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Why studying gas discharges in gaseous detectors?

ÅGas discharge physics is one of the best-known fields of modern physics

Å>200 years since the discovery of the arc discharge by V.V. Petrov

ÅStill, the main limiting factor for the stable operation of gaseous detectors

ÅUnderstanding gas discharges helps to avoid their occurrence and mitigate their effects!



GAS DISCHARGE PHYSICS
(brief overview of 200 years of research)



4 4.11.8 U-I Characteristics 

Particle Detectors ï B. Ketzer 

I. Recombination during drift 

II. Collection of all created e--ion  

   pairs: ionization chamber 

III. Avalanche creation:  

       proportional counter 

IV. Distortion of electric field around 

  anode  

  screening of electric field 

  loss of proportionality 

V. Propagation of avalanche over full 

 length of anode (photon emission) 

  electric discharge 

  saturation of output current 

 Termination: quench gas or lower U 

VI. Continuous breakdown even 

 without radiation  

Basics

ÅGas discharge all phenomena of current going through gas

!Φ/Φ aŜƭƛǎǎƛƴƻǎΣ αExperiments in modern physicsάΣ !ŎŀŘŜƳƛŎ tǊŜǎǎ όмфссύ b¸

Operational regions of gaseous detectors

© wikipedia.org
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Volt-ampere characteristic curve in low pressure

Two discharge categories

Å Non self-sustaining

Å Self-sustaining

In the continuous discharge region, a steady 

discharge current flows. The applied  voltage is 

so high (breakdown voltage VS) that, once  

ionization takes place in the gas, there is a 

continuous  discharge of electricity, so  that the 

detector cannot be  used for radiation 

detection.
Fachgebiet

Hochspannungstechnik
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Dielect r ic Br eakdown of  Gases

Gas discharge characteristics (double logarithmic scale!)

non-self

sustaining

discharge self sustaining discharge

Glow 

discharge
Townsend

mechanism

Arc 

discharge

no space charges space charges

Discharge/Breakdown/Spark ς often used interchangeably!
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Townsend mechanism

ÅGo back to the principles: Townsend first ionization coefficient 

ÅThe number of electrons produced by an electron per unit 

length of path in the direction of field 

ÅeʰŘ ς electron avalanche 

(number of electrons produced by one electron travelling from cathode to anode)

ÅTownsend second ƛƻƴƛȊŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ʲ

ƛƻƴƛȊŀǘƛƻƴ ōȅ ǇƻǎƛǘƛǾŜ ƛƻƴǎΣ Ŏŀƴ ōŜ ƴŜƎƭŜŎǘŜŘ όʲ Ғ лύ

ὔ ὔὩ

Ὅ ὍὩ
© wikipedia.org
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Cathode processes

ÅThird Townsend coefficient: electrode surface ionization coefficient 

ÅCathode plays an important role in gas discharges by supplying electrons for the initiation, 

sustenance and completion of a discharge 

ÅMetal, under normal conditions: electrons are not allowed to leave the surface as they are tied 

together in the lattice

ÅMetal work function:

ï the energy required to knock out an electron from a Fermi level

ï characteristic of a given material. 

Y. Luo et al. Sci Rep11, 11565 (2021)
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How to release an electron from the cathode?

Thermionic emission

ÅElectron thermal energy not sufficient to leave the surface at room temperature

ÅAbove Ḑ1500 K electrons will receive energy from the violent thermal lattice vibration, 

sufficient to cross the surface barrier and leave the metal

ÅSaturation current density:      with   and

W ς work function, T ς temperature, ‗R ς material-specific constant, A0 ς universal constant

ÅCurrent density increases with decrease in work function 

and increase in temperature. 

ὐ ὃὝὩ Ⱦ ὃ ‗ὃ ὃ
τ“άὯή

Ὤ
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How to release an electron from the cathode?

Field enhanced thermionic emission - Schottky effect

ÅIf a strong electric field E is applied between the electrodes, the effective work function of the 

cathode decreases by

ÅSaturation current density:

ÅWide range of temperature and electric fields 

Fowler-Nordheim tunnelling ς field emission

ÅFor the fields >108 V/m the cathode surface barrier becomes very thin and quantum tunneling 

of electrons occurs which leads to field emission even at room temperature. 

ὐ ὃὝὩ Ⱦ

ɝὡ ήὉȾτ“‐
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How to release an electron from the cathode?

Secondary emission

ÅElectron emission by a positive ion and excited atom bombardment 

ÅEffective secondary emission by a positive ion with energy Eion җ нW

(one electron will neutralize the bombarding positive ion and the other electron will be released)

ÅThe additional current due to the presence of positive ions

ï Electrode surface ionization coefficient 

‎
ÎÕÍÂÅÒÏÆǊŜƭŜŀǎŜŘŦǊŜŜŜƭŜŎǘǊƻƴǎōȅǇƻǎƛǘƛǾŜƛƻƴǎ

ƴǳƳōŜǊƻŦǇƻǎƛǘƛǾŜƛƻƴǎŀǊǊƛǾƛƴƎŀǘǘƘŜŜƭŜŎǘǊƻŘŜǎǳǊŦŀŎŜ
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How to release an electron from the cathode?

