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Introductjon 

This document describes a proposed design for a GEM hybrid calorimeter. The 

fiber hadron portion of the calorimeter is detailed in a companion document entitled 

''Fiber Hadron Calorimeter Design and Costing Up-Date, August 31, 1992". 

Consequently, this report focuses only on the noble liquid EM calorimeter. However, the 

parameters for the hybrid fiber configuration are included. 

Much of the engineering included in this report is different than that previously 

presented; however, the earlier designs served as an advanced starting point. Thus, the 

earlier work, particularly of Martin Marietta Denver made this effort possible. 

This report is organized to focus on specific aspects of the noble liquid 

calorimeter design. These design issues are listed below by section number and not 

necessarily in order of importance. In addition, an initial listing of requirements and 

specifications has been included to summarize some of the parameters for the EM 

calorimeter. 

ORNL and ITEP Engineers and Designers working on this study are: 

MJRennich 

SM Chae 

A. Smirnov 

DJ Kincaid 

D. Bailes 

CE Claffey 

DSWebb 
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Summary 

The proposed noble liquid EM calorimeter has been studied for inclusion in a 

hybrid GEM configuration with a fiber hadron calorimeter. The arrangement for the EM 

calorimeter is based on the concept developed by Brookhaven and Martin Marietta 

Denver; however, modifications were made to the design as required to optimize it for the 

hybrid arrangement. 

Five imponant points can be made based on this study: 

1. A hybrid calorimeter is feasible for use in the GEM detector, however, 

compromises may be required as described below. 

2. There may be more than I Xo of material in front of the active EM region in the 

barrel and end caps. The ASME Code evaluation of the vessel walls combined with a 

material stack-up analysis indicates a total thickness of approximately 1.6 to 3 Xo if the 

current baseline design is used. The inclusion of liquid krypton excluders and other 

special features will reduce the material significantly. Using conventional pressure vessel 

construction techniques, the least amount of material is thought to be approximately 0.9 

Xo. 

3. The accordion structure, much like the BaF2 system, will rely on careful 

handwork to produce the highly accurate fit-up needed for a precision EM calorimeter. A 

component count indicates a conservative total of 80,000 pieces will be required for the 

accordion assemblies. The precise assembly of this many pieces will rely on a 

combination of special tolerancing and extensive in-process manual adjustment. 

4. The interaction depth of the hadron calorimeter may be reduced to approximately 

eleven Lambda over the range 30 in theta and 200 in phi without the addition of special 

absorber. A detailed IGRIP geometric modeling study will be required to fully 

understand the loss of absorber. 

S. The parallel plate EM arrangement is likely to be easier to mechanically assemble 

than the accordion because there are not as many additive tolerances. A reliable method 

of soldering the stripline joints will have to be developed. 
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U. J,jstjng of Outstandjng Desjgn Issues 

The following issues need to be resolved to better understand the basic 

configuration of the noble liquid EM caloirmeter. 

II. I Local Vacuum Pumping Requirements; 

The current design does not have space for local vacuum pumping. This 

combined with the small diameter and long length of the vacuum pumping line may be a 

potential operating problem. 

II.2 LKr Accordion Configuration/Optimization; 

The current accordion arrangement is optimized for Liquid Argon. The accordion 

configuration may need to be redesigned for Liquid Krypton. 

11.3 Analysis and Minimization of Material in front of active EM; 

There appears to be too much material in front of the barrel EM in the current 

design. A detailed design will be required to reduce the material. 

Il.4 Parallel Plate solder joint reliability; 

The parallel plate alternative is very close to the accordion in size and assembly. 

It will be possible to carry the parallel plate design as an option to the hybrid design for 

several months while the internal design, particularly the reliability of the solder joints is 

analyzed. 

15 



II.5 End Cap Accordion Plate Fabrication; 

The fabrication of the individual end cap accordion plates will require additional 

study. Many different sizes and shapes are required. Even though the basic end cap 

accordion shape is constant, the individual plates will require attachment tabs at different 

locations. The inclusion of the tabs in the plate forming process is not understood. 
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ID Requirements and Specifications 

Criteria Requirements Specification 

1.00 Segmentation 

1.10 Lateral 0.032 x 0.032 0.032 x 0.032 

1.20 Longitudinal Two Two 

2.00 Radiation Depth 

2.10 At eta=O 
2.11 In Front of EM >lXo 1.22Xo 

2.12 InEM 25Xo 25.9Xo 

2.13 In Back of EM 1.5 -2.0Xo l.72Xo 

2.20 At eta= 1.2 
2.21 In Front of EM >lXo 2.04Xo 

2.22 InEM 25Xo 25.9Xo 

2.23 In Back of EM 1.5-2.0Xo 2.30Xo 

2.30 At eta=3.0 
2.31 In Front of EM >lXo 2.07Xo 

2.32 InEM 28Xo 28.0Xo 

2.33 In Back of EM 1.5-2.0Xo 1.74 Xo 

3.00 Absorber Composition 

3.10 Eta=O.O to? 
3.11 Stainless Steel 0.2mm 0.2mm 
3.12 PrePreg Composite O.lmm 0.1 mm 
3.13 Lead l.3mm 1.3 mm 
3.14 PrePreg Composite O.lmm O.lmm 
3.15 Stainless Steel 0.2mm 0.2mm 

3.20 Eta=? to 1.2 
3.21 Stainless Steel 0.2mm 0.2mm 
3.22 PrePreg Composite 0.1 mm 0.1 mm 
3.23 Lead l.3mm 1.3 mm 
3.24 PrePreg Composite 0.lmm 0.1 mm 
3.25 Stainless Steel 0.2mm 0.2mm 

3.30 Eta=l.2 to 3.0 
3.31 Stainless Steel 0.2mm 0.2mm 
3.32 PrePreg Composite 0.1 mm 0.1 mm 
3.33 Lead l.3mm 1.3 mm 
3.34 PrePreg Composite O.lmm 0.1 mm 
3.35 Stainless Steel 0.2mm 0.2mm 

17 
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Criteria 

4.00 Readout Layer 
At all Eta 
Kapton/copper 

5.00 Noble Gas Description 

5.10 Barrel 
5.11 Type 
5.12 Pressure Range 
5.13 Saturation Temp. 
5.14 Operating Temp. 
5.15 Purit 

5.20 End Ca 
5.21 Type 
5.22 Pressure Range 
5.23 Saturation Temp. 
5.24 Operating Temp. 
5.25 Purity 

6.00 Coverage 

6.10 Eta 
6.11 Barrel 
6.12 End Cap 
6.13 Forward 

7 .00 Readout 

7 .10 Electronics 
7.20 Power 
7.30 Cabling 

8.00 Alignment 

8.10 Barrel 
8.11 x-y 
8.12 z 

8.20 Encl cap 
8.21 x-y 
8.22 z 

Requirements Specification 

0.4mm 

Krypton 
+/- 2 psi 

121 K 
? 
? 

Argon 
+/- 2 psi 
87.2K 
77K 

? 

0.0 to 3.0 

.IFEI"Prcamp 
75 mw/Channel 

18 
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22GaTP 

+/-1 mm 
+/-1 mm 

+/-1 mm 
+/-1 mm 

0.4mm 

Krypton 
+/- 2 psi 

121 K 
? 
? 

Argon 
+/- 2 psi 
87.2K 
77K 

? 

O.Oto 1.16 
1.32 to 3.0 
3.0 to 5.S 

.IFEI"Prcamp 
75 mw/Channel 

22GaTP 

+/-5mm 
+/-5mm 

+/-5mm 
+/-5mm 



Criteria Requirements Specification 

9.00 Vessel Design 

9.10 ASMECode 

9.20 Vacuum Vessel 
9.21 Operating Press. - 15 psi - 15 psi 
9 .22 Excursion Press. 0 0 

9.30 Gas Vessels 
9.31 Operating Press. +20psi +20psi 

9.32 Excursion Press. -15 to+ 30psi -15 to+ 30 psi 

9 .40 Material Lowz Aluminum 5083 

9.50 Welds 100%X-Ray 90+%X-Ray 

9 .60 Feedthrus SLAC "Cold" 

9.70 Cold Mass Supports Para. Pit Array 

10.00 Maintenance 

10.10 Rate Annual Annual 

10.20 Access In-Situ In-Situ 

11.00 Install Scheel. 4 Months 4Months 

12.00 Dimensions 

12.10 Elecrromagnetic Calorimeter 

12.11 Barrel ID 132cm 132cm 

12.12 Barrel OD 306cm 

12.13 Bane! Lengtl! 376cm 

12.14 End Cap To IP > 165 cm 190cm 
12.15 End Cap Diameier 360cm 
12.16 End Cap Lengtl! llOcm 

12.20 Hadron Calorimeter 

12.21 Bane! Inside Diameter 325cm 
12.22 Bane! Outside Diameter 720cmMax 720cm 
12.23 Overall Lenght llOOcmMax llOOcm 

19 
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Criteria Requirements Specification 

13.00 Interaction Lenght 

13.10 Barn:! 12Lambda 
13.11 EM Assembly 1.85-2.26 Lambda 
13.12 Hadron Assembly 10.0Lambda 

13.20 End Cap 14 Lambda 
13.21 EM Assembly 2.55Lambda 
13.22 Hadron Assembly 11.45+ Lambda 

14.00 Weights (Mg) 

14.10 EM Calorimeter 
14.11 Barrel 46 
14.12 End Cap 27 

14.20 Hadron Calorimeter 
14.21 Barn:! 895 
14.22 End Cap 487 

14.30 Forward Calorimeter 12 

14.40 Total 1993 

15.00 Vessel Liguid Volumes (Liters) 

15.10 Barrcl 3,974 

15.20 End Cap 5,145 

20 
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IV. Design Issues 

1.0 Cryostat Utilities Routing Through the Fiber Hadron Calorimeter 

Issue: Noble liquid calorimeters require substantial utilities access, particularly large 

lines which are not compatible with projective fiber calorimeters. 

Comments: 

1.1 A complete listing of utilities and cables required for the EM calorimeter is 

attached. The listing includes two large lines (vacuum and gas vent) which are difficult 

to route through a projective calorimeter without significantly reducing the performance 

of the calorimeter. 

1.2 Figure P-0026 shows the locations of the large lines. The end cap pipes will be 

routed through the eta 12 gap in the hadron system and the barrel lines will be routed 

through the eta=O position. 

1.3 Figure P-0039 shows the end cap pipe routing designed to reduce the loss of 

absorber. Each pipe will be embedded in three towers. Thus six towers in each hadron 

end cap will have reduced performance. 

1.4 Figure G.03.LM.019 shows the cross section of the pipe and the diverted fibers 

from the section of the hadron tower below. The diverted fibers will have to be installed 

and shielded very carefully prior to installation of the pipe. 

1.5 The vacuum and vent pipes are assumed to be 4 inch schedule 40 (114 mm dia). 

Additional calculations are required to determine if these are the correct diameter. 

23 



1.6 Additional liquid service lines (LN2) will be required and may result in additional 

small gaps in the hadron system. A complete thermal model will be required to 

determine the size and number of lines required. 

21 
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2.0 Feedthrough Density on EM Vessels 

Issue: Noble liquid EM calorimeters require more feedthroughs than can be reasonably 

accommodated on the cryo vessels. 

Comments: 

2.1 A complete listing of the number of feedthroughs for the GEM EM calorimeter is 

attached. 

2.2 Figure Pl-0026 shows a proposed barrel feedthrough arrangement in which the 

feedthroughs are mounted on a ring flange rather than the less efficient flat flanges. The 

ring flange joint is assumed to be seal welded. The ring flanges will require less than 

20% of the welding needed for the individual flat flanges. 

2.3 Figure Pl-0026 shows a proposed end cap feedthrough arrangement in which the 

feedthroughs are mounted on a ring flange which is welded shut. 

27 



N 

°' 

GEM Detector 
Ljqujd Argon EM Calorimeter 

Barrel Servlcea 
I - Cabling I Piping I Parameters =1 

Unlll VOLT POWER lYPE AREA WEIGHT Type AREA WEIGHT ta.IMBER WG/METER AREA POWER 
Each VOLTS WAITS MILSPC CM"2 KG/M CM"2 KG/M UNITS KG/M CM"2 WAITS 

-··;··E~iL'{iii~& ..................... io .............. 300.§:=::::f2··· .. ::::·22·ga'J:~:::::::.ih~·· ......... o.:o·§§.:::::::===::::::::=::::::::::::::::~~:::::::::?.:Q:::::::::::::::::::Q:JI=::::=9A§:::::::::::j ...... .. 
2 PreAmp Power 3600 6 0.075 22 ga TP 0.02 0.005 3,60_0 18.00 72.00 270 

.... ~ ... !:l~!!!?.~L ....................... ~.!!.Q.Q.9. .................................. !!.::! ......... ?..?. . .9~ . .!P. ......... 9.:.!!.?. ............ !!.:9.9.?. ................................................................................... ~.!! .•. QQ.Q ....•••.••.•. !..?..:!!.9. ............ !..?..9.:.!!.9. ...... !.9.,.f!.9..CI .. 
4 Celibradon 3534 0.3 22 ga TP 0.02 0.002 3,534 7 .07 70.68 1,060 

.... ~ .. !:!.!"'t!Lf'.!!!!.!!!' ....................... 1 .................. ?..?. 9. ............ :l.:l 9. 9. ........ ?.?.. 11'!.If'. ........ 9.:.CI?. ........... Cl:.!/.9..?... . ............................................................................. 1....... .. ... .... 9. :9. ?. . ............ 9.: Cl 8. .... 1 :l •. ? !1.9. .. 
_!_l!l..!f.!"""""Ples 50 0 ~g_.ll! TP 0.03 0.007 so O":l~. 1.?Jl ..... __ o __ 

7 Level Sensors 100 o 22gaTP 0.03 0.001 100 0.10 3.00 _o __ 
.... ! .. ~!P.:1.f..!!!!!J!~.!! ............... ! .................................................................................................................................. ! ... l!: .. ?.:?. .......... H:.8.?. ............ ?..:?.?. .................. L ................... ?.:.~.?. .............. :'.\.!.:.f!.?. ............. 9. ....... .. 

