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Outline

1. Primary Ionization Pattern (Part I)

2. Electric Field Calculation (Part I)

3. Electrons and Ion/Hole Drift (Part I)

4. Townsend Avalanche Simulation (Part II)

5. Signal Induction (Part II)

(1)

(2)
(3)

(4)

(5)

Over two lectures we will explore some of the core concepts used in the simulation and modelling of particle detectors.

In general, we can split the physics underpinning a gaseous detector into five distinct areas that need to be modelled:

These lectures are inspired by the work and talks of R. Veenhof.
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Average Gas Gain



The amount of charge produced by a charged particle crossing a gas detector is usually too small to be 

measured directly, 40 eī 6.4×10ī3fC.
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Gas Multiplication

Sir John Sealy Edward Townsend

(1868-1957)

J.S. Townsend, ñThe conductivity produced in gases by the motion of negatively charged ionsò, Phil. Mag. 6-1 (1901) 198-227. 

If access to the Philosophical Magazine is restricted, then consult a German-language abstract at http://jfm.sub.uni-goettingen.de/.

The number of electrons produced by ὔelectrons traversing an interval Ὠὼis:

When the electric field is not uniform, we will find at position ίon average:
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Gas Multiplication

The Townsend coefficient is the number of e- created per cm. 

This coefficient is determined by the excitation and ionization 
cross-sections of the atoms and molecules inside the gas.

P = 3 atm

S. Biagi, Nucl. Instrum. Meth. A 283 (1989) 716-722.

S. Biagi, Nucl. Instrum. Meth. A 421 (1999) 234-240.

S. Biagi, Magboltz: https://magboltz.web.cern.ch/magboltz/.

Stephen F. Biagi

(1949 - 2025)

https://magboltz.web.cern.ch/magboltz/
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Gas Multiplication
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Argon Cross-sections
Rob Veenhof
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Penning Transfer

Homonuclear associative ionization:

Collision-induced excitation transfer:

Photon-induced excitation transfer:

Excitations represent a significant scattering process at high electron energies. Argon has excited 

states above the ionization energy of typical admixtures, including CO2.

Excimer formation:

Frans Michel Penning

(1894-1953)

Rob Veenhof

F.M. Penning, Physica 1 (1934) 1028.

13.78 eV



8

Penning Transfer

As such, the Townsend coefficient needs to be corrected:

, where

Garfield++ example for Penning transfer: https://garfieldpp.web.cern.ch/garfieldpp/examples/penning/.

fraction of CO2

https://garfieldpp.web.cern.ch/garfieldpp/examples/penning/


For the case of a drift tube, we have a radial field of the form

Such that the transport of charge happens radially. The total gain can then 

be evaluated using numerical integration

Alternately, this can be done piecewise for each segment of the Runge-

Kutta-Fehlberg integration in Garfield(++).
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Example: Drift Tube

ὦ

ὃὶȾὅὕς
ωσȾχϷ
σὥὸά

Taken from Garfield++ example https://garfieldpp.web.cern.ch/garfieldpp/examples/drifttube/.

‘

Ὡ-

https://garfieldpp.web.cern.ch/garfieldpp/examples/penning/
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Statistical Fluctuation of the Gain
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Avalanche Size Distribution

The avalanche size distribution in strong homogeneous fields was measured by Schlumbohm (1958) for parallel-

plate geometry in methylal vapor at five different fields of increasing strength.

… πȢπσψ … πȢπττ

… πȢπωυ … πȢρω … πȢςτ

…
‌ὉὟὭ
Ὁ

electric field

Ionization 

potential

Townsend 

coef.

H. Schlumbohm, Z. Phys. 151 (1958) 563.
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Avalanche Size Distribution

Assuming that the distance between successive ionizing collisions of an electron is exponentially

distributed with a mean free path ʇ ‌-1 independent of the electron energy, we have:

George Udny Yule 

(1871-1951)

Robert A. Wijsman, Breakdown Probability of a Low Pressure Gas Discharge, Phys. Rev. 75 

(1949) 833-838.

Yule-Furry

Rob Veenhof

, where

The solution to the above equation is given by

Probability that the avalanche reaches n electrons after a distance x+dx, starting with one e-.

G. Udny Yule, A Mathematical Theory of Evolution, based on the Conclusions of 

Dr. J.C. Willis, F.R.S., Phil. Trans. Roy. Soc. London B 213 (1925) 21-87.

W.H. Furry, On Fluctuation Phenomena in the Passage of High Energy Electrons 

through Lead, Phys. Rev. 52 (1937) 569-581.
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Avalanche Size Distribution

As straightforward extensions of the Yule-Furry model, we can introduce an attachment coefficient –in addition 

to the Townsend coefficient. 

For a uniform electric field, Legler showed that at first order the solution is

, where

W. Legler, Z. Naturforschung. 16a (1961) 253.
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Example: Resistive Plate Chamber

The gas gap of an RPC can be partitioned into a lattice, on which the avalanche is propagated towards the 

anode.