Secondary emission

ÅElectron emission by a positive ion and excited atom bombardment 

ÅEffective secondary emission by a positive ion with energy Eion җ нW

(one electron will neutralize the bombarding positive ion and the other electron will be released)

ÅThe additional current due to the presence of positive ions and photons (h’ > W)

ï Number of photons approximately proportional to number 

of positive ions at breakdown electric field strength 

ï Common secondary emission coefficient 

‎
ÎÕÍÂÅÒÏÆǊŜƭŜŀǎŜŘŦǊŜŜŜƭŜŎǘǊƻƴǎŦǊƻƳǘƘŜŜƭŜŎǘǊƻŘŜǎǳǊŦŀŎŜ

ƴǳƳōŜǊƻŦǇƻǎƛǘƛǾŜƛƻƴǎ
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Townsend mechanism 

ÅIn practice positive ions, photons and metastable, all the 

three may participate in the process of ionization 

ÅThere may be more than one mechanism producing 

secondary ionization in the discharge gap, 

Å‎ = f(E/p, electrode material, surface condition, gas) 

ÅTownsend avalanche:

g=g
1
+g

2
+g

3
+...

ὔ
ὔὩ

ρ ‎Ὡ ρ
Ὅ

ὍὩ

ρ ‎Ὡ ρ
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Townsend breakdown mechanism

ÅTheoretically, the current become infinite when ♯ = ‎(e d ς 1) = 1

ÅPractically:

ïlimited by the resistance of the external circuit 

ïlimited partially by the voltage drop in the arc 

ÅTownsend breakdown criterion

ï♯ < 1 - current flow is not self-sustained.

ï♯ = 1 - self-sustained discharge.

ï♯ > 1 - ionization produced by successive avalanche is cumulative.

Discharge grows more rapidly.

ÅAfter gas breakdown the form of the discharge is related to the

shape of the electrodes, geometric distance, pressure and external circuits.

I =
I
0
ead

1- g ead - 1( )
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tŀǎŎƘŜƴΩǎ law

ÅDiscovered empirically in 1889

ÅAnalytic expression of gas breakdown potential in a uniform electric field.

ÅDerived from the 1st Townsend coefficient   and breakdown criterion

ÅIf the type of gas and the cathode material are 

known, A, B, and ɹ are known constants, 

Vs is only the function of the Pd product

ÅThe equation loses accuracy for gaps O (10˃Ƴ)

at atmospheric pressure Y. P. Raizer, Gas Discharge Physics. Berlin, Germany: Springer, 1991

VS

VS
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Observation of discharges

ω Record current I and potential V, for different gas pressure P and temperature T

ω Current reflects a discharge: charge separation

ω Watch through the glass tube

15

A

V



16

Different types of discharges

ÅBreakdown voltage VS reached 

ÅCircuit with current limitation:

ï inhomogeneous field

ï homogeneous field with high series resistance

ÅObserved effects

ï pre-discharges, corona

ï visible glow

Fachgebiet
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Dielect r ic Br eakdown of  Gases

Kinds of disruptive discharges in gas

Circuit with current limitation :

Åinhomogeneous field

Åhomogeneous field with high series resitance

Åpre-discharges, corona

Åvisible glow

Åignition voltage Uz = PD inception voltage Ue

U1

I1

g

U1

I1

g

U1

I1

g

U1

I1

g

U2

I2

U2

I2

When the ignition voltage has been reached ....

V

V

I

I
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Volt-ampere characteristic curve in low pressure

https://www.plasma-universe.com/electric-glow-discharge/
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Volt-ampere characteristic curve in low pressure

ÅIn strongly non-uniform fields

ï around sharp points or wires

ÅA radiant corona around the 

critical region

ï indication of defects in the system

ÅCan be a special case of either 

glow or arc discharge

Åά{ƛƴƎƭŜ-ŜƭŜŎǘǊƻŘŜ ŘƛǎŎƘŀǊƎŜέ

ÅPossibly caused by secondary 

photo-processes in the gas near 

the wire

https://www.plasma-universe.com/electric-glow-discharge/
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https://www.plasma-universe.com/electric-glow-discharge/

Volt-ampere characteristic curve in low pressure

ÅLow pressure, current limited circuit:

ï relatively low currents

ï radiant column between electrodes 

(neon light)

ÅWeakly ionised gas, mainly neutral: 

non-equilibrium plasma

ïEe >> Egas

ï Te (104 K) >> Tgas

ÅGas does not get hot

ÅFeedback: secondary emission from 

the cathode by ion bombardment
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https://www.plasma-universe.com/electric-glow-discharge/

Volt-ampere characteristic curve in low pressure

ÅAmbient pressure, no current limit

ï bright column between electrodes

ï high current

ÅThermal equilibrium plasma

ï Te Ḑ Tgas > 104 K

ïHigh ionisation

ÅFeedback: thermionic knock-out of 

electrons from the cathode
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Full breakdown

ÅBreakdown voltage VS reached 

ÅCircuit without current limitation:

ï homogeneous field

ï low series resistance 

ÅObserved effects

ï voltage collapse

ï complete breakdown

Fachgebiet
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Dielect r ic Br eakdown of  Gases

Kinds of disruptive discharges in gas

When the ignition voltage has been reached ....