9 Argon Vent Lines 1 1 X 2.5 41.85 2.!!_?. 1 2.52 41.85 O 

.!.Q .. tl!\!'!.9!". .. f.!'.!!!! .. !:J.n.!'.t ........ ?. ............................................................................................................................... U.\..?.:.~ ........... 1 !.:.!!.?. ........... ?.: ?..?. .............. ?. .................... ?..:9. ~ .............. !! ~ ..7..L ....... 9. ....... . 
11 Nllr1!.9!'n Disch. Line 2 I x 2.5 41"~.?. __ 2_.?.g_ ____ 2 ___ S.Q.:l 8~.71 Q 
12Vacuumllnes 1 .. 3XS 156.8.1 1?,.65 1 12.65 156.~1 0 
13PressureRellel 1 3X5 156.81 12.65 1 12.65 156.81 0 ········rotA"C ....................................... - ................................................................................................................................................................................................ 3':3';·5·· ......... i'3a:s• ......... 1432:·40····2·s:ii'i;r 

Computation of Cable Area Requirements In Gap Between EM and Hadron Barrels: 

Inner Radius of Fiber Hadron Barrel 163 cm 
Outer Radius ol LKr Barrel 157 cm 
Annular Area/End 5524 cm"2 
Nom. Area Required/End 434 cm"2 
Clearance Area/End 5090 cm"2 
Clearance Gaf!/End 5 cm 
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N 
c.o 

End Cap Service• 

Unit• 
Each 

VOLT 
VOLTS 

POWER TYPE 
WATTS Mil SPC 

WIRE 
AREA 
CM••2 

WEIGHT 
KG/M 

Type 
TUBING 
AREA 
cM••2 

WEIGHT NUMBER WG/METER 
KG/M UNITS KG/M 

AREA POWER 
CM"2 WATTS 

1 High Voltage 20 3900 ___ 0.2 __ 22gaTP 0.02 0.005 20 0.10 0.40 4 

.... ?. .. e!!~ .. !'.!?.!'!!!. ............... t?..9..9. .............. !! ...... _ ...... 9.:.9..!..?. ....... ?.?. .. ~.:re ........ 9.:.9..?. ............ 9.:.9..9..?. .................................................................................... ~ .. ?.9.9 ................ a..,9.9 ............... ?..~.,g.9. ............ l!.9. ...... . 
3Readout 13300 0.3 22gaTP 0.02 0.002 13,300 26.60 266.00 3,990 

.... ~ .. !i.!'!.1.l!f.~!~~ ......................... 1.;1.~.9. .................................... 9..:;1. ......... ?. ?. . .9~ .I!' ......... 9.:.9..?. ....... ... 9..:9..!!?.. ............... ......... .. .... .................. .. ............ . . ........ 1,} 3.0. . .... . ..... ?.:.6.!! ............ ?.ll.&O. ........ ~ l!.~ .. . 
5 Heater Power 4 220 3300 22 .9'! TP 0.02 0.005 4 0.02 0.08 t 3,200 
& Thermocouples 50 o 22".g~_ft_o.0~ __ 0~001 ~ "5'Q ____ o_.~--£~Q_..-::_~=9..::_-:= 

.... !. ... ~!~.!!.~!!!.1!!!?!.! .................... 1.9.9. ............... .!! ...... _ ......................... ?.?. .. 9.~.Ie ........ 9.:.9.~ ............ 9.:.9..9..!. ....................................................................................... 1.9.9. ................. 9.:.7.9. ............... }:.9..<:l .............. 9. ........ . 
8 ~FeedUnes 1 1X2.5 41.85 2.52 1 2.52 41.85 o 

