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Gaseous detectors

Schematic Principle
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Gaseous detectors
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Gaseous detectors

Modes of operation,
depending on the strength
of the electric field

W. Price, “Nuclear Radiation
Detection”, 1958
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Fi1c. 2-2. Pulse-height versus applied-voltage curves to illustrate
ionization, proportional, and Geiger-Miiller regions of operation.
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Gaseous detectors: outline

SIGNAL
GENERATION

DETECTOR
TYPES

1. lonization in gas
2. Charge transport in gas
a) Diffusion
b) Electron and ion mobility
c) Drift velocity
3. Charge multiplication / gas amplification

A) lonization chamber

B) Proportional counter
e Multiwire proportional chambers

C) Drift chambers
e Cylindrical wire chambers
e Jet drift chambers

D) Time projection chambers
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Gaseous detectors: Signal generation

1. lonization in gas

2. Charge transport in gas
a) Diffusion
b) Electron and ion mobility
c) Drift velocity

3. Loss of electrons

4. Charge multiplication / gas amplification
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Gaseous detectors: Signal generation

1.lonization in gas

2. Charge transport in gas
a) Diffusion
b) Electron and ion mobility
c) Drift velocity

3. Loss of electrons

4. Charge multiplication / gas amplification
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Particle

"

lonization in gas 5

Gas g

, o . p: charged particle traversing the gas
Primary ionization: X: gas atom or molecule

p+tX—->p+X+e o
4

Secondary ionization: i if E_ is high enough (E_>E, & electrons)
e+ X->X+e +e length scale ~ 10-20 ym

Relevant parameters for gas detectors:

e lonization energy: E L<£
o Average energy per e-ion pair: W <n > _ dx’;
e Average # of primary e-ion pairs [per cm]: n, T Wi

o Average # of e-ion pairs [per cm]: n,

L = layer thickness
n.~2-6 times n_

Typical values: E ~ 30 eV
n. ~ 100 pairs / 3 keV incident particle
I=5= 1L
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lonization in most common gases

(Ei=15)

Gas P Eg’TCF';;'S) beV) | WieV) | e‘\’/g’_'?é‘mg) n, (cm™) | n, (cm™)
H, 8.38 - 10 15.4 37 4.03 9.2 9.2
He 1.66 - 104 24.6 41 1.94 2.9 7.8
N, 1.17 - 103 15.5 35 1.68 (10) 56
Ne 8.39 - 104 21.6 36 1.68 12 39
Ar 1.66 - 1073 15.8 26 1.47 29.4 94
Kr 3.49-103 14.0 24 1.32 (22) 192
Xe 549 -103 121 22 1.23 44 307

CO, 1.86 - 1073 13.7 33 1.62 (34) 91

CH, 6.70 - 10 13.1 28 2.21 16 93

C,H;o 242 -103 10.8 23 1.86 (46) 195
From: K. Kleinknecht, “Detektoren fur Teilchenstrahlung”, B.G. Teubner, 1992
= 5= 1L

S.Masciocchi@gsi.de

Gaseous detectors, October 10, 2017




Gaseous detectors: Signal generation

~30 eV per
e-ion pair

1.lonization in gas

2.Charge transport in gas
a) Diffusion
b) Electron and ion mobility
c) Drift velocity

3. Loss of electrons

4. Charge multiplication / gas amplification
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Charge transport

e Thermal motion: diffusion
e Motion under the influence of external fields

e Collisions with gas atoms/molecules
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Charge transport: diffusion

Diffusion -
Thermal motion without E,B field Clgggm
E=B=0
. _ »
>
time

Classical kinetic theory of gases:
aN N o X
dx ~ VanDt T| Dt

After a time t, the cloud of electrons/ions has diffused to a Gaussian
distribution with width:

o(r) = V6Dt
T : Y 1 Longitudinal 1/3 D
D: diffusion coefficient: D = §V A Traneversal 2/3 D
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Charge transport: diffusion

D: diffusion coefficient: D = %v?\
. . _ _ 1 kT
Mean free path of electrons/ions in gas:
~ J20,P
. . e e _|8KT
Mean velocity according to the Maxwell distribution: v = —m
T

m=mass of particle (note difference e / ion!)

Therefore:

Diffusion depends on the gas pressure P and temperature T !!!
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Charge transport: ion mobility

e Action of external electric field

lons move along the lines of the electric field E and gain a velocity V, , in
addition to their random thermal motion (isotropic)

e Collisions with non-ionized gas atoms

lons keep colliding with other (non-ionized) atoms of the gas. In such
collisions (comparable mass) they transfer typically half of their kinetic energy
— Ion Kkinetic energy is approximately equal to thermal energy

(Ton(E#0)) = (T (Therm)) = KT

on ion

e Drift velocity develops between collisions v = A(T, )/v,.,=const.
Assume: v_(t=0) = O; after T = typical collision time the velocity is

V= &7 = S5
B POy = - |
Vp = (V) = EV — W.T = pu, |E| VBnSOCE!

4, = ion mobility
E.g. p, =0.61cm?Vsfor C,H, . E =1kV/cm. Typical drift distances = few cm —
typical ion drift time = few ms
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Electron mobility: old and hot gases

Situation different for electrons (m_, < M) — @

Two cases for the electron mobility, depending on the gas used:

e Cold gases: gas atoms have many low-lying levels — electrons in a collision
can loose substantial part of the kinetic energy which they gain between
collisions (similar to ions!!):

T _=KkT, p=const. — VSOCE!

