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3. Cherenkov Detectors
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3.1 Cherenkov Detectors
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3.1 Cherenkov Detectors



!"#$%

Exzellenzcluster Universe

"&'&()*)#(+,-./()0(,10.&&2,3,-4#5)026,765605&#(,8,1569.4:,-4;2,8,<=$>$3?<$>$?@<A FSK

3.1 Cherenkov Detectors

a64H,B.6#6:+&',D65605&#`,P#)EE6#4*26,B.6#6:+&',0&;:56#(
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3.1 Superkamiokande - Japan
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3.2 Transition Radiation
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3.2 Transition Radiation
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3.2 Transition Radiation
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3.2 Transition Radiation



!"#$%

Exzellenzcluster Universe

"&'&()*)#(+,-./()0(,10.&&2,3,-4#5)026,765605&#(,8,1569.4:,-4;2,8,<=$>$3?<$>$?@<A

iJ):E,5&,W4:D4;,L2;05;45)&:(,&L,62605#&:)0,6:6#E/,2&((`,;(6,H4:/,Pu,(;*,D65605&#(,
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3.2 Transition Radiation
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3.2 Transition Radiation - ALICE
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Particle Identification - Summary
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Recapitulation

• N.45,)(,4:,CN-B,
• „arrangement of adjacent Geiger counters“ 

• N.45,)(,4,7#)L50.4H*6#,^
• Coarse position information: wire number - fine information: drift time of 

electrons 
• N.45,)(,4,P-B,

• 2 coordinates through a 2D Anode, 3rd coordinate via drift time 
• N.45,)(,5.6,B.6#6:+&',6LL605

• emission of dipole radiation through polarisation of medium  
for vParticles  > c/n 

• N.45,)(,P#4:()5)&:,u4D)45)&:,
• emission of dipole radiation by modulation of medium polarisation at 

interfaces. Occurs for every value of energy. Practically detectable for   
for "Particles  > 1000

• N.)0.,6:6#E/,4#6,;(64*26,Pu,9.&5&:(,4:D,.&J,5&,D65605,5.6H,^,
• X-ray; gaseous counters filled with heavy noble gases
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Particle Detectors
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8"5/$%,-.$#%&'I(
(&2)D,J)5.,6:6#E/,*4:D,(5#;05;#6,3,Z,6c,*4:D,E49

)&:)j):E,94#5)026(,E6:6#456,
0.4#E6,04##)6#,94)#(`,
04:,*6,0&226056D,5.#&;E.,62605#)0,L)62D,[4(,):,E4(6&;(,D65605&#\

4,"&6E(-">%'/#(/,('"5/$%,-.$#%&([(3("\(5&,E6:6#456,4,0.4#E6,04##)6#,94)#
E4(,D65605&#,Z,K@,6c],(0):5)2245)&:,D65605&#,Z,<@@,6c
-#&*26H`,45,#&&H,56H96#45;#6,'6#/,H4:/,L#66,63,,3,.&26394)#(`,D&9):E,&#,0&&2):E

4. Semiconductor Detectors

V,6c

.559`ee29$;:)3E&655):E6:$D6eE65e*)E)H4E6eV=>A

K=

http://lp.uni-goettingen.de/get/bigimage/6798
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4. pn-Junction

1)],O6,$ , M3'426:5,45&H(,
!%>/,6 &L,(6H)0&:D;05&#` E#)D,9&()5)&:(,4#6,&00;9)6D,5.#&;E.,K,;:D S3'426:5,45&H(,

S3'426:5,`,o5&&,H4:/d,62605#&:(,oD&:&#(d],:3D&9):E
K3'426:5`,]d5&&,L6Jd,62605#&:(,o400695&#d],93D&9):E,

(.)L5,&L,m6#H)326'62(,5.#&;E.,])H9;#)5)6(U,
3, :&#H42,D&9):E`,,<@<K,45&H(e0HK,

3, .64'/,D&9):E`,,<@?@,45&H(e0HK,[;(6D,L&#,0&:5405):E,24/6#(,:b,&#,9b,H456#)42\,

T**)2D;:E` J)+)96D)4

KA
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4. pn-Junction
D69265)&:,j&:6,Z,=@,zH,):,1)
45,K@@,c,*)4(,'&254E6` S,HH

dD69265)&:,j&:6d`,:&,L#66,0.4#E6,04##)6#(,
45,93:,Q;:05)&:{,j&:6,04:,*6,6:24#E6D,
5.#&;E.,4992/):E,'&254E6,[o*)4(d\

T**$$,N)+)96D)4

K>
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4.1 Strip Detectors

M@

/ Z,<@zH

D%,#/,.%.'(-"P"1%>5",#I
-)R62,D65605&#(],6$E$,TPWT1
D65605&#,Z,A@$@@@$@@@,#64D3&;5,0.4::62(

;&%J1"5'I
#4D)45)&:,6R9&(;#6]
#64D3&;5,(966D

.559`ee.69$L)$):L:$)5eBC1e(6:(&#(e1)2)0&:â765605&#$E)L

http://hep.fi.infn.it/CMS/sensors/Silicon_Detector.gif
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5J&,9&(()*)2)5)6(`,TB,4:D,7B,0&;926D,(5#)9(,

D&;*26,()D6D,(6EH6:545)&:`,#6x;)#6(,H&#6,
624*&#456,(5#;05;#6,&J):E,5&,(9406,0.4#E6,
6LL605(

F=<

4.1 Strip Detectors

*&:D,94D(*&:D,94D(

M@}H

@$?}H

?A@}H

?@}H

?A@}H

<}H

<}H

D&;*26,()D6D,(6EH6:545)&:`,#6x;)#6(,H&#6,
624*&#456,(5#;05;#6,&J):E,5&,(9406,0.4#E6,
6LL605(
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]m2)93B.)9h,P60.:&2&E)6`

F=?