... ~ .. ~9~!! .. l!~H!~!~ ............... !... ..................................................................................................................... 1 .. ~ ... ?.?. ......... ~1.:!!~ ........... ?..,g ............ ~J~ ....... ?.:?.?. ............ ~.1:.~.5.=.-.~!J.= 
~~~en Feed Lines ?. ...!2L?.~--'!.!~~--2~~ .. _._?. 5.o;i ___ B~:.U. __ Q. __ 
11 Nitr~enOlsch.llm 2 1 X_?,_~- 41.85 2.5~ .. __ ? .. ____ .5.03 83.7_1 ___ Jl __ 
12Vaaiumllnes 1 3X5 156.81 12.65 1 12.65 156.81 O ·1·3·-p;955t;&.Fiiiii·;;;· .. ··-............ 4 ................................................................................................................................. 3·5("5············1·55:91 .......... 1.i:ss······ ........ 4 ....... ··········so:·s·i ............. 627':·24······ .... o .. ····· 
- ror'At-------------------·-·-----------------·---------·-·-------····--;s-:-01s·-·-1·14~79---1i55~7s-·11~6iii-
---~---------------- ·------· ---.... ·---..... - .. _ .. ____________ .................. _. ___ , ___ ............................... .. 

Computation ol Cable Area Requirements In Gap Between EM and Hadron End Caps: 

Inner Radius ol Fiber Hadron End Cap 202 cm 
Outer Radius ol LKr End Cap 190 cm 
Annular Area 14326 cm~2 
Nom. Area Requ~ed 322 cm"'2 
Clearance Area 14004 cm"'2 
Clearance Gap 11 cm 

Computa~on ol Cable Area Requirements In Gap B81ween Hadron Barrel and End Cap: 

Inner Radius ol Fiber Hadron Barrel 178 cm 
Outer Radius ol LKr Barrel 175 cm 
Annular Area/End 3299 cm"'2 
Nom. Area Required/End 755 cm"2 
Clearance Area/End 2543 cm"2 
Clearance Gap/End 2 cm 

ORNL 8-20-92 



v,, 
0 

Tabulation of Feedthrus 

Barrel 
Totel Hum Total Llnu Total Conn. per Total 

Number Per Lina Lines Par Conn Connect Feedthru Feelhrus -----·-· 22GaTP ......................................................................................................................................................................................................................................... 
Readout 36000 25 t 440 4 360 1 360 
Calibration 3534 25 141 1 O 14 1 14 ........ ~i'i9il'»iiiiiaii&··--··-··20······----fo·· .... -.. - ... -2 .................... i" .................... 2 ..................... i ....................... 2 .................................. . 

--PraAmp Power 3000 25 120 5 24 1 ~4 ---
Healer Power 4 10 0 1 O 1 0 ......................................................................................................................................................................................................................................... 
!h•rmocouples 50 25 2 1 o o 1 ~---------
Leval Sensors 100 25 4 1 O O 1 o 

-~!~..£!ad 1 1 1 1_., __ ,_1_, __ .. ! _____ ~-----------.. --.. -------
......... ~!~-~ ... ~!-~! ................. 1 ...................... 1 ................... ! .................... ! .................. 1 ................... ! ....................... 1........... . ................. . 

N2Fead 2 1 2 1 2 . 1 2 ....... N.fDiidialge ... -··-·-···· .. 2···---· ......... i .................... 2" .................. i ..................... 2 ..................... i ........................ 2 ................................. .. 

Vacuum 1 ·······················-······-········ ............................................................................................................................................................................................... . 

Pressure Rallal 1 1 1 1 1 1 ........ -............. _ ............ ,_.,_,, .... _, ............. _ ... _ ... , ............................ -................................................................................................................... . 

Torals tor Barrel 42716 1718 409 409 
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One End Cap 
Total Num Total lines Total Conn. par Total 

Number Per line lln11 Per Conn Connect Feedthru Feelhrus ------·----····---·····--·-------22GaTP ........ Fi.;iidiWi ............................ i.3300········· .. ··25······-······5a-2················4············ ··1'33"···············1·3············ .. ······i··a······················ .. ····· 
--·-·- ·- -Calibration 1330 25 53 4 13 13 1 ........ lii9ii-·viiliii9ii ...................... 2c;·-··· .. -·······rn··· ............... 2··· .. -· .. ··· .. ····4··· .. ··· ........... i .................... i .. 3" ..................... o .................................. . 

PreAmp Power 1330 25 53 4 13 13 1 
-H"8aiiii"i>oW"er----4---;o----o----4·-----c,-----i-:l·-·---·-o--·--------· 
········-························ .. ·······················································-····················-····················································································································· Thermocouples 50 25 2 4 1 13 o 

C,,, ~el Sensors 1 00 25 4 4 1 i 3 o f--" .............................. _ ....................................................................................................................................................................................................... . 

-------------------------------------
Argon Feed 1 1 1 1 1 _______ 1__ 1 -···----

·······-~'J!~ .. !?.!~~~---·-·· ......... 1 ..................... ~ ..................... ~ ................... 1 .................. 1 ................... 1 ....................... ~ .............................. . 
-----· ---·-------------------·-·-----· 

N2 Feed 2 1 2 1 2 1 2 ......... N2.i5iiidiiii9a·········-···· .. --.. 2··-................. r .. ····-··--··i·· .. ···-·········1·· .................. 2······ .............. 1 ........................ 2 .................................. . 

Vacuum 1 1 1 1 ····················-··············· ......................... -.... -................................................................................................................................................................. . 
PresstKe Rellef 4 1 4 1 4 1 4 .............................................................. _,_ .. _ ............... -·-···· .................................................................................................................................... . 

TotalslorEndCap 16,145 658 173 23 

ORNL 8-20-92 
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3.0 Vessel Design 

Issues: 

a. The end cap vessels have large flat heads which cannot be reinforced across the 

EM accordion system. 

b. Vessel walls should have minimum radiation thickness possible. 

Comments: 

3.1 The current barrel concept is shown in Figure Pl-1026. The barrel serves dual 

functions. First, it contains the LKr and second provides structural support for the 

accordion plates. The vessel sizes are stress determined for containment and deflection 

determined for support. 

3.2 The use of ribbed heads on the EM end caps was analyzed. It was found that the 

ribbing will only be effective if either the gap between the vessels is substantially 

increased (>10 cm) or the ribs are very large(> 3 cm wide). In the first case the EM 

calorimeter consumes too much space and in the second the amount of material in front 

of the active region becomes non-uniform. 

3.3 ASME code calculations are attached for flat heads. The calculations are 

preliminary and apply primarily to the major walls. The conical sections will be 

calculated at a later date. 

3.4 A preliminary finite element analysis of the LKr barrel was competed. The results 

are summary and graphic output are attached. The analysis indicates that the inner tube 

can be thinner than the predicted 21 mm. An acceptable thickness is estimated to be 17 

mm. 

3.5 ASME Code calculations were made for various ribbing arrangements on the LKr 

inner barrel with a goal of reducing the average wall thickness. The use of ribs will have 

to be evaluated as part of a larger study. 
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Barrel EM Calorlmeter Vessel Wall Thickness Calculation. ASME VIII 

Inner wall of Vacuum Vessel 15 PSI External Pressure 
Number of Vessel Wall Max Distance 

Support Ribs Thickness Between Ribs 
0 1 0 2900 
1 7.5 1450 
2 6.3 967 

3 5.75 725 

4 5.25 580 

Inner Wall of Cold Vessel 45 PSI External Pressure 
Number of Vessel Wall Max Distance 

Support Ribs Thickness Between Ribs 
0 16.75 2800 
1 13.25 1400 
2 1 2 933 

3 11.25 700 

4 10.5 560 

Outer Wall of Cold Vessel 45 PSI Internal Pressure 

Number of Vessel Wall Max Distance 
Support Ribs Thickness Between Ribs 

0 8 3600 

Buckling Analysis 

Outer Wall of Vacuum Vessel 15 PSI External Pressure 

Number of Vessel Wall Max Distance 
Support Ribs Thickness Between Ribs 

0 17 3800 
1 12.75 1900 
2 1 1 1267 
3 10 950 
4 9.25 760 
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Super Collider Hybrid Design 
Structural Analysis Summary1 

Gravity Loading 

1. Maximum Shell Von Mises Stress: 1930 kPa 

2. Maximum Reference Ring Tensile Stress: 14015 kPa (Outer) 

3. Maximum Reference Ring Shear Stress: 270 kPa (Outer) 

4. Relative Diametral Change For Inner Vessel: 0.0mm 

Pressure Loading 

1. Maximum Shell Von Mises Stress: 45950 kPa 

2. Maximum Reference Ring Tensile Stress: 70000 kPa (Outer) 

3. Maximum Reference Ring Shear Stress: 550 kPa (Outer) 

4. Relative Diametral Change For Inner Vessel: +2.089 x 10-2mm 

Gravity and Pressure Loading 

1. Maximum Shell Von Mises Stress: 46030 kPa 

2. Maximum Reference Ring Tensile Stress: 76235 kPa (Outer) 

3. Maximum Reference Ring Shear Stress: 810 kPa (Outer) 

4. Relative Diametral Change For Inner Vessel: +2.089 x 10-2mm 

I poi x 6.894 = kPa 

Material Allowables, 5083-0 Aluminum 
Fu = 275, 000 kPa 
Fy = 124, 000 kPa 
F8 = 172, 000 kPa 

Reference MIL-HDBK-5E 
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ALUMINUM ALLOY 5083 

Aluminum alloy-5083 is one of the Aluminum-Magnesium alloys widely used in places 

requiring good cryogenic properties because of its high strength, good forming and 

welding qualities, and excellent corrosion resistance. Al-5083 has good welding response 

when commercial shielded arc processes are used. Weld strength equals the annealed 

strength of the alloy and the weld exhibits good ductility. 

Al-5083 is a non-heat treatable commercial aluminum-magnesium alloy. The alloy 

composition consists of0.7% Manganese, 4.4% Magnesium, 0.15% Chromium, and 

94.75% Aluminum by weight. Al-5083 has the second highest annealed yield strength (21 

ksi at annealed & 33.4 ksi with Hl 16 temper), and the highest fatigue limit (23.2 ksi with 

H116 temper) among the commercial alloys. 

Properly fabricated Al-5083 is structurally stable at room temperature while structural 

instability occurs among the most of other high strength (strain hardened) Aluminum

Magnesium alloys which contain more than 3% magnesium. While high magnesium 

content in 5XXX series Aluminum-Magnesium alloys provides excellent corrosion 

resistance and weldability in addition to substantial strengthening with good ductility, it 

causes structural instability at room temperature or elevated temperature in the presence of 

work-hardened condition. Structural instability is caused by precipitation of magnesium at 

the grain boundaries which produces susceptibility to intergranular cracking and stress 

corrosion. The grain boundary precipitation occurs slowly at room temperature, but prior 

cold work or exposure to elevated temperarure accelerates precipitation significantly. This 

kind of structural instability due to the grain boundary precipitation is eliminated or 

minimized from AI-5083 while retaining high strength and other qualities of the alloy by 

applying Hl 16 temper fabrication method and avoiding prolonged exposure to elevated 
temperatures above 80F. 

0.7% of manganese content increases the strength of the alloy without substantial reduction 
of ductility and reduces the susceptibility to intergranular or stress corrosion 
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4.0 Support of EM Barrel 

Issue: The EM barrel can be supponed either at the mid point via a membrane through 

the hadron or on a conventional four point system. 

Comments: 

4.1 The membrane suppon of the EM barrel was discarded since it added too much 

material between the EM and hadron systems by requiring the vacuum vessel to the 

increased in thickness. In addition the basic configuration did not fit with the proposed 

Krypton vessel mounting scheme. 

4.2 Figure P-OOii (TBD) shows the four point mounting scheme proposed for the 

barrel. The scheme requires the barrel to be installed with an internal beam roller system 

as discussed under "Assembly" below. 
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5.0 Installation of EM System 

Issue: The installation of the EM system must be compatible with both the overall GEM 

assembly scenario and schedule. 

Comments: 

5.1 The calorimeter installation schedule provides the calorimeter with a hall 

