

EM2 (70+60+80+ 100) 310 (70+60+80+100) 310 

EM3 (370+150+110+100) 730 (370+150+110+100) 730 
nf nf 

HD1 (1470+500+300+100) 2.3 (740+250+150+100) 1 .2 

HD1' 

HD2 (2040+600+300+100) 3.0 (1020+300+150+100) 1 .6 

HD2' 

HD3 (3060+730+300+100) 4.1 (1530+470+150+100) 2.3 

HD3' 

HD4 (4050+830+300+ 100) 5.2 (2030+420+150+100) 2.7 

HD4' 
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EM:3mm U HAD:3mm U 
. 

CAL 
C(nf) max max C(nf) max max 
1 : 1 resist length 1 :3 resist length 

EM1 O~45 55 3.7m 55 3.7m 

EM2 0.31 80 3.7m 80 3.7m 

EM3 0.73 34 3.7m 34 3.7m 

HD1 2.3 1 1 3.7m 0.26 96 3.7m 

ohm ohm 

HD2 3.0 8 3.7m 0.33 76 3.7m 

HD3 4.1 6 3.7m 0.46 55 3.7m 

HD4 5.2 5 3.7nl 0.58 43 3.7m 

cable = 50 ohm (135pf/m) RC<25nsec L->doubles capacitance 
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Possible Data Path From The Detector 

Etched Copper--.----............. 

Dlta Collection (Dlgltll) IC. 

Twlsted-Pllr Copper 
or Low-Power Opticil 

Dltl Ordering/Multiplexor ICs 

Opticil Drive,. & IC. 

Optical Fiber. 

To Parallel Event Builder 

Front-End ICs 
(e.g., 128 channelsllC) 

-10--5 ICs 
with ...a. microseconds 

of analog storage 
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OPTICAI( FIBER DATA TRANSMISSION 

MAJOR ADVANTAGES: 

- IMMUNITY TO ELECTROMAGNETIC INTERFERENCE 

- LOW TRANSMISSION LOSSES FOR VERY HIGH DATA RA1ES 

- lHINNER AND LIGHTER CABLES 

- CAPABILITIES EXTENDING TO GIGAHERlZ REGION 
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Some Benchmark Experiments 

• Heavy t quark (~140 GeV) Ot:' !l+'" 5e.'1\£..~C't..-f-~t-'~ ~t..I.Q.'''~ 

• Heavy Higgs with H -+ ZZ -+ " +, -" +, -
• Heavy Higgs with H -+ ZZ -+ I, +J, -v V 

• Heavy Higgs with H -+ ZZ -+ ,,+, -qq 

• Isolated photons 

• Heavy quarks (b,t) -+ leptons 

(as a study of backgrounds to other processes) 

• W'. Z I 
• C oft\p~sitc.f\. SS 
• Stroft.Sly X I\Tef'u+\ft1 "Boso", lc)+W~ w-w 
• 1)y f\.",.·,.l ~~ M'" ~ f"'e. k\~, 'T'e.c.h':, ''''''.I''''S~} 
• S~t~sy",,,,·i-"l 







Primary Goal: Detect and Identify 

* electrons 

* muons 

-°1 
I 
I , 
, 
, 

* neutrinos (missing Et) . : 

* quarks 

* gluons 

* W, Z bosons 
'----_.... ..~ ... ---

°VVhat about detecting the "Unexpected"? 

Presumably ne\v particles couple to those ,vhich ,ve 
already kno,v about ' 
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* R c!l p,cI;ty CoVel\"~e. 

* Tr .. c k', • .., 

* t-. ~~+o'" r .ev:f. ~C"+I." 

*' E~CA!y 'R~so'w. +:0'" 
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Why Include a Magnetic'Field? 

* Electron Identification (E/p) 

* Correction for Cracks 

* Calorimeter calibration 

* Secondary Vertices 

* Tau's 

* In variant IvIass 

* P t of tracks, fragnlentation 

* Electron charoe ~ 

* IlnprOve(1 muon momentuln resolution 

* Redundant energy lneasurenlent 

:;; Credibility, Flexibility, for Ne\y Physics 
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Why Not Have a Magnetic Field? 

What does it Cost? 

* Dollars (Swiss Francs, Yen, etc) not so important 

* PriInarily it conflicts ,vith Calorimeter 

* Number of other headaches which are probably 
manageable (i.e increased drift time in chambers) 

Can excellent calorimetry and sufficient BL2 coexist? ... 
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The central and intermediate tracking systems are shown in Fig. 8. The momentum 
resolution as a function of polar angle and rapidity is shown in Fig. 9. 
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Fig. 8. Schematic view of central and intermediate tracking systems in the Large 
Solenoid Detector. 
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Large Solenoids 

D < 0.5 T . conventional Ol~ 
,..." 

B ~ o. 7 T 

sllPerconducting 

superconuucling 

Conventional (AI. Cu) 

Power. cost 
( ~.'l-\ No serious technical limitations? rw 

Sup ere 0 n d u c t. i n g 

Quench protection 

large stored energy 

Cryostat arrangement 

mechanical support 

_M_a __ g ... n ___ e_t_i_c __ f_i _e_l _d __ d_e ...... p_e_n_d_e_n_c_e <. ~ d; V\\eJA~ \C/'.I\ So ) 

B ~ 2 T A I - s tab iIi zed N b T i / C U 1\-

B ~ 2 T 

Indirect cool ing 

Th i n (XO.~) 

lIeavi ly structured 

con d u c tor '*~ 

Pool boiling (direct) 

Thick 



The Most Important Requirements -for Detector Magnets 

Stable operation 

No disturbance during physics runs 

Comfortable safety margin in design 

Almost impossible to repair 

at a large SSC detector 

Easy maintenance arrangement 

I n t IA ins i c a I I y s a f e a g a ins t 9 u e n c h e s 

Quite ImpolAtant Considerations 

Compactness 

Material thickness • 
Radiation and absorption 

e/hadron separation 

Ene rgy reso 1 u·t ion 

Costs 

Schedule 

etc. 



Main Parameters of Detector Solenoids --
Detector Lab. Compl.year ID(m) L(a) Bo(T) E(MJ) T(rl) Cool. 

• CELLO 

• TPC 

• CLEO 

• CDF 

• TOPAZ 

• VENUS 

AMY 

• ALEPH 

DWHI 

CLEO-II 

• ZEUS 

Large 

• SCDF 

. Small 
• \/LS 

DESY 

SLAC 

Cornell 

FNAL 

KEK 

KEK 

KEK 

CERN 

CERN 

Cornell 

DESY 

SSC 

sse 

sse 
Sse::. 

1979 

1982 

1984 

1984 

1985 

1986 

1987 

1988 

1968 

1988 

el.5 3.5 

2.0 3.' 

1.9 3.t 

2.9 5.1 

2.7 5.4 

3.4 5.6 

2.5 2.1 

5.2 7.0 

5.0 7.4 

2.9 3.8 

1.9 2.8 

8.6 16 

4.0 15 

3.-0 8 
b 2.1 

1.5 

1.5 

1.5 

1.5 

1.2 

0.75 

3.0 

1.5 

1.2 

1.5 

1.8 

2 

2 

2 , ., 

7.0 0.5 

10.7 0.4 

9.4 0.7 

30 0.8 

20 0.7 

12 0.5 

40 

137 1.6 

108 4 

25 

18 0.9 

1500 

300 1.3 

99 0.8 
r')o 0 ,. , • :; 

FF: forced flow, PB:pool boiling, TS:thermo syphon 

1st generation 

Inner bobbin 

2nd generation 
Extruded aluminum stabilizer for monolithic super

conductor 
No inner bobbin (shrink-fit or inner Winding) 

3rd generation 
Modular, superconducting cables (longer unit length 

and higher reliablity) 

FF 1st 
FF} 

gen. 
FF 

FF 2nd 
FF} 

gen. 
FF 

PB 

TS J 3rd 
FF gen. 

