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Relative Momentum Error
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Contribution from Multiple Scattering
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Grundsätzliches zur Impulsmessung
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Relativer Impulsfehler
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Primäre und totale Ionisationsausbeute in Gasen
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r
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CV
0

2&'
0

------------
r

a
---ln$=

C

`

Simple case of a condenser in a gas tight box:

• electric field  E = V0 / d

• capacity C

• accumulated charge   Q0 = C V0

• number of produced electron-ion pairs N 

• if RC >> tdrift ⇒ charge on condenser plates will be 
reduced by  N|q|

⇒ resulting voltage pulse: V reduces by ∆V = N|q|/C

Example:

N ≈ 120 for Argon, C = 10 pF ⇒

∆V =
120 · e

10pF
=

120 · 1.6 × 10−16C

10 × 10−9F
" 2µV too small !

C = chamber capacity

c = pulse forming and coupling 
     capacitor

R = resistor of power supply

r = pulse forming resistor
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Gas Amplification
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First Track Detectors
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Gas Detectors
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Primary and Total Ionisation Yield in Gases

 

Gas
Density 

 

" 

 

[g/cm

 

3

 

]

  I

 

0

 

 
[eV]

  W 
[eV]

  n

 

p

 

 

[cm

 

-1

 

]

   n

 

T

 

 

[cm

 

-1

 

]

H

 

2

 

8.99 x 10

 

-5

 

15.4   37    5.2    9.2

He 1.78 x 10

 

-4

 

24.6   41    5.9    7.8

N

 

2

 

1.23 x 10

 

-3
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O

 

2
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P

 

Gas Amplification

!
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First Townsend Coefficient
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First Townsend Coefficient

!"#$%&'()'%*%+,&(-./(-'01/&2'+&%1,%3'0%&'"-/,'*%-4,5'
/-',5%'161*1-+5%'0%&'%*%+,&(-'/2'4/6%-'$7',5%')/&2,'
8(9-2%-3'+(%))/+/%-,' ':

• &%*1,/(-',('+&(22'2%+,/(-')(&'/(-/21,/(-:'

• -"#$%&'()'0&(3"+%3'/(-2:'

• ,5%'412'41/-'/2'4/6%-'$7:'

''''''''''''''' '

9/,5' '1-(3%'3/1#%,%&'1-3'' '3/2,1-+%',('9/&%'

95%&%'161*1-+5%'2,1&,2

• %;1#0*%:'''<&4(-''1-3'='>'?@@%A:'

''''! >'B;?@.?C+#D'''''"  #.?'!'?µ#

!

='E%AF

1G
0'
E/
(-

'0
1/
&2
'G
+#

'#
#
'H

4F

#

# !ion
NA

VMol
------------$=

n x( ) n0 # E( ) x$( )exp$=

A
n

n0
----- # r( ) rd

a

r
c

%exp= =

a rc

E?@I$F
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Drift and Diffusion in Gas

E

IONS ELECTRONS

!('%*%+,&/+')/%*3'J='>'@K:',5%&#1*'3/))"2/(-

L/,5'%*%+,&/+')/%*3'J='M'@K:'+51&4%',&1-20(&,'1-3'3/))"2/(-
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Avalanche Formation

N
N

. .

• 3"%',(',&1-26%&2%'3/))"2/(-'1'3&(0*%,'*/O%'161*1-+5%'
3%6%*(02'1&("-3',5%'1-(3%

• %*%+,&(-2'1&%'+(**%+,%3'6%&7')12,'J!'?'-2K
#($/*/,7'()'%*%+,&(-2'!?@@@',/#%2'*1&4%&',51-')(&'/(-2

• ,5%'+*("3'()'0(2/,/6%'/(-2'&%#1/-2'1-3'2*(9*7'3&/),2'
,(91&32',5%'+1,5(3%

0/+,"&%',1O%-'9/,5

+*("3'+51#$%&
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Signal Shape

85%'2/4-1*2'95/+5'1&%'/-3"+%3'(-'1-(3%'1-3'+1,5(3%'+(#%')&(#',5%')1+,',51,'+51&4%2'#(6%'

/-',5%'%*%+,&/+')/%*3'$%,9%%-',5%'%*%+,&(3%2:'

P(2,'()',5%'%*%+,&(-./(-'01/&2'1&%'+&%1,%3'6%&7'+*(2%',(',5%'1-(3%'9/&%'"

dv
Q

lCV0
-------------

dV

dr
------- dr$=

Vmax

• %*%+,&(-2'(-*7'#(6%'1'25(&,'
3/2,1-+%'/-',5%'%*%+,&/+')/%*3:'

'2#1**

• /-'+(-,&12,',5%'/(-2'#(6%'1**'
,5%'917'$1+O',(',5%'+1,5(3%:'

'#"+5'*1&4%&

• ""#(2,'()',5%'2/4-1*'/2'
/-3"+%3'$7',5%'#(6%#%-,'()'
,5%'/(-2'95/+5',1O%2'
&1*1,/6%7'*(-4

• "2"1**7',5%'2/4-1*'512',('$%'
%*%+,&(-/+1**7'3/))%&%-,/1,%3

dr

dr

Raether limit: avalanche size limited to                    or α · x < 20A < ∼ 10
8
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Second Townsend Coefficient

• In the avalanche many atoms are excited. When they return to their ground state UV 
photons are emitted.

• UV photons create more electrons through photo electric effect with gas atoms or 
when they hit the metallic electrodes

• The exponential growth of the gas amplification with increasing HV starts to get 
damped when the number of ionization processes by UV photons gets significant

- start of the avalanche                 n0          primary electrons

- after amplification                     An0 

- number of photo electrons         An0γ       with γ<<1   (2. Townsend coefficient)

- which get amplified to                A2n0γ     etc.

- in total there are:                      

                                                 where Aγ denotes the gas amplification including photons

• for   Aγ → 1 the expression diverges, i.e. the signal no longer depends on the amount of 
primary ionization: Geiger Müller region

11

Aγn0 = n0A

∑

n≥0

(Aγ)n =
n0A

1 − Aγ
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Pulse Formation in Cylindrical Chamber
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Pulsformung in zylindrischen Kammern
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Beitrag von Ionen und Elektronen zum Signal
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Zeitverhalten des Signals
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Argumente für Wahl des Gases
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In such a cylindrical geometry the following relations hold:
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The stored electric energy is: 

When the charge q moves a distance dr this causes a 
change of potential energy by: 

At the position r´the electrons induce a voltage of:

Similarly the voltage induced by the moving ions at the position r´amounts to:

∆V = ∆V − + ∆V + = −q/CThe resulting total voltage is given by :  
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Contribution of Ions and Electrons to the Signal

13

r
′
= k · λ

The contribution of electrons and ions to the signal is very different in the case of gas 
amplification, since this occurs very close to the anode wire at a distance: 

∆V +

∆V −

=
ln b

a+r′

ln a+r′

a

≈

ln 103

ln 1.2
≈ 40

where k is the number of mean free path-lengths λ, which are required for avalanche 
formation.

