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Abstract: 
Transparencies from the GEM PAC Review at the SSCL on 

October 2, 1991 are presented. 
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SDC, L*, E/T LOis * NO SINGLE DETECTOR 

can guarantee that ALL 1 Te V physics possibilties 

and realities are covered with PRECISION! 

Detector deficiencies are a direct consequence of 

detector design philosophy & emphasis: 

lsn(j) large tracking volu1ne and surrounding 

solenoid \\·ith intervening material * 

degraded El\1 and Muon precision, much reduced 

capability at £, > 1033 . 

~Our Detector:) open s;eometry emphasizing £!!­
cision EM and 1'1uon measurement* 

reduced central tracking ability . 
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lJA~Ei'll:.Xi l., 

GEM COST TARGETS (29 JULY 1991) 
($ MILLIONS) 

R&D ($40) Computing ($10) 

Trigger ($10) 

Tracker ($40) 

Calorimeters ($150) 

Structures ($20) 

Magnet ($100) 

Muon ($130) 
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1 SUPPORT STRUCTURE 

I I CRYOSTAT SllPERI ONO! II TING C:iiil 1!;; 
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QUADRANT VIEW OF THE DETECTOR CONCEPT 
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TECHNIQUE ATTRIBUTES DIS ADV ANT AGES RAD EFFORTS REF. 

HOMOGENEOUS ELECTROMAGNETIC 

BaF2 Crystals Ultra-llilb resolution- Untested technology Calibration & I 
qo • Ric 1er111 - 1.3% moniroring 

F.ut - 3 ns pcalcing Radiation damage IDlless Refining malerials 
tail <J0-4 after 35 ns pure to ppb level 

Suppression of slow. Photocadlodes Wider 
dominant light-K-Cs-Te development 

Photocathodes necessary 

Low density high Moliere 
radius= 2 - 4.7 cm 

degrades isolation cut 

Expensive 

Piping of 220 mm UV UV prisms 
light to PM's axial 10 B-
Field 

Requires exiemal 
pre radiator 

Liquid Xenon 3 depth scgmentauon- Uniesled iechnology Large area 2 
angular resolution pholOdiodcs 

Very high light production Expensive 

107 y/GeV Availability- 8 yrs. of 
U.S. supply 

Ultra-high resolution- Cryogenic dewar 
stochastic term -1 % 

Fast Low density high Moliere Light atienuation 
radius~ 2.7-5.6 cm length 
degrades isolation cut Wall reflectivity 

Polential yt7ffl separation VUV Light - 170 nm -
reflective wall quality 

Calibration with a's 



TECHNIQUE ATTRIBUTES DISADVANTAGES R&D EFFORTS REF. 

EM/HADRONIC 

Silicon Ullm-higb spalial/angular Very expensive New production 3 
rclDlution techniques 

LlquidArgm Malurc 1ectmology Dewar walls, supporu CIC.· Decailrrl design 4 
degnidehem .. , - . 

Experience wilh consttuction Si-lfnoise lradeoff-
of large sySlelllS isolation CUIS 

Unifonn response Iniegration time- Fast shaping 
2'40ns; pileup preamps ' . 

toS dynamic range l'leamps inside dewar-
reliability/mainlenance/ 

UnderleSl 

hardness 
Gain= l Cryogenic syslem Detailed design 

Simple calibration Large sampling fraction I mm Pb plale IO be 
e./h - 1.5 1esled -Positive ion buildup al 
high luminosity 

EM only: 1'for.fE e o.5% "Accordion" mechanics Needs delaiJed design 5 

resolution for plale 
nontrivial for projective 
geometty. 

geometry Large sampling fraction-
long Lrad 

Scintillating Fiber Fast - crE and e/TC in 16 ns 10 Mrad sensitivity i.e., Oz influence 6 

trigger. 32 ns iniegration 
lives Rate dependence 

time 2 years @ H>34 @ Tl< 
3 

Hermetic - no No intrinsic depth Fiber hardening 
walls/suppons/cracks segmemation 

Shon Lrad and Labo 

lf/e.qection Consttuction 

tol via "elecll'Ollic" 
techniques, cost 

segmentation 
effectiveness 

Demonstral.ed performance 
Simple consuuction. Calibration/moniioring Detailed design 
modular, inexpensive 

Uniform response - 0.5% 
over face 

EM only: 6%NE demonstrated Compensating 0.5 mm Under test 7 
(JETSET) resolution fiber 
for 50% fiber 

Must tilt fibers at 3° 
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lie• Eapo ... R&:D 
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GEM Magnet Subsystem 

Single-col! Design 

Major Parameters List 
Rev. 2 

8/28/91 

parameter 

aan1ra! ~ue'f'ln 

Inner adius, magnet subsystem 
Coll length, end-to-end 
Pple.fn.oole tp3!de lgpgth 
Cryostat vessel length (end-to-end) 
Conductor Length 
Total mass of wlnclngs 
Total mass cold structure (per hall) 
Total mass cryostat vessel(each hall) 
Total mass Iron end poles (each pole) 
Radial pressure on windings 
Operating current 
Stored Epamy 
Inductance = 
Number of turns 
Thiekness, Inner thermal shield 
Thickness, Inner cryostat 
Outer racius, Inner cryostat vessel 
Inner radius, Inner LN shield 
Outer radius, Inner LN shield 
Inner radius, conductor 
Mean radius, conductor 
Outer radius, conductor 
Inner radius, bobbin 
Outer radius, bobbin 
Inner radius, outer LN shield 
Outer radius, outer LN shield 
Thickness, OUlef cryostat vessel 
Inner radius, outer cryostat vessel 
Ov~l fYl'' r~s fou!sJd@ ribs) 
bl'ipt o outer 
Number of colVcryostat assembr es 
Number of ribs per coll assembly 
Thickness of cryostat vessel ends 
Actual axial winding length per assembly 
Central membrane maximum z 
Cryostat Inner end minimum z 
Cryostat inner end maximum z 

T 
m 

Rv,o m 
AyJ m 

m 
LI m 
L m 

LY m 
Le km 
Mw I 
Mes I 
MY t 
Mp I 
Pr kPa 
I kA 
fs GI 
H H 
NI I 

m 
tv,I m 
Rvl,o m 

m 
m 
m 
m 
m 
m 
m 
m 
m 

tv,o m 
Rvo,I m 
A> m 

m 

• • m 
m 
m 
m 
m 

9 89 
8.9 
9.463 
8.§ 
8. 
28.5 
28 0 
30.0 
24 
440 
330 
555 
2950 
255 
52.5 
J,84 
1.47 
408 
0.100 
0.019 
8.419 
8.649 
8.651 
8.850 
8.!lOO 
8.950 
8.950 
!l.000 
9.199 
9.201 
0.9635 
9.400 
9,163§ 
0.000 
2 
0 
0.010 
14.25 
0.025 
0.025 
0.125 

6 
6 
6 
1 
1 
1 
1 
1 
1 
6 
6 
1 
1 
9 
1 
1 
9 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 
6 
6 
6 
6 

1 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
3 
2 
2 
3 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 , 
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Par~ ..... t:'fl! S1mbo! .l.WJ 

42. LN shield minimum z 
43. Bobbin minimum z 
44. Winding minimum z 
45. Winding maximum z 
46. Bobbin maximum z 
47. LN shield maximum z 
48. Cryostat outer end minimum z 
49. Cryostat outer end maximum z 
50. Pole flee minimum z 
51. Number of turns 
52. Axial force on poles 
53. Axial force on conductor 
54. Mass of one muon sector 
55. Number of cenlral muon sectors per half 
56. Racius of CG of central muon sectors 
57. Z-loc:atlon of CG of cen1r11 muon aec:tors 
57. Msnet axis he!llht lbove hlll noor 

B1f1r1ncw1 
9. p Mlr1IOn cM:ulltlon 8127/91 
8. GCD • 000002 (7125191 version) 
7. G. Dlil llOM, "Axill F-. on Colt" 1113191 
6. p .......... 1112111 
5. F .... I '11 .............. 1 
4. a.:11•1 
3. P. M1r1ton calculation, per G. Deis 
2. Obsolete 
1. Second Detector EOI 

Nplta 

m 
m 
m 
m 
m 
m 
m 
m 
m 

' N 
N 
I 

' m 
m 
m 

- printed 10:29 AM, 8/28/91 

~ futl. ~ Be.!l 

0.162 6 1 
0.200 6 1 
0.250 6 1 
14.500 6 1 
14.600 6 1 
14. 750 6 1 
14.900 6 1 
15.000 6 1 
14.500 1 1 
? 1 
63.5e6 3 1 
27.9e6 7 1 
11.4 5 1 
16 5 1 
6.22 5 1 
3.89 5 1 
13.0 8 2 

3. 8128191 • Values revised from Rel1 values, based on more delailed daslgn and calc's 
by P Martson. 

2. 8/8191 • Value revtsad tom Ref1 value, based on more dltalld design and calc's. 
1. 8/8191 • Rel 1 llClualy shows 0.823T, and hlslOrical number Is 0.83T. 
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Safety & Health Effects 

J\.P.Woolley 

>50 >100 >lOOG >10000 
Data Acquilitien S,s&em 

Computar 

Moni&.ora 
Black & white 
Color 

lnatrumentation & Control 
Relay 
Solid-state device 

Mapetic solenoids, valves 
Salety device 
Aulor display 

Vacua A Relricerator 
Mech•n;cal pump 
Tuno pump 

Electric moton 

Ferro-fluidic aeals 

x: shielding is needed 

x 
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---., Current Magnet Cost Estimate 

Subsystem Design 
Coil Forms 
Conductor 
Winding (incl tooling) 
Thermal radiation shields 
Vacuum vessels 
Cold mass supports 
Coil assembly 
Poles 
Power/protection system 
Cryogenics & vacuum 
Installation 
Management/integration 

Contingency (25o/o) 

TOTAL 

Tech Panel Estimate ($M) 
10.1 
5.6 
6.1 
9.5 
1.8 

6.5 
5.8 
5.1 
8.9 
4.6 
8.9 
1.7 
1.0 

19.0 

$94.1M 
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Outline 

In this talk, I will discuss the present design for the GEM magnet, 
currently being developed by LLNL and MIT: 

gd.'('(l(l(U-7 

10/ll';tl 

• Present design status 
• Conductor design options 
• Coil form design 
• Vacuum vessel design, structural supports 
• Cold mass supports, radial and axial 
• Manufacturing approach, facility considerations 
• Industrial involvement 
• Overall schedule 
• Summary 

) 
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The present engineering design 
is only two months old 

) 

Since August, we have focused on developing a conceptual design in 
sufficient detail to support the LOI and to permit a good cost estimate 

!ditX.lll()X·3 

1rv11~1 

• As a minimum, we have addressed each system or 
component at a very coarse level of detail, e.g. cryogenics, 
power/protection 

• Where we felt it important for feasibility, cost, or schedule 
considerations, we have worked in considerably more detail, 
e.g. vacuum vessels, conductor/winding design 

• We are working with vendors on high-cost items, both to get 
their design recommendations, and to furnish us with a good 
basis for costing 

BUT - few detailed design aspects have been optimized, and 
some are undergoing rapid changes at this time 
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The design is driven by requirements 
on performance, cost, and schedule 

Basic requirements: 

• Performance : 

• Cost (goal): 
• Schedule : 

Overall Specifications: 

E:llllo..l(X~. i 
!')/ t/'it 

• Internal size 
• Field 
• Concept 

• External size 

-5°/o AP1/P1 at 90°, 500 GeV ... 
good low-angle resolution 
under $80M total 
ready to install Jan 96, done by Oct 96 

16.6m ID x 29m long 
0.8T 
0 unshielded" superconducting solenoid, 

with field-shaping steel end poles 
-20m OD x ·-32m long 

} 
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(, MAGNET N ATU ~tAL, CUN VtLJ·11u1~ 
(THERMAL SYPHONJ LOOP 

1000 liter HELIUM RESERVOIR -

CO(llNn lUSf 
CROSS SECTION 

52 COOlfNG TUBES 
(1. 9 cm DIAJ · 

7.5 cm DIA .J. 

J t 

15 cm DIA 

!. 2 % QUALi TY 

IO cm OIA 

5 cm DIA 

) 
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Coil/bobbin design 
c~~) 

Outline - use Peter's drawing 

i.;.Jll'\JlJI<:'• .. 

lll/llOJ 

• bobbin in 12 sections for schedule reasons 
• 5cm thick bobbin, ground plane insulation, then windings 
• 1/4 sections of bobbin built off-site, assembled on-site 
current br·eak??? not too sure how to do this yet (ID'd by 

magnet panel last week) 
thermosyphon loop on outside (show LLNL picture) 

) 
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Vacuum vessel/structural supports (,vrt J~) 
Outline - use LLNL overall iso dwg 

rJx .. 1(•11:111 7 
1"1:.rM 

• Vac vessels - outer is LCS external-pressure vessel, 5cm 
thick, stiffened 3 places axially, 4 longitudinal stiffeners to 
take pole load 

-inner is 304SST, 2cm thick, "stress-free" ex for vac 
• Intersection of axial, ring beams provides good spot for 

rotation of vessel during assembly 
• Vessel supported on normal 120° saddles, fixed at midplane, 

with rollers to accomodate axial length change 
• Hydraulic jacks used to lift assembly (underneath saddles) 

for insertion of shims to compensate for ground motion. 
Support points located on caissons, 

l ,• 
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OU I ER VAC yp;~;u -· 

AXIAL ROU 
ACCESS POOT 

OUTER l.N SHlf"LD·--..... }*~ 
'-,,.. J_ :s 55~' ·- £:: 

BOBBIN---....._ 

. __ -::fmm 111111i1111illiillfll 
COIL--

INNER t N SH l[L 0 ---' 

INNER VAC VESSfL -~7-l_~0 -­
ALLOWANCE FOR­
THERMAL SIHELO 

DETAIL A 

) 

- --------7158.316 ______ , 

ifl 
0 I N 

"" 
- 6244.36?. ---­

RADIAL ROD 
ACCESS PORl 

/ 

/ 

-TITANIUM 
AXIAL SUPPORT ROOS 
TYP. 16X 

-~-~----1 

-"=-" _3- ~ 

~====::c ~~"::. 

RA.DIAL SUPPORT Blt. 
-ROrATEfJ INTO VIEW 

·DETECTOR SUPPORT 

DETAIL B 
SCALE 

'"' - 1000t.o.i--.i 
____ .._-----...ui.. "'--- _,., __ --J SCALE 

t--IOOOM 1.1·--t 

9-30-91 9-30-91 
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Vacuum vessel/integration with cold mass 
supports and central detector S~f!Ort 

Outline - use LLNL section dwg at midplane 

~dlO(l(XXX-8 

1011/91 

• Vessel stiffeners connected@ midplane to form solid 
structure, connected directly to ground. 

• This also provides room for cold mass radial supports 
• Central detector support connects to stiff midplane structure 
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Cold mass supports-radial 
(!"-r Sf/O'-'~ 

Outline - use end view and section xx 

gdl( ... I(•~~ 9 
1r•,: 1rn 

• Radial supports are 5cm dia titanium rods, 8 pairs at each 
end of each coil half (64 rods total). These hold up the coil 
form while allowing cooldown contraction. Minimal heat leak, 
due to length/diameter 

• Access ports are being designed in to allow assy and 
adjustment of rod lengths 

• Coil roundness maintained primarily by flanges on coil form 
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Several interfaces affect the end pole design 
For now, we are assuming the "thick" pole, with simple axial translation to 
access the interior of the magnet 

KdJnOO{ICX-1] 

JO,fl/91 

• Physics performance vs. cost is the primary consideration 
between "thick" and "thin" pole options 

• The specific pole design must incorporate means of access 
into the detector; options include: 

roll it back in one piece (current baseline) 
roll it back in more than one piece 
open two doors 

• Pole must not interfere with quadrupole when opened 

• The design is also affected by support scheme for muon 
endcaps 

• There may be other ways to shape the field (winding pitch) 



"" [>J 

"' 
w 
'-" cr 
fL 

"' w 
•l'. 
<I 

>:: 

'" "' " 
Ol ,, 
,, 
-m 

f­
u r, 

( ) 

The manufacturing scheme must be an integral 
part of the design (for an object this size!) 

Much of the design is driven by abilities to ship large, heavy parts, as well 
as abilities of industrial field-fabricators 

g,dxlC1'.XXll.-12 
J[l/1/91 

• Vacuum vessels will supplied as complete units. Each shell 
will be made up of -20 factory-fabricated pieces, assembled 
on site (through leak-checking) 

• Coil forms are also assembled on-site from factory-fabricated 
pieces (4 per form, 96 parts total) 

• Conductor will be fabricated off-site in -1 km lengths 

• Stabilizer may need to be joined into 1km lengths on-site. 

• Stabilizer/conductor unit is wound into ·1-meter-long coil 
forms on-site, in two parallel winding areas 
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Manufacturing @P1>roac;b, cont'd 
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• One-meter coils are joined into 12-meter coil halves in an 
assembly stand. Insulation, plumbing, and thermal shields 
are completed. 

• Coil assembly is lifted into vacuum vessel, and assembly is 
completed. 

• Assembly is rotated to horizontal, cold-leak testing is 
performed. 

