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Gaseous Detectors

Introduction
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Gas Detectors History

E PPC
Geiger Counter
H_G‘?,?E,-.H_HUE.E, 1908 % Parallel Plate Counter

A

Proportional Counter Pestov
Counter RPC

V.Pesiow 1982

Resistive Plate Chambers
r R.Santondco R Candarelli 1981

Multiwire Proportional Chamber &

G.Charpak el al 1963

Time Fru;ecunn Chamber
DUR.Nygren el al 1974

Gas Electron Multiplier

F.Sauli 1997

Micromegas
LGiomataris el al 1996
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(13 = bE = M@
@ Classic” Particle Detectors

PAD

* The Geiger-Muller tube (1928 by Hans Geiger and Walther Miiller)
- Tube filled with inert gas (He, Ne, Ar) + organic vapour

- Central thin wire (20 — 50 pm &), high voltage (several 100 Volts) between
wire and tube

[E. Rutherford 1909] [H. Geiger 1927]
=voltage
+ voltage
N\ | N
\ gss  pulse

Strong increase of E-field close to the wire
electron gains more and more energy
above some threshold (>10 kV/cm)

electron energy high enough to ionize other
gas molecules

newly created electrons also start ionizing

avalanche effect: exponential increase of #
electrons (and ions)

measurable signal on wire

organic substances responsible for
“‘quenching” (stopping) the discharge

E. Rutherford and H. Geiger, Proc. Royall Soc. A81 (1908) 141 First electrical signal from a particle

H. Geiger and W. Miiller, Phys. Zeits. 29 (1928) 839
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@ lonization of Gases M

Primary ionization Total ionization

Lohse and Witzeling, Instrumentation In High
Energy Physics, World Scientific,1992

Fast charged particles ionize atoms of gas.

. . . 60 I T I I I
Often resulting primary electron will have [ | | . !
enough kinetic energy to ionize other atoms. 50 | K,jz .
JE _a0F  WieV) .
AE gy N, - NUMber of created Z - \ BFy |
Biotal = —— = electron-ion pairs = ®
total VV, VVZ o pl 30 : ]
= total energy loss [ 26 EET I
Mhotal 3+ -4 Pprimary W, = effective <energy loss>/pai 20 | 0 ® LI
;= gy loss>/pair i 02.. a3 2 9 -
B C.H ]
i M : 2rlg ]
10F 37 BE: Al @ 5 B
H, CHa 18
: : . 5 o41 1=
Number of primary electron/ion pairs in 0 P
0 10 20 30 40 50

frequently used gases. Nprim (=1 atm-=1)
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MC

@ﬂ lonization of Gases PAD

* The actual number of primary electron/ion pairs is Poisson distributed.
a"e ™"

= m!

n=Lt-1Ino,
A l
The detection efficiency is therefore limited to :
Eqet =1—P(0)=1-¢€7"

For thin layers ¢, can be significantly lower than 1.

For example for 1 mm layer of Ar n =25—>¢,=092.

‘primary

* 100 electron/ion pairs created during ionization process is not easy to detect.
Typical noise of the amplifier = 1000 e (ENC) — gas amplification .
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Single Wire Proportional Chamber M

Electrons liberated by ionization drift towards

A
B the anode wire.
cathode ;H . . ] . .
— \ Electrical field close to the wire (typical wire &
H Sireshol ~few tens of um) is sufficiently high for electrons
\ (above 10 kV/cm) to gain enough energy to ionize
1r further — avalanche — exponential increase of
| number of electron ion pairs.
| - .
a r ;‘I
anode E(r)zzc;z—?%
_ 0 C — capacitance/unit length
e Cl r
. Vir)=—290 .1n~
primary electron ( ) 271'6‘0 a

Cylindrical geometry is not the only one able to generate strong electric field:

MWPC /

Drift Chamber ‘“I"
i N

Al I|’J

[ pattl ‘: /RS- ““‘.‘
| RaninaunAnnnnnN

wire mwpc parallel plate strip hole groove/well
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Single Wire Proportional Chamber M

ﬁoos.... e
Multiplication of ionization is described by .t ]
= Percentage of
the first Townsend coefficient «(E) o ST
o 1-0
1 2 0.041 - S:légg
dn=nadx Q=— ) _mean free path ; A B
l 0.03- G- 55.6
r 7 - 65.4
L 8-74.0
n= noe“(E X or n= noe“(r )y o.02f T0-533
- 11- 100
a(E) is determined by the excitation and 0.0l -
jonization cross sections of the electrons e 0 - s s
5 10 15 20 25 30 35 40 o 4_51
in the gas. A. Sharma and F. Sauli, NIM A334(1993)420 E/P (¥ em Torr )
It depends also on various and complex of
: -~ 2
energy transfer mechanisms between gas molecules. £ /%-Kr-
. . E e
There is no fundamental expression E Z/f e
for a(E) — it has to be measured for every 5 /ﬁ
o
as mixture z % 7
° ' 5 vl
< 102 7
N/
7 —
M="t —ex an(r)dr Amplification factor or S 0 /
L " Gain . /
2 4 w 2 4 102 2 &4 10® 2

E/p (V/cm x mm Hg)
S.C. Brown asic data of plasina physics (MIT Press, 1959)
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SWPC - Choice of Gas

In the avalanche process molecules of the

gas can be brought to excited states.

S. Biagi, NIM A421 (1999) 234
ARGON (1997)

t ELASTIC

-16 CM**2
S

* {0**

SUMOFNCXCHAITION
.01

ENERGY EV.

X SECTION

De-excitation of noble gases
only via emission of photons;
e.g. 11.6 eV for Ar.

This is above ionization

Ar ) AN

threshold of metals;
e.g.Cu7.7 eV.

new avalanches — permanent discharges

L. Ropelewski CERN-PH-DT

V\y
11.6eV

Cu

cathode

1t MC-PAD Network Training on Readout Electronics — Cracow 17-19 September 2009
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PAD

Solution: addition of polyatomic gas as a
quencher

Absorption of photons in a large energy
range (many vibrational and rotational
energy levels).

Energy dissipation by collisions or
dissociation into smaller molecules.

