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Overview - Detection Principles and Detector Design
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1  Detection of Particles
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1 Typical Arrangement of a Detector
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1.1 Energy Loss of Particles in Matter

F=

+,#"&2$#/%,'(%H($<2&6"-(>2&#/$1"'(O/#<(52##"&I(

)* 1,"12'#/$($%11/'/%,' J)5.,62605#&:(,):,45&H)0,(.622
3 6:6#E/,2&((,
3 6R0)545)&:,&#,)&:)(45)&:,&L,45&H(,
3 (04556#):E,

0* 412'#/$($%11/'/%,'(
3 (04556#):E,
3 6:6#E/,2&((,[H&(52/,:6E2)E)*26,4(,H,g,C\,
3 :&,6R0)545)&:(,

K$ GH)(()&:,&L G&"5''#&2<1.,6(
3,P/9)042,L&# 6b],63,

7* D<"&",9%P(#4D)45)&:],5#4:()5)&:,#4D)45)&:,):,):.&H&E6:&;(,H456#)42)(,

:* Nuclear reactions



Exzellenzcluster Universe

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

1.1 Energy Loss of Particles in Matter
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1.1 Energy Loss in Collisions
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1.1 Energy loss in Collisions III
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1.1 Energy Loss in Collisions IV
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1.1 Energy loss in collisions VI
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1.1 Energy Loss in Collisions VII
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1.1 Energy loss of heavy projectiles
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1.2 Particle ID through Energy Loss
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1.3 Energy Loss of e- and e+
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1.3 Energy Loss of e- and e+
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1.3  Energy Loss of e- and e+
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1.3  Energy Loss of e- and e+
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1.4  Multiple Scattering
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1.4  Multiple Scattering
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2. Ionization Detection 

;&/,$/>1"I(
3 I&:)():E,#4D)45)&:,E6:6#456(,62605#&:(,4:D,.&26(,[)&:(\,
3 B&22605):E,62605#&:(,4:D,.&26(,):,5.6,D65605&#,

!"#"$#%&(52#"&/21I(
3O4(`,

m4(5,0&22605)&:,&L,63,4:D,)&:($,765605&#,E4(6(`,T#],"6],$$$
3 W)x;)D`,

X)E.,D6:()5/],6$E$,2)x;)D,T#],y6]
3 1&2)D(`,

X)E.,D6:()5/],H60.4:)0422/,(54*26],6$E$,(6H)0&:D;05&#,[1)],O6], $ \

4Q>"&/5",#I(
3 c6((62,J)5.,62605#&D6(,4:D,6:5#4:06,J):D&J
3 m)226D,J)5.,405)'6,H6D);H,L&#,):56#405)&:,J)5.,)&:)():E,#4D)45)&:,[63,3,.&26[)&:\,94)#(\
3 G2605#)042,L)62D,*65J66:,62605#&D6(,L&#,0&22605):E,5.6,0.4#E6,04##)6#(`,

3 63,4:D,.&26(,[)&:(\,0&226056D,(694#4562/,
3 7#)L5],D)LL;()&:
3 1)E:42,f,]0;##6:5h,L#&H,0&226056D,*450.6(,):,B45.&D6eT:&D6

F?S
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2. Ionization Detection 

+%,/V2#/%,($<25J"&I

• L","&2#/%,(%H($<2&6"($2&&/"&'(
/,("1"$#&/$(H/"1-(4

• N/'#%&/$21I(
c$X6((,0&;2D,&:2/,D65605,5.6,0.4:E6,
):,'&254E6

• ($.&&",#(-"#"$#/%,(

7)#605,D65605)&:,&L,9;2(6(,):,5.6,
E4(,D65605&#,#6x;)#6(,):56#:42,
4H92)L)045)&:,

P/9)042,E4(`,T#eBi?`,<@@,63,e,0H,L2)E.5,D)(54:06
B&H94#)(&:`,(&2)D3(5456,D65605&#,Z<@@@@,63e,<@@,zH