As a consequence the drift path of the ions is much longer. For example in the case 
b = 1cm, a = 10μm, r´= 2μm

V (t) = V +(t) = −

q

2πεL
ln

r(t)

a
The time dependence in this case is given by (r´≈ 0):

The solution of the problem is to find the relation r(t)

µ ≡

vdrift

E(r)
=

1

E(r)

dr

dt
The mobility is given by:

dr

dt
= µE(t) = µ

CV0

2πεL

1

r
⇒ rdr = µ

CV0

2πεL
dtFor cylindrical geometry: 
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Time Evolution of the Signal
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Pulsformung in zylindrischen Kammern
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with

The total drift time T follows from r(T ) = b

Example:
μ = 1.5cm2s-1V-1, V = 1500V, a = 10μm, b = 1cm 
and t0 = 1.5x10-9 s  

⇒ T = 1.5x10-3 s

Usually it is necessary to differentiate the 
signal (which makes it shorter) by the 
electronics to reduce the dead time.
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• )<"1$#;$>$"+*<0$&

• +,-"$))$#9&-/)0"1

[<0826/48/"$"2$#B/"#\<44$&1<+$"#%+2#%"#*$&#Z$1$)#$%"#9*$)1<+@#*<#$+#$%"<2/4%1#%+2#0"*#
9)$62&/"$"#"0&#$)<+2%+,-$#=2]^$#4%2#1$&%"1$4#9"$&1%$B$&)0+2#$&)$%*$"H#5%$+#$&4]1)%,-2#
D<+B$&+2E&60"1#+,-/"#>$%#&$)<2%B#"%$*&%1$"#=8<""0"1$"H#.0+#R&$%+1&G"*$"#4$%+2#.&1/"H#

7G&#*$"#+2<>%)$"#J$2&%$>#+%"*#_$*/,-#I0+E2'$#'04#\<44$&1<+#
$&F/&*$&)%,-H#!"#*$&#;<?%"$#?$&*$"#.&#.2/4$#<"1$&$12#0"*#
$4%22%$&$"#>$%4#I$&F<))#`O#R-/2/"$"#P9aLLHb$OQH#W&$FF$"#*%$+$#
R-/2/"$"#<0F#*%$#\<2-/*$#P'HJH#.)#/*$&#c0#4%2#!dHd$O#
!/"%+<2%/"+8/2$"2%<)Q#+/#)]+$"#+%$#*0&,-#R-/2/$FF$62#?$%2$&$#
9)$62&/"$"#<0+@#*%$#%-&$&+$%2+#?%$*$&#'0&#."/*$#*&%F2$"#0"*#$%"$#
;<?%"$#<0+)]+$"H

5%$+#FG-&2#>$%#\<44$&"#4%2#&$%"$4#.&#+,-/"#>$%#&$)<2%B#"%$*&%1$&#
D<+B$&+2E&60"1#'0#*$4#+/1$"<""2$"#eJ&$<6*/?"eH

$)<+2%+,-
%/"%+H

• low operation voltage

• stable operation also at high gas gain

• good rate capability

• sufficient longevity

• fast recovery

In principal avalanche formation occurs in every gas.
However the gas should have properties which lead to:

The main component of a chamber gas usually is a noble gas, since it is mono-atomic and 
the electrons mainly experience elastic collisions with little energy transfer. This enables 
gas gain already at low voltages. For price reasons the choice in most cases is Argon.

Stable operation in most cases requires the presence of additives.
In the avalanche Ar atoms get excited, which emit UV photons 
when they return to their ground state (E>11.6 eV). When these 
photons reach the cathode made from Al or Cu (≈ 7.7 eV 
excitation potential) electrons are liberated by the photo electric 
effect which drift back to the anode and create another 
avalanche.
This would lead to „breakdown“ already at relatively low voltages 
for a detector with pure Ar.
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Additives to the Chamber Gas: Quencher
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Zusätze zum Kammergas: Quencher

!"#$%&'"()$*+'$,#-./+0'$12)3$04($*+0$5#$+6($0+7#43-06)+'$84'$76(9":

• ;-/<7+$84'+$.+'639+($=6+/+$(6<73>#4*6436=+$?6.#436-('>$"(*$
@-3436-('>!"'3A(*+$2.+#$+6(+($B+63+($C(+#)6+.+#+6<7

• D6+'+$E-/+F2/+$F&((+($*6+$G?$,7-3-(+($60$H+#+6<7$
!IJJ>KJJ(0$4.'-#.6+#+(:

• ;6+$)+.+($67#+$C(+#)6+$*"#<7$L-//6'6-(+($-*+#$D6''-96436-($4.:

• M+)+($ $B+#*+($*6+$,7-3-(+($+11+F36=$
+/606(6+#3$-*+#$)+>N"+(<7+*:

?+#B+(*"()$16(*+($L-7/+(B4''+#'3-11+$B6+$9:H:

• E+374($OPQ

• C374($OKPR

• S'-."34($6OQPIJ

• "(*$5/F-7-/>DA0T1+

!Emission !Kollision»
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Drift und Diffusion in Gasen

U+/*1#+6+#$@4"0V

C/+F3#-(>S-($,44#+$(+70+($*"#<7$?6+/14<7'3&W+$063$*+($84'0-/+F2/+($+6(+$37+#06'<7+$
C(+#)6+=+#3+6/"()$4(:$X4<7$*+0$YN"6T4#3636-(')+'+39$6'3$*6+$0633/+#+$C(+#)6+$

Z.+6$@4"03+0T+#43"#[V$$

• ;6+$1-/)+($+6(+#$E4\B+//>H-/3904(($?+#3+6/"()V$

• C6(+$9"(A<7'3$T"(F31&#06)+$%4*"()'=+#3+6/"()$*611"(*6+#3$*"#<7$?6+/14<7'3#+""()$6($*+($

"0)+.+(*+($@4"0V$ $$6'3$*+#$H#"<73+6/$*+#$%4*"()]$*+#$'6<7$6($ $

60$5.'34(*$ $9"#$!+63$ $.+16(*+3:$$$
$6'3$*+#$'-)+(4((3+$D611"'6-('F-+11696+(3:

• /6(+4#+$D611"'6-(V$ $$

.9B:$?-/"0+(*611"'6-(V$

• 0633/+#+$1#+6+$M+)/A()+$*+#$D611"'6-(V$ $

063$ $^$5(947/$E-/+F2/+_?-/"0+(

"T
3

2
---kT 0.035eV#=

F "! " const " "– kT!! "exp$ $=

dN

N
-------

1

4%Dt
-----------------

x2

4Dt
---------–& '

( )exp dx= dx

x t

D

*x 2Dt=

*Vol 3*x 6Dt= =

+ "! "
1

N* "! "
---------------=

N N0, A!=

S-(+($6($%"13
D611"'6-($=-(
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Ladungsträger im elektrischen Feld

S($+6(+0$+/+F3#6'<7+($U+/*$B6#*$*+#$"()+-#*(+3+($D611"'6-('.+B+)"()$+6(+$)+-#*(+3+$
D#613.+B+)"()$6($U+/*#6<73"()$2.+#/4)+#3:$D+16(636-($*+#$D#613)+'<7B6(*6)F+63V$$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ $$$$$$$$$$$$$$063

• $+(+#)6+4.7A()6)+$%4*"()'3#A)+#.+B+)/6<7F+63

• $$$$$$+/+F3#6'<7+$U+/*'3A#F+

• $$$$$4"1$X-#04/.+*6()"()+($(-#06+#3+#$D#"<F

82/36)$"(3+#$*+#$?-#4"''+39"()V$

• F+6(+$@+F-0.6(436-(

• F+6(+$5(/4)+#"()

vDrift # E! " E
p0

p
------$ $=

# E! "

E

p0

p
------
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Rekombination und Elektronenanlagerung

@+F-0.6(436-(V

D6+$.+6$*+#$,#60A#6-(6'436-($+#9+")3+($S-(+($"(*$
C/+F3#-(+($F&((+($'6<7$(+"3#4/6'6+#+(]$.+=-#$'6+$
(4<7)+B6+'+($B+#*+(:$
5.(470+$*+#$D6<73+$=-($T-'636=+($S-(+($ V$

$063$ $@+F-0.6(436-('F-+11696+(3

• $ $12#$`K]$O`K$.6'$9"$IJ
>R$ZIJ>a[$<0b_'$.+6$

@+F-0.6(436-($063$(+):$S-(+($ZC/+F3#-(+([$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

C/+F3#-(+(4(/4)+#"()V

H+6$0+7#43-06)+($84'0-/+F2/+($ZF+6(+$C*+/)4'+c[$
F&((+($'6<7$C/+F3#-(+($(6+*#6)+#$C(+#)6+$Z!+?[$
.+60$;3-W$4($*4'$E-/+F2/$4(/4)+#(:
- pa$$$$$$$$$$$$$$$M47#'<7+6(/6<7F+63$T#-$L-//6'6-(

- ns                    !47/$*+#$;3&W+$T#-$!+63+6(7+63$

- ta^I_Zpans[$$0633/+#+$!+63$.6'$9"#$5(/4)+#"()

-$X-3B+(*6)F+63$*+#$84'#+6(6)"()$Z`K$U6/3+#[

n+ 

dn+

dt
---------– . n+ n–= .

.