S. Biagi, NIM A421 (1999) 234
CO2 (NAKAMURA)
100 MR WY | MR RTT | AT | i sl TSR TT

STIC

CM**2

-16

vibrat,

X SECTION * 10**

.01
.01

ENERGY EV.
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SWPC - Operation Modes

High Voltage

L. Ropelewski

no collection — ions recombine before
collection

ionization mode — full charge collection,
but no charge multiplication; gain ~ 1

proportional mode — multiplication of
ionization starts; detected signal
proportional to original ionization —
possible energy measurement (dE/dx);
secondary avalanches have to be
quenched; gain ~ 104 — 10°

limited proportional mode (saturated,
streamer) —strong photoemission;
secondary avalanches merging with
original avalanche; requires strong
quenchers or pulsed HV; large signals —
simple electronics; gain ~ 1010

Geiger mode — massive photoemission;
full length of the anode wire affected;
discharge stopped by HV cut; strong
quenchers needed as well

CERN-PH-DT

10"

10"

Number of lons collected
)

10°
N;

i
PAD

— Region of limited

roportionali
Recombination prop y '\'

before collection

lonization
WChamber
| |

Proportional
counter

Il

I
Geiger-Mdiller
I, counter. |

1==-=="f=

Discharge j
region

500
Voltage (V)
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SWPC - Signal Formation ::u

Avalanche formation within a few

=+

+

1 ,&?ﬁi + ¢ wire radii and withint < 1 ns.
% Signal induction both on anode and
. . . cathode due to moving charges
(both electrons and ions).
dV
:%Edr

v(t) —

Electrons collected by the anode wire i.e. dr is 100 s /_
very small (few um). Electrons contribute only
300 ns

jab
o
9]
joN
o]
JV_289

dv

very little to detected signal (few %). A
lons have to drift back to cathode i.e. dr is large
(few mm). Signal duration limited by total ion drift
time.

0 100 200 300 400 500
Need electronic signal differentiation to limit dead time. £ (ns)
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Multiwire Proportional Chamber

« Simple idea to multiply SWPC cell : Nobel
Prize 1992

« First electronic device allowing high statistics
experiments !!

Typical geometry
omm, Tmm, 20 um

cerr A
Lk )}
,,,,,

by (el 3f

Normally digital readout :
spatial resolution limited to

- I

O, =

S
(\O)

ford=1 mm o, = 300 um

G. Charpak, F. Sauli and J.C. Santiard
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CSC - Cathode Strip Chamber

Precise measurement of the second coordinate
by interpolation of the signal induced on pads.
Closely spaced wires makes CSC fast detector.

\ M T T T
S 700 =
‘ Fit by Gauss + Parabola
BWS Op=6341m

500 =

E 400 =
Center of gravity of induced aool-
signal method.

Resldual |, (mmj

Space resolution
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MC

RPC - Resistive Plate Chamber s

useful gap

readout strips

] ] ]

_________ /resistiveelectroge

HV Rate capability strong function of the resistivity

of electrodes in streamer mode.

A. Akindinov et al., NIM A456(2000)16

GND Typical time spectrum from 5 gap MRPC
:—_ 12kV
103 c=T77 ps Gaussian fit =77 ps

Tail of late signals
29 events/1 T893 events
=0.16 %

MRPC ;’fmz
N — )/ Em /
I
]
I E L I I -
-2000 -1000 0 1000 2000 3000

I —
GND time difference between start counter and MRPC [ps]

Multigap RPC - exceptional time resolution Time resolution
suited for the trigger applications
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Drift Chambers \P“:?%n

Spatial information obtained by measuring time of drift of electrons

[

| - Measure arrival time of electrons at sense

scintillator §TOP

V“ ,— START

TDC

wire relative to a time t;.

Need a trigger (bunch crossing or scintillator).

Drift velocity independent from E.

. drift 7 anode F. Sauli, NIM 156(1978)147

t

* sto,
— > s = Jf vydt
low field region  high field region 300 o
— dIrift — gas amplification Lstart
200 |- 4
1 o =85um
Advantages: smaller number of electronics channels.
100 -
Resolution determined by diffusion,
primary ionization statistics, path |
- g 0 L L !
fluctuations and electronics. R PR B
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E Drift Chambers ::u

Planar drift chamber designs

Essential: linear space-time relation; constant E-field; little dpendence of v, on E.

Al SR E L LI MBI SRS RIS M A9 0 5 07 0 kB

Field Wire e 104
Ground ® -
Plates .\ _
1 Sense Wire ]

I-Beam for field shaping
/.\~

AN Sense Wire

o o A A i P i T AT 8 A A A Al A B AT Al A 8

U._L_L.l.l.l.l.u.l_l_LuJ.l.l.l.l_l—Ll-uull O lllllllll id

Field Wire 10 _

....................................... o I

aond T )IIHIIFI .

Plates lllllll IEE R RN RENRETR ] I EER AR RN RNNN) -10 5-
Sense Wire

o i b b 2 B 8 O 8 AR AR RS R F TR ALFPELL

U. Becker in Instrumentation in High Energy Physics, World Scientific
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E Drift Chambers p:cu

Various geometries of cylindrical drift chambers

anode e /pofen'rial
wire ,\\ . wire
! So--TT T Te N
//( /’// . ‘\\ \\\
’ // g ) \\“ A

.'.3

Supportingss
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15
PAD

Diffusion of Free Charges

F. Sauli, IEEE Short Course on Radiation Detection and Measurement,
. . . . . Norfolk (Virginia) November 10-11, 2002
Free ionization charges lose energy in collisions

D.DB I | | I I
. . . BallEmann
with gas atoms and molecules (thermalization).  F(€) KT=0.025 eV
- . L/ : a
Maxwell - Boltzmann energy distribution: 0.06 - |
|
_E ( I
F(e)= const/ee 0.04 'l! : A
Average (thermal) energy: | :
3 0.02 I .
&, =>kT ~0.040eV |
2 | —
0 ¥ | | | 1
0 002 004 006 008 01 012
: . . € (eV)
Diffusion equation: ; : , .
Fraction of free charges at distance x after time +. 2 )
o ions in air i
N 1 <
— e ‘P dt D: diffusion coefficient = 1=0.1 sec y
N  arDt z .
g -
RMS of linear diffusion: s 1= 1sec i
(M)
@ \‘“\\ }T = 10 sec N
O = 2Dt N T~ 1 ]
0. 0.2 0.3 0.4 05
X in cm
L.B. Loeb, Basic processes of gaseous electronics
Univ. of California Press, Berkeley, 1961
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Drift and Diffusion in Presence of E field ™

E=0 thermal diffusion <V>t =0

E>0 charge transport and

diffusion <V>, =V
Electron swarm drift o =~ (i >
A% —& . . ) < >
> T A Drift velocity - As, At
S
@7, SIAI= D= Diffusion \
D
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L. Ropelewski CERN-PH-DT

@ Drift and Diffusion of lons in Presence of E Field

Drift velocity of ions

is almost linear function of E v*" = //”F

e ion ez- .
Mobility: ¢ =— IS
m

constant for given gas at fixed P and T,
direct consequence of the fact that
average energy of ion is unchanged
up to very high E fields.