TS 

FF 

PB 

FF 

FF e-e: 



Main Paraaeters of Solenoids for sse -
Itea. Large~ seDP Saall 

~~~1. ~ ",,,,.:... 
Vacuua vessel t\.:~A.~ 

3,S/3 
Diaaeter:outer/inner(M) 1.1/8.6 4.8/4.0 a/l~ 

Length(.) 16 15 8 
Haterial 505304 A5013Al AI-all. 
Thicknes.:outer/inner( .. ) 40/25 40/10 6/4 

Central field(T) 2 2 2 

Material thickness(rl) large 1.3 0.76 
Total weight(t) 5'0 69 
Cold aasa(t) 310 39 10 

Coil 
.ueber of aodules 8 2 1 
Stored enersx!M3! 1500 300 99 
Current (A) 6400 8000 10000 
InductaftceCR, 73 9.4 2.0 
Nuaber of layers 6 1 1 

CODductor 
lb!i:CU:Al ratio At-\'(-+Yre- 1:1:26 1:0.8:58 
D1_uion.(_2 ) 14wx12 4.8x35 5.6x35 
Short saaple current(kA~ 11.6i4.4T 16.0i2T 
Purity of Al stabile (UR) >1000 >1000 

LHe cryogenics 
Method PB PP FP 
Vesael 
Haterial SOS304LN A5083Al AI-all. 
Thickness:outer/inner( .. ) 28/37 35/0 12.3/0 - -

it T~",,~~\'~ I H., ~,,~ ~ I ~I\lflr'- • • 

T~ocl.ct,~~ ~.AJ~ UM9\~"ev::t ~'-'i" c:)~l\~~~t~ 
At ~~w.e~CWl:.\M~1iM \S S~~~ ~~,~ a;~~.uv~ . 



Main Characteristics of Solenoids for sse 
--~--~~~----------------------------~. 
Items Large SCDF Small 

Stored energy (MJ) 1500 300 99 
Estimated cost (108¥)'ir 75 34 115' 

(50HS) (23MS) (10MS) 
(without including auxiliary 
equipment ,tests, transport , 
and on-site asseably) 

Hodel solenoid AMY CDF ZEUS? 

Stored energy (MJ) 40 30 

Cost (108.) 5 6 

A maker suggests that the cost is approxiaately 

proportional to the three quarter power of the ratiP~ 
the stored energies of two solenoids of the same type. 
The CDF solenoid wa$ used for cost estimate of 'Small' 

because no appropriate model solenoid is available. 

Magnetic field (T) 

Barrel calorimeter 2.0 <0.01 <0.5 

.uni form app. null varying 
Tracking chambers uniform uni form non-uniform 

Potential difficulties large size, straight- ax i a I c;.2IlP-. 

transportation, forward ressive .. -
high cost forces .-

Barrel muon system Simple, simple, mas,?ive 

no toroid no toroid toroids 

* ~c..O ~~~~~S ~4 
\,51, t)W\~1C l\ w\, ')'O~J 

~ \ C\ ~ <. ~. ~ \l ') 
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Superconducting Wire; SO~m~x1400(2.7Smrrf) 
Material Ratio; AI:Cu:NbTi=24:1:1 
Aluminum PuriJy; 99.99 % 

(b) CDF R/D 

(c) JOINT,CDF R/D 
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Welding 
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Comparison of Parameters of the Large Solenoid 

Tsukuba/Hitachi VS. Fermilab 

Items 

Conductor 

Dimensions 

Current 

Critical current 

Stabilizer current 

Coil 

Number of layers 

Number of Ilodules 

Number of PSs 

PS connection 

Cold mass 

Vacuum shell 

~1 ~2. #8 
P1 F'r··· ~'(l 

Tsukuba/Hitachi 

(1989) 

14x12 1Ul
2 

6400 A 
11.6 kA at 4.4T 

4000 A/cm 2 

6 

8 

4 

.1-.8,"~-.7 

.3-.6,.4-.5 

390 t 

(1)8 • x 2 

or (2)16 11 x 1 

-

Fermila 

16x18 

5000 i 

10 kA 

1765 . 

7 
8 

1 -

880 t 

8 m :> 



Axial Supports 

Items 

Axial load 

Axial supports 

Materials 

Cross section 

Tsukuba/Hitachi Design 

(1)8 m x 2 

Inconel 718 

Inner/outer diameter (mm) 100/70 

Length (mm) 1000 

Number of supports 18 x 2 

Stress (magnetic forces) 35.4 kg/m.2 

(tension) 

Thermal leak 

LHe system 

LN2 system 

67 W 
1376 W 

(2)16 m x 1 

Inconel 718 

30/20 

300 

6 

29.7 kg/mm2 

(tens./compr.) 

3.6 W 

74 W 

(A) This load corresponds to the static electromagnetic forces. 

During quenches it i. expected to be near or above 3.x 106 

kg. Careful analyses will be carried out soon. 



_-I N2 Intercept 
-Mxial Support 

ho.p stw-e~s: 
~ .. SY-z.r "-' q~. 

Spherical Bearing 
2 Radiation Shield 

Intercept 

. Support 
Cylinder 

Iii~--FRP Layer 
!!DtIt!N!J,..---Superconductor 

a.-_ Superconducting Coil 

All Dimensions in mm. 
A 

Fiqure 2. 



~t~"'~. 
--C-O-I-L -M-A~N--U--F~A-::-C~T~U ~R I~N~G-rr==R-:-AN:-:-S=-::P~O~R~T~A"::'TI~O~N:-:-::IS~S~U~E~S --'1 41 i'9 

PROBLEM: LARGE dia > 33 feet 

Even if divided into 2 M modules HEAVY weight> 125 tons 

yet Delicate 

Is It feasible to build the coil In Industry and move It to the site ? 

MANUFACTURING: 

Few companle. have machine tooll that acc.pt 33 foot 

dla. objects. (eg vertical lathes or winding machinel) 

• Large = ·special = expensive 

• Limits vendors (or develop NEW construction methods 1) 

TRANSPORT ATION 

Can't transport it by RAIL or AIR 

1) eo ~DF coil move from Japa. -CSA' weight ok but c ,. 'eet AN125 '1 

2) ran limit c 15 f •• t 

Ship/barge OK but limits vendor. to those with sea access. 

Transport by Truck 

1) practical only for Ihort dlltaneel. (eg Interltat. bridge c 2r) 

2) lEP colli n.ar practical max alz. 'or Europe. 

(Some help from BIG sky country I) 

It appears to be possible to move 2M modules by land from a -
deep water port at Freeport, Tex. to the Waxahachie sse site • 

. ~ i\.o-t ~J ... 
(. 

1) EXPENSIVE... BELDING estimate S 350 K from Freeport. 

2) Moving an 8M coli half (500 1) appears to be not practical. 

3) Conclude that significant on-site assembly and testing 

facilities will be required. 



CONCLUSIONS 

1) The proposed sse LARGE SOLENOID MAGNET can be built 
assuming a reasonable extrapolation of existing 
superconductlng magnet technology. 

2) The main engineering challenges are those posed by its 
LARGE SIZE and STORED ENERGY. 

3) Severe transportation problems may require significant 
on site assembly and testing facilities. 

4) Additional work Is still needed : 

a) Engineering Analysis ( eg forces during a quench) 
b) Yoke design 
c) Coil manufacturing techniques 
d) Costs 
e) Realistic time estimates 

( long I 4-5 years must start soon I ) 



. -_. 

,~(" i .. 
-~-:.-. 
. _v ..... 

.... . .. . ., ..... 
.~-.-.. .... . ...... _. 

., . ........ . 

-_. __ . ---'--'--. ...;",. ~---- .. - ._-_._-_ .. _--_ .... -..... 
~ :8: : 
I~:":"." ...... 
1:. :: . : . ! .. .... _-_ ... ------_.- .. _--_ ....... 
L,f{~.:- ... -
~-!"~'Ib . 
li~ ,-..... _ ... ----!'"_._----_. _. -----_ ... _._-----_. 
f 

12 

10 

8 ~---------4~----------~ 
~~*O\ 
mR~*,,'~ 

(~4.2k ) 

I 
I 

I 
t 

0 / 2 .3 'l- S-

~~ 
e 
~ B (T) 

. . . .. . 



./ 

at;>/ 
/' 

· ; , 
....... i 

60 

40 

o ~--------~--~~--~----~--------~ 0 
2 4- g . 10 

'it ~\.. 10 ( kA ) 



Thin Solenoids without Return Yokes 
*Aluminum-stabilized NbTi/Cu 

*Indirectly cooled, forced flow 

two-phase helium 

Items CDF (Yoke) ZEUS 

Diameter (m) 3 ~ 
Length (m) 5 2. 8 

0 • ., 2 
Field(T) .f) ai~(I.·5) 1. 8 

Energy (MJ) 9.4(30) 