• Coils and poles are then lowered into position in 
underground hall and mounted 

) 
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We are already working with 
industry in most areas 

) 

We are informally soliciting input on the design, and we are requesting 
. cost/schedule estimates to serve as the basis of our cost estimate 

• Heavy field-fabricators for vessels, coil forms, radiation 
shields: CBI, PDM, Nooter, and others 

• Conductor/stabilizer fabricators: 25 copper extruders, 
6 aluminum extruders, several conductor manufacturers 

• Transportation: Santa Fe and Southern Pacific railroads, 
Tri-State Trucking 

• Titanium fabricators (for cold~mass supports): 6 companies 

Also: aluminum/steel suppliers, high-speed welding machines, field 
machining, cryogenic lines and valves, heavy jacks and transporters 

sdxlOUlX•- HI 
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Outline - show schedule slide without funding profile 

• Rough schedule has been worked out, and it is tight, but 
definitely possible 

• The key areas are the conductor and winding, and we need 
to get development going ASAP. 

• This schedule assumes a procurement plan in which 
LLNL/MIT team oversees various vendors, who have "design 
and build to spec11 contracts. Approximately $70-SOM will be 
spent in industry 

(_) g<tl lOOC.rM r. J5 
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The LLNUMIT team is working the GEM magnet design in both breadth 
and depth. 

gdxxxxxx -lt 
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• For the LOI, we are covering all design areas to identify 
problems, propose solutions, assemble a complete 
conceptual design, and produce a credible cost estimate 

• For the "long run" we are analyzing the details of a few 
specific features, such as field shapes, conductor stability, 
and winding design, to lead into the preliminary design, and 
to identify areas for near-term development effort 

• Industrial participation will be vital to the realazatlon of this 
magnet, and we are already working to develop the required 
relationships to ensure success 



Summary of the 2nd Meeting of the GEM Magnet 

Technical Panel 

SSC Laboratory 

Dallas, Texas 

The GEM Magnet Technical Panel has completed two of its three 

scheduled meetings and has studied issues related to the technical 

credibility of the magnet concept, the cost estimate, proposed 

schedule, and issues related to the proposed operation of a solenoid 

with substantial return flux outside of the magnet. 

The Panel finds that the proposed unshielded solenoid is 

technically credible and has very substantial cost, schedule and 

technical risk advantages relative to possible shielded solenoid 

options. The Panel recommends that the unshielded solenoid shall be 

the baseline magnet configuration for the GEM detector. 

Studies carried out by the Panel and the Laboratory find no 

environmental, safety, or operational considerations which require 

containing the GEM magnet return flux. Operational issues related to 

this magnet have been identified for further detailed development of 

operational procedures. These issues have been based upon the 

experience on numerous past and current physics research and 

medical diagnostic magnets operated with uncontained return flux. 

l 9/29/91 



The collaboration team has presented an initial design concept 

for the magnet conductor, coil, fabrication, cryostat and supports. 

The design appears to be within the range of credible options and we 

have reviewed with the collaboration a broad range of additional 

options. Final choices will depend upon the results of further design 

and development. 

The magnet schedule is very tight and we considered several 

possible procurement plans and possible initial design and 

development strategies which may avoid schedule delays. We 

recommend that early and intensive discussions between the 

collaboration, the Laboratory and the Department of Energy shall be 

initiated to identify a preferred procurement strategy. We further 

recommend rapid commencement of the conductor development. 

The cost estimate presented by the Collaboration team has 

been reviewed. For most subsystems of the magnet, our estimated 

costs are consistent with those presented by the Collaboration. 

However, variations in several areas lead us to conclude that the 

estimated $80 million cost may be low by approximately $15 million. 

The Panel has reviewed the proposed surface facilities. 

Industrial advice to the collaboration has permitted substantial 

descoping of the initial facility concept. 

Studies of magnet forces on structural steel in t~e underground 

hall have been recommended. These studies will determine whether 

2 9/29/91 



any of the structural steel should be replaced by aluminum or 

stainless steel. 

It should be noted that, the participation m the second meeting 

of the Panel included representatives of large magnet industrial 

contractors, conductor suppliers, vessel manufacturers and members 

with experience in high-energy research magnet construc1ion and 

operation. Our meeting also included representatives of the SSC 

magnet and procurement groups. 

3 9/29/91 
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GEM Magnet Technical Panel Report on the Choice or 

the Unshielded Single Solenoid Magnet ror the GEM 

Detector 

SSC Laboratory 

Dallas, Texas 

The GEM Magnet Technical Panel recommends that the unshielded 

solenoid shall be the baseline magnet configuration for the GEM 

detector. The recommendation is made on the following basis: 

I) The cost of an unshielded single-coil magnet is significantly 

less than a two-coil system or an iron-shielded system of equal 

performance. Either alternative would cost 50% to 100% more than 

the single-coil, unshielded option which is currently estimated at 

$95M. Additionally, both alternatives would have an impact on the 

underground facility, either increasing the size of the detector hall 

or its floor loading requirement. These considerations may add $1 M 

to $5M to the hall cost and may also increase the technical and 

construction complexity of the facility. 

l 
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2) The technical risk associated with the single-coil version ts 

significantly less than in the more complex two-coil approach. The 

magnetic forces between the two coils are very high, and represent a 

significant challenge to structural design of the system. The iron 

shielded magnet also has challenging structural issues that must be 

solved for the return yoke. The installation of about 40 K tonnes of 

steel below ground also presents a serious scheduling problem. 

3) The single-coil version avoids the technical and schedule 

impact of either constructing the more complex double coil or placing a 

large quantity of iron below ground. The Panel feels that the 

construction of either shielded option would not be feasible within the 

schedule constraints set by the project. 

4) The Panel believes that the unshielded coil can be used 

without violating any existing environmental and safety regulatory 

requirements for workers or for the general public as documented in 

the report by Ronn Woolley'· It will be necessary only to place 

warning signs in those areas of personnel access where the field 

exceeds 10 Gauss. This is an at-surface elliptical area of about 

26,800 m2. The area can be posted by fence or even hedge, with 

pacemaker warning signs. 

Also, the effect of the magnetic field on local aviation should be 

minimal. The solenoid will be housed in the detector hall 54 meters 

'"SSC GEM Magnetic- Field Safety and Health Effects." R. Woolley. September 
1991 

2 
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below ground. The magnetic field at a height of 60 m above ground 

will be near the 1 Gauss level, and therefore should not precipitate 

any action from the FAA. 

5) There is ample precedent for safe operation of unshielded 

facilities. Bubble chambers, magnetic fusion confinement devices, 

and many MRI2 hospital installations serve as examples: 

1) HFfF, MFIF, and FENIX at LLNL 

2) LCT (ISMTF) at ORNL 

3) 15-ft. Bubble Chamber3 and the CCM at FNAL 

4) ALCATOR C-MOD at MIT Frank Bitter Magnet Laboratory 

5) MRI solenoid at the MIT F.B.M.L. 

Fringe field comparisons with existing facilities have been made, and 

although the extent of GEM's 10 Gauss field is about 3.5 times that of 

the LLNL-MFfF, their safety considerations are the same. One can 

make a quantitative comparison between existing facilities and GEM. 

For example, a number of safe, successful years of operation of 

unshielded magnet facilities, with no injuries or mishaps, have been 

documented, and this is summarized in the Table. The larger 

surface-area 10 Gauss field of GEM (shown in the Figure ) does not 

present any additional safety issues, beyond those already 

addressed by existing facilities. Because of the larger GEM field, 

additional local equipment shielding may be required, but this issue 

is not safety related. 

2Ferromagnetic Screening Around a Superconducting Magnetic Resonance 
Imager. Health Physics Vol. 51. No. 4 (October), pp 545-550. 1986. 
3see for example. memo from L Coulson dated July 30, 1991, Magnetic Field 
measurements Around Bubble Chambers. 

3 
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Safety personnel at LLNL and FNAL state that their operational 

experience indicates no adverse effects to employees or equipment, 

when normal safeguards are applied.4 

6) Local shielding for sensitive equipment is probably feasible 

if required, over substantial volumes (lOx!OxlO m counting rooms) 

or local regions (scopes, terminals or turbopumps). 

7) Surface shielding is feasible as a backup against unlikely 

future changes in regulatory requirements. For example, a 

reinforced concrete pad of - 160 x 200 meters, carrying the 

equivalent of - 12 cm of solid steel in the central region, tapering 

toward the edges, could reduce the surface field to the 10 Gauss 

level. 

8) Facilities with large fringe fields (as cited) have been 

successfully operated. Issues associated with the use of 

ferromagnetic materials in the hall, magnetic shielding requirements, 

and the affect of the field on the operability of the GEM detector 

present some interesting problems, all of which have been addressed 

and solved in existing facilities. In order to avoid problems with 

operations, the magnet will be designed for a normal discharge time 

of two hours, so that work in the hall during maintenance periods 

4Taken from private communication with Gordon Miller and Phil Dean at 
LLNL, Tim Miller and Tom Peterson at FNAL. and Larry Coulson at SSCL, on 
September 24-25, 1991. 
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can proceed safely. For emergency discharge, as might occur in the 

event of fire, the magnet will discharge within a few minutes to 

avoid hampering the emergency response effort. As such, no 

extraordinary fire containment techniques will be necessary in the 

hall. 

These eight considerations form the basis for the Panel's 

recommendation. To be succinct, the unshielded option is the only 

large coil option that can meet cost and schedule constraints, and the 

methods associated with operating in an unshielded area appear 

tenable. 
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1. 0 IN'l'RODOC'l'ION AND SCOPE 

This report focuses upon the safety concerns 
associated with the frinqe maqnetic field, qenerated by 
the unshielded GEM Detector design. The report's 
purpose is to present the GEM Collaboration and SSC 
Directoral management with the regulatory requirements, 
and background information on human and equipment 
fringe field effects. Safety issues associated with the 
effects of the magnetic field upon personnel and 
equipment will be discussed, with the applicable 
regulatory requirements noted. The intent then is for 
SSC manaqement to determine the nature and extent of 
application of the appropriate safeguarding, in 
mitigating the risk. 
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2 • 0 DETECTOR OVERVIEW 

The GEM Collaboration is proposing a large 
solenoidal detector for lepton, photon, and muon 
measurement/detection. To accomplish this objective, 
the detector will have hermetic electromagnetic and 
hadronic calorimetry and central tracking in a 
magnetic field. This field is generated from the 
proposed detector magnet system, and consists of a 
16.6-meter bore and a 8,300 gauss single-coil 
(unshielded) superconducting solenoid oriented 
concentric to the beam axis. The coil has iron poles 
at both ends but no flux return (coils or iron) in the 
barrel region. Steel poles cover each end of the 
solenoid. Reductions in cost and manufacturing time 
result from elimination of the outer shield winding, 
however this produces a large external fringe field. 

2 



3 . 0 PROBLEM S'l'A'l'EMEN'l' 

Preliminary safety studies of the effect of the 
detector's external static magnetic field have bean 
made. The personnel at risk from GEM' s fringe magnetic 
field are those associated with implanted cardiac 
pacemakers, blood disorders (ax: sickle-call anemia), 
or (at higher flux densities) implanted ferromagnetic 
medical devices, e.g., suture staples, aneurism clips, 
prostheses, etc.2 These restrictions point toward 
prohibiting access of these personnel to surface 
buildings and surrounding areas, within the 5-10 gauss 
field boundary. Based upon recent human exposure data, 
limited potential exists for personnel health effects. 

Indications are that there is a definite potential 
for interference with the normal electro-mechanical 
operation of 'magnetically sensitive• equipment, within 
the hall and on the surface. The high (8,300 gauss) 
magnetic field, generated at the muon and central 
tracking areas during conductor tests, is an uncommon 
safety and environmental risk caused by the large 
unshielded superconducting solenoid. 

Significant stray fields will occur due to the 
absence of controlled flux return paths. Maps of this 
field are shown in Figures 1 & 2.1 Based upon this 
data, shielding or design modifications will need to be 
applied to nullify any operational-interference effects 
upon hall and surface components. The fringe field 
level in the 'counting room' area of the Operations 
Center represents the worst-case stray de field of - 25 
gauss, with a transient time constant of 0. 17 
gauss/second (higher during 70 sec. quench) during a 
magnet discharge. 1 A < 40 gauss field would be present 
in the Operations Center, having a single-level 
basement. 

Sensitive control 
may require shielding 
order to nullify the 
densities > 5 gauss. 

and data processing equipment 
or removal from the field, in 

adverse effects of magnetic flux 

Existing regulatory magnetic field limits have 
incorporated a safety factor. It is management's 
decision to define a magnetic field exposure limit and 
the methodology of attaining compliance. 
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4 . 0 MAGNETIC FIELD EFFECTS 

Field strenqth contour maps are shown in Fiqures l 
& 2. Recent U.S. epidemioloqical surveys have shown no 
siqnificant health effects upon man associated with 
lonq term exposure to static maqnetic fields. Available 
knowledqe indicates the absence of any adverse health 
affects due to exposure to static maqnetic fields up to 
20, 000 qauss4. Ona study inferred that the white blood 
cells of workers exposed to an averaqe field of 76 
qauss and a maximum of 146 qauss, ware sliqhtly chanqed 
(yet, still within the normal ranqa). At a U.S. 
accelerator laboratory 792 employees worked in fields 
of 50 qauss for lonq durations and up to 20, 000 qauss 
for periods of several hours. No siqnificant chanqe in 
19 disease cateqories was found between the exposed and 
control qroups4. The preliminary indication from 
limited experimental data is that short-term exposure 
to static fields > 50, 000 qauss may produce siqnificant 
adverse health effects, such as a -7% reduction in 
aortic blood flow velocity'. 

A survey is required to verify that all equipment 
or components in the detector, underqround hall and 
some surface buildinqs, are suitably shielded or 
desiqned to avoid the operationally disruptive 
influence of the field (See Table 2). Techniques for 
accomplishinq this have been successfully applied in 
other hiqh field unshielded maqnet facilitiesl. 
Equipment and components that could cause injury or 
major detector damaqe, if field influenced, must be 
protected. The maqnetic field affects de motors (their 
armatures, commutators, and brushes) and other 
maqnetically-coupled devices. The de maqnetic field 
strenqth is 1,000 (R) and 2,000 (Z) qauss immediately 
external to the operatinq detector's support 
structure3. Comparisons of existinq unshielded maqnet 
facilities to GEM, are presented in Fiqs. 3-4. Frinqe 
field strenqth decreases with the cube of the distance 
from the source. Field strenqth contours of constant 
'B' are illustrated in Fiqures 5-10,6 where 'Z' is the 
beam axis and 'R' is the vertical axis. 

At a level of ~ 100 gauss ferrous tools may beqin 
to be transported'. This indictates that an interlock 
system should power-down the maqnet prior to personnel, 
access of the underqround hall, and patrols of the hall 
wil be required to ensure that all personnel and loose 
maqnetic materials are removed. 
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The U/G hall and surface operations building(s) 
(especially the Counting Room) will require that their 
magnetically-sensitive safety systems, components and 
instrumentation (ex: fire detection, computers, 
monitors, software, etc.) have iron shielding or field 
shaping coils. The shieldinq, to attenuate the frinqe 
'B' (maqnetic) field to 5-10 gauss, is currently being 
reviewed as to thickness, maqnetic saturation, 
permeability, and cost. Shielding to a S 10 gauss level 
meets the current regulatory pacemaker requirement. 
Fences and barriers with pacemaker-warninq siqns could 
be located just beyond the 10 qauss (OSHA) field line, 
and inside and outside of any buildinqs within this 
field to notify and warn personnel. A site survey 
should be done and general access restricted durinq the 
first full-field operation. 

The FAA currently has no requlations for static 
maqnetic fields. Of primary concern is the field's 
influence upon aircraft that would penetrate the above­
ground maqnetic field 'bubble' . The FAA indicated that 
a siqnificantly stronger and hiqher (than GEM's) 
elevation field, would be required before beinq 
considered a potential air-traffic hazard'. The FAA 
suqqested that after the field is surveyed and 
measured, SSC should inform them of the field 
strength/qradient characteristics in order for FAA to 
decide upon naviqational map inclusion. 

Additional areas of concern are electromaqnetic 
interference and compatibility with transmission and 
communication systems within the field of influence. 
Also, SSC Manaqement should anticipate the public's 
reaction to knowledqe of this field. 

Static maqnetic fields are not within the 
jurisdiction of the Federal Communications Commission 
(FCC), the Environmental Protection Agency (EPA), and 
the Texas Department of Health, Radiation Control 
(TDHRC) . 
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5 . 0 REGULATORY STANDARDS 

Following are currently accepted magnetic fields 
exposure guidelines, based upon the best available data 
from several official sources4,9 

Maximµm Exposure: Workers must never be exposed 
to fields > 20, 000 Gauss, regardless of the 
duration of the exposure or the body part 
exposed. 

Fi.,lds > 5. 000 G: If the peak exposure is > 5, 000 
G, workers should be exposed to a daily maximum 
average field strength of $ 600 G (measured at 
the torso) or 6, 000 G (measured at the 
extremities). 

Fi.,lds < 5. 000 G: If the peak field to which 
workers are exposed is < 5, 000 G, personnel may 
be exposed to a week-long maximum average field 
strength of $ 600 G (measured at the torso) or 
6,000 G (measured at the extremities)2. 