U1

I1

g

U1

I1

g

U1

I1

g

U1

I1

g

Circuit without current limitation :

Åhomogeneous field

Ålow series resistance

Åvoltage collapse

Åcomplete breakdown

Åignition voltage Uz = breakdown voltage Ud
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Spark discharge

ÅA full breakdown of inter-electrode gap

ÅStrongly ionized plasma channel between 

electrodes

ÅUnstable electrical state 

(exhibits discontinuity, not uniform plasma)

ÅHigh light emission

ÅTemperature O(103-104 K), high-pressure area 

formation and its movement ς explosive 

phenomenon; noise due to thermal shock wave

ÅNon-continuous: duration O(10-1000 ns)
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limitations of Townsend theory

ÅTownsend suggested secondary emission from the cathode as the main mechanism of a spark creation

ïDischarge time-lag O(100 ns) cannot be explained by the secondary emission which requires t Ḑ 50 µs

ïNo correlation with cathode material

ïAvalanches not only start from the cathode - also anode or any other position between the electrodes

ÅH. Raether, L.B. Loeb, J.B. Meek ς streamer theory of spark discharge

ï Improvement of the Townsend discharge theory (derived from the latter)

ïElectron impact ionization (determined by an ʰ process of Townsend discharge), 

ïPhotoionization 

ïSpace-charge electric field effect caused by the avalanche

ïBreakdown caused by a single electron avalanche.

Fachgebiet

Hochspannungstechnik
High-Voltage Technology / Chapter 9, Part 2              - 13 -
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Streamer theory

Å A single e starting at the cathode builds up an avalanche (ionization) that crosses the gap

Å Electrons in the avalanche move very fast compared to the ions (regarded as stationary)

Å The space-charge E-field will cause significant distortions which 

ï strengthen the electric field of the head and tail parts of the electron avalanche

ï weaken electric field between the positive and negative charge regions

CƻƭƭƻǿƛƴƎΥ 5Φ ·ƛŀƻΣ αDŀǎ 5ƛǎŎƘŀǊƎŜ ŀƴŘ Dŀǎ LƴǎǳƭŀǘƛƻƴάΣ {ǇǊƛƴƎŜǊ нлмс

ÅRaether criterion: Qmax = e d > 108 is the condition for streamer formation and self-sustained discharge (as in Townsend)

ÅMeek criterion: radial E-field intensity of the space-charge (head of the avalanche) is Ḑequal to the applied field; 

(Supplemented by Loeb condition on the electron density in the avalanche of 0.7 × 1012 cm-3 to ensure sufficient photoionisation)
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Streamer theory

Å Applied voltage Ḑbreakdown voltage (VS)  positive streamer formation

Å The electron avalanche is through the whole space, E-field of the tail is greatly strengthened

Å Photon radiation  photoionization  secondary electron avalanche (b)

Å Electrons form negative ions  creation of a plasma stream (c)

Å Streamer has a good conductivity, strong electric field in front, process grows rapidly

ÅWhen streamer reaches the cathode, gap breakdown is completed (d)

CƻƭƭƻǿƛƴƎΥ 5Φ ·ƛŀƻΣ αDŀǎ 5ƛǎŎƘŀǊƎŜ ŀƴŘ Dŀǎ LƴǎǳƭŀǘƛƻƴάΣ {ǇǊƛƴƎŜǊ нлмс
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Å Applied voltage > breakdown voltage (VS)  negative streamer formation

ÅNo need for the electron avalanche to go through the gap

Å Ionization degree of the avalanche head part sufficient to form a streamer (photon emission)

Å Streamer develops towards the anode (volume- and photoionization)

Å Expansion speed of of the streamer much larger than avalanche

Streamer theory
CƻƭƭƻǿƛƴƎΥ 5Φ ·ƛŀƻΣ αDŀǎ 5ƛǎŎƘŀǊƎŜ ŀƴŘ Dŀǎ LƴǎǳƭŀǘƛƻƴάΣ {ǇǊƛƴƎŜǊ нлмс
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Discharges in wire counters

ÅOperation beyond proportional mode

ÅGeiger mode

ïPoorly quenched gases, low pressures

ïPhoton mediated avalanche propagated in both directions along the wire

ïQuenched with an external circuit (R) or space-charge effects (quenched gases)

ÅSelf-sustained discharges (glow/corona)

ïSustained discharge due to ion feedback mechanism (Townsend discharge)

ïHe, Ne mixtures at atmospheric pressure (gain 104-105) glows below sparking limits 

ïQuality, cathode, quencher  crucial!

© Courtesyof C. Garabatos

άDƭƻǿƛƴƎέ a²t/ ǿƛǊŜ ƛƴ ƴŜƻƴ

© wikipedia.org
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Discharges in wire counters

ÅOperation beyond proportional mode

ÅSelf-Quenched Streamer (SQS) mode

ïThick anode wires, hydrocarbon-rich mixtures

ïStreamer development, dumped before reaching the cathode

ïRadial fields, 1/r dependency allows to quench streamers

ÅSparking limits

ïWhen the critical charge (Ḑ108) is reached ς streamer mechanism

ïEnhanced by secondary emission from the high field regions in the cathode plane or Malter effect

ïCan be destructive, depending on the stored energy

M. Atac, A.V. Tol lestrup, D. Pot ter, NIM 200 (1982) 345.

άDƭƻǿƛƴƎέ ǿƛǊŜ ƛƴ bŜ
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Discharges in parallel-plate avalanche counters