Examples: Ar/Co,, Ne/CO,

INNe/CO,, y=7.0 x 10° cm?/usV at 10% CO,, or v, = 2 cm/us at 300 V/m
u=3.5x10° cm?/psV at 20% CO,, or v, =1 cm/us at 300 V/m

e Hot gases: gas atoms have few low-lying levels — electrons loose little
energy in collisions with the gas — T_> kT

Acceleration in E field and friction lead to a constant v at given E

But uocroc1/a(||§|) not constant!!
Example: Ar/CH, (90:10), v, = 3-5 cm/us (saturating with E)

S.Masciocchi@gsi.de Gaseous detectors, May 10, 2017 15




Drift velocity of electrons

in different gases, at normal conditions:

r ’ Use gas mixture to obtain constant v,
Important for applications using the drift
time to get a spatial information
e X = |Vt
i
E i.a-n' I
> oe |
.§ ~ 20 i /V/mou«ns NITROGEN
> 2 >
- E 16 //
S -
'5 12 /
> 08 //_...— —t—
o // / mioi__m-ammrmu
S ! ARGON
0 n : - 00 o 0. 03 o l I
1 2 4 as (+1 ] ar os a® 1o Il L2
| 2 3 E/p (V/ecmemm Hg) .
Electric field (kV/cm) E—Fleld/pressure
=51
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Drift velocity of electrons

Argon-isobutane mixtures:

| T [ T I I I I I | I
Drift velocity
60 |
N ————— o
- ,,I‘;ﬁ - — — .—q._____——“'-v |
l, / v,
9 40k //' ' g ]
o S
1 / A ¢
~ | ,,:' O/D o O
g - o Ar 93 Isobutane 7
ol o Ar 86.5 199 Range: few 10 mm/us
0 Ar 8 19
x Ar 75 ) 25 Pure Ar : ~10 mr_n/us
- LAr Ay 30 < need quenching gas
r "
o | v Ar 62 " B 1 1 1 (Iarger_cross-sectlons
0 400 BOO 1200 600 2000 | & fractional energy loss)
Orift fietd  [v/cm] =>» Also less diffusion
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Diffusion In electric fields

. . . . . . 1 1 ] I T T 1T 171 T
Drift in direction of E-field is - zl
superimposed to statistical diffusion 2x10'}- T \/"wt " -
Argon
Extra velocity influences the )
longitudinal diffusion. The o -
transversal diffusion is not affected = i |
st -
Kathode Anode S = :
v _ ;
Ladungswolke zur Zeit t0 A B Exp.CHe
t e —=
® = » .__(:’. - T —— —-Eiszoburnre -
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Lower |imit
longitudinal '"'-‘"""""D"“a' ure _— Exo Eﬂ‘
|0'2 _‘KT- 2.3=107) Pure-rmtmmeory}_
The E'ﬂeld redUCeS the 'o; l | ] | 5|0 Caal |
. . . . 0 1000 2000
longitudinal diffusion £ (v/cm. at 1otm)
I=5= 1L
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Diffusion in magnetic field

Different effects on longitudinal and
transverse diffusion.

No Lorentz force ALONG the direction

of the B-field
— _ ,7—-__-_.%
- ud ~
E - - ____,r-/—__ ——
- i -/ N O
/ ’ v, L VR
o -
‘ _"':"—-_.___‘P \. J,x‘;r.l‘ f
- e

The B-field can substantially

reduce the diffusion transversal to

its direction

o7 [a.u.]
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Charge transport: exact solution

For a full and exact solution, need to solve the transport equation for

electron density distribution f(t,7,V)
of . 0 o eE = . .
— + v=f + = + wXxVv|f = Q(t
ot ot ovim ¢ (1)
diffusion external forces stochastic collision term

Typically solved numerically, with codes like Magboltz & Garfield:

a B II'! LI IIII’ 1 l T llli"llf]’ll"ll[]’ll? ] T r‘llll- ,—._ 14 T "]. LI 2 B |'|"|[1 L mL "l""l‘
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Garfield + Magboltz calculation
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Lorentz angle: angle between E-field and drift
velocity of electrons in presence of B not L to E
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Gaseous detectors: Signal generation

~30 eV per
e-ion pair

1.lonization in gas

Diffusion

- ctron
without E,B field loud

2.Charge transportingas « &« &
a) Diffusion >
b) Electron and ion mobility > u-E
c) Drift velocity

3.Loss of electrons

4. Charge multiplication / gas amplification
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Loss of electrons

Electrons might be lost during the drift via:

Recombination of ions and electrons

Depends on number of charge carriers and recombination coefficient.
Generally not too significant

Electron attachment:
o electro-negative gas molecules (O,, Freon, ...) bind electrons:
e+M—->M forT =1eV or e+ XY - X+Y"

e electron attachment coefficient h is strongly energy dependent (Ramsauer
effect)

o Example O,: h =10*at 1 eV. Collisions for electrons/second: 10"
typical drift time of electrons: 10° s
Fraction lost: X__=10*10"s"10°sp=10p
X . < 1% — p =10° — less than 1%. in gas mixture!

o Certain quencher gases such as C0, enhance the effect of O, such that
10 ppm of O, can lead to 10% loss within 10 s

I=5= 1l
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Gaseous detectors: Signal generation

~30 eV per
e-ion pair
1.lonization in gas
2.Charge transportingas « &« @& - 1 -,
a) Diffusion > Ty T
b) Elgctron a_nd ion mobility vV, = LPE X = |\7D|-t
c) Drift velocity
3.Loss of electrons e+Mo>M or e +XY—oX+Y-

4. Charge multiplication / gas amplification
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o ! L ! Geiger-Miiller
‘ counter
Gaseous detector types .
Racomafm WMT E v i
Iom':atian | : :
- chamber I | i’
;§ ! I.n D/'sc{large}
8 | o | egion
= = S10° } ! -
A)lonization chamber I
§' 10* _/y,'z I o particle : _
S |
L a
ol A | _
: | porticle |
B) Proportional counter b |
1 1| | |

500
Voltage, volts

« Multiwire proportional chambers

Fic. 2-2. Pulse-height versus applied-voltage curves to illustrate
ionization, proportional, and Geiger-Miiller regions of operation.

C) Drift chambers
e Cylindrical wire chambers
 Jet drift chambers

D) Time projection chambers
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No gas gain: ionization charges move in electric field and induce a signal on
the electrodes

Here: planar geometry
2 electrodes — parallel plate capacitor

Free charge q moves: electric field x-axis

does work — capacitor is charged " ;/ —<-Ug
| [ T ¢
= > | counting gas gas-tight container
qv¢dx — dqi.UO . g 4§ -
| tsrgergpegesece=oao L IONIZING
Xo : particie
leads to induced current: L= : -
anode R =
d o - "
g = U—ch'VD
0
Where:
E=-Vo Uy = ¢p1—,
I=5= 1L
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Current is constant while the charge is drifting
Total induced signal (charge) is independent on x

Signal induced by electrons: N
AQ_ = U_e(¢<xo)_¢1)
0
Signal induced by ions: N
’ ’ Aq= = TS(b(x)— by
0
IN_|=IN| — total Agq=Aq +Aq, =N,

Remember: y, =107 ... 10% py_ (velocity w, =107 ... 10° w )

— induced current and charge for parallel plate case. Ratio between
mobilities reduced for purpose of illustration

. —-A
" W

"

electrons ,/’/
e 4 /*"'/J ion component

d
_ holes in semiconductor
L | -
' electron component

ions t t

[} 1

Xo/W. (d-x U)fw+
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Signal generated during drift of charges:

e [nduced current ends when the charges reach the
electrode

e Induced charge becomes constant (tot el. N )

electron

differential signal

e Signal shape by differentiation (speed of readout) —
suppresses slow ion component

ion

Change in potential dU = dQ/C %
Typical time constant of power supply (+cables ..)

