.-_1—.

M. Abbrescia

EURIZOISchoolbn particle detectiontechnologies :




eurizon

European network
for developing new horizons for Rls

Why studyinggaseousietectors?

Many times the replacement of gaseous
detectors by solid state detectors, and their
progressive elimination was predicted
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eurizon

European network
for developing new horizons for Rls

ALL the times, this prediction turned
out to be wrong!

V Silicon detectorfiave replacedgaseous detectors for vertex detection

V Gaseousletectors are still dominating in themuon systemsat large radi
A to date it is totally unrealistic to replace such a system by Si detecto

V The Time Projection Chamber (TPC) for Heavy lon Phyisicsmbeatablein
terms of radiation length and channel number economy

V Gaseous detectonave even regained territorythat was occupied byther
technologies
A Examples: Resistive Plate Chambers (RR&slacing scintillators
for triggering and time dilight measurement®r Micro-Pattern
GasesouPetectordMPGDs9 proposedto be usedfor precision
tracking
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Gaseous detectors@LHC

ATLAS Gaseous Detectors: CMS Gaseous Detectors:
u MDT, RPC, CSC, TGC, MM u DT, RPASC, GEM

LHCKhGaseous Detectors: ALICE Gaseous Detectors:
u MWPCGEM u RPC, MRPC, TPC
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Gas Detector History

g PPC
Geiger Counter
H .;N?,-w Muelier 1322 —) Parallel Plate Counter
- N
Proportional Counter Pestov

Counter \
V.Feslov 15682 .

Resistive Plate Chambers
A.Santomco R.Cardareih 1509

Multiwire Propomonal Chamber *

Ca:.(! 1928

Time Projection Chamber
DR Nygren of 2 1974

A Cea 1582

GEM : & Microstrip Gas Chambers
Gas Electron Multiplier :

F.Souk 1937

uM

Micromegas
L.Giomatans et 3l 1568




100 years of glorious tradition

1908: FIRST WIRE COUNTER 1968: MULTIWIRE PROPORTIONAL CHAMBER
USED BY RUTHERFORD IN THE STUDY OF NATURAL RADIOCACTIVITY

2

X > ¥ R ——
.............. M 3 ‘ i
¢ 4 EisY il
sssame I3
Firing Tube z Delecting Vesser

E. Rutherford and H. Geiger,
Proc. Royal Soc. A81 (1908) 141

25

1928: GEIGER COUNTER
SINGLE ELECTRON SENSITIVITY

G. Charpak, Proc. Int. Symp. Nuclear Electronics
(Versailles 10-13 Sept 1968)

% 2-mm stez! Dall »Skderec
ta "2a brass wiec

N f 5 lincar
brass - '/" ampdi Frey
: ‘"i ol Al i C.T.RWilson,
H. Geiger and W. Miiller, aged20,
Phys. Zeits. 29 (1928) 839 Nobel prize
|n 1927 G. Charpak
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Schematic principle of gaseous detectors

oCoré of agaseousletectorisa volumeof gas, or gamixture, whereacharged
lonizingparticleleavesatrail of ion-electronpairs Someelectronscanfurther
lonizethe gascreatingcclusterg of ionselectronpairs

Particle
4

Gas

lon-electronsclusters

tracks in CERN 2m bubble chamber

e Primary lonization
® Secondary lonization (due to &-electrons)



Particle tracks In a gaseous detector

\

450 MeV electron with its § ray

oy
P,

electron from natural
radioactivity
=

ok
O
e K
i
N
O
by

Triple GEM we will seeit later on.



Working principle of gaseous detectors

Schematic Principle
-Uy o of gas detectors Amp

Drifting charges %' |
due to electric field

Gas

N
o

A 4

A 4

cathode
anode

e Primary lonization
® Secondary lonization (due to d-electrons)

- Anelectricfield isapplied dueto its presenceelectronsandionsmove
toward anodeand cathode respectively

- If the electricfield isintenseenoughmultiplication processegake place
(Townsendavalanchep

- Signals producedby inductionfrom the movementof chargedn the gas q



lonization

Primary ionization

. _ p = charge particle traversing the gas
X+pﬂ-X +P+€ X = gas atom
e = delta-electron (8)

Secondary ionization if E, is high enough (E.>E;)

X+e = X" +e +e-

lonization energy : Io (nr) L <%>1

. . nT) — -
Average energy/ion pair W g Wi
Average number of primary ion pairs [percm] :  nNp | [about 2-6 times ng]

Average number of ion pairs [per cm Nt L+ layer thickness]

Note: |, W;, becausenot the whole energylost by the impingingparticle goesin
lonizationprocessesa part (oughlyhalf) goesin excitationof the gasmolecules
A TheaverageenergyW; neededto createanion-electronpairist -3H,

Typicalvalues Wi 30eVA 100 e/ion pairsfor 3 keVof energylost by the particle
10



Secondary ionization

Quite often the extractedelectronshavekinetic energyenoughto generate
secondaryionization they are usuallycalled! -rays Otherion-electronpairs
are producedcloseto the track

~3.4-n

total = primary

n

Pnmary ionization Total ionigation

- DE total energyloss
_ DE - W, energy needed to create one ion/electron pair
nT ~ a7 || (tipicallly few tensof eV,dependingon the gas)
Vvi - ng total number of ion/electron pairs generated(tipically
100pairs/cm)

The total number of electron/ion pairs created is proportional to the
total energydepositedin the gas Moreover. ny=np+ng 11



Characteristic of ionization

Electrons are not evenly spaced, not even exponentially:

S, = 5 r'.. . _.# = . & i
’ -
1.5 cm
» 25-30 clusters/cm Ar
6_ electrons Number of primary ionising interactions per cm in Ar,