Elektronegative Gase (ohne E-Feld):

Gas     pa ns[s
-1] ta [ns]

CO2 6.2 x 10-9 2.2 x 1011 7.1 x 105

O2 2.5 x 10-5 2.1 x 1011    190

H2O 2.5 x 10-5 2.8 x 1011    140

Cl-2 4.8 x 10-4 4.5 x 1011        5

5(/4)+#"()'B47#'<7+6(/6<7F+63$T#-$;3-W

• these gases have many non-radiative vibrational 
and rotational states over a wide range of energies

• the molecules easily absorb the UV photons in the 
range ≈100-200 nm

• they de-excite by collisions or dissociation

• because τemission >> τcollision the UV photons are 
very efficiently eliminated or quenched

• Methan CH4

• Ethan C2H6

• Isobutane iC4H10

• or alcohol vapours

The solve this problem one usually adds a poly-atomic component to the gas.
 

Typically hydrocarbon components are being used:
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• they follow a Maxwell-Boltzmann distribution:

• a point-like charge distribution will diffuse due to 
multiple scattering into the neighboring space:

         
                                                 is the fraction of 

charge located in dx at the distance x at the time t

• D is the so-called diffusion coefficient

• linear diffusion: 

• volume diffusion: 

• mean free path of diffusion:

where                        is the number of  molecules/volume
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Drift und Diffusion in Gasen

U+/*1#+6+#$@4"0V

C/+F3#-(>S-($,44#+$(+70+($*"#<7$?6+/14<7'3&W+$063$*+($84'0-/+F2/+($+6(+$37+#06'<7+$
C(+#)6+=+#3+6/"()$4(:$X4<7$*+0$YN"6T4#3636-(')+'+39$6'3$*6+$0633/+#+$C(+#)6+$

Z.+6$@4"03+0T+#43"#[V$$

• ;6+$1-/)+($+6(+#$E4\B+//>H-/3904(($?+#3+6/"()V$

• C6(+$9"(A<7'3$T"(F31&#06)+$%4*"()'=+#3+6/"()$*611"(*6+#3$*"#<7$?6+/14<7'3#+""()$6($*+($

"0)+.+(*+($@4"0V$ $$6'3$*+#$H#"<73+6/$*+#$%4*"()]$*+#$'6<7$6($ $

60$5.'34(*$ $9"#$!+63$ $.+16(*+3:$$$
$6'3$*+#$'-)+(4((3+$D611"'6-('F-+11696+(3:

• /6(+4#+$D611"'6-(V$ $$

.9B:$?-/"0+(*611"'6-(V$

• 0633/+#+$1#+6+$M+)/A()+$*+#$D611"'6-(V$ $

063$ $^$5(947/$E-/+F2/+_?-/"0+(

"T
3

2
---kT 0.035eV#=

F "! " const " "– kT!! "exp$ $=

dN

N
-------

1

4%Dt
-----------------

x2

4Dt
---------–& '

( )exp dx= dx

x t

D

*x 2Dt=

*Vol 3*x 6Dt= =

+ "! "
1

N* "! "
---------------=

N N0, A!=

S-(+($6($%"13
D611"'6-($=-(

C. Niebuhr                     Teilchen Detektoren 3

Ladungsträger im elektrischen Feld
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Rekombination und Elektronenanlagerung

@+F-0.6(436-(V

D6+$.+6$*+#$,#60A#6-(6'436-($+#9+")3+($S-(+($"(*$
C/+F3#-(+($F&((+($'6<7$(+"3#4/6'6+#+(]$.+=-#$'6+$
(4<7)+B6+'+($B+#*+(:$
5.(470+$*+#$D6<73+$=-($T-'636=+($S-(+($ V$

$063$ $@+F-0.6(436-('F-+11696+(3

• $ $12#$`K]$O`K$.6'$9"$IJ
>R$ZIJ>a[$<0b_'$.+6$

@+F-0.6(436-($063$(+):$S-(+($ZC/+F3#-(+([$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

C/+F3#-(+(4(/4)+#"()V

H+6$0+7#43-06)+($84'0-/+F2/+($ZF+6(+$C*+/)4'+c[$
F&((+($'6<7$C/+F3#-(+($(6+*#6)+#$C(+#)6+$Z!+?[$
.+60$;3-W$4($*4'$E-/+F2/$4(/4)+#(:
- pa$$$$$$$$$$$$$$$M47#'<7+6(/6<7F+63$T#-$L-//6'6-(

- ns                    !47/$*+#$;3&W+$T#-$!+63+6(7+63$

- ta^I_Zpans[$$0633/+#+$!+63$.6'$9"#$5(/4)+#"()

-$X-3B+(*6)F+63$*+#$84'#+6(6)"()$Z`K$U6/3+#[

n+ 

dn+

dt
---------– . n+ n–= .

.

Elektronegative Gase (ohne E-Feld):

Gas     pa ns[s
-1] ta [ns]

CO2 6.2 x 10-9 2.2 x 1011 7.1 x 105

O2 2.5 x 10-5 2.1 x 1011    190

H2O 2.5 x 10-5 2.8 x 1011    140

Cl-2 4.8 x 10-4 4.5 x 1011        5

5(/4)+#"()'B47#'<7+6(/6<7F+63$T#-$;3-W

εT =
3

2
kT ≈ 0.035 eV

F (ε) = const ·
√

ε · exp (−ε/kT )

dN

N
=

1
√

4πDt
exp

(

−

x2

4Dt

)

dx

σx =
√

2Dt

σvol =
√

3σx =
√

6Dt

λ(ε) =
1

Nσ(ε)

N = N0ρ/A

In a field free region:
Due to multiple collisions electron-ion pairs assume a thermal energy distribution. According 
to the law of equal partition the average energy at room temperature is given by:

Drift and Diffusion in Gases
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•          energy dependent mobility of charge carriers

•          electric field

•          normalized pressure (to STP)

• no recombination

• no attachment

Motion of Charge Carriers in electric Field
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First Townsend Coefficient

!"#$%&'()'%*%+,&(-./(-'01/&2'+&%1,%3'0%&'"-/,'*%-4,5'
/-',5%'161*1-+5%'0%&'%*%+,&(-'/2'4/6%-'$7',5%')/&2,'
8(9-2%-3'+(%))/+/%-,' ':

• &%*1,/(-',('+&(22'2%+,/(-')(&'/(-/21,/(-:'

• -"#$%&'()'0&(3"+%3'/(-2:'

• ,5%'412'41/-'/2'4/6%-'$7:'

''''''''''''''' '

9/,5' '1-(3%'3/1#%,%&'1-3'' '3/2,1-+%',('9/&%'
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Drift and Diffusion in Gas

E

IONS ELECTRONS

!('%*%+,&/+')/%*3'J='>'@K:',5%&#1*'3/))"2/(-

L/,5'%*%+,&/+')/%*3'J='M'@K:'+51&4%',&1-20(&,'1-3'3/))"2/(-
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Avalanche Formation

N
N

. .

• 3"%',(',&1-26%&2%'3/))"2/(-'1'3&(0*%,'*/O%'161*1-+5%'
3%6%*(02'1&("-3',5%'1-(3%

• %*%+,&(-2'1&%'+(**%+,%3'6%&7')12,'J!'?'-2K
#($/*/,7'()'%*%+,&(-2'!?@@@',/#%2'*1&4%&',51-')(&'/(-2

• ,5%'+*("3'()'0(2/,/6%'/(-2'&%#1/-2'1-3'2*(9*7'3&/),2'
,(91&32',5%'+1,5(3%

0/+,"&%',1O%-'9/,5

+*("3'+51#$%&
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Signal Shape

85%'2/4-1*2'95/+5'1&%'/-3"+%3'(-'1-(3%'1-3'+1,5(3%'+(#%')&(#',5%')1+,',51,'+51&4%2'#(6%'

/-',5%'%*%+,&/+')/%*3'$%,9%%-',5%'%*%+,&(3%2:'

P(2,'()',5%'%*%+,&(-./(-'01/&2'1&%'+&%1,%3'6%&7'+*(2%',(',5%'1-(3%'9/&%'"

dv
Q

lCV0
-------------

dV

dr
------- dr$=

Vmax

• %*%+,&(-2'(-*7'#(6%'1'25(&,'
3/2,1-+%'/-',5%'%*%+,&/+')/%*3:'