F?V
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2. Ionization Detection 

F?=

r1 = radius of counting wire
r2 = radius of tube
r1 = radius of counting wire
r2 = radius of tube

GR4H926`,O6)E6#3Cq226#,0&;:56#,5;*6

electric field around wire      

r1 = radius of counting wire
r2 = radius of tube
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2. Ionization Detection - Gas Amplification 

L2'(25>1/H/$2#/%,(I
G2605#)0,L)62D(,Z,+ce0H`
• 62605#&:(,E4):,(;LL)0)6:5,6:6#E/,*65J66:,0&22)()&:(,J)5.,E4(,H&260;26(,5&

L;#5.6#,)&:)j45)&:,
• 4'424:0.6,0.4#E6

-#&*4*)2)5/,&L,)&:)j45)&:,96#,;:)5,26:E5.,Z,oP&J:(6:D,B&6LL)0)6:5d,
-4(0.6:,24J,

1
2

'. ):'6#(6,L#66,945.,26:E5.

4H92)L)045)&:,&L,4,D65605&#,[dE4):d\`

62605#&:(,E4):,(;LL)0)6:5,6:6#E/,*65J66:,0&22)()&:(,J)5.,E4(,H&260;26(,5&

F?A

dN = N ⋅ α ⋅ dx → N = N0eα⋅x

G =
N
N0

eα⋅x

electron cloud   

secondary electrons

gas ions

electrons

anode wire
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2. Ionization Detection 

WE>/$21(P21."'(H%&(25>1/H/$2#/%,I

3,-#&9&#5)&:42,0&;:56#,5;*6,Z,<@M,3,<@V,

3,OGC,Z,<@K,3,<@S,

I:,5.6,9#&9&#5)&:42,#6E)&:],5.6,
4'424:0.6,0.4#E6,)(,9#&9&#5)&:42,5&,
5.6,D69&()56D,6:6#E/,

P.6,H4R)H;H,4'424:0.6,0.4#E6
)(,42J4/(,9#&D;06D,):,5.6,O6)E6#3
Cq226#,#6E)&:

F?>
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Recapitulation

• N.45,)(,5.6,,62605#&:)0,6:6#E/,2&((^^,
• collisions with atomic electrons with subsequent energy transfer: sum of 

all processes along a path length dx
• N.45,)(,5.6,H&H6:5;H,D696:D6:06,&L,5.6,6:6#E/,2&((,^,

• drops towards higher ! towards a minimum (3!), rises and saturates 
• N.45,)(,0#)5)042,6:6#E/,4:D,L&#,J.)0.,94#5)026(,)(,)5,)H9&#54:5,^

• Energy for which electronic and Bremsstrahlung energy-loss are 
equal (only important for electrons) 

• N.45,)(,H;25)926,(04556#):E,4:D,J.)0.,6LL605,.4(,)5,^,
• Sum of many small direction changing collisions with atomic shell 

electrons. Directional spreading of a particle beam 
• N.45,)(,4:,)&:)(45)&:,0.4H*6#,^

• Gas volume in which ions are connected in an electric field
• N.45,)(,4:,4'424:0.6,4H92)L)045)&:,4:D,J.6#6,)(,)5,;(6D,^,

• Series of processes for the self multiplication of ion pairs in strong
electric fields: Geiger-counter

?=
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2.1 Ionisation detection 

4Q25>1"'(H%&(/%,/'2#/%,(-"#"$#%&'I(

9&()5)&:,(6:()5)'6,D65605&#(`
*64H,9#&L)26(],)H4E):E,[H6D)042,4992)045)&:(\],94#5)026,5#40+,D656#H):45)&:

CN-B` C;25)J)#6 9#&9&#5)&:42,0.4H*6#
KX6,:6;5#&:6:,D65605&#(,
OGC,D65605&#(,
7#)L5,0.4H*6#(,
P-B`,P)H6,9#&Q605)&:,0.4H*6#(,
16H)0&:D;05&#,D65605&#(