ÅBoth Townsend (slow) and Streamer (fast) breakdown modes observed 

ÅIn uniform, parallel fields streamer develops until spark channel is created

(no SQS, full breakdown)

ÅTransition depends on the gas composition (photon feedback)

ÅCritical charge for streamer/spark development Ḑ108 (Raether limit?), but:

ïDifferences up to factor of 5; quencher dependency (?)  no universal limit?
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M. Abbrescia, P. Fonte, V. Peskov, Wi ley-VCH Verlag GmbH & Co. KGaA, 2018

Pd = 760 cm Torr Pd = 760 cm Torr
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Resistive plate chambers

ÅMaterial with high volume resistivity

ÅDrop of the electric field around the initial avalanche

ÅCharge Q0 that enters the resistive electrode:

ὗὸ ὗὩ Ⱦ ×ÉÔÈʐ ”‐‐

ÅWith ” Ғ мл10 ς 1012 ʍŎƳ, † Ғ лΦлм ς 1 s 

ÅRemaining counter area remains sensitive to particles

© Courtesy of I. Deppner, GSI

See lecture by R. Santonico (link)

https://indico.cern.ch/event/1384298/contributions/5911797/


32

RPC -- Streamer development by photon feedback

ÅThe transition from a proportional avalanche to a streamer at Qcrit Ғ мл
8 e Ệ discharge channel creation

ÅThe releasedenergyisstronglylimited by the resistanceof the plate!

ÅReduce photon feedback and the avalanche growth with a properly quenched mixture (e.g. C2F4H2, SF6Σ Χύ 

Ệ reduce streamer probability

7
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Discharges in MPGDs

ÅIn all these structures, there are regions with Ḑparallel field lines

ÅStreamers can develop by the same mechanism as in PPAC 

ÅNo quenching by field reduction, when streamers reaches the cathode  full breakdown

Following: V. PeskovΣ α 5ƛǎŎƘŀǊƎŜ ǇƘŜƴƻƳŜƴŀ ƛƴ ƎŀǎŜƻǳǎ ŘŜǘŜŎǘƻǊǎ άΣ w5рм aŜŜǘƛƴƎΣ aǳƴƛŎƘ нлму όlink)

WΦ aŜǊƭƛƴΣ άSingle-ƘƻƭŜ ŘƛǎŎƘŀǊƎŜǎ ƛƴ D9aǎέ, RD51 Meeting, TUM 2018 (link) J.Galan, RD51 meet ing(link)M. ChefdevilleόbLYI9CύΣ α¢ƘŜ pixelreadoutof¢t/ǎάΣ όlink)F.Saul i, IEEE NSS 2002

MSGC Micromegas GEM CAT MGC

https://indico.cern.ch/event/709670/contributions/3008581/
https://indico.cern.ch/event/709670/contributions/3008626/
https://slideplayer.com/slide/6158618/
https://www.slideserve.com/kirtana-devaj/the-pixel-readout-of-tpcs
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Critical charge in MPGDs

ÅIn case of MPGDs we discuss mainly the (positive) streamer mechanism and a spark discharge

ÅCritical charge measurements in MPGDs point to a limit of 106-107 e, depending on the reference

ÅDifferent geometries, gases, source (x-ray, alphas)

BREAKDOWN LIMIT

(N0=100, CO2, holes=~60um)

1.0E+05

1.0E+06

1.0E+07

1.0E+08

G
E

M

G
E

M
 (

li
m

it
e
d

b
y
 s

u
rf

a
c
e

a
v
a

la
n

c
h

e
)

T
H

G
E

M
 

(G
E

M
 X

 1
0
)

M
IC

R
O

M
E

G
A

S

C
A

T

T
o

ta
l 
c
h

a
rg

e
 b

e
fo

re
 b

re
a
k
d

o
w

n

P. Fonte, Simulations of discharge phenomena, RD51 meeting, Munich, 2018

DETECTOR
MAX 
GAIN

MAX 
CHARGE

i MSGC 2000 4 107

ii ADV PASS MSGC 1000 2 107

iii MICROWELL 2200 4.4 107

iv MICROMEGAS 3000 6 107

v GEM 2000 4 107

F. Sauli, Report at the RD51 collaboration meeting in Amsterdam, 2008

Ὃ
ὗ

ὔ



35

MPGD Discharge probability

ÅClear gas dependencies

ÅAbrupt drop of discharge rate for source distances larger than alpha range

ÅClear correlation between discharge rate and ộZỚ of a gas mixture Ą primary charge density

ÅAlpha range in Ne longer than in Argon

ÅWi (Ar) < Wi (Ne)
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Critical charge in different gases

ÅGEANT4 ς based model describes data fairly well over several orders of magnitude

ÅOnly primary ionization and basic gas properties taken into account (DL, DT, vd)

ÅPrimary charge density Ệ driving factor for discharge formation

ÅDifferent Qcrit for different gases Ệ no universal limit.