Diffusion of ions

from microscopic picture can be shown:

3 De

E=——

2 u
D _kT . 12kT x
lLlion e —> x e E

thermal limit

the same for all gases !!

Drift velocity in ¢cm/sec X 1079

m) Ox (Mm)

o, |

i
PAD

80~III|| T L B B B R Tr' L
B ]
40|; -]
=
200 -1 =&
<
® o
10— -1 Oa
8- 1 Q.3
- n ~~ O
6 1 <g
| Pressure in Torr O q
41— j —hq
Helium Neon Argon —_—
" e 1675 0750 ooss 1 O 2
-4 & 382 A 410 5 0823 D=
2 O 860 cora e27 — U ZF
A 1272 o 629 @,
o 222 g
o
N | [ | L | | R N =
5 8 10 20 40 i o
mine B\t inon_ Tl E/p 0€V/Cm/ orr} 2
00 =
T T T T T T T T >
\\\ \.\ \ 80 «Q
N {e0 [}
SO\, (2]
2001 Y a0 8
9 S
20 3
(0]
<
—
100 —H0o 5 ©
r 1 8 o a
80r P u:'L
{4 =
60F G; for all gases i 5
[ —-- 0 for 70% Ar and 30% CH, i
40t —— & for 70% Ar ond 30% CO; ~ AN
—— O ftor 67% Ar,30% Is0C4 Hyg and \\\. ~
3% Methylal \\\‘\.\ . Jos
\\\ "~ loe
20t S doa
! ] [ N B B B O ] 1 L1
100 200 400 600 800 1000 2000 4000
ewvem)  E (V/em)
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MQ
Simplified Electron Transport Theory m!

v, =k =—r Townsend expression; acceleration in the field times time between collisions
m
X : : -
= Me)e, =eEx  balance between energy acquired from the field and collision losses
VT
X - . F
— number of collisions; /I(g) fractional energy loss per collision
VT
g, part of equilibrium energy not containing thermal motion
1
NO'(8)V time between collisions; y instantaneous velocity
3
£, +§kT total energy
10_1 [T T T I| T T II| T LI ll T LI ]0'14
- )\ —
u 2(8) -
0 E 5
S I
, eE e 5L N
VD = 10 - B
mNO'(g) 2 i ] 108
07 = =
- Ar ! 7
= - R} ST IS N T W R ST A S U B S
10-5 [N AW A U SR I ) I S I A A 1
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
& £

B. Schmidt, thesis, unpublished, 1986
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Drift and Diffusion of Electrons in Gases M

Large range of drift velocity and diffusion:

: ; i Diffusion some gazes lo
Dorift welo ity zome gazes bis . : ? : a
T T T T

15 P o Bl T L T
' A-CF 90-10 = e
w 4 L S e
5 5 1000 | A
2z / /’\ = 0
10 ’ \ g
5 \ cH "
| £ e
] g A-CH 90-10
!E 4
L)
s \
A-CH, 90-10 = o :-_ﬁ__ .
o A Trin
ADME4peo  HE | DME s el D
. ermal Limit~-...__
M T T T T i T i I ] 1 1 I L 1 1 | L L L L 1 1 -‘-"--'---""-"
500 1000 1500 2000 400 800 1200 1600 2000
E/P (V/cm.Atm) E/P (V/ecm.Atm)

F. Sauli, IEEE Short Course on Radiation Detection and Measurement, Norfolk (Virginia) November 10-11, 2002
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@) Diffusion Electric Anisotro =
i Py PAD
Influence of gas mixture composition on two
diffusion coefficients N g
. Argon—CH, . ;
= —
j= . g £ - %
-} T T T O NI T T : = -
£ - P, A r E O 1 450 :
o " = : E %
2 O 5 4o0f
- 2
. I % o3 g
i 3 360N
E 3 asof 4z L 1 i
3 ! E 3 sof} i
5 300} {1 3 ; =
: i : —_ 2
S - aof 4 c -
% L S °
— 5
e I zof SR on s @ 0F 7
= = = U
T et —= = p ois0b .
S > iabt - i T =
4, . l=ue O -
% :;' L — Q oo b i .
o] | T T [ | ()
= > CH,
= sob 2 st .
c ©
O  Lli & &1 1 1 £ ! | | N N A S T S i M M T M
| ocoao = ca B B ORE RS PRI L L L bl B B B b A l_ = = R = A e - I O I PR PR IR PRE YR P R
hi = Zn EB [T Bk inom b e I B B e B A LU - - LR ] Ad e B O LT - -] Bd e & [A i‘-\
Elgctric field W/eml 3 Electric field IV/cmil =)

E (V/cm) E(V/cm)

S. Biagi http://consult.cern.ch/writeup/magboltz/
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MQ
Drift in Presence of E and B Fields PAD

Equation of motion of free charge carriers in presence of E and B fields:

—>

m%zeEJre(\?xBHQ(t) where O(f) stochastic force resulting from collisions

m
Time averaged solutions with assumptions: v, =(¥) = const. ; <Q(t)>—?v friction force