Mediqa1 Reotrigtions: Personnel. with medical 
electronic implants (such as artificial cardiac 
pacemakers) and metallic prosthetic implants 
cannot be exposed to fields > 10 G. * Personnel 
with sickle-cell anemia or similar hemoglobin­
related conditions (but not carriers) cannot be 
exposed to fields > 500 G. 

* The 10 G level is from the American 
of Governmental Industrial Hygienists 
standards-setting group recognized by 

Conference 
(ACGIH), a 
OSHA. 

Agencies involved with the regulation or 
setting of magnetic field radiation include: 

• Department of Energy (DOE) 

standard-

• Occupational Safety & Health Administration 
(OSHA) 

• Food and Drug Administration- Center for 
Devices and Radiological Health (FDA) 

• Environmental Protection Agency (EPA) 
• Federal Aeronautics Administration (FAA) 
• National Institute of Safety & Health (NIOSH) 
• Texas Department of Health, Radiation Control 

(TDHRC) 
• Amer. Conf. of Gov' t. Ind. Hygienists (ACGIH) 
• Electric Power Research Institute (EPRI) 
• World Health Organization (WHO) EHC 69 

Table 
regulatory 

1 provides a summary of all 
agency's magnetic field exposure 
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6.0 SUMMARY/DISCUSSION 

The FDA' s field exposure limit of 5 gauss only 
applies to cardiac pacemaker manufacturers, while the 
FNALs, ACGrB and OSHA have determined that their 
pacemaker safety limit is 10 gauss. This is certainly 
several orders of magnitude below the level at which 
health may begin to be affected. Some data acquisition 
systems (computers, monitors, software) are influenced 
at the 5-10 gauss level, so consideration should be 
given to shielding or relocation. Additional 
consideration must be given to aircraft instrumentation 
affectation. The initial indication from two sources is 
that magnetically-sensitive instrumentation CAN be 
disrupted at ~ -5 gauss, however, no pertinent 
regulation currently exists. 

The FDA regulation requires controlled access to 
all areas with > 5 gauss. New-design pacemakers can be 
affected at 15-17 gaussS. The FDA was cautious and 
incorporated a l.arga safety factor, due to the 
liability aspect and questionable confidence levels on 
input from pacemaker manufacturers. For SSC and 
consortium personnel, a questionnaire on body metal 
content and a written legal warning should effectively 
screen those affected from control.led access areas. 

The unshielded single-coil magnet is significantly 
less expensive than either the two-coil or iron­
shielded systems. rf surface shielding is considered, 
the Final Supplemental Environmental rmpact Statement 
(FSErS) won't allow SSC to pave a large (hectares) area 
with steal plate, without reopening the environmental 
impact assessment process. For access protection of the 
field perimeter, fencing or even hedges with proper 
warning signs is acceptable. 

No applicable magnetic field data was contained 
within the following sources: 

• 
• 
• 
• 

• 

• 
• 
• 

• 
• 
• 

TRNLC/URA Contract DEAR 970. 5704-2 
SErS for SSC-Main Report, 12/90 
FCC - OST Bulletin #65, 10/85 
Texas Regulations for Control of Radiation­
Part 35, 9/88 
PPPL - Practices and Procedures RF and 
Microwave, Sac.4, 1/82 
SSC ES&B Manual 
FNAL Radiation Guide 
Various SSC Radiation TaskForca Reports,1/86- ' 
11/88 
LBL Safety Manual 
TU Electric Safety Pol.icy 
Microwave News-Report on Non-Ionizing 
Radiation-89-91. 
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The preliminary indication from the 
SSCL would need to notify them, when the 
size and stranqth is measured, to allow 
determine if fliqht naviqation maps require 
draft is bainq prepared that would advise 
GEM intentions. 

FAA is that 
actual field 
the FAA to 
revision. A 

them of our 

Operational experience from several unshielded de 
maqnet systems indicates that an effective personnel 
safety protocol can be established1 . These safe­
operation facilities include bubble chambers, maqnetic 
fusion confinement devices, and many MRxlO hospital 
installations: 

• HFTF at LLNL 
• MFTF at LLNL 
• FENXX at LLNL 
• LCT (XSMTF) at ORNL 
• 15-ft. Bubble Chamberll/cCM at FNAL 
• ALCATOR C-MOD at MXT Francis Bitter 

Maqnet Laboratory 
• MRI Solenoid at the MIT F.B.M.L. 

Please refer to Fiqures 3 & 4 for simple 
quantitative comparisons between GEM and these existinq 
facilities. Althouqh the extent of GEM' s 10 qauss field 
is -3. Sx that of LLNL-MFTF, their safety considerations 
are the same. No new safety issues are represented by 
GEM's sizeable frinqa field. A siqnificant number of 
safe, successful years of operation have bean loqqed, 
by existinq unshielded maqnet facilities, with no 
indication of accidents or injuries. The larqer GEM 
fringe field will probably necessitate additional 
localized equipment shieldinq, to maintain operability. 
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Agency 

SLAC 
(1970) 

USSR (1978) 

DOE (Alpen, 
1979) 

FDA (1980) 

CERN (NRPB, 
1981) 

LLNL (1985) 

ACGIH (1990) 

Table 1. Magnetic Field Exposure Limits4 

Field 

200 G 
2, 000 G 
2, 000 G 

20, 000 G 

100 G 

100 G 

1, 000 G 
5, 000 G 

5 G 

2, 000 G 
20, 000 G 

600 G 

600 G 

6, 000 G 

20, 000 G 

10 G 

600 G 
6, 000 G 

·20,000 G 

Exposure Time 

extended (h) 
short (min. ) 
extended (h) 
short (min. ) 

8 hours 

8 hours 

</= 1 hour 
</= 10 min. 

none 

minutes 
short 

day 

day 

day 

short (min. ) 

none 

8 hours 
8 hours 
ceiling limit 

Body Region 

whole 
whole 
arms, 
arms, 

body 
body 
hands 
hands 

whole body 

whole body 

whole body 
whole body 

pacemaker 

whole body 
hands, arms, feet 

torso 

torso 

extremities 

whole body 

pacemaker 

whole body 
extremities 
whole body 

) 

Comments 

unofficial, c1ccupatior1al 

regulation issued by 
Ministry of Health 

recommended to DOE 
contractors 

limit is dictated by 
pacemaker mnfr. only 

recommend~d practice 

max. ave./day in 
peak field > 5 kG 
max. ave./week in 
peak field < 5 kG 
max. ave./wk. (<5kG) 
max. ave./day(>5kG) 
peak exposure limit 

current 15-17G limit 
of mech. interference 
time-weighted average 
time-weighted average 
never exceed 



Table 2. Sensitivity of Equipment and Component 

>5G >lOG >lOOG >lOOOG 

Data Acquisition System 

Computer x 

Monitors 

Black & white x 

Color x 

Instrumentation & Control 

Relay x 

Solid-state device x 
Magnetic solenoids. valves x 
Safety device x 

Analog display x 

Vacuum & Refrigerator 

Mechanical pump x 
Turbo pump x 
Electric motors x 
Ferro-fluidic seals x 

x: shielding is needed 
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MUON PHYSICS OF GEM DETECTOR 

AT THE SSC 

- Higgs search for 140 < Mno < 800 GeV 

H 0 ~ ZZ/ZZ* ~ µ+µ-µ+µ-

- ZLZL/W L W L interactions 

- New Gauge Boson Searches 

W' ~vµ 

- Top/heavy Quark Searches 

t ~ w + b ~ µiso + v + µinc +jet 

- SUSY: like-sign µ-pairs 

- Unpredicted phenomena 



Design Principle 

Measure muons precisely outside of the 

calorimetry, in a large volume magnetic field. 

Advantages: 

- Most clean & reliable signal in Te V col­

lider; 

- Low rate and low radiation; 

- Only way to measure the charge asymme­

try for TeV Z1; 

-

- Working at 1034 . 



--

Design Criteria : 

• ~p/p ==ax p~b 

b < 13, for ZZ* ~ µ+µ-µ+µ-; 
X,,,;4 < IO % Al 

a <10%, for charge asymmetry 

measurement (6 TeV Z'). 

• rJ > 2.5 for 4µ acceptance. 
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---. Proposed GEM Muon System 

LfAomentui!iiDeterminatioij and fTrigger:J 

0'entral Regio]';> 

1 ) Pressurized Drift Tubes ( PDT ) 

0 r 2) Limited Stre•mer Drift Tubes ( LSDT ) 

CEndcap R~ Detector and Trigger 

1 > cau.o. Strip Chambers < csc > 

0,. Umited Streamer Tubes ( backup ) 

fBeam Crossing Tagl 
<'tentral r .. ._) Resistive Plate Chambers ( RPC ) 

<!ndcap reglOft) Cathode Strip Chambers ( CSC) 

I 9/17/91 
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lriRIFr-ruBE DEffiCTORs I 
Expt., Wall #of Diam. Length Field, Thick. 
Pressure (µm) 

tubes (mm) (an) Gas a(µm) 

BU SSC Proto. 25 (P) 23 3.8 30 Ar-ethane 89 
CLEOIVD 25(P) 192 4-6 50 Ar-ethane 90 

DME 37 
AMY ITC (3T) 25 (P) 576 4-6 51 Ar-ethane 80 
PBAR (lT) 25 (P) 332 12 20 Ar-ethane 84 

DME 34 
HRS(l.6T) 150 (SS) 996 25 360 Ar-C02(9: 1) 150 
CDF (I.Sf) 200 (SS) 2016 25 300 LSfmode 200 
EXAM (cosmic) 150 (SS) ()()() 38 370 Ar-C02(9: 1) 175 
MAC(4atm) IOO(P) 320 6.9 10 Ar-C02(1: 1) 45 
DUKE SSC 50(P) 60 4 270 Ar-ethane 110 

P =plastic 
SS = stainless steel 
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L * 20MW Magnet Version/ 4 

Muon Soectrometer Volume 
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scale I 100 
version 4 5 1 "'.02.90 
from 20MW/4' I 3. 10.89 
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BASICS OF PAD CHAMBERS 

Proportional chambers: 

• 5 mm gas gap 

• 2.5 mm anode wire pitch 

• C02 / CF4 mixture 

-> small Lorentz angle 

-> adequate drift velocity max drift time - 40 ns 

• Gas gain 10,000-- 20,000 

Good resolution achieved by precise measurement of image charge sharing 

between cathode strips 

• Precise cathode structure 

• Charge measurement to 1 % 

• Integration times - 1 µsec to reduce noise 

• Precision achieved < 1 % of strip width 

• Space-point -- no UR ambiguity 

• Two-track resolution 3--4 strip widths 

For the present exercise: 5 mm strip width 

assume 1 -- 2 % resolution -> 50-- 100 µm 
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Position Resolution vs. Anode Charge 
for a Single Chevron Cathode 

( 5.4 keV X-rays, 12nun readout spacing, 50% Ar+ 50% C2H1 gas mixture) 
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Cathode panel subassembly 
less top spacer 

I 
Subassembly: (low precision) 
Cathode panels, one side - 1 mm 
Spacer bars - 2.Smm 

I " • 0 • 0 ' '"" 0 0 .,,, • , "" .. • " f• 0 "' " '" .... --i"°""''~b poool -25mm 

Subassembly: (high precision) 
Strip panels, one side - 1 mm 
Spacer bars - 2.Smm 
Honeycomb panel - 25mm 

_ _j 

Shielding Panel 

Gas Pad Chambers Study.2 
C. Grinnell 09. 08. 91 page 1 I 2 
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OPTIMAL J4UON C.HAMIEll 

CIJJ/Fl&f.I iAT I ON 

• S11 filt• Er,.or # 

•Fi¥ r.111 A,., • .1 Ar (,: '· t:(Js1J 

Ar = .V, A, ... ~ Ai ~ ~ A1 

. 'j If "'i II i MA i a e~ ~,.: 
IJ - AT r1-. JA,AJ -t-2. JA,As. +A1 

#1 = 1.N, Jl 
,N, = Ari~ -"'t A,/AJ -,N~Az.IAJ 

©A, =A.~ AJ ='7,N,: ~ 1 ~: z,.v," ~ = 111 

@ 6-EA SARJEL : ~: A'1 :~ , /. f: t..,;/ l 
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Cost Model: N = 8:8:4 in barrel; N - 4:4:3 in endcap; endcap muon cost= 1/2 of 
barrel muon cost; muon cost proportiooal to chamber area; magnet cost proportiooal 

to (stored energyf (213); resolution = 5% at 90 degrees at 500 GeV 
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GEM Muon Momentum Resolutioo at p - 500 GeV: 8:8(10% X):4 @ 100 microns in 
Barrel; 4:4(8% X):3 @ 75 microos in EndCaps; systematic sagitta error = 25 

microns, and B = 0.8 Tesla 

7 

6 p = 500 G-eY 

5 -Total 

4 -- Measurement 
dp/p{%) 

3 - Systematic 

2 - MultScat 

I 

0 

0 0.5 I 1.5 2 2.5 

eta 
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GEM Muon Momentum Resolution at p = 50 GeV: 8:8(10% X):4@ 100 microns in 
Barrel; 4:4(8% X):3 @ 75 microns in EndCaps; systematic sagitta error = 25 

microns, and B = 0.8 Tesla 

2 

1.8 P= so <rev 
1.6 

1.4 -Total 
1.2 

- Measurement 
dp/p(%) 1 

0.8 
- Systematic 

0.6 - MultScat 

0.4 -...................... __ _ 

0.2 ...... 

0 

0 0.5 1 1.5 2 2.5 

eta 
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Possible improvements to baseline resol'n: 

(a) Constrain the primary vertex in trajectory 
fit: 

For <1 vertex = 100 µm: 

oPµ/Pµ at 5 TeV/c improves by factor of 0.5 to 0.8. 
Less improvement at lower momentum. 

(b) Adding planes external to coil: 

For 3 planes at .t.R = 3 m and .t.Z = 5 m: 

oPµ/Pµ improves at 1 TeV/c by factor of 0.65 at 90°. 
Less improvement at lower momentum and angle. 

(c) 8-field shaping at forward angles: 

!.cusp) option .~mproves oPµ/Pµ by 0.5 at 11 = 2.5 

Note: Thin Pole versus Thick Pole: 

.t.(oPµ/Pµ) < 20 % between options 
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GEM Muon Mmicntum Resolution at pt - l()QQ~: 8:8(10% X):4@ 100 microns 
in Barrel; 4:4(8% X):3 @ 75 microns In EndCaps; systematic sagitta error = 25 

microns, and 8 - 0.8 Tesla 

lOO I I I '"', I I 

r P,= I Ttv/ 
-Total 

· · · Measurement 
dp/p(%) 

1 w·:.:-:·· F ---- -1;. - -1-----I~-- -_:a- -9- - - I 

O.l _.._ __ ___. ___ ___._ ___ __._ ___ _..___ __ ____. 

0 

Jt_ fif. IJ 
1,..,,,, 

0.5 I 

{ fll JJ) •• " 

SIJC L•I 

1.5 2 2.5 

eta 

Fi/. ,,, (If> J ') 

- · Systematic 

-- MultScat 
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GEM Muon Momentum Resolution at pt = 100 GeV: 8:8(10% X):4 @ 100 microns 
in Barrel; 4:4(8% X):3 @ 75 microns in EndCaps; systematic sagitta error = 25 

microns, and B = 0.8 Tesla 

10 

I I I I 1....-Af Pr=ftll~ry I I 
~~Jt -""""""" ~ .... 

~ I/.··· ··-· , I I~ ,/F" . ,.. . 
~ -Total 

dp/p{%) I -'_EM lC'l /NE 
. . ,_:: =:::-::..;:::. _::::::_ -

--- Measurement 
.. ·· l ,.. . . -.. ·· ·"' ---.. .. ,,,,_,,,,,,,,,,,,. -,... 

l" _ _,- r 

- - Systematic •I - , ,,, 
-- MultScat 

~"" .. ' 
1-- .. --- - --- _.._ -- -- - - - .. ·--- --.. .. 

0.1 :-0 --~--j_ _ _JL_ _ _l __ J 
o.s I 2 LS 2.S 

eta 

Ji' fiJ. IJ - SOC L•l 



1 

-)( 

0 

Stability of L3 Alignment 
for 3 Layers of Chambers 

4µm 
Reproduces after 1 Year 

• . ... . . .. ·- - - - -. ._. -. ~ . .. . .. . ... . -- - - -- -- -. - - - ··- - ·-- -. - - . 

Distance = 3.0 meters 

5 Time 
(day•) 

10 15 



L3 AND L* 
WIRE POSmONING ACCURACY 
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Frequency Determined Wire Position Minus Actual Position 

12 
10 
8 
6 
4 

Microns 
2 
O I Ref. Point 

-2 
-4 
-6 
-8 

-10 
243 217 199 155 109 65 25 

Tension (grams) 



R&D and Engineering needs for FY92 

Structure and Alignment R&D : 

1 ) Design, fabricate and assemble Large Support Prototype 
(LSP) to serve as a uniform test bed for the various 
technology options for large scale chamber prototypes. This 
test fixture will accommodate three separate layers of muon 
chambers, an RPC layer, a slllcon detector, two sctnUllator 
layers and 30 cm of lead as filter for the second layer of 
sclntlllatora. 