'2#1**

• /-'+(-,&12,',5%'/(-2'#(6%'1**'
,5%'917'$1+O',(',5%'+1,5(3%:'

'#"+5'*1&4%&

• ""#(2,'()',5%'2/4-1*'/2'
/-3"+%3'$7',5%'#(6%#%-,'()'
,5%'/(-2'95/+5',1O%2'
&1*1,/6%7'*(-4

• "2"1**7',5%'2/4-1*'512',('$%'
%*%+,&(-/+1**7'3/))%&%-,/1,%3

dr

dr

E=0
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Drift and Diffusion in Gas
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,(91&32',5%'+1,5(3%

0/+,"&%',1O%-'9/,5

+*("3'+51#$%&

carsten.niebuhr@desy.de 12                     Par ticle Detectors 2 

Signal Shape

85%'2/4-1*2'95/+5'1&%'/-3"+%3'(-'1-(3%'1-3'+1,5(3%'+(#%')&(#',5%')1+,',51,'+51&4%2'#(6%'

/-',5%'%*%+,&/+')/%*3'$%,9%%-',5%'%*%+,&(3%2:'

P(2,'()',5%'%*%+,&(-./(-'01/&2'1&%'+&%1,%3'6%&7'+*(2%',(',5%'1-(3%'9/&%'"

dv
Q

lCV0
-------------

dV

dr
------- dr$=

Vmax

• %*%+,&(-2'(-*7'#(6%'1'25(&,'
3/2,1-+%'/-',5%'%*%+,&/+')/%*3:'

'2#1**

• /-'+(-,&12,',5%'/(-2'#(6%'1**'
,5%'917'$1+O',(',5%'+1,5(3%:'

'#"+5'*1&4%&

• ""#(2,'()',5%'2/4-1*'/2'
/-3"+%3'$7',5%'#(6%#%-,'()'
,5%'/(-2'95/+5',1O%2'
&1*1,/6%7'*(-4

• "2"1**7',5%'2/4-1*'512',('$%'
%*%+,&(-/+1**7'3/))%&%-,/1,%3

dr

dr

!vdrift = µ(E) · !E ·

p0

p

µ(E)

!E

p0

p

In an electric field a directional drift parallel to the field direction is superimposed on the 
irregular motion of diffusion. Definition of drift velocity:

Valid under the assumption:

with:

Figures taken  from 
F. Sauli, CERN
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Drift

Anode Wire

σL

Single electron Several electrons Many electrons

Detection threshold

Slide taken  from 
F. Sauli, CERN
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C. Niebuhr                     Teilchen Detektoren 3

Zusätze zum Kammergas: Quencher

!"#$%&'"()$*+'$,#-./+0'$12)3$04($*+0$5#$+6($0+7#43-06)+'$84'$76(9":

• ;-/<7+$84'+$.+'639+($=6+/+$(6<73>#4*6436=+$?6.#436-('>$"(*$
@-3436-('>!"'3A(*+$2.+#$+6(+($B+63+($C(+#)6+.+#+6<7

• D6+'+$E-/+F2/+$F&((+($*6+$G?$,7-3-(+($60$H+#+6<7$
!IJJ>KJJ(0$4.'-#.6+#+(:

• ;6+$)+.+($67#+$C(+#)6+$*"#<7$L-//6'6-(+($-*+#$D6''-96436-($4.:

• M+)+($ $B+#*+($*6+$,7-3-(+($+11+F36=$
+/606(6+#3$-*+#$)+>N"+(<7+*:

?+#B+(*"()$16(*+($L-7/+(B4''+#'3-11+$B6+$9:H:

• E+374($OPQ

• C374($OKPR

• S'-."34($6OQPIJ

• "(*$5/F-7-/>DA0T1+

!Emission !Kollision»

C. Niebuhr                     Teilchen Detektoren 3

Drift und Diffusion in Gasen

U+/*1#+6+#$@4"0V

C/+F3#-(>S-($,44#+$(+70+($*"#<7$?6+/14<7'3&W+$063$*+($84'0-/+F2/+($+6(+$37+#06'<7+$
C(+#)6+=+#3+6/"()$4(:$X4<7$*+0$YN"6T4#3636-(')+'+39$6'3$*6+$0633/+#+$C(+#)6+$

Z.+6$@4"03+0T+#43"#[V$$

• ;6+$1-/)+($+6(+#$E4\B+//>H-/3904(($?+#3+6/"()V$

• C6(+$9"(A<7'3$T"(F31&#06)+$%4*"()'=+#3+6/"()$*611"(*6+#3$*"#<7$?6+/14<7'3#+""()$6($*+($

"0)+.+(*+($@4"0V$ $$6'3$*+#$H#"<73+6/$*+#$%4*"()]$*+#$'6<7$6($ $

60$5.'34(*$ $9"#$!+63$ $.+16(*+3:$$$
$6'3$*+#$'-)+(4((3+$D611"'6-('F-+11696+(3:

• /6(+4#+$D611"'6-(V$ $$

.9B:$?-/"0+(*611"'6-(V$

• 0633/+#+$1#+6+$M+)/A()+$*+#$D611"'6-(V$ $

063$ $^$5(947/$E-/+F2/+_?-/"0+(

"T
3

2
---kT 0.035eV#=

F "! " const " "– kT!! "exp$ $=

dN

N
-------

1

4%Dt
-----------------

x2

4Dt
---------–& '

( )exp dx= dx

x t

D

*x 2Dt=

*Vol 3*x 6Dt= =

+ "! "
1

N* "! "
---------------=

N N0, A!=

S-(+($6($%"13
D611"'6-($=-(

C. Niebuhr                     Teilchen Detektoren 3

Ladungsträger im elektrischen Feld

S($+6(+0$+/+F3#6'<7+($U+/*$B6#*$*+#$"()+-#*(+3+($D611"'6-('.+B+)"()$+6(+$)+-#*(+3+$
D#613.+B+)"()$6($U+/*#6<73"()$2.+#/4)+#3:$D+16(636-($*+#$D#613)+'<7B6(*6)F+63V$$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ $$$$$$$$$$$$$$063

• $+(+#)6+4.7A()6)+$%4*"()'3#A)+#.+B+)/6<7F+63

• $$$$$$+/+F3#6'<7+$U+/*'3A#F+

• $$$$$4"1$X-#04/.+*6()"()+($(-#06+#3+#$D#"<F

82/36)$"(3+#$*+#$?-#4"''+39"()V$

• F+6(+$@+F-0.6(436-(

• F+6(+$5(/4)+#"()

vDrift # E! " E
p0

p
------$ $=

# E! "

E

p0

p
------
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Rekombination und Elektronenanlagerung

@+F-0.6(436-(V

D6+$.+6$*+#$,#60A#6-(6'436-($+#9+")3+($S-(+($"(*$
C/+F3#-(+($F&((+($'6<7$(+"3#4/6'6+#+(]$.+=-#$'6+$
(4<7)+B6+'+($B+#*+(:$
5.(470+$*+#$D6<73+$=-($T-'636=+($S-(+($ V$

$063$ $@+F-0.6(436-('F-+11696+(3

• $ $12#$`K]$O`K$.6'$9"$IJ
>R$ZIJ>a[$<0b_'$.+6$

@+F-0.6(436-($063$(+):$S-(+($ZC/+F3#-(+([$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

C/+F3#-(+(4(/4)+#"()V

H+6$0+7#43-06)+($84'0-/+F2/+($ZF+6(+$C*+/)4'+c[$
F&((+($'6<7$C/+F3#-(+($(6+*#6)+#$C(+#)6+$Z!+?[$
.+60$;3-W$4($*4'$E-/+F2/$4(/4)+#(:
- pa$$$$$$$$$$$$$$$M47#'<7+6(/6<7F+63$T#-$L-//6'6-(

- ns                    !47/$*+#$;3&W+$T#-$!+63+6(7+63$

- ta^I_Zpans[$$0633/+#+$!+63$.6'$9"#$5(/4)+#"()

-$X-3B+(*6)F+63$*+#$84'#+6(6)"()$Z`K$U6/3+#[

n+ 

dn+

dt
---------– . n+ n–= .

.