dedicated installation period of 4 months. This means that the basic system will be 

placed in the GEM detector during this period and that wiring and other peripheral 

services will be installed before and after. 

5.2 Cryo vessel leak problems are of concern. Substantial schedule risk is possible if 

significant vessel structural or feedthrough leaks of failures occur during installation. 

5.3 Figure Pl-0028 shows the installation of the EM barrel in the hadron barrel. The 

EM end caps will be installed in the hadron end caps on the surface. 

5.4 The entire calorimeter system will be fitted together on the surface to insure 

matching and to accelerate the installation time. 
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6.0 Local Vacuum Pumping of the EM system 

Issue: Determine if local vacuum pumping is required 

Comments: 

6.1 The current design does not have adequate space for local vacuum pumping. 

6.2 If the vessels adequately sealed local pumping will not be required. This will put 

a premium on vessel quality control; particularly welding and feedthroughs. Exceptional 

testing of such items as the stock plate may also be required. 

6.3 The current concept assumes all seals will be welded and that over 90% of all 

welds will be X-ray inspected. 
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7.0 EM Calorimeter Maintenance 

Issue: The EM calorimeter will be located and mounted inside the hadron calorimeter 

with only annual access. 

Comments: 

7 .1 Figure P-OOii shows the location of the electrical feedthroughs. The positions of 

the feedthroughs will allow testing and maintenance access without removing the EM 

calorimeter from the hadron system. 

7.2 Exceptional vessel quality assurance procedures will have to be implemented to 

insure against structural and fatigue failures. 

7 .3 Barrel liquid and vacuum lines are routed through the fiber calorimeter at the 

eta=O line. This will complicate the removal of the barrel if required for major repair. 
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8.0 Barrel EM Accordion Module Assembly 

Issues 

a. The accordion modules must be mounted in thin walled vessels which offer poor 

structural suppon. 

b. The accordion plates have asymmetrical coefficients of thermal contraction. 

c. The large number of plates (800 absorbers) and spacers will have excessive 

tolerance stackup. 

Comments: 

8.1 Conceptual layouts for mounting of the barrel accordion modules were studied. 

Six basic options for the assembly of the modules were proposed as shown in the attached 

figures. Calculations for the tolerance stack-up of the assembly options are also attached. 

Two of the options represent realistic possibilities. Option Four is considered the most 

straight forward; however, it will result in gaps between the 40 modules. Option Six 

eliminates the gaps through extensive handwork; however, it requires additonal material 

and space on both the inside and outside of the accordion stack. An initial impression is 

that a compromise between the two options could be the most effective approach. 

Option One (Figure G.03.LM.015): 

Modules are compressed between two fixed rings. The compression of the 

accordion permits most of the tolerance gaps to be removed thus providing a very 

uniform and hermetic array of plates. 

This option was discanied because the estimated compressive forces (30-100 psi) 

will require substantial structural vessels which in turn will not meet the material 

specifications for the calorimeter. 
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Option Two (Figure G.03.LM.013): 

Modules are mounted on a fixed inner radius ring. The advantage of this option is 

to minimize the clearance and material between the active EM system and the tracker. 

This option was discarded since it requires tolerance gaps between all the 

modules. The gaps are estimated to be between (1 and 2 mm) 

Option Three (Figure G.03.LM.014): 

A variation on Option Two in which the modules are fixed on the inner edge; 

however, the inner diameter is adjusted to account for tolerances between the modules. 

This option has the advantage of insuring the best accordion fit at the most important area 

of the accordion array. 

This option was discarded due to the complexity of mounting the accordion 

assembly on the inner liquid vessel wall which is to be designed to be as thin as possible. 

Thermal contraction of the accordion would also have to be accounted for on the outer 

edge where the operating temperature would open gaps in the array. 

Option Four (Figure G.03.LM012): 

Assembly of the array by attaching the modules at the outer edges with gaps 

provided between modules to account for differential thermal contraction will minimize 

the tolerance stack-up and provide for the best fit-up. Outer edge attachment will 

minimize the structural requirements on the thin inner vessel. 

This is the preferred option. The control of the assembly quality (tolerances and 

gaps) will be a function of vendor selection and inspection criteria. The application of 

statistical and dimensional process feedback control during assembly should improve the 

quality of the assembly. 
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Option Five (Figure G.03.LM.016): 

Assembly of the barrel array in two half barrels could be used to concentrate the 

gaps at the two half barrel joints. This would allow the location of measuring 

inaccuracies to be known. 

This option does not adequately address the differential thermal contraction 

problems of the accordion plates. 

Option Six (The 4000 legged stool) 

Position all forty modules vertically on a calibrated set-up stand using the inner 

row as the diametrical reference. Adjust the outer spacers according to measurements 

taken on the set-up stand to establish a uniform fit between the plates. The small wedge 

angle on the outer spacers will necessitate approximately 5 cm of additional accordion 

extension to insure complete alignabilty. 

This option assumes that the differential thermal expansion can be compensated 

by mechanical means provided in the accordion assemlby without reliance on rigid 

structural supports. 

Alignment of the 800 plates and 1600 spacers will require a very high level of 

craftsmenship and care. Compromises in the gaps and rework of spacers will probably be 

required. Special attention will have to be given to the elimination of systematic errors 

which result in non-uniform performance. 

8.2 Calculations which were used to determine the weight of the barrel accordion 

modules and assembly arc attached. 

8.3 Martin Marietta Denver calculated the differential thermal contraction of the 

accordion plates to be 0.12%. This results in a radial differential contraction of 

approximately 0.6 mm between operating and room temperatures. 
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8.4 The barrel vessel structural analysis included the support of the accordion plates 

(See Section 3). The structural deflection requirement is an important component in the 

design. The current layout has two structural module attachment rings attached to the 

outer shell of the LKr vessel. Using this configuration the sag of the assembly will be 21 

microns. 

8.5 A tolerance staek-up worksheet is attaehed. It shows that despite component 

manufacturing tolerances in the sub-mil range the overall assembly will still require 

careful assembly to provide a precise and uniform calorimeter. 
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EM Accordion Barrel 
Tolerancing 

Design Parameters 

'
~-----~ 
. Absorber 

Modules Pits/Mod Plates 
40 

Ref. Inner Diameter 
Reference Plate Length 
Reference Plate Height 

Scale 
0.005 

0.01 

20 800 

mm 
mm 

1760 
4312 
520 

0.00020 
0.00039 

mm 
mm 
mm 

in. 
in. 

ORNL '-~·92 



PES!GN OPTION ONE 

Design to maintain contact between plate spacers (Constant Gap) 
Accordion Plates must be compressed to close inner and outer gaps 

Plate Nom. Dim. 
Comeonents mm 
Inner Row 6.912 
Plates 520 
Outer Row 8.948 
Compression 

Structure Calculations 

Spg. Constant 32.97 
184.57 

Pits/In 8.94 

"Pressure• 3437.80 

Compress Plates With Rings 

Assume 10 
Ring Load 58,361 
Outer Rings Width 

in 
4 

Compress Plates with Outer Wall 

Wall 

Spac/Plt Toi 
mm+ 

0.005 
0.1 

0.003 

Kg/cm 
Lb/in 

osi/in 

'Rings 
psi 

Allow 
psi 

50,000 

Allow 
psi 

18800 

mm· 
·0.005 

·0.1 
-0.01 

Estimated 

Wall 
in 

13.09 

Thick 
in 

0.44 

Ref Dia 
mm 
1760 

Wall 
cm 

33.257 

Thick 
cm 

1.12 

Note: Compression Load must also be contained on inner wall 
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Min Dia 
mm 

1758.73 
2278.63 
2279.39 

·0.764 

Max Dia 
mm 

1761.27 
2281.37 
2276.08 

5.293 



PESIGN OPTION JWO 

Design on Fixed Inner Radius 
Allow Gaps between Modules 

Module Norn. Dim. Pit Toi. 
Components mm mm· mm+ 
Inner Row Modules 1760 0.000 o. 100 
Plate Height 520 ·0.100 0.100 
Outer Row Modules 2280 0.000 0. 1 00 

PESIGN OPTION nfREE 

Design on Adjusted Inner Radius 

Ref Gap Min Gap Max Gap 
mm mm mm 

0 0.000 2.000 

0.000 2.000 

Allow Gaps at Outer Radius Between Modules 

Module Norn. Dim. Pit Toi. Ref Dia Min Gap Max Gap 
Components mm mm· mm+ mm mm mm 
Inner Row Modules 1760 0.000 0. 100 1760 0.000 o.ooo 
Plate Height 520 ·0.100 0.100 
Outer Row Modules 2280 0.000 0.100 0.000 2.000 

DESIGN OPTION FOUR 

Design on Adjusted Outer Radius 
Allow Gaps at Inner Radius Between Modul 

Module Norn. Dim. Pit Toi. Ref Gap Min Gap Max Gap 
Components mm mm· mm+ mm mm mm 
Inner Row Modules 1760 0.000 0. 100 0.000 2.000 
Plate Height 520 ·0.100 0. 100 
Outer Row Modules 2280 0.000 0.100 0 a.coo 0.000 

Thermal Contraction of Plates 
Differential Contraction: 0.600 mm 
Reduction in Inner Diameter 3.770 mm 
Increase in Inner Gaps between Modules 0.0942 mm 
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QESIGN OPTION SIX 

Reference plates on inner stack-up diame· 
Adjust outer spacer diameter to fit 

Module Nom. Dim. Spac/Plt Toi. Ref Gap Min Lgh Max Lgh 
Components mm mm - mm+ mm mm mm 
Inner Row Modules 1760 -0.050 0.050 0 
Plate Height 520 507.34 532.66 
Outer Row Modules 2280 -0.050 0.050 0 

Thermal Contraction of Plates 
Differential Contraction: 0.600 mm 
Reduction in Inner Diameter 3.770 mm 
Increase in Inner Gaps between Modules 0.0942 mm 
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'1 
'1 

G.03.LM.015 

Structural Compression Ring 

Outer Radius Adjusted 

Inner Radius Adjusted 

Modules Joined al OD and ID 

1..: M'I ----------·>.:-..-::··.:.·. 

Accordion Module Fit-up 
Adjusted Inner and Outer Radii 

DESIGN OPTION ONE 
I 

I 

Structural Compression Ring 

ORNL 
August 20, 1992 



"1 
00 

G.03.LM.013 

Accordion Module Fit-up 
Fixed Inner Radius 

DESIGN OPTION TWO 

Outer Radius Varies 

Inner Radius Fixed 

ORNL 
August 20, J 992 



'1 
~ 

G.03.LM.014 

I 
I 
I 
I 
I 
I 
I 

Outer Radius Varies 

Inner Radius Adjusted 

Modules Joined at ID 

---------------- .. . - . ___ - -----------I 1c···· ...... I 
1 .•.. /.(> ..•. ::• .•••...•. 

I 
I 
I 
I 
I 
I 
I 

Accordion Module Fit-up 
Adjusted Inner Radius 

DESIGN OPTION THREE 
I 

I 
ORNL 

August 20, 1992 
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00 ,_. 

G.03.LM.016 

I 
I 
I 
I 
I 
I 
I 

Gaps Concentrated at Two Joints 

Outer Radius Adjusted 
Separately for Each Half Barrel 

Inner Radius Adjusted 
Separately for Each Half Barrel 

Modules Joined at OD and ID 
Separately for Each llatr Barrel 

--------~-------~ J -----------

1 
I 
I 
I 
I 
I 
I 

Accordion Module Fit-up 
Adjusted Inner and Outer Radii 

With Mid-plane gap 
DESIGN OPTION FIVE 

I 

Pinning Restricts Thermal Contraction 

ORNL 
August 21, 1992 



9.0 Barrel Accordion Plate Shape 

Issues: 

a. The accordion plates require tapering to maintain an approximately constant total 

absorption depth. 

b. The feedthroughs require clearance between the two vessels which requires 

tapering of the accordion plates. 

Comments: 

9.1 The barrel accordion plates are tapered as shown in Figure Ml-1003. 

9.2 Analysis is required to fully understand the thermal and structural implications of 

tapering the barrel plates. 

9.3 Taper plates may eliminate the need for having two or more thickness ratios of 

lead/stainless in the absorber plates. 
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10.0 Vessel Assembly 

Issue: Quality control in the welds will be critical to the success of the noble liquid 

system because to the difficulty of access to the operating system. 

Comments: 

10.1 The welds used in the vessels should be designed for X-ray examination. This 

will reduce the amount of material in the vessels by permitting higher weld efficiency 

rating for Code calculations. 

10.2 The use of large feedthrough rings reduces the amount of welding on the 