<CZ> 0= eE+e(vD><B)——vD 7 mean time between collisions Yy ExB
T
E X A ~ NN
Vp = ,U‘ 2‘ 2 [E+607(EXB)+C‘)272(E'B)B]
1+t

er . eB
{=— mobility @w=-— -cyclotron frequency
m

B=0 — $=9"=yuF

D D

o ©

- - B
Eg — %=V

— — VB
B LE = V% B\/1+COZ'
tano; =wrt

In general drift velocity has 3 components: || £ 5| Ex B Y Lorentz angle
wt<<] particles follow E-field %
wr>>]1 particles follow B-field B/ ‘
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MQ
Diffusion Magnetic Anisotropy W

E||B
— e — —/—/‘—‘—:9% —B
E Pt - . D VD 600 e et St et S e Gl e
- pad J A o B ]
/ i L . ArfCH, 80/20 E=0.115 kv/cm
|
% 4 2500 F |
— \ // a
B S = 0 Experiment (Clark et al, LBL TPC)
o]
400 |
300 -
O, L
_ 0 100
I+w°t :
0 1 | 1 | 1 | 1 | 1 1 1 1 1 1 1 | 1 1 1
0 0.5 1 15 B(Teslay 2

F. Sauli, IEEE Short Course on Radiation Detection and Measurement, Norfolk (Virginia) November 10-11, 2002
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TPC — Time Projection Chamber

- particle track

3 * E liberated e

-

; ii- \
: T

/- AT
.// pads %

Lidi Time Projection Chamber
x 7

Induced charge on the plane «  full 3D track reconstruction: x-y from
wires and segmented cathode of MWPC
(or MPGD); z = vy X tyi from drift time

. momentum resolution

|l¢——— Q
ating plane
~<_‘ ca%nodg[g)lane
anode plane

space resolution + B field
(multiple scattering)
* energy resolution

measurement of primary ionization
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@AV TPC — Time Projection Chamber

HV electrode (100 kV)

field cage

readout chamyer

.
.....
.....
.....
.....
e

Alice TPC

HV central electrode at —100 kV
Drift lenght 250 cm at E=400 V/cm
Gas Ne-CO, 90-10

Space point resolution ~500 um
dp/p 2% @1GeV; 10%@10GeV

Events from STAR TPC at RHIC
Au-Au collisions at CM energy of 130 GeV/n
Typically ~2000 tracks/event
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TPC - Time Projection Chamber M

Positive ion backflow modifies electric field resulting in track distortion.

Solution : gating (or GEM)
Prevents electrons to enter amplification region in case of uninteresting event;
Prevents ions created in avalanches to flow back to drift region.

gating plane

cathode plane

| s G S anode wires

(i

readout pads

ALEPH coll., NIM A294(1990)121
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@I TPC — Time Projection Chamber M

PEP4 (SLAC)

TPC Reference
PEP4 PEP-PROPOSAL-004, Dec 1976
TOPAZ Nucl. Instr. and Meth. A252 (1986) 423
ALEPH Nucl. Instr. and Meth. A294 (1990) 121
DELPHI Nucl. Instr. and Meth. A323 (1992) 209-212
NA49 Nucl. Instr. and Meth. A430 (1999) 210
STAR IEEE Trans. on Nucl. Sci. Vol. 44, No. 3 (1997)

ALEPH (CERN)
ey E .' ’-.'
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@ Micropattern Gas Detectors M

AW, TEEC Fain-Fate Jumm

i”u Advantages of gas detectors:
g 1l o Pty low radiation length
10 L1z 1 L T i Iirr J
. W T —_n.——ﬁ I{ b Ifﬂ\
09 \1\5\1\5\“\}“\ . * large areas at low price
05 N — m“”z\; - flexible geometry
07 " \3\ i@: * spatial, energy resolution ...
GLASS 10" 0 mm
0é
" Problem:
04 3 1 = - . . ono . 0 g
10 10 o D e ot e rate capability limited by space charge defined by

the time of evacuation of positive ions
scale factor

1 Solution:
juaaze * reduction of the size of the detecting cell (limitation
. of the length of the ion path) using chemical
> etching techniques developed for microelectronics
and keeping at same time similar field shape.
10

R. Bellazzini et al.
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@ Current Trends in Micro-Pattern Gas Detectors (Technologies)

MWPC-MSGC Rates

1.2
51 by % ﬁ L
Semiconductor Industry technology: s Wix fsce
« Photolithography o8 \ 3
MWPC
e Etchlng 06
) A=3x10%
 Coating 04
* Doping 0
Rate (mmZs™)
0 i
10? 10° 10°* 10° 10° 107
i i
Drift Chamber ‘ ,
PN Amplifying cell e
reduction by
factor of 10
>

Operational instabilities:

Rate Capability>105/mm?
. Position Resolution ~40pum
il 2-track Resolution ~400um

Substrate charging-up . °
Discharges |
@ Polymer deposition (ageing) ° .

MWPC MSGC
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PAD

MSGC — MicroStrip Gas Chamber ne

—_n  Thin metal anodes and cathodes on

| % insulating support (glass, flexible polyimide ..)

SUBSTRATE CLEANING METAL DEPOSITION

Problems:
coating

pal

]

High discharge probability under exposure

COATING LIFT-OFF PROCESS

wmee 10 highly ionizing particles caused by the

e photopolymer

s

BEEEC el e EDGE PASSIVATION between conductor and insulator.

AND PLASMA CLEANING

regions of very high E field on the border

|

Charging up of the insulator and modification
of the E field — time evolution of the gain.

“ ",’I/ .__':__.-.-;25‘__.@:#1”.,_____,_ Bl insulati t slightly conductive support
\\\\\“m’,/ | o T ) g e S insulating suppor ghtly pp
Wiz 1 e O R P y
il :

SNz :

urn urm

R. Bellazzini et al.

' :’?@ Solutions:
slightly conductive support

multistage amplification
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MSGC — MicroStrip Gas Chamber W

Surface charging

Bulk resistivity of the support material
Surface modification by doping or deposition
Ageing

Gas, Gas system, MSGC support,
Construction material

Discharges

G ain-efficiency -disch prob

100 |-

ues

4
EFFICIENCY /
i

GAIN

Efficiency (%)
o =}
o o
Discharge Probability (%e)
iy
S

40 | 10°

/ DISCHARGE

PROBABILITY

20_’ MSGC
L 3 mm gap 1
L Ar-DME 50-50 :
0. o7 . .