ÅSee also studies by S. Procureur NIM A621 (2010) 177

Ὃ
ὗ

ὔ
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Figure 4: (Colour online) Discharge probability as a function of the GEM absolute gain. The bands indicate the outcome of the simulation, while the points

correspond to measurements. The integration time in the simulation is 50ns for Ne-CO2 (90-10), 30ns for Ar-CO2 (90-10) and 40ns for Ar-CO2 (70-30) and

Ne-CO2-N2 (90-10-5). The uncertainties of themeasurement are typically smaller than themarker size. The width of the simulation bands is related to the range of

the value of critical charge density. See text for details.
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Primary charge density

ÅPrimary charge density is a more relevant parameter than the total number of electrons

ÅSource inclination studies ς higher charge densities per hole for perpendicular tracks impinging a GEM

ÅB᷆ E studies ς reduced transverse diffusion ς higher charge density arriving at GEM holes

Ar/iC4H10 (90/10)

NIM A654 (2011) 135
NIM A479 (2002) 294

GEM

Micromegas
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THGEM results

Å THGEMs are large (robust, inexpensive) version of GEMs 

Ệ Ḑ10Ҏ larger in each direction

ÅDischarge probability in THGEMs higher than in GEMs

Ệ Ḑ100Ҏ less holes, same electron collection

ÅGas dependency observed again!

ÅQcrit for both structures agree with each other, in spite

of geometrical differences

Å The primary charge limits shall be considered per single 

holes, not normalized to the hole volume. 

NIM A 1047 (2023) 167730

Ὃ
ὗ

ὔ



39

Micromegascase

ÅDischarge rate scales with the mesh cell size

Ệ mesh cell as an independent amplification structure

ÅOpen geometries (e.g. Micromegas): UV photons 

feedback may lead to a Townsend discharge 

Ệ well-quenched gases preferable but watch out charge 

densities!

Size of MMG cell

103 104

10-6

10-5

10-4

10-3

Ar-CO2 90-10

Source: Alpha

Edrift = 150 V/cm

dsource = 31.5 mm
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730 LPI, Topt = 39.5%

640 LPI, Topt = 39.5%

400 LPI, Topt = 51.0%

230 LPI, Topt = 52.0%

© M. Chefdeville, PhD Thesis (2009), IRFU/CEA
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Å Light noble gases are preferable

ÅQuencher content ï optimize primary charge density and electron transport properties.

ÅOpen geometries (e.g. Micromegas): UV photons feedback at high gains may lead to a Townsend discharge 

Ệ well-quenched gases preferable but watch out charge densities!

ÅReduce gain as much as allowed by the signal-to-noise ratio requirements 

Ệ trivial but most efficient method to minimize the discharge probability,

Optimisegasin your gaseousdetector

Ὃ
ὗ

ὔ
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ÅGEMs are easy to stack

ï Pre-amplification stage ς lower gain of single structures

ï Charge spread between independent holes ς Qcrit per hole stays the same!

ï Small pitches preferable (more holes ς more sharing)

ÅGEM + MMG hybrids and multi-MMG stacks

NIM A 834 (2016) 149 and NIM A 976 (2020) 164282, NIM A 623 (2010) 94

ï Clear influence of the pre-amplification stage on the stability of MMG

ï Lower charge densities reach (subsequent) MMG stages

ï Mesh cell as an independent amplification structure (see also JINST 18 (2023) C06011)

ÅOptimized HV settings

ï Lower gain towards the bottom of a stack to increase overall stability! NIM A 479 (2002) 294

Build stacks ς diffuse primary charge

JINST 7 (2012) C06009

NIM A479 (2002) 294 
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Useresistive layers

Å Allow for charge sharing and create self-quenching mechanism

ÅDelay the charge evacuation and force local field reduction ị rate capabilities 

Resistive MICROMEGAS  (NIM A 629 (2011) 66, NIM A 1025 (2022) 166109)

Å Reduces the charge released by MMG during spark formation. 

Å Provides spark protection to electronics

New structures: ˃ w²9[[ (JINST10(2015) P02008)

Å Single sided Gaseous Electron Multiplier (THGEM)

Å Coupled to the readout anode through material of high bulk resistivity 

Å High rate capabilities restored by proper grounding of the DLC layers

Å Single amplification stage 

--> material budget, simplicity, industrialization, costs!
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MPGD design good practices

ÅSegmentation

ïReduce area  capacitance

ïReduce energy of a discharge

ïMinimize dead time

ÅCareful detector design ς avoid high fields!

ïRounded corners

ïElectrode edge effects

ïHole rim

S. Bachmann et al. NIM A479 (2002) 294

GEM segmentation

J. Adolfsson et al. 2021 JINST 16 P03022

THGEM for COMPASS-RICH
Hole  = 0.4 mm
Border hole  = 0.5 mm

© S. Dalla Torre, F. Tessarotto(INFN)

© J. Bortfeldt, Ph.D. Thesis, LMU, 2015.

Floating strip MMG
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Further reduction of stability

ÅHigh fields, cathode material quality may further reduce stability of your detector

ÅHigh E-fields present in amplification regions (the curse of Micro-Patterns); can easily double/triple the average

ÅDetector QA of the highest importance: cannot analyze the entire surface  HV tests @ Paschen limit

(for MPGDs see ALICE JINST 16 (2021) P03022, CMS NIM A 1034 (2022) 166716, ATLAS NIM A 1026 (2022) 166143)

25 µm
10 µm
0

D.S. Bhattacharya, RD51 Meeting, Sep. 2018 (link) NIM A 438 (1999) 376

D.S. Bhattacharya, RD51 Meeting, Sep. 2018 (link) © ALICE

https://indico.cern.ch/event/756297/contributions/3143807/
https://indico.cern.ch/event/756297/contributions/3143807/
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HV scheme optimization

ÅHV system

ïPassive/active/stabilized voltage divider Ệ safest, reduced flexibility

ï Independent HV channels Ệ full flexibility, tripping times may cause fatal results

ïCascaded power supply Ệ full flexibility, no overvoltage possible by design, costly 

ÅHV scheme optimization  use of protection resistors

ïReduce currents

ïQuench secondary discharge development

ïReduce and decouple parasitic capacitances parallel to MPGDs and 

transfer gaps in the MPGD stacks

(RLC design rules, see e.g. JINST 14 (2019) P08024)

AVD (© H. Müller)

ALICE TPC HV Scheme

SVD (K. Flöthner, MSc thesis, Bonn 2020)

(J. Krauß, MSc thesis, Bonn 2024)
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New structures: MPGDs in SQS mode?