2) Design, Fabricate and test GEM Alignment system (straight· 
line monHor) 

3) Design, Fabrication and Test a Small Prototype Structure to 
evaluate construction concepts for Sector Test Fixture to be 
proposed In GFY93 

4) Design, Fabricate and Test Interface hardware prototypes 
(chamber/structure/magnet) 

5) Provide engineering support to produce a credible design of 
muon chambers and structures as well as the costing 
anaJpla for the Muon System for the GEM Loi. 

Pressurized Drift Tubes (PDT): 

1) D11ign, Fabrication and Evaluation of End 
Pfug/tunHold/Allgnment Plate concept. 

2) Design, Fabrication and Evaluation of "Large Prototype• to 
evaluate assembly procedures, handling, structural Integrity 
and resolution in LSP fixture. 

3) Safe gas versus pressure and resolution studies with the 
LSP. 

Limited Streamer Drift Tubes (LSDT): 

1 ) Safe gas versus resolution studies with the a Small 
Prototype In a representative O.ST magnetic field. 

2) D11lgn, Fabrication and Evaluation of "Large Prototype• to 
evatuet• assembly procedures, handling, structural Integrity 
and long term stability as well as resolution In LSP fixture. 

2 9/17/91 



Cathode Strip Chambers (CSC): 

1 ) D11lgn, Fabrication and Test a Small Prototype In • 
representative O.ST magnetic field to determine resolution, 
evaluate safe, low Lorentz angle gases and Radiation 
Hardness evalu•tlon. 

2) Development of electronics suitable for the 1 % accuracy 
requirements •• wet! •• for Improved multiplexing should be 
carried ouL 

3) Design, Fabrlcatloa Md Evaluation of "Large Prototype" to 
evaluate ass1 bly procedures handling, structural 
Integrity.and resolution In the LSP fixture. 

4) Evaluation of wire tensioning problems In • non-rectangular 
frame 

5) Rate c•peblllties study for luminosity of 1034. 

Resistive Plate Chambers (RPC): 

1 ) Design, Febrication •nd Test a Small Prototype In a 
represenmtlve O.IT rn11gnetlc field. 

2) Develop materl•I• for high rate low noise capability. 
3 ) Design, Fabrication and Ev•luatlon of "Large Prototype" to 

evaluate assembly procedures handling, structural Integrity, 
and resolution In the LSP fixture. 

3 9/17/91 



GEM 
A PRECISION LEPTON-PHOTON 

DETECTOR FOR THE SSC 

• CALORIMETRY GOALS: 
DRIVEN By PHYSICS 

- The Highest Resolution Calorimetry 
System for Leptons and Photons 

- Within Budget and Schedule 

- Radiation Hard 

- Complementary to SDC 
t::;: 
') 
~ 

F 



GEM 
PHYSICS GOALS LEAD To 

TWO SYSTEM APPROACHES 

• LOWER RISK SOLUTION EXISTS; 
NEEDS HIGHER EM RESOLUTION: 

=> LIQUID ARGON With Fine 
Sampling Accordion EM 

• IDGHER RISK SYSTEM, With POTENTIAJ 
LARGE PERFORMANCE GAIN: 

=> BaF2 CRYSTAL EM, With 
SCINTILLATOR HCAL 

o NOTE: Radiation Hard Production 
Not Yet Achieved 

- Requires One Year of R&D 
- Expert Review Panel 



GEM 
TWO COMPLEMENTARY 

APPROACHES 

RESULTING IN THE HIGHEST 
FEASIBLE RESOLUTION 

• LIQUID ARGON With ACCORDION EM; 
Liquid Krypton Option 

- Intrinsic Stability 
::::} Ease of Calibration 

- Tested in Large Systems (With Plates) 
::::} Small Systematics 

- Radiation Resistant 

- Uniform 

• BaF2 CRYSTAL EM, With 
SCINTILLATOR HCAL 

- Intrinsic Higher EM Resolution 

- Higher HCAL Speed: 
=> Lower Noise in Isolation Cone 

- Effective Compensation: 
=> Small Constant Term for Jets 

With HCAL e/7r ~ 1 

- More A for a Given Radius 



GEM CALORIMETRY 

• COMPLEMENTARY STRENGTHS: 

INTRINSIC RESOL'N ·< ~ .. LOWER RISK 
and SPEED TECHNOLOGY 

• COMPLEMENTARY TASKS for EM: 
aE/E = (a/v'E 9 b)3 

BaF2 + SCINT. HCAL -: : .. LIQUID ARGON 
Reduce b < 0.53 Reduce a ~ 7% 

t 
• h'es1c.>1 a."'~ ~1,_r:u1..ATe: 

Q"r a , rCJl{)E, ECTc/i\. 
oj t;e-A{. 



BaF2 + CALORIMETER SYSTEM: 
Scintillating Fiber (SF) or 

Liquid Scintillator (LS); 

Liquid Argon Study 

Choice of One Scintillator HCAL 
By Early November 

HCAL SUBSYSTEM GOALS: 

• Complement the BaF2: 
A'f/ x A</>~ 0.08 x 0.08 

=>Good Jet Resolution 

=> Missing Er Resolution, 
(With Forward HCAL) 

=> Improved Lepton ID and 
Measurement 

• Rapid Development: Ready for GEM 
System Choice By Design Report 

=> Beam Test By Summer 1992 

•Maximize GEM's Physics Capability 



BaF2 + HCAL CHOICE: 
GENERAL QUESTIONS: 

Answers In October 

• Conceptual Design Layouts 
With Dimensions: 

*LS: Module, Layer Structure, 
Fiber Readout 

* SF: Module Structure, Fiber Readout 

* LAr: Segmentation, Cryostat, Readout 

* ALL: Mechanical Structures and Supports; 
Access/ Assembly /Disassembly Scheme 

• HCAL Depth (.i\); Dead Spaces 



rDTAL 11.73 >. 

Liquid Scintillator Hadron Calorimeter ( Version 0.06-1 ) 
Barium Fluoride EM Calorimeter 
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Support tube 

. . . . , . . . . . . . . . . . . . . . . 
::::::::: :: ............................... t·." .. · ........... .- .' .............. :: : ------, ............. ~··· 

.. >ElectroriiC:i':<· · 

•)OD n"" 

1~00 M' 

I 
"f 

5.75' _______________ L_ 
• 
I 
' I 

I I I ---::.=::=:.·-=-:.=----------' -~-~ 

I • 2300 ll!l!l - • I 

Tracker 

. . ' . . 

Pho lorn ulliplicrs 

~OTA: 1]8 >] 



u- U"'l.UI Clll"'1U1"1"VI I. A'lllb-> 

~ .rBllF2 Support ::::I J::S. 

Tracller 

-----1500- "' 
4--------2300 mm----lM 

~-----------------5450 mm ~ 

<; .03.SC.00038 

Spaghetti Hadron Calorimeter 
Lead Shot Filled/ 0.10 Segmentation 
Barium Fluoride EM Calorimeter 

3890 111111 

Rcnnich 



.5260 mm - ----1 
FEEDTHRU FEEDTHRU 

.4Lambda 

4000mm 

r­'ffr v ,_.. I~ i.....- """.......... 111 

-----------) 
Tot81 TWc"-9: 11 l.ambda 

(;Ill I .\ OM .. 

GEM 
Liquid Argon Calorimeter 

R:irium Fl11ori1lr Fl\f St•1 ti1m 

Incomplete 
Incomplete 
I 11corn11t.- 1o 



Liquid Scintillator Hadron Calorin1eter 
Sampling structure scheme 
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BaF2 + HCAL CHOICE: 
PHYSICS QUESTIONS 

SIMULATION STUDY 
COMPLETED By NOVEMBER: 

• Energy Resolution, Behind BaF2 
for 20, 100, 500, 1000, ... GeV Jets 

- Performance FOi" Typical, Mostly-EM, 
and Mostly-Hadronic Jets: 

=> Reconstructed Energy Distribution 

=> Missing Er Distribution 

• Can Longitudinal Segmentation in the HCAL 
Improve the Muon Resolution? 

• Can Longitudinal Segmentation in the HCAL 
Improve the BaF2 Electron and "Y Resol'n? 

• I?_ 11.. )"!(_BE!{ '!f A~ Pe r:Jor "'7_a ">tee 



·-, 
BaF2 + HCAL CHOICE: 
ASSOCIATED EFFECTS 

and ISSUES 

• Systematic Effects: 

=>Magnetic Field (0.8 Tesla) 

=>Non-Uniformities in Cells or Towers 

=>Fiber Attentuation Length, Non-Uniformity 

=> Mechanical Structure, Walls, and 
Typical 'Dead Regions' 

• Effective Compensation: Hydrogenous, >it 

Compensating or Overcompensating HCAL. 

• Resolution as Function of e/h in EM Section, 
With Varying Reconstruction Algorithm. 

• Transverse Segmentation Required by Physics 

~ Ge A.NT uJ'. HETC , l'fc:d.)#- : 
J 

• -Pref,,,.,,..., ttr(f 7::}~.t-z#.s- ( OR.Jll...) 
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Figure 3.4.1: Schematic of a Pad Chamber. (a) Cell geometry 
viewed end-on to the anode/field wires. (b) Looking down onto 
the cathode plane. (c) "3-D" view of the Pad Chamber. 
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Figure 3.4.2: Two types of chevron pad cathode 
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Figure 6: Position resolution vs a.node charge, using centroid 
finding electronics 

I 

I 
i 

\ 



. ! l 
T 

~l,L_J 
n-11 I 

I I 

'-~'-----it-·-
-1 i-.----------- I 0 ~ ~""" 

Ke.sol u-t; av- '()° .--., I ~1'0 ~ lA.l ""' S-D ~ 

L .e. VI 'J ti- "i '? ~ i ,Q_ --v ~ c lL.o.. .\..o ~ 0 <:..~ 

t Q... Q... ? 0 . r- <:.. \)..,._ 11.J-..:._ dU .? L 

Le. \A 'a- LQ._ 0 J p 0.. ell~ .. 1:::. y-



Dc.c.ul'~c..':l- a..+ 

cl.11\ 

cl.. "2 .t cl> 
- \ 

:C t \.\>CL 0...S S \,) \M. A.. 

I: ~ \» C2.. \..o a.."'--\ 0 c c."""" 9 0 • ft c ~ 

~ 0 b c e. \\ ~ f ~ \J"""- .\-- ~ 
~ \ .,_ I ~ 2. ~.LL.el. 

cl.11 cl~ I t>..,-

C..e..U ~'--?:>CL b11 ~q - o. oo~ 

t=o- a... c C2..\I\~ ~ .. a...c..\c.A.lr o~ ± 2. .C- o~k 117, 
~"1 b cf a ( '±. 2...~J lZ..'tfJ .. ~\.4 ~,. U\A,~~~ 

-
)Jo O'J ~o o 

~"1 ~q 'W 

C. CL\\. ~ '-~ 4-.. 

o...~ \.o ~l. ~ 

Lo l ~ .:.. \A4 "1.-

S' 0 

1-o 



4 
Lo_ 1.ja.rl U> ~ \.L.. lo fo.&s / lo..'1 ~ 

\ •/o OC.C... v....p 0-V-C. ~ a..+ l 0 ~ 3 

• ~ lo...~~ ~ ~ 3 lC lO '4 ('o.J.~ /L°'"'1 a-

6 °/o OC.C..U..f0.UC..j ~ lv~4 

q 0
1 

Ot> D 

t ~o 1 oo o 



-~ , c.. Q. \A. W Q.. ~ e_ ~ l' -4..a... -1:-o t Q.S(_ u...._ 0.. 4 O I C:...& •""'""­

~ d• Q..\M... 'oQ...\.-8. ) ~ s~~v () ... ~ s.{ I" c . ..4•&. f e.., 
Cl...M..~ ~5>. Q ~J ~.Q._ C2..i.Q..c.. ~" •• c 4. '°'2..l 0 I.A.) 

\O ..k, ~(" 
0
(1» o: 0- \f"Q..~~\.~v... \-4..u...~ ~ ? 

:, . t\o \.U &.o \.U a_ ~ c...o V-f 0 V""<J.. j Q 0. + 'w2. a..~ .\-

a.. ~ .Ito... ':1 ~ ~ ~ l12. ' +.,.IA..C.. b......- 'V...-\-o 

c... l~d z.. ~q c ~u_ -t-~~ ,~ ~ 

~I.I> \ .. u... vo~ to..-~ i.~ .µ.; !> ~.,.. ~· A. p ~ C.:...C..s ~ 



...i .. H-o w lj.L~v.~ \ O..'j ~ lo 

p Q.. "ti°"'""""- V'f...C..O ~ " ; ~; ........... 

\I IQ J) 
' 

S' · '""'°~ IJW-U..j l<Uj.a.+-1 i ~C...IJ..,c........_ lJ • ~ c~ ~kp~ 

&_o W IL " ' • J, 



s ;_L~C.OIA... t-t~ S~YI ~ 
• 't:.l1Lc...ti-o~t.S - ~0-&.;.,~J; .... e- \.uJ...,.& ~I 

-P~,e..t;,,......._ tb.~o: J. 4ii., T n..4l~ ca.r hs.f..~ u. ~ 

• H2~o·u·~J. s~p,or+ S~c..4vL 

• Wo.~~ &..~~, ~o....lo "'--" o ~a,'"• JL-k., Q..k 

~ • ::: II\~ 4W- r o \ a.:i ~ u. s -P o...Q.. c.L... Q... w.. "' 4.-r s. 

• 'Etu+.-o··; <-~ - ~a..tA.ou.t, T~~~~ ch..s.~? 
• H a.c.."-a ,.;,c_~ !>o..\~l.L - c.L..o ... \.~. gu.p y&r:::,_s 

). Se-~ *~U o..~L."--~ +='C:.'='c.v-~ 

• 'R.0-0...&.ou+ - \(\...'Ye.'", M.u.l~o··ocL. 1>•-t"'T's 

• ~IL ch.. ()..L• .·I: Q.((, s. u.. Pf 0 r-+ 
· t: ;,_ b 12.N- 'i2..:..1o1o o c.... i== Q.. b...: c a ~ l, o"""" 

; . 01::. ~a. w -r- u b12.. s 
• 'K '2..0-&. ou-t l:>Q.sc'...~"'"' 
r 4~~t.., e.Q..-\ Q.. -\Q.s-t 

· E1.1.cR. vlQ..k suJ>pt>M s~~"'4.. &:1u~~ "'-

+ Hc~tL Co.,.l1:» S~\M.\.\.lo...~ou~ 4-o '2.ua...Lu...~ca.. 

()...1.a..Q.. 0 (>~~IL ~ (.. ~"'-



GEM Trigger/DAQ/Computing 



TRIGGER AND DATA ACQUISITION SYSTEM 

OVERVIEW 

"'' 5,pP~ 
~+ :z.r1 J'f'f/ 

The system will have 3 levels of trigger processing. Level I will 
reduce the trigger rate to 100 KHZ and imposes about a 3 micro­
second delay on the data acquisition systems. Level II will be a 
distributed, pipelined digital processor system, and Level III 
will be a processor farm. 

Level I will use a reduced set of detector signals, encoded to a 
minimum number of bits, and is synchronous and pipelined with 
respect to the bunch crossinqs. A triqqer from any detector sub­
system will cause data from the entire detector to be transferred 
from data pipelines to event buffers. With the exception of the 
inner trackinq, all data will be moved out of the detector to 
Level II. These event buffers must be at least 4 events deep in 
order to derandomize the data so that it can be diqitized and 
multiplexed into the cable system durinq the 10 microsecond 
averaqe Level I time. If an optical cable system can be de­
veloped, Level II can reside in the countinq room. 

Raw data from Level I will go to the Level II processor system 
and also to buffers for selective transfer of data to Level III. 

CALORIMETER SYSTEM 

Level I will use SXS (or 3X3) EMC and HAC analog sums with a set 
of energy thresholds with time discrimination for bunch associa­
tion. These threshold bits are mapped into primitives for def in­
ing projective and global triggers. 

Analog memories will sample charge for each bunch crossing to 
provide the delay and buffering functions. Seventeen bits of 
dynamic range will be achieved by splitting the input into a high 
gain and low gain channel. Twelve bit ADC's will encode•up to S 
samples per siqnal for either the hiqh or low qain channels. 
Digitized data will be multiplexed and sent to Level II with 
about a 10/1 reduction in cable count. In addition to forming 
physics trigqers, Level II provides zero suppression and buffer­
ing for raw data for Level III. 

MUON SYSTEM 

Strip, pad, and drift chamber channels will use discriminators 
for Level I triggering. Discriminator hits will be projected on 
to look-up tables to define high PT candidates. 

The low occupancy/channel should allow the pipeline delay princi­
pal to be replaced by a simpler discriminator driven sample and 
hold circuit. Zero suppression will take place on each chamber 
segment by scanning the data hits and assigning an address to the 
multiplexed data. Digitized data will be sent bit serially to the 
external Level II system. 

1 



CENTRAL TRACKING SYSTEM 

we assume an inner silicon microstrip chamber that can only be 
read out after Level II, and an outer pad chamber with Level II 
readout. Both parts require analog memory for pipelining, with 
one level of buffering for the pads, and two levels for the 
microstrips. Local zero suppression will be required to reduce 
the output cable bulk. 