Conductor 
Dimension(mm 2 )4x20 

RRR of Al 
Winding 

2000 

Layer 1 
Axial preload (kg/mm 2 ) 

·1. 0 

A x i a 1 corn p . ) 0 a d. ( 4- ~ 7 

16 

4. 3/5. 5 
xIS 

700 

2 

Tota I (t) 170 (540) • 390 

2. 2 St re s s (kg/mm 2 ) O. 9 (2. 9) 
(Conductor only) 

Sma I I 

3 
8 
2 

99 

5.6x35 

? 

? -
1460 

4. 4 



o 
N 

c or- ~:r. ~~ 8-1 
~; ~ . 5 3 t'h cP ISM tc r'\ a ( 2. 0 0" ) So ( e 1'\ 0 " ~ 

A 200 SOL 

I I I I : i I 

o 10 20 30 40 50 60 70 80 90 100 110 120 
RAD I US ( I NC~ ) 

., 

Coi I Y' : 6 cIt - b (' 
:: = 0 ,.., 100'" 



U C. OF " R ... '( lea- B\ • • 

A~\~ ~o"(.Q. I 
2,00

/
' ( &" ~) $~\etA4~~. 

('2.0" c\' (\-1 

/\ 
~ NDYc\<~ YD\<e 

J 
\.J \.ST s: ~o \.~-r .-'4-2 F;! S40t 'l'lt 

~() 
( ';t)C6~) I 

< 
V 3 

ct W,~~ Ydl<e 
I 

/ 
~ 

~40 ~ 
/ 

~ t.,/ ., 
~~ 

\l);tL, Yok'-c2. 
".'-

.",.--

--- "",.. 

_. -'" -
0 
~o 4(:> 60 80 ~OO 

Oiti \-~ ~ ('.(2. WAA (\.V\t..~ 1 



en en 
~ -(J) 

I I 5083-0 at 17K 
I Yield I I Ea8.2xlO'kG/mmz I Sire .. , .-1--

"'~14.1 kg/mmZ 

I "," I at 77K 

11/ I 
I'0.2~. displaced Unes 

1 19.42 kg/mml " I 
I at 77K . 

allowable delign stress r 8~1IQ/1Nft2_1.6cm cylinder alone 
.. / 

J I 
I I 2cm R-D conductor at 77K 
l b ~ Ea7xl0!kg/mmZ 

~~.,!.....----e 
• . 

11.6 em cylinder + 
3.8 kq/mmZ,-- 2an conductor a.:A de \( • • 

.-en 
eX 

19.9 

17.0 

14.2.. 

11.~ 

8.5 

S.b 

2.$ 

o 00~~~~~~~Q3--~~--~~------~O 
OJ 02 0.4 

Strain (%) 

ria_ 111(6). lats.ate •• tr ... -.traiD curve 



Conclusion 

Large: 
1. I t can be constructed wi th reason

able extrapolation of existing 

technology. 
2. On-site fabrication seems to be 

too expensive because large-sized 
facilities are required. 

3.Transportation problems must be 

solved. 
4. Detai led stress analyses for axial 

supports durin. quenches must be 

performed. Is an arrangement with a 
single vacuum chamber feasible? 

5. Costs. 

SCDF: 

Modest extrapolation from the CDF 
and ALEPH solenoids. 

SeD-Snowmass 84: 

ALEPH 

Sma I I : 

1. Axial compressive load seems to be 
prohibitively hi~h for aluminum
stabilized NiTi/Cu superconductor. 

2. If serious. more realistic optimi
zation of parameters must be made . 

.. 
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Charged particle tracking 

Lepton Id: 

Lepton Sign for Momentum < 1 TeV/cl 
e tracking from vertex into calorimeter 

fA tracking from vertex matching to muon chamber 
matching leptons to correct vertex 

Complex event analysis 

Separation of mul tiple interactions in crossing 

Identify secondary vertices 

Detennine invariant masses ,energy , momentum 

Improve missing ET and~ verify calorimet¢.ry 

Establish Credibility of New Physics, Redundancy 



Tracking Chamber Parameters 

What detennines the size of the wire tracking system? 
....-.- on< _ 

Suppose: 

ax = 200 I!. 
B=2T 
L=0.5 m to 1.5 m 
N=I00 

This gives a sign measurement up to about 500 GeV, (~oJ 

with beam constraint up to 1 Te V. 

(minimum acceptable level - 1/40 of total EcM) 

If the field is .7 T : 

the tracking distance must go up to 1.6 m. 
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The central and intermediate trackinlsy.tems are shown in Fig. 8. The momentum 
resolution as a function of polu anile and rapidity is Ihowr. in Fi,. 9. 
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14 mm STRAWS I 

( 
Wall thickness - 37 microns 

Lexan film, aluminized. 200 ohms <. ~ SO.lt."\ 

mylar film outside 

50 straws, 2 meters long 

S1000 
Precision Paper Tube Co. 
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STRAW CHAMBERS 

The result of about 4 years of workshop effort. 

Conventional wire chamber technology with well 
understood properties, tracking O.5m to 2 m from beam. 

New ideas are always welcome. 

-The sensitive volume can be made small. 
Singles rates, occupancy, and current are reasonable 
50 cm from the beam. 

-The drift times 20-30 ns 
Good match to the sse. ( faster gasses 7) 

-Mass introduced by tube walls, total of 8% of Xo. 
Tracking seems to tolerate it. 
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" File Edit 

TeHt 
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Constraints due to sse Environment 
Central Axial Chambers: 

Rate: t. .. '0 "I'l CM1. -'l. S c.c.-I U ~c.\ .. (oo,.,b 

~ 1Jc..fIJ. ~ l ~o M.M~ (. ~) 
6~ f'.l..£ 

~\~v...')'Cl ov~ ~Tfl.c¥v ~t~JiR 
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0= !'1lLu<.. ~y"t-T T~ ~ 

(.(.Cl4l. .,... ~ ( \0 t.. T ""'~.. \4l't ~ 

Current draw: 
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Forward Chambers 
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Construction of a LARGE system 

a) 2T design 
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Topics to consider at workshop 

1) Trade offs- tracking radius and field. 
How much tracking do we need? 

2) Integration of forward and central tracking. 

3) Infonnation on the Z coordinate. 

4) Effects of field inhomogeneities. 

5) How do \ve accommodate electron ID1 

a)TRD 
b) Pre convertors 











TRACKING GOALS 

1) Lepton ID ,,"ith calorimeter and J.L toroid 

electrons are identified by E/P ratio 

--+ P should be measured with same precision as . 

measure e and J1, \vi tIl the same precision and systemat 

2) Lepton Mass Reconstruction for H --+ ZZ --+ e!e: 
efficiency and good momentum resolution /A'r 

--+ lepton pair nlClSS resolution less than Z width 

--+ good coverage in TJ: 

Nzz{TJ < 2.5) ~ 2.5 --+ 3 
Nzz(TJ < 1.5) 

3) ~1easurement of Eyent Structure 

a) Multiplicity 

b) Energy flo\v \vith good timing to comple] 

calorimeter 

4) Vertex Reconstruction 

a) Disentangle multiple events in same time bue 

b) Measure inlpact parameter of < 300jlm in 

decays 

Pixel (low occupancy, close to vertex) + stI 
+,,"" ,lptpmlination) 



Figure 22 shows ae possible arrangement for the tracking detector. It contains 
about 40m2 of silicon detectors. Going out in , this arrangement gives: 

~ 

8 
o .......... 

-\~ ,-' 

10 

0 0 10 20 30 40 ~o CO 70· 80 gO 100 

Z (em) 

Fig. 22. Silicon Tracking System 

®Tracking with ~ 6 superlayers for 1700.~, ~ 100(IYI S 2.3). 

b Tracking with 8 superlayers for 1600 ~ , ~ 200(IYI S 1.75). 

®Tracking over a fixed radius·of 50cm for 1540 ~ , ~ 26°(lYI s 1.44). 

@ Tracking with axial strips for 1430 ~ , ~.37°(lYI S 1.10). 
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Momentum resolution vs. rapidity. 