ÅDischarge probability could be reduced if a radial shape E-field is formed in the MPGD avalanche gap

ÅBoth simulation and R&D effort. Still need for optimization, but ideas on the market!

P. Fonte, ñSimulations of discharge phenomenaò, RD51 Meeting, TU Munich 2018 (link)

V. Cairo et al, JINST 9 (2014) C11022

Needle + InGrid Cathodeless CAT

© P. Fonte © P. Fonte

RD51 Common Project: Spark-Less Amplification Microstructures, V. Peskov, PG (2020-2023)

JINST18 (2023) C07009

20

https://indico.cern.ch/event/709670/contributions/3008591/
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ÅGas discharge mechanisms in MPGDs well-understood

Å Fundamental gas limits for streamer/spark formation: Qcrit

Å Avoid streamer development by lowering primary charge, charge sharing, avalanche 

quenching methods, and shaping of the electric field.

Å Instabilities caused by defects/ageing/contamination can be avoided by good design practices 

and quality assurance/control methods

Å To do: more modelling work on discharge development, e.g.:

ï Simulation of an avalanche process and its transition to a streamer (Garfield++)

ï Understand discharge probability and Qcrit values obtained with different geometries

ï Simulation model describing secondary (propagated, delayed) discharges developing in the gaps 

between subsequent foils in a stack.

Summary



BACKUP SLIDES
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tŀǎŎƘŜƴΩǎ law

5Φ ·ƛŀƻΣ αDŀǎ 5ƛǎŎƘŀǊƎŜ ŀƴŘ Dŀǎ LƴǎǳƭŀǘƛƻƴάΣ {ǇǊƛƴƎŜǊ нлмс

VS

ÅThere exists the minimal breakdown voltage for a discharge gap

ÅVmin and (Pd)min ς dependent on cathode material

ÅE/p at the minimum  maximum ionization capability of electrons 

({ǘƻƭŜǘƻǾΩǎ point) 

ÅRight from the minimum ς ES/p decreases slowly, VS increases almost 

proportionally to pd. At increased pd electron can still produce ionizing 

collisions even at not very high E/p

ÅLeft from the minimum ς possibilities for collisions are very limited. Very 

high fields (and /p) are required for necessary amplification

S

S

M.K.Khalaf et al., WSN 55 (2016) 114

S

S
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New RPC mixtures

ÅC2F4H2 and SF6 Ệ very high Global Warming Potential (GWP) of 1300 and 23800, resp.

ÅFinding a substitute requires compromises: working point, resolution, efficiency, currents, streamer probability

ï E.g. replacement of Tetrafluoroethane with HydroFluoroOlefyns (HFOs) increases working point. Adding CO2 increases streamer probability and RPC currents

R. Guida, B. Mandelli, G. Rigoletti, NIM A 1039 (2022) 167045

8

See lecture by M. Abbrescia (link)

https://indico.cern.ch/event/1384298/contributions/5911803/
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Secondary discharge formation*

a) Primary discharge

b) Secondary discharge

A. Deisting, et al. NIM A 937 (2019) 168 A. ¦ǘǊƻōƛőƛŏet al.
MPGD 2019, 
La Rochelle

Discharge in the transfer/induction gap appearing O(1-10) ˃ s after the primary spark

ÅLeading theory: heating of the cathode after the primary discharge

- A. Deisting, et al. NIM A 937 (2019) 168

- A. Utrobicic, et al. NIM A 940 (2019) 262

ÅMitigation strategies established - quenching with external R elements, C reduction

-   L. Lautner, PG, et al. JINST 14 (2019) P08024

-   A. Deisting, C. Garabatos, PG, et al. NIM A 937 (2019) 168
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* See pioneering studies by  S. Bachmann et al. NIM A479 (2002) 294 & V. Peskov, P.Fonte (2009) arXiv:0911.0463

51
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Discharge spectroscopy

ÅMeasuring emission spectra of the light emitted during primary discharges

ÅCu and Al emission lines observed in GEM discharges 

Å vaporisation Ą presence of foil material in discharge plasma

Å THGEMs with various electrodes Ą no emission lines corresponding to foil cladding

ÅNo or strongly reduced material vaporisation from discharges in THGEM hole geometry Ą lower temperature reached?

Å Secondary discharges still prevalent in THGEMs

ÅNo direct connection between material 

vaporisation and secondary discharge formation

Å Influence of the cathode material properties 

or surface quality

(Mo, polished Cu exceptionally stable)

B. Ulukutlu et al., NIM A 1019 (2021) 165829 + update

52
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Secondary discharge formation - hypothesis
ÅTransition between Townsend discharge and Streamer discharge?