?A
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2.1 Examples: ionisation detection 

K"2'.&"5",#'(%H(J"25(>&%H/1"'

W%5%6&2></"(@J2#B

!"#"&5/,2#/%,(%H(>2&#/$1"(#&2$9'(2,-(5%5",#2(

BGu",B&;#)6#,?@@<,T#0.4H4,1.4#H43

?>
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2.1 MWPC

K.1#/(X/&"(;&%>%&#/%,21(D<25J"&(

7)H6:()&:(`,
D)(54:06(`,I,Z<,0H],(,ZK,HH],4,Z<@zH

62605#)0,L)62D,D)(5#)*;5)&:`

9)05;#6(`,
3 W6&{,
3 B.4#94+,65,42$,

"2C,V?],?V?,
[<>VA\

K@
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2.1 Multiwire proportional chamber

m$,14;2)

O$,B.4#94+

<>>?
"2C,`,c&2;H6,M<>],2((;6(,?3K],?<,7606H*6#,<>>A],-4E6(,<A>3?@<

K<
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2.1 Ionisation detection 

;%'/#/%,(-"#"$#/%,(I

a)2D6#,4;(,W6&

'<2&/,6(%H(($<2&6"'I

distance from time measurement

typical resolution ~ cm

K?

#6(&2;5)&:,Z,S@,|,<@@,zH

-#&*26H`
4H*)E;)5)6(,):,Re/,
4((&0)45)&:
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2.2 GEM Detectors

L4KI(L2'(41"$#&%,(K.1#/>1/"&(
3 *6556#,#6(&2;5)&:,5.4:,CN-B,[<@R\,
3 4H92)L)045)&:,(54E6(,
3 04(04D):E,&L,(6'6#42,L&)2(,9&(()*26

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

j$a(9$,a$,p65j6#
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2.2 Micromegas

m4(5,0&22605)&:,&L,)&:(,
[Z,<@@,:(\

145;#45)&:,&L,P&J:(6:D,
0&6LL)0)6:5,,
[H60.4:)042,5&26#4:06(\

E&&D,6:6#E/,#6(&2;5)&:

Ei

Ea

C)0#&H6(.,O4(6&;(,15#;05;#6

_,P.):,E49,94#42262,92456,(5#;05;#6
_,m):6,H6542,E#)D,[")],B;\,(694#456(
0&:'6#()&:,[Z,K,HH\,4:D,,
4H92)L)045)&:,E49,[S@3<@@,}H\,

_,c6#/,4(/HH65#)0,L)62D,0&:L)E;#45)&:`,
<,+ce0H,'($,S@,+ce0H

[I. Giomataris et al., NIM A376, 29 (1996)]

FK=Detectors
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C6(.,J)5.,9)224#(`

FKA

2.2 Micromegas

-#):0)926,&L,-4#42262,-2456,4'424:0.6,D65605&#
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2.2 The MPGD Zoo (Examples)

C)0#&D&5,B.4H*6#,,
k1$m$,a)4E),65,42$],"IC,TKV<],=?,[<>>S\l

C)0#&E49,B.4H*6#,[COB\,,
km$,T:E62):),65,42$],"IC,TKKS],V>,[<>>K\l

C)0#&,N)#6,765605&#,,
ka$,TD6'4,65,42$],"IC,TMKS],M@?,[<>>>\l

B&H956;#,~,P#&;(,[BTP\,,
km$,a4#5&2,65,42$],�$,-./($,III,V],KK=,[<>>V\l

NGWW,765605&#,[}BTP\,,
ku$,a6224jj):),65,42$],"IC,TM?K],<?S,[<>>>\l

50 µm

C)0#&,O#&&'6,B&;:56#,,
ka6224jj):),65,42$],"IC,TM?M],MMM,[<>>>\l

C)0#&(5#)9,O4(,B.4H*6#,
kT$,i6D],"IC,T?VK],KS<,[<>AA\l

10 µm 80 µm

Detectors FK>
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2.3 Drift detectors

a)2D` 2p- �Ä2)0.