Exzellenzcluster Universe4.2 Example Pixel Detector - ATLAS

F=K
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4.2 Example Pixel Detector - CMS
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4.3 New Developments
I((;6(`,

_ (6:(&#,5.)0+:6((,[#6D;05)&:,H;25)926,(04556#):E\,
_ 2&J,:&)(6,
_ H&:&2)5.)0,[*;)25,):,4H92)L)045)&:\,

1&2;5)&:(`,

_ 7G-mGP,D65605&#(,[7692656D,-30.4::62,m)62D,GLL605,P#4:()(5&#\,3,a6226,?,
400;H;2456D,62605#&:(,D#)ä,;:D6#:645.,5.6,E456,&L,4,mGP,,
!,H&D)ã04å&:,&L,5.6,(&;#06,D#4):,0;##6:5,!,*;)253):,4H92)ã04å&:,

_ C&:&2)5.)0,T0å'6,-)R62,16:(&#(,[CT-1\,T,
(54:D4#D,IB,BCi1,560.:&2&E/,m4*#)0456D,

- T05)'6,'&2;H6`,5.):,9369)54R)42,24/6#,
!,0.4#E6,0&22605)&:,*/,D)LL;()&:,
!,(H422,()E:42,0.4#E6`,Z,<@@@,63,
!,2&:E,0&22605)&:,5)H6`,Z,<@@,:(,
!,(H422,D69265)&:,'&254E6(,

F=S
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_ X)E.,c&254E6,C&:&2)5.)0,T0å'6,-)R62,16:(&#(,[CT-1\,[-6#)0\,
3 L4*#)0456D,):,(54:D4#D,IB,BCi1,560.:&2&E/,
3 '6#/,2&J,:&)(6,[(H422,04940)54:06\,
3 4H92)ã04å&:,&:,0.)9,[5#4:()(5&#(\,
3 .)E.,'&254E6,[<S,}H,D6926å&:,j&:6\,V@3<@@,c,
3 L4(5,0.4#E6,0&2260å&:,[?@@,9(\,
3 5.):,(;*(5#456,
3 .)E.,#4D)4å&:,5&26#4:06,

_ Ä(4E6,L&#6(66:,
3 C;K6,
3 TPWT1,;9E#4D6

F=V

D669,:3J622`,
3 (694#456(,5#4:()(5&#(,L#&H,*;2+,Xc,
3 0&22605)&:,#6E)&:,L&#,62605#&:(,,0&22605)&:,#6E)&:,L&#,62605#&:(,,

I. Peric !, A novel monolithic pixelated particle detector implemented in high-voltage CMOS technology, Nucl. Instrum. Meth. A 582 (2007) 876 

4.3 New Developments



Exzellenzcluster UniverseExzellenzcluster UniverseExzellenzcluster Universe

"&'&()*)#(+,-./()0(,10.&&2,3,-4#5)026,765605&#(,8,1569.4:,-4;2,8,<=$>$3?<$>$?@<A F==

5. Photon Detection 

+,#"&2$#/%,(%H(><%#%,'(@]\^(P/'/J1"B(O/#<(52##"&(
D65605)&:,&L,(0):5)2245)&:],B.6#6:+&'],4(5#&:&H/,650$$

;<%#%,('>"$#&.5('#2E'(.,21#"&"- J)5.,(5#4)E.5,5#4:(H)(()&:,5.#&;E.,H4556#,r,,
,,,,,,,,,a;5`,#6D;06D,):56:()5/

T*(0.J40.;:E(E6(65j],
T*(0.J40.;:E(+&6LL)j)6:5
T*(0.J40.;:E(E6(65j],
T*(0.J40.;:E(+&6LL)j)6:5T*(0.J40.;:E(+&6LL)j)6:5
6R5):05)&:,24J,6R5):05)&:,
6R5):05)&:,0&6LL)0)6:5

photoelectric effect: small energies          

Compton scattering: medium energies

Pair creation: high energies

Effects:
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5.1 Mass Absorption Coefficient

m)E$`,-7O,?@<?
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5.1 Photon Detection 

;<%#%"1"$#&/$("HH"$#(

3 +):65)0,6:6#E/,&L,&;5E&):E,62605#&:,

3 0#&((,(605)&:,

3 H4R)H4,45,)&:)(45)&:,5.#6(.&2D,[p],W],C,3,6DE6(\

D%5>#%,('$2##"&/,6(
3 (04556#):E,&LL,x;4(),L#66,62605#&:(,

3 0#&((,(605)&:,

2&J,6:6#E/,[45&H)0,(.622\,,,,,,,,,,,



Exzellenzcluster Universe5.1 Photon detection 

;2/&=$&"2#/%,

0#&((,(605)&:`,,,,,,,,,

7)(5#)*;5)&:,&L,B&H95&:,(04556#6D,62605#&:(
[p26):3")(.):4,H&D62\

3 H4R)H;H,6:6#E/,Y,6:6#E/,&L,):0&H):E,!
3 (.4#9,6DE6(,L&#,H4R)H42,6:6#E/,!
,,,,o,B&H95&:,6DE6ç
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5.1 Photon Detection 

B&H95&:,6DE6`,H4R$ H&H6:5;H,
5#4:(L6# 5.#&;E.,B&H95&:,(04556#):E

9.&5&,964+`,6:6#E/,L;22/,
5#4:(L6##6D,5.#&;E.,9.&5&,6LL605
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5.1 Application: Compton-Telescope

FA?