assembly by approximately 80%. 

10.3 The structural component of the vessel loading requires the use of reinforcement 

rings for the attachment of the accordion modules. The rings will have to be incorporated 

into the wall structure without distortion. A procedure to accomplish this has not been 

fully realized. 
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11.0 Beam Testing 

Issue: EM calorimeter cannot be moved large distances after assembly to permit off-site 

beam testing. 

Comments: 

11.1 Individual modules or small groups of modules will have to be tested. 

11.2 Beam testing of individual modules will not accurately measure response at 

module gaps. 
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12.0 End Cap Accordion Structure 

Issue: Provide for the differential coefficients of thermal expansion in the accordion 

plates. 

Comments: 

12.1 Figtue P-OOyy shows the proposed end cap structure assembly. 

The assembly is based on the joining of the plates into an integral assembly which is 

cradled on both ends on structural rings. The rings are then attached to the liquid barrel at 

the cold mass support points. 

12.2 The back structural ring will have compliance in the x-y plane to account for the 

difference in z contraction of the inner edge and outer edge plates (approximately 0.5 
mm). 

12.3 The inner and outer rings will be axially independent to account for the 

differential thermal contraction of approximately 0.6 mm. 

12.4 Because the end cap accordion plates are not arranged in a circle the fit-up and 

assembly does not add tolerances. Consequently the final assembly of the two modules 

will be substantially easier than the barrel accordion unit. 

12.5 The fabrication of the individual end cap accordion plates will require additional 

study. Many different sizes and shapes are required. Even though the basic accordion 

shape is constant as shown if Figure Ml-OOzz the individual plates will require 

attachment tabs at different locations. The inclusion of the tabs in the plate forming 

process is not understood. 
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13.0 Cold Mass Supports 

Issue: Providing system support without extending the EM envelope. 

Comments: 

13.1 The Do design was used in the proposed design. Calculations for the supports are 

attached. 

13.2 The barrel cold mass supports are shown in the attached figure. 

13.3 The end cap supports should be significantly smaller than the barrel units due to 

the lighter weight. 

13.4 Cold Mass Supports are made from Inconel; consequently, there will be a 

substantial amount of material between the EM and Hadron in the areas in which they are 

located. 
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Barrel 

Barrel 

Stanchion Support Cale 

Barrel Em Calorimeter Stanchion Support Calcylatlon 

Thermal Expansion & Loads 

Dimensions 
Stanchions mm 
Four Equally Loaded 2 0 7 6 
Stanchion Angle 4 5 
Total Plate Length Calculations 

Station Height 
Stanchion Thickness 
Length 
Length of Each Plate 
Total Layer Thickness 
Each Plate (Max) Thickness 
Each Plate (Min) Thickness 
No of Plates 
Total Length of Plates 

Integrated 
Thermal 

Length Expansion 
mm Pe!ta LIL 

2076 0.004 

9G 
Page 1 of 2 

Total Load 
MT on Lbs 
44 97002.4 

mm Inch 
380.00 14.96 

50.00 1.97 
200.00 7.87 

70.71 2.78 
141 .42 5.57 
10.00 0.39 

9.00 0.35 
14 

1000.00 39.37 

Total Deflection 
mm lI1£b 

8.304 0.327 



44 

2.90E+07 
140,000 

1.20 
210.00 

14.96 
0.35 

39.37 

Stanchion Support Cale 

Barrel Em Calorimeter Stanchion Suooort Calcylatlon 

Pt 
Ps 

E 
Fy 
K 
dT 
L 
t 
b 
r 
A 
I 

OUJPUI 

1 1 

24,251 

.u.t:m: 
MT on 
MT on 
lb 

COMMENT 
Total Weight of Calorimeter 
Total Load on Each Stanchion 

Psi Young's Modulus 
Psi Yield Stress of lnconel 718 

Effective Length Factor for Buckling, AISC ASD P5-135 
degree K Temperature Difference 
in Height of Column 
in Thickness of Plate 
in 

0.1 O in 
13.95 inA2 
0.15 inA4 

Total Length of Plate 
Radius of Gyration 
Total Cross Section Area of Plate 
Area Moment of Inertia 

Stryctyral Strength 
Per 

Calcylat!on (Roark & Young Method) 
4 6, 6 61 lb Critical Compressive Load (Euler) nwith K=0.25 

Fa 
0.327 y 

w 
M 

fa 
lb 

3,345 Psi Critical Axial Stress 

-4,322 
36,295 

in Lateral Deflection Due to Thermal Contraction 
lb Lateral Load Due to Thermal Contraction 
in-lb Bending Moment Due to Thermal Contraction 

1,738 Psi 
44,057 Psi 

Applied Axial Stress 
Applied Beding Stress 

Von Mises Failure Criteria 
Sp 45,795 Psi 
s= 3.06 

Principal Stress 
Factor of Safety 

Allowable Stress Qeslgn yslng AISC ASP Eqyatlons 
Cc 64 Cc 

Kl/r 176 Kl/r 
Pcr1 67,624 lb Critical Compressive Load (AISC) when (KVr)>Cc 

Fa 4 , 8 4 8 Psi Critical Axial Stress 
Fb 105,000 Psi Allowable Bending Stress, 0.75•Fy 
Fv 56,000 Psi Allowable Shear Stress, 0.4•Fy 

fa 
lb 

1,738 Psi 
44,057 Psi 

Applied Axial Stress 
Applied Bending Stress 

Margin of Safety for Compressive Members 
fa/Fa 0.36 Stress Combination Criteria 

0.85 Cm Compression Member Coefficient, AISC ASD p5-55 
Comb1 0.91 Combined Stress 1 for Axial Compression & Bending, <=1.0 
Comb2 0.44 Combined Stress 2 for Axial Compression & Bending, <=1.0 
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14.0 Radiation and Absorption Lengths of EM Calorimeter 

Issue: Material in front and back of the active EM calorimeter must be limited for proper 

calorimeter performance. 

Comments: 

14.1 Calculations of the material staek-up at three angles (eta= 0.0, 1.2, 3.0) are 

attached. Three cases are presented: 

Case I: No special design features are included to reduce material in front of the EM. 

Case 2: Some excluder is included to limit the amount of LKr in front of the EM. 

Case 3: Excluders are added to totally eliminate the amount of LKr in front of the EM. 

14.2 The amount of Liquid Krypton in front of the barrel accordion is significant, 

consequently the barrel has been designed to limit the volume. 

14.3 Additional material reduction may be achieved by special efforts to make the 

barrel structure more efficienL 

14.4 Full Scale drawings of the inner and outer accordion/vessel arrangements are 

attaehed: 

a. Figure G.03.LM.0017 (Sht 1 &2) the inner layer arrangement, 

b. Figure G.03.LM.0020 outer layer arrangemenL 
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Case One 
L.iguid K[li!l:l1'2D £M ~i!1Qrim~1~r Bi!rrel 
£1i!=Q S1i!sokug Wi1hQ!.!1 Exsoluder 

Segment Material Thick. Rad Lgh Rad Lgh QI Int Lgh Int Lgh 
mm X/mm x mm L/mm ).. 

1.00 Tracker Radius 710 0.200 690 
1.01 Tolerance/Clearance 20 710 
1.02 Poly/Boron Shield Poly/Bor 50 0.0024 0.118 760 0.0013 0.0629 
2.00 EM Calorimeter IR 760 
2.01 Inner Vacuum Vessel Wall Alum 1 0 0.0112 0.112 770 0.0025 0.0254 
2. O 2 Insulation MU 25 795 
2.03 Clearance 20 815 
2.04 Tolerance 4 819 
2.05 Inner Argon Vessel Wall Alum 17 0.0112 0.191 836 0.0025 0.0431 
2.06 Excluder NA 
2.07 Ribbon Cable Poly/Cu 2 0.0103 0.021 821 0.0015 0.0030 
2.08 Clearance/Wireway LKr 28 0.0213 0.597 864 0.0017 0.0473 
2.09 Tolerance LKr 1 0 0.0213 0.213 874 0.0017 0.0169 
2. 1 O Electronics G-10 2 0.0088 0.018 876 0.0019 0.0038 
2. 11 Inner Accordion Support G-10/SST 20 0.0119 0.238 896 0.0020 0.0396 

Radiation Lengths Before EM fJ;708t• 
2.12 Accordion Laminate 480 0.0541 @25;945 •.•.• 1376 0.0028 1.3415 
2.13 Outer Accordion SUE!E!Ort Alum 20 0.0112 0.225 1396 0.0060 0.1200 
2. 1 4 Electronics G-10 2 0.0088 0.018 1398 0.0019 0.0038 
2.15 Tolerance LKr 20 0.0213 0.426 1418 0.0017 0.0338 
2.16 Clearance/Wireway LKr 28 0.0213 0.597 1446 0.0017 0.0473 
2.17 Ribbon Cable Pol)'./Cu 2 0.01 03 0.021 1400 0.0015 0.0030 
2.18 Excluder NA 
2.19 Outer Argon Vessel Wall Alum 13 0.0112 0.146 1459 0.0025 0.0330 
2.20 Insulation MU 25 0.000 1484 
2.21 Clearance 20 1504 
2.22 Tolerance 5 1509 
2.23 Outer Vacuum Vessel Wall Alum 13 0.0112 0.146 1522 0.0025 0.0330 

EM Calorimeter OR 1522 
2.23 Clearance 10 1532 
2.24 Tolerance 20 1552 
3.00 Hadron IR 1552 
3.01 Inner Fiber Structural Wall Alum 20 0.0112 0.225 1572 0.0025 0.0508 

Radiation Lengths Between Active EM and Hadron •{4.803)/ 

Totals 1596 29.457 1.9081 
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Case One 
Liguid K[l£g1Qn EM Cglgrim!U~r a1rrel 
l:;li!= l .2 Sli!,ku P 

Projected Dimensions 
Segment Material Thick. Rad Lgh Rad Lgh CR Int Lgh Int Lgh 

mm X/mm x mm Lt mm i.. 
1.00 Tracker Proj. Radius 1285.8 0.200 1285.8 
1.01 Tolerance/Clearance 36.219 1322 
1.02 Pol:t/Boron Shield POl:z'./Bor 90.547 0.0024 0.214 1412.5 0.0013 0.1139 
2.00 EM Csl. Projective IR 1412.5 
2.01 Inner Vacuum Vessel Wall Alum 18.109 0.0112 0.203 1430.6 0.0025 0.0460 
2.02 Insulation MU 45.273 1475.9 
2. o 3 Clearance 36.219 1512.1 
2.04 Tolerance 7.2438 1519.4 
2. o 5 Inner A!Ilon Vessel Wall Alum 30.786 0.0112 0.346 1550.2 0.0025 0.0781 
2. O 6 Excluder NA 
2.07 Ribbon Cable Pol:t/Cu 3.6219 0.01 03 0.037 1523 0.0015 0.0054 
2.08 Clearance/Wirewa:t LKr 50.706 0.0213 1.081 1600.9 0.0017 0.0857 
2.09 Tolerance LKr 18.109 0.0213 0.386 1619 0.0017 0.0306 
2.1 O Electronics G-10 3.6219 0.0088 0.032 1622.6 0.0019 0.0068 
2.11 Inner Accordion Support G-10/SST 36.219 0.0119 0.431 1658.8 0.0020 0.0718 

Radiation Lengths Before EM fi2j9306 
2.12 Accordion Projective Laminate 480 0.0541 #25:946( 2139 0.0028 1.3415 
2.13 Outer Accordion SuEEOrt Alum 36.219 0.0112 0.407 2175 0.0060 0.2173 
2.14 Electronics G-10 3.6219 0.0088 0.032 2178. 7 0.0019 0.0068 
2. 1 5 Tolerance LKr 36.219 0.0213 0.772 2214.9 0.0017 0.0612 
2. 16 Clearance/Wirewa:z'. LKr 50.706 0.0213 1.081 2265.6 0.0017 0.0857 
2 .1 7 Ribbon Cable Pol:t/Cu 3.6219 0.01 03 0.037 2182.3 0.0015 0.0054 
2. 1 8 Excluder NA 
2.1 9 Outer Argon Vessel Wall Alum 23.542 0.0112 0.265 2289.1 0.0025 0.0598 
2.20 Insulation MU 45.273 0.000 2334.4 
2. 21 Clearance 36.219 2370.6 
2.22 Tolerance 9.0547 2379.7 
2.23 Outer Vacuum Vessel Wall Alum 23.542 0.0112 0.265 2403.2 0.0025 0.0598 

EM Calorimeter Proj. OR 2403.2 
2.23 Clearance 18.109 2421.3 
2.24 Tolerance 36.219 2457.5 
3.00 Hadron Proj. IR 2457.5 
3.01 Inner Fiber Structural Wall Alum 36.219 0.0112 0.407 2493.8 0.0025 0.0919 

Radiation Lengths Between Active EM and Hadron @3>265% 

Totals 2501 32.142 2.3676 
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Case One 
Liguid Arg12a EM i;nd ~5!12 ~ii!IQrim!lter 
!;U1=3,Q S1ii!C!sLIP 

Segment Material Thick. Rad Lgh Rad Lgh Leng ht Int Lgh Int Lgh 
mm X/mm x mm L/mm A. 

1.00 Tracker Lenght 1500 0.200 1500 
1. o 1 Clearance 262 
1.02 Pol~/Boron Shield Pol:t/Bor 200 0.0024 0.472 1962 0.0013 0.2516 
2.00 EM Calorimeter Front 1962 
2.01 Front Vacuum Vessel Wall Alum 25 0.0112 0.281 1987 0.0025 0.0635 
2.02 Insulation MU 25 2012 
2.03 Clearance 30 2042 
2.04 Tolerance 5 2047 
2.05 Front Arson Vessel Wall Alum 46 0.0112 0.517 2093 0.0025 0. 1168 
2.06 Excluder NA 
2.07 Ribbon Cable Pol:r:tcu 2 0.0103 0.021 2049 0.0015 0.0030 
2.08 Clearance/Wirewa~ LAr 28 0.0071 0.200 2121 0.0012 0.0335 
2.09 Tolerance LAr 10 0.0071 0.071 2131 0.0012 0.0119 
2. 1 o Electronics G-10 2 0.0088 0.018 2133 0.0019 0.0038 
2. 11 Inner Accordion Support G-10/SST 20 0.0119 0.238 2153 0.0020 0.0396 

Radiation Lengths Before EM (2;;.017.' 
2.12 Accordion Laminate 620 0.0453 f28.086f 2773 0.0025 1.5500 
2. 1 3 Outer Accordion SUE!E!Ort Alum 20 0.0112 0.225 2793 0.0060 0.1200 
2.14 Electronics G-10 2 0.0088 0.018 2795 0.0019 0.0038 
2 .1 5 Tolerance LAr 20 0.0071 0.143 2815 0.0012 0.0239 
2.16 Clearance/Wirewa~ LAr 28 0.0071 0.200 2843 0.0012 0.0335 
2.17 Ribbon Cable Pol~/Cu 2 0.0103 0.021 2797 0.0015 0.0030 
2. 1 8 Excluder NA 
2.19 Back Ar92n Vessel Wall Alum 46 0.0112 0.517 2889 0.0025 0.1168 
2.20 Insulation MU 25 0.000 2914 
2.21 Clearance 50 2964 
2.22 Tolerance 5 2969 
2.23 Back Vacuum Vessel Wall Alum 35 0.0112 0.393 3004 0.0025 0.0888 

EM calorimeter Back 3004 
2.23 Clearance 10 3014 
2.24 Tolerance 20 3024 
3.00 Front of Hadron 3024 
3.01 Inner Fiber Structural Wall Alum 20 0.0112 0.225 3044 0.0025 0.0508 

Radiation Lengths Between Active EM and Hadron Ht1'l'74·1'M 

Totals 3058 31.844 2.5140 
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Case Two 
Ngbli biguid EM Calgrimg1er 
E1a=Q S1ackug Will:! biguid Kc3£g1QD Excluder 

Segment Material Thick. Rad Lgh Rad Lgh ~ Int Lgh Int Lgh 
mm X/mm x mm L/mm l. 

1.00 Tracker Radius 710 0.200 690 
1.01 Tolerance/Clearance 20 710 
1.02 Pol~/Boron Shield Pol~/Bor 20 0.0024 0.047 730 0.0013 0.0252 
2.00 EM Calorimeter IR 730 
2.01 Inner Vacuum Vessel Wall Alum 1 0 0.0112 0.112 740 0.0025 0.0254 
2.02 Insulation MU 25 765 
2.03 Clearance 20 785 
2.04 Tolerance 4 789 
2.05 Inner Argon Vessel Wall Alum 17 0.0112 0.191 806 0.0025 0.0431 
2.06 Pol~/Boron Excluder Pol~/Bor 20 0.0024 0.047 826 0.0013 0.0252 
2.07 Ribbon Cable Pol~/Cu 2 0.0103 0.021 791 0.0015 0.0030 
2.08 Clearance/Wirewal'.'. LKr 6 0.0213 0.128 812 0.0017 0.0101 
2.09 Tolerance LKr 10 0.0213 0.213 822 0.0017 0.0169 
2 .1 o Electronics/Cabling G·10 2 0.0088 0.018 824 0.0019 0.0038 