» by u* at minimum ionising energy,
» at 300 K and | atm,

» Deposits are not always “lumps’™:
according to

- ? » Degrad: 23.1/cm
"1\{ 4 » Heed: 24.1 /cm
g - » Rieke-Prepejchal:  24.3/cm

-~ » CERN 77-9: 294 /cm

5 mm

Varioussimulationsprogramsdo existto computer

gasparameters 1o



Parameters of most common gases

Gas p ngg‘s) beV) | WeV) | E%ng?:mz) n, em™) | n, (cm™)
H, 838-105 | 154 37 4.03 50 9.2
He 166-10* | 246 41 1.94 59 78
N, 117-10° | 155 35 1.68 (10) 56
Ne 839-104 | 216 36 1.68 12 39
Ar 166-10° | 158 26 1.47 29 4 94
Kr 349-10° | 140 24 1.30 22) 192
Xe 549-10% | 12.1 22 1.23 44 307

Co, 186-10° | 137 33 1.62 (34) 91

CH, 670-104 | 13.1 08 2 21 16 53

CH, | 242-10% | 108 23 1.86 (46) 195
for MIPs

13



# of lon-electron pairs in gas mixtures

Thenumberof primaryand totaleion-electronpairsin gasmixtures

canbe computedtakinginto account thefractionalgascomposition
(in volume) and theraluesfor the individualgases

Example gasmixture Ar/C,H,, 70/30

Ny =0.7x91 + 0.3 x 195 = }2@&rgcm
N.=0.7x 34 + 0.3 x 46 =B8iIrdcm

14



Energy loss in Ar

dE/dx (keV/cm)

Argon Argon
102 e 10 . g — e
N —nqu \ \ —u
A\ Y )
N T \ \ T
\ T NV
S
=
10 W = 10— \ \
Y = hY Y L
k°) k=) A b\ LY
\ — s \ \ \
\ \ S e
AN e \ X N
N T N
1071 | L Lol \|1 L L Lo.l.l ||1|0 L L Lol ||1\t]2 L L Lol ||1\03 L L L.l |||1|04 10_1 1 10 1 |||\1|02 1 L1l ||1\|03 | 1.1 |||1\|04 Il |||1||05
By p (MeVic)

Energy losss usuallycomputedby meansof the BetheBlockformula
(whosenon quantummechanicalersionwasobtainedby Bohrin 1907)

- The minimumenergylossfor electronsis slightlylower than the
minimumof heavierparticles



Energy loss In various gases

dE/dx (keV/cm)

10_1 " { B I I 1rr} I]]| 1Y
10~ 1 10 10° 10° 10*
By

A Although Z/A=1, the energy loss in hydrogen is significantly lower the
In other gases due to the lower density.

16



Statistics of ion-electron pair production

Primaryionizationeventsare independentandtherefore follow

Poissorstatistics

- Eachtime animpingingparticle crossesa layerof gas,it hasa certainprobabilityto
produce acertainnumberof primaryelectrons

- If npisthe averagenumberof primaryelectrons(ions), the probability P(k)to have

k electrons(ions) is: X

_ne P
P(k)= e HPE

Thereforethere isalwaysa finite probabilityto produce noelectron
lon pairs P(0) = e~"P

A Whathappensn thesecase®

Note: of coursen; is proportionalto the gadayerthicknessand theenergyloss.

17



Diffusion of electrons and ions in gases

After ionization electronsandionsquicklylosetheir energydueto

collisionswith the gasmoleculeshA thermalize

-Electronsandionsenergy(andvelocity) distribution are well describedby a
Maxwelldistribution E

P(E) x VE e kT
(8KT

. . . . . . ov=_
- Meanvelocityaccordingo Maxwelldistribution: \ zm memass of particle

-Theiraveragekineticenergyat roomtemperatureis9  kTd K eV

Immediatelyionsandelectronsundergodiffusionprocesseslike a |

dropofinkinclearg | i S NE @

18



Diffusion of electrons and ions in gases

Diffusionprocessesn gasesarewell Diffusion
describedby the kinetictheory of gases without E,B field Coeton
After atime t from ionization electrons . a .
(ions) densityiswell describedoy a
Gaussiamlistribution: N
5 time
2
dN _ N exp _) whose’ isrelatedto the (r)= /6Dt
dr 4Dt 4Dt diffusioncoefficientDby:  “V/=V
Diffusiontakesplacein 3D:
- consideringdiffusionjust inonedirection: g, = V2Dt
Diffusioncoefficientis givenby the following expression
D - 1 2 1 (kT) D dependson gas temperature T anuressureP
3 Jx Po, <= electron on) meanfree path in the gas

19



Diffusion of electrons and ions in gases

- This table shows the mean free path, the average velocity, the diffusion
coefficients and thenobilities(see later on) of ions their own gaseat

NTP

- Electronsmove faster than iongbecause of their much lower mass) with
average thermal velocities of the order ofkn/s.

I I A X

1.8x 107> 2.0 x 10° 0.34
He 2.8x107° 1.4 x 10° 0.26 10.2
Ar 1.0x 107> 4.4 x10* 0.04 1.7
0, 1.0x 107> 5.0 x 10% 0.06 2.2
H,0 1.0x 107° 7.1 x 10* 0.02 0.7

20



Diffusion of electrons and ions in gases

While diffusing, electrons and ions do not have an easy life.