L%21I,i*(6#'45)&:,&L,.)E.36:6#E/,é3#4D)45)&:,[@$?,|,<@,C6c],6$E$,BiC-PGW\
! 1;96#:&'46],T05)'6,O42405)0,";026)],O4HH43u4/,a;#(5(

>&/,$/>1"IH64(;#6
• [<$,D65605&#\,
• [?$,D65605&#\,
•,,9&()5)&:,&L,):56#405)&:

•
•

+):6H45)0,B&H95&: ! D656#H):6,1
! D656#H):6,(&;#06,&:,#):E

C4:/,6'6:5( ! 9&):5,(&;#06,2&042)(4*26

&:2/,H65.&D,D&,D656#H):6,H&H6:5;H,,
D)#605)&:,&L,4 9.&5&:

M.$1"2&('>"$#&%'$%>EI TOTPT
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5.1 Photon Detection - Summary

W%#21($&%''('"$#/%,(@_&"R.",$E(%H(&"2$#/%,'B(

u4/26)E.,
bB&H95&:

m)E$`,-7O,?@<?

94)#,9#&D;05)&: 94)#,9#&D;05)&:
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Recapitulation

• N.45,)(,5.6,(6H)0&:D;05&#,D65605&#,
• „pn junction with reverse bias -depletion zone “ 

• N.45,)(,4,L;22/,D692656D,(6H)0&:D;05&#,D65605&#,^
• depletion reaches from n+ to p+ zone  

• N./,D&,J6,:66D,5&,L;22/,D692656,,
• largest number of signal ion pairs - lowest thermal noise 

• N.45,)(,4,()2)0&:,(5#)9,D65605&#,^,
• spatially segmented pn-junction with structured „read out“ 

• N.45,4#6,5.6,9#&06((6(,264D):E,5&,9.&5&,4*(&#95)&:,4:D,L&#,J.)0.,
6:6#E)6(,4#6,5.6/,#626'4:5,^,

• photo effect (E < 0.1 MeV), Compton scattering (0.01 < E<2 MeV), pair 
creation (E <>1 MeV) 

• N.45,)(,5.6,B&H95&:,6DE6,^,
• electron energy corresponding to the largess possible momentum 

(energy) transfer in Compton scattering. Cross section vanishes beyond 
Emax
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5.2 Photon Detection 

;<%#%5.1#/>1/"&I(
;&/,$/>1"I(
3 O6:6#456,62605#)0,()E:42,L#&H,9.&5&:(,
3 4H92)L)045)&:,è,0&22605)&:,&L,62605#&:(,

K"#<%-'I(
O4(e(&2)De'40;;H,*4(6D,(/(56H(],
6$E$,()2)0&:,9.&5&D)&D6:],T-7(],()2)0&:,9.&5&H;25)92)6#
GR4H926`,9.&5&H;25)92)6#

m)E`,BXuiC404D6H/m)E`,i2/H9;(

7/:&D6(7/:&D6(
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5.3 Silicon Devices: PIN diode

7)&D6(,9.&5&D)&D6(`

FAV

_ 9:,Q;:05)&:,&96#456D,):,#6'6#(6,*)4(
_ 9.&5&:,4*(&#*6D,):,D69265)&:,j&:6,E6:6#45):E,
0.4#E6,04##)6#(,

_ 0.4#E6,04##)6#,0&22605)&:,45,4:&D6,4:D,045.&D6,
_ *4:D,E49,):,()2)0&:`,<$?,6c,
_ êH):,ë,<<@@,:H

_
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5.3 Silicon Devices: Avalanche Photodiode

T'424:0.6,9.&5&D)&D6(`

FA=

9.&5&:,4*(&#95)&:,):,D692656D,4#64,
62605#&:(,D#)L5,5&,4'424:0.6,#6E)&:,
.)E.,62605#)0,L)62D,04;(6(,4H92)L)045)&:

H4R)H;H,4H92)L)045)&:,*/,*#64+5.#&;E.
4:D,'&254E6,D#&9,5.#&;E.,24:D,#6()(5&#,

5.6#H42,*;2+,0;##6:5,)(,42(&,4H92)L)6D,

:6E45)'6,56H96#45;#6,9#&L)26`,[.)E.,P,,!,6:.4:06D,2455)06,')*#45)&:,
! 6:6#E/,2&((,&L,63 ! ):0#64(6(,*)4(,'&254E6,#6x;)#6D\
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5.4 Silicon Devices: Silicon PMs

T##4/,&L,H4:/,[94#42262\,4'424:0.6,9.&5&D)&D6(`,&96#45)&:,):,O6)E6#,H&D6,[;:)5,()E:42,.6)E.5\,
-.&5&:,6:6#E/`,9;2(6,.6)E.5,D656#H):6D,*/,:;H*6#,&L,T-730622(,L)#6D

FAA

<@@3<@@@,T-7,0622(,cm-2
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5.4 Silicon Devices: Silicon PMs

B.4#4056#)(5)0(`,
_ D4#+,0&;:5,#456,[5.6#H42,0.4#E6,04##)6#(,04;(6,O6)E6#,D)(0.4#E6\,
_ 4L56#,9;2():E,,
_ E4):,(45;#45)&:,
_ [&95)042\,0#&((,542+`,5#)EE6#6D,*/,T-7,4'424:0.6,6H)55):E,9.&5&:(,
_ 9.&5&:,D65605)&:,6LL)0)6:0/,`,í$G$,R,L)22,L405&#,R,O6)E6#,9#&*4*)2)5/,,
,,,,[mm`,!K@É,5&,!A@É,D696:D):E,&:,0622,()j6\,
_ 5&542,()j6`,<,R,<,HH?,5&,V,R,V,HH?