450 Bgn . =Ep 600 650 700
Anode Voltage (\/)
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MSGC — MicroStrip Gas Chamber :;eu

MSGC: Discharge mechanisms

Electric field strength close to support plane in MSGC

] o
. E

anode

|
"

E-field [MV/m]

E-field [MV/m]

U s[um] Cs[um]

Charge pre-amplification for ionization
released in high field close to cathode Coated MSGC Uncoated MSGC

Surface resistivity modification

Very high ionization release:
avalanche size exceeds Reather’s limit
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MSGC - MicroStrip Gas Chamber

Cathode edge passivation

gum 7um 93pm éggpm
L ﬂ PR A— R TR —-

mmm advanced passivation: polyimide (2um)

—1 metal: gold (0.6-0.8um)

— undercoating: Pestov or S8900 glass (0.5-1um)
= substrate: Desag glass (300 um)

Advanced passivation

tandard passivation

Bellazzini et al.
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&) MSGC - MicroStrip Gas Chamber
i

counts

L. Ropelewski

**Fe spectrum

5000

%=0.94 K 5.90KeV

AE/E(FWHM)=10.7%@5.9KeV
4000

Ar-Ethane(50/50)
pitch 1251m

30001 anode width 3um
KHB,ZQKEV + data
—fit
2000 -
Ar escape
peak
1000 ~

KeV

Energy resolution ~11% for 5.9 keV

Foo
'Ne(25)-DME(75)
Vcath=-530 V
A/drift= -3000 V

X¥/indf 2131 /S 67
Constant 577.9
Mean =0.2998E=-03
Sigma 0.3448F—02

o=345 = C.4um

300

200

100

20.05 =004 =005 -0.02 -0 o 001 Q.02 003 Q.04 003

Spatial resolution = 34.5 £ 0.4 um

2-track resolution ~400 um
CERN-PH-DT

Relative gain

Pulse Height

MC
PAD

——
MSGC:Beam Event B!

Sl

10} - fwhm~350
5 : : um i

10""!""‘!"'

il

0-|n_ ﬂrLﬂnJHn a
o U - T

300 10 20 30 40 50 60
Strip number (200 pm pitch)

Single event wire map

1.1
MSGC Surface resistivity !!
1.0 ® =
[ ]
0.9
Vd= -1000V, V = -564V
D263 uncoated
0.8 Purface=510 "Qfsquare I
V= -3000V,V =-460V
Pestov glass coating
. . =10 "°Qcm
0.7 Source: 5.4 KeV Cr X-rays p”"‘k_1 »
Ne-DME (50/50) ® 5, =10 Qom
-\NFNfPIS
6 789 2 3 4 5 6 7809 2 3 4 5
0.1 1

Rate (MHzZmm ?)

Rate capability > 1 MHz/mm?
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. . MC
@ Micromegas — Micromesh Gaseous Structure \Pf,,;‘;'

Micromesh mounted above readout
structure (typically strips).

E field similar to parallel plate detector.
E./E; ~ 50 to secure electron transparency
and positive ion flowback supression.

Onft Cathode

HW 1 = 730V
Ei
E lonisation Region
i e A T
e 1 — — —

MicroMesh e sooy loannis Giomataris
=
E Ea Amplification Region A0 Kyiem
=y Anode Strip

I T T T N e . |

lonising Particle

Y.Giomataris et al, NIM A 376 (1996) 29
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@ Micromegas — Micromesh Gaseous Structure
gain T efficiency & discharge probabqu
c e - B CFé+20%iC4H10 11 :
S [ ' E i | & He+30%iC4H10 - N g
o L ' e | @ He+ EﬂﬁliCiHIU > L i {105
; o ,a| m Are10%iCeHio S 0.9 ]
= ...-...: g
®0g 1
07} - 107
i L4 F b bl 0.6/ 1107
350 400 450 500 0
350 400 450 500 550 §00 650 High Voltage [V5]5
High voltage [V]
energy resolution ~ 10%
A e ageing:Ar-iC,H,, 94-6% up to 24.3mC/mm?2
P Fe 0.8 ' 1.8*10"2 particles/mm?
B 10 years
mi 0.6 LHG
: o 0.4
1000 10000 20000 30000 time[min]

D.Thers et al NIM A 469 (2001) 133
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@ Micromegas — Micromesh Gaseous Structure

MMO1V1__ Efficiency Plateau |

g 1
c
;;Z: | . . ® [ ® [] [
i ® Plateau Effidgiency : 99.5 %
0.95—
L [ ]
09—
[ .
0.85—
- 420 V operating point
08— ~3-4.103 Gain
r [ ]
Lol v b b e
0.75 340 360 380 400 420 440

Mesh HV (V)
Large efficiency plateau > 40 V

MMO1V1__ Time Resolution |

. 2 | ndf 1275 | 56
Prob 278008

r po 103.2- 2435
q000—- O — 9 ns p1 4834 27.18
L p2 251 0.04319

p3 0.006- 0.03784

3000

2000,

1000

Time (ns)

Time resolution : 9 ns

L. Ropelewski CERN-PH-DT

MC
PAD

[ MMO1V¥1__  Residuals |
2000— MMO1V1__ hres
L Erfries 72994
8000— Mean 00001025
L H 001554
7000— c =7o |Jm ¢ nd 1057 ¢ 97
_ Prob 1]
8000— Corstart 8777 4358
L Mean  9347e-05- 4241805
5000— Signa 0003891 3 A75e-05
4000—
3000—
2000—
1000—
Loy | | T R 5T Il O s Ol O hec i

&2
b
of
o
=3

0.05 0 0.05 0.1 0.15 0.2

(cm)

Spatial resolution < 70 um

D.Thers et al NIM A 469 (2001) 133
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GEM - Gas Electron Multiplier

Induction gap

g ]

I S5 um |
70 um

Thin, metal coated polyimide foil perforated
with high density holes.

Electrons are collected on patterned readout board.

A fast signal can be detected on the lower GEM electrode
for triggering or energy discrimination.

All readout electrodes are at ground potential.

Positive ions partially collected on the GEM electrodes.
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GEM - Gas Electron Multiplier

Full decoupling of the charge amplification
< <~ _._ structure from the charge collection and

#" FAST TRIGGER.

readout structure.