Possible interaction of positive ions:

- Neutralization with a negative charge carrier (either an electron or a negative ic
- Neutralization after the extraction of an electron from the walls of the detector
- Charge transfer

-to a molecule of its own gasi{AA->A + A

- to a molecule of another gas with lower ionization potential t{B--> A + B

Possible interactions of electrons:
- Neutralization with a positive ion (e + A*> A)
- Attachment to a molecule with negative electron affinity (e +AA)
- This attachment probability is negligible for noble gases and hydrogen
- Oxigenis a gas with strong electronegative affinity
- The attachment coefficient depends strong on the electric field (if any)
- Absorption in the walls of the detector

21



Effects of electronegative gases

- Some gases, like,(C), H,Ovapour etc., are characterized by a
high probabillity tocapture drifting electrongand form negative ions;
- The net effect is reducing the total number of drifting electréns
electronegative gases

- The probability of capture per collision (or per unit length)

Is called'attachment coefficient"

4

4 x10

The attachment coefficient
strongly depends on electron . /\

energy.
\

Attachmentcoefficientof d |
~1_ | A

electronsin Oxigen vs. electron
Kineticenergy 6C o4 o8 1z w20 24
ENERGY (eV )

h (AT TAGHMENTS /COLLISION)

22



Effects of electronegative gases

Fractionof electronssurvivingafter adrift of 20 cm intwo gasmixtures asa
function of the contaminationof O,, under theactionof E = 200 V/cm

Capture electron fraction

l.ﬂﬂt::::-:::-___-__-_-__-_-_-_¢ _____ Y___'___'ﬁ_'ﬂ'__'_'_'_Lhh+
= 7 g
E - 4 EHH \\
50957 - -
s ] Ar-CH, (80-20) ", ]
“E : ; I Lehraus et al, ALEPH 84-6 ]

0.90 - ¢
% I ﬁr—CDz (80-20) 1
= I Price et al, [EEE N§-29 (1981)383 {

085

0.80 |

075

070"

1 10 100 O (ppm) 1000



Drift In electric fields

When an electric field is applied, the
electronion pairs drift along the electric field
lines, and this motioms superimposed to the
caothicthermal motion.

- Acceleration is interrupted by collisions with gas
atoms

-¢KAA fAYAODA GKS RNATWw, 9Sft20A0¢& I Y

- The drift velocity is roughly proportional to the time (@)
between two subsequent collisions E

Vp = i-r(ﬁ,a)-ﬁ
m

g, m ... charge and mass
E ... electric field

T ... mean time between collisions (b)
24



Drift of electrons In

gases

- V4 Isjust the averagevelocityin the directionof the electricfield; arandom
thermal movementis superimposed diffusionwhile drifting
- Whiledrifting, electronscanundergoseveralprocessegexcitation ionization and

others), whosecrosssectiondependsin complicatedwayson the electrorkinetic
energydueto quantummechanicakffectsand thestructure of the moleculesof

the gas.

ARGON (1997)

100 F | —— ELASTIC E 1
L | —————— s-LEVEL EXxC.
[ | —————— P-LEVEL EXC

ELASTIC
ViB1
viez
vie3

D-LEVEL EXC.
IONISATION
***** SUM OF EXC.

XATT
————— EXG1
EXC2

CM**2

ELASTIC 1

IONISATION

X SECTION * 10**-16 CM**2
X SECTION * 10**-16

01 T rorrr T T T rro T TTTT

C02 (NAKAMURA)

N

Vil

01 f——rrrrr

T T
.01 A 1 10 100 1000 01 1

ENERGY EV.

1 II%IO
ENERGY EV.

TTTTT T T T =TT TTTT

100

1000
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Diffusion In electric field

o, (cm, for lem drift)

2x 101

E{V/cm, at [gim)

T T | T T T T
- /2D 2¢€
o, = =
SVCRNVET i
\
— ]
—_ E.ID.CH. =
=
_—-'-'_-_-_..:::-’.
- £5% sobutone —]
75% argan [theory)
Lower |imit
from I!mpelﬂ;'.lrl
_“(T " 2,505 Pure isobutane [theary)__ |
| U.CUQA
Q0 500 1000 2000

Drift in direction of Hield
superimposedo statistical
diffusion

- Extravelocityinfluences
longitudinaldiffusion

- Transversaliffusionnot affected

Drifting induces a reduced
diffusion in the longitudinal
direction
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Diffusion in magnetic field

The presence of a magnetic field changes the drift properties of
swarm of electrons

- The trajectories between collisions ane more rectilinear,
- The energy distribution can be changed

- The drift velocityis smallewith respect to the absence of a magnetic
field and can approximated as:

o h B sthel '
D — wnere () = — |ISthe Larmourireguenc
V1 + w?t? m d y

and _ isthe averagetime betweentwo subsequentlectroncollisions

- Electrons do not drift anymore along the electric field lines
- the angle betweervy andEis called the Lorentz angle

27



Effects of a magnetic field

Dependancef the electron drift velocity and Lorentz angha the

magnetic field for a mixture cAr/C4H10Mmethyal67.2/30.3/2.5 (an
electric field of 500 V/m is applied).

W (cm/ psec)

28



Diffusion in magnetic fields

5
I, T
oL
b L =
4B=0
0.8} _
,-’f
- ,/.f —
0.6F y E:
£ . B=35T
r/.- . >
0.4 g -
P i B=1.13T
p_
0.24 -
0 . : .
0 50 100 L [em]
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In the presence of a B-field different effects
on longitudinal and transverse diffusion

No Lorentz force along B-field direction

E_r L= ) --;'_',-ir_'"_— e
- - i fl—— - H\'\‘
- i - -
— /e ~ o
- e o~ 1 !
V ! v L Vp
hx\""-._\_ 'l._ _"I
.‘—'-.__r' W _.".I
— \"'\-\. -~ r
— I -
. -
B e =

Transverse diffusion as function
of drift length for different B fields

B-Field can substantially reduce
diffusion in transverse direction
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Drift of lons/electrons In gases

Onaverageelectrons/ions move along the field lines of the electric field E

Sometimesonefindsthat v, is roughlyproportionalto Efield, the mobility
> (for ionsandelectrong is usuallyintroduced relatingdrift velocityand
appliedelectricfield:

_ E o Note: >, usuallydepend
u Bl [emstvy alsoon gas T and.p

FD e

Mobility behavedifferently for the caseof ionsandelectrons
>_ . 1on mobility
-for ionsvy ¢ E,i.e. mobilty isreallyconstant
> : electronmobility
-in cold gasapproximation(T,.,, FKT) A v5 ¢ E4 > cbnst
-inhot gasT;,,>>kT) A vp=,constA > T y20 O02yal
l.e., at high E, electrodrift velocitytypicallytend to saturate.
30



velocity (cm / psec)