RC > At, At" (long!)
Usually some electronic signal shaping is needed

Signal shaping by RC-filter: D>
Choose it such that At- < RC < At* — damps ion R U amplifier
component _ N
_ . AQ AQ
AU = AU + AU = —— + =
U U U C c
AQ= charge induced in the anode by electrons and ions for total n. of ionizations N_

S.Masciocchi@gsi.de Gaseous detectors, May 10, 2017 28




Signals in ionization chambers are generally VERY SMALL

Example: 1 MeV particle stops in gas

10° eV

N, ~ ~ 3.10%
35 eV
C ~ 100 pF
3.10%-1.6-10719 C
=> AUmax =
e 10-10 F
— 46-107°V

They need very sensitive, low-noise pre-amplifiers

S.Masciocchi@gsi.de Gaseous detectors, May 10, 2017

29



e Dosimeter for ionization

m cylindrical capacitor filled with air

m initially charged to potential Uy

m ionization continuously discharges
capacitor

m reduction of potential AU is measure for

integrated absorbed dose
Construction of an ionization pocket dosimeter (view e.g. via electrometer)

e Nuclear physics experiments, with energies of 10-100 MeV

Measure the energy deposit of charge particle, it should be highly
lonizing or even stop

Combination of E and AE measurement — particle identification
(nuclei)

S.Masciocchi@gsi.de Gaseous detectors, May 10, 2017 30




Multi-sampling ionization chamber to
identify the highly charged fragments
in nucleus-nucleus collisions at GSI

multiple dE/dx measurements +
velocity — charge of the ion

g T =T - JLELE BB BLELELEL I BLELELELE BLELELELE
T 000 | Au+ CALCu E/A=600 MeV
500
400
| | 300
gas P10 (Ar/Methan 90/10) '
pressure 1 atm F
active area 102 x 60 cm? 200 :
depth 51 cm i
electric field 150 V/em 100 [
potential 9 kV [
ionization 70 Z2 pairs/cm ol

drift velocity = 5 cm/pUsec
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e Multiwire proportional chambers

Fic. 2-2. Pulse-height versus applied-voltage curves to illustrate
ionization, proportional, and Geiger-Miiller regions of operation.

C) Drift chambers
e Cylindrical wire chambers
 Jet drift chambers

D) Time projection chambers
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Gaseous detectors: Signal generation

~30 eV per
e-ion pair

1.lonization in gas

Diffusion octron
without E,B field coud

2.Charge transportingas « & & %ﬁ

a) Diffusion e B -
b) Elgctron a_nd ion mobility vV, = LPE X = |\7D|-t
c) Drift velocity

3.Loss of electrons e+M—>M or e +XY—X+Y-

4. Charge multiplication / gas amplification
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Townsend avalanche

Avalanche multiplication

In presence of a very large electric
field, the electrons will gain a very large
kinetic energy — further ionization

— Up to avalanche formation

The high mobility of electrons results in
liquid-drop-like avalanche, with
electrons at the head

Drop-like shape of an avalanche
Left: cloud chamber picture

Mean free path (to secondary Right. hematia view

ionization): A

ion

Probability of an ionization per unit path length: a = 1/A__ 1¥ Townsend
coefficient

n(x) = electrons at location x
dn = n a-dx —>
= 5= 1L
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First Townsend coefficient a

P GAIN
Number of electrons: n(x) = n, e*
Mean free path: N 1 _ [ -
T« no(T,) £ | o T
2 s
More precisely: a = a(x) — = G
© P
n X2 P ol E
— — O N
G = — = exp fa(x)dx = _
no X4 8 =
” a
54 w0 B
Typically 10% -10°, up to 10° possible in
proportional mode.
— elect
Raether limit: G=10° < ax=20 RENE0E GIETgY SRSV .
Afterwards sparking sets in Ene-rgy- dependence of the cross section
for ionization by collision.
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Second Townsend coefficient y

; “
- AN A

600 600 400 200

Gas atoms which are excited generate UV o

photons: they will induce photoelectric effect in the ;

gas and in walls — contribute to the avalanche = 30} ’F\ -
5 | |
_ nh.photoeffectevents Z20f \e -
¥ = n.avalancheelectrons ol N ]
o - N
Gas gain needs to include the photo effect: — : 2‘07 ;ot;?ﬂ
Y % . 1 L
Gy - G + G<Gy) + G<Gy> T .= \_yG photon energy E[eV]
no one two Energy dependence of the cross
phOtO effect events section for photoionization

Limit: yG — 1 continuous discharge, independent from primary ionization

To prevent it: add a quench-gas which absorbs UV photons, leading to

excitation and radiationless transitions (e.g. CH,, C,H,, CO,, ...)
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Gas amplification: cylindrical geometry

Take cylindrical geometry with anode
represented by a very thin wire: E
close to wire is very large (E o< 1/r)
— electrons gain very large kinetic

energy P Uo
r Inro/r, —Uo
r2
AT, = eAU = efE(r)dr
r fo
r
g In—=2
— g 1d = el —r' Proportional
r ey,
r, © r | r, Counter
In— n—
r. r

I=5= 1l
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Gas amplification: cylindrical geometry

- To obtain large E and hence large AT, use very thin wires (r, = 10 — 50 pm)
« Within few wire radii, AT_is large enough or secondary ionization
» Strong increase of E — avalanche formation forr —r.