For each step, a Monte Carlo simulation is performed to simulate the growth of the avalanche.

D. Stoccoôspresentation at RPC2024: https://indi.to/c9hfk.

Garfield++ MRPC example: https://garfieldpp.web.cern.ch/garfieldpp/examples/rpc/.
M. Abbrescia, et al., NIM-A 431 (1999) 413-427.

C. Lippmann, W. Riegle, and R. Veenhof, NIM-A 500 (2003) 144ï162.

▄ͯ♪ Ɫ●

https://indi.to/c9hfk
https://garfieldpp.web.cern.ch/garfieldpp/examples/rpc/
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Avalanche Size Distribution

W. Legler emphasized that electrons need to travel a minimum distance along the electric field before they can 

ionize again the gas. 

G. U. Yule, Phil. Trans. R. Soc. London B 213, 21 (1924).

W. H. Furry, Phys. Rev. 52, 569 (1937).

An overview of avalanche models: G. D. Alkhazov, Nucl. Instr. Meth. 89, 155 (1970).

distance since last ionization

ionization probability 
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The simulation method is based on the Monte-Carlo transport algorithm from the Magboltz program, utilizing its 

electron-molecule cross-section database. 

Microscopic Model

H. R. Skullerud, J. Phys. D 1, 1567 (1968).

S. F. Biagi, NIM-A 421 (1999) 234.

H. Schindler, S.F. Biagi, R. Veenhof, NIM-A 624(2010)78ï84.

Simplified description: 

1. Null-collision method is used to determine the time until collision

2. Determine the relative probabilities of collisional processes

3. Check which of the available collisional processes occurred

4. Update electron energy (and create new electron-ion pair)
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Microscopic Model

Magboltz calculation by Heinrich Schindler

Argon Methane

Images taken from: H. Schindler, S.F. Biagi, R. Veenhof, NIM-A 624 (2010) 78ï84.

Using this description, the distribution of the distance ‚that electrons travel between successive ionizing 

collisions can be obtained. Compared to Methane, Argon ‚exhibits distinct bumps at regular intervals.
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Argon Cross-sections
Rob Veenhof
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Microscopic Model

Stephen F. Biagi (MAGBOLTZ)

Heinrich Schindler (Garfield++)

Rob Veenhof (Garfield/Garfield++)

H. Schindler, S.F. Biagi, R. Veenhof, NIM-A 624 (2010) 78ï84.

Methane
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Example: Micromegas
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Microscopic Model

Pólya + Gaussian noise fit

Monte-Carlo (Magboltz)

S. Biagi, Magboltz: https://magboltz.web.cern.ch/magboltz/.

Pólya

Monte-Carlo (Magboltz)

noise

Ne Ar

https://magboltz.web.cern.ch/magboltz/
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Continuous Approximation



Space-charge Effects for Large Avalanches

23

C. Lippmann, W. Riegler, NIM-A 517 (2004) 54ï76.
See presentation of Supratik Mukhopadhyay and 

MPGD2024 presentation given by Maxim Titov.

Also: arXiv:2211.06361v1 [physics.ins-det].

MC simulations give an accurate description of the amplification in the proportional regime, where all electrons 

and ions are being drifted independently. Given the large avalanche sizes that can be found in timing detectors, 

space-charge effects could play a role. 

and moreé

https://indico.cern.ch/event/1273825/contributions/5444158/
https://indi.to/Yn96S
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Hydrodynamical Approximation

RD51ïNOTE-2011-005, by Paulo Fonte.

RD-51 Open Lectures by Filippo Resnati. 

Jaydeep Dattaôs presentation.

We can approximate the number density of electrons and ions in the gas 

as ñfluidsò and describe their dynamics using advection diffusion reaction 

equation: 

To include space-charge effects we can couple this to the Poisson equation

Ą Deterministic model! 

S. Mukhopadhyay and P. Djcvvcejct{cҲu"MPGD2024 contribution: 

https://indi.to/wym7w.

Equations taken from P. Fonteôs WG4 presentation: https://indi.to/9TWnL.

https://indico.cern.ch/event/1138814/contributions/4913672/attachments/2462656/4222401/RD51_110622_Jaydeep.pdf
https://indi.to/wym7w
https://indi.to/9TWnL
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Hydrodynamical Approximation: Rate Dependence of GEM Gain

The gain modification of GEMs as a function of the rate can be reproduced using this kind of approach.