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SYSTEM DESIGN 

1) Strips from r=8cm to r=50cm 

Pixels from r=3Cffi to r=8cm 

2) The exact configuration depends on the solution to tt 
tions: 

Po\ver dissipation 

Alignment 

Radiation Hardness 

Complexity (Cost) 

These issues are part of the generic sse R &0 ar. 
cussed in this \Yorkshop. Of great importance are ~ 

optimize the design. 

Example: 

Study the effects of a system with much fewer channel 

a) System \vith only 25JLm wide strips: 

excellent momentum resolution, vey lo\v occupancy 

b) Fixed occupancy system- strip width grO\VS with rE 

(25JLm at r=8cffi, lOOILm at r=50cm): 
occupancy still very low because strip width ~ 2 tI 

momentum resolution ,vorse by factor 2 than for a' 

some loss in pattern recognition po\ver in outer lay 
but 

much less stringent alignment criteria and much f{ 

c) Combine b) \vith the outer driftchamber to restore 

r~olution 
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SYSTEM MOMENTUM RESOLUTION 

A Silicon 

8 S.L. 

B Drift 

100 L. 

A+B 

C Silicon 

~ = B~!la) P (TeV) 

SYSTE11 

8 em-50 em 

25 JJm strips 

50 em-ISO em 

u = 200 I'm 

8 em-50 em 

25 pm strips 

up/P 
C(900) P = 1 TeV, B = 2.5 T, 

0.26 

0.51 

0.14 

8 = 900 

10% 

20% 

5.6% 

~~ 3 S.L. 

~ 'v~~ 2S.L. 50 pm strips 
.~~(J 

~O.52 21% 

1",'- 3 S.L. 100 Ilm strips 

C+D 0.15 6.0% 

High Backgrounds (Only back half of detectors is usable) : 

Back of B 

Back of C 

Back of C + Back of B 

1.06 

1.30 

0.18 

42% 

52% 

7.2% 
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R&D for the sse SILICON TRACKER 

1) Monte Carlo Simulations of designs ( Radii, Length and width of 

strips and pixels, N umber of layers) 

2) Detector Research (Double sided,Collection,Radiation hardness, 
Bonding,Integration ,,·ith electronics) 

3) Electronics (Radiation hardness,Speed,Low Power ,Read-out , In
teraction with bigger) 

4) ~1echanical integration ( Supports, Alignment, Temperature sta

bility) 

5) Cooling 
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CALORIMETRY REQUIREMENTS 
8· ~~rJJ:M. 

• Radiation Resistance: 
• 10' rads/year, • 10" neutrons/cm' year 

• Energy Resolution: 
• EM •• 0.15/E'1I. constant term. 1% 

(low PT electrons) 
• Hadronlc. < 1.0/E'1I .utrlClent, s 0.5/E'1I very good 

• Systematics, Calibration, Uniformity, Stability: 1% If .asy 
2% H hard 

• Electron/hadron Respon .. : s 1.1 direct response, or 
(quark composlteness algnaU) -,;y weighting 

• Dynamic Range: 

Further 
Study 

EM, 5 YeV lepton ( .. 2.5 YeV In one channel) } 
Lepton Isolation test. 100 MeV/channel 

Hadronlc. QeD Jets .. H YeV In one jet cone 

2.5 X 1'11 
_10' 

• HolM (electronic-, uranlum-): 
• l.8pton Isolation ET < 4GeV In AR • 0.4 
• ...... ng PT 0 .. < 20 GaY 

• Splld and Pileup: 
• Timing (auoclate eventa and bunch eroaalng.), 0,. 1-2 naec 

• ,Integration time (hadron response) ..... 100-150 nsec ~ 

• Pileup time, Impact of oVlrlap of n (e.g., 10) bunch crossings " 
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Figure 1: The iDtegraaed design, moeeling and analysis system. 
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PSEUDORAPIDITY 

,-.. ,. . . . Pre 9: Active interacaon lengms of calorimeter (Le.· DOt iDcludi., wssels. aructural 
..... 1-.. p.. ... \ :': ~~(' LAr:' '~""":nir ~ 0 = 7.5 rJcm3• A = 2.5 em and Xo = 0.80 em. 





AI Steel TI 
SHELLS 

UtAI (Stress: S 1.0) 1 .53 .18 

(tltAI) (IAIII) 1 1.25 .26 

(t/tAU (XoAI/Xo) 1 2.69 .46 

UtAI (Stability: E 1/3) 1 .71 .86 

(tltAIl (4A 1/4) 1 1.66 1.24 

(UtAI) (XoAI/Xo) 1 3.58 2.16 

HEADSIWASHERS 
tltAI (Bending: S1/2) 1 .73 .43 
(tIlAI) (4AI/A) 1 1.71 .61 
(VtAI) (XoAI/Xo) 1 3.69 1.07 

VtAI (Stability: E1/2) 1 .60 .80 
(tltAI) (4AI/4) 1 1.40 1.15 
(l/tAI) (XoAI/X o) 1 3.02 2.01 

p (g/em3) 2.70 7.87 4.54 
A (em) 39.40 16.80 27.50 
Xo (em) 8.90 1.76 3.56 
S (103 psi) 10.0 18.75 55. 
E (106 psi) 10.0 28. 15.5 

Relative COlt (fabrieabid) 1.0 2.5 3.0 

Table 4: Cryostat material performance, referenced to aluminum. 

--,.. ... ,...., n ... ,,,, •• '''''Tn~' 
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configurations, shower and signal propagation 
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status of high resistivity preamps 

P. Mockett - Discussion of Methane, Interleaving 
and survh·al with buried electronics - Brite Pates 

LBL - Progress on Tiles/Readout boards, 
connection details, H V and cold feedthroughs 
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TRACKING with SILICON DETECTORS 
at the sse 

HARTMUT F.-'v. SADROZINSKI 

Santa Cruz Institute for Particle Physics 

r.:niv('rsity of California Santa Cruz 

Santa Cruz, CA 95064 

1) Tracking Goals and Characteristics of Silicon Trackers 

2) Systems Design Questions 

3) Ongoing and future R&D 

Dallas, TX, June 26, 1989 



Characteristics of SSC Events 

lOS interactions/sec 

Stiff tracks 

Narrow, dense jets 

Many extra low energy tracks 

Complicated events 

Large data volume (mainly from tracking 
devices) 

Characteristics of Si Tracking System 

Fast collection device -+ separate different 
interactions 

Good position resolution (2",) 

Very small cells -+ low occupancy 

Local stereo -+ unambiguous z measurement 

Good 2 track resolution (100 pm) 

few noise hits (signal 25000 e,h/300 Jtm) 

Data reduction and storage possible in VLSI 
on detector 



TRACKING GOALS 

1) Lepton ID \vith calorimeter and J.L toroid 

electrons are identified by E/P ratio 

-+ P should be measured with same precision as . 

measure e and J.L \vi th the same precision and system at 

2) Lepton Mass Reconstruction for H -+ Z Z --+ e;e: 
efficiency and good momentum resolution /A-r 

-+ lepton pair nlass resolution less than Z width 

-+ good coverage in TJ: 

Nzz{TJ < 2.5) ~ 2.5 -+ 3 
Nzz(1J < 1.5) 

3) ~feasurement of Event Structure 

a) Multiplicity 

b) Energy flo\v \vith good timing to comple] 

calorimeter 

4) Vertex Reconstruction 

a) Disentangle multiple events in same time bue 

b) Measure inlpact parameter of < 300jlm in 

decays 

Pixel (lo\v occupancy, close to vertex) + str 
h1T'n rl~tpT1nination) 



Figure 22 shows a·possible arrangement for the tracking detector. It contains . 
about 40m2 of silicon detectors. Going out in , this arrangement gives: .. 

.... -..'-, \~ 
~- -\" 

10 

10 20 30 40 ~o CO 70· 80 gO 100 

Z (em) 

Fig. 22. Silicon Trackioa System 