ÅDependence on gas (  process) and cathode? (‎ process - feeding)

ÅTime lag O(10 ˃ s) with a rapid full gap breakdown

ÅTownsend mechanism initiated by electrons from a primary discharge;

ÅSecondary emission from the heated cathode;

ÅSpace charge accumulation at the anode;

ÅTransition to a streamer.

53
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Studynew electrode materials

Å Various coating materials used to study their influence on GEM performance

Å Search for ultra-stable configuration for applications using extreme HV settings (e.g. single-photon detectors,)

Å The preliminary results with the Molybdenum layers point to the surface quality as a possible driving factor for enhanced stability.

Å Surface studies in preparation (profilometer at CERN, AFM in Pisa)

B. Ulukutlu, PG, et al. A 1019 (2021) 165829

GSI, TU München
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THGEM results

Å THGEMs are large (robust, inexpensive) version of GEMs 

Ệ Ḑ10Ҏ larger in each direction

ÅGas dependency observed again!

ÅQcrit for both structures agree with each other, in spite

of geometrical differences

Å The primary charge limits shall be considered per single 

holes, not normalized to the hole volume. 

NIM A 1047 (2023) 167730
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Micromegascase

ÅDischarge rate scales with the mesh cell size

(optical transparency)

ÅMesh cell as an independent amplification 

structure

Size of MMG cell
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Gas in MMG

ÅOpen geometries (e.g. Micromegas): UV photons feedback may lead to a Townsend discharge 

Ệ well-quenched gases preferable but watch out charge densities!

ÅDischarge curves in different gases cannot be explained with one Qcrit

© M. Chefdeville, PhD Thesis (2009), IRFU/CEA

MICROMEGAS
Hadron beam (10-15 GeV/c protons)
100 µm amplification
3 mm drift
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ÅMaterial with high-volume resistivity Ệ drop of the electric field around the initial 

avalanche Ệ remaining counter area remains sensitive to particles

Å In normal operation: 

ï ǘƘŜ ǎǘǊƻƴƎ ǎǇŀŎŜ ŎƘŀǊƎŜ ŎǊŜŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ Ǝŀǎ ŀǾŀƭŀƴŎƘŜ ƭƛƳƛǘǎ ǘƘŜ ŀǾŀƭŀƴŎƘŜΩǎ ƎǊƻǿǘƘ

ï quenching with molecular and electronegative gases 

Ệ streamer probability reduced, but non-zero!

Å For high-rate capabilities, reducing ” can be beneficial

ï See e.g. talks by M. Petris (Monday) and I. Deppner (Tuesday)

Å With moderate-resistive materials, a glow discharge may develop!

Resistive layers ς running horse of RPC technology
A.N. Akidinov et al., NIM A 533(2004)74

P. Fonte et al., NIM A 431(1999)154T. Francke et al., NIM A 508(2004)83

15
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Resistive MPGDs

Å Allow for charge sharing and create self-quenching mechanism

Å Delay the charge evacuation and force local field reduction ị rate capabilities 

Resistive MICROMEGAS  (NIM A 629 (2011) 66, NIM A 1025 (2022) 166109)

Å Reduces the charge released by MMG during spark formation. 

Å Provides spark protection to electronics

Å Standard solution for many MMG-based detectors 
(e.g. ATLAS NSW: Mod. Phys. Lett. A28 (2013) 1340020, NIM A 640 (2011) 110, T2K TPC UpgradeNIM A 957 (2020) 163286Σ Χύ

Resistive WELL and Resistive Plate WELL (JINST 7 (2012) C05011, JINST 8 (2013) P11004)

ÅwŜǎƛǎǘƛǾƛǘȅΥ мс aʍκ (RWELL), 2·1010 ʍŎƳ (RPWELL)

Å Stable operation at gains of up to a few 104 (with gain drop corrections!)

Embedded resistors  (JINST 12 (2009) P12004, NIM A 824 (2016) 510)

Å Control of the resistance through R-pattern

Å Tuned for minimal charge-up & spark suppression
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New structures: micro-RWELL

Å Single-sided Gaseous Electron Multiplier (GEM) coupled to the readout anode 

through the material of high surface resistivity 

Å Single amplification stage Ệ material budget, simplicity, industrialization, costs!

ÅResistive layer Ệ suppression of the transition from streamer to spark, 

with a  consequent reduction of the spark amplitude.

ÅDrawback Ệ the capability to stand high particle fluxes is reduced.

G. Bencivenni et al., JINST 10 (2015) P02008

GEM -˃RWELL

3.6 sp3 [23]

3.7 DLC [23]

ˊ

DLC

26

Diamond-Like Carbon

17
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New structures: micro-RWELL

Å Single-sided Gaseous Electron Multiplier (GEM) coupled to the readout anode 

through the material of high bulk resistivity 

Å Single amplification stage Ệ material budget, simplicity, industrialization, costs!

ÅHigh-rate capabilities restored by the proper grounding of the DLC

layers Ệ improved charge evacuation

Å Thorough optimisation, including surface discharge considerations 

Ệ  concept of the distance-of-closest-approach crucial for stability!