Elektronegative Gase (ohne E-Feld):

Gas     pa ns[s
-1] ta [ns]

CO2 6.2 x 10-9 2.2 x 1011 7.1 x 105

O2 2.5 x 10-5 2.1 x 1011    190

H2O 2.5 x 10-5 2.8 x 1011    140

Cl-2 4.8 x 10-4 4.5 x 1011        5

5(/4)+#"()'B47#'<7+6(/6<7F+63$T#-$;3-WRecombination:
Ions and electrons created in the primary ionization 
process recombine before they are detected. This 
leads to an effective decrease of the density of 
positive ions n+:

                          with recombination coefficient α

Values of α for O2 or CO2 are up to 10-6 (10-7) cm-3 s-1 
in the case of recombination with negative ions 
(electrons)

Electron attachment:
For poly-atomic gases (no noble gases !) low energy 
electrons (≈ eV) can get attached to the molecule 
after a collision
     –  pa                     probability per collision
     –  ns                     number of collisions per time
     –  ta = 1/(pans)      mean time until attachment

–> necessity for gas cleaning !

dn+

dt
= α n

+
n
−
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C. Niebuhr                     Teilchen Detektoren 3

Ionen- & Elektronendrift für einige Gase

• !"##$%&%'(&%"%')%*$+,*%

• -"((./"0,/10%(("2"%,#'.,3'

• 4%5%*$"671%"#'

80,'90,%,'(:&'%","*%';</%'=%"'>0&?<$=%3",.,*%,@

• 4%5%*$"671%"#'80,'A$%1#&0,%,'"/#''!'BCD'?<$'
*&EF%&'<$/'3"%'80,'90,%,'G

• ?"##$H'(&%"%')%*$+,*%'80,'A$%1#&0,%,@'

Gas   A    

H2 2.02 1.8 x 10
-5       0.34       13.0

He 4.00 2.8 x 10
-5       0.26       10.2

Ar 39.95 1.0 x 10
-5       0.04         1.7

O2 32.00 1.0 x 10
-5       0.06         2.2

H2O 18.02 1.0 x 10
-5       0.02         0.7

!Ion cm! " DIon cm2 s!! " #Ion
cm/s

V/cm
-------------

!e 6 !Ion$"

A$%1#&0,%,I-&"(#

J&<,/8H'K./3%7,.,*'%",%/'A$%1#&0,I
/675<&?/',<67'B6?'-&"(#/#&%61%'<$/'
L.,1#"0,'3%&'%$%1#&"/67%,'L%$3/#+&1%

"?'%$%1#&"/67%,'L%$3

MCC#?
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Ramsauereffekt

)%*%,'"7&%&'*&EF%&%,'(&%"%,')%*$+,*%'25"/67%,'25%"'N#EF%,'1E,,%,'A$%1#&0,%,'"?'
%$%1#&"/67%,'L%$3'5%/%,#$"67'?%7&'A,%&*"%'*%5",,%,'<$/'90,%,H

-&"(#*%/675",3"*1%"#@' '50=%"' '3"%'

O%"#'25"/67%,'25%"'N#EF%,'<=7+,*"*'"/#'80?'N#0FI
P.%&/67,"##

• )%$$%,$+,*%'3%&'A$%1#&0,%,'"?'%Q'4%&%"67'
%,#/R&"67#'%#5<'!0$%1:$3"?%,/"0,%,'",'A3%$*</%,'
#"P.<,#%,?%67<,"/67%&'9,#%&(%&%,2%((%1#'(:7&#'2.'
/#<&1%&'Q<&"<#"0,'3%/'N#0FP.%&/67,"##%/'$'?"#'3%&'
A$%1#&0,%,%,%&*"%'%

• K$/'S0,/%P.%,2'1E,,%,'/670,'*%&",*(:*"*%'
Q%&.,&%","*.,*%,T'3.&67'3"%'/"67'3"%'?"##$%&%'
A,%&*"%' $%"67#'8%&+,3%&#'3"%'-&"(#*%/675",3"*I
1%"#%,'",';</%,'3&</#"/67'+,3%&,H

• #'>0#5%,3"*1%"#'3%&';</&%","*.,*

vDrift
e

m
----E  & E %%& '= &

%

%
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vDrift vs E-Feld in verschiedenen Argon-Mischungen

• -%#<"$/'3%&'A,%&*"%<=7+,*"*1%"#'3%/'N#0FP.%&/67,"##%/'UV<?/<.%&?","?.?W'
(:7&%,'2.'%",%?'67<&<1#%&"/#"/67%,'!<X"?.?'",'3%&'L%$3/#+&1%IK=7+,*"*1%"#

• L:&'/#<="$%,'4%#&"%='/%#2#'?<,'/"67'7+.("*'",'3</'!<X"?.?@''

• JYR"/67%'-&"(#*%/675",3"*1%"#%,@'8-&"(#'!'MIBC'6?Z#/'['MCIBCC'#?Z,/

dvDrift

dE
---------------- 0=
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Elektronendrift in E und B Feldern

-"%'K,5%/%,7%"#'80,'!<*,%#(%$3%&,'8%&+,3%&#'3"%'-&"(#%"*%,/67<(#%,'80,'A$%1#&0,%,'

%&7%=$"67H'4%5%*.,*/*$%"67.,*@' T'3<=%"'"/#' '%",%'2%"#$"67'
8%&+,3%&$"67%'/#067</#"/67%'S&<(#T'3"%'<./'3%,'N#EF%,'?"#'3%,';</?0$%1:$%,'/#<??#H'N"%'

1<,,'"?'O%"#?"##%$'3.&67'%",%'*%/675",3"*1%"#/R&0R0&#"0,<$%'V%"=.,*/1&<(#' '
3<&*%/#%$$#'5%&3%,'U '?"##$%&%'O%"#'25"/67%,'25%"'N#EF%,WH'9,#%*&<#"0,'$"%(%&#@

'(:&'3%,'/#<#"0,+&%,'L<$$

'4%5%*$"671%"#'3%&'\<3.,*/#&+*%&
'OY1$0#&0,(&%P.%,2'

L:&'3%,'7+.("*'&%<$"/"%&#%,'L<$$' '*"$#@

• 4%#&<*'3%&'-&"(#*%/675",3"*1%"#''

'''''''''' '

• \0&%,#25",1%$' '25"/67%,'-&"(#&"67#.,*' '.,3' '@''''

mx
˙̇

qE q v B$' mA t& '+ += mA t& '

mv &!–

&

vDrift
#

1 (2&2+
--------------------- E

E B$

B
-------------(&

E B'& ' B'

B2
-------------------------(2&2+ +

) *
+ ,
- .

=

# e & m!'=

( e B m!'=

E/B

vDrift
#E

1 (2&2+

-------------------------=

0 vDrift E 0tan (& vDrift
B

E
---'= =

8-&"(#

0

Transverse extension of an electron 
swarm after 1cm drift as a function 
of the applied electric field strength.

• mean free path

• diffusion coefficient

• mobility

• mobility of electrons is ≈103 times larger 
compared to ions

• mean free path of electrons λe ∼ 6 × λion
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C. Niebuhr                     Teilchen Detektoren 3

Ionen- & Elektronendrift für einige Gase

• !"##$%&%'(&%"%')%*$+,*%

• -"((./"0,/10%(("2"%,#'.,3'

• 4%5%*$"671%"#'

80,'90,%,'(:&'%","*%';</%'=%"'>0&?<$=%3",.,*%,@

• 4%5%*$"671%"#'80,'A$%1#&0,%,'"/#''!'BCD'?<$'
*&EF%&'<$/'3"%'80,'90,%,'G

• ?"##$H'(&%"%')%*$+,*%'80,'A$%1#&0,%,@'

Gas   A    

H2 2.02 1.8 x 10
-5       0.34       13.0

He 4.00 2.8 x 10
-5       0.26       10.2

Ar 39.95 1.0 x 10
-5       0.04         1.7

O2 32.00 1.0 x 10
-5       0.06         2.2

H2O 18.02 1.0 x 10
-5       0.02         0.7

!Ion cm! " DIon cm2 s!! " #Ion
cm/s

V/cm
-------------

!e 6 !Ion$"