® Tracking with ~ 6 superlayers for 1700
. ~ , ~ 100 (IYI S 2.3). 

b Tracking with 8 superlayers for 1600 ~ , ~ 200 (IYI S 1.75). 

@Tracking over a fixed radius-of 50cm for 1540 ~ , ~ 26°(IYI s 1.44). 

@ Tracking with axial strips for 143° ~ , ~.37°(IYI S 1.10). 
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SYSTEM DESIGN 

1) Strips from r=8cm to r=50cm 

Pixels from r=3cm to r=8cm 

2) The exact configuration depends on the solution to tE 

tions: 

Po\ver dissipation 

Alignment 

Radiation Hardness 

Complexity (Cost) 

These issues are part of the generic SSC R &0 ar. 
cussed in this \Yorkshop. Of great importance are ~ 

optimize the design. 

Example: 

Study the effects of a system with much fewer channel 

a) System \vith only 25J.Lm wide strips: 

excellent momentum resolution, vey lo\v occupancy 

b) Fixed occupancy system- strip width grO\VS with rE 

(25J.Lm at r=8cm, IOO/Lm at r=50cm): 
occupancy still \"ery low because strip width < 2 tr 

momentum resolution \vorse by factor 2 than for a' 

some loss in pattern recognition po\ver in outer lay 
but 

much less stringent alignment criteria and much f{ 

c) Combine b) \vith the outer driftchamber to restore 

r~olution 
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SYSTEM MOMENTUM RESOLUTION 

A Silicon 

8 S.L. 

B Drift 

100 L. 

A+B 

C Silieon 

!]; = B~!la) P (TeV) 

SYSTE11 

8 em-50 em 

25 p.m strips 

50 em-ISO em 

(f = 200 p.m 

8 em-50 em 

25 p.m strips 

t1p/P 
C(900) P = 1 TeV, B = 2.5 T, 

0.26 

0.51 

0.14 

8= 90° 

10% 

20% 

5.6% 

~~ 3 S.L. 

},. v~~ 2 S.L. 50 p.m strips 
• ~t.)tJ 

21% 

I'j.. ..... 3 S.L. 100 Jim strips 

C+D 0.15 6.0% 

High Backgrounds (Only back half of detectors is usable) : 

Baek of B 

Baek of C 

Baek of C + Baek of B 

1.06 

1.30 

0.18 

42% 

52% 

7.2% 
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R&D for the sse SILICON TRACKER 

1) Monte Carlo Simulations of designs ( Radii, Length and width of 

strips and pixels, Number of layers) 

2) Detector Research (Double sided ,Collection, Radiation hardness, 

Bonding,Integration \\·ith electronics) 

3) Electronics (Radiation hardness,Speed,Low Power, Read-out , In

teraction with higger) 

4) r..1echanical integration ( Supports, Alignment, Temperature sta

bility) 

5) Cooling 
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CALORIMETRY REQUIREMENTS 
ti . 0Jo-tcUm. 

• Radiation Resistance: 
• 10' rads/year; • 10" neutrons/em' year 

• Energy Resolution: 
• EM ,. 0.15/E''', constant term. 1" 

(low PT electrons) 
• Hadronlc, < 1.0/E'" .utrlClent, $ 0.5/E1

" very good 

• Systematics. Calibration. Uniformity, Stability: 1" If easy 
2" H hard 

• Beclron/hadron Response: s 1.1 direct response. or 
(quark composltene .. al9MlI) 'Dy Mlghting 

• Dynamic Range: 
EM. 5 TeV lepton (II: 2.5 TeV In one channel) } 

Lepton Isolation test. 100 MeV/channel 
Hadronlc. QeD Jets • 5-6 TeV In one Jet cone 

• No ... (electronic-, uranlum-): 
• upton Isolation ET < 4GeV In AR • 0.4 
• ...... ng PT 0 .. < 20 GeV 

• Speed and Pileup: 

Further 
Study 

• TJmlng (auoelate events and bunch croaalnga). 0t. 1·2 naec 

• ,Integration time (hadron response) ..... 100-150 nsec .,/ 

• Pileup time, Impact of overlap of n (e.g., 10) bunch crossings .J 



DESIGN COl'lCur 
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IlAYftACPG 
AJIID ftAaaNG 

... .. 3-D MODELER .. 
CAD 

GEOMOD • " , , I DET.uLm DRA WL~GS 

[D&'I'U"fOR SYSTEM IIDMEnCftY ANALYSIS 
11'1ERF ACE 

SUPERTAB 
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FiguR 1: The intepted design. moeeling and analysis system. 

'·DEAS GEOMOD 

DISPRAY 
• GDIDATERAYS 

.. oaD~Y 

-

DISPERSE 
.ftA...-o.M GEDMEfty 
·UY""CJ!'6G 

• COLLISION POIPo'T 
• RA Y ACTIVE AREA 
• 11o:r A. Plfl OR ETA .ANGE 
• EXECL'TION OPTIONS 

INTLCOM 
·POST"~O 

• ATnlIBl.-n MATCH 
• SHOWER PUAMETRIZA110NS 
.1'"l'ERACTJON. &AD'" TION L£.~ 
·a£SOLurJON 

I 

Fipre 2: 1be ray tracing and tracking section of the design, modeling and analysis 
system. 

2 
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AI Steel TI 
SHELLS 

lItAI (Stress: S 1.0) 1 .53 .18 

(tltA I) (IA III) 1 1.25 .26 

(tltAI> (XoAI/Xo) 1 2.69 .46 

lItAI (Stability: E 1/3) 1 .71 .86 

(titAn (AAI/A) 1 1.66 1.24 

(tltAI) (XoAI/Xo) 1 3.58 2.16 

HEADSIWASHERS 
tltAI (Bending: S 1/2) 1 .73 .43 
(t/tAI> (lAllA) 1 1.71 .61 
(lItAI) (XoAI/Xo) 1 3.69 1.07 

UtAI (Stability: E1/2) 1 .60 .80 
(l/tA I) (lA I/A) 1 1.40 1.15 
(titAn (XoAI/Xo) 1 3.02 2.01 

P (g/em3) 2.70 7.87 4.54 
). (em) 39.40 16.80 27.50 
Xo (em) 8.90 1.76 3.56 
S (103 psi) 10.0 18.75 55. 
E (106 psi) 10.0 28. 15.5 

Relative COlt (fabrieat~d) 1.0 2.5 3.0 

Table 4: Cryostat material performance, referenced to aluminum. 

-_,.. ... ,.. .. , n ... ,,, •• '"..Tn ... , 
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Tentative Schedule for 
sse Liquid Argon Major Subsystem R& D Proposal 

l~~>o("AM 
9:10 AM 

9:50 AM 

10:30 AM 

11:10 AM 

11:40 AM 

12:00 

12:30 PM 

2:15 PM 

3:15 PM 

June 21 

E. ;>ected At tendees: 

Suite 210 sse Laboratory 

Organization Details 

V. RadekajS. Reada - Progress on electrode 
configurations, shower and signal propagation 
in a tower, measurements of transformer shielding and 
status of high resistivity preamps 

P. Mockett - Discussion of Methane, Interleaving 
and survh'aI with buried electronics - Brite Pates 

LBL - Progress on Tiles/Readout boards, 
connection details, 11 V and cold feedthroughs 

H. Gordon - Estimate of funds and manpower 
for a bea m test 

N. DiGiac:omo- Martin Marietta's resources to 
help this proposal 

Lunch 

Discussion of Proposal - writing assignments 

Senator Phil Gramm 

Continue<! Di~ussion 

r. \(OftJo - C.l,·ltf"+'~ .{ ()~AJtJS 

L..~.,." ~1" S~sf .. 
M. Levi, H. Gordon, N. DiGilrcomo, G. Abrams, J. Siegrist, 
A. Lankford, M. Marx, V. Radeka, V. Polychronakos, 
V. Hagopian, S. Rescia, T. Kondo, P. Mockett, F. Lobkowicz 
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(.- Liquids which at room temperature can sustain the existence of free 
ionization electrons and their drifting in an external electric field) 
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• Advantages o/liquid ionization chambers 

• Direct collection of charge is most absolute and s~Jble 
way of recording ionization signal 

• Thousands of ion pairs -- statistical fluctuations are 
negligible compared with sampling fluctuations 