Drift

Electron drift velocity

Ar

L

€O,

Electric

2

field (kV/cm)

3

Drift velocity of electrons
in several gases at normal conditions

Use gas mixture to obtain constant vp

Important for applications using drift time to get
spatial information

E-S:D‘ |

ZI. '#

)’,’:RGQH+I%NITWN
~ 20 ! ,/
S /
= |
5 /
E L6 e
P
- o2
L&
9 /
w
> o8l /,_...-— —]
///'I
/ ARGON + Q.I% NITROGEN
o4 A 1
& - T
/./-—‘/"'"_ ARGON |
® o1 oz o3 oe a6 a7 o8 a® 10 1 L2

Smallcontaminantsn the gas

V/emesmm Hg)

E-Field/pressure

significantlyaffectdrift velocity 31



Mobility and diffusion coefficients of
electrons and 1ons In aases

Typicaldrift velocitiesfor electronsare 3 ordersof magnitudelarger
than drift velocityfor ions(dueto the different mass):

- Electronsv, of the order of cm/>s

- lons v, of the order of cm/ms

Mobility of ionsis relatedto diffusioncoefficientby the Einstein
equatiorn

D_kT

u e

validfor idealgasedn thermalequilibrium

In principle this shouldbe valid alsofor electrons but electrons
Immediatelydeviatefrom thermal equilibriumwhile drifting under
the actionof anelectricfield, execptfor verylow fields

32



Energy distribution of electrons in electric fields

- Increasing the electric field,
the electron energy
distributionsdeviate 0.4

significantly from the

Maxwellianshapeg and the =
average energy can exceed of § 03
several orders of magnitude the £

thermal value 0.2
©

- The plot shows the energy 5

distributions of electrons in He g

for different values of the 5 s

reduced electric field Efp

- In the plot X is the electric field 0
In units of V/cm and p is the

pressure in units of 760orr

X/p =1 means E=760 V/cm at
atmospheric pressure

33



High E fields: excitation and ionization

- When the electric field

Ionization
exceeds few kV/cm, 1556V
more and more |
electrons can reach 0.3 KV/em l
enough energy |
to produce excitation 5 kvl,f em

and ionization. 1 kV/cm |

- The plot shows the energy

distribution inAr for three

different values of the & :

electric field, compared t | N || | |
the energy needed for 0 5 10 15 20 25 30
excitation and ionization Electron energy (eV)

34



High E fields: ionization

When electron energy is
above the first ionization
potential, the collisiongan
yield new electron

lon pairs while the c 8
"primary" electrons

continue their path
‘4
a

- The plot shows the ionization
probability (inarbitraty units) as

function of the electron energy in
various gases

- Themazimumionization probability — ©
IS reached around 108V 0




First Townsend coefficient

Townsend avalanche

The first Townsend coefficient is defined,,
as the inverse of th@nisationmean :
free path: 1
o =
&ion
- It represent the average number of pairs
produced per unit length

The ionization mean free path is given:

2 1
ion = ar s

N = number of particles per unit volume _

. ] ] ] ! rop-like shape of an avalanche
= |0Nnization Cross section Left: cloud champer picture

Right: schematic view

The first Townsend coefficient strongly depends on the electric field
The presence of electronegatigasegb = attachment coefficientyeduces the

number of electron®y, h =a-b = effective Townsend coefficient
36



cm?

Cross-section o x 10'%in

lonization cross section and first
Townsed coefficient

10

10°

—
(=]
1

-

1072

T 10?
— | | Xe]
ff“ 10 /%‘_KL
E / Ne
» i /’He
< S /7 z
= g 7
i
Ny
- / ///
N/
s e '0'3/ /
3 / /
- 0t 4 o 2 4 W 2 a4
g.,,,g,Uli::v S " E/p (V/cm x mm| Hg)

9 ¥ kVanpneededto reachh f1
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First Townsend coefficient in Ar-CH,

o
O
o)

T o | L | Biver B =y | | Pl 5l BaeB | T Bowl I | BB Ll T |

i 4 . T N
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- 1-0
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0.03} 6 - 55.6
; ' 7 - 65.4
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I s \. p,
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Korff approximation

A simpleparametrizationfor the
first Townsend coefficient was
Introduced byKorff.

o)

0.11 x 10717
- A and B are numerical coeﬁiciem . 100 P o—
An alternative model is the ar 14 180 1.81 x 1017
following: Xe 16 350
a = kNeg co, 20 466

- Herek is a numerical coefficienN is
the number of gas molecules per unit volume s o
YR 8 Aad (GKS YSIy StSOUNRY SySNHe@
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Avalanche shape

Uniform electric field

E © lons

Electrons

A Since the electron drift velocity 1000 times
larger than the ion drift velocity, at any given ti
electrons will be on the front of a dralke
distribution, while ions will be left on the talil

40



Electron gain in gases

Indicating withn the electrons at the positior, the electrons
produced betweerxandx +dxare:

dn = andx

L Fis imdependenon x (uniform electric field), the previous
differential equation can be easily integrated to get:

n(x) = nge**

Ny =Initial numberof electrons

In the general case ofon-uniform electric field, the result is:
f;ccr(x)dx

n(x) = nye
The multiplication factor (also simply called gain) is given by:

M = exp {jxa(x)dx}
0

41



Streamer formation

Betweenthe front andthe tail of an avalanchean internal E,, forms, directly in the
opposite direction as the applied E,,,, When the E,; = E, . the multiplication
processstops

- lonandelectronsrecombinewith photon emission

- New secondaryavalanchesanbe produced,forming a streamlineof continuous
flow of chargedrom oneelectrodetheda U NB I Y S NE

- Cathode

llllllll

EEEEEEEE

‘ streamer

sssss

Anode
42



Breakdown

The neteffectisthat the gaincannotbe increasecat will
A Beyonda certainlimit a continuosdischargesetsin