TECHNOLOGY REQUIREMENTS 

The calorimeter and tracking systems depend critically on the 
development of analog memory chips. We will depend heavily on the 
front end electronics development for soc, work done at CERN at 
LHC, and work in progress within GEM. 

I 
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INNER 
GEM DA') Architecture TRACKER 

10/1/91 
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GEM Trigger/DAQ Design Goals 

Level Rate Out Time/Event Comments 

1 104 Hz 3µs Sync., Tags BX 

2 103 Hz lOµs Async., Monotonic 

3 101 Hz lOOµs CPU Ranch 



Calorimeter Readout 

• Physics Goals (e.g. H --+ rr) require 

- ~E/E < .13 
- Full granularity at Level 2 

- High System Throughput 

• Electrical Specifications 

- 16 ns sample rate. 

- Dynamic Range > 216 

- Resolution > 8 bits 

- Total Conversion time< 10 µs 
(for ,..., 2 - 5 samples) 

• Technology 

- Switched Capacitor Array (SCA) Baseline 

- Fully digital system also being studied 
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Muon Trigger Summary 

Level Method Region Strip Size Rates 

(cm) (Hz) 

1 A¢ 0 < T/ < 1.5 3-5 < 10 

A¢ 1.5 < T/ < 2.0 2-3 102 - 103 

A¢' 2.0 < T/ < 2.5 .2 - .5 .2 - 2 x 104 

2 A¢' PT> 20 GeV ,...., .1 200 

A¢' PT> 50 GeV ,....., .1 40 



GEM Trigger/DAQ R&D 

• System Issues 

- Readout/Trigger Architecture 

- Placement/ Cabling Issues 

- Clock Distribution 
- Electron Charged Track Strategy 

• Analog Pipeline (SCA) Design 

- High Precision 

- High Throughput 

• Digital Pipeline 

- FPADC (\\.Tait to see results from FNAL) 

- TI GaAs Feasibility Study 
- Pipeline ADC 

• Electro-optic Readout 

- High Bandwidth/Low Density Readout 

- Radiation Tolerant 
- Cost issues remain to be resolved 

• We will accelerate our efforts by using results of 
ongoing Subsystems R&D from LHC and SSC. 
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1.0 COMPUTING SPACE FOR GEM 

This is a brief note on computing space needs for GEM. It outlines some assumptions 
and computing requirements and sketches the resulting space requirements. 
Contingencies are yet to be develped. 

1. 1 TECHNOLOGY ASSUMPTIONS 

The following will be available at installation time (1997-1998): 

• Desktop boxes will be rated at 500 SSCUPS. 

The box will be 18" x 18" x 4" and consume SOOW (750VA). 

• Single board CPU's with the above capacity may be available. 

• Magnetic disks will be> lOGB storage in a space of 12" x 12" x 4" 

• Optical disks of lTB capacity will be available at about the same size and power 

consumption as the magnetic disks. 

• Network hardware at 2.5 Gbs-1 will be in volume production, with 9.95 GBs-1 in 
limited production. 

• Mass storage will be available with 200 MBs-1 input rate, 15 PB total capacity in 

100' x 80' flQ9!.~!I:?~·- Power consumption to be determined . 

. (E~dt~-the.items mentioned~ could be in-~-diffe~nt ~r;~ (item·5~ls of course, 
off-site). They can also be in the same area. Particularly item 1 should be at the 
detectors.) / ______ ,, _____ -·--- ·- - - ----. 

2.0 SYSTEM MODEL AND BREAKDOWN 

Figure 1 shows a block diagram of the overall GEM computing system. It consists of 
six subsystem: 

-~~eo--

1. The event-builder and on-line computers (called Level 3). This overlaps with 
trigger and data acquisition. 

2. The tertiary storage system ("tape system") for all raw data, calibrations, PASSI 
output and data summaries ("DST"). 

3. The off-line computers. 

4. The analysis activity, on-site. 



5. The analysis activity, off-site. 

6. Computing relevant to detector operations. 

7. Back-up store for (raw) data. 

3.0 COMPUTING REQUIREMENTS 

3.1 ON-LINE 

• CPU capacity of 500,000 SSCUPS, with wide-band networking (special purpose) 
and some local storage (-10 GB per CPU). 

• Event builder capable of accepting and distributing 10 kHz of lMB events. 

• Output rate to storage of 200 MBs·l substained rate. 

3.2 TERTIARY STORAGE 

• Capable of storing (near-line access) 3 PB of data for 5 years (15 PB). Substained 
1/0 rate up to 300 MBs·l 

3.3 OFF-LINE 

• CPU capacity of 600,000 SSCUPS, with wide-band networking. 

• Secondary storage system capable of storing up to 50 data sets of 1 TB each, with 
100 MBs-1 access (for off-line) use. 

3.4 ENVIRONMENT AL 

We assume air-cooled equipment. The equipment should be maintained between 
10"C - 40°C, and 20% - 80% RH. This implies input of cold air at e.g., 60°F -·65°F at 80% 
RH. 

Power should be 'clean' and 90 - 132 V AC at 47-63 HZ. 30 rnins back up power should 
be available. 

CRTs must be below 2 gauss or shielded. Disks and tape drives must be below 5 gauss 
or shielded. 

CPU Boxes must be below 50 gauss or shielded. 



4.0 ANALYSIS 

Space should be provided in one or more locations for up to 40 people. This requires 
space for 40 workstations, printers, etc. 

5.0 CONFERENCE 

There should be space for conferencing, with computer and tele-video capabilities. This 
should include space at them and the West Campus. 

6.0 SYSTEM MANAGEMENT AND REPAIR FACILITIES 

Each of the major computing facilities will need space for system management and 
repair personnel and equipment. 

7.0 SPACE REQUIREMENTS 

7.1 ON-LINE 

Assume the boxes and the network hardware are assembled in stacks, each stack 
containing 8 boxes and the network hardware. Space for the disks is shared between 
adjacent stacks. 

See Figure 2. Figure 2a shows a smaller-footprint- stack assuming Single-brand 
computers (SBC's). 

The stacks are then arranged in rows as shown in Figure 3, with event builder, 
networking, air-conditioning, and 30-minute backup power supply. 

7.2 OFF-LINE 

The off-line area would look roughly the same, without the event builder but with more 
disk space. I-. 



7.3 TERTIARY STORAGE AND BACK-UP 

7.4 ANALYSIS AREA 

7.5 CONFERENCE FACILITY USE OF 100 HBS-1 

Summary of Areas Required 

NET AREAS (Approximate) (increase by 303 or more for gross) 

System 

On-Line: 

Off-line: 

Analysis area: 

Conference: 

Main Tertiary Store: 

Back-up Tertiary Store: 

Time Scale 

Area 

5,500 sq ft. 

5,500 sq. ft. 

1,200 sq. ft. x 4 = 4,800 sq. ft. 

1,200 sq. ft. x 2 = 2,400 sq. ft 

8,500 sq. ft 

5,500 sq. ft 

Cumulative Area 

/11,000 

/16,000 

/18,500 

/27,000 
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1;11S/lll.'l/91 

GEM ENGINEEU.ING/IN'l'EGRA'l'ION 

Status at EOI 

1. Several descoped detector concepts were presented with costs scaled from Theriot panel 
reviewed costs. 

2. Collaboration expressed its commitment lo design to cost and schedule. 

3. Engineering experience derived from L * and Efl' engineering teams. 



GOALS OF ENGINEEH.ING/IN'l'E(;RA1'ION EFF()J~l' 

SUPPORT OF l'OUR TIME SCALES: 

1. Subdetector trade studies (August-September 1991) - Support working groups on each 
subdetector. 

2. Design/Cost/Schedule for Letter of Intent (August-November 1991) - Establish conceptual 
design for detector baseline, preliminary cost and schedule. 

3. Engineering/Integration for Technical Proposal (August 1991-November 1992) - Organize 
engineering team, methodology and infrastructure to efficiently support Technical Proposal 
effort, avoiding possible reorganization following LOI review. 

4. Support SSC Laboratory Experimental Facilities Definition (August 1991- ... ) - Respond to 
SSC Laboratory requests for experimental facility user requirements needed for NE design of 
conventional construction. 



INITIAL ENGINEEUING 'I'EAl\I (Aug.-Scpt. 1991) 

l. PHYSICS COORDINATION - Gary Sanders, Michael Marx 

2. ENGJNEERJNG JNTEGRATJON - Coleman Johnson (LLNL); Brian Smith (LANL); Cliff 
Eberle (ORNL) 

3. MAGNET DESIGN - Gary Deis, Coleman Johnson, ... (LLNL); 
Peter Marston, ... (MJT PFC) 

4. MUON SYSTEM - Frank Nimblett, ... (Draper); Urian Smith, Jack I !anion (LANL); 
Charles Grinnell (SSCL); Eric Hazen (Boston) 

5. CALORIMETERS - Mark Rennich, Cliff Eberle, ... (ORNL); Francois Ayer, ... (Draper) 

6. TRACKER SYSTEM - Ron Barber, Jan Boissevain, ... (LANL) 

7. SSCL INTEGRATION - Mike Harris, Emil Sabin, David Etherton, Bob Richardson, Norm 
Gober, Marvin Hecht, Jon Piles, David Veal, Norm Wells, Ron Wooley, ... (SSCL) 

RECENT PARTICIPATION 

Dick Sumner (LeCroy), Lyle Mason (Martin Marietta Space Systems) 



S'f A'flJS <lF F<lllR EFFl)l{'J'S 

I. Subdetector Trade Studies - Initial working group decisions made and, in some cases, 
being refined. 

2. Design/Cost/Schedule for Letter of Intent - Uascline being established and study is 
beginning. 

3. Engineering/Integration for Technical Proposal - Initial team organized and is being 
expanded. Some roles may evolve as subdetector choices are incorporated. Methodology for 
cost studies established. Future organization under discussion. 

4. Support SSC Lab Experimental Facilities Definition - Draft of GEM Experimental User 
Facilities Requirements (GEFUR) in progress with first draft due late October, revision at end 
of calendar 1991. 



Draft I 

GEM Detector 

Cost And Desigri Study 
For 

Scintillating Hadron 
Calorimeters 

Oak Ri..tlg!! Nr_tfona! L!!b!'ratory 

M. J. Rennich 
C. L. Claffey 

M. K. Singhal 
C. C.Eberle 

September 18, 1991 



ENGINEERING/INTEGIM1'ION INFRAS'I'llUC1'UltE 

1. Document Control System established. 

2. Baseline cost targets established. 

3. Interface Control drawings initiated. 

4. Regular GEM/SSCL engineering coordination meetings scheduled and team established al 
SSC Lab with real presence. 

5. First integration meeting held with physicists leading subdetector working groups. 

6. Work Breakdown Structure (WBS) defined and adopted. Lessons learned from L * and Eff 
experience incorporated and external cost/schedule reviews accommodated in WBS. 

7. GEM Cost Estimating Plan reviewed and adopted. Plan includes all cost book formats, 
definition of EDIA, contingency analysis methodology, labor rates, format for engineering 
basis presentations at reviews. Designed lo facilitate frequent and detailed internal and 
external review and to insure uniform estimate quality across subsystems. 



IJASll 'IL.XI C 

GEM COST TARGETS (29 JULY 1991) 
($ MILLIONS) 

R&D ($40) Computing ($1 O) 

Trigger ($ 10) 

Tracker ($40) 

Calorimeters ($150) 

Slr11cl11res ($20) 

Magnet ($100) 

Muon ($ 130) 



.:..:iorovea by: 

:::on Baroer. LANL Dave Etherton. SSCL 

7:rny Chargm. LLNL FranK Nimblett. CSDL 

3ary Deis. LLNL f.AarK Rennich. ORNL 

Dan Marlow. Princeton University 

Prepared by: 

Rick Sawicki, LLNL 



1.0 Scope 
2.0 Objectives 
3.0 Basis 

Table cf Contents 

4.0 Work Breakdown Structure 
5.0 Cost matrix 
6.0 Labor rates 
7.0 Material costs 
8.0 Risk Analysis/Contingency 
9.0 Escalation 
10.0 Supporting Documentation 
11 .0 Responsibilities 
12.0 Review process 
13.0 Schedule 

• 



Eacn WBS eiement shail be taggea with a cost basis aescr:mor 
which characterizes the type of estimate that was used. Acceptable 
cat a entries are as follows: 

1) Bottom-up (BU) 
2) Specification analysis (SA) 
3) Parametric study (PS) 
4) Revision update (RU) 
5) Trend analysis (TA) 
6) Expert opinion (EO) 

5.2.2.3 Risk factors 
The risk analysis described in Section 8.0 is used to calculate 
contingency. In the three columns provided in the SOT, technical, 
cost and schedule risk factors are input. Standard ranges for these 
parameters are as follows: 

1) Technical risk - 1 to 1 O 
2) Cost risk - 1 to 1 0 
3) Schedule risk - 2 to 6 

In some cases the standardized risk parameters may not be 
appropriate. Higher values may be used as described in Section 8. 

5.2.2.4 Dates 
Start dates and completion dates for all activities must be assigned 
to permit appropriate application of escalation factors to the base 
cost estimates. The month and year (numerical) shall be identified 
for the end dates of the four main functional categories, 
engineering./design, inspection/QA/administration, 
procurement/fabrication, and installation/assembly. These dates 
need only be input at WBS level 4. Costs at only this level will be 
used to escalate costs. 

6.0 Labor rates 

6.1 Estimators shall use their best discretion in selecting the labor 
rates that should be used for their GEM cost estimates. In making 
their decision, the estimators should determine where the work 
shall be performed and use the most accurate information available 
regarding the labor rates for that particular institution. Detailed 
backup information shall be provided in the cost book supporting any 
non-standard labor rate used. Rates used shall be fully burdened 
with all associated costs. 



6.2 In many cases the exac: soi.;rce of laoor wiil not oe known. '.n 
:hese cases sta,ndard labor rates are provided beiow ana snou1a be 
~sed selectively as required. 

6.2.1 National Laboratories 
It is anticipated that the US National Laboratories wiil participate 
in many of the GEM subsystems. The following rates are average 
rates that may be used for work performed for any of these 
institutions. These rates include general overhead, support and 
payroll burden. If it is necessary to translate these rates to an 
hourly rate use 1800 hr1yr. 

Tyoe 

Manager 
Secretary 
Eng ineer1physicist 
Des1g ner/coorainator 
Senior technician 
Junior technician 
Craft 

6.2.2 National average rates 

Bate lk$/yr\ 

210 
60 
1 50 
90 
100 
75 
65 

National average rates may be used for cases where the source of 
labor is completely unknown. If it is .necessary to translate these 
rates ta a yearly rate use 2080 hr/yr. 

Tyoe 

Engineer/physicist 
Senior technician 
Junior technician 
Craft 
Machinist 

6.2.3 SSC employees 

Rate 1$/h rl 

62.00 
50.00 
38.00 
25.50 
25.50 

Work performed by SSC employees shall be charged at the following 
rates which are fully burdened. If it is necessary to translate these 
rates to a yearly rate use i 800 hr/yr. 

Type Bate 1$/hr\ 
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Todd Hamilton 
Draper Laboratory 

3.2.1 .1 .2.5.2 Assembly. Alignment & Testing 
3.2.1.1.2.5.2.1 Off.site Assembly/Test 
3.2.1.1.2.5.2.2 On-site Assembly/Test 

3.2.1.1.2.6 Outer Layer 
3.2.1.1.2.6.1 Assembly/Test Equipment 

3.2.1.1.2.6.1.1 Assembly Tooling 
3.2.1.1 .2.6.1 .2 Test Equipment 

3.2.1.1.2.6.2 Assembly, Alignment & Testing 
3.2.1 .1 .2.6.2.1 Off-site Assembly/Test 
3.2.1.1.2.6.2.2 On-site Assembly/Test 

3.2.1.1.4 Sector Support Structure 
3.2.1.1.4.1 Final Design 
3.2.1.1.4.2 Engineering Drawings Modifications/Generation 
3.2.1.1.4.3 Assy/Process Instruction Modifications/Generation 
3.2.1.1.4.4 Support Module 

3.2.1.1.4.4.1 Truss Element Assembly 
3.2.1.1.4.4.2 Truss Joint Assembly 
3.2.1.1.4.4.3 Support Frame Assembly 
3.2.1.1.4.4.4 Flexural Foot Assembly 
3.2, 1.1.4.4.5 Servo Motor/Spring Assembly 
3.2.1.1.4.4.6 Kinematic Mounts 
3.2.1.1.4.4.7 Insertion Rail Assembly 
3.2.1.1.4.4.8 Assembly/Test Equipment 

3.2.1.1 .4.4.8.1 Assembly Tooling 
3.2.1.1.4.4.8.2 Test Equipment 
3.2.1 .1 .4.4.8.3 Dummy Chambers 

3.2.1.1.4.4.9 Structure Assembly & Testing 
3.2.1.1.4.2.9.1 Off-site Assembly/Test 
3.2.1.1.4.2.9.2 On-site Assembly/Test 

3.2.1.1.5 Alignment & Calibration Systems 
3.2.1. 1 .5.1 Final Design 
3.2.1 .1.5.2 Engineering Drawings Modifications/Generation 
3.2.1.1.5.3 Assy/Process Instruction Modifications/Generation 
3.2.1 .1.5.4 Sector Straightness Monitors 
3.2.1.1.5.5 UV Laser Calibration System 
3.2.1 .1.5.6 Global Alignment Monitors 

3.2.1.1.6 Sector Assembly Tooling/Facility Preparation 
3.2.1.1 .6.1 Assembly Tooling 
3.2.1.1.6.2 Facility Preparation 

3.2.1.1.7 Sector Assembly 
3.2.1.1.7.1 Off-site Assembly 

3.2.1.1.7.1.1 Mechanical Assembly 
3.2.1.1.7.1.2 Electrical Assembly 

3.2.1.1.7.2 On-Site Assembly 
3.2.1.1.7.2.1 Mechanical Assembly 
3.2.1.1.7.2.2 Electrical Assembly 
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9/27/91 
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COST ES'fIMA1'E 'I'IMELINE 

GOAL: Cost estimate with basis of estimate advanced well beyond Theriot panel reviews of 
L* and SOC. 