FA>

_ 2&J,2)E.5,):56:()5/`,2):64#,J$#$5$,:;H*6#,
&L,9.&5&:(,

_ L&#,"L)#6D,ì,S@É,"0622(,,D6')45)&:,L#&H,
2):64#)5/,*/,?@É,

_ 5J&,9.&5&:(,.)55):E,5.6,(4H6,0622,4#6,
):D)(5):E;)(.4*26

"0622(,,,
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5.4 Silicon Devices: Silicon PMs

F>@
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6. Scintillation

;&/,$/>1"I(
3 )&:)():E,94#5)026,2&&(6(,6:6#E/,):,(0):5)2245&#, 6R0)545)&:,&L,H456#)42,
3 D636R0)545)&:,5.#&;E.,2)E.5,6H)(()&:,): (0):5)2245&#,

3 ,D65605)&:,2)E.5,(6:()5)'6,D65605&#

:606((4#/,6:6#E/,D69&()5`,
GH)(()&:,&L,Äc3&95)042,W)0.5`,2;H):6(06:06,

3 çL2;&#6(06:06d s ,5)H6,0&:(54:5 6 Y,<@3A,(,
3 ç9.&(9.&#6(06:06ç s ,5)H6,0&:(54:5 6 ì,<@3A,,(,

9&(()*)2)5)6(`,&#E4:)0,;:D,):&#E4:)0,(0):5)2245&#(
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6. Scintillation

+,%&62,/$('$/,#/112#%&'(I(

3 0#/(5422):6,(5#;05;#6,
3 M@@@@,9.&5&:(,eC6c,D69&()56D,6:6#E/
3 .)E.,î,
3 d(2&Jd,`,Z,H)0#&(60&:D,D604/,5)H6(

4Q25>1"'`,"42[P2\],B(2[P2\],aOi],-Ni],
2)x;)D,:&*62,E4(6(

`&62,/$('$/,#/112#%&'(I(

3 2)x;)D],(&2)D [924(5)0(\,
3 9&2/0/02)0,./D#&04#*&:,

[9)EH6:5(,6$E$,:49.5426:6\,
3 <@@@@,9.&5&:(,e ,C6c,
3 2&J,î],2&J,D6:()5/,
3 oL4(5d`,:4:&(60&:D,D604/,5)H6,

"Q25>1"'`,4:5.#406:6],aBM@@,
L;:05)&:42,9#):0)926I

fiFiL)E`,p#4:6

L;:05)&:42,9#):0)926I
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6. Scintillators - Overview

• Inorganic scintillators 
_ 0#/(5422):6,(5#;05;#6,
_ .)E.,2)E.5,/)62D`,;9,5&,M@@@@,9.eC6c,
_ .)E.,î],'4#/):E,%
_ D&96D,è,;:D&96D,
_ H&(52/,(2&J`,D604/,5)H6,Zµ(,
_ 6R96:()'6,[6$E$,-Ni,ZM,ïe0HK\,
_ E&&D,#4D)45)&:,.4#D:6((,
_ 4992)045)&:(,

3 62605#&H4E:$,042&#)H65#/
3 H6D)042,)H4E):E
3 y3#4/,(9605#&(0&9/

F>K

• Organic scintillators
_ 0#/(5422):6],2)x;)D],924(5)0,
_ 2&J,2)E.5,/)62D`,;9,5&,<@@@@,9.eC6c,
_ 2&J,î],% Z,<,Ee0HK

_ D&96D,
_ L4(5`,D604/,5)H6,Z:(,
_ #6245)'62/,):6R96:()'6,
_ L4)#,#4D)45)&:,.4#D:6((,[<@,+O/e/#\,
_ 4992)045)&:(`

_ 5#)EE6#],'65&
_ 5)H63&L3L2)E.5
_ 5#40+):E
_ (4H92):E,042&#)H656#
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?*)(+,%&62,/$ D&E'#211/," 8$/,#/112#%&'

P.6 H&(5 0&HH&: ):&#E4:)0 (0):5)2245&# )( (&D);H )&D)D6 405)'456D
J)5.,4,5#406 4H&;:5,&L,5.422);H k"4I[P2\l$

G:6#E/ *4:D( ): )H9;#)5/ 405)'456D 0#/(542

&L56:,ñ,?,5)H6,0&:(54:5(`,
_ó,L4(5,#60&H*):45)&:,[:(,3,z(\,L#&H,405)'45)&:,
06:56#,

_ó,D624/6D,#60&H*):45)&:,D;6,5&,5#499):E,[<@@,H(\
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?*)(+,%&62,/$ D&E'#211/," 8$/,#/112#%&'

F>S

PbWO4  ingot and final polished CMS
ECAL scintillator crystal from Bogoroditsk
Techno-Chemical Plant (Russia).
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?*3(S/R./H/"- M%J1" L2'"'I SU&̂ Sa"^ Sb&

Also here 2 time constants common: from a few ns to 1 s.

from C. D'Ambrosio, Academic Training, 2005
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?*7(S/6<#(D%11"$#/%,

F>=
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?*7(S/6<#(D%11"$#/%,

F>A
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6. Scintillation

X<2#(529"'(2(6%%-('$/,#/112#%&(c

3 .)E.,0&:'6#()&:,6LL)0)6:0/,&L,D69&()56D,6:6#E/,):5&,2)E.5

3 P#4:(94#6:0/ L&#,)5(,d&J:d,[(62L36H)556D\,2)E.5,

3 2)E.5,6H)(()&:,):,d;(64*26d,J4'626:E5.,
,D65605)&:,&L,.)E.,5.#&;E.,2)E.5,D65605&#,[-C,&#,62(6,3,2456#\

3 L4(5,D604/,&L,6H)(()&:,[.)E.,0&;:5,#456(\

]'26"(

3 G:6#E/,H64(;#6H6:5`,
4H&;:5,&L,2)E.5,,. D69&()56D,6:6#E/,

3 5)H6,H64(;#6H6:5,
L4(5,#6(9&:(6,&L,(0):5)2245&#(,

3 94#5)026,)D6:5)L)045)&:`,
2)E.5,):56:()5/,D696:D(,&:,94#5)026,5/96,
[6:6#E/,2&((,400&#D):E,5&,a65.63a2&0.\