Both structures can be optimized

¥-COORDINATE

| g independently !

H-COORDINATE

A. Bressan et al, Nucl. Instr. and Meth. A425(1999)254

Compass Totem
Both detectors use three GEM foils in cascade for amplification //////_ %
to reduce discharge probability by reducing field strenght. %/I/y /[;/;‘ 7w,
LYY / AELLL 4
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@AV GEM - Gas Electron Multiplier

Hit Position [350 pm strips]

L. Ropelewski

Hit Position [350 um strips]

MC
PAD

550

B :g %: rms = 9.7 ns 250 :— rms = 5.3 ns
700_ :g é: 200
I o E 9.7ns | ., [ 5.3 ns
600 a0 B L
- 30 ; 100
500 33 E: s0 |-
- 0 E f | 0 i | I |
400 50 100 150 200 350 400 450 500
L AI‘ICO2 70/30 AI‘/COz/CF4 60/20/20
300 it sl T :053 :: rms = 4.5 ns 300 - rms = 4.8 ns
ey : . 350 r 250 .
2007 300 ; __
- - : 250 [ 4.5 ns 200 1 4.8 ns
100 ' ' ‘ 200 [ 150 -
I 150 100
100 — ’
0 I | I | I | 1 | 1 | ! | I | I 50 ; 50 j
C | L | | L | |
0 100 200 300Ht 4POO t500[80600 :00 ] 0350 400 450 500 550 0150 200 250 300
it Position m strips
H P Ar/CF,/C,H,, 65/28/7 Ar/CO,/CF, 45/15/40
00l Time resolution
| [t e 70
600 ry
= 2500 "
i i “il‘ 60
500~ @ '
i S 2000 ° o 50
400 = - S 20
i E 1500 > -
300 B I g —
d; ] ) (BOpm strips)
- E 1000~ .
g | | 2
200 ?; , \\k% °
s [—] 500 j W,
& ) ni 'Y 10
100 T B .Y SRT
L gl o 4 | ) | . | | clusmrlcnarge [Iu‘u.] o
o—L b ] 0 500 1000 1500 2000 2500
0O 100 200 300 400 500 600 700 x-coordinate: amplitude [a.u.]

Hit Position [80 um strips]

CERN-PH-DT

350

Charge corellation (cartesian readout)
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©)J] GEM - Gas Electron Multiplier oL
7 PAD
DGEM eff+sig/noise 4 | SGEM Gain-rate
10 L I I /}‘. P . St S RE Ste TR S S S S S 19 . = =l (GEM Only Gain vs rate PA=90)
o & -
95 . 5. o 1.10
¥ < =z g
& 90 : 10° e R L o oA O Y
- H . = 1.00 T | it ¢t s i ¢ ot ?
Ses = 1 o i
- ; _ ] - 3.106 particles/mm?2
E 80 f 110° ’ SINGLE GEM GAIN vs rate
© L DOUBLE GEM+PCB 1 M 0TV (RalEEN)
% 75 _ £ / Argon—COl o 1 0.80 VDRH= . 2000 V
S ! E_~3 kViem 1 Ar-CO, (70-30)
) 70 | ET ~d KV lem e 10" 0.70
o) i : ; ]
B
< i 0.60 oo po—
= [ : : ulse Height urren
‘.-C_, 60 e rmr e e e R (}6]” 9 bk
© 750 800 850 900 950, 1000 - i
- ;
E i 107 10° 10* 10° 10° 10
c o ¢ % : oo RATE (H o
< Efficiency for minimum ionizing {EeEmd
o . . ili 6 2
3 particles with 3 mm gap Rate capability > 10° Hz mm
T). 60 T . DEEM I’ESM\’thSOU 1.2 Gain vs charge mod
= & DOUBLE GEM+PCB £ ' :
S Argon-CO), 70-30 2 x :
® 2t E_~3 kViem o £ ! Y ,
B = B, ~d kViom = e ¢ ! m A A AN
= 2 | | b D r‘ :
8 Zsl 400 S 0.8 - GAIN-~+-10
o o & £ :
0 [ ! £ = : Ar-CO, 70-30
< [ 0.6 ;
45 | 3 300 : !
; \\ ~610° | FLUX ~ 2.5 10° mm
0 - t “Lii_j_ _%i—f— ”{L} 200 04
: t 0.2 L 1.mC~2.1019 min.ion. particles
35 | 100 :
750 800 850 900 950 1000 :
AV i AV V) 0 :
0 1 2 3 4 5 6 7 8
Space resolution ~ 40 um rms Collected charge (mC mm?)
) C. Altunbas et al, DESY Aging Workshop (Nov. 2001) Nucl. Instr. and Meth. A
Cluster size ~ 500 um FWHM J. Benlloch et al, IEEE NS-45(1998)234
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@ Current Trends in Micro-Pattern Gas Detectors (Technologies)

* MSGC

* Micromegas

- GEM

* Thick-GEM, Hole-Type Detectors and RETGEM
* MPDG with CMOS pixel ASICs

* Ingrid Technology

Dnt Cathode /

3mm

L. Ropelewski

Cathode Mesh memensssssaemnsmensnen L | Sathods Plane
e 3¢ Conversion Gap .
drife o tE
<—) top/eathode Drift
lonisation Region THGEM 1 MHSP Top
. [:] Cathude Strip
€ . mT bottom/anode
Micro Mesh ’ TraHSfer Gap 8= H 29 /\ d Sl
,,,,,,,,,,,,,,,,,,,,,,,,,,,, { TVer -.c i
THGEM 2 o
Amplification Region 0KV ‘ 7
Anode Strip { ‘
N N O N BN . . LN | ,a /
Induction Gap A ] =
Ms l'egwﬂ Hole r region l E
lorising Particle AnodeMeshll-lllllllllllllllllll nd
€Y Y €y Y
B A o
Micromegas GEM THGEM MHSP
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e
PAD

CMOS high density
readout electronics

fllul lJ

CMO3 chip




MC
PAD

@ Current Trends in Micro-Pattern Gas Detectors (Performance)