Raetherempiricallyproposedil K Reathiedimité for the
transitionbetweendavalanché operatingmode,to dstreamer
Y2RSEé O

A Inpractice sometimesa smallpercentageof streamercanbe
acceptableduringoperationof gaseougsletectors but beyonda
certainlimit, dependingon the preciseonfigurationand gas,
breakdownoccurs

Raethedimit:hE F wn® 6a F w™Mn
A Inpractisesometimesdreakdownsetsin evenfor gainsmuch
lower than 10° (downto 10°).
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Operation modes

10
L T 1 T T
Gascountersmay be operated in different
. . . Glow Discharge
operationmodesdependingon the applied 10"} o
highvoltage
Reqi f limited
y . . . . . 10°— Prec?pz?tngnarl?t; : -
U Recombination electric field is not Recombination \ /i :
2] ' '
enough to collect all the charge, s - | | :
. . . ~ ' - I —e
electronsandionswill recombine A - —
e - ' roportional counter 1§
© | i
. . . 2 10° =
U lonization chambersare operatedat a © —|! E
. . [s]
voltage which allows full collection of 5 |} ¢
I —
charges, but below the threshold of € '[7
secondaryionization(no amplification) = l :
10%H : =
N
. 1 l

0 250 S00 750 1000 1250
High Voitage U [V]

(Criginal: W. Price, Nuclear Radiation
Detection, McGraw-Hill, 1958)

E.g. operation range of a cylindrical gas counter with central anode wire as function of the higr
voltage;



Operation modes

1
Gascountersmay be operated in different 0 ' ' ' '
operation modesdependingon the applied e ERB R
highvoltage
0 Region of limited "
10— Proportionality ' : -
U Proportionalchambers g Recon::zn;f:cnambe, .\ 5
x signal amplification through secondary = %[ /. - S B
ionization, proportional to the primary § |  |Proportonalcounters
jonization S 10t : B
x  Amplification factors 10*¢10° B :
x Limitis reachedwhen electronsproduced £ 10t} =
by the photo-effect are no longer 2 |i
negligible 102 =4
x The effect of photons is reduced with NoH
admixtures of a a lj dzZSy Odad @ ¢ | |
CHt, CQ®) which absorbsUVphotons y 0 500 750 1000 1250

High Voitage U [V]

(Criginal: W. Price, Nuclear Radiation
Detection, McGraw-Hill, 1958)

E.g. operation range of a cylindrical gas counter with central anode wire as function of the higr
voltage;



Operation modes

10
. T T T T
Gascountersmay be operated in different s
. . . ow Lischar

operationmodesdependingon the applied 102k g o
highvoltage
3 . ol Region of Ilmcted ’
U Geiger Muller counter: LA 5 &
U TheUVphotonsare spreadingransversal 2 |/ tonization cramoer 5 E

to the field and create photoelectronsin ~ W s -l ! | %

. . = T
the wholegasvolume thedischargésno & |1 7o
. | |
longerlocalized 2 0 ' ~
|

x The produced total charge is 3% | |

independentfrom the primaryionization € 1o‘-i : =

P . -

x Amplification factor 108 ¢ 100 z | E
U Dischargeregion: UV photonsavalanches wH ! =

are created everywhere,dischargeeven No b

without particlecrossing . 1| 1 I l

0 250 S00 750 1000 1250

High Voitage U [V]

(Criginal: W. Price, Nuclear Radiation
Detection, McGraw-Hill, 1958)

E.g. operation range of a cylindrical gas counter with central anode wire as function of the higr
voltage; number of @ion pairs for primary ionizing electrons:



Choice of the gas filling

1. Noble gaseare preferentiallyjused due to the absence wibrationaland
rotational statesC ionization dominates.

(Polyatomic gas have neanizing deexcitation modes available)
A Possible electron multiplication at low electric field
A Choose cheap noble gases with low ionization potential

Expensive and rare

<

p (g/ecm3) dE/dx »

Gas (STP) I, (eV) W, (eV) (MeVg-'cm?) n,(cm)
H, 8.38 - 10 15.4 37 4.03 9.2
He 1.66 - 10 24.6 41 1.94 7.8
(N | 1.17-10° 15.5 35 1.68 56
Ne | 839-104 | 216 36 1.68 39
(A | 1.66-103 15.8 26 1.47 94
Kr 3.49 - 10° 14.0 24 1.32 192
(Xe ) | 5.49-10% 12.1 22 1.23 307
CO, 1.86 - 103 13.7 33 1.62 91
CH, 6.70 - 10 13.1 28 2.21 53
CiHyo | 242-103 10.8 23 1.86 195

The drift velocity depends very strongly on the nature of the gas, namely on the detaile

structure of the elastic and inelastic electromolecule crossections. Sometimes it

saturates at high electric fields.
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Choice of the gas filling

If only a noble gas is used to fill the counter, it can operates at
NBf I OAJSt & £-A0) belorelenfaiing tha pefmanemt
discharge regime

When the avalanche forms, excitéd atoms are created, which can

return to the ground state only emitting UV photons

- The energy of these photons can be sometimes larger than the energy needec
extract electrons from the cathode walls (&Vfor copper)

- Photoelectrons can be extracted from the walls, which cause farther ionization
the gas

Possible spurious delayed pulses due to ions neutralizing on the

cathode
- Ar+ ions reaching the cathode are neutralized and extract an electron from the
- The neutralAr atom is produced in an excited state, decays emitting UV photon:
- An additional electron can also be extracted from the wall
Both processes induce spurious delayed pulses
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Use of quencher gases

The problem is solved by adding to noble gas percentages of othe
polyatomic gases, usually called "quenchers"”

V Gas quencher molecules have a@dliative(rotational andvibrational)
mode and can absorb UV photons in a wide energy range

- CH, absorbs photons between 7.9 and 14¥%
- Other polyatomic gases used dreons CQ, BF, GH,,, etc.
V Polyatomic gases dissipate energy by elastic collisions

Sometimes quenchers can dissociate resulting in simpler molecules,
sometimes harmful to the detector, like ¥ aging

Even small quantities of quencher allow to operate these detector
up to gain of 10without discharges.
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Use of quencher gases

Also electronegative gases are used as guenglkesmanyfreons
(CEBr), ethylbromide (GH:Br), etc. which help operate detectors
at high gain without discharges.