A$%1#&0,%,I-&"(#

J&<,/8H'K./3%7,.,*'%",%/'A$%1#&0,I
/675<&?/',<67'B6?'-&"(#/#&%61%'<$/'
L.,1#"0,'3%&'%$%1#&"/67%,'L%$3/#+&1%

"?'%$%1#&"/67%,'L%$3

MCC#?
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Ramsauereffekt

)%*%,'"7&%&'*&EF%&%,'(&%"%,')%*$+,*%'25"/67%,'25%"'N#EF%,'1E,,%,'A$%1#&0,%,'"?'
%$%1#&"/67%,'L%$3'5%/%,#$"67'?%7&'A,%&*"%'*%5",,%,'<$/'90,%,H

-&"(#*%/675",3"*1%"#@' '50=%"' '3"%'

O%"#'25"/67%,'25%"'N#EF%,'<=7+,*"*'"/#'80?'N#0FI
P.%&/67,"##

• )%$$%,$+,*%'3%&'A$%1#&0,%,'"?'%Q'4%&%"67'
%,#/R&"67#'%#5<'!0$%1:$3"?%,/"0,%,'",'A3%$*</%,'
#"P.<,#%,?%67<,"/67%&'9,#%&(%&%,2%((%1#'(:7&#'2.'
/#<&1%&'Q<&"<#"0,'3%/'N#0FP.%&/67,"##%/'$'?"#'3%&'
A$%1#&0,%,%,%&*"%'%

• K$/'S0,/%P.%,2'1E,,%,'/670,'*%&",*(:*"*%'
Q%&.,&%","*.,*%,T'3.&67'3"%'/"67'3"%'?"##$%&%'
A,%&*"%' $%"67#'8%&+,3%&#'3"%'-&"(#*%/675",3"*I
1%"#%,'",';</%,'3&</#"/67'+,3%&,H

• #'>0#5%,3"*1%"#'3%&';</&%","*.,*

vDrift
e

m
----E  & E %%& '= &

%

%
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vDrift vs E-Feld in verschiedenen Argon-Mischungen

• -%#<"$/'3%&'A,%&*"%<=7+,*"*1%"#'3%/'N#0FP.%&/67,"##%/'UV<?/<.%&?","?.?W'
(:7&%,'2.'%",%?'67<&<1#%&"/#"/67%,'!<X"?.?'",'3%&'L%$3/#+&1%IK=7+,*"*1%"#

• L:&'/#<="$%,'4%#&"%='/%#2#'?<,'/"67'7+.("*'",'3</'!<X"?.?@''

• JYR"/67%'-&"(#*%/675",3"*1%"#%,@'8-&"(#'!'MIBC'6?Z#/'['MCIBCC'#?Z,/

dvDrift

dE
---------------- 0=
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Elektronendrift in E und B Feldern

-"%'K,5%/%,7%"#'80,'!<*,%#(%$3%&,'8%&+,3%&#'3"%'-&"(#%"*%,/67<(#%,'80,'A$%1#&0,%,'

%&7%=$"67H'4%5%*.,*/*$%"67.,*@' T'3<=%"'"/#' '%",%'2%"#$"67'
8%&+,3%&$"67%'/#067</#"/67%'S&<(#T'3"%'<./'3%,'N#EF%,'?"#'3%,';</?0$%1:$%,'/#<??#H'N"%'

1<,,'"?'O%"#?"##%$'3.&67'%",%'*%/675",3"*1%"#/R&0R0&#"0,<$%'V%"=.,*/1&<(#' '
3<&*%/#%$$#'5%&3%,'U '?"##$%&%'O%"#'25"/67%,'25%"'N#EF%,WH'9,#%*&<#"0,'$"%(%&#@

'(:&'3%,'/#<#"0,+&%,'L<$$

'4%5%*$"671%"#'3%&'\<3.,*/#&+*%&
'OY1$0#&0,(&%P.%,2'

L:&'3%,'7+.("*'&%<$"/"%&#%,'L<$$' '*"$#@

• 4%#&<*'3%&'-&"(#*%/675",3"*1%"#''

'''''''''' '

• \0&%,#25",1%$' '25"/67%,'-&"(#&"67#.,*' '.,3' '@''''

mx
˙̇

qE q v B$' mA t& '+ += mA t& '

mv &!–

&

vDrift
#

1 (2&2+
--------------------- E

E B$

B
-------------(&

E B'& ' B'

B2
-------------------------(2&2+ +

) *
+ ,
- .

=

# e & m!'=

( e B m!'=

E/B

vDrift
#E

1 (2&2+

-------------------------=

0 vDrift E 0tan (& vDrift
B

E
---'= =

8-&"(#

0
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Ionen- & Elektronendrift für einige Gase

• !"##$%&%'(&%"%')%*$+,*%

• -"((./"0,/10%(("2"%,#'.,3'

• 4%5%*$"671%"#'

80,'90,%,'(:&'%","*%';</%'=%"'>0&?<$=%3",.,*%,@

• 4%5%*$"671%"#'80,'A$%1#&0,%,'"/#''!'BCD'?<$'
*&EF%&'<$/'3"%'80,'90,%,'G

• ?"##$H'(&%"%')%*$+,*%'80,'A$%1#&0,%,@'

Gas   A    

H2 2.02 1.8 x 10
-5       0.34       13.0

He 4.00 2.8 x 10
-5       0.26       10.2

Ar 39.95 1.0 x 10
-5       0.04         1.7

O2 32.00 1.0 x 10
-5       0.06         2.2

H2O 18.02 1.0 x 10
-5       0.02         0.7

!Ion cm! " DIon cm2 s!! " #Ion
cm/s

V/cm
-------------

!e 6 !Ion$"

A$%1#&0,%,I-&"(#

J&<,/8H'K./3%7,.,*'%",%/'A$%1#&0,I
/675<&?/',<67'B6?'-&"(#/#&%61%'<$/'
L.,1#"0,'3%&'%$%1#&"/67%,'L%$3/#+&1%

"?'%$%1#&"/67%,'L%$3

MCC#?
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Ramsauereffekt

)%*%,'"7&%&'*&EF%&%,'(&%"%,')%*$+,*%'25"/67%,'25%"'N#EF%,'1E,,%,'A$%1#&0,%,'"?'
%$%1#&"/67%,'L%$3'5%/%,#$"67'?%7&'A,%&*"%'*%5",,%,'<$/'90,%,H

-&"(#*%/675",3"*1%"#@' '50=%"' '3"%'
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vDrift vs E-Feld in verschiedenen Argon-Mischungen
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Due to their larger mean free path between collisions electrons can gain much more energy 
between collisions in the electric field than ions.

!vdrift =
e

m
·
!E · τ( !E, ε)

As a consequence already tiny impurities which 
lead to a small shift in the mean energy ε can 
cause a drastic change of the drift velocity of 
gases.

⇒ necessity of gas cleaning

Drift velocity                                    , where the timeτ

between the collisions depends on the collision cross 
section.
Wavelengths of electrons in eV range roughly 
correspond to dimensions of molecules in noble gases
⇒ quantum mechanical interference effects lead to a 
strong variation of cross section σ with electron energy.
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• details in the energy dependence of the cross section (Ramsauer minimum) lead to a 

characteristic maximum in the dependence on the electric field

• for stable operation one often tries to operate at the maximum:

• typical values for drift velocities are: vdrift ≈ 2-10 cm/µs = 20-100 µm/ns

dvdrift

dE
= 0
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vDrift vs E-Feld in verschiedenen Argon-Mischungen
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Elektronendrift in E und B Feldern
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tanα = ωτ =
1

√

1

ν2

Drift

E2

B2 − 1

m!̈x = q !E + q · !v × !B + m !A(t)

!vdrift =
µ

1 + ω2τ2

(

!E +
!E × !B

B
ωτ +

( !E · !B) · !B

B2
ω2τ2

)

The presence of magnetic field drastically modifies the drift properties of electrons. The 
equation of motion:                                                 , where              represents a time 
dependent stochastic force, which results from the collisions with the gas molecules. In the 
time average this force can be described by a frictional force which is proportional to the 
velocity             , whereτis the mean time between collisions. Integration yields:

m !A(t)

−m!v/τ

for the stationary case.