• G2605#&:( D#)L5Å,,):,0&H9;5):E,E4(,J)5.,'f'7,
• 45,.)E.,G3L)62D( '7,x;4(),0&:(54:5,
• '7[5/9\fS@,0Heµ(,

J)5.,)H9405,45,D)(54:06 #R,L#&H,&;5):E,J)#6

D656#H):6 )H9405,5)H6 5@,6R56#: [(0):5)2245&#(\,
D656#H):6 5,L#&H,0.4#E6,()E:42,45,0&;:5):E,J)#6
L#&H,535@f#P,,&*54):,9&()5)&:,0&&#D):456,

• E&&D,5)H6,#6(&2;5)&: 62605#&:)0,[<:(\,
• (945)42,#6(&2;5)&:` /i#5,f,<@@3?@@ µH,
• J)#6,D)(54:06`,?3M0H,

(H422,:;H*6#,&L,62605#&:)0,0.4::62(,
+669):E,6R06226:5,(945)42,#6(&2;5)&:

Å400626#45)&:,):,G3L)62D,4:D,D60626#45)&:,5.#&;E.,0&22)()&:(,J)5.,E4(,
H&260;26(,4#6,):,*424:06

KM
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2.3 Drift detectors
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2.4 TPC

G<A,3,PÄC

K73,D65605)&:,D6')06,[D.R. Nygren et al., Phys. Today 31, 46 (1978)]

B&H*):6,?37,924:4#,4H92)L)045)&:,0.4H*6#,[6$E$,OGC\,,L&#,,Re/,0&&#D):456(,
J)5.,D#)L5,9#):0)926 L&#,j30&&#D):456

KS
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2.4 TPC II

TW2BGÇBGu",,P-B,L)62D,04E6

KV
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Limitations of Wire-based Detectors

Detectors

• Localization accuracy: typ. 100-500 µm 
• Volume / 2-track resolution: typ. 10!10!10 mm3 (signal induction on pads) 
• Rate capability: limited by build-up of positive space-charge around anode 

[A. Breskin et al., NIM 124, 189 (1974)]

e- 

~ 100 ns
I+ 

~ 100 !s

"44
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Limitations of Wire-based Detectors

Detectors

• Localization accuracy: typ. 100-500 µm 
• Volume / 2-track resolution: typ. 10!10!10 mm3 (signal induction on pads) 
• Rate capability: limited by build-up of positive space-charge around anode  
• Ion backflow: IB = Icathode / Ianode ~ 30% for TPC with MWPC 

e- 

~ 100 ns
I+ 

~ 100 !s

"45



!"#$%

Exzellenzcluster Universe

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

Ä(6,OGC,D65605&#(,5&,#6D;06,)&:,L66D,*40+,9#&*26H,

P.)(,422&J(,0&:5):;&;(,#64D&;5,[L)2H\],:&,E45):E,&L,4H92)L)045)&:,#6E)&:,#6x;)#6D

FMV

2.4 TPC II
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2.4 Ion Backflow – ALICE Solution

Detectors

• Triple-GEM setup not sufficient 
• New chambers: 4-GEM setup with standard 
(S) and large pitch (LP) 
• Field configuration optimized to provide  

• IB < 1% 
• /E/E < 12% (for 55Fe X-rays) 
• Discharge stability

"47

6:
6#
E/

,#6
(&

2;
5)&

:,
kÉ

l
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2.4 GEM-TPC

[B. Ketzer et al., NIM A 732, 237 (2013), 
M. Ball et al., arXiv1207.0013, 2012, 
F.V. Böhmer et al., NIM A 737, 214 (2014)]

Detectors "48

FOPI @ GSI

TWIBG