0.2

I I I I 1 1 I I I 1 1 1 1 | I I 1 1 | I I I 1
---R2=R1+10Mm

III_|II [ |_|.LL.|.L|-I-|-I-I+|-1 T 17

)
o
&
ot

(

o

o

B
|||||||||||||
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Avalanche formation close to a wire

Time development of an avalanche near the wire of a proportional counter

a) a single primary electron proceeds towards the wire anode,

b) in the region of increasingly high field the electron experiences ionizing
collisions (avalanche multiplication),

c) electrons and ions are subject to lateral diffusion,

d) a drop-like avalanche develops which surrounds the anode wire,

e) the electrons are quickly collected (~1ns) while the ions begin drifting
towards the cathode generating the signal at the electrodes.
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Gaseous detectors: Signal generation

~30 eV per
e-ion pair
1.lonization in gas
2.Charge transportingas « &« & . 1 .,
a) Diffusion S
b) Elgctron a_nd ion mobility vV, = LPE X = |\7D|-t
c) Drift velocity
3.Loss of electrons e+M—o>M or e +XY—X+Y-

4. Charge multiplication / gas amplification
Y

SN
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Pl | = —— .:gy sl 5-10,_4/!! : o particle E _
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102—; i B particle ! —
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B)Proportional counter N
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e Multiwire proportional chambers

Fic. 2-2. Pulse-height versus applied-voltage curves to illustrate
ionization, proportional, and Geiger-Miiller regions of operation.

C) Drift chambers
e Cylindrical wire chambers
 Jet drift chambers

D) Time projection chambers
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Proportional counter: cylindrical geometry

Gas amplification:

In the vicinity of the wire:

i
A = expf o (x)dx

o

The charge avalanche typically builds up
within 20 ym from the wire. Effectively it starts
atr, =r. + kA, where:

A = mean free path of electrons (~ um)

k = number of mean free paths needed for
avalanche formation

AU~

AUT

NeAlnry/r;
- C Inry/r
NeA Inra/n
- C Inry/r;
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Proportional counter: cylindrical geometry

AU” Inr,/ry

—— = =R
AU Inr,/r.

Typically: r. =1 cm, r. = 30 um, kA = 20 ym for Argon at atmospheric pressure
— R =10

In a proportional counter, the signal at the anode wire is
mostly due to the ion drift !!

Signal timing:
In(r_/r)

a |

2y,

- 2
e Rise time of electron signal: At = (r’=rf) _ order of ns

e |on signal slow, At* order of 10 ms

— differentiate with R . - C

E.g.if R . - C=1ns, the time structure of individual ionization clusters can be
resolved (see next slide)
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Proportional counter

cathode / g
oscilloscope

n

' tonization-

1,{ clusters C amplifier

d
aﬂOdE " E— u s W,ff ,JVT
){y [ L I/U 1 :
; ~] cm i ]
9 clusters

| /9 c'lusf"rer’s —200 ns —
particle Ttrajecfory +HV

[[lustration of the time structure of a signal in the proportional counter
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LHCDb outer tracker: straw tubes

Tracker

= double layer
of straw
tubes

= 3 chambers
with 4 layers
(18 modules
each)
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LHCDb outer tracker: straw tubes

To
T1 13

| Inner
Trigger .—— . [racker (IT)
Tracker il -
~ ™ Quter Tracker (OT)
B - e — -
~ Long Tracks:

~ 38 track points
~ 24 OT/IT measurem.

Quter Tracker Station
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Gaseous detector types

proportionalily
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] |
| |
|

KII% L #,

(o} 250 500 750 1000

B)Proportional counter
* Multiwire proportional chambe IS fiss Pt s pptbotng curs i e

ionization, proportional, and Geiger-Miiller regions of operation.

C) Drift chambers
e Cylindrical wire chambers
 Jet drift chambers

D) Time projection chambers
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Multi-wire proportional chamber - MWPC

Planar arrangement of proportional counters, without separating walls
G. Charpak at al., NIM 62 (1968) 202
Nobel prize 1992

cathode

cathode

anode wire

Tracking of charged particles, large area coverage, high rate capability,
moderate particle identification capabilities via dE/dx

S.Masciocchi@gsi.de Gaseous detectors, October 10, 2017 48




MWRPC: electric field

Typical geometry of electric field lines in MWPC:

Typical parameters:
d=2-4 mm
r.=15-25 pm

L =3-6 mm

U, = several kV
Total area: many m?

In the vicinity of the anode wires: radial field . AR
Close to the cathodes: homogeneous, as parallel plate capacitor
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MWPC: mechanical precision

il

I

HHIHH Hri i

_._...._.
et

e

)

e

———

=ras

Field lines, and equipotential lines

Difficulty evident:

Even small geometric displacements il T

of an individual wire lead to effects on T , i :l

the field quality

) Se— R

Need of high mechanical precision, : I

both for geometry and wire tension

(electrostatic effects and gravitational

wire sag, see later)
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MWPC: signal

Particle

Schematic setup: A
P / cathode plane
(i)
o o/oOo O O O O O O
L | ‘F’ anode wire
w Cathode planes
/ Anode wire

e Electrons from primary and secondary ionization drift to the closest
anode wire (signal on 1 wire!)

e In the vicinity of the wire: gas amplification — formation of avalanche
Ends when the electrons reach the wire, or when the space charge of
positive ions screens the electric field below a critical value

e The signal is generated to electron- and (MOSTLY!) slow ion-drift
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MWPC: spatial point resolution

e Perpendicular to wire: since information comes only from closest wire —
ox =d\12 =e.g. 577 ymford =2 mm  not quite so precise!

e Then: segment the cathode in strips: the induced signal is spread over more
strips. Using the center of gravity of the signal (charge sharing), high
precision of 50 — 300 um can be reached

Charged particle
(SjtﬁthOde ,:g P Cathode
p-_‘ ' signals .
' Cathode
— ~— @ signal distribution
— N—

: — [\ '/n

Center of gravity
Anode determined with
wire Anode oy = 50 - 300 ym

sianal
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MWPC - resolution of ambiguities

cathode signals (upper plane)