5)H6,&L,L2)E.5,
H64(;#6H6:5
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6. Scintillation

F<@@
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V$S,10):5)2245):E L)*#6 5#40+):E

F<@<

core
polystyrene

n=1.59

cladding
(PMMA)
n=1.49

typically <1 mm

light transport by total internal reflection

1

n1

n2

1 7 arcsin n2  8 69.6°
n1

d0 = 3.1%
4$

in one direction

and absorption
length: 2>10 m for visible light

multi-clad fibres for improved aperture 

cladding (PMMA) 
n=1.49 
typ. 25 µm
fluorinated

outer cladding 
n=1.42
typ. 25 µm

d0 = 5.3%
4$ core  

polystyrene  
n=1.59

typ. 25 µm
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V$S,10):5)2245):E L)*#6 5#40+):E
T##4:E6H6:5(`

F<@?

B.4#E6D 94#5)026 94(():E,5.#&;E. (540+
&L,(0):5)2245):E,L)*#6( [D)4H$,<HH\

(H. Leutz, NIM A 364 (1995) 422)

X6R4E&:42,L)*#6( J)5. D&;*26 024DD):E$

i:2/ 06:5#42,L)*#6 )22;H):456D$

W&J 0#&((,542+,r
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6.5 Fibre Tracker for Antimatter Detection in Space

F<@K
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6.6 New Production Methods - 3D Printing

K7,9#):5):E,&L,(0):5)2245&#(

F<@M

K7,9#):5):E,&L,(0):5)2245&#(
C40.):6,):,W&:E,W4*e�WTa,

10):5)2245)&:,(4H926(,L#&H,W&:E,W4*e�WTa,

405)'6,54#E65,0;9,L#&H,T?,6R96#)H6:5
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Recapitulation

• N.45,)(,4:,4'424:0.6,9.&5&,D)&D6,^,
• PIN diode with an extra p+ layer to generate large electric fields for 

amplifications (gaintyp : 100) 

• N.45,)(,4:,&#E4:)0,(0):5)2245&#,4:D,J.45,)(,)5,;(6D,L&#,^
• Polystrene based material with colour centres (e.g. anthracene) and doped with 

wavelength shifter material for higher transparency 

• N.45,)(,4:,):&#E4:)0,(0):5)2245&#,4:D,J.45,)(,)5,;(6D,L&#,^
• Crystalline material typically with doping (e.g. Tl) for higher transparency 

• N.45,)(,4,1)-C,4:D,J.45,4#6,5.6,*6:6L)5(,^,
• Matrix arrangement of APDs. Digital readout (# of APDs fired). High quantum 

efficiency, fast, little noise, cheap, good linearity (scales with APD density)
• X&J,)(,4:,&95)042,L)*#6,*;)253;9,^,

• scintillating core with cladding(s) for well defined transitions of refractive index. 
Light propagation through total internal reflection.
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7. Calorimetry

N/6<(","&6E(>2&#/$1"'(H%&5('<%O"&'

3 62605#&H4E:65)0,
3 .4D#&:)0

m&#,0.4#E6D,4:D,:6;5#42,94#5)026(`,
3 6d(4:D,.4D#&:(,
3 :6;5#42(,94#5)026(,[:],!\,

$%,P"&'/%,(%H(","&6E(/,#%(
• /%,/'2#/%,(
• "Q$/#2#/%,(%H(-"#"$#%&(52#"&/21(

G:6#E/,D656#H):45)&:,5.#&;E.,D65605)&:,&L,)&:)(45)&:],B.6#6:+&',2)E.5]
(0):5)2245)&:$,a6(5`,9#&9&#5)&:42,5&,94#5)026,6:6#E/

)H9&#54:5`,L;22,D69&()5,
[4*(&#95)&:\,&L,6:6#E/



Exzellenzcluster UniverseExzellenzcluster UniverseExzellenzcluster Universe

"&'&()*)#(+,-./()0(,10.&&2,3,-4#5)026,765605&#(,8,1569.4:,-4;2,8,<=$>$3?<$>$?@<A1569.4: -4;2,3,C45.)4(,O4#:/8 pPT,GR96#5̀ ,N1 ?@<=e?@<A F<@=

É]
41"$#&%526,"#/$('<%O"&I(G&"5''#&2<1.,6(*/ "d(4:D,
>2/&(>&%-.$#/%,,M456#)42,J)5. </6<($<2&6"(,.5J"&(e(

N%5%6","%.'(%-"&('#2>1"-('"#=.>(%H(2($21%&/5"#"&I
X&H&E6:`,aOiÅ],-*NiM, ],4:&#E4:)0,(0):5)2245&#( #GeG,Z,

2)x;)D,:&*26,E4(6(,#GeG,Z,<@É
ÅÅ

(54926D,(653;9`,(0):5)2245&#,3,-*,24/6#(

945.,26:E5.,&L,422,94#5)026(,)(,
9#&9&#5)&:42,5&,):)5)42,6:6#E/,G@,

m&5&`

É]

ÅaOi`,N)(H;53O6#H4:);H3iR)D, ÅÅ-*Ni `,a26)J&2L#4H45M

7. Calorimetry
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N2-&%,/$('<%O"&I(

3H456#)42,J)5.,24#E6,,T,
3 (5#&:E2/,):56#405):E,9#)H4#/,94#5)026(,
3 ):624(5)0,.4D#&:)0,):56#405)&:

3 04(04D6,&L,9)&:(,4:D,:;026&:(,
3 9)&:(`,<eK 'b],<eK '3],<eK '0,

3 L4(5,62605#&H4E:65)0,0&H9&:6:5
3 (2&J,.4D#&:)0,0&H9&:6:5

3 .4D#&:)0,042&#)H656#(,4#6,'6#/,H4(()'6

G2605#&H4E:65)0

X4D#&:)0,
";0264#,):5326:E5.