Based upon schedule followed in producing L * Cost Estimate, which began with a mature 
design and subsystem technologies identified well in advance, two months are required to 
produce full cost estimate. 

For new technologies (muon drift tubes, accordion liquid argon calorimeter, pad chambers, 
spaghetti calorimeter, ... )an extra month is required for integrated conceptual design in order 
to reach same standard as L * cost estimate. 

To advance major item estimates beyond Theriot panel, transmittal of estimate drawings to 
vendors and return of estimates will require one additional month. 

System iterations may require additional time. 

DELIVERABLES: 

1. With Letter of Intent, cost estimate based upon engineering estimates, trend analysis, 
parametric study for technologies not previously included in L * or SOC reviews. 

2. For full bottom-up analysis, inclusion of vendor/fabricator estimates, and system iteration, 
cost estimate available February 1, 1992. 
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Communique of GEM Decision Group to High Field Proponents 

Response to the High Field Magnet Option 
Proposed for the GEM Experiment 

The GEM Decision Group 
September 10, 1991 

The High Field Option (HFO) Group has made a proposal to GEM to 
replace the large open magnet with a high field ST magnet which 
encloses the calorimeters. The main advantages of this option are 
better resolution for high momentum muons, better coverage for all muons 
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in the forward region (eta between 1.5 and 3), and less stringent 
~lignment and precision requirements for the muon detectors. This 
~ption may also provide advantages in manufacturing of the magnet 
off-site, and in the reduction of fringe fields. 

The GEM Decision Group expressed several key concerns with 
the new proposal: 

(1) The HFO option presents major new problems which would have to be 
solved for the tracking and calorimetry systems, because of the high 
magnetic field. Examples are: 

(a) The inability to use of vacuum photodevices, which appears 
to eliminate some of the principal calorimetry choices being 
considered by GEM, including: Barium Fluoride, scintillating 
fibers and liquid scintillator, 

(b) The degradation of liquid ionization calorimeters because of 
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interaction of the field with shower products in the inner 
vessel walls, 

(c) The Lorentz angle, and systematics of coordinate reconstruction 
for chambers, particularly the first set of muon chambers in the 
high field region, 
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(d) The high occupancy levels in the tracking system generated by 
loopers. 

:2) No specific physics example has been presented by the HFO group, 
to demonstrate the physics advantages are may result from 
the improved coverage and high-momentum muon resolution. 

(3) The detector performance of the HFO is inferior to the GEM baseline 
design for low momentum muons. 

These and related concerns would have to be investigated at a 
sufficient level of detail to provide confidence in the proper functioning 
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of the complete experiment. The investigation would have to include a 
demonstration of both: 

(a) The technical feasibility of operating various technologies 
in the high field, and 

(b) The ability of GEM to achieve its main physics goals, given the 
new configuration, new systematic effects (e.g. in chambers), 
and possible reduced performance of some of the readout devices. 
This would involve both new device-performance studies, followed 
by simulation studies. 

In addition to these specific concerns, there are the general concerns 
of the GEM Committee that: 

(1) There has been little progress in the development of a plan for 
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a complete experiment. The need to provide a complete experimental 
design was first discussed with the proponents in April. Since that time, 
there has been insufficient dialog between the HFO proponents and the 

Press RETURN for more ... 

MAIL> 
#40 10-SEP-1991 12:10:44.62 
various subsystems to expose the problems. The HFO group itself has 
not demonstrated any examples of viable alternative approaches, to 
allow the GEM subsystems to function in the presence of difficulties 
such as those listed above. 

(2) There is insufficient basis to judge the feasibility of the HFO magnet, 
including issues of cost, technical and schedule risk. In particular, 
a plan to manufacture the magnet off-site, then transport it to the SSC, 
resulting in a substantial cost and/or time savings, has not been 
provided. 

In summary, there was an overriding concern that a decision 
now to change the baseline magnet would result in an unacceptable delay 
if the experiment. This delay would result from (1) the severe narrowing of 
choices, (2) the inability to use much of the R&D on these systems which 
has already taken place (3) a complete reordering of our priorities 
and schedules for selecting the subsystems, and (4) our inability 
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to reconsider, recompile, and present a complete case for a superior 
experimental design to the PAC within a sufficiently short time. 
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In the light these considerations, the Committee concluded that it 
would not be constructive to ask the HFO group to provide "answers" to the 
many specific concerns. It is the consensus of the group that the High 
Field Option would not be accepted as the basis of the GEM design at this 
time. 

The GEM Collaboration may, however, reconsider the High Field option 
fully if some major technical obstacle arises which jeopardizes the 
implementation -- within the cost constraints, and on schedule -- of 
the baseline magnet. The cost and schedule of the baseline magnet is 
expected to be well-understood by the time the Magnet Review Committee 
finishes its work in early October. 
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In conclusion, the GEM Decision Group has considered the substantial potent 
ial 
advantages of the High Field Option, and has tried to weigh these advantages 
against the specific technical problems which it entials. We also have 
tried to consider the possibilities for incorporating it into GEM. 
We greatly appreciate the work and merit of the ideas presented by the 
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proponents of the HFO, and now hope that they will join us on GEM, 
to work together towards our common physics goals. In addition to future 
work on the high field magnet option, we suggest that we work together 
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to integrate the proponents of the HFO into several aspects of the principal 
GEM baseline activities. We also propose that if we decide to adopt the HFO 
as the basis of the GEM design at some future date, that we all join together 
with the HFO group to develop it into a complete experiment. 
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Abairaci 

We present an alternative approach for muon detection at the SSC based on a 
high field magnet (B = 5 Teala) of "moderate" dimen•ions (radius = 3.5 m; overall 
length= 15 meters). A precision determination of a muon's momentum is made using 
a point-slope method, where the point is the interaction point and the slope is the 
direction of the muon's track as it enh the magnet coil. Momentum resolutions on 
the order of 1!.Pt /Pt ~ 4 3 are poesible over large solid angles for muon momenta as 
high as 1 Te V with rather modest alignmen~ ("" 200µm.) tolerances, with standard drift 
chamber resolutions ("" lOOµm.), and with no reliance on the performance of an inner 
tracking system. Robustne11 is provided by additional momentum measurements in 
the inner tracker and in a solid iron spectrometer based on the magnet's return yoke. 
The total coat of the system, including a proper magnetic shielding for the magnet 
and a forward-backward iron-core toroid muon detection system with 1!.p / p ~ 93, 
is comparable to that of the low-field GEM-baseline approach without a magnetic 
fill% return and with no forward-backward muon system. The magnet leaves the same 
amount of space for inner detector items as does the large, low-field L •-type system, 
while providing a substantially higher :magnetic field in the inner tracking volume. 
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1 INTRODUCTION 

1.1 Review of the GEM-baseline Scheme for Muon Measure­
ments. 

The central theme of the GEM-baseline detector design is its emphasis on precise mea­
surements on gammas, electrons and muons. The detector concept, as presented in the 
group's ExpreBBion of Interest (EOI) [1], is dominated by a large (inner radius = 8.5 m; 
overall length = 28 m), relatively low-field (B = 0.8 Tesla) solenoid magnet that supports 
an air-core muon spectrometer situated radially outside of an inner tracker system and elec­
tromagnetic and hadronic calorimeters. All detection elements are inside the coil. The muon 
spectrometer, which extends radially from R = 3.6 m to 8.5 m, determines muon momenta 
by a measurement of the sagitta of the muon's trajectory in the solenoid's magnetic field 
(see Fig. 1). The alignment tolerances of the muon spectrometer system are controlled by 
the requirement of a precise measurement of the trajectory's sagitta 6, where 

6(mm) = 0.3B(Tesla)L2(m) ~ 0.75 mm . 
8p1(TeV/c) p1(TeV/c) 

Thus, a l!i,.pefp1 ~ 5% measurement at p1 = 0.5 TeV /c requires a..., 75µm resolution on the 
sagitta measurement, placing strict requirements on the alignment of the various elements 
in the muon spectrometer. These precise alignment tolerances for large chambers separated 
by large distances (aR..., Sm) result in a muon system that accounts for the largest part of 
the estimated cost for the GEM-baseline detector. 

While the proposed muon spectrometer gives the desired 5% resolution (at p1 = 0.5 TeV /c) 
over the central region of the detector (i.e., for 1111 < 1.4), the resolution for larger 1711 values 
rises rapidly, as can be seen in Fig. 2. Improvements in the resolution in the forward direc­
tion will require systems that cover very large areas. The GEM-baseline magnet provides a 
rather modest field of only 0.8 T in the inner tracking region. As a result, the EOI projects a 
momentum resolution for the inner tracker of l!i,.p/p ~ 130% p(TeV /c), which precludes, for 
example, the ability to measure electron charges reliably for momenta above ..., 200 GeV /c. 
Moreover, the size of the magnet makes the provision of a proper path for returning its 
magnetic :flux difficult. Three approaches for dealing with the magnet's return field have 
been suggested: 

1. a p&&sive iron return, which would require approximately 25,000 metric tons of iron 
and an increase in the radial dimension of the detector by ..., 2m; 

2. a second superconducting coil of even larger radius, whose sole function is to return 
the field; 

3. no flux return at all. 
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Figure 1: A cross section of the GEM-baseline detector illustrating the sagitta technique 
used for muon momentum measurements. 

The first two approaches add substantially to the cost of the detector and interaction hall 
( t.cost<:: S50M), and the last approach results in significant magnetic fields extending for 
some distance above ground level near the detector area. 

1.2 The Proposed High Field Option 

In light of the limited 'I coverage for muons, the momentum resolution of the inner tracking 
system, and the ilux return concerns of the GEM-baseline detector arrangement, we propose 
an alternative approach to muon detection, one that emphasizes excellent resolution for very 
high momenta over a larger solid angle, and is based on detection elements with alignment 
tolerances that are an order-of-magnitude less demanding than that of the EOI concept. 

Our proposed system, illustrated in Fig. 3, is based on a high-field (B = 5 Tesla) magnet 
with dimensions (inner radius = 3.5 m, overall length = 15 m) selected to have minimal 
interference with the other detection systems. We estimate that the costs of our proposed 
system, which includes a properly shielded magnet and iron-core-toroid muon spectrometers 
covering the forward-backward regions (I'll $ 3.5), are comparable to those of the GEM­
baseline system. 

1.2.1 Point-Slope Measurements of Muon Momenta 

In our proposed high-field scheme, we abandon the reliance on a sagitta measurement for 
the determination of muon momenta and employ instead a point-slope measurement. For 
the point, we exploit the precisely known transverse position of the interaction point; for the 
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Figure 4: A cross section view of the proposed system illustrating the technique used for muon 
momentum measurements. The angle a is inversely proportional to the muon's transverse 
momentum. 

slope, we use the angle of the muon's trajectory (relative to the radial direction) as it emerges 
from a solenoid coil situated radially outside of the inner detector, as illustrated in Fig. 4. 
We estimate that a 15 m-long superconducting coil with inner radius R = 3.5 m (about the 
same as the inner radius of the inner muon chambers of the GEM-baseline design) can have 
a field of B = 5 Tesla for approximately the same cost as the large (28 m-long, R = 8.5 m) 
low-field (B = 0.8 Tesla) magnet described in the GEM group's EOI. A magnet coil of this 
size leaves the dimensions of the inner detector essentially unchanged. 

The momentum of the muon can be directly inferred from the angle between the track 
vector and the radial direction (the angle denoted as a in Fig. 4) as: 

a(mrad) = 0.3B(Tesla)R(m) ~ 2.7mrad . 
2p,(TeV /c) Pe(TeV /c) 

The fundamental limit on the precision of this measurement derives from the multiple scat­
tering of the muons in the material of the inner detector, given by therms multiple-scattering 
angle Bm., where 

fJ.,.. ~ 0.014(GeV) fI... 
p v;;; 

Here, z/zr1 is the amount of material in the inner detector and magnet coil in units of 
radiation lengths. For the inner detector, we take the the amount of material at (J = 90° 
to be z/z.1 ~ 130, which allows for a 30 z,1 EM calorimeter, an 8~ (~ 80z.1) stainless-steel 
radiator hadron calorimeter and a 20zr1 "thick" superconducting coil and cryostat. In this 
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oa < 0ms 

Figure 5: An illustration of the correlation between the multiple scattering angle 6.,.. and the 
error in the radial direction caused by the multiple scattering induced transverse displacement 
of the trajectory. The resulting error in a is smaller than 6.,,. •. 

configuration, the multiple scattering uncertainty is 

6 
_ O.I6mrad 

m• - p1(TeV) ' 

and a simple estimate of the limiting precision on t::..pe/ p1 is given by 

t::..pi ~ 6"'· = 0.06, 
Pi a 

which (at 6 = 90°) is independent of p,. In fact, a more precise calculation indicates that 
the situation is somewhat better than this. Multiple scattering, in addition to introducing 
an uncertainty in the angle a, produces a transverse displacement that is correlated with the 
multiple scattering angle. This translation results in a change in the inferred radial direction 
that partially compensates the uncertainty in a, as illustrated in Fig. 5. The a distribution 
for a complete GEANT simulation of a sample of 1 TeV /c muon tracks, including, plural- as 
well as multiple-scattering, is shown in Fig. 6. Here the multiple-scattering limit on muon 
momentum resolution is just therms width of the distribution, which is t::..p1/p1 = 4.13. 
Simulations for 100 GeV /c muon tracks yield the same multiple scattering limit on the 
resolution. 

The multiple scattering limit sets the scale of precision required for measurements­
for measurements up to p1 - 1 Te/V / c, the angle of the track exiting the coil must be 
measured with a precision that is :5 0.1 mrad, This can be readily done in a radial space 
of t::..R - 1 m using conventional tracking systems. The track's exit position from the 
coil relative to the interaction point is used to define the radial direction and must be 
known with a precision of < 350µm. This sets the scale for relative alignment requirements. 
Thus, systems with conventional alignment tolerances will provide an excellent momentum 
resolution of t::..pif Pl ~ 5 3 for p1 up to - 1 Te V / c! (For Pi values above 1 Te V / c, the 
- 0.1 mrad measuring precision results in a gradual deterioration in l:J,.p/p.) The a.hove 
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Figure 6: The distribution on a from a simulation of 1 Te V / c muons. The rms spread is 
0.11 mrad. 

discussion is for (J = 90°. The results of an analysis of our proposed system extended over 
all angles and for a variety of muon momenta are shown in Fig. 7. Also shown are the 
expectations for the GEM-baseline design. 

(If, in addition to the extema.l measurements, a single position measurement, with a 
spatial precision of fT - 50µm , is used from the outer region of the inner tracker, the 
resolution can be further improved to the -3% level. In Fig. 8, we show the expected 
resolution for the case where an inner tracking coordinate at R = 75 cm with a precision of 
-50µm is incorporated into the momentum measurement. Of course, if the complete track 
is found in the inner tracker, a totally independent momentum measurement can be made 
and used to improve the overall resolution.) 

1.2.2 Forward-Back-rd Muon Coverage 

If one is to accomplish the physics goals of a high-p1 detector at the SSC, momentum reso­
lutions must not deteriorate at 1111 - 1.5, as it does in Figs. 7 and 8. For example, Fig. 9 
shows the efficiency for detecting all four muons from the reaction 

PP- Higg11 + X; 

for difFerent Higgs' masses as a function of the maximum 1111 value of the muon acceptance [2]. 
From the figure it is dear that there is a premium on having good muon detection down to 
1111 = 3 - 3.5, particularly for lighter Higgs' masses. If one is restricted to 1711 5 1.4, the 
efficiency for this reaction is limited. (This is particularly true for Higgs masses below 2Mz, 
where the Higgs- z• z• decay channel is important. Here, since the Higgs is relatively 
light, it tends to be produced in the forward direction, and, since the branching ratio is 
small, event rates are small and good efficiency is important.) 
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tance (from ref. 2). 

To provide adequate momentum resolution in the forward-backward region, we propose 
to incorporate iron-core toroids covering the 2 $ 1'71 $ 3.5 region, as indicated in Fig. 10. 
Two 2-meter thick toroids at each end of the detector will provide a multiple scattering 
limited momentum resolution in this region of !l:p/p ~ 9%. Here, the relative compactne11 
of the high field system allows this to be done with R ~ 5 m toroids; each toroid weighs 
about 1.2 ktons. With this system, we get reasonable muon coverage out to 1'71 $ 3.5. 
Figure 11 shows ll.p1/p1 va 1'71 for the complete system. 