2. 11 Inner Accordion Support G·10/SST 20 0.0119 0.238 844 0.0020 0.0396 

Radiation Lengths Before EM 111:215.) 
2.12 Accordion Laminate 480 0.0541 {25:946 1324 0.0028 1.3415 
2. 13 Outer Accordion Sueeort Alum 20 0.0112 0.225 1344 0.0060 0.1200 
2 .14 Electronics G·10 2 0.0088 0.018 1346 0.0019 0.0038 
2.15 Tolerance LKr 10 0.0213 0.213 1356 0.0017 0.0169 
2.16 Clearance/Wirewa~ LKr 10 0.0213 0.213 1366 0.0017 0.0169 
2.17 Ribbon Cable Pol~/Cu 2 0.0103 0.021 1348 0.0015 0.0030 
2.18 Pol~/Boron Excluder Pol)'.'./Bor 28 0.0024 0.066 1394 0.0013 0.0352 
2 .1 9 Outer Ar92n Vessel Wall Alum 13 0.0112 0.146 1379 0.0025 0.0330 
2.20 Insulation MU 25 0.000 1404 
2.21 Clearance 20 1424 
2.22 Tolerance 5 1429 
2.23 Outer Vacuum Vessel Wall Alum 13 0.0112 0.146 1442 0.0025 0.0330 

EM Calorimeter OR 1442 
2.23 Clearance 10 1452 
2.24 Tolerance 20 1472 
3.00 Hadron IR 1472 
3.01 Inner Fiber Structural Wall Alum 20 0.0112 0.225 1492 0.0025 0.0508 

Radiation Lengths Between Active EM and Hadron M:kt127,2\t 

Totals 1564 28.433 1.8463 
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Case Two 
Lig1.1id Kr:in:i1gn EM ~51lgrim!i!l!i!r B51rrel 
E15!=l .2 Sl5!1<!s1.1g Wilh Ex1<l1.1!;!er 

I Projected Dimensions 
Segment Material Thick. Rad Lgh Rad Lgh m Int Lgh Int Lgh 

mm X/mm x mm L/mm A. 
1.00 Tracker Proj. Radius 1285.8 0.200 1285.8 
1.01 Tolerance/Clearance 36.219 1322 
1.02 Pol~/Boron Shield Pol~/Bor 36.219 0.0024 0.085 1358.2 0.0013 0.0456 
2.00 EM cal. Projective IR 1358.2 
2.01 Inner Vacuum Vessel Wall Alum 18.109 0.0112 0.203 1376.3 0.0025 0.0460 
2.02 Insulation MU 45.273 1421.6 
2.03 Clearance 36.219 1457.8 
2.04 Tolerance 7.2438 1465 
2.05 Inner Argon Vessel Wall Alum 30.786 0.0112 0.346 1495.8 0.0025 0.0781 
2.06 Pol~/Boron Excluder Pol~/Bor 36.219 0.0024 0.085 1532.1 0.0013 0.0456 
2. o 7 Ribbon Cable Poi~/Cu 3.6219 0.0103 0.037 1468.7 0.0015 0.0054 
2.08 Clearance/Wirewa~ LKr 10.866 0.0213 0.232 1506. 7 0.0017 0.0184 
2.09 Tolerance LKr 18.109 0.0213 0.386 1524.8 0.0017 0.0306 
2.1 O Electronics G-10 3.6219 0.0088 0.032 1528.4 0.0019 0.0068 
2 .11 Inner Accordion Support G-10/SST 36.219 0.0119 0.431 1564.7 0.0020 0.0718 

Radiation Lengths Before EM :2:038)/ 
2.12 Accordion Projective Laminate 480 0.0541 ?25;945 2045 0.0028 1.3415 
2.13 Outer Accordion Sueeort Alum 36.219 0.0112 0.407 2080.9 0.0060 0.2173 
2.14 Electronics G-10 3.6219 0.0088 0.032 2084.5 0.0019 0.0068 
2.15 Tolerance LKr 18.109 0.0213 0.386 2102.6 0.0017 0.0306 
2.16 Clearance/Wirewa~ LKr 18.1 09 0.0213 0.386 2120.7 0.0017 0.0306 
2.17 Ribbon Cable Pol~/Cu 3.6219 0.0103 0.037 2088.1 0.0015 0.0054 
2.18 Pol~/Boron Excluder Pol~/Bor 50.706 0.0024 0.120 2171.4 0.0013 0.0638 
2.19 Outer Argon Vessel Wall Alum 23.542 0.0112 0.265 2144.3 0.0025 0.0598 
2.20 Insulation MU 45.273 0.000 2189.5 
2.21 Clearance 36.219 2225.7 
2.22 Tolerance 9.0547 2234.8 
2.23 Outer Vacuum Vessel Wall Alum 23.542 0.0112 0.265 2258.3 0.0025 0.0598 

EM C81orlmeter ProJ. OR 2258.3 
2.23 Clearance 18.1 09 2276.5 
2.24 Tolerance 36.219 2312.7 
3.00 Hadron Proj. IR 2312.7 
3.01 Inner Fiber Structural Wall Alum 36.219 0.0112 0.407 2348.9 0.0025 0.0919 

Radiation Lengths Between Active EM and Hadron @2~304\D 

Totals 2443.1 30.288 2.2557 
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Case Three 
t:12bl1 Lis:u.1id f;M ~51lgrim11er 
li1a=Q SU!!<lsL! 12 Wi11l lQQ% Liguid KClr!l212!l lixcluder 

Segment Material Thick. Rad Lgh Rad Lgh CR Int Lgh Int Lgh 
mm X/mm x mm L/mm ;\. 

1.00 Tracker Radius 0.200 690 
1 . O 1 Tolerance/Clearance 20 710 
1.02 POl:z'.IBOron Shield POl:z'./Bor 0 0.0024 0.000 710 0.0013 0.0000 
2.00 EM calorimeter IR 710 
2.01 Inner Vacuum Vessel Wall Alum 10 0.0112 0.112 720 0.0025 0.0254 
2.02 Insulation MU 25 745 
2.03 Clearance 20 765 
2.04 Tolerance 10 775 
2.05 Inner Argon Vessel Wall Alum 17 0.0112 0.191 792 0.0025 0.0431 
2.06 Pol:z'.IBoron Excluder POl:z'./Bor 48 0.0024 0.113 840 0.0013 0.0604 
2.07 Ribbon Cable Pol:z'./Cu 2 0.01 03 0.021 777 0.0015 0.0030 
2.08 Clearance/Wlrewa:i'. LKr 0 0.0213 0.000 792 0.0017 0.0000 
2.09 Tolerance LKr 0 0.0213 0.000 792 0.0017 0.0000 
2.1 o Electronics/Cabling G-10 2 0.0088 0.018 794 0.0019 0.0038 
2.11 Inner Accordion Support G-10/SST 20 0.0119 0.238 814 0.0020 0.0396 

Radiation Lengths Before EM Ii.0!893% 
2.12 Accordion Laminate 480 0.0541 \25:9/16\ 1294 0.0028 1.3415 
2. 1 3 Outer Accordion Sueeort Alum 20 0.0112 0.225 1314 0.0060 0.1200 
2.14 Electronics G-10 2 0.0088 0.018 1316 0.0019 0.0038 
2.15 Tolerance LKr 0 0.0213 0.000 1316 0.0017 0.0000 
2.16 Clearance/Wirewa;t LKr 0 0.0213 0.000 1316 0.0017 0.0000 
2 .1 7 Ribbon Cable POl:z'./Cu 2 0.0103 0.021 1318 0.0015 0.0030 
2 .18 Pol:z'.IBoron Excluder Pol;t/Bor 60 0.0024 0.142 1376 0.0013 0.0755 
2.19 Outer Ar!l!!n Vessel Wall Alum 13 0.0112 0.146 1329 0.0025 0.0330 
2.20 Insulation MU 25 0.000 1354 
2.21 Clearance 20 1374 
2.22 Tolerance 5 1379 
2.23 Outer Vacuum Vessel Wall Alum 13 0.0112 0.146 1392 0.0025 0.0330 

EM calorimeter OR 1392 
2.23 Clearance 10 1402 
2.24 Tolerance 20 1422 
3.00 Hadron IR 1422 
3.01 Inner Fiber Structural Wall Alum 20 0.0112 0.225 1442 0.0025 0.0508 

Radiation Lengths Between Active EM and Hadron @t:o·;.9.21mr 

Totals 864 27.760 1.8358 
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Case Three 
Li'1L!id K~i;i1gn EM C51lgrim~1~r B51rrel 
E1i1=1,2 S1il~lsui;i Wilh 1 QQ0'2 Ex~luder 

I Projected Dimensions 
Segment Material Thick. Rad Lgh Rad Lgh CR Int Lgh Int Lgh 

mm X/mm x mm L/mm ).. 

1.00 Tracker Proj. Radius 0 0.200 0 
1.01 Tolerance/Clearance 36.219 36.219 
1.02 Pol~/Boron Shield Pol~/Bor 0 0.0024 0.000 36.219 0.0013 0.0000 
2.00 EM Cal. Projective IR 36.219 
2.01 Inner Vacuum Vessel Wall Alum 18.109 0.0112 0.203 54.328 0.0025 0.0460 
2.02 Insulation MU 45.273 99.602 
2.03 Clearance 36.219 135.82 
2.04 Tolerance 18.1 09 153.93 
2.05 Inner Argon Vessel Wall Alum 30.786 0.0112 0.346 184.72 0.0025 0.0781 
2.06 Pol~/Boron Excluder Pol~/Bor 86.925 0.0024 0.205 271.64 0.0013 0.1093 
2.07 Ribbon Cable Pol~/Cu 3.6219 0.0103 0.037 157 .55 0.0015 0.0054 
2.08 Clearance/Wirewa~ LKr 0 0.0213 0.000 184.72 0.0017 0.0000 
2.09 Tolerance LKr 0 0.0213 0.000 184.72 0.0017 0.0000 
2. 1 0 Electronics G-10 3.6219 0.0088 0.032 188.34 0.0019 0.0068 
2. 11 Inner Accordion Support G-10/SST 36.219 0.0119 0.431 224.56 0.0020 0.0718 

Radiation Lengths Before EM tr1·•:4ss·• .i• 
2.12 Accordion Projective Laminate 480 0.0541 f25l946? 704.6 0.0028 1.3415 
2.13 Outer Accordion Sueeort Alum 36.219 0.0112 0.407 740.78 0.0060 0.2173 
2.14 Electronics G-10 3.6219 0.0088 0.032 744.4 0.0019 0.0068 
2. 1 5 Tolerance LKr 0 0.0213 0.000 744.4 0.0017 0.0000 
2. 1 6 Clearance/Wirewa~ LKr 0 0.0213 0.000 744.4 0.0017 0.0000 
2.17 Ribbon Cable Pol~/Cu 3.6219 0.0103 0.037 748.02 0.0015 0.0054 
2.18 Pol~/Boron Excluder Pol~/Bor 108.66 0.0024 0.256 853.05 0.0013 0.1367 
2.19 Outer Argon Vessel Wall Alum 23.542 0.0112 0.265 767.94 0.0025 0.0598 
2.20 Insulation MU 45.273 0.000 813.21 
2.21 Clearance 36.219 849.43 
2.22 Tolerance 9.0547 858.49 
2.23 Outer Vacuum Vessel Wall Alum 23.542 0.0112 0.265 882.03 0.0025 0.0598 

EM Calorlrneter Proj. OR 882.03 
2.23 Clearance 18.1 09 900.14 
2.24 Tolerance 36.219 936.36 
3.00 Hadron Proj. IR 936.36 
3.01 Inner Fiber Structural Wall Alum 36.219 0.0112 0.407 972.58 0.0025 0.0919 

Radiation Lengths Between Active EM and Hadron i!i,1i668\i 

Totals 1175.4 29.069 2.2367 
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15.0 Radiation and Absorption Lengths of Accordion 

Issue: The current accordion designs are based on liquid argon consequently the 

configuration of the plates may have to be changed slightly to account for the use of 

krypton in the barrel 

Comments: 

15.1 Calculations for the radiation and absorption lengths of the active barrel accordion 

region are attached. 

15.2 Calculations indicate the current accordion array will have approximately 26 Xo. 

16.0 Determination of Liquid Volumes 

Issue: Liquid Krypton is expensive 

Comments: 

16.1 Calculations for the volume of liquid krypton are attached. 

16.2 The amount of excess liquid required for operation of the cooling systems has not 

been determined. A factor of 20% is assumed in the cost tables. 

16.3 If the barrel is redesigned to reduce the amount of krypton in front of the 

accordion the volume of krypton may be reduced funhcr. 
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Active Thickness of Absorbers 
Design: Accordion Plate 
Absorber: Stainless Steel/Lead 
Sense Material: Liquid Krypton 

Material Density Int Lenght Rad Lgh Percent Metal IL Actual IL Metal RL Actual RL 
g/cm"3 g/cm"2 g/cm"2 "lo Vol cm/L cm/L cm/X cm/X 

Absorber Composition 

.h~~9--·-·--·····-··1.t.~.§._ ....... __ .. 2.~.~~.Q ................ ~.:.~.?. ........... ?..9.&~.~!.?. ....... .1.?..:.9 .. s. .... -...... §.?. .... §.~ ............ _.Q_,_~.!?.. ___ _g.:.z.?. ___ _ 
St St 7.87 131.9 13.84 6.35% 16.76 263.97 1.76 27.70 
G·10 1.70 90.2 33.00 3.17% 53.06 1671.35 19.41 611.47 -······-· .. -· .. ---····· ........ _ ................................................................................................................................................................... - ....... ----·-----
Kap ton 1.11 76.7 36.09 6.35% 69.14 1088.88 32.51 512.09 

59.60 --·---------··---....................................... -.. --···-····-· .. ··-·-·-·---·· .. ··-··-·-··----····-·-·--------·----

-~~~~~ ... M.!!.!.~!.!!!...9.~.!!!.P..~.~-~!~!?.!:! ........................ -·····-····················-·······-··· ............ ·-·-·······························-·-···-··-·····--·--------·---·-· 
Krypton 2.42 145.0 11.50 63.49% 60.04 94.57 4.76 7.50 

Totals 4.50 35.78 1.85 
Inverts 0.2222 0.0280 0.5407 

ccordlon Make-up: 
Total Absorb 

Material Layers Thickness Total Units Pere Pere 
Lead 1 1.300 1.3 mm 20.63% 56 .52% 
St St 2 0.200 0.4 mm 6.35% 1 7 .39% 
G-10 2 0.100 0.2 mm 3.17% 8. 70% 
Kapton 1 0.400 0.4 mm 6.35% 1 7 .39% 
Absorber 2.3 100.00% 
Liq. Krypto1 2 2.000 4.0 mm 63.49% 

6.3 mm 1 00% 
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Sense Material: Liquid Argon (End Cap) 

Material Density Int Lenght Rad Lgh Percent Metal IL Actual IL Metal RL Actual RL 
g/cm"3 g/cm"2 g/cm"2 % Vol cm/L cm/L cm/X cm/X 

Absorber Comeosltion 
Lead 11.35 194.0 6.37 20.63% 17.09 82.83 0.56 2.?2 
St St 7.87 131.9 13.84 6.35% 16.76 263.97 1.76 27.70 
G-1 o 1.70 90.2 33.00 3.17% 53.06 1671.35 19.41 611.47 
Kaeton 1.11 76.7 3 6. 0 ~-·-·.§.}5% 69.14 1 088.88 32.51 512.09 

2.97 59.60 ---·--··-·····--·---··-·····----·-·--·-
·-····-·-···-·---·---·--

Sense Material Comeosition 
Argon 1.40 117.2 19.50 63.49% 83.71 131.85 13.93 21.94 

Totals 3.855 40.06 2.21 
Inverts 0.2594 0.0250 0.4529 

Accordion Make-up: 
Total Absorb 

Material Layers Thickness Total Units Pere Pere 
Lead 1 1.300 1.3 mm 20.63% 56.52% 
51-51-----2·------·,;:2·00----·a:4--H·-··n;-mHO•••••H•6:3"5o/;·---··1·7~·39•,i."O•H• 

G-10 2 0.100 0.2 mm 3.17% 8.70% KaPio;;-·---,---o.4c;o-·----o-;4---···-··iTI·iTI-·-··--5-_3-5•i:-·--··1·7·:39o;.--· 
Absorber 2.3 100.00% 
Liq. Argon 2 2.000 4.0 mm 63.49% 

6.3 mm 100% 
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GEM Detector 
Hybrid Noble Gas EM Calorimeter 
EM Calorimeter only 
Calculation or Liquid Ves.~el Volumes 

Barrel Liquid Krypton Volume 
Component O.R. l.R. Length 

cm cm cm 
Area 
cm"2 

Volume 
cc 

M!~~!~-·-··-·-··-··--···-···· ................................... !.?..~ ......... ~ ............. !.?..?.. ............. :?.9.,~}~ ............. ?..&~J.,.E!. ... . 
OuterCut 152 140 16.1 11.008 177,231 

~.!!:?.!.&~! .. ~~.~-·······-··-··--···· ................................ !.~Q ......... ?.: ............... ?.?. ................. ~.?.,~Q?. .............. ?.:.?.U.,f.~.! .....• 
End Notch 116 84 42 -20,106 -844,460 

Total Volume or Liquid Krypton Vessel 

Volume or Barrel Accordion Modules 

Volume Or Liquid Krypton 

Weight or Liquid Krypton 

End Cap Argon Vessel Volume 
Component 0.R. I.R. Length XC Area 

cm cm cm cm"2 

15,075 

11,101 

3,974 

9,736 

Volume 
cc 

Y.=~~£.! .... - .................... ---··-·--·-----·-... !.?.9. .......................... 1.Q:?.. .............. ?..Q,.?.~.?. .............. ?. ... ~~} .. .!.f?.~ ..... . 
Outer Cut 170 142 40 :?7,445 -548,899 

!:!.<?!~-----····--· ___ ... ..21. ___ f..? ____ J.Y.? .. -··---···!.'22.!L-.. :!.?l&!'.! .. -.. 

Total Volume or Liquid Argon Vessel 8,821 

Volume or End Cap Accordion Modules 3,675 

Volume Or Liquid Argon S,145 

Weight or Liquid Argon 7,203 
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17.0 Determination of Vessel Weights 

17 .1 Calculations of the vessel weights are attached. 

18.0 Determination of System Weights 

18.1 Tabulation of System Weights is Attached. 
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GEM Detector 
Liquid Argon Calorimeter 
EM Calorimeter only 
Calculation of Vessel Weights 

!Material: Alum. 0.0027 Kg/cc I 
Areas Totals 