- They are characterlzed by an electron captomean free path that is less
than typical anodeDlF § K2 RS RA&UFYOS 6F wm OY
size (few>m)

- These gasesapture electrons possibly extracted at the cathddaning
negative ions, preventing the formation gpuriosdelayed avalanches

- Also these gasesan dissociatesometimes forming solid or liquid
polymers which can deposit on the electrodes, altering their properties
A Malter effect, where the E field close to the electrode is distorted,
causing undesired discharges

A Aging effectfone of the main issues in all particle detectors)
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(Some) geometries of gaseous detectors

4_@ O—-
4_@ ‘O~
«@ O+
f@ (OF4
._@ O
@, O~
._@ @—-

Cylindrical geometry:
- Anode wire surrounded by a

cylindrical cathode

- E® 1/r: weak field far from the wire

- electrons/ions drift in the gas volume
- multiplication occurs only near the -
anodeA signal proportional to energy | 27 '~

released in the detector

Planargeometry

- Euniform and perpendicular o the electrodes

- Amount ofionization produced proportional to path
lengthin the detector

- Signal depends on the point(s) where the ionizatior
occursA not proportional to energy releasdd the
detector
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Cylindrical vs. planar geometry

E UL

E uniform ¢

Detectorswith cylindrical geometryhave
animportantlimitation:

primary electronshave to drift closeto
the wire beforethe chargemultiplication
canstart

In a parallelplategeometry(asthe RPC)
the charge multiplication  startg
iImmediatelybecauseall the gasvolume
IS active

A much better time resolution (~ 1 ng)

A limit_in the time resolution
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lonization chamber: the simplest gaseous
detector

- The ionization chamber operat@sthe charge collection region
- Generally, a planar geometry Is used

wky3aS 2F LW ASR @2t 0F3Sa O NASa
- It can be operateavith almost any gagncluding electronegative
gases (I.e. air, or more dense gases, to increase ionization prob.)
- At equilibrium, the current flowing in the external circuit is equal
to the ionization current

Gas enclosure
e ()
PR IXRU ST SRIRES DI R e B ] I

Electrodes - :

eyt

b <
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Current mode of operation

No current is observed when the applied voltage is null
- No electric fieldC recombination of ions and electrons

Increasing the applied voltage, the current also increases

- The electric field separates the ions and the probability of recombination at the
production point is reduced

- The drift velocity also increases, thus reducing the probability of recombinatior
along the path between the production point and the collection electrodes

A further increase of the
applied voltage leads to a ! ik Seradiation: rate

saturation of the current
Recombination is suppressed,
and all the charges produced
are collected at the electrodes
The saturation current is
proportional to the charge

formation rate 4
54
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lonization chambers as smoke detectors

Measured
ionizstion Cramper  (LITTENLL

Is lower

Ionization
chamber

Americium Source Americium Source

Detect the decrease of induced charge by the alpha source

1 uCu (- 0.3 ug) of >Am
1=432y

- a passing through ionization air-chamber

e ) AP

produce costant current Insi:ieabasi: iorization smoke detector. The &
’ . . . . Hack, round structure & the right is the ionization
- smoke absorbes o' s = reduced ionization, lower signal, allarm .. o T o i A e oohe

leftisthe piezoeleciric buzzer that oroducezs the

- o’ a have low penetrability: they are stopped by the plastic of detector  aamecound



lonization chambers as beam monitors

- Usedfor the LHC beam loss monitors

(3520 objects

- Alternatinglayers of HV and GND wibh
mm distance, 1.5kV filled withl,. 300 ns
electron drift time,80>sion drift time

- Thetotal current averaged over times

of 40 >sto 2.5 msis read out in order to

measure the beam losses

[92) 9.0€-02
) s
o 8.0€-02 = BLMQI.22R3.B2E10_MQ =]
q- 7.0E-02 —fit (Gauss) U
£ | . _ _
S |8 soca lonization chambers can be used
S o to detect also single particle, or
o & bunches of particles
© ;
G | | \ A pulse mode of operation
% O.OE.OO-SO 4’ -207 -1.0 0.0 ' 1.0
Time [ms]

LHC UFO event 2010 c6



Limits of ionization chambers

Detecting single particles withnization chambers is difficult

- Output signal is aurrent read by an galvanometer

- This current is proportional to the charge collected, proportional to the energy
lost by the particle in the gas

- Signals in ionization chambers are generally very small

10° eV
35 eV

1 MeV particlestoppingin the gashA, Ne =~ ~ 3.10*

Considerindghe detectorlike a planarcapacitorof 10-1° Fcapacity the arrivalof 3

10* electronsimpliesa changein potential:  3.10*.1.6-1079¢C _ 46.10-5 V
10-10 F '

-The galvanometer must be capable of measutimgvery small output current
which is in the region ofAto pA, depending on chamber design, particle
considered, etc.