1.2.3 "Robustne11" 

The measurement of a Bingle, straight-line track segment by itself would hardly qualify as 
a "robust" measurement. A low-momentum track could scatter through a large angle and 
emerge from the coil near the radial direction, faking a high momentum track. Therefore, 
the track segment measurement must be tightly constrained by other measurements in the 
system, both at the trigger level and beyond. In our proposed system, we use the measure­
ment outside the coil to infer the position of hits both in the inner-tracking system and in a 
second outer-tracking system located behind the iron :Bux return of the magnet. 

Comparison with Measurements in the Inner Tracker The track coordinates and 
momentum determined in the tracking system just outside of the coil (which is subsequently 
referred to as the "middle tracker") can be used to extrapolate to the inner tracking device 
and correlated with measurements of the same track there. Thia is similar to the constraint 
used in the GEM-baseline design. (This is the only constraint in the baseline system.) All 
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things being equal, the comparison in the high-field system is more meaningful because the 
higher magnetic field will facilitate a better momentum resolution in the inner tracker. 

Comparison with Measurements in the Outer Tracker At very high luminosities 
(e.g., in excess of 1014cm-2s-1 ) the performance of the inner tracking device may be com­
promised. Therefore, we place our emphasis on constraints that are independent of the inner 
tracking system. 

In our proposed system, the magnetic flux produced by the superconducting coil is re­
turned through an iron yoke with a radial thickness of t::.R = 2.25 m, as shown in Fig. 3. 
The magnetic field in the iron is around 2 Tesla and is approximately perpendicular to radial 
particle trajectories for 1'71 < 1.75 (8 > 20"). Thus the flux return is well suited for use as 
the bending element of a second muon spectrometer. A tracking system situated outside 
of the return yoke (the "outer tracker") measures the exit position and slope of the muon's 
trajectory as it exits the iron. 

Measurements of a muon's position and i.ngle in the middle tracker uniquely predict the 
position and slope of the track when it emerges from the iron return yoke. A high momentum 
muon will emerge from the iron yoke very near the radial direction; multiple scattering in the 
2.25 m (125 x,.1) thick iron smears the exit angles by about 0.15 mrad/p(_TeV /c). The exit 
position (in the bend plane) of the track from the iron return can be used to make a second 
determination of the momentum: the difference between the straightline extrapolation of 
the track in the middle tracker and the measured exit position (i.e., t::. in Fig. 4) is 

t::.(mm) _ 0.3B(Tesla)L(m)2 
_ l.9mm 

- 2p(TeV /c) - Pa(TeV /c) · 

Multiple scattering smears the exit position of the muon introducing an uncertainty oft::.,,.. ~ 
270p.m/ p(_Te V / c ), which limits the resolution of the second momentum measurement. H the 
exit position is measured with a precision of 200p.m, the second momentum measurement will 
have a resolution of t::.p/p ~ 18% for 1 TeV /c muons; for 500 GeV /c and below, the effect of 
the measurement error becomes negligible and the resolution is ~ 15%. This measurement 
can be compared with the measurement of the angle a in the middle tracker, providing a 
powerful constraint. The results of a GEANT simulation for the exit angle and position for 1 
TeV/c tracks when they emerge from the iron return yoke are shown in Figs. 12 (a) and (b), 
respectively. The width of the t::. distribution in Fig. 12 (b) reflects the multiple-scattering 
limits on the second momentum measurement as discussed above. (The simulation includes 
single and plural scattering.) The result1 of a simulation of a sample of p = 100 GeV/c 
muons produced the expected results with no surprises. 

Measurements in the outer tracker are performed in a very quiet environment-the ma­
terial between the interaction point (25l at 90° and more at smaller mifes) and the outer 
tracker reduce the particle fluxes in the wont locations to - lHz/cm . The requirement 
that the measured exit position agree with the value predicted by the middle tracker with 
an rma precision of 270p.m provides a powerful (two-dimensional) constraint. While these 
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Figure 12: (a) The distribution in angle of 1 TeV /c muons emerging from the iron return 
yoke (at 90°). (b) The distribution in the displacement~ of the muon's trajectory from its 
straight line extrapolated position for a sample of 1 TeV muons. 

constraints provide powerful handles for rejecting background, they correspond to rather 
comfortable precision requirements on the angle(~ lOOmrad) and position(~ 200µm) mea­
surements in the outer tracker. The relative alignment requirements between the middle­
and outer-tracker are about an order-of-magnitude less demanding than is the case for the 
relative alignment of the different muon chambers in the GEM-baseline system. 

In summary, "robustness" is provided by redundant measurements of the track param­
eters in the inner tracker, the only constraint available to the GEM-baseline system, and 
by the correlations with the position and angle of the track as it emerges from the magne­
tized iron return yoke of the solenoid. The latter constraints, which do not obtain in the 
GEM-baseline design, will be available in the event of high luminosity running, when the 
operation of the inner tracker may be severely compromised. 

Further questions that relate to robustness, such as the expected particle rate at each 
detector element, the "corruption" of muon trajectory measurements by accompanying delta 
rays and electromagnetic "debris," and estimates of the effectiveness of the track constraints 
are being studied. These studies are discussed in more detail in Section 2 below. 

1.2.4 Triggering 

The simplicity of the muon measurement scheme, namely the measurement of straight­
line track segments in the middle and outer trackers, allows one to generate simple but 
powerful triggers both at Level-1 and Level-2. The angle a is inversely proportional to the 
muon's transverse momentum; a requirement that a ~ 270 mrad corresponds to a transverse 

13 

C: 



momentum selection of Pt~ 10 GeV/c. Using ISAJET, we estimate that the requirement 
that a ~ 270 mrad, corresponding to the indication of a particle track in a coarse (- 27 cm 
wide) radial road, together with the presence of some hit& nearby in the outer tracker provides 
a Level-1 trigger that is efficient for Pt ~ 10 GeV /c muons and has a rate of 1 KHz at the 
SSC design luminosity of 1033cm-2s-1 • Since this is an order-of-magnitude lower than the 
rate necessary for a Level-1 trigger at the SSC, the same scheme should be applicable for 
operation at luminosities of 1014cm-2s-1 • 

For Level-2, the position of the muon track in the outer tracker can be correlated with the 
extrapolated position from the middle tracker measurement to make a more precise selection 
of the muon's transverse momentum. A ±5 cm correspondence is equivalent to a selection of 
Pt > 40 GeV /c, which will have a rate of a few hundred Hertz at a luminosity of 1033cm-2s-1 • 

1.2.5 Effects on the Rest of the Detector 

While the dimensions of the inner detector elements have not been changed, the presence of 
the stronger field in the inner detector region necessarily has significant effects. We discuss 
a few of them. · 

Effects on the Physics Capabilities of the Inner Detector The presence of a stronger 
field will have a beneficial effect on the capabilities of the inner tracking system. As noted 
above, the anticipated momentum resolution of the inner tracker for the 0.8 Tesla field in 
the GEM-baseline design is ll.p/p ~ 130%p(TeV /c). In the high field case, if a similar 
tracking precision is obtained, the momentum resolution in the inner tracking system will 
improve by a factor of six to ll.p/p ~ 22%p(TeV/c). With such resolution, reliable(> Su) 
measurements of charge can be made up to momenta of 900 GeV, permitting, for example, 
the use of electron decay channels in the study of the production of high-p, w+w+ and 
w-w- pairs, the so-called guaranteed discovery reaction at the SSC [3]. Here reliable 
charge determination is needed to distinguish like-sign W-pairs, where the signal dominates, 
from unlike-sign pain, which are dominated by background processes. The ability to use the 
electron and muon decay modes provides a nominal factor of four improvement in event rate 
over the case where only muons can be used. The rates for these processes are marginal. The 
improved efficiency provided by the electron channel is crucial for accessing this important 
area of physics. This reaction is discussed below in Section 4.5. 

A potential problem in a detector with a high magnetic field is the spreading of the 
charged particles in a hadron jet before they enter the calorimeter, thereby reducing the 
effectiveness of jet clustering algorithm1 and particle isolation cuts. We have studied this in 
some detail and have concluded that it does not present a significant deterioration on the 
physics performance of the detector. This is discussed below in Section 4.3. 

Effects on the Performance of the Inner Detection Elements Our proposed system 
places a number of constraints on the elements of the inner detector. For example, the 
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momentum resolution in the muon system is limited primarily by multiple scattering in 
the material of the hadron calorimeter. Thus, we prefer that the calorimeter's radiator 
be a relatively low-Z material such as iron (stainleas steel) or copper, rather than lead 
or uranium. The high field probably precludes the operation of vacuum photodiodes for 
reading out scintillation light. Thus, for the case of the BaF option for EM calorimetry, 
alternative readout systems, such as proportional-wire readout using TAME, would have to 
be employed (assuming that the systematic calibration effects inherent in this scheme are 
resolved). We have investigated the effects on resolution of cryogenic liquid calorimeters, 
caused by the curling up of secondary particles produced in the entrance window before 
they reach the sampling medium, and see only a small degradation between 0.8 and 5 Tesla 
(see the discu11ion in Section 4.2). For a tracking radius of 75 cm, a 5 T field will cause 
an increase in the number of curling tracks. Moreover, the increased Lorentz angle results 
in longer drift times in gas drift devices such as straw tubes. The combination of these 
effects results in serious occupancy problems for straw-tube-type inner tracking elements. 
We discuss problems in the inner tracking system in Section 4.1, where we argue that, at 
least for operation at 1013cm-2s-1 , silicon strip and gas microstrip detectors will function 
well in the 5 Tesla environment. 

1.3 Summary 

In the following sections we provide supporting evidence for the claims made in this introduc­
tion and compare the capabilities of our proposed system to those of the GEM-baseline con­
figuration. 

To summarize, we list some attributes of our proposed high field system: 

• An iron return yoke is provided, eliminating magnetic fields at the earth's surface. 

• Excellent muon momentum resolution, particularly at high momentum (better than 
that of GEM-baseline for muons with p1 > 300 GeV). 

• Good muon coverage down to I'll ~ 3.5. 

• Significantly relaxed alignment requirements. 

• Very robust muon detection: 

!::..p/p ~ 4% without reliance on the inner detection system; 

redundant measurement of muons behind the iron return yoke. 

• Simple muon triggering (behind;:: 25~ of material). 

• A high magnetic field for the inner tracker system 
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2 Muon Detection Simulation 

In this section we consider the details of the design of the post-coil muon tracking system. 
An important consideration in the design of a muon spectrometer for SSC detectors is the 
effect of showers induced by the muon traversing material (muon radiation and delta-ray 
production). These accompanying showers may obscure the muon track and worsen the 
effective resolution of the system and have the potential for producing fake high Pt triggers. 
In order to optimize the cell size and the number of layers required for accurate and redundant 
measurements, the nature of these backgrounds must be well understood. We are studying 
these effects in our proposed geometry by means of a GEANT simulation. 

As can be seen in Fig. 4, there are three separate muon track measurements, the "inner 
tracker" surrounding the interaction point, the "middle tracker" in the region between the coil 
and the iron ftux return, and the "outer tracker" beyond the iron yoke. Here we summarize 
initial results from a study of the eft'ects of muon-induced showers on the ability to measure 
the angle a in the middle tracker. Ha particle accompanying the muon as it pasaea through 
a drift chamber element is closer to the wire than the muon, it results in an incorrect position 
measurement and a worsening of the resolution. (Not yet considered in this program is the 
eft'ect on pattern recognition and triggering of extra cells in a layer that may be hit. While 
this has to be studied in detail, we expect that our proposed geometry, with its three separate 
muon track measurement, has an advantage over that of GEM-baseline both in resolving 
the track ambiguities and rejecting the fake triggers introduced by such particles.) 

The uncertainty in the measurement of the angle a has a contribution from multiple 
scattering in the calorimetry (here we assume a thickness of llOz,.1) and coil (20z,.1) of 
tr ~ O.llmrad/Pt(TeV /c), provided that the exit position is well measured. Thus, for a 
measurement to be limited by this multiple scattering uncertainty, the muon system must 
not provide any significant additional contribution to the determination of a. For a 1 TeV /c 
muon over ..., lm tracking length this amounts to a spatial position resolution at the track 
ends of 50f.lm or better. Assuming the typica.l aingle cell resolution is near 100f.1m, a minimum 
of 4 layers of cells at the exit of the coil and 4 layers of cells before the fiux return are 
required. However, because of muon-induced showers, hit measurements can be compromised 
by an accompanying particle. These extraneous hits can be recognized by the track :fitting 
algorithm and removed from the :fit, but at the cost of reducing the number of cell layers in 
the :fit and worsening of the resolution. The frequency of occurrence of these compromised 
cells and/or its impact on the measurement can be reduced by decreasing the cell aize, or 
increasing the redundancy of the system by adding more 111.yers of cells. Ultimv.tely one has 
to optimize both the cell size and numbers of layers. 

2.1 The Simulation 

To understand b&ckgrounds from muon-induced showers, it is very important to simulate in 
detail the :final layers of mv.terial before the muon system as well u the muon system itself. 
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Figure 13: The muon chambers layer geometry used in the simulation 

For this study the simulated calorimeter was a homogeneous mixture of absorber (Pb in the 
electromagnetic portion and Fe in the hadronic section) and scintillr.tor. The detail& of the 
coil and chambers used for the simulation are shown in Fig. 13. For the muon chambers, the 
cell design proposed by L. Osborne et al. [4] is used. The cells have 2 mm thick Al walls (it 
was recently proposed to reduce this), and 2.5cm square drift cells with a sense wire down 
the center. The resolution of these cells has been demonstrated to be tr - BOµm [5]. We use 
the GEANT program, a GEANT simulation of showers induced by 0.5 TeV /c muons was 
found to be consistent with experimental measurements in a Fermilab muon beam. For the 
material of the calorimeter, coil and ilux return, the energy cutofra in GEANT for electrons 
and gammas were set to 1 MeV, since charged particles with energy below this would not 
penetrate the 2 mm thick Al walls of the drift chambers. However, in the material of the 
drift chamber walls and in the Ar-isobutane cell gas, 10 KeV cutoffs were used in order to 
simulate the sensitivity of the drift chamber cells to very low energy charged particles. 

A configuration of two superlayers with each superlayer consisting o{ 8 layers of cells was 
positioned in the middle tracking region as shown in Fig. 13. By adjusting the thickness 
of the ilux return iron, the field strength in the middle tracking region can be "tuned" 
from zero to a few kG. To consider the benefit of a field in this region, the simulation was 
performed both at zero field and 2 kG field in the middle tracker, with the field direction 
along the length of the cells. Single muons with incident momenta of 1 TeV /c (at the l.P.) 
are propagated through the detector. Only a 90° incidence angle has been thus far simulated. 
The position and 4-momentum is recorded for particles in the chamber layers as they croH 
the plane containing the wires (mid-point of the cell). After the GEANT simulation, the 
event records are then read back by an analysis routine which constmcts the response of 
individual cells. The cells in even-numbered layers are offset by 1/2 cell width from those 
in the odd-numbered layers. The positioning of the entry point o{ the muon relative to 
the "wire" in the first layer of the first superlayer can be adjusted. As a test, the entire 
configuration of cells was shifted with respect to the muon entry point by 0.62 cm in the X 
direction with no discemable change in the results. 
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Figure 14: The distribution of the total number of cell1 in the middle tracker which are hit 
by the 1 TeV /c incident muon and its accompanying particles. 

2.2 Results 

Figure 14 shows, both for B = 0 (a) and B = 2 kG (b ), the distribution of the total number 
of celll in the middle tracker that are hit by the 1 TeV / c incident muon and its accompanying 
particles. As expected, this distribution peaks at 16 (total number of layers in the middle 
tracker) with a tail at larger values coming from muon-induced showers. As noted above, 
this study only concerns itself with the 16 celll which the muons traverse. Figure 15 shows 
the number of total layers (out of 8) in each 1uperlayer in which the muon was the particle 
that came nearest to the wire ("good hit") in the cell it travened. The probability that all 
8 layen in a 1uperlayer are "good" ranges from 67% - 69% for zero field to 70% • 16% for 
2 kG field. Al expected, the presence of some magnetic field in the tracking region &erftll 

to suppress the background from muon-induced delta-rays by sweeping them out. Alao as 
expected, the superlayer farther away from the material of the coil is somewhat cleaner. 

As noted above, the required 1patial resolution can be obtained with a minimum of four 
cell layers in each superlayer. To comider thil requirement in detail we can examine the 
probability of having at least four "good" bit layers in the ti.rat N layers of a superlayer 
where N = 4,5,6,7,and 8. Thia is plotted in Fig. 16. As can be seen the probability for at 
least four "good" celll increases from 80% (86% at 2kG) for N=4 layera to 94% (96% at 2kG) 
for N=8 layers. Finally it was found that for a middle tracker with eight layers of chamben 
in each of two superlayera, 92.5% (94.9% at 2 kG) of lTeV /c muons produce at least four 
"good" hits in each superlayer. 
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2.3 Conclusions 

Of order 16 layers of 2.5 cm c:ell8 will provide sufti.cient redundancy for efficient muon mea­
surements in the middle tracker. With multi-hit electronics, the number of compromised 
muon cells could be further reduced, allowing for further reduction in the number of layers 
and corresponding reduction in the channel count and cost. Further simulation will continue 
to consider other candidate technologies for muon detector components in GEM and to con­
sider pattern recognition in the high track multiplicity even.ta, where the linkage between the 
track in the outer tracking region to that in the middle tracker will be used to help identify 
the actual muon hits. 