When 2 particles cross the MWPC, e siited T A O PERIA
with only one orientation of the cathode - LSRR
strips we are left with the ambiguity of catmade N A N N N {;;I L
. . . signals V7 | g e 3 - cathode signals
the ComblnathnS Of Slgnals e® OO l;F;fg\ URS \-\ N NN \‘di oy (lower i;‘lagne)
— 4 possibilities: 2 real, 2 ghosts v SRS i]' r
NS NASNANRILA
~ BAESRER
I I I L T B X e B v BN
Possible solution: use different P it i S
orientation of strips on the second e T o plane
cathode plane lllustration of the resolution of ambiguities for
two particles registered in a multi-wire proportional
chamber
For high multiplicities and high hit density: O @ [
segment the for a 2- O M m O
dimensional measurement 0 mom
Disadvantage: number of readout channels bbb
grows quadratically (expensive!)
I=5= 1L
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MWPC - stability of wire geometry

Can the resolution be improved by mounting the wires closer to each other?
Practical difficulty in stretching wires precisely, closer than 1 mm:

e Electrostatic repulsion between anode wires (particularly for long wires)
— can lead to “staggering”

To void this, the wire tension T has to be larger than a critical value T (order of
0.5 N for wires of 1 m and typical chamber geometry)

e For horizontal wires problem of gravity — sag
pJ - ¢ ¢ nr? 2 mig

g 6T = 8T

gold-plated W-wire r; =15 um, T as above — f =34 um  — visible difference in gain

-
- -
- - -
e mm omm wm ==

';._EI[E'J i-."'iifj'_ili.lrljilvlll_l__l_lfi'l!l'
And remember: T

I8 LR T TR,
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MWPC — straw tube chambers

Some of these troubles are addressed by straw tube chambers: compact
assembly of single-wire proportional chambers

(see last week, LHCb outer tracker example)

Cylindrical wall = cathode
Aluminized mylar foil

Introduced in the 1990s

Straw diameter: 5-10 mm

Can be operated at overpressure

e Further very big advantage: a broken wire affects only one cell!! In a MWPC:
large area, if not the entire chamber

e Spatial resolution: down to 160 ym
e Short drift lengths — high rates possible!

— operation in magnetic field possible without degradation
of resolution!
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MWPC — wire aging

Avalanche formation can be considered as a
micro plasma discharge.

Consequences:

e Formation of radicals, i.e. molecule fragments
e Polymerization yields long chains of molecules
e Polymers may be attached to the electrodes

e Reduction of gas amplification

Important: AVOID unnecessary
contaminations!

Harmful are:

e Halogens or halogen compounds
e Silicon compounds

e (Carbonates, halocarbons

e Polymers

e OQil fat ...

Can wires be avoided?
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Anodes can be realized via First MSGS realized in the 1990s
microstructures on dielectrics:

e Simple construction (today)
e Enhanced stability and flexibility
e |Improved rate capabilities

drift cathode
i
cathode
[ o *| 50T o gm0
[ S um]
[

o ///

_—T'

backina electrode

I=5= 1l
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Schematics of MSGC field lines Advantages:

AA

cathode

E-field

e High field directly above anode
e |ons drift only 100 ym — low dead time,

Sallees high rate capability without build-up of

space charge

e Resolution:
fine structures can be fabricated by
electron lithography on ceramics, glass
or plastic foils on which a metal film
was previously evaporated

Problems:

e Charging of insulating structures

e Time dependent gain, sparks, anode
destruction, corrosion of insulator

e Lifetime of detector too limited

Not quite a success!

anode

S.Masciocchi@gsi.de
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MSGC DISCHARGE PROBLEMS:

FULL BREAKDOWN

MICRODISCHARGES

28

S.Masciocchi@gsi.de Gaseous detectors, October 10, 2017 59



Micromegas

” . tect
Mitigation of problems: add an . P
Intermediate structure

3 mm 1 kV/cm
__micromesh A® Y
1. Micromegas: fine cathode mesh  100um readout strips 40 kviem |
collects ions. Still fast. No wires | / |
/particle

YT YT Y

2. (GEM)
F. Sauli, CERN, ~1997

Offers a pre-amplification and
allows reduced electric field in
the vicinity of the node
structures.

Ease of construction again
partly eliminated, risk of
discharge on foil (huge
capacitance)

readout board

Schematics
of GEM detector30
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GEM detectors

* Copper coated Kapton foils (50um)
* Holes etched into the foil

e Size ~70um

* Distance ~140um

e Apply voltage on copper coating
e Upto AU=500V
e Fields up to ~100kV/cm
e Holes act as multiplication channels

e Natural lon Back-Flow (IBF) ..
suppression :'

A el U L] e
Electrons: _:\x {h H rift | . I J_Iuns

Ariduction
| [ Field 1} LT

qAARRRAXARRNARAARAAE

lous
I,.:I,. 6T Anode Ton Feedback =
{gain x transparency) T st Do
http://www.infn.it/csn5/joomla/GEMINI/
I=5= 1L
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GEM detectors - lon Back-Flow

e Natural IBF suppression:

e Asymmetric mobility [low for ions — high for electrons]

e Electrons move to larger fields in the amplification channel

e More ions are produced at the edges — trajectory ends on top electrode
e Asymmetric field [drift — induction]

e Many field lines end on top electrons (ion capture)

e Transfer region allows for good electron extraction

incoming \> _/’; o back-drifting ianl\ //
primary B “\\ ) _lOW drift field NN // _low drift field
electrons - '_ N P NN RN
N H\. o\ NI\
, ! ,'f RN fff /o A 4 +| | |II 7 A L
ﬂ \ || II l | | | ' ||lf/-" .\-\l“_ J‘:"}: Ly | | | I |II I'II-/'—/.»L
I | | | | II'I .'I f \ I".- {.51 | | ||,I ff
'Il f ||||I-'I V1114 ||||'
1l - I |I |I I - |
Cﬁ | Hf | “ | ‘ '||'I
s | H
4 | Il | | |
IITNiE 1 - ‘ | || ||I I|I| .LJ p ‘ || ‘ || IIIII
I|||I r | ||||||". U.tg - | |||||||I
I I| | |I |I | I". "._ ."|I!I }L | | || | |II I'.\':\
LA y —_/..J |Il'| s
high = ,u l ‘ R i.\\:j hi ‘:_/J ! [ J | \\\a
extraction // | | | |5b¢o.ﬁ dl- ons extraction 7 4 | | || RN
e )] Ay ig) field 4 AtV
)),/ f.f Vs I I \,| \‘ Ay \ /z / ),’ f | | -\" \ \\
! I."f- F#I .'II. |II | | \ \"\. \ J ."; ff f |+ II| .I'n Y \'- \.\
f( II-' I,' I| I| II II IlI \-I "\l / I|." I|I III I| |I |I '.I ".I \'..
F, | | | | | ',I. \ ) / / | | | \ | \
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C)Drift chambers

e Cylindrical wire chambers
o Jet drift chambers

D) Time projection chambers
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Drift chambers

Obtain spatial information from the electron drift time t_
Need to know t,, from a fast scintillator or beam timing
If v~ electron drift velocity: X Vp - At

Or, if the drift velocity changes along the electron path: t,

X = f vy (t)dt
to

Charged particle

i It
Anode wire an-L ‘;? age
+ HV2 0

...............................