-- Time duration of the signal is related to time needed to collect electrons/ions
(>s orms)
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Proportional counters

A cylindrical geometry is adopted +HV
- The anode Is a thin wire, on the cylinder axis ——
- The cathode is the metallic wall of the cylinder ——— "7

In most part of the counter, the electric field is
not enough to trigger avalanche processes

- Electrons drift toward the anode N 1
- lons drift toward the cathode

When electrons get close to the wire (usually at a
few wire radii), the electric field becomes intense
enough to trigger multiplication processes

- A droplike avalanche develops, with electron
In front and ions left behind

- Due to diffusion, the avalanche surrounds t
wire

Electrons are collected at the anode, while
positive ions keep drifting toward the cathode a... radius anode wire

b ... radius cathode

\

Cathode

Incident radiation

--""--..\\I
)]

-




Avalanche development close to the wire

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

L
XXX YO

a) a single primary electron proceeds towards the wire anode,
b) in the region of increasingly high field the electron experiences iorsoifigions
(avalancheamultiplication),

c) electrons and ions are subject to lateral diffusion,

d) a droplike avalanche develops which surrounds the anode wire,

e) the electrons are quickly collected, while the ions begin drifting towards the
cathode generating the signal at the electrodes.
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Avalanche development

Primary e- drift The primary e- reach the The ions produced in

Charged - region of high field and  the seconda Finally also the
quickly to the 8 & y
icle ' produce secondary ionization drift also C : i

particle | : secondary ions

roduces pri- anode wire. lons  jonization charge carrier to the cathode. The reach the
P o P _ drift much avalanche around the secondary e- are ' '
mary ionization slower to the wire. The primaryions  generated close to cathode.
along the track cathode continue to drift tothe  the anode.

cathode.

cylinder.

t=50ns t=100ns t=200 us

.. positive ions . ... electrons

-Signain proportionalcountersis mainlydueto ionsdrifting to the cathode
-Of course increasinghe operatingvoltage sothat M>10*, causeghe presence

of spacechargearoundthe wire, distorting E, andlosingproportionality
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Gain In proportional counters

H 6
= Differentpressures 108 — Differentgasmixtures
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Gain In proportional counters

Arqg CH, Arq CQ
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Multi-wire proportional chambers

The invention of the Multi Wire Proportional Chamber
(MWPC) by Georgé&sharpakn 1968 was a game
changer, earning him the 1992 Nobel Prize in Physics.
Suddenly, experimenters had access to laagea
charged particle detectors withillimeter spatial
resolution and staggering MHate capability. Crucially,
the emerging integratedtircuit technology could
deliver amplifiers so small in size and cost to equip
many thousands of proportional wires.

Thisingenious and deceptively simple detector is
relatively easy to construct. The workshops of man
university physics departments could master the
G§SOKy2f 23853 I (4 NImQrintisyicd
particle physics. So compelling was experimentatiok
with MWPCs that within a few years, large detector
facilities with tens of thousands of wires were
constructedw X 6 @

C.W.Fabjan CERN courier, March®2019
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A telescope of MWPCs
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Multi-Wire Proportional Chambers (MWPC)

Schematic setup: /7‘

cathode plane

d
A —-
o o/0 O O O O O O
L | ‘F’ anode wire
'
Parameters: Features:
d = 2-4mm Tracking of charged particles
fw = 20-25um Some PID capabilities via dE/dx
/ L = 3-6mm Large area coverage
particle track Uo = several kV High rate capabilities

Total area: O(m?)

A MWPQConsistgn a setof anodewires, equallyspacedand kept at the samepotential,
simmetrycallyplacedin betweentwo cathodeplanes

-In first prototypesanodeswere groundedand thecathodewere kept at negativepotential
- Eachwire actsasanindependentproportional counter

-Distancebetweenthe planesusuallyis 3-4 time wire pitch 65



Multi Wire ProportionalChambers

E field essentially uniform in most of the detector

It becomes very intense close to the anode

Avalanche

Every anode wire is connected to an amplifier an
the signals can be processed electronically.

Position resolution:

L . Depends on wire distance
Diameter of anode wires 10 — 50 ym e.g. ford = 2 mm

Distances between wires 1 —5 mm By simply using the wire position
Each wire connected to an amplifier o(x) = ¢ = 577 pm
Typical gas amplification in MWPC is 10°
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Electric field in a MWPC

AR SR R HATHANSHIL, S TR i
DL . P ; , r+~ 04
Electric field lines SHIRE R LR : e 1
. . -+ Hr T 1
and equipotentials HIREERRHE AG _,Aa 05
IR AR ~ 3— |
J’;Il-éili;'il G a
S— ISMIAL AG  1,AL 06
f HEHNEEL ¢ I ‘
HHRNEENIAL I L
! aaae T ! T 5!1 07
ot | ' H
vl “i'; j!ll . ]
T Nt - 080
ﬂl’f! AR i 1 HtT - 085 X
090
|H. il IR 1 AR REERRAARAENARRN ; i'H“L
“1‘ , Displacement effect .
rrH i I ' Ii
St !
Small wire displacements " i |
reduce field quality ... Bl |
Need high mechanical precision [:i il
both for geometry and wire tension ... | . .
ot tg. i oo 11 near wire: radial field
[electrostatics and gravitation; wire sag] % far away: homogeneous field
U e T T T l
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Electric field in a MWPC

Electric field (kV/cm)

100

—
o

I#IIITIUI

] UTTII"

Y

Electric field measured
along the yaxis of a MWPC

Drift region in
constant field

Drift region in
variagble field

field along
X axis

Space charge region

Avalanche region

field along
Y axis

I °J

0.001 0.01 0.1 1 cm

Distance from centre of wire
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Choice of the geometry

The accuracy of localization depends
on the wire spacing
MWPCs with spacings less than 2mm
are difficult to operate

Dependence of the gain on
the HV for a MWPC with

As s decreases, the capacitance also s =2mm and [ = 8mm.

decreases, and to keep the same gain the
high voltage should be increased since
InM o CV,

The gain 1s plotted for three
values of the diameter 2a of
the anode wires

'07 - v T T T L] Ll L 1 T T
3 3
Another option is that of scaling down : ;
all the geometrical parameters of the . .
MWPC (a, s, I) o -
10" =

20 =20p 10p Sp

M 10° .

Thick anode wires allow to increase : :
the gain : j
Thick wires are easier to handle than ¢ E
thin ones ; ;
If t%"..le %{'ain curve is steep, the I:imbahilit;g-' ol 1

of discharge in any section of the
chamber can be high

LI}

Vo /Vy

ud



Multi Wire Proportional Chamber
as Cathode Strip Chamber

A MWPC can only measure the coordinate perpendicularto the wires. No position
measurementlongthe wires.