120 g z 2 Si -E.r.' . E
i o =
g 110 F GEM . o
are 2 { ; Q
« Rate Capability € vty >0
£l . _ 5 | *8' | Ar/CH4(5%)
« High Gain T ety e
080 [y =-2000 v i T Q
« Space Resolution oo %70 ox40F p/mm? 2
. I ! =) ArfCO (30%)
- . L | ! ! 0
e Time Resolution ke | e @
0.50 2 3 4 lﬁ 6 T <
° Energy Resolution 10 10 10 10 RATE(:lgmm'Z) 10 0 400 800 1200 1600 2000

AV_ ... [VOIt]

« Ageing Properties S

iE0 . N DR ':.|-|r_.l:. Lral]
Micromegas | | Tedl = i Ar/CO2/CF4
. o | I P 300 - GEM f
« lon Backflow Reduction b WA e[| (o 03] - (45/15/40)
: | 1. Mann O RE-02 | 250
. 00 | Syma__016HE-01 B -
* Photon Feedback Reduction . spaiar | | | 200 - fms = 4.5ns
“F resolution | H 150
wf o~12mm J i 100
v l 12 ul":k | B
B b bt 1 LBl sl J_J-'\—""I 5E T J
p azi - -015 -01 <008 0GOS 01 r.,. » ':'3. . o P T | [T
10 e ; (a) Doutiet y{Det2)-y{Det1) [ttn) 150 200 250 300 350
ET=0. cm LI
drift ror M' . . Ar + 6% Isobutane
gy Icrom ] e Y H
o e i
S = 2keV | ol lakod’" lhiani
LL 2 \\\\‘ ~. 1 . ' i
m 10 X | 243 mC.mm
. P ol ‘i E :: | 10 ans au LHC I
10 F-R-MHSP/GEM/MHSP e 20 years of LHC
R-MHSP/GEM/MHSP-
! |
Ar/CH; (95/5), 760 Torr
10-5 ~ ~ I I Al Ll - 4 '“ | |
10 10 10 100 200 300 400 500 600 700 800 900 M EEEEREE RN
Total gain ADC channel LSt
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MC

@ Development of large-area MPGDs pAD

Bulk Micromegas Single mask GEM THGEM

Dnft Cathode /
Cathode Mesh enmmensengeennnnnnnnmn
te °88 Conversion Gap
drift
/cathod
£ lonisation Region (—) top/eathode
£ THGEM 1 D
: H(V/C!TVT bottom/anode
Y MooMesh [ . Transfer Gap
£ THGEM 2
£ Amplification Region 0K [j
OﬁOd:Stw----- N |
f E Induction Gap
ind

lonising Particle Anode MeshmemmeneemnenmnnEnEnEES
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@ Development of large-area Micro-Pattern Gas Detectors

Bulk Micromegas

board

Photo-image-

able cover lay
/ Stretched mesh

on frame

Laminated
Photo-
image-able
cover lay

Single mask GEM

MC
PAD

Raw material

Single side copper patterning

Polyimide etching

Copper reduction
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Limitations of Gas Detectors

Classical ageing
Avalanche region — plasma formation

(complicated plasma chemistry)
» Dissociation of detector gas and pollutants
« Highly active radicals formation
» Polymerization (organic quenchers)
* Insulating deposits on anodes and cathodes

K PHOTO- 3
TUBk 11112 WIRE 1

Anode: increase of the wire

-'wwe t ~ diameter, reduced and variable
“={*"  field, variable gain and energy |
resolution. '..s.:‘,::
E .
a
Cathode: formation of strong B -

cathode

dipoles, field emmision and

DD @ D

microdischarges (Malter effect).

C0
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Limitations of Gas Detectors

Solutions: carefull material selection for the detector construction and gas system,

detector type (GEM is resitant to classical ageing), working point,

non-polymerizing gases, additives supressing polymerization (alkohols, methylal),

additives increasing surface conductivity (H,O vapour), clening additives (CF,).

Creation of database of "radiation-hard" materials &

detectors depending on application, commercially available materials

1
PAD

Source Product Outgas o nl o Note
STYCAST 1266 Long
CERN/GDD (A+B) NO NO curing time
STYCAST 1266
HERA-B/OTR (A+Catalyst 9) NO NO In Use
Out of
CERN/GDD | HEXCEL EPO93L| NO NO sl e
HERA-B/ITR| ECCOBOND 285 NO NO In Use
CERN/GDD | ARALDITE AW103
ATLAS/TRT | (Hardener HY 991) NO e In Use
ATLAS/TRT TRABOND 2115 NO NO In Use

Low Outgassing room-T epoxies

L. Ropelewski

CERN-PH-DT

Effect
Source Product Outgas Glr:_‘ Result

CERN/GDD ARALDITE AW 106
ATLAS/TRT | (Hardener HV 935 U) YES BAD
CERN/GDD DURALCO 4525 YES | YES | BAD
CERN/GDD DURALCO 4461 YES | YES | BAD
CERN/GDD HEXCEL A40 YES - BAD

TECHNICOLL 8862
CERN/GDD + (Hardener 8263) YES - BAD
CERN/GDD| NORLAND NEA 155 | YES - BAD
CERN/GDD EPOTEKE905 | YES - BAD
CERN/GDD | NOREANDNEATT23 ™V rg g BAD

AN

Outgassing room-T epoxies
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Limitations of Gas Detectors W

Discharges e  DuensDTGEM wCONL
iy | External collimated o source Hen.
Field and charge density dependent effect. z | Ar-CO, 70-30 _
- 1 o . -5 4107 | Equal AVGEM
Solution: multistep amplification s
resistive electrodes £ [ T
E

&%)
(R
=
[¥]
S
Rt
o |
3
53]
=

2107} I

t | DGEM
[ | SGEM f
110° ;'
: : 1 .
? I-' I-'I
010°} o 2 o
10° 10° 10* 10° 10°
Effectrve Gain

SR AR SRS
B o e

Insulator charging up resulting in gain variable with time and rate

Solution: slightly conductive materials
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Computer Simulations :Aeu

MAXWELL (Ansoft)
electrical field maps in 2D& 3D, finite element calculation for arbitrary electrodes & dielectrics

HEED (1.Smirnov)
energy loss, ionization

MAGBOLTZ (S.Biagi)
electron transport properties: drift, diffusion, multiplication, attachment

Garfield (R.Veenhof)
fields, drift properties, signals (interfaced to programs above)

PSpice (Cadence D.S.) electronic signal
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MC
PAD

@AV Computer Simulations

Input: detector geometry, materials and elctrodes potentials, gas cross sections.