[ ]
' Scintillation counter

Invented by A. Walenta, J. Heintze in 1970 at Phys. Inst. U.Heidelberg NIM 92 (1971) 373

I=5= 1l
S.Masciocchi@gsi.de
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Drift chambers

Needs well defined drift field — introduce additional field wires in between

anode wires

A 2

-200V
-400V
-600V
-800V
e -1000 ¥V
e -1200V
e -1400V
e -1800V
e -1800V

‘ions”‘-..
.......i,...‘.“...

—
‘I‘I Hl

10 Yl '- 55 42200V

. 7‘- - .
% & Drift time
- )
—»
e & & & 2 & & B S B B 4 B e e e

adjustable field

e 2000V

I
*

40 mm

1 scintillator counter

o field wire e SENSE Wire
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h

Drift chambers: field wires

MWPC: |
regions of very low electric field between anode wires regons ot ow el I

| IHINHIEY
EH LU B

Here add field wires at negative potential wrt anode wires — strongly
improves the quality of the field!

This is essential for drift chambers where spatial resolution is dominated
by drift time variations (and not by segmented electrode structure)

SRR S e e AR T T
B =J‘{1ﬁ”—| ‘_l‘?:|\||ﬂ-i ;!.H!: A R
TR R R it T

iSRRI R
PR T e CHHET T T E
I I

HH TR

/ \ field lines |

anode (+3.5 kV | cathode (-2 kV ]
&is BB , , ® =200 Um
¢=50 pm equipotential i
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Drift chambers: spatial resolution

Resolution is determined by the

accuracy of drift time measurement

Influenced by:

« Diffusion: o, ~ Vx

o O-electrons: o, is independent of drift
length — constant term in resolution

o Electronics: o . = constant, also
independent of drift length

e Primary ionization statistics: o, ~ 1/x
Spatial fluctuations of charge-carrier
production result in large drift-path
differences for particle trajectories
close to the anode.

It has minor influence for tracks far
away from the anode

/
anode V4
wire

_.._

ionization
cluster

——
—
—

particle

track

S.Masciocchi@gsi.de
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- — - ; cathode
wire @
e S |
ionization
cluster
67
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Drift chambers: spatial resolution

o (] L, 20 .,
r ESD T T _ "L const
64N = €T Vg -
| | | | L
1%t jonization statistics diffusion electronics
o-electrons
Possible ' ' ' '
improvements: 100k .

 Increase N by increasing
the pressure

* Decrease D by increasing
the pressure

A3 1R? 1
S i~ ™~
T 1 / mn T

[n: particle density in gas]
[increases with pressure]

D

INCREASE the pressure!
Up to 4 atm possible

60 _ — — Diffusion —
h\
—————————— e e e o o e e — —— - \
40F - - Electronics _|
\ -
\ P
\ -
201 //\ -
y N Primary statistics
0} 1 ] 1 i
5 10 15 20

x {mm)
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Position of coordinate along the wire

Possibilities to measure the position of the signal in the wire direction:
e (Charge division: measure the current at both ends of anode wire:
precision ~1% of wire length

Signal 2
Amplitude Az

Total
wire length: L=L; + Lo

Signal 1 /\

Amplitude A charged particle

e Time measurement at both ends of the wire

e Stereo wires: layer of anode wires inclined by a
small angle y (“stereo angle) —

0 . i
0 wires”

\
\ /

+4° wires -4° wires e ———
S.Masciocchi@gsi.de Gaseous detectors, October 10, 2017 69



Drift chambers: staggered wires

Difficulty: time measurement cannot distinguish between particle passing
to the left or to the right of the anode wire — 'left — right ambiguity'

L.
]
. ]
3 '/

particle

Use two layers displaced relative to each other by half the wire distance:
Staggered wires
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Drift chambers: field and resolution

Very large drift chambers possible, introducing a voltage divider = cathode

strips connected via resistors, and very few or even only one wire
HV _— HVY

e
B e e e I o e N s o N s
nde wir equipotential
ines

Kathoden

HV HV

Drift time — space relation in a large drift
chambers (80 cm x 80 cm) with only one
anode wire (Ar + isobutane 93:7)

1 SN B B B N N Y B ) B B S B B
N 40 /

Space point resolution limited by
mechanical tolerance:

| “wleft half chamber | right half chamber 8
Very large chambers: N T ya
100cm x 100cm — =200 pm N ol PAE
E ‘\\ 5+ ¥4 '
Small chambers = N 204 /
10cm x 10 cm — =20 pm < N8
N o104
Limit! The hit density has to be low! sl
5

| i ¢ ¢« °r 1 1 1
0 987 6543 2101234567831

. . . drift time [ds!
S.Masciocchi@gsi.de Gaseous detectors e AR
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Resistive plate chambers

Electrode-less drift chamber:
Field can be formed by charging up an insulating chamber wall with ions.