Taken from F. Resnatiôspresentation: https://indi.to/vX8Gx.

https://indi.to/vX8Gx
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Hydrodynamical Approximation: Streamer in RPC

E/N = 200 Td

nBG = 104 m-3

D. Boġnjakoviĺ, I. Simonoviĺ, and S. Dujko, presentation at RPC2024: https://indi.to/Sxg8j.

https://indi.to/Sxg8j
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Gain in Silicon Sensors
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Gain in Silicon Sensors: Average Gain

Rtop= 1 ɋ
In contrast to gaseous detectors, the holes can also induce 

ionizing collisions. Therefore, the mean gain is given by

the average total number of pairs which are generated in the 

depletion layer of thickness d is

~LGADs

R. J. McIntyre, IEEE Transactions on Electron Devices ED-13 (1) (1966) 164-168.

R. J. McIntyre, IEEE Trans. Electron Devices, vol. 46, no. 8, pp. 1623ï1631, Aug. 1999. 

initial position eh-pair

ὼ

Ὡ-

Ὤ+

π Ὠ
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Gain in Silicon Sensors: Monte Carlo

Rtop= 1 ɋ
For a Monte Carlo simulation of the avalanche, the Yule-Fury model can be used independently for each step 

segment of the electrons and holes using their respective Townsend coefficients.

Different parametrizations popular parametrizations are 

used, e.g., Overstraeten ïde Man model

D. J. Massey, J. P. R. David, and G. J. Rees, IEEE Trans. Electron Devices, vol. 53, no. 9, pp. 2328ï2334, Sep. 2006. 

R. Van Overstraeten and H. De Man, Solid-State Electron., vol. 13, no. 1, pp. 583ï608, May 1970. 

Y. Okuto and C. R. Crowell, Solid-State Electron., vol. 18, pp. 161ï168, Feb. 1975. 
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Gain in Silicon Sensors: SPAD

D. Boġnjakoviĺ, I. Simonoviĺ, and S. Dujko, presentation at RPC2024: https://indi.to/Sxg8j.

Rtop= 1 ɋ

Electron

Hole

ȿὉ
ȿ

τ
π
πὯ
ὠȾ
ὧ
ά

https://indi.to/Sxg8j
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Gain in Silicon Sensors: LGAD

Gain layerElectrons

Holes

Pad electrode

To simulate the development of an avalanche in high-field regions inside the sensor, such as a highly doped p+-

type layer in an LGAD, one can:

Å Use the Van Overstraeten - de Man model (for impact ionisation coefficient in silicon)

Å Import the Electric field map and transport data from TCAD

R. J. McIntyre, IEEE Transactions on Electron Devices ED-13 (1) (1966) 164-168.
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Intermediate Summary

We have seen different approaches to describe the avalanche dynamics in a gas medium.

Å Analytic models: Can provide general insights through equation-based toy-models, given certain 

approximations. 

Å Macroscopic models: Can efficiently model the stochastic quantities using approximate models (Yule-Furry, 

Legler, ect.).

Å Microscopic model: A model capturing the stochastic process in detail, but more computationally 

demanding, especially when dealing with large avalanches and space-charge effects.

Å Continuous approximation: Deterministic model useful for large avalanche and space-charge effects 

simulations (TCAD/COMSOL).

ĄWe can combine different methods to overcome some of their individual shortcomings!
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Signal Induction

Werner Riegler, ñSignals in Particle Detectors,ò Lecture: https://indico.cern.ch/event/843083/

Werner Riegler, ñSignals, Noise and Signal processing in Particle Detectors,ò Lecture: https://indico.cern.ch/event/1458894/

https://indico.cern.ch/event/843083/
https://indico.cern.ch/event/1458894/


For a metallic surface, the electric field just outside is always perpendicular to its surface. The resulting local 

induced surface charge density ů is directly related to the electric field via: „ ‐έὉ.
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Signal Induction: Parallel Plate

modified Bessel functions 2nd kind



As the point charge q moves, the induced charge density changes. More importantly, the total induced charge on 

the electrode changes as a function of time giving an induced current as a result.
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Signal Induction: Parallel Plate

The induced current comes from the movement of the charge!



Using this framework, the induced current on the electrode, sourced by a point charge q, can be calculated 

using its weighting field Ei.

36

Due to the linearity of the Poisson equations, the contributions of each charge to the signal can be summed up 

independently.

S. Ramo, PROC. IRE 27, 584 (1939).

W. Shockley, Journal of Applied Physics. 9 (10): 635 (1938).

Signal Induction: Ramo-Shockley Theorem
William B. Shockley

(1910 ï1989)

Simon Ramo

(1913 ï2016)



The easiest way to calculate signals induced by moving charges on metal electrodes is the use of weighting 

fields (Ramo ïShockley theorem) for calculation of currents induced on grounded electrodes.

37

Signal Induction: Parallel Plate



Now let us look at an election-ion (electron-hole) drifting at a 

constant velocity. They will be collected at

Both of them will induce a signal on the electrodes, e.g., 

Their total induced charge will reflect the collected charge
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Signal Induction: Parallel Plate

Ὅ ρ
ὸ

ὸ
ὸρ ὸς



Assuming a uniform (+ɚ, -ɚ [C/cm]) and that The last charges 

arriving at the electrode at t1 and t2: 
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Signal Induction: Charged