• Spatially uni~orm 

• Easy to segment in depth as well as in surface area 

• Insensitive to magnetic fields 

• Requires little space for readout cables 

• Radiation resistant 

• Som~ advantages of warm liquids relative to LAr 

• No cryogenic insulation 

• Modules can be smaller, with thinner single-wall 
boundaries 

• More he nne tic 

• Hydrogenous medium -- possible compensation without . uranIum 
t>V-rSII>P: ~Wb HeA£ r!L. &<"7A.DP6 ~ 

• Preamp location .,. IIII' liquidf- matching 
transfonners may not be needed -- with high voltage, 
signal pulses are short 

• Limitations (" Cf'\' A t-l..e.,'I(~e s " ) 



CRITICAL ISSUES 

• l'J .. \BILITY OF TECHNOLOGY 

• Detector Scale (Large Solenoidal Detector - LS D) 

• Extreme Requirements of Liquids and Containers 

• Purity: Long-Term High Purity (ppb) in situ for 

Large Volumes (> 1 00.000 Liters) 

• Safety: ~by determine choice of liquid (TMP. TMS. TMGe. T\1Pb. etc.) 

• \1aterials Compatibility: Profound Impact on Design. Thus far. 

CA-I long-term experience for stainless steel and ceramic. If' no other. 
then ~ discrete boxes. spaghetti calor? 

• Cleaning Procedures: UA-l very stringent. e.g. bakeout at 900' C. 

• Radiation Damage. Mostly OK (Groom & Holroyd) 

• Recirculating Liquid to Ameliorate Radiation Damage 
and Impurities Build-up? 

• Cost, Filling Strategies, etc • 

. ~ __ ........... - J • Large-Scale Detector ~ U A-I. 

( ~e. "-'0 F I ..,. ) 
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ISOLATED COMPARTMENTS 

INTRMEDIATE 
LIQUID 

STORAGE 

HEAT 

n 
CONDENSER 

u 
FILTER 

PURIFICATION 

CALORIMETER 

AC:-:V::: 
LIQ::::J 
STCR.-\C::: 

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

WILEY ORGANICS,INC 
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COST COMPARISON 
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COST ESTIMATE 
(PRIOR TO ENGINEERING) 

l. 'Warm Liquid' 
2.Piping.valves.etc. 

7.250.000 
700.000 
600.000 
350.000 
500.000 
550.000 

3. Transport tanks (6 required) 
4. Instrumentation & vacuum 
5.Repurificationsystem 
6. Cleaning & startup 
7.Contingencies 1.000.000 

TOTAL 10.950.000 

Notes: 
1. 'Warm Liquid' cost was the average between TMP " TMSi 
2. AU piping 316 stainle". high vacuum rated" cleaned 
3. A"ume 20.0001lransport tanks .. S 1 00.000 each. 
"i. Pressure. temperature indicators. controllers. etc. 
5. Skid mounted. no building is included. 
6. Purification and de-gas loop only. 
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CRITICAL ISSUES (continued)· 

• QlJ.4LITY OF PERFORMANCE 

• Signal Response Speed, Signal/Noise, Pileup 

(SSC Constraints: Beam Crossing Every 16n5 
and an A verage or 1.5 Interactions/Beam 
Crossing ror IOll'Luminosity) 

Depends on Charge Collection Time (Drirt Time) and 
Charge Transrer Time rrom Electrodes to Preamps 

(Drift Time depends on GAP and ELECTRIC FIELD. 
e.g. for VA·I: 1.25mm gap, E -- 10 iV/em ~ 

td ... 400ns ror TMP 
... 120ns ror TMS 

For \\"ALIC: Imm gap, E ~ 60 kV I cm 
td ... 60ns ror TMP 

... .IOns ror TMS) 

Charge Transrer Time Depends on Cable Lengths and Impedances. 

~eed small C~( ~ ~ s -r) 

• Fast, Low-N oise Electronics {·~~~~e tl'(M~!-'H. <~ 
! ... o\t.l p~.tJ 1\ tH\;i:!f' ,''' 





QtALITY OF PERFORMANCE (Continued) 

Compe·nsation (e/h. = 1) without Uranium 

. Hydrogenous 

• Effect of Saturation on e/h (see Wigmans) J c/d:1C 

, +' ka· Ji-/Jx 
Saturation Measurements 
(V. ALIC. Ochsenbein/Holroyd. Engler) 

~10re Measurements needed, especially for - )-2MeV protons: 

From n -p scattering 

From hadron showers with warm liquid calorimeter 

in hadr~n test beam (e.g., WALle SETUP) 

- Other me'asurements, at CERN SC 

II e r met i cit Y 

1WOEXlRE~: 

(I) Small discrete boxes a la UA-l (i.e. with liquid not in contact with 
absorber). More conservative construction but more dead spaces. 
H. V. feedthroughs, fill-tubes. 

( :!) 11 j . 8# "swimming pool" type container. i.e; with absorbers 
immersed in liquids (e.g. Engler et. a1.). Similar to liquid argon. but 
must exploit room temperature liquid propenies to minimize dead 
space and signal cable length, yet keep electtonics outside of liquid 
vol. Sensitive to materials compatibility, ...... ,. __ I ·S!. 
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CALORIMETER STACK-WALle 

to measure e/h vs sampling ratio for Pb-T~iP and Fe-TMP 

TMP box -------., 
absorber plate 

dumnlyTMP 
box (CH2) 

~O.6nl~ 

absorber plate and box 
thicknesses not to' scale! 

Example Stacks with Differin& Hydro&en Concentrations 

280abSorber pTat~ -
70 TMP boxes 
210 dummies with H 
Q.d~~ ~/Q..H __ 

2S0abSorber plates -
70 TMP boxes 
70 dummies with H . 
l40~':Lmmi~ vtJo.Ji_ 

280abSorber plates -
70 TMP boxes 
o dummies with H 
.f.10~ ':Lmmi~ vtJ o.Ji_ 

.. ·--------------2.8m -----------__ .,~ 



Central Calorimeter 

tPOItT r., 

I "'4~----------- 16 m ------------~~ 

Warm Liquid Calorimeter R-Z Plane Cross Section , 
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4. SUHKAlY OF THE RADIATION DAMAGE RESULTS 

(1) The aain conclusion from all the presented data is that :he~ajor 
contributiQn.to radiation damage in plastic scintill.tors comes--rro;' 
eR' radIation-induced i~fR;i9p1discolor.tion 19 the plastic matrix, 
In so .. c..... additiona transmissional effect. ue to fluors were 
observ.d. 

(2111.cov.rv!~f transmission .fter the .cc.ler.ted irr.di.tion tests is 
• ~r~ l~ort.nt and well-documented exp.riment.l fact th.t 
deaonstrat.S-tfi. 'existance of a process of continuous dynamic repair 
which sh.ll take place in the re.l experimental conditions. However . 
• t present the exact predictions of the speed and extene of this cure 
.re impos.ible. espeCially for air conditions. 

(3) .!L .. afe~t~. ;~!,.i.!'~r!f2~.i~ _ sJ.~~ti.!;~.~!.o_n.yield of m.ny fluors. seems t? 
b. rel.tlv.ly ~ni~p~rtan~.· wlffi some fluor aol.cules .xhibrtlng in 
pl.serc matrtces an excep~ronal r.di.tion resistance approaching our 

)~~ .. ~~ set go.l of 100 KRad (example: TPB in polystyrene). 

2 
• 

(4) From the above. it stems that ~e best remedy for the dam.ge 
problem is to byPass the ~anently) dam.PO .r. ... \og in the 
tr.nsmission spectrum,21 lon5-wave1!!!.!~irtr:c?F tile sc IntUl.Uon light. 
preferably in a sm.ll number of steps by utilizing l.rge Stoke's shift 
fluors. such as molecules undergoing intra-molecular proton transfer. 