ÅRate capabilities of up to 10 MHz/cm2 demonstrated

ÅDischarge probability of a single micro-RWELL stage compatible with a

triple GEM setup operated at stability-optimised HV settings

G. Bencivenniet al., JINST 14 (2019) P05014

18
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New concepts with DLC layers

Å5[/ ό¢IύD9aǎΣ aƛŎǊƻƳŜƎŀǎΣ Χ

ïclear discharge quenching mechanism observed

ï influence of resistive layers on discharge propagation Ệ to be studied

ïcoating of THGEM holes allows for minimising the charging-up effect!

Å sRPC ς Surface RPC (M. Giovannetti, MPGD2022)

ïSingle gap (2 mm) geometry

ïBaseline (low-rate) version: stable operation with ʁ Ғ фр҈ ŀƴŘ ɲ† Ғ м ƴǎ

ïHigh-rate version, with conductive grids, is being developed

(  ʁҒ фл҈ ǿƛǘƘ м ƪIȊκŎƳ2 X-rays, with some instabilities)

Å DLC-RPC for MEG II (J. Phys.: Conf. Ser.2374 (2022)012143, A. Ochi MPGD2022)

ïSingle- and multi-gap (Ḑ 400 ˃ Ƴ), ultra-low mass design (< 0.1% X0)

ï85% MIP efficiency achieved with multi-layers, ɲ† Ғ мтл ps at 1-10 kHz/cm2

ï45-50% efficiency at 1 MHz/cm2 !

ïNew developments ongoing (HV feed lines)

NIM A 958 (2020) 162759

19
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Stability challenges of MPGD TPCs

TPCs at high-rates (e.g. ALICE TPC @ 50 kHz Pb-Pb)

ÅDirect rate of impinging particles O(10 kHz/cm2)

Å Expected loads from the full drift, after amplification O(10 nA/cm2)

ÅHighly ionizing fragments

ÅUnprecedented challenges in terms of loads and performance (low IBF)

Baseline solution: 4-GEM stack

ÅCombination of standard (S) and large pitch (LP) GEMs

ÅHighly optimized HV configuration

ÅResult of intensive R&D

ÅStability of a GEM stack operated in low-IBF mode

can be restored by adding 4th GEM

PG, PoS(MPGD2017) 031
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Few words on tracker rate capabilities

Å (Multi-MPGD) Trackers at moderate gains O(104)

- Short drift gap O(mm), Ar-based mixtures, evacuation of primary electrons in O(100 ns)

- No pile-up expected in a single GEM hole in cm2 area for rates ḻ 1 MHz/cm2

- Up to a few electrons/hole expected (MIP)

Å Troublemakers

- Highly Ionizing fragments (Nprim,Ŭ = 104 ×  Nprim,MIP)

- High neutron doses (e.g. ~1013 n.eq./cm2/year in future CBM@FAIR GEMs)

- Charge densities in the bottom MPGD, after full amplification!

- Stability of the system relies on the stability of a single amplification structure (e.g. GEM)
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Challenges

ÅHigh-rate capabilities, radiation hardness 

(ageing) and stability of large-area 

trackers

Å Large areas, simple construction, 

industrialization Ą low cost

ÅReliability and efficiency with suitable 

low GWP mixtures

MPGD trackers at future colliders

Experiment /

Timescale

Application

Domain 

Gas Detector

Technology

Total detector size / 

Single module size

Operation 

Characteristics /

Performance

LHeC COLLIDER                               

MUON SYSTEM

at HL-LHC

Electron ïProton 

Collider

Tracking/Trigger ing

RPC / MDT

Total area ~ 400 m2

Sing le unit detect:  2-5 m2

Max.rate: 3 kHz/cm2

Time res.: ~0.4 ns

Rad. Hard.:  0.3 C/cm2 

Spatial res.: 1mm (RPC) 

80 µm (MDT single tube)

FCC-ee and/or  CEPC

IDEA PRESHOWER

DETECTOR

START: >2030

Lepton Collider

Tracking
ɛ-RWELL

Total area: 225 m2

Single unit detect: 

(0.5x0.5 m2) ~0.25 m2

Max. rate: 10 kHz/cm2

Spatial res.: ~60-80 µm

Time res.: 5-7 ns

Rad. Hard.: <100 mC/cm2 

FCC-ee and/or  CEPC

IDEA MUON

SYSTEM

START: >2030

Lepton Collider

Tracking/Trigger ing

ɛ-RWELL

RPC

Total area: 3000 m2

Sing le unit detect: 

~0.25 m2

Max. rate: <1 kHz/cm2

Spatial res.: ~150 µm

Time res.: 5-7 ns

Rad. Hard.: <10 mC/cm2

FCC-hh COLLIDER

MUON SYSTEM

START: > 2050

Hadron Collider 

Tracking/Triggering

All HL-LHC 

technologies

(MDT, RPC, 

MPGD, CSC)

Total area: 3000 m2 

Max. rate: < 500 kHz/cm2

Spatial res.: <100 µm

Time res.: ~ 3 ns

Rad. Hard.:  ~ C/cm2 

MUON COLLIDER

MUON SYSTEM

START: > 2050

Muon Collider

RPC or

new generation fast

Timing MPGD

Total area: ~ 3500m2 

Sing le unit detect: 

0.3-0.4m2 

Max.rate: <100 kHz/cm2

Spatial res.: ~100µm

Time res.: <10 ns

Rad. Hard.:  < C/cm2 
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Global picture
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