Component Quant. Thick O.R. l.R. Lenght Face X-Sect. Volume Weight 
Each cm cm cm cm cmA2 cmA2 cc Kg 

Barrel 

Vacuum Vessel 1 

Total For Vacuum Vessel 404,405 1 ,092 

Argon Vessel 1 

-··----·-···-······-················ .. ·-························································································ .. ···························•··•············ .. ···-········· .. ················-···· .. •···•··•··· 
-·-·!!!~.i~.13 .... .9.Y..E.n.~.13.r. ............ 1 .................... ?.: .. 1.2 .............. ~.?. ......................... ?..~9 ...................................... ?..:4..t ......... ~ .. ?..!.:.~.?.:?. ........ :4..Q.~ ....... 

Outside Cylinder 1 1 .30 147 210 600 126,075 340 -·----· 
Outside End C~I 2 1 .30 ~- 83 -----· 572 94,914 256 
Outside End Pit 2 2. 10 147 2.40 ---· 6,311 26,508 72 

End Plate 2 2.10 140 115 20,028 84, 11 6 227 
End Cone 2 2. 10 115 82 37 22,899 96,176 260 

Total 1 ,304 

Barrel Total 2,396 

End cap 

Vacuum Vessel 2 

Inside C~linder 1 1.50 1 0 74 47 3.487 9 
Outside C~linder 1 2.20 182 36 1 ,258 45,284 122 

Front Plate 2 2.50 140 10 61,261 306,305 827 
Front Cone 2 2.50 182 140 51 51,591 257 956 696 
Back Plate 2 3.50 182 1 0 103,748 726,236 1,961 

Total 3,616 

Argon Vessel 2 

Inside C~linder 1 1.30 1 5 65 61 3,982 1 1 
Outside CY.li'!der 1 2. 10 16L._ __ .§_5 1_,_115 72,472 196 

Front Plate 2 4.60 140 15 6<?_,~68 559,989 1,512 
Front Cone 2 4.60 169 1 -:_o 44 4.fr_J13 392.960 1,061 
Back Plate 2 4.60 169 1 5 89.020 818,986 2,211 

Total 4,991 

End Cap Total 8,607 

Detector Total 19,610 

ORNL 8·23·92 
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GEM Detector 
Hybrid Noble Gas EM Calorimeter 
O::alculation of Accordion Weights 

!Accordion Density 0.0030 Kg/cc I 

Barrel 
Component O.R. l.R. Length 

cm cm cm 
Accordion Plates 

Area Volume 
cm 11 2 cc 

Middle 140 88.1 1 8_Q_ ____ 32_.]_9_ 1 __ f$. 6 94 '~-~s .. _. 
Outer Cut 140 131 16 .1 7 .. §62 123,364 
Straioht End 131 88.1 141 2~.,§.29 __ i.16~ .. &~.7 
End Notch 11 6 88.1 37.2 -17,889 -66§.,488 

-
Accord. Structure Width Lena th Thick. Unit _yol .. __!?_~.':!Sity: Quant 

cm cm cm cc Kg/cc 
Bottom Spacers 2 180 0.253 91.08 0.0014 1600 ·---·----· 
Top Cent. Soacers 2 278 0.4~_? ..... ..£54._992 _Q..0027 1600 
Top End Spacers 2 71 0.417 59.214 0.0027 3200 -·-····-----···-- ··-----
Middle Soacers 1 76 _____ Q.:~.·---·! .. ~ .. C~-.. - .. Q.,Q.9_]3 __ . _ _2_§ 0 0 
End Soacers 1 30 0.2 6 0.0014 3200 ·--·--··---·-·-··--·-··--·-···--·-· 
Total Weight of Barrel Accordion Assembly (Ory) Metric Tonnes 

Total Weight of Barrel Accordion Module (Ory) Kilograms 

Total Accordion Structure Volume (Cu Liters) 11,101 

End Cap 
Component O.R. l.R. Length Avg Area Volume Weight 

cm cm cm cm 11 2 cc Kg 
Accordion Plates 
Accordion Arrav 154 11 9 62 58,535 3,629, 166 10,779 
Hole 21 .8 28 62 -1,948 -120,765 -359 

Accord. Structure Width Heiaht Radius Volume Densltv Wei a ht 
cm cm cm cc Kg/cc Kg 

Back Spacers 2 89407.2 0.0014 125 
Front Soacers 2 53385.7 0.0027 144 
Front Rina 3 3 150 8482.3 0.0027 23 
Back Rina 2 10 125 15708 0.0027 42 

Total Weight of End Cap Accordion Assembly (Ory)Metric Tonnes 10.75 

Total Accordion Structure Volume (Cu Liters) 3,675 
Page 1/0RNL 8/25/92 
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Weight 
Kg 

19,883 
366 

12,366 
-1,976 

Volume Weiaht 
cc Ko 

145,728 204 
406,547 1,098 
189,485 512 
24,320 34 
19,200 27 

32.51 

812 .81 



GEM Detector 
Hybrid Noble Gas EM Calorimeter 
Tabulation of Total Weights 

Barrel Weights 
Mg 

.!.:£.~!?.~~!!?.!! ............... - ............. ..?.}.:?..! .. _ ... . 
LKr Vessel 1.30 

.Y.!!£.~-~.!!! .. Y.~~~.L. .................. ..I.:9.?. ........ . 
Liquid Krypton 9.74 

.. §.~PP.?.~.·-·--.......... - .............. 1.:.!.9 ......... . 

Barrel Total 45.74 

End Cap Weights 
Mg 

~££.'?.£~.~2!.1-.. .... __ .................... !.Q,Z?. ....... . 
LAr Vessel 4.99 

.Y.~£~.~!!!.Y.£.'.~.~!.. .................... ..3.:~~ ......... . 
Liquid Argon 7.20 

§ .. ~.P.P..?!.~ .............. - ..................... 9.:?..9 ........ . 

One End Cap Total 27.46 

System Weight 100.67 

ORNL 8-25-92 
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19.0 Barrel Assembly Procedure 

In order to achieve the best possible assembly the accordion arrays will be fitted 

by hand using jigs and fixtures to insure uniformity of module assembly and dimensional 

measurement to achieve the best assembly. 

Each module will have to be dimensionally correct in five key axis: 

a. Width of bottom row, 

b. Width of top row, 

c. Height of array, 

d. Straightness of Array, 

e. Twist of Array. 

Comments: 

19.1 Barrel accordion plates will be grouped into 40 modules or 20 absorbers and 20 

sense layers each. 

a. Plates will be referenced to each other with dowels 

b. Dowel holes will be jig drilled. 

c. Figure G.03.LM.0017 (Sht 1 &2) Shows bolted connection on inner layer 

d. Figure G.03.LM.0020 Shows bolted connection on outer layer 

e. Assembly fixtures will be used to control module waip 

19.2 Modules will be fitted together as a single group. 

a. Modules fitted line to line at outer perimeter 

b. Inner perimeter gaps uniformly distributed, 

c. Two outer rings used for locking outer perimeter with four individually positioned 

clamps, 

d. Inner ring locks radial positions of modules with individually positioned clamps. 
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19.3 Accordion Array fitted to Liquid Vessel 

a. Outer vessel welded around outer reference rings, 

b. Inner vessel positioned inside inner reference rings, 

c. Feedthrough rings welded to outer vessel, 

d. End Walls welded to inner and outer vessels. 

19.4 Liquid Vessel Fitted to Vacuum Vessel 
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20.0 End Cap Assembly Procedure 

In order to achieve the best possible assembly the accordion arrays will be fitted 

by hand using jigs and fixtures to insure uniformity of module assembly and dimensional 

measurement to achieve the best assembly. 

Comments: 

20.1 End Cap accordion plates will be grouped into a single module. 

a. Plates will be referenced to each other with dowels 

b. Dowel hole will be jig drilled. 

c. Plates will be stacked in a fixture using spacer bars as references, 

e. Module will be connected horizontally across spacers. 

20.2 Module will be fitted to two end rings 

a. Modules will be cradled in two end rings 

b. Back end ring will flex with thermal distortions, 

20.3 Accordion Array fitted to Liquid Vessel 

a. Inner vessel Fitted over reference rings, 

b. Inner vessel positioned inside array, 

c. Feedthrough rings welded to outer vessel, 

d. End Walls welded to inner and outer vessels. 

20.4 Liquid Vessel Fitted to Vacuum Vessel 
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21.0 Accordion Component Count 

Issue: Complexity of assembly based on number of pieces. 

Comments: 

21.1 A total component count for the accordion assemblies is attached. 

21.2 The 80,000 pieces indicates the complexity of the assembly and confirms the need 

for extensive hand-work during assembly to overcome tolerancing problems to achieve a 

precision calorimeter. 
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GEM Detector 
Hybrid Calorimeter 
Component Count 

1.00 Barrel Quantity 
Components Per Plate Per Cell Per Mod Total 

A Modules 40 
B Cells 5 200 
c Plates 4 20 800 

1.10 Absorber Plates 
1 .11 Stainless Sheet 2 8 40 1600 
1.12 Lead Sheet 1 4 20 800 
1.13 Prepreg. Mats 2 8 40 1600 

1.20 Kapton Electrodes 1 4 20 800 

1.30 Inner Edge Structure 
1.31 Spacer Bars 2 8 40 1600 
1.32 Tie Bolts 0 0 8 320 
1.33 Tie Bolt Spacers 8 32 160 6400 
1.34 Alignment Pins 8 32 160 6400 
1.35 Assembly Tabs 0 0 2 80 
1.36 Assembly Pins 0 0 2 80 

1.40 Middle Outer Edge Struct. 
1.41 Spacer Bars 2 8 40 1600 
1 .42 Tie Bolts 0 0 4 160 
1.43 Tie Bolt Spacers 4 16 80 3200 
1 .44 Alignment Pins 4 16 80 3200 
1.45 Assembly Tabs 0 0 4 160 
1.46 Assembly Pins 0 0 4 160 

1.50 End Outer Edge Struct. 
1.51 Spacer Bars 4 16 80 3200 
1.52 Tie Bolts 0 0 6 240 
1.53 Tie Bolt Spacers 6 24 120 4800 
1.54 Alignment Pins 6 24 120 4800 

1.60 Outer Longitudinal Spacers 2 8 40 1600 

1.70 Middle Longitudinal Spacers 1 4 20 800 

Total Saffel Accordion Components 44,640 
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2.00 End cap 
Components 

--·----·-------A Modules 
B Cells 

Quantity 
Per Plate Per Cell Per Mod 

--- --------- ·-------- 134 
402 c Plates 3 

2.1 o Absorber Plates 

Total 

2 
268 
804 

_g.:.!!_§!?.l.!!.L~~.§-~i!.~~.!.. ........ ___________ g ______ § ______ ~.Q,± _______ 1 §.Q.~------
2. 12 Lead Sheet 1 3 402 804 

2.11._Pr~.l?.!'..~Q~-~~~--·-· .. ---------~------~--- 804 1608 

? ___ 4..Q.g_________ 8 o~---

_g_,_~_O_..£!.<mL§f!.9.~ ... §!~Uc!_!!!.L.. ·-------··----· 
2.31 Spacer Bars 2 6 804 1608 

__ ? .3 2 .. .TJ~ ... ~P..tt~ .. -····-·-----.. -----Q. __ o 6 _________ 1 g__····-·-··· 
2.33 Tie Bolt Spacers 8 24 3216 6432 
2.34 Align~.L!:'ins... ·----""8 ___ ""'2_4 --"'-3~_!§__ 6432 
2.35 Assembly Tabs O 0 4 8 
2.36 Assemjljy...fins O 0 4 8 

2. 4 O ___ .].~p.Ll;P.g!!_§tructu!~-
2.41 Spacer Bars 2 6 804 1608 
2.42 Tie Bolts 0 0 8 16 -·---
2.43 Tie Bolt Spacers 8 24 3216 6432 
2.44 Al!g.nment Pins 8 24 3216 6432 
2.45 Assembly Tabs 0 0 5 10 
2.46 Assemb!y Pins 0 0 5 10 

2.50 Vertical Tie Rods 0 0 24 48 

Total End Cap Accordion Components 34,954 

Total Accordion Components 79,594 
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IV. A!ternatjye Hybrjd Ca!orjmeter Desjgn 

V.l Parallel Plate Noble Liquid EM Calorimeter 

A parallel option for the noble liquid EM calorimeter has been successfully tested 

for use in GEM. The basic design is shown in Figures P-OOii. The layout is also 

described in the attached sketches. The parameters for the system are attached. Of these 

the most significant is the number of solder joints (approximately 4 million). It is this 

large number of joints which is found to be the primary weakness of this proposal. 

The mechanical configuration of the parallel plate system offers many advantages 

for mounting and assembly at final assembly. The 
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0.0254mm-~ 

Copper ~ 

0.30 m.J _ _., 
Carbon Composite 

1.50mm 
Lead 

O.lOmm-..... 
Kapton/Copper 

2.13 mm R----

1.79 mm 
Liquid Krypton 

PreRadiator Plate Configuration 

G.03.PP.002 

GEM Detector 
Liquid Krypton Calorimeter 
Parallel Plate Configuration 
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GEM Detector 
Liquid Krypton Calorimeter 
Parallel Plate Configuration 
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Parallel Plata LKr EM Calorlmeter 
Stack-up Configuration 

f>reRadlator Thickness ..... Layers 
Copper 0.025 
PrePreg 0.3 
Lead 1.5 
PrePreg 0.3 
Copper 0. 025 
Absorber 2.15 11 
LKrGap 1.9 21 
Electrode 0.1 1 o 
Total 
Avg. Layer Thickness 

Total Thick 

23.65 
39.9 

1 
64.55 
5.87 

PreRadlator Thickness Layers Total Thick · 
I-" ~r 0.025 
.i::i. PrePreg 0. 165 
I-" !!!.!!!! 0. 7 

.!'.!.!!l'.~ ... _ ............. -·-·-·--..... !!J .. ~.~·---·--·-· .................................................... .. 
.. C:.!?.P.P.!!L o.025 -----·----··---.... ·-···-
}.~.!!.!.!?!L-·- J.:.!!_8 -----·-.!~.!!.._ ...... - ..... _!.!!§~~~ ...... .. 
. ~!$!.~···----- 1 :.2 .... ______ H!.L ........... - .... }.H.:.~ ......... . 
Electrode 0.1 97 9. 7 
Total 489.84 
Avg. Layer Thickness 5.00 

ORNL 8·17-92 



Computed paramters for Complete Peleg 

Totals PreRadlator EMCal Delee tor 

Segments 81,686 2,924,320 3,006,006 each 
Channels 29,704 29,840 59,544 each 
S!rlpllnes 1,867 7,460 9,327 each 

Types of Strlpllne 40 40 80 each 
lenght of Strlpllne 5,028 M 

Connections 260,404 3,855,400 3,915,804 Each 
PreRadlator Plate Area 405 4025 4,430 M•2 

Volume of lead 0.61 6.04 6.65 M•3 
Weight of lead 6.90 68.53 75.43 Mg ._. 
Area of Copper 811 8,050 8,861 M•2 

~ Weight of Copper 0.18 1.82 2.00 Mg t\:) 
Area of PrePreg 811 8,050 8,861 M•2 

Weight of PrePreg 0.41 4.11 4.52 Mt 
Area of electrodes 405 4,025 4,430 M•2 

Weight of Electrodes 0.14 1.41 1.55 Mg 
Volume of lKr 0.73 7.24 8 M•3 
Weight of lKr 1.24 12.32 13.58 Mg 

Area of Ampllller 32.75 52.05 84.80 M•2 

Acllva Materlal Welaht 8.88 88.18 97.05 Ma 

_,.,, .... n .. ~ """' 
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Liquid Krvpton Parallel Plate 
Parameters Worksheet 
Input Parameters-End Cap 

Distance to IP 2074 
Total Thickness 530.50 

Thick. of PreRad. Lsyer 5.68 
No. of PreRad Layers 1 1 
Thickness of PreRad 82.25 

Thickness of EM Layer 4.78 
Number of EM layers 98 

Thickness of EM Sacllon 468.25 

mm 
mm 

mm 
each 
mm 

mm 
each 
mm 

Comoutecl parpmalars for One End Cap Side 

PreRadlator EMCal Total 
Segments 19,283 893,840 713,123 
Channels 7012 7080 14092 
Slrlpllnes 443 1,770 2,213 

Lenghl of Slrlp!!na 1086 
Plata Area 90.47 416.15 507 

Volume of Lead 63,328 624,226 887,554 
Waight of Lead 0.72 7.08 8 