the .xaapl.s of which ar. 3-HF. BPD and HBT. -, 

~ '. -r (5) <2!Ygen pl.y~ an important role in the damage and recovery 
I processes. ano~m fbi ititl prel1minary data it seems that the 
I neg.tive effects outweigh the stimulating effect it has on .cceler.ting 

) 
recov.ry of transmission in pl.stics. ~ 

~ . . , 
(6) Contr.ry to the original ·common wisdom-, polystyrene- and PVT-

• b.sed ~ntillators s.e~_ to, ~ecover (in tr.nsmission) in argon .nd 
1, nitrogen. though INch more sloWly th.n in air or oxygen. --~------ --

(7) Tha .dditional effece of radi.tion damage to the loc.l prim.ry 
scintill.tion yield is prob.bly due to direct transf.r of excit.tion 
.nergy 1n plastic matrices into heat. The experimental data indic.te 
that th1s is the s.cond non-recovering p.rt of the radiation damage. in 
addit10n to r.sidu.l transmis.ion dam.ge. 
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I SUMMARY! 

ZEUS U-scinti. calorimeter 

a 
E 

-- 18 % / v E for electron 
35 % / v E for hadron 

e/h = 1 ( 1 - 100 GeV ) 

calibration and stability 

electronics < 0.5 ADC channels 

after 24 hours 

UNO < 1 % after 8 hours 

UNO calibration 

EMC 3.~ % ( e ) 

HAC 1.2 % ( J.L ). 1.6 % ( h ) 



(0111. c: ,_S'O"" .. A ... .t R.l~ ,~fll) 14 1) ...... q to I" 'a. C-./o~ ,e- ~ ft.,. 

Z ... fA .~ C." c e .. ,,; 'l .:1# ,.J- ~ 3 tI,,'" fl./Dc,.. ~llr.", 

AIf~,..,.}-" L • .,II Jt~"~I' (I. -.t .. 1ItJIfNtlIJ ~~~., J,;Jr .1- 1'11,- Itert.,. ~ 10 X 
~t,.I .. },.~ I~&"'.'t ",-.1 ~ 
Re. , ... f' J.I., .. - Yl.lt -IJIS) t 

Sc.,~I.~,t,.~ J."'~()fCPtUt ( ... "41 :t1.1U"'.f.~ I".. 
~'11" .1 Ph' flffrfUt -.. .I. ~ 11'1 

e-/It· Jecfi'tlfJ ? 
R t • • I .. "', •. tit I ~ C,. f • I t --.. 'J. % 



:- 1 .. 
~ ,.(oW·--

"" ..... • 
C)"~,~, ~,~~ c.J~~ 2 flf'M. pL 

............. , ..... -' .. , - -t t·._ ,- ..... 
U- ~ 

• ~,,~..l I- .;' ..... • ••• • • • .,- ~ • .-I! 
1': ~ 

~- ~ o fW\r.d .-
I), :. 

• • - • • • • - • • • • •• -t 'I-t 

..... -. ..,.. .... c.· ........ - -
~ r t· ... •• ... V- ,. I-... ~~ • • , . • • ....... • 

It'" .-.. ~ , 
~.- ~ ~ -Q _ "10 ~ .. ..d 

• • • • • • • • • • • • • .c_t IC-' 
........... ,. , ........... ,., - -, . ... ,- . .. 

1'- ... ·t·.:!~ • I- • .. ~ .... .... '" 
• .- • 

~ • 
t-~ &- 8O~.....J ~ -

• • • • • • • • • • • • • le_. 1'-. 



Crackscan, Effect Graded Filter 

10 
~ J 4- No Fit ers 
~I 
~ 

~ Gr Fit r 

#1 I j.;t % 

I Position (mm) 
0 

0 10 20 30 .0 50 

Filure 5 



rkS"d.~: 1.0 -I.S- X. at '0· 
Il 0 ... /.' 

Ru.l""I,~,: rI. fr.U'.... E > 10 ~t V 

Hu~efic.;~,: Rt41C'~fA&e..h ? 
M~""t S'I, ... fs "S-""l aan"t P ... ", ... ~t tt.:J 

rl~u. Q"'''':'7: Rb":"'~-f"l, ? 
e/",~ ... , St,U',h~,,: Efhc.fs .~ C.," 

I. -=-.·Lt~ 
el. PI,t\. 

Owf,;Je.: 

PH ~ I~ 11,,-, t:;;/,f 
... 

EII~.f.1 F:.il .... c..~., .... I.., 



f.~------~------------~~--------------~ Ener;J RnoeurlOn 'AbsorDer Effect' 

• 0 x. '" _lOt_ 
• O.S"o • 

• • 0"0 • 
• ""0 • 
D 20x. • 

'6'0 4 2 
t,.,;y C GeV' 

Fig. 5.3.3 En.rgy r.solution of and SF03 l.ad glass counter (1810 ) with 
.1 .... in .... absorb.rs of diff.rent thickn.ss in front (r.f. 14). 
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The hldron cilori .. t.r consi.sts of 34 2.54ca-thick iron plat.s with 1.6clI gaps 

contl'n'n, lea thick scintillator. Most of the .. asurtments Wlr ... d. with 

7.6ca of al~inu. in front of the .adul. 'n order to simulate the effects of a 

coil-cryostat. Figur. 5.3.1 shows typical pion and .l.ctron pulse height dis

tributions in the EM shower count.r and hadron calori~t.r at 30 &tV. For I 

~ntu. r.solution of ,pip • 0.OO2p (&tV/c), a p'on r.j.ct1on of approli .. t.ly 

10-3 was obta1ned for an .l.ctron .ff1c1ency of 701. Tabl. 5.3.2 gives 

typical cut efficienc1es for 30 &tv • and.. The .nergy dep.ndence of the 

pion rej.ctlon factor fro. 15 &tV to 46 GtV was found to be s .. ". although 

S~ 1.,rov ... nt was obs.rved at h'gher .n.rg'es. They also studied the d.pen

d.nce of the pion r.j.ction on the a80unt of .. t.r1al in front of the calor1-

.. t.~. The rattos for pion rej.ction for 14 c-'1.6 c-'2.5 ca alua1nua were 

obs.rved to be (1.9tO.3)/l/(1.0t0.3). 

Tabl. 5.3.2 

El.ctron St·1tcUOit Criter1a 

;10n 
I_ining P10n 

Electron Survlv.l Aft.r 
Cyt Syrviv., Syrviv., All Oth.r Cyts 

EM sc 1 nt' 11.tor 0.11 0.0076 0.29 
Hadron calor, .. t.r 0.94 0.013 0.54 
Wl pulse h"ght (251

0
) 0.94 0.24 0.54 

W2 pulse he1ght (610) 0.97 0.041 0.90 
.1 width 0.99 0.24 0.89 

w2 width 0.97 0.23 0.69 
!ot., 0.72 7110" 

Y. H.y.shide .t .,. 7 used another t.st shower counter of 31 l.yers of 

'.ad/scint"l.tor for the COF. A proportional cha~er is pl.ced .t 5.610 
depth, near the shower "li~. of .l.ctrons. A lik.lihood .. thod 'ncorporating 

Fourier analys.s of 'ateral profiles of electron and pion showers was .-oloyed 

,,,. 



appears at a depth uf sXo to 10Xo for the energy range of the SSC. Longi

tudinal segmentation and measurements of lateral shower distributions at vari

OUS depths can improve electron-hadron separation. 

Table 5.3.1 lists some recent reports on ./e separation using EM shower 

calorimeters. Common techniques used to identify an electron are: 

- comparison of the shower energy ~ith .the momentum if the particle 

momentum is analyzed by a magnetic spectrometer; 

- ratio of shower energies in EM and hadron calorimeters: 

- ratio of the front end energy to the total shower energy in an EM 

shower detector; 

- measurement of the lateral shower profile near the shower maximum of 

an electron. 

A pion rejection factor of approximately 10-3 has been obtained at high ener

gies with a reasonable electron acceptance. At ~ery high energies (> few hun

dred GeV to a TeV), where the momentum resolution of a magnetic spectrometer 

becomes poor, the total energy of a particle must be measured by a calorimeter 

system. Therefore, finer lateral segmentation of both EM and hadron calori

meters are required. Among the measurements listed in Table 5.3.1 we describe 

test results of prototype calorimeters designed for the CDF detector and also 

measurements made to study effects due to material in front of EM shower detec-

tors. 

~. Diebold et al. 6 studied the performance of the full-scale prototype 

model of the central calorimeter for the CDF. 15 The EM shower counter con-

s1sts of 33 layers of lead/scintillator, each having 0.32 cm of lead and 

0.64cm of plastiC SCintillator, 0.6Xo per layer, for a total of 20Xo. Two 