Multiplication and attachment

Electric field along pathline through GEM hole center Ar70%, CO, 3%, T=300 K, p=1 atm
E _I ) o I(il-:l.\'l \-;)Iiapl,e: 3:‘)(} \-'I- E E . I\./I'ar ; Boltz :
Z Maxwell ; z 9
< st . et
= L E 3
2 <10 ¢

L 2 ..
s | 5 Attachment coefficient
£ o
s r 8
= 30r =
=t 210"

i :

- =

20+

L ] 10 E

I Avalanche threshold

T GEM LE

-120 -80 -40 0 40 80 120
z-position (micron) 10 L

160 5 3 456780 2 3 456180 5 2

E [kV/cm]

(|
-160

Field Strenght Townsend coefficient

P. Cwetanski, http://pcwetans.home.cern.ch/pcwetans/
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MC

Computer Simulations o

Diffusion
Ar70%, CO, 30%, T=300 K. p=1 atm

T T T T T T T T T T T T T T T

.y | Xe/CE,/CO, 70/20/10 Magboltz

o oh

Simulated

- 300 y Magboltz

Vi [€M/Us]

(V]
T

A& W o0
" —

80r 1 o Experimental

(%]
T

20F 1 0
1 | I ] 1 1 1 | T T '] L L 1 | T ' 1
' L8 w4 ey L L i " L4 ~ a2 )
2 3 456789 2 3 456789 2 3 456789 567891 3 45678910 3 456789102 23
1 10
E [kKV/em] E [kV/cm]

Longitudinal, transverse diffusion Drift velocity

P. Cwetanski, http://pcwetans.home.cern.ch/pcwetans/
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PAD

@ Computer Simulations ~

P. Cwetanski, http://pcwetans.home.cern.ch/pcwetans/
R. Veenhof — CERN detector seminar

'E' ol : I : : I : : : ; : o ; :
= _alec Garfield _
v Photo-electron Garfield
- - [ 1 i o o
< e ¢
:L"D.l}ﬁ- <
004f Tonisation _
002 F : / |
ot ) 59 |
002 [ 3 i 1
Attachment 1
0.04 | F
T ~~Electron path Micromegas
0,08 b
ail <—— Charged particle -
s : ¢  E £ °
x-Axis [cm]
CSC-microtracking in Garfield Positive ion backflow

Conclusion: we don’t need to built detector to know its performance
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@ Detector design optimization, fabrication methods and new geometries

THGEM Example

Diameter
A Pitch

m

f o AT I -J‘Q

, . , Drilling + chemical rim etching without mask
Mask etching + drilling; rim = 0.1mm

5
- 10 (1300 Volt)
> e ] (1210 Volt) ®
) 10%+ (1230 Volt) ¢ 10%
— 5 (1140 Volt) ®
> 3
*10_] ElﬁLr(:.ufnf(Imﬁ fromaﬂf{wqmmmpm *103 HG_) % ]
E s ‘ I Rim: 100 um g . 0 pm m 10 _ 6 k V X C
-E :n i H E “l 10 pm >< e -rta
i X st 100 pm 2 1 atm
) /f ol 200 pm 1
High : : Ogoo'0'02'ob4'o'oe;'o'08'0'10'0'12'014
field ° o S ey,
1 4 q Rim Size (mm)
oty =i :t Entrance hole pitch = 1 mm; diameter = 0.5 mm;
tE Lt LLCEBEC B ¥t 6 F s 6 : 88 EEE .
Pl - Axis em] g rim=40; 60; 80; 100; 120 um
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MC

@ GEM charging up simulations pAD

| Iterative method with "0.1s equivalent" charge step | , Electron driftlines from a track
*10” oo, o0 o o Ot
- T
§ 90 :_ ..................... I 5.' :
g, E A o
“! 80 T T T . o i
= ]
Q S TN« L SOt SRRSO N
£ 700 d
o 4
g 60 __ ........................................ =
s F BottomGE p
5 S0 = Botto pton Half !
TP S ¥ o R Ti apton Half B :
. L PO 5'
-Axis [cm] &
30 .
20 = | [ o i e
i |1z
10} i .. 2 |
e P PP e Ry ¥y o g i e 1l B
2 3 5 )
Equivalent time (aou: 2 5 i
q o [\ -
2
jﬁ%_ﬁ
e
! e e————— . T e e m————
YR &
i e |
S weAxis fem] . ®

G. Croci (CERN) - 3rd RD51 collaboration meeting - Crete - 16-17 June 2009
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Ma
@ Micromegas Electron Transparency : Simulation vs Measurements PAD

, Electron drift lines from a track
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Efficiency decrease starts at same drift field with the data ( Ea/Ed ~ 55)

- Predicted efficiency in the falling slope within 10% from the measurement
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@ Gas Detectors in LHC Experiments ::u

ALICE: TPC (tracker), TRD (transition rad.), TOF (MRPC), HMPID (RICH-pad chamber),
Muon tracking (pad chamber), Muon trigger (RPC)

ATLAS: TRD (straw tubes), MDT (muon drift tubes), Muon trigger (RPC, thin gap chambers)

CMS: Muon detector (drift tubes, CSC), RPC (muon trigger)

LHCb:  Tracker (straw tubes), Muon detector (MWPC, GEM)

TOTEM: Tracker & trigger (CSC , GEM)
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Ma
@ Current Trends in Micro-Pattern Gas Detectors (Applications) PAD

* High-Rate Particle Tracking and Triggering

» Time Projection Chamber Readout

* Photon Detectors for Cherenkov Imaging Counters

» X-Ray Astronomy

* Neutron Detection and Low Background Experiments

* Cryogenic Detectors

* Medical Applications

* Homeland Security and Prevention of Planetary Disasters

PHOTON
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Production Aspects ::u

Detector Design

Services
and Connectivity

ZIF con 'néctors
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PAD

@ Production Aspects

Component Production

Infrastructure
and Assembly Tools
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@J Production Aspects

Component Quality Control

Electronics VFAT

GP5
ALTRO
MEDIPIX
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Industrialization
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