0.4#4056#)(5)0,#6405)&:,26:E5.

7. Calorimetry
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• t&542,:;H*6#,&L,94#5)026(,4L56# t Xo

  = t #4D)45)&:,26:E5.(`,

•,640.,J)5.,6:6#E/

7.1 Electron-Photon Showers

"109

Simple model:

• #,ì,<,O6c,! 9#&06((6(,*60&H6,
,,,,,,,,,,,,,,,,,,,,,,Z,6:6#E/3):D696:D6:5

•,1.&J6#,D6'62&9H6:5,(5&9(,J.6:,#[7\,Y,#0,,[6:6#E/,2&((,H4):2/,*/,0&22)()&:(\

•,";H*6#,&L,94#5)026(,):,(.&J6#,H4R)H;H` 0
max 0

c

EN E
E

! "

i.e. length of calorimeter increases 
only logarithmically with E0

f.2,#/#2#/P"(-"'$&/>#/%,IC&:56,B4#2&,()H;245)&:(,[GO1M],OGT"PM\
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7.1 Longitudinal Energy Deposition

"110

k-4#5)026,7454,O#&;9],-./($,W655$,a,S>?],<,[?@@M\l

GO1M`,K@,O6c,62605#&:,):,m6

( ) 1

0
d
d ( )

a btbt eE E b
t a

! !

=
"

GH9)#)042,94#4H656#)j45)&:,[7,ì,<\`

J)5.,H4R)H;H,45

( )0
max

c

1
ln 0.5
Eat

b E e
!"

= = ±

7656#H):6(,26:E5.,&L,042&#)H656#,r

0.5b !

-!"&`,H456#)42,94#4H656#(

>SÉ,&L,5&542,6:6#E/,)(,0&:54):6D,):
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7.1 Transverse Energy Deposition

"111

P#4:('6#(6,6:6#E/,D69&()5)&:,
[<,O6c,62605#&:,):,-*\

In: [W.R. Leo, Techniques for Nuclear and 
Particle Physics Experiments, Springer (1994)]

I:0#64(6,&L,2456#42,D)H6:()&:,J)5.,5`,
•,C;25)926,(04556#):E,&L,63,:64#,,
,,0#)5)042,6:6#E/,
•,m):)56,&96:):E,4:E26,*65J66:,63

,,4:D,6b,L#&H,94)#,9#&D;05)&:,
•,W4#E6,#4:E6,&L,a#6H((5#4.2;:E,,
,,9.&5&:(

B.4#4056#)(5)0,94#4H656#`,C&2)v#6,#4D);(

M 0
24, 21.2MeVs

s
c

E m
E

cER X !

"
== =#

10426(,4(,L0 ! ):D696:D6:5,&L,H456#)42,)L,6R9#6((6D,):,;:)5(,&L,L@
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7.1 Transverse Energy Deposition

"112

Z>@É,&L,(.&J6#,6:6#E/,0&:54):6D,):,J"Y,?JC

0 2

1
c

M
AR
Z

AX
Z

E Z !

"# $
%&

$
#

# '
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7.2 Electromagnetic Calorimeters

B.4226:E6`,,
_ 1.&J6#,0&:54):H6:5,[?@3KS,#4D)45)&:,26:E5.\,`,;(6,.)E.,î,H456#)42,
_ X)E.,6:6#E/,#6(&2;5)&:`,#6D;06,(.&J6#,L2;05;45)&:(`,&95)H)(6,&:,405)'6,H456#)42,
_ X)E.,9&()5)&:,#6(&2;5)&:,3,2456#42,(6EH6:545)&:,

1&2;5)&:`,
_ X&H&E6:6&;(,042&#)H656#(,,

3 W/1ai],B(I,["4I\,0#/(542(],-*NiM,,`,0&22605,(0):5)2245)&:,2)E.5,L#&H,0.4#E6D,(.&J6#,94#5)026(,
3 -*3E24((,`,0&22605,B.6#6:+&',2)E.5,L#&H,0.4#E6D,(.&J6#,94#5)026(,[L4(5\,

_ .)E.2/,2&:E)5;D):422/,(6EH6:56D,(5#;05;#6(,
3 WT#,`,0&22605e0&;:5,0.4#E6D,94#5)026(,L#&H,(.&J6#,,

u6(&2;5)&:`,L2;05;45)&:(,):,D69&()56D,6:6#E/,):,405)'6,(4H92):E,24/6#(
_ (4H92):E,L#405)&:,`,#45)&,405)'6,e,94(()'6,H456#)42,3,
_ (4H92):E,L#6x;6:0/,`,ò,(4H92):E,626H6:5(,3,d`,5.)0+:6((,&L,405)'6,(4H92):E,24/6#

F<<K

σ
E

=
a

E
with a = 0.027 ⋅

d
fsamp

fsamp : (4H92):E,L#40å&:,L&#,CI-1

[L&#,:&:3E4(6&;(,042&#)H656#(\
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GLL605,&:,6R96#)H6:5`,-&()5)&:,#6(&2;5)&:,'(,6:6#E/,#6(&2;5)&:`,

BC1`,6R06226:5,6:6#E/,#6(&2;5)&:,
TPWT1`,6R06226:5,9&()5)&:,#6(&2;5)&:,

! C4((,#6(&2;5)&:,L&#,X)EE(,4*&;5,5.6,(4H6,L&#,*&5.,6R96#)H6:5(,

F<<M

Higgs : H0 → γγ

7.2 Electromagnetic Calorimeters

G:6#E/,#6(&2;5)&:,&L,.&H&E6:&;(,62605#&H4E:65)0,042&#)H656#(,`,
_ "`,:&)(6,56#H,3,62605#&:)0,:&)(6],9)263;9,
_ 1`,(5&0.4(5)0,56#H,3,2)E.5,0&22605)&:,6LL)0)6:0/],(5&0.4(5)0,L2;05;45)&:(,&L,2)E.5,/)62D],0&22605)&:$$,
_ B`,0&:(54:5,56#H,3,):5#):()0,:&:3;:)L&#H)5)6(],#4D)45)&:,D4H4E6,3,042)*#45)&:,)((;6(