Amp/Cap Board Araa 5.75 9.07 15 
Connections= 19,913 867.300 887.213 

ORNL 8-17-92 

each 
each 
each 

M 
MA2 
cm"~ 

Mg 
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L!qyld KrvDton parallel Plate 
Parameters Worksheet 
Input Parameters-Barrel 

Inside Radius 890 
Total Thickness 530.50 

Half Lenght of Barrel 1762 

Thick. of PreRad. Layer 5.66 
No. of PreRad Layers 1 1 
Thickness of PreRad 62.25 

Thickness of EM Layer 4.78 
Number of EM layers 98 

Thickness of EM Section 468.25 

mm 
mm 
mm 

mm 
each 
mm 

mm 
each 
mm 

Compu!@d earame!ers !or Ona Half Barrel 

PreRadlator EMCal Total 
Segments 21,560 768,320 789,880 
Channels 7,840 7,840 15,680 
S!rlpllnes 491 1960 2451 

Langh! of S!rlpllna 1,427 
Plata Area 112.18 1596.34 1,709 

Volume of Lead 1,195,957 2,394,503 3,590,460 
Weight of Lead 13.57 27.18 41 

Area of Cap/Amp Boards 10.62 16.96 28 
Connections 110,289 960.400 1,070,689 

ORNL 8-17 -92 

each 
each 
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Barrel Modules= 16.00 

Comouled Parameters for One Barrel Module 

PreRadlator EMCal Total 
Segments 2,695 98,040 98,735 each 
Channels 980 980 1,960 each 
S!rlpllnes 81 245 306 each 

Lengh! of S!rlpllne 178 M 
Plate Area 14 200 214 MA2 

Volume of Lead 149,495 299,313 448,807 cm A 
Weigh! of Lead 1.70 3.40 5.09 Mg 

Area of Cap/Amp Boards 1.33 2.12 3.45 MA2 
Connections 13,786 120,050 133,838 Each 

End Cap Modules/Sida = 8 

'2mRl!I!!!! l!l[lm!!l!![I f2c Qoe Eo!! CIR M2!!!11• 

~ 
.::. PreRadlator EMCal Total 
en Segments 2,410 88,730 89, 140 each 

Channels 877 885 1762 each 
S!rlpllnes 55 221 277 each 

Lenghl of S!rlpllne 0 0 136 M 
Plate Area 11 52 63 MA2 

Volume of Lead 7,918 78,028 85,944 cm A 
Weight Of Lead 0 1 1 Mg 

Amp/Cap Board Area 1 1 2 MA2 
Connectlon1= 2.489 108.413 110.902 Each 

ORNL B· 17 -92 



V.2 Skewed Accordion Barrel Plates 

An alternative accordion plate design has been proposed at CERN to address the 

angular differences in the current arrangement. A sketch of this proposal is attached. 

The alternative plate design has not been analyzed here however a couple of 

comments can be made: 

. A more complex assembly and structural arrangement will probably be required since 

the skewed plates do not have any flat edges to either reference or hold. 

. The skewed plates do not have a uniform behavior in the longitudinal axis. This will 

complicate the structure from both the thermal and stability standpoints. 

. Skewing the plates removes the stiffness available in the axially folded plates. 
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VJ. Fjber Hadron Parameters 

The parameters worksheet results for the fiber hadron calorimeter which will be 

used in conjunction with a noble liquid EM calorimeter are attached. It should be noted 

that since the noble liquid system is approximately 0.4 1 thicker than the BaF2 EM the 

overall weight and cost are nearly the same eventhough the inside hadron diameter is 

larger. 
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Input Parameters 
Inside Radius-One 1570 mm 
Inside Radius-Two 1850 mm 
Inside Radius· Three 1800 mm 
Distance to IP 3050 mm 

Unit Thickness 164.5 mm/Lambda 
Material Density 
Plate Density 8.26 g/cc 
Tube Density 8.98 glee 
Fiber Density 1.03 g/cc 

Fiber Diameter 1.5 mm 

Tube ID 1.6 mm 
Tube OD 3.00 mm 

Tube Area 0.05 cmA2 
Layer Thickness 8.00 mm 
Fiber Spacing 8.00 mm 
Fiber Vol Fract. 3.00% 
Cu Tube Fract. 9.99% 
Cu Sheet Fract. 84.60% 

Gap betwn Towers 1.00 mm 

Absorption Lengths 
EM Barrel 2.00 Lambda 
EM End Cap 2.55 Lambda 
Inner Ribs 0.05 Lambda 
Outer Su ort Tube 0.33 Lambda 
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ORNL 8·25·92 Fiber/LKr EM Only 



blgyig K011212n EM Qnll£ 
Comouted Parameters for Comolete Fiber Calorimeter 

Total 
Number of Mech.Theta Ro"' s 28 Each 

Number of Mech. Tower• 944 Each 
Absorber Velum • 206.76 M"3 

I Fiber Lengh 4,562,994 M 

Cu Tube Lenatt 3,509,995 M 
Cu Tube Weiah 159,426 Ka 

Number of PlatE s 53,677 each 
I Plate Weial t 1446.87 Mt 

Number of Fibe • 3,016, 735 each 
I Total We int 1619.32 MT 
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Liquid Krypton EM Only Configuration 

C2m121Jl~s! Pi!r11m~1~r~ foe End Cag 
One Side 

Total Tower 
Number of Theta Ro'll s 9 Each Averaae 

Number of Mech. Towe1 g 272 Each 1 

Absorber Volum ~ 57.43 MA3 211,156 cc 
Fiber Lenah 1,267,547 M 4,660 M 

Cu Tube Lenatl 975,036 M 3,585 M 
Cu Tube Weiah 44,287 Ka 162.82 Ka 

Number of Plah s 14,695 each 54 each 
Plate Weial t 401.92 Mt 1477.66 Ka 

Number of Fibe1 ls 787,085 each 2,894 each 
Total Weigl t 449.88 MT 1653.96 Kg 
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Llgyl~ IS;[~J;ilQD i;M Qnl~ 
Cgmg1.1!1d P1r1m111c1 fgr f!i!rrgl 

COMPLETE BARREL 
Total Tower 

Number of Mech. Theta Rov s 1 0 Each Averaae 
Number of Mech. Towe • 400 Each 1 

Absorber Volum 91.89 M•3 229,718 cc 
Fiber Lengh 2,027 ,900 M 5,070 M 

Cu Tube Lenatl 1 ,559,923 M 3,900 M 
Cu Tube Weiah 70,853 Ka 177 Ka 

Number of Plat s 24288.00 each 61 each 
Plate Weiol t 643.02 Mt 1 .608 Ka 

Number of Fibe s 1 ,442,566 each 3,606 each 
Absorber Weiat t 719.57 MT 1 ,799 Ka 
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Barrel Row Number 1 2 3 4 5 

Tot Thk CW/LKr EMl Lambda 12.00 12.00 11.97 12.11 12.08 

Eta Coverage 0.160 0.160 0.160 0.160 0.160 

"A'" Eta 0.00 0.16 0.32 0.48 0.64 
"B" Eta 0.160 0.320 0.480 0.640 0.800 

Phi Coverage 0.160 0.160 0.160 0.160 0.160 
Theoretical Seoments Each 39.27 39.27 39.27 39.27 39.27 

Actual Segments Each 40 40 40 40 40 

Anaular Coveraae 
"A" Dearees 90.00 80.87 71.97 63.50 55.60 
"B" Dearees 80.87 71.97 63.50 55.60 48.39 

Centerline Decrees 85.44 76.42 67.73 59.55 52.00 
"A" Radiani 1. 571 1.411 1.256 1.108 0.970 
"B" Radian~ 1.411 1.256 1.108 0.970 0.845 

Centerline Radian~ 1.491 1.334 1.182 1.039 0.908 

Absorber Length mm 1582 1582 1560 1550 1530 

Front Face Dimensions 
"A" Theta Face Width mm 249. 76 255.89 261.59 266.65 270.96 
"B" Theta Face Width mm 246.62 246.62 246.62 246.62 246.62 

Phi Width mm 2 51.4 7 251.51 251.58 251.68 251. 77 
Gap Area mmA2 499.66 502.77 505.69 508.31 510.56 

Projected Area mmA2 61913 62690 63422 64080 64646 
Gap Fraction 0.80% 0.80% 0.79% 0.79% 0.78% 

Back Face Dimensions 
"A" Theta Face Width mm 498.27 501.39 495.01 485.30 470.43 
"B" Theta Face Width mm 491.97 482.91 465.91 447.52 426.31 

Phi Wldtll mm 504.86 501. 79 469.81 475.40 456.94 
Gap Area mmA2 1000 994 970 942 905 

Proiected Area mmA2 246,963 245 ,964 234,362 220. 791 203,973 
Gap Fraction 0.40% 0.40% 0.41% 0.42% 0.44% 

Tower Parameters 
Active Absorber Volum cc 245,903 244,145 232,272 220, 775 205,493 

Fiber Lenath M 5427 5386 5126 4872 4535 
Fiber Weiaht Ka 10 10 9 9 8 
Tube Lenath M 4175 4145 3943 3748 3489 
Tube Volume cc 21.115 20,964 19,944 18,957 17,645 
Tube Weiaht Ka 190 188 179 170 158 
No. of Plates each 63 63 61 59 57 
Plate Weiaht Ko 1721 1709 1625 1545 1438 

Number of Fibers each 3890 3843 3662 3450 3187 
Added Weiaht Ka 5 5 5 5 5 
Tower Weiaht Ka 1925.31 1911.58 1818.86 1729.08 1609.74 

Row Parameters 
Absorber Volume MA3 9.84 9.77 9.29 8.83 8.22 

Fiber Lenaht M 217,078 215,526 205,045 194.895 181,405 
Cu Tube Lenath M 166,983 165,790 157,727 149,920 139,543 

Tube Weiaht cc 7,584 7,530 7, 164 6,809 6,338 
No. of Plates each 2,524 2,509 2,449 2,377 2,285 
Plate Weiaht Mt 68.83 68.34 65.02 61 .80 57.52 

Number of Fibers each 155,602 153,727 146,476 137.994 127 .483 
Row Weiaht Mt 77 .01 76.46 72.75 69.16 64.39 
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Barrel Row Number 6 7 8 
Tot Thk (W/LKr EM) Lambda 12.06 12.39 12.39 

Eta Coverage 0.160 0.160 0.160 
"A" Eta 0.80 0.96 1.12 
"B" Eta 0.960 1.120 1.280 

Phi Coveraae 0.160 0.160 0.160 
Theoretical Seaments Each 39.27 39.27 39.27 

Actual Segments Each 40 40 40 
Anaular Coveraae 

"A" Decrees 48.39 41.90 36.14 
"B" Decrees 41.90 36.14 31.08 

Centerline Decrees 45.15 39.02 33.61 
"A" Radians 0.845 0.731 0.631 
"B" Radians 0.731 0.631 0.542 

Centerline Radians 0.788 0.681 0.587 

Absorber Lenath mm 1510 1700 1700 

Front Face Dimensions 
"A" Theta Face Width mm 274.52 326.83 320.54 
"B" Theta Face Width mm 246.62 282.74 282.74 

Phi Width mm 251.87 288.86 288.95 
Gao Area mm•2 512.44 593.65 590.59 

Proiected Area mm•2 65116 87448 86569 
Gao Fraction 0.78% 0.67% 0.68% 

Back Face Dimensions 
"A" Theta Face Width mm 453.39 498.48 480.51 
"B" Theta Face Width mm 405.03 440.23 420.58 

Phi Width mm 437.36 478.23 459.03 
Gao Area mm•2 867 948 910 

Protected Area mm•2 186,853 223,512 205,905 
Gao Fraction 0.46% 0.42% 0.44% 

Tower Parameters 
Active Absorber Volum cc 190,237 264,317 248.603 

Fiber Lenath M 4198 5833 5487 
Fiber Weicht Ka 8 1 1 10 
Tube Lenath M 3230 4487 4220 
Tube Volume cc 16,335 22,696 21.347 
Tube Weicht Ka 147 204 192 
No. of Plates each 55 60 57 
Plate Weicht Ka 1331 1850 1740 

Number of Fibers each 2920 3492 3217 
Added Weicht Ka 5 5 5 
Tower Weicht Ka 1490.60 2069.11 1946.40 

Row Parameters 
Absorber Volume M"3 7 .61 10.57 9.94 

Fiber Lenaht M 167 .937 233.333 219 .462 
Cu Tube Lenath M 129,182 179.487 168,817 

Tube Weicht cc 5,868 8.152 7 .668 
Number of Cu Lavers each 2, 187 2,391 2.295 
Cooner Plate Weight Mt 53.25 73.99 69.59 

Number of Fibers each 116,783 139,695 128,691 
Row Weicht Mt 59.62 82.76 77.86 
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End Cao Row Number 9.00 1 o.oo 11 .oo 12.00 13.00 

Tot Thk (W/LKr EM) Lambda 12.08 12.33 12.63 12.94 13.24 

Eta Coverage 0. 150 0. 180 0.220 0.280 0.390 

A Eta 1.28 1 .43 1 .61 1.83 2.11 

B Eta 1.430 1.610 1.830 2.110 2.500 
Phi Coveraoe o. 150 0. 180 0.220 0.280 0.390 

Theoretical Seaments Each 41 .89 34.91 28.56 22.44 16.11 
Actual Seaments Each 40 34 28 22 16 

An11ular Covera11e 
Face "A0 Decrees 31 .06 26.92 22.61 18.23 13.83 
Face "B" Decrees 26.92 22.61 18.23 13.83 9.39 

Centerline De11rees 29.00 24.76 20.42 16.03 11.61 
Face "A" Radiam 0.542 0.470 0.395 0.318 0.241 
Face "B" Radiam 0.470 0.395 0.318 0.241 o. 164 

Centerline Radiam 0.506 0.432 0.356 0.280 0.203 

Absorber Lenath mm 1560 1600 1650 1700 1750 

Front Face Dimensions 

"A" Face Width mm 288.73 286 .16 285.00 286.85 294. 75 
"B" Face Width mm 265.29 256.26 246.18 234.38 217.44 

Face Heiaht mm 253.35 252.81 249.00 243.92 241.43 
Gap Area mmA2 530.36 524.01 514.59 504.53 497 .53 
Face Area mmA2 69651 68038 65617 63064 .. 61332 

Gap Fraction 0.76% 0.76% 0.78% 0.79% 0.80% 
Back Face Dimensions 

"A" Face Width mm 415.22 420.01 427.33 438. 71 458.98 
"B" Face Width mm 399.66 399.82 400.81 402.87 406.82 

Face Heioht mm 444.37 426 .88 409.62 394.60 387.19 
Gan Area mmA2 852 837 824 815 820 
Face Area mmA2 180,201 174,147 168,787 165,227 166,795 

Gao Fraction 0.47% 0.48% 0.49% 0.49% 0.49% 
Tower Parameters 

Active Absorber Volum • cc 194884 193748 193384 194047 199611 
Fiber Lenath M 4301 4276 4268 4283 4405 
Fiber Weicht Ko 8 8 8 8 8 
Tube Lenath M 3308 3289 3283 3294 3389 
Tube Volume cc 16734 16637 16605 16662 17140 
Tube Weicht Ko 150 149 149 150 154 
No. of Plates each 56 53 51 49 48 
Plate Weicht Ka 1364 1356 1353 1358 1397 

Number of Fibers each 2816 2721 2637 2582 2606 
Added Weioht Ka 5 5 5 5 5 
Tower Weight Ka 1526.89 1518.02 1515.18 1520.36 1563.80 

Row Parameters 
Absorber Volume M"3 7.80 6.59 5.41 4.27 3.19 

Fiber Lenoht M 172,040 145,382 119.501 94.216 70,485 
Cu Tube Lenath M 132,338 111,832 91,924 72,473 54.219 

Tube Weicht Ka 6.011 5,079 4.175 3.292 2.463 
No. of Plates each 2,222 1 .814 1 .434 1.085 774 
Plate Weicht Mt 54.55 46.10 37.89 29.87 22.35 

Number of Fibers each 112,626 92,516 73,844 56.797 41,699 
Row Weiaht Mt 61 .08 51.61 42.42 33.45 25.02 
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End Cao Row Number 14.00 

Tot Thk (W/LKr EM) Lambda 14.58 

Eta Coverage 0.500 

A Eta 2.50 
B Eta 3.000 

Phi Coverane 0.500 
Theoretical Seaments Each 12.57 

Actual Seaments Each 1 2 
AnDular CoveraDe 

Face "A" Dearees 9.39 
Face "B" Decrees 5. 70 

Centerline Dearees 7.54 
Face "A" Radians 0.164 
Face "B" Radians 0.099 

Centerline Radians 0.132 

Absorber Lenath mm 1971 

Front Face Dimensions 

"A" Face Width mm 263.95 
"B" Face Width mm 173.14 

Face Heinht mm 197.93 
Gan Area mmA2 416.48 
Face Area mmA2 42840 

Gae Fraction 0.96% 
Back Face Dimensions 

"A" Face Width mm 432.25 
"B" Face Width mm 366.46 

Face Heinht mm 328.14 
Gan Area mm•2 727 
Face Area mmA2 130,315 

Gae Fraction 0.56% 
Tower Parameters 

Active Absorber Volum cc 170645 
Fiber LenDth M 3766 
Fiber Wei<1ht Ka 7 
Tube Lenath M 2897 
Tube Volume cc 14653 
Tube Weinht KD 132 
No. of Plates each 41 
Plate Wei<1ht W'n 1194 

Number of Fibers each 2036 
Added Wei<1ht Ka 5 
Tower Weicht Ka 1337.60 

Row Parameters 
Absorber Volume M"3 2.05 

Fiber LenDht M 45.192 
Cu Tube Lenath M 34.763 

Tube Wei<1ht "" 1 579 
No. of Plates each 492 
Plate Wein ht Mt 14.33 

Number of Fibers each 24 .434 
Row Weicht Mt 16.05 
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