If the cathodeis segmentedperpendicularto the wires,the signalinducedcanbe usedto
determinethe secondcoordinate

Employing a center of charge calculation a position resolution of ¥

achievable.
cathode strips
/ y
E i
| }— A~~~
particle hit J3— S\
— J\L
L oF N
e N
L I o~
'
anode wireé T cathode signal
N anode signal =l

70
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CSC: example from CMS

The 4 EndcapCMSstationsare equippedwith CSC&£achCSC
has6 gasgapsandwith 6 layerof strips(radial)andwires.

»
ME4 &

The CMS CSC geometry

S

Themain goalof CSCss to define the bendingangleof
muon in the magneticfield of steel disksA crucial a

good spaceresolutionin direction perpendicularto the
radiusof adisk

il

1l
.'!'|l'||.|!||'||x|1”“1

il

||
| |||l||‘||l
-'1|||||".||'|w
|

Hl'f‘lﬂlnhl\'.'l'

radial strips wires

CSCchosen due to presence of high and

Innomogeneous magnetic field and high
particle rates. "



CMS CSC performance

CSC Spatial Resolution

CMS Preliminary :
140 b & & . ..............

<]
o

 ppl13TeV

L X 2017 (1Y)
’ _ _ ® 2018 (5 fb)

1]
o

CSC resolution o per station (pm)
L 3

=Y
(=]

N
o

[}

MEi/1a ME1/ib ME1/2 ME1/3 ME2/1 ME2/2 ME3/1 ME3/2 ME41 ME4/2
chamber type

o
T mesa

E ME+41
ME+32

Segment reconstruction efficiency

ME+31
ME+22
ME+21
ME+13
o ME+2

g me+11B

ME+11A
ME-11A
ME-118

ME-12
ME-13
ME-21
ME-22
ME-31
ME-32
ME-41
ME-42

CSGtation spatialresolution:

U Between 40¢140 mm (depending by
the stripspitch)

U stableperformance

CSC segment reconstruction efficiency (%)
CMS 2016 pp data 4 (13 100




Drift Chambers

Drift chambers are wire chamber with a long path:

1. Charged particle traversing the gas produce ionization

2. Electrons drift to the anode wire

3. Electrons close to the wire give rise to avalanche multiplication processes

U Hit positiondefinedby the linearrelation
between the drift velocity (about 50
um/ns) and the time of arrival on the
anodewire

X=Vv-Atl

U The electric field has to be homogeneous and the drift velocity constant and known.
u Comparedo MWPC: fewer wires and electronic channels, higher precision, but lowe

rate capability
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Drift chambers

A drift chamber (DC) consists of a region of moderate electric field,
followed by a proportional counter

 Electrons produced by an ionizing particle at time t, migrate towards the
anode, where the avalanche multiplication occurs at time t,

» The position of the jonizing particle can be inferred by the space-time
relationship: x = [ *w(t)dt
Jt,

» In case of constant drift velocity: x = w(t; — t,)

* The drift region is obtained with a set of cathode wires kept at increasing
potentials

e = - S~ - = = -
b ocoocooooOO0 Qo , ,
. \ SSREB8B8 S R &E| adjustable field
10NS [ [ |1—I|1—I|1—I|1—|1.—|1
-o4oo--i.lcooo-occnoo-.oonoont
Trrrre
- -* 00 2000 V
* : > 2200 . —
10 E *

i « Drift time
.l.i.k..l.i.ii..l..i.....
—~{ 2]

! "- 40 mm

|  scintillator counter
o field wire + SENnse wire

& & & & &

-
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Position measurements

The position resolution of a DC depends on:
Knowledge of the space-time relationship

Diffusion of electrons in the gas (intrinsic accuracy) = ¢, X +/x

The space-time relationship can be measured by recording the
time spectrum of a uniformly distributed beam of particles:

AN N ds o (I e (w0t ks
dt_dsxdt_ -Wtzbfdt it = IWI: t = ks(t

r — 700
450 | E threshold 18 electrons
400 F couor
; =
330 - = 500
: + [
300 &) :
: C 400 |
250 [
200 | 300 f
DoF 200 |
100 F [
; 100
50 [
0:....|....|....|....|....|......J.l 0'
0 100 200 300 400 500 600 700

TDC hit time [ns] Distance from the wire [mml
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Space-time relationship

500

4001

300

200~

100

15
S (mm)

25

A The plot shows the spademe

relationship for a drift chamber
exposed to a uniform beam of
minimum ionizing particles,
crossing the chamber with
different incidence angles

Usually the spacéme
relationship is calculated by
means of dedicated simulation
codes (Garfield) which describe
electron and ion transport in
gases
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Position resolution studies

The position resolution is usually studied with a telescope of drift chambers
-The drift chamber under investigation is placed in the middle of the telescope
- The resolution is evaluated by studying the differences between the
measured and fitted coordinates (with the other chambers)

Drift chambers resolution

enrries
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Position resolution studies

» The position resolution of a drift
chamber depends on:

» Accuracy of the time measurement

* A good TDC can give an accuracy
of ~50ps

» Constant contribution to the
resolution
» Diffusion of electrons in the gas
» The contribution to the resolution
1S of 4/x
» Primary electron-ion pair
production statistics

* The contribution to the resolution
1s exponential

» The best possible resolution of a drift
chamber 1s of a few tens of microns




CMS Drift Chambers

U CMSbarrelstationare equippedby DTs

U The basic detector unit is a drift cell a gasfilled tube with
rectangularcrosssection

U Fourlayersof tubesdefine DT SuperLayergSL)

U DTchamberisdonebytwo SLswith wiresparallelto the beam
direction, measuringmuon position in the bending plane of
the magneticfield andonein the longitudinalplane

U Gasmixture : 85%Ar +15%CQ

U hit resolutioninr. :200to 250 um
U hit resolutioninrz: 400to 600um
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