layers of wire chambers are placed at 2.6Xo and 6.2Xo depths. 

177 



Micke, Trines, a!d_Wlll!a .. f.f~~ studi .•. d~~~_~_p.1on_.1.s.1.dent1.fica!!.on proba: 

btl tty .• ftlr tn.slrting 10c. o~alU8tn.UII _~.~~.t_ of_~the.1 r 1 ead._~.quid argon. , . 
calor1.-ter. whtc" corresponds to a total lIIOunt of 1 .• 3lo .. terhl in front 
..--.., « --. _ ........... ---_. • --

of the active part of the detector. They observed a s .. ,l increase in the 
• , .. _~_.~. ____ ,. • -A&._ ... « .. ~ •• 

• isidentiftcation probability at 2, 5, and 10 &tV. They pointed out that an • 
i-orov ... nt of ./e dtscri.ination could b. achieved by cutting on the pulse 

height in t .. e first strip syste.. COMbining 111 cuts they obtained I pion 

rejection rate of (4t2)xlO-3 at 10 SeV for an electron efficiency of 97S. 

It can be concluded that Idditional .. terial in front of an EM shower 

detector can in principle degrade the energy resolution for electrons and the 

pton rejection factor. but in practice effects due to an aluainua absorber of 

1 to 1.5lo are s .. ,l at electron energies greater than about 10 &eV. 

Electron identification can be provided by calori .. try over the full elec

tron energy range expected at the sse. Pion rejection factors of _10-3 can 

be expected by using cOibinations of Elp and shower develo,..nt criteria. At 

energies above -1 TeV. only sh~r develo.,..nt is ·Hkely to e.1 viable as .. gne

ttc tracking resolutton e.ecOllls very poor. at least in a typ'·cal 4. detector. 

T"e It.itattons to .. asuring s .. ower develo.,..nt in large calori .. ter syst~ 

will arise priMArily' fr~ .. chantcal COMPlexity and cost cons'derations, not 
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at the sse which are investigating high MAss/high energy p"ena.ena, the effects 

of inert absorbing .. tertal precedtng electro.agnetic calori.try will be 

s .. l'. possibly st-olifying the -.chanical destgn of detectors. 

5.3.2 Electron Identif1cltion: Transition Radiatton 

A n~er of review1'8 ,lt of the principles of transition radiatton detec

tqrs (TRD) exist tn the literature and we will not dtscuss t .... here. Trans1-

tion rldiat'on ts a well established .. thad of electron identtftcation and 
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FiB. 1. (a) Schematic view of the Large Solenoid Detector. 

(b) Model A 
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Figure 3: . Energy loss per mu~~ from each of several processes !·:,r : . ~ -: : ~ " 
muons in the detector of Figure 2. Shown are the contr.butior:s £:-o~: c;. ~; •. ::-." •. ;-,; .• 

ung; b) direct e-re- pair production: and c) deep inelastic scat:cri::~ 0:-. :-.. ..:.:>,:-.' 
~ote the substantial tails. 
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Figure 4: 4) The hit multiplicity for 1 TeV muons in the active planes of the detector 
of Figure 2 and b) in an active plane after 90 cm of uranium. 
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Figure 5: The probability of a cl~an ~uon r.it (i.e .. a :1:"....:0:1 ::-:;.::; •... . ... 

by any other charged particle) in an actIve layer i:,. t~.(' '~:'·I':~::-':- ~:' :- ~ _:-., _ 
function of E .. (dia,mollc:;:i), A:so mcn.:ded are two POi:::S ~(')=- 2..:: ~ct:':t' .:::"~:- :::.:,,: 

behind 90 crn of uril.niu:7l ,crosses, 
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Figure 6: The probability of identifying a mu:~iply hit cha:::':)er as a f'.,mction of t:'e 
chamber's two-track resolution lor active p:a.:i·es i'n the de:-::ctor of Figure 2 and for 
an active layer placed behind 90 ern of urar.ium. A::;sulnptior.s are given in the text. 
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Figure 1: Contributions of several processes to the average energy loss of a muon 
in 5 m of iron aa a function of muon energy. The processes are i p) direct ~ - ~ - ;,:.;: 
production, (6) bremsstrahlung, (n) photonuclear ir.~eractions. and (,i i(::.z.l~:~:-. 

marks the total loss. 
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Ficure 2: A 1 TeV muon travenea a model detector uaed in the .tudy. Five thin 
chamben alternate with five l-meter slabs of iron. The muon (entering £rom the 
left) haa undergone foul' ,ubstantial pair-production events and a number of smaller 
interactions in the iron. All charged particle path. are shown. 



f- 1-+---

~I 
W1J,~~ ~ 

~ I -011-0- 1 ---+ f--l-+I~ 
(II) (c) 

FilUR I: Muon momentum meuurement Ichem .. for vuioUi 
malneliled-iron leomevi. u described in the text. 

Tabl.2 
Rela,i •• M...ur.meo& PncWioa 1M OuUid. r. SPfttromet.r 
1. Iro anl'ea n onJ1 2. 1 In I. (in F.) 3. 1 an,l.lin ai~ 4. 2 

M_tum L. 
14~" 

'3 '4 
200 e.y 12.4" 12.3% 11.~ 
400 e.y 13.0" 15.2" 13.6% 11.1% 
100 e.y lU" 11.0% 18.8" 13.3" 

1 TIY 21.1" 21.8" 20.4" 15.6" 
2 TIY 3'.2" 3e.O~ 35.3" 24.1" 

ENERGY RESOLUTION OF MUON SPECTROMETER 
I. 0 r"T'TT"I\---""--"-'-""""'r'TT'I. \---,...--,.-.-.,..., 

• - 4 plln .. (300,.). no Inlll 

• - 3 ,lln •• (lOO,,). Inlll( 14 mrld) L-. -4 pllnl.(300,.). Inlll( .50 mud) _ 01 r-

0.' r-

0.' r-

0.2 I-

x 

• 
x 

• • • 

x 

• 
• 

• -
x • . -
• 

• -
• 

I ,I 0.0 L..I...u..L __ ,,--~"""'''''''''''''''''~_'''''''--'--'-'-' 
100 500 1000 5000 

Wuon EnlrlY (CaV) 

1:'ilure 0: The resolution of the muoll enlrc (or variou. mea
.urement .. trateli. i.I. number o( plana and the initial an,le. 
(the raolutlon or the initial anile lUIes the point resolution in a 
plan. (or two planes .eparated by 1 m or air). 

PROBABILITY OF' A MEASUREAtlL2 -:-1'.-\ ';": 

1 00 • • x • 
)( 

• 
x 

0.75 • 
>-- x 
;:2 • :z • .Il 0.50 0 .. x . a.. ., 

1 .. , 
0.26 -1 

-< 1 
• - 3 of 3 plan •• 1 
• - >3 01 4 plln •• ~ 

0.00 
100 500 I GOO ~ooo 

Wuon EnerlY (CaV) 

rilure 7: The probabilitJ that a muon of enerlY E,. can be 
meuured: i) requirinl thr. unobecured plan .. in a three plane 
conll,uratioft. and ii) requirinl at leut thr. unoblilcured pl&:\"; 
in a four plane configuration. 

ENf:RGY REsr)LU1'rON OF MUON SPECTROMETt:R 
1.0 ~ i 

i 
i iii" I i --r-T""\ 

)( - 3 plln •• ( 100,.). no anll. x 
• - 2 pllne.(IOO,.;. Inll.( .14 mrld) 
• - 3 plan •• (lOO,.). anll.( .14 mrad) • 0.8 

)( 

• 
a 

0.8 .S! .. 
=' 
'0 fI .. u 
a:: .. 04 • 
.§ x • -u • r!: • w 0.2 • ':. • b • • • • • • • • 

0.0 
100 500 1000 5000 

~uon Ener., (oeV) 

Filur. 10: The resolution or th. muon enero (or various mea
.urement Itratelia and point resolution. 