3 Magnet and Mechanical Support 

Our proposed geometry oft'era significant 1implifi.cation in the mechanical support •Yltem 
and the coil. The iron flux return 1erve11 u an excellent structural element for supporting 
the muon tracking systems. Coupled with the leu stringent alignment requirements for 
these systems, this oft'en potential cost and scheduling advantages. In addition, the coil 
is sufti.ciently small to allow for transportation to the laboratory site, thus de-coupling the 
magnet production schedule from land acquisition, factory construction, and other activities. 
We are undertaking two studies on the mechanical support and the magnet coil. We report 
preliminary, but encouraging results. 

3.1 Magnet 

The superconducting magnet has an inner radius of 3.5 m to keep the the dimensions of the 
inner tracker and calorimetry the same as for the current GEM-baseline design, and a total 
length of 15 m to enhance the 'I accepta.nce of the central muon system. The current choice 
of the central field of B = 5 T is a parameter in our study. For this design the total number 
of ampere-turns is 6.1 x 107 with a total stored energy of 6.1 x 109 Joules. Iron is provided 
for the flux return, bringing the fringing field at 60 m from beam to less than 4 gauss. The 
current structural design calls for two separate half-coils a.nd supported from the iron by 
a diaphragm as shown in Fig. 17. The diaphragm also supports a stainless steel cylinder 
within which are mounted the calorimeter a.nd inner tracker. The "barrel" iron, as shown 
in Fig. 18, can be built in either eight or sixteen sectors, with eight preferred for reasons of 
economY (fewer welds, supports, bolts etc.). 

Figure 19 shows a field map for the configuration discussed above. Figure 20 shows how 
the magnetic field drops ofF with radius. The cost of the coil has been estimated as between 
S70-100M [6). We are currently undertaking a study to make a more thorough estimate of 
both the cost and schedule of magnet construction. 
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Figure 18: An end view of the barrel iron showing the overall support. 
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3.2 Mechanical Assembly and Support 

The inner detector is assembled into a cylinder that captures the superconducting coil and 
is supported from its ends and by a mid-plane diaphragm as shown in Fig. 17. While the 
study of mechanical design is in a preliminary stage, one can draw some conclusions about 
the advantages of our proposed geometry over that of the GEM-baseline configuration: 

1. The schedule for the construction and implementation of the coil is relatively indepen­
dent of the rest of the detector. 

2. The total size of the detector is considerably smaller that the planned experimental 
hall, allowing for fiexibility in installation and maintenance of the detector. 

3. The alignment tolerances are less stringent. 

4 Effects of the High Field on Physics and Detectors 

We discuss here a few of the effects of the high field on the detector performance and physics 
signals. For the sake of brevity we will discuss only those issues where the increased magnetic 
field has been thought to have a negative impact on the detector performance, as well as 
at least one important physics signal where the enhanced performance provided by the high 
field is of crucial importance. 

4.1 The Effect of the Field on the Inner Tracker 

The increased magnetic field in the inner tracker causes an increase of the Lorentz angle and 
drift time for all drift devices. In addition, the higher field results in an increased number 
of low Pc particles with closed orbits in the inner tracker, i.e., "looper&." These two eft'ects 
combine to increase the occupancy in straw tube-type trackers to uncomfortable levels. 

In an 0.8 T field, a 2mm straw tube will have a drift velocity of 40µm/nsec. For a 
collection time of 50 nsec the inner tracker will have 12% average occupancy at standard 
luminosity. In a 5 T field, the eft'ective drift velocity is slower, about 25µ.m/nsec, causing the 
average occupancy to rise to 383. More seriously, 13% of the events will have an average 
occupancy of 63%. This appears to preclude the use of straw-tubes with the 5 Tesla field. 

There are, however, other likely technology choices for the inner tracker, among them 
silicon (strip or drift) devices and gas microstrip chambers (GMC), which can function well 
in the high field environment. 

Silicon strip detectors necessarily have small cells in order to achieve good resolution, and 
drift distances of only a few hundred microns. Our simulations indicate that even in the 5 T 
field, a standard silicon strip detector will have an average occupancy of only 0.19%, which 
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should not poae a serious problem. In silicon drift devicet the Lorentz angle is relatively 
small (20 degrees) and could, in principle, be compensated by a re-orientation of the devices, 
although a full mechanical design has yet to be worked out. The high field configuration will 
benefit from current R&D on silicon strip and silicon drift within the GEM collaboration. 

Various attempt• haw been made to develop devices which are inaensitive to looping 
tracks, foremoat among them are the gas microatrip chamber• proposed by the L* LOI [7) 
and independently at CERN by F. Udo (8). In principle, theae devices aolve the three major 
problema of tracking in high magnetic field1 at standard-to-high luminoaity: large Lorentz 
angles, long drift timea and "loopera". The Lorentz angle effect is minimized by using low 
mobility high drift velocity gas (DME/002) and drifting axially within 20° of the magnetic 
field direction. The drift time ii minimized by using a 3 mm gap with a collection time of 15 
to 30 naec depending on the incident angle. The 1trips can be arranged to be preferentially 
sensitive to radial tracks and haw reduced 1ensitivity to wide angle, looping tracks. 

A typical GMC is a 10 by 10 cm glass 1ub1trate (150 microns thick) covered by a thin 
metal film upon which microatripa are etched in the form of cathodea and anodes with 200 
micron pitch. Tracks are incident nearly normal to the strip• and pass through a 3 mm gas 
volume which is sealed by alnminized mylar. The devices are arranged so that the strips 
are oriented nearly radially so that high p1 radial tracks deposit all of their ionization on 
one or two microatripa while large angle tracks spread their ionization over many strips, 
lea.ding to a reduced pulse height on any gi'Vell strip. Analog, or posaibly digital (yea/no), 
readout of 1trip1 ia poasible and the discriminator threshold can be aet to reject loopen. 
Measurements reported by F. Udo [9) showed resolutions of tT = 44pm and a 98 % efficiency. 
Small angle stereo can be obtained with 1 mm radial reaolution by tilting adjacent 10 by 10 
sections by ±20 milliradians. An arrangement suitable for the inner tracker will have about 
10,000 elements (10 cm by 10 cm each) and aeveral million readout channels. The cost of the 
readout can be minimized by using digital readout of the channels. The obtained resolution 
would be comparable to the current GEM-bueline inner tracker resolution. 

In conclusion, the increased magnetic field may make it necessary to uae either silicon 
or Gas Microatrip detecton as the primary elements of the inner tracker. While more R&:D 
is needed, there are of strong efforts in both of these areas proceeding in a number of 
laboratoriea. Howe'Ver, our propoaed system, unlike the GEM-bueline scheme, does not 
rely on the inner tracker for a aecond muon measurement, thereby alleviating some of the 
:riab asaociated with the general problem of tracking at the SSC. 

4.2 The Effect of the Field on the Endcap Region of the Middle 
Tracker 

The middle tracker elements in the endcap regions must function in a 5 Tesla magnetic field. 
Theae chambers are, hoWC'Ver, shielded from the interaction point by about l~ of material 
and we estimate that the rates in this region are a rather manageable few Hz/cm2 • Thus, 
drift chambers can operate in this region without the occupancy problema that exist in the 
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inner tracking region. 

Some of the proponents of this proposal have considerable experience with the operation 
of drift chambers in the B = 3 Tesla field of the AMY detector. There we find that with 
care, the effects oflarge Lorentz angles and complex drift trajectories can be understood and 
spatial resolutions comparable to those obtained in the absence of a field can be acheived [10]. 
The AMY experiment has recently installed drift chamber arrays in the endcap regions in 
a configuration quite similar to that required for the end cap region of the middle tracker. 
Experience with the AMY endcap chambers will be directly applicable to the design and 
operation of the chambers required for this proposal. 

4.3 The Effect of the Field on Calorimetry 

The 5 Tesla magnetic field places constraints on the use of phototubes for light readout. 
However, many of these constraints are also present at the 0.8 T level. Cryogenic calorimetry 
(e.g. liquid argon and liquid xenon), which is among the final list of options being considered 
by GEM, can work in large magnetic fields. The readout of a liquid argon calorimeter (in 
an "accordion n configuration) is unaffected by the field. 

It has been suggested that the increased field might have a detrimental effect on the 
energy resolution of the electromagnetic calorimeter due to the fact that the low energy 
shower particles initiated in the cryostat wall will curl up and vanish in the cryostat material 
prior to depositing their energy in the sampling medium. We are studying this effect for a 
cryostat with a 2 cm thick room temperature Al wall, a 1.5 cm vacuum space and a 2 cm 
thick cold wall. The calorimeter is taken to be a repeating pattern of a 1. 75mm Pb radiator, 
followed by two 2mm argon gaps and a 3mm G-10 electrode. The mean energy deposited in 
argon is about 15.5%. 

The following table lists the values of the magnetic field, the incidence angle of the 
electron, the effective resolution (or the sampling term divided by the v'E), the average 
and rms spread of the energy lost both due to back scatter and to the cryostat wall. The 
amount of backscattered energy and the amount deposited in the front cryostat (dead) 
material increases somewhat with magnetic field, as expected, but the effect on the overall 
resolution is still not very large for normal entry. For large entry angles (60 degrees), the 
resolution for both the B = 0 and B = 5 T cases drops by about 1.5, which is consistent 
with change expected from sampling. There are detectable, but small (order 10%) changes 
in resolution when the field is turned on and off, but these are also close to the current 
statistical uncertainty of the EGS results. Consequently, our preliminary conclusion is that 
the effect of magnetic field, as such, is not very large (no more than a 15% degradation on 
the resolution). These studies are continuing. 
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Electromagnetic responae for a 4 cm thick Aluminum cryostat wall 
Field No Energy Type Theta Effective Bacucatter .Front Alum 
(T} Eventa (GeV} e/7 Deg Reaolution % E loat RMS % E loat RMS 

0.0 100 25 e 0 1.29 0.06 0.02 0.14 0.07 
5.0 90 25 e 0 1.27 0.33 0.12 0.25 0.08 
0.0 100 25 e 60 1.58 0.51 0.11 0.70 0.24 
5.0 74 25 e 60 1.78 1.01 0.21 1.02 0.28 

4.4 The Effect of the Field on Jet Detection 

The detection of hadron jeta at the SSC will rely primarily on calorimetry. A potential 
harmful eifect of the high magnetic field is the "spreadingP of particles in the jets with 
potential deterioration of jet energy and angular resolution. We have studied thia eifect for 
jets with momenta ranging from 20 to 5000 GeV. The relevant parametera are the fraction 
of the jet's "potentially observable energy,P i.e., the energy of the parent parton minua the 
energy of neutrinos, that is contained with an R cone of some value, and the rms fiuctuationa 
of this fraction. We define R in the standard fashion as 

The fiuctuations are important becauae even with no magnetic field one does not generally 
detect all the jet energy and an R- and energy-dependent correction factor must be applied. 
Figure 21 shows the ratio of the energy fraction contained within various R cones in a 5 T 
field to that with no magnetic field. Figure 22 shows the actual energy fractions and the rms 
ll.uctuations of these fractions for an R value of 0.8. The conclusion is that for low energy 
jets, a high field reduces the energy in an R cone relative to the no field case. However, 
the rms ll.uctuations are very nearly the same in both cases. Thus, although the higher field 
results in a larger correction factor, the jet resolution is not seriously compromised. 

4.5 The Effect of the Field on Isolation Cuts 

Another concern is the eifect of the field on isolation cuts of leptons outside the jet. There 
is the potential for the field to "sweepn particles from the jet nearer the otherwise isolated 
lepton and destroy the efficacy of the isolation cut. As a stringent test we chose to study 
the decay 

pp--. tl+X; t l--. w+ b w- b--. µ+µ- jeta, 

for a t-qua.rk mass of 200 GeV /c2 . The dominant backgrounds to this signal are the muons 
from the decays of b and c quarks. In Fig. 23 we plot the muon p1 spectra for the tl signal 
events (dotted line), the background from band c decays prior to any cuts (solid line), and 
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Figure 21: The ratio of the jet energy contained in a cone R for B = 5 T to that contained 
in the same size cone for B = 0 va the jet energy for various R values. 
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Figure 23: The trannene momentum di1tribution of the i1ol&ted lepton from a 200 GeV top 
decay (dotted line), c and b quark decays (solid line) and c and b quark decay after isolation 
cut (dashed line) for (a) no magnetic field, (b) a 5 T field. 

the b and c background after the application of the isolation cut requiring the total transverse 
energy in an R = 0.4 cone around the muon be below 10 GeV (dashed line). (Thia i1 the 
cut used in many simulated top analy1e1 for SSC experiments.) 

Figure 23 shows the effect for no magnetic field (a) and effect for a 5 T field (b). The 
figure of merit is where the signal level inter1ect1 the background, around 40 Ge V in both 
cues. We conclude that the 5 T field has no significant effect on iaolation cuts aimed at 
observing the isolated leptons. 

The reaction pp - WL +wL + X is central to the atudy of electroweak symmetry breaking 
at the SSC. In models with dynamical symmetry breaking the cro11 section for this reaction is 
enhanced.. It has been shown on rather general grounda that if there is no Higgs particle with 
a mas• that is accesaible at the SSC, the interaction& of longitudinally polarized W's (and 
Z's) must become atrong for W-W cm energies above 1 TeV (3]. (Indeed, this is the flip aide of 
the SSC'a "promise to elucidate the nature of electroweak symmetry breaking• (11].) In this 
event, the cross section for the reaction pp - wL+wL+ X --+ µ.+(e+)µ.+(e+) hu been 
estimated to be between 5-10 fb, correaponding to only 50-100 events per SSC year with no 
acceptance factors [12}. Figure 24 1how1 the momentum (a) and.,, (b) distribution of like-sign 
leptons from the pp - wL+wL+ x interaction and the opposite-aign lepton& from WW 
production. Not shown is the momentum distribution of the like-sign lepton pair background 
from W+tt production, which is estimated to be comparable to the pp --+ WL+wL+ X 

28 



" • 
~ ·" 10 

l 

,. " - ,,,. ,. 
" - .... - JJ1.4 " - O .... ZUI ..., Jd.• ... , I '19 

UDtvr .. UOFLW • ....... O.lllU-U .. OY,lW ,_ ... 
AU.CHAN OIMJ~ AU.CHAN ... 

,, 
,. 

" 

" 
,, 

" 

·l ·l 0 

... 

Figure 24: (a) Momentum. and (b) I'/ distribution of like-sign leptons from the 
'PP --> wL+wL+ x (dashed) interaction and the opposite-sign leptons from WW pro­
duction (solid). 

signal (12]. Backgrounds in the opposite sign lepton pair channels from tt decays and qq --> 

w+w- are of order 102 - 103 times higher than the signal, and preclude the use of the unlike­
sign channel for these studies. In order to avoid contamination of the like-sign signal from 
misidentified unlike-sign backgrounds, one needs excellent sign determination. To preserve a 
measureable rate, this capability is needed for both electrons and muons with energies up to 
- 1 TeV and for I'll values as large as 3.0. The high field in the inner tracking region extends 
the momentum range for electron sign determination by a factor of six over the GEM-baseline 
design (from - 150 to - 1000 GeV /c). In addition, our proposed geometry covers a larger 
I'll region for muons-the GEM-baseline design has a factor of 2 lower acceptance for two 
muons from 'PP --> wL+wL+ X than the high field proposal. The combined effect of 
the additional electron momentum. and muon I'll coverage results in a difference of about a 
factor of four in the efficiency for these events. Thus, the proposed high field configuration 
addresses a serious deficiency in GEM's ability to observe this crucial physics mode. 

5 Conclusions 

In this report we present the current status of our evaluation of the capabilities of a high 
field option for GEM. In it we provide preliminary results of our investigations into the 
questions raised by the GEM Decision Group in its memo of Sept. 10, 1991. Our current 
evaluation of the results derived to date is that although a considerable amount of further 
study and optimization is needed, there are no obvious fatal deficiencies in our proposed 
system. Moreover, the potential for significantly better momentum resolution in the inner 
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tracker and the better 'I coverage of the muon system should allow for investigations that 
appear to be inaccessible in the GEM-baaeline design. 

Work in progress includes: 

1. The preparation of a conceptual design, a cost estimate, and a fabrication plan and 
schedule for the magnet coil. 

2. The development of a detailed scheme for aaaembling and supporting the detector. 

3. The complete simulation of a range of physics processes in the detector. This includes: 
the completion of the pp --+ WL +wL + X study mentioned above; a comparative 
evaluation between the baaeline and high field designs capabilities for the reactions 
H --+ z•z• --+ 1+1-1+1- and H --+ /"Yi the detector's capabilities for t-quark 
physics; etc. 

4. The optimization of the muon detection systems and comparative study of different 
muon detection elements. 

5. The completion of studies of B-field effects on calorimetry. 

6. A full evaluation of an inner tracker for B = 5 T, and the development of an RkD 
plan for gas microstrip detectors. 

7. A detailed cost estimate for our proposed system is in progress. 
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