µ = e · τ/m

ω = e · B/m

mobility of charge carriers

cyclotron frequency

For the frequently realized case             :

   • modulus of drift velocity:

   • Lorentzangle α between drift direction and 
     direction of the magnetic field:

|!vdrift| =
µE√

1 + ω2τ2

!E ⊥ !B

α ≈ vdrift
B

E
for α " 1
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Diffusion in elektrischen und magnetischen Feldern
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Intrinsische Ortsauflösung
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Datenbasis für Gasmischungen

http://cyclotron.mit.edu/drift/

Aus einer großen Anzahl von gebräuchlichen Komponenten 
sind für verschiedene Mischungen Daten abrufbar:

Helium (He) , Neon (Ne), Argon (Ar), Krypton (Kr), Xenon 
(Xe), Carbon Tetraflourid (CF4), Methan (CH4), Ethane 
(C2H6), Propan (C3H8), Butan (C4H10), isobutan 
(iC4H10), Pentan (C5H12), Hexan (C6H14), Heptan 
(C7H16) 

Butadiene (C4H6), Isobutylen, Dimethylether (DME), Vinyl 
Methyl Ether (VME), Carbon Dioxide (CO2), Nitrogen (N2), 
Water (H2O) 

Example: Argon (67.2%) Isobutane (30.3%) Methylal (2.5%)
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Aus einer großen Anzahl von gebräuchlichen Komponenten 
sind für verschiedene Mischungen Daten abrufbar:

Helium (He) , Neon (Ne), Argon (Ar), Krypton (Kr), Xenon 
(Xe), Carbon Tetraflourid (CF4), Methan (CH4), Ethane 
(C2H6), Propan (C3H8), Butan (C4H10), isobutan 
(iC4H10), Pentan (C5H12), Hexan (C6H14), Heptan 
(C7H16) 

Butadiene (C4H6), Isobutylen, Dimethylether (DME), Vinyl 
Methyl Ether (VME), Carbon Dioxide (CO2), Nitrogen (N2), 
Water (H2O) 

The magnetic field also reduces the diffusion 
coefficient of electrons transversely to the 
direction of the magnetic field.

For                       i.e.           the diffusion 
coefficient gets modified to:

!B = (0, 0, Bz) !E‖ !B

Dx = Dy =
D

1 + ω2τ2

Dz = D

This effected is for instance exploited in a TPC, 
in order to reduce the effect of transverse 
diffusion during the long drift time.
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First Townsend Coefficient
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/-',5%'161*1-+5%'0%&'%*%+,&(-'/2'4/6%-'$7',5%')/&2,'
8(9-2%-3'+(%))/+/%-,' ':

• &%*1,/(-',('+&(22'2%+,/(-')(&'/(-/21,/(-:'

• -"#$%&'()'0&(3"+%3'/(-2:'

• ,5%'412'41/-'/2'4/6%-'$7:'

''''''''''''''' '

9/,5' '1-(3%'3/1#%,%&'1-3'' '3/2,1-+%',('9/&%'

95%&%'161*1-+5%'2,1&,2

• %;1#0*%:'''<&4(-''1-3'='>'?@@%A:'

''''! >'B;?@.?C+#D'''''"  #.?'!'?µ#

!

='E%AF
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'0
1/
&2
'G
+#
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VMol
------------$=
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Drift and Diffusion in Gas

E

IONS ELECTRONS

!('%*%+,&/+')/%*3'J='>'@K:',5%&#1*'3/))"2/(-

L/,5'%*%+,&/+')/%*3'J='M'@K:'+51&4%',&1-20(&,'1-3'3/))"2/(-
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Avalanche Formation

N
N

. .

• 3"%',(',&1-26%&2%'3/))"2/(-'1'3&(0*%,'*/O%'161*1-+5%'
3%6%*(02'1&("-3',5%'1-(3%

• %*%+,&(-2'1&%'+(**%+,%3'6%&7')12,'J!'?'-2K
#($/*/,7'()'%*%+,&(-2'!?@@@',/#%2'*1&4%&',51-')(&'/(-2

• ,5%'+*("3'()'0(2/,/6%'/(-2'&%#1/-2'1-3'2*(9*7'3&/),2'
,(91&32',5%'+1,5(3%

0/+,"&%',1O%-'9/,5

+*("3'+51#$%&
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Signal Shape

85%'2/4-1*2'95/+5'1&%'/-3"+%3'(-'1-(3%'1-3'+1,5(3%'+(#%')&(#',5%')1+,',51,'+51&4%2'#(6%'

/-',5%'%*%+,&/+')/%*3'$%,9%%-',5%'%*%+,&(3%2:'

P(2,'()',5%'%*%+,&(-./(-'01/&2'1&%'+&%1,%3'6%&7'+*(2%',(',5%'1-(3%'9/&%'"

dv
Q

lCV0
-------------

dV

dr
------- dr$=

Vmax

• %*%+,&(-2'(-*7'#(6%'1'25(&,'
3/2,1-+%'/-',5%'%*%+,&/+')/%*3:'

'2#1**

• /-'+(-,&12,',5%'/(-2'#(6%'1**'
,5%'917'$1+O',(',5%'+1,5(3%:'

'#"+5'*1&4%&

• ""#(2,'()',5%'2/4-1*'/2'
/-3"+%3'$7',5%'#(6%#%-,'()'
,5%'/(-2'95/+5',1O%2'
&1*1,/6%7'*(-4

• "2"1**7',5%'2/4-1*'512',('$%'
%*%+,&(-/+1**7'3/))%&%-,/1,%3

dr

dr
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Modes of Operation of Gas Detectors 
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Multi Wire Proportional Chamber
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Modes of Operation of Gas Detectors 
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Multi Wire Proportional Chamber
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Modes of Operation of Gas Detectors 
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Multi Wire Proportional Chamber
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Modes of Operation of Gas Detectors 
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Signals in a MWPC
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MWPC Aufbau
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Signale in einer MWPC
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Plateau-Kurve
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Mechanische Aspekte
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Using suitable electronics the 
avalanches caused by single 
ionization cluster can be made 
visible with an oscilloscope
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Plateau Curve
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MWPC Aufbau
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Signale in einer MWPC
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Plateau-Kurve
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Mechanische Aspekte
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Readout of MWPCs is typical digital, i.e. all signals surpassing a given threshold are 
recorded.
The detection efficiency then depends on: 
 •  applied high voltage
 •  threshold value
 •  selected duration of time window

=> chose HV so, that ≈ all signals are above threshold. i.e. 
   ε≈ 100%, but no continuos discharge anywhere in the
    detector

The actual choice of parameters depends on:
 •  level of noise
 •  sensitivity of electronics
 •  required time resolution
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• Requirements on mechanical tolerances for stable operation are quite high

- the gas gain M depends on variations of anode diameter a and gap size L 

                       resp.                             => effective shortening of plateau due to gap variations

• For digital readout the resolution perpendicular to wire directions is:

• Wire length and wire spacing can only be changed within certain limits

• Wire sagging is caused by forces acting perpendicular to the wires

- electrostatic deflection

- gravitation

• Range of stability:                                                with wire length l, high voltage V and 
wire tension T

longer wires have to be mechanically supported (fixed), which however causes local 
inefficiencies

Mechanical Considerations

34

∆M

M
≈ 12

∆L

L

∆M

M
≈ 3

∆a

a

σ(x) = d/
√

12

d

l
≥ 1.5 × 10−3V [kV ]

√

20

T [g]
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Pros and Cons of MWPCs

35

• Advantages

- relatively easy to equip large areas

- planar and cylindrical geometries can 
be realized

- simple coordinate reconstruction 
using digital readout

- good rate capability

- operation in magnetic field without 
problem (small drift distances)

- fast signal (t≈20-50 ns)

=> can be used for triggering

• Disadvantages

- limited position resolution

i.e. typically ≈ 0.5-1 mm 

- large tracking volumes need a large 
number of readout channels

- => not suited for optimal momentum 
resolution

- for very high rates gain loss due to 
space charge effects

σ(x) = d/
√

12
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Principal of a Driftchamber

36

carsten.niebuhr@desy.de 17                     Par ticle Detectors 2 

Principal of a Driftchamber
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vdrift vs E-Field in various Argon-Mixtures