σE

E
=

N
E

+
S

E
+ C
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7.2 Electromagnetic Calorimeters - ATLAS

TPWT1 62605#&H4E:65)0 B42&#)H656#,
T00&#D)&: E6&H65#/ 4*(&#*6#( )HH6#(6D ): W)x;)D T#E&:,

W)x;)D T#E&: [>@p\,
b 264D3(5642 4*(&#*6#( [<3? HH\
b H;25)24/6# 0&996#39&2/)H)D6,#64D&;5,*&4#D(

ô I&:)j45)&: 0.4H*6#$

F<<S

< O6c G3D69&()5,ô S R,<@V,63

_ T00&#D)&: E6&H65#/ H):)H)j6( D64D,j&:6($
_ W)x;)D T# )( ):5#):()0422/ #4D)45)&: .4#D$
_ u64D&;5,*&4#D 422&J(,L):6,(6EH6:545)&:,

P6(5 *64H #6(;25(`,

(4H92):E,L#405)&:`



Exzellenzcluster Universe7. CMS Electromagnetic Calorimeter

F<<V

BC1`,P6(5,*64H,#6(;25(`

_ V<?@@,264D,5;:E(5456,[-*NiM\,
(0):5)2245):E,0#/(542(,,

3 Xo= 0.89 cm; RM = 2.19 cm 
_ APD readout
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1.4(.2)+,042&#)H656#`,,(4:DJ)0.,&L,NeWö1i,0#/(542(,J)5.,2&:E)5;D):42,NW1,L)*#6,#64D&;5

F<<=

7.2 Electromagnetic Calorimeters - Examples
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1.&J6#,D6'62&9H6:5`,
_ 400&#D):E,5&,(5#&:E,):56#405)&:,`,;:)5,)(,&I,[(0426(,J)5.,H4((,:;H*6#,T\,
_ 9)&:,9#&D;05)&:,):02;D):E,'0 

_ 62605#&H4E:65)0,(.&J6#,0&H9&:6:5,D;,5&
_ :;0264#,*#64+;9(,E6:6#456,:6;5#&:(,4:D,L#4EH6:5(,[H4/,6(0496,D65605)&:\,
_ :;0264#,*):D):E,6:6#E/,)(,o2&(5ç
_ '± D604/,E6:6#456( ( 6(049):E,

24#E6,L2;05;45)&:(,):,L#405)&:,&L,')()*26,.4D#&:)0,0&H9&:6:5,
! (4H92):E,042&#)H656#,(;LL)0)6:5,

765605&#,(.665,J)5.,9&()5)&:,#6(&2;5)&:`,
! D656#H):6,(.&J6#,9&()5)&:,L#&H,#60&:(5#;05)&:,

*)5`,&J):E,5&,62605#&H4E:6å0,,,,,,,,,,,,,,,,,,,,,,,0&H9&:6:5,! :&,5/9)042,.4D#&:)0,
(.&J6#,9#&ã26,

F<<A

π0, η → γγ

7.3 Hadronic Calorimeters

π0, η → γγ
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7.3 Hadronic Calorimeters

_ >>É,2&:E)5;D):42,0&:54):H6:5,#6x;)#6(,4,5.)0+:6((,
3 S,MN,,45,?@,O6c,5&,A,MN,,45,<S@,O6c,

_ X4D#&:)0,6:6#E/,#6(&2;å&:(,&L,<É,#6x;)#6(,,
3 2&:E)5;D):42,(.&J6#,0&:54):H6:5,45,5.6,>>É,26'62,
3 2456#42,0&:54):H6:5,&L,>AÉ,&#,*6õ6#,

_ u6(&2;å&:(`,5/9)0422/,
σE

E
≈

(0.7 − 1)

E

σE

E
≈

(0.7 − 1)

E

σE

E
≈

(0.7 − 1)

E
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7.4 Compensating Hadronic Calorimeters

B.4226:E6` Ä(6,i"G,042&#)H656#,L&#,62605#&H4E:65)0,T"7,.4D#&:)0,(.&J6#(,
-#&*26H`,,
3 62605#&H4E:65)0,4:D,.4D#&:)0,0&H9&:6:5(,.4'6,D)LL6#6:5,6LL)0)6:0/,L&#,()E:42,
9#&D;05)&:,,

3 9)&:(,4:D,9#&5&:(,.4'6,D)LL6#6:5,()E:42,#6(9&:(6,L;:05)&:(,[6$E$,*4#/&:,ò,0&:(6#'45)&:\,
3 62605#&H4E:65)0,L#405)&:,)(,6:6#E/,D696:D6:5,[4:D,D)LL6#6:5,L&#,Ü,4:D,9\,
3 24#E6,L2;05;45)&:(,):,62605#&H4E:65)0,0&H9&:6:5,fem 

3 XBT2(,*60&H6,(5#&:E2/,:&:32):64#,

B&H96:(45)&:`,

F<?@

BC1,L&#6J4#D,042< fem > = 1 − [E /E0]k−1 E0,)(,H456#)42,D696:D6:5,[@$=3<$K,O6c\,
k`,@$A?,L&#,9)&:(],(H4226#,L&#,9#&5&:(

< fefef m > = 1 − [E /E0E0E ]k−1 E0,)(,H456#)42,D696:D6:5,[@$=3<$K,O6c\,
k`,@$A?,L&#,9)&:(],(H4226#,L&#,9#&5&:(