After some charging time, ions cover the insulating layer — no field lines
end there and the drift field is well defined: \

Large-area cathode

e + HV (anode)

Insulator

To avoid overcharging, finite resistance of the
insulator (some field lines end at the cathode)
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Cylindrical wire chambers

e Fixed target experiments:

multi-layer MWPC or drift chambers

e (Collider experiments, to cover the maximum solid angle:

e [nitially multi-gap spark chambers or MWPCs
e [ ater cylindrical drift chambers, jet chambers
e Today Time Projection Chambers (TPC)

Generally these chambers are operated in a magnetic
field — measurement of radius p of curvature of a track
— momentum determination (internally in one detector)

o (GeVic) =0.3-B (T) - p (m)

S.Masciocchi@gsi.de Gaseous detectors, October 10, 2017
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Cylindrical drift chambers

Principle of a cylindrical drift chamber: wires in axial direction, parallel to
the beam axis AND the magnetic field

Alternating anode and field wires:

potential
wire

anode wire

e One field wire between two
anode wires

e Cylindrical layers of field
wires between layers of

anode wires — very good
drift cell

X
x
x
x
x
x
x

I=5= 1l
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Cylindrical drift chambers: cell geometries

Different drift cell geometries:

/’_,O‘:-'"a-:-.a.'Q_\ @ field wire @ fieldw
/,’O ,,.'C?ﬁ_.“.olk-\. \\O\ O anode wire O anode wi
I e e N
. ,. /O’ "\O s \
open drift cell closed drift cell

e Thin anode wires (2 = 30 um)

e Thicker field wires (@ = 100 pm)

e Field quality better with more wires per drift cell
However:

e More labor-intensive construction

gl o

om0
o7 -0 - jeX
jo) ploly .- . -0 _ 0
o, L 4 00— O~ O L SN
jou O \O A

@ field wire

also hexagonal drift cell

e Wire tension applies enormous stress on the end plates (e.g. 5000 anode

wires + 15000 field wires — 2.5 t on each end plate!)
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In E + B fields

Here in general the electric drift field E is perpendicular to the magnetic
field B — Lorentz angle for drifting charges must be considered!

Drift trajectories in an open
rectangular drift cell for:

a) without, and

b) with magnetic field

(bB)

S.Masciocchi@gsi.de Gaseous detectors, October 10, 2017
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Jet drift chambers

particle track

field-shaping cathode strips
(as well on the other side)

potential wires
anode wires

e \ery large drift cells

e Optimize number of
measurements per track B

Typically 1/cm

E

drift of electrons

r1

MKOXOXOXOXO| Plnl

I=5= 1l
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JADE jet chamber for PETRA (DESY)

example: JADE jet chamber for PETRA, built by J.Heintze et al. Phys. Inst. U. Heidelberg
length: 2.34 m, radial track length: 57 cm, 47 measurements per track
ory = 180 pm, o, = 16 mm
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JADE jet chamber for PETRA (DESY)

DSN me35

BEAM 17.500 GEV FIELD —4.848 K& TALC 0033 DATE 27/11/99 TIME 01.37.20
0 910 810 MONTE CARLO  R—F| SEGTICH __T1A 0802 TIP 4101 T2C 0089 CAMAC TIME 1. 1. 1 17/ 5/1985
IDHITS BS3 = i LU
ELGTAT 15047
HUHITS O JADE : - . : - -
LGLYL 14BET - F ) ' / ; U L]
LGCAPS 150 0 - p ! | -~
FWCAPS O O

Ba PATR 10 W DF TRACKS 23

BANK LGCL ' WNR OF CLUSTERS 14

ke BUNE (DEV) aes PTOT 20.057 PFTRANE 18.017 PLONG B 408 CHARGE -2
TOTAL CLUSTER [NERST 16.017 PHOTON ENERCY ©.15¢ hR OF PHOTORS 5

3-jet event by JADE — measurements taken at PETRA — discovery of gluon
I=5= 1l
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Jet chamber in OPAL, at LEP

Ien-g;th: 4 m, radius: 1.85 m, 159 measurements per track, gas: Ar/CH4/C4H1g at 4 bar
ory = 135 um, o = 60 mm
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Jet chamber in OPAL, at LEP

interior of jet chamber of OPAL
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Central drift chamber (CDC) in FOPI

application for heavy ion collisions: FOPI (experiment at SIS at GSI):
central drift chamber (CDC), D. Pelte and N. Herrmann Phys. Inst. U.Heidelberg

_X-y plane Event 26616
(oot scaling Run 2919

K 0

|‘_"‘| HELITRON, »stic waLL

BARREL

7 2 < 7w ] Pl
p 8 4 A
Ocwr’ 4126 y 4.(-\ = % ™ \ﬁ
’ T8o0 ﬂl

o /g me W | oS o sonse ¥
5 1 sense wires
Ingg g™ “q'? field wire planes
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H1 cylindrical drift chamber

gy Cylindrical

| Drift Chamber
[H1 Experiment]

i

Number of wires: ~ 15000
Total force from wire tension: ~ 6 t
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D)Time projection chambers
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Time Projection Chamber

“Electronic bubble chamber”

particle trajectory

Full 3D track reconstruction
Invented by D. Nygren (1974)

\
H
'
'y
ml
1

at Berkeley National Lab

[6
= /
e Mostly cylindrical detectors )\ /

N

//
——

gas volume central electrode (= -50 kV )
e Central HV electrode readout plane

e MWPCs at the end-caps
e Usually E||B — Lorentz angle =0

cathode pads

anode wires
e Particles traversing the gas
produce charges by ionization
e Electrons drift towards the MWPC
in a highly uniform E field
e Position (2D), arrival time, and
energy deposited is measured
=5 1
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- einfallendes

T P C Kathode Teilchen

1“

Gasverstarkung und
Feldkafig segmentierte Anode

>

—L—

1. lonisation

v\

e
egistric- SN,
rung

w  ——
2. .Drift BR

L

ADVANTAGES:

Complete track determination within
one detector — good momentum
determination

Relatively few wires

Particle identification via dE/dx thanks
to the charge measurement

Drift parallel to B field — transversal
diffusion suppressed by factors 10-
100 — good spatial resolution

DISADVANTAGES,
CHALLENGES

e Drift time relatively long, 10-100 us
— not a high rate detector.
Attachment

e |arge volume (precision)
e | arge voltage (discharges)
e Large data volume
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Structure of a TPC

Highly uniform electric field obtained with field cage

Field cage

High voltage electrode (negative)

Watch! We
rotate by 90°
wrt previous
sketches

Magnetic Field (measure pa@e momentum)
Electric field (elc'rrogir'if'r)

Driftgas

\ \J A
Readout detector (0V)

Voltage divider
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TPC: principle of operation

lonization electrons move towards
the MWPC along the E field lines.