• $+&.1;'2"@"12"10"'.1'+8"'08.(0"'./'+8"';#$',(6+%&"
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Examples for Cylindrical Driftchamber Geometries

0"**'./'#'LM"+L=2&(/+08#,9"&

N"/+=&(;8+'#,9(;%(+:
&"$.*)"2'9:'$+#;;"&"2
3(&"$
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Isochrones & Lorentzangle

O$.08&.1"1

2($+#10"'+.'3(&"'@*#1"

/(&$+'"*"0+&.1$
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First Drift Chamber Phys.Inst. Heidelberg 1971
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Ulrich Uwer ! Universität Heidelberg 30

First Drift Chamber 

Physikalisches 
Institut, 
Heidelberg, 1971

Ulrich Uwer ! Universität Heidelberg 29
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Signal Readout
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Vor- und Nachteile von MWPCs
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Prinzip der Driftkammer
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Analog Auslese mit FADCs

E(*5&%*@18(0'*5%#*X(1.'%*&1*%&1%#*E#&<$2(;;%#*,%'$%1*+#3,,%#*(',*%&1&+%*
?(>,%15*&,$Y*2(11*;(1*4%&*5%#*@>,'%,%*2";7'&8&%#$%#%*T'%2$#"1&2*
)%#6%15%1O*

C%&,$*6&#5*1%4%1*5%#*V%&$*(>/0*5&%*=>',<"#;*+%;%,,%1O*!"#$%&'%*,&15N

• 4%,,%#%*V%&$4%,$&;;>1+

• C%,,>1+*)"1*5T[5W*;3+'&/0*$*?%&'/0%1&5%1$&<&2($&"1

V>#*@16%15>1+*2";;%1*"<$*,"+%1(11$%*-'(,0*@1('"+*E&+&$('*Z"1)%#$%#*
D-@EZF

L&/0$'&1%(#%*X%11'&1&%

=#&18&7*%&1%,
\JB&$*-@EZ

Integrationsintervall

10 % Linie

50 % Linie

Zeit [10 ns]

50 % Punkt

Presamples

10 % Punkt

Signal Amplitude

Pedestal

Ladung

CJC Signal

F
A

D
C

-D
ig

it
a
li

si
er

u
n

g

=>',5&+&$('&,&%#>1+

]-&#,$*T'%/$#"1]
C%$0"5%

!$M7$&;&%#>1+

5%,*591(;&,/0%1

B%#%&/0,

X";7(#($"#

C. Niebuhr                     Teilchen Detektoren 4

Beispiele für planare Driftzellen

-%'5'&1&%1)%#'(>< TJ-%'5:%";%$#&%

)EQ)EDTF

V%''+#3,,%*2(11*,%0#*+#",,
+%6.0'$*6%#5%1

)E*!*/"1,$

Komparator

Since the number of channels in a drift chamber usually does not 
exceed a few thousands, one can afford more complex readout 
electronics
In most cases not only time, but also pulse shape is measured. 
Advantages:
• better time determination
• measurement of dE/dx possible -> particle identification
Very often so called Flash Analog Digital Converter (FADC) are used
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Examples for Planar Cell Geometries
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Feldlinienverlauf E-FeldGeometrie

vD=vD(E)

Zellgrösse kann sehr gross
gewählt werden

vD ≈ const
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Feldformung
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Beispiele für zylindrische Driftkammergeometrien
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Isochronen & Lorentzwinkel
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Driftkammern im Bau

JP&Q(*+#90&N(+&Q%927(#

Field Shaping

40

By suitable choice of geometry and potential of field forming wires one can reach constant 
E-field within the drift region and therefore constant drift velocity !

Problem: for a single hit one can not determine on 
which side of the sense wire the particle passed

  => left-right ambiguity

Space - drift time relation
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Principal of a Driftchamber
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vdrift vs E-Field in various Argon-Mixtures
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Examples for Cylindrical Driftchamber Geometries
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Isochrones & Lorentzangle
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Lorentzangle and Isochrones
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Principal of a Driftchamber
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vdrift vs E-Field in various Argon-Mixtures
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Examples for Cylindrical Driftchamber Geometries
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Isochrones & Lorentzangle
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Intrinsic Position Resolution
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Driftchambers during Construction

>8$?#&'(4-$@#'$?"451#(

• !$8A999$=%(#)

• ','4-$/,(*#$/(,5$=%(#$'#&)%,&$!$B$',&)

carsten.niebuhr@desy.de 23                     Par ticle Detectors 2 

Options for Readout of Second Coordinate
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Time Projection Chamber
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Intrinsic Position Resolution
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Driftchambers during Construction
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Options for Readout of Second Coordinate
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Time Projection Chamber
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Central Jet Chamber von H1
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Zweidimensionale Ortsbestimmung
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Segmentierung der Kathode
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Cells are tilted in order to compensate Lorentzangle

mailto:carsten.niebuhr@desy.de
mailto:carsten.niebuhr@desy.de


carsten.niebuhr@desy.deTracking in HEP: 2

Deviations from the ideal Configuration in CJC2
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• electrostatic effects at the boundary lead to distortions at small and large radii

• such effects must be taken into account in calibration / reconstruction
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Intrinsic Position Resolution

!"#$%&'(%&)%*$+,)%'%,&$(#),-.'%,&$%)$%&/-.#&*#0$12$'"(##$#//#*')3

• )'4'%)'%*)$,/$+(%54(2$%,&%)4'%,&3$+,%&'$,/$,(%6%&$,/$
+(%54(2$*-.)'#($74(%#)$12$$!899µ5

• 0%//.)%,&$,/$#-#*'(,&$*-,.0$0.(%&6$%':)$0(%/'$',$4&,0#

- 

- ;,(#&'<$#//#*'

• -%5%'4'%,&)$%&$'%5#$(#),-.'%,&$,/$=",-#$*"4%&$
,/$#-#*'(,&%*$)%6&4-$+(,*#))%&6
- *41#-

- +.-)#$)"4+%&6$

- 0#/%&%'%,&$,/$'%5#$(#/#(&*#$t0$#'*

!
1

n

-------
2Dx

µE
----------=

*,&'(%1.'%,&)$',$+,)%'%,&$(#),-.'%,&

carsten.niebuhr@desy.de 22                     Par ticle Detectors 2 

Driftchambers during Construction
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Options for Readout of Second Coordinate
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Time Projection Chamber
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A simple Case
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Example taken  from 
V. Blobel Uni HH
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Somewhat more busy
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Event with „Looper“
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Example taken  from 
V. Blobel Uni HH
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Challenging ...

52

g [ ]

mailto:carsten.niebuhr@desy.de
mailto:carsten.niebuhr@desy.de


carsten.niebuhr@desy.deTracking in HEP: 2

Do you find the missing Track ?
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Example taken  from 
V. Blobel Uni HH
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Simulated Event in ATLAS
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ATLAS

Figure 1: Comparison of event complexity in the experiments ARGUS and AT-
LAS. The ARGUS event (top) consists of two reconstructed B mesons, one of
them being a candidate for the charmless decay B− → K−4π± (from [2]). The
ATLAS display (bottom) shows a simulation of an event in the inner detector
with a Higgs boson in the decay mode H0 → bb̄, including the pileup at full LHC
luminosity (from [3]). 4

Higgs → bb̄

+ background from
pile-up
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Methods of Pattern Recognition and Fitting
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• Global Methods of Pattern Recognition 

- Template Matching 

- Fuzzy Radon Transform 

- Histogramming Methods

- Neural Network Techniques 

• Hopfield neuron 

• Denby-Peterson method .

• Elastic arms and deformable templates

• Local Methods of Pattern Recognition

- Seeds

- 2D Versus 3D propagation 

- Naive Track Following 

- Combinatorial Track Following 

- Use of Kalman Filter 

- Arbitration 

χ2 =
N∑

i=1

(mi − f!p)2

σ2
i

Track fitting usually is based on minimization of the so called chi2 function:

• mi are the individual measurements (hits)
• fp is an expression describing the trajectory (e.g. helix), 
   which depends on a set of parameters p

Properties: For normally distributed measurements this expression is proportional to 
the negative logarithm of the corresponding likelihood function. In the linear case the 
result is unbiased and has smallest variance.
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