9)&:(,4:D,9#&5&:(,.4'6,D)LL6#6:5,()E:42,#6(9&:(6,L;:05)&:(,[6$E$,*4#/&:,ò,0&:(6#'45)&:\,
ϵe and ϵh

ϵe = ϵh
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îGÄ1,042&#)H656#`,Ä#4:);H,(0):5)2245&#,[0&H96:(456D\,
_ Ä#4:);H,.4(,(H422,*):D):E,6:6#E/,[#6D;06D,):')()*26,L#405)&:\,
_ P6L2&:,0&45):E,&L,;#4:);H,92456(,[:39,624(5)0,(04556#):E\,

TPWT1,042&#)H656#`

F<?<

7.4 Compensating Hadronic Calorimeters
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X&J,5&,40.)6'6,0&H96:(45)&:,^,

_ ,6:.4:06,#6(9&:(6,5&,.4D#&:)0,(.&J6#,0&H9&:6:5,
3 0450.,:6;5#&:(,5.#&;E.,56L2&:,0&45):E,&L,94(()'6,H456#)42,[,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,\,

_ #6D;06,#6(9&:(6,5&,62605#&H4E:65)0,0&H9&:6:5,
3 H4E)0,H)R`,0.&&(6,#45)&,&L,405)'6,5&,94(()'6,H456#)42,5&,*6,<`M,
3 ;(6,.)E.,î,4*(&#*6#,H456#)42,,

GR4H926`,194B42,042&#)H656#,`,-*3(0):5)2245):E,L)*#6,(/(56H,.4(,6R06226:5,.4D#&:)0,#6(&2;5)&:

F<??

7.4 Compensating Hadronic Calorimeters

n − p elastic scattering
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7.4 Combined Calorimeters

B.4226:E6` Ä(6,i"G,042&#)H656#,62605#&H4E:65)0,T"7,.4D#&:)0,(.&J6#(,
-#&*26H`,,,
_ 1694#45)&:,&L,62605#&:,4:D,.4D#&:,(.&J6#(,[-I7\,
_ (45;#45)&:,D;6,5&,:;0264#,L#4EH6:5(,[:&:3CI-\,
_ (.&J6#,264+4E6,[2&:E)5;D):42e2456#42\,

62605#&:e.4D#&:,(694#45)&:`,
_ 2&:E)5;D):42,(6EH6:545)&:`,.4D#&:,(.&J6#(,(54#5,2456#,[D6696#,):,042&#)H656#\,
_ 2456#42,(6EH6:545)&:,4:D,D;42,#64D3&;5,,

3 x;4#5j,L)*#6(,H64(;#6,B.6#6:+&',2)E.5,*/,62605#&:(e9&()5#&:(,
3 (0):5)2245):E,L)*#6(,H64(;#6,2)E.5,L#&H,4:/,94#5)026,
3 #45)&,4:D,5)H):E,E)'6,0264:,):D)045)&:,L&#,6e.,(694#45)&:,

a6(5,[56(5,*64H\,96#L&#H4:06,(&,L4#`,7uGTC,0&224*&#45)&:,
_ P;:E(56:eL)*#6ex;4#5j,L)*#6,ui,J)5.,1)-C,
_ L;22/,0&H96:(45):E,042&#)H656#,
_ H64(;#6,fem  [D&6(:U5,J&#+,L&#,Q65(\

F<?K
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P.6,7uGTC,042&#)H656#

F<?M

7.4 Combined Calorimeters
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7.5 Calorimeters for Particle Showers

B42)06`,4,94#5)026,5#40+):E,042&#)H656#,

F<?S
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7.6 Technological Developments

-#&D;05)&:,&L,24#E6,()j6,194B42,(/(56H(`,
6H*6D,(0):5)2245):E,L)*#6(,):5&,4,E#4:;24#,5;:E(56:,9&JD6#,4:D,69&R/,[L)R45)&:\,
;(6,1)-C,#64D&;5

F<?V

I:)5)42,uè7,Ç,ÄBWT],-#&5&5/9):E,Ç,ÄIÄB,è,a"W

b

b
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F<?=

7. Calorimetry - Principle Arrangements
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F<?A

7.1 Large Detectors
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-#):0)926,
• O6:6#456 (;96#(45;#456D 2)x;)D [6R94:()&:,&L,4,2)x;)D\
• 2&:)(45)&:,02;(56#(,4#6,0&:D6:(45)&:,:;026), *;**26(,
• m24(.2)E.5,)22;H):45)&:,4:D,2)E.5 #6L2605)&: 45,*;**26,(;#L406

8.0 Bubble Chamber

9#):0)926

L24(.2)E.5 L24(.2)E.5(54H9
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8.0 Bubble Chambers II
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8.0 Inventor of Bubble Chamber
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Not covered in these lectures
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Recapitulation

• N.45,)(,5.6,0#)5)042,6:6#E/,
• energy of an electron at which e-loss through Bremsstrahlung equals e-loss 

through ionisation

• N.45,)(,4:,62605#&H4E:65)0,04(04D6,^
• series of alternating processes : bremsstrahlung und pair creation 

• X&J,D&6(,4,.4D#&:)0,042&#)H656#,J&#+,^
• Conversion of particle energy to number of loaded particles. Integral 

measurement of their energy losses yields mass for total energy 
• N.45,2)H)5(,5.6,6:6#E/,#6(&2;5)&:,L&#,.042(,[):5#)()0422/\,^,

• fraction of it’s electromagnetic component with large fluctuations and 
different detection efficiency 

• X&J,D&6(,4,*;**26,0.4H*6#,J&#+,^
• in supersaturated steam: bubble formation at ionisation sites. Stereo 

flash light image of the bubble distribution in one volume 