At the end of the long drift path, the
signal is induced on the anode wires
and the cathode pads. They are
continuously sampled.

e Z-coordinate is given by the drift
time (v . critical!)

drift

e X-coordinate is given by charge
sharing among cathode pads

e Y-coordinate is given by the wire T R
and pad row number " St

gating plane
. . Z cathode plane =
True 3-dimensional measurement of anode plane ,,-"T

the ionization points of the entire
tracks.

High multiplicity of tracks possible!

\ o
'} particle track E

/i;...,.f ,-" ;IJ"’ ‘.r-’ ,-‘-‘ ,:"l ! ‘r.l'l l‘I T| | I B3 7 1“ II;_ . \ \ ;
.JJ _-"'f 4 ! ] "I » \ “, k
e T TR e NN
- ¥ AFE PN B T x ] \ " LR 1\
u'j. F i IJ ,-j}‘)ji'{.‘ rrJ ."'P'. .-".’I ""l ] r |I ] \ k llL' \i“l '\" \‘.‘ ,?\‘. \‘- \\1\ .\“" T,_ = ",

] _ ] X induced ch;arge
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TPC: principle of operation

lonization electrons move towards
the MWPC along the E field lines.

At the end of the long drift path, the
signal is induced on the anode wires
and the cathode pads. They are
continuously sampled.

e Z-coordinate is given by the drift : .
time (v, criticall) Typical resolutions:
rl
: L «Z. mm
e X-coordinate is given by charge >
sharing among cathode pads * X (orre): 150-300 pm E
e Y-coordinate is given by the wire *Y:mm
and pad row number
] ] 2 LRI e ;' ‘=
True 3-dimensional measurement of anodo plane =S o
. . . . . 3 \ "
the ionization points of the entire NG N
tracks. /" i
. . L. . FF e B SRR N R R R
High multiplicity of tracks possible! ¥ i, }J J - = AR
‘_/ o A d ‘n" i L T| k-1 } L R R.‘\I\-x \
/7R T e
7 B S W ) ! % \
!/  F / o ‘| | \ \"-. N A
induced ch;arge
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TPC: wire chambers

Several wire planes for optimal field shaping and to stop ion back-flow

(see next slide)

charged particle track

drifting electrons from
primary ionization

gating plane NG =
\\ i
cathode plane N
\I
anode plane ‘\‘
T E-field
3
° pad plane
£
5|
~ 77T
=X
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TPC: wire planes

Double layer of wires to shape E-field lines in the region of anode wires

E-Field of a wire grid

central electrode

Drift region

zero grid wire ——-I S I-— /\

L . L L . L ] L] 'ﬂl
~ field wire
. i\ |sense wire .
’“‘% C;; %" T\ Sensor /acc. region
—-I S I"'— /

pad plane

S=
i
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TPC: ion back flow < gating grid

e After the charge multiplication around the anode wires, if the many ions move
back to the drift region they would build a substantial space charge. This
would cause serious distortions of the drift field!

Use a gating grid which collect the ions and stop them from moving back
into the drift region

The shielding wire layer in between protect the sense wire from possible
disturbance while switching

Vicem)

1.0
0.8+

0.6
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W o Q
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TPC: gating grid

e An external trigger switches the gating grid. It is by default kept closed:
upon an interaction trigger, the grid is opened

e |t remains opened for the maximal time of drift of electrons from the
active volume, then closes again to keep the ions from the
amplification away from the drift region

Limitation:

The relatively long drift times (~100 s for electrons!) and the operation
with gating grid limits the effective live time of the detector, and its
maximal readout rate!!

— ALICE TPC upgrade: from MWPC + gating grid — GEM chambers
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ALICE TPC

LARGEST TPC — CO, gap
EVER BUILT

\  Inner, outer

e Gas volume: ~92 m? readout
(active volume) chambers
(MWPCs)
e Very light giant:
3% X, at mid-rapidity
e 72 readout 2
chambers: Multi Central drift
Wire Proportional | electrode ;nlieir
Chambers with pad (100kV) 1€
readout | Endplate cage
e Half a million pads!
(557,568 channels)
=51

S.Masciocchi@gsi.de Gaseous detectors, October 10, 2017 95



ALICE TPC: the readout chambers

e 2 end-plates with readout chambers, each with 18 sectors

e Each sector: \

e Inner ReadOut
Chamber (IROC)

e Quter ReadOut
Chamber
(OROC)

Drift voltage (central 557 568

_ : pads and front-end channels
electrode): 100 kV 1,000 samples in time direction
Anode voltage: 1350/1570 V 557 million voxels

Nominal gain: 5000 - 8000
=51
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ALICE TPC: dE/dx measurement for PID

Resolution: ~ 5%

wire
direction

g Truncated mean
1~ Histogram .
‘oF dE/dxg of all (<dE/dx>) cutting
“- 159 pad row upper 40% of the
12 charge distribution
e used as PID signal
2? L Ll 1 R
° 2 “© * 8C?Eldx (arb. unit1s())0 .

I=5= 1L
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ALICE TPC: event display

Run: 244918
Time: 2015-11-25 10:36:18

Colliding system: Pb-Pb
Collision energy: 5.02 TeV
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Overview

lonization mode:

Full charge collection

No multiplication — gain = 1
Proportional mode:
Multiplication of ionization

Signal proportional to ionization
Measurement of dE/dx
Secondary avalanches need quenching
Gain ~ 10* - 10°

Limited proportional mode
(saturated, streamer):

Strong photoemission

Strong quenches or pulsed HV
Gain ~ 10"

Geiger mode:

Massive photoemission

Full length of anode wire affected
Discharge stopped by HV cut

12

10 [ | | , .
Geiger-Miiller
I, counter |
I
10 : - ' '
10 Region of limited Lo
roportionalit ! !
Recombination © ¥ 4 1 : :
before collection I I
T | I
Q g || lonization Proportional | 1'_
I
E 10 :.chambesql_- counter N
° I , ] Discharge)
g : I : region
= g 1 I
2 10 B | -
B ! I
— | !
@ [ [
_g I I
5 10' | =
< | |
| 1
| 1
[ [
107 [ I =
[ |
N; [ : ~
@©
| 1 N|
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| I I N
1 V
i
0 250 500 750 11000
5
Voltage (V)
I=5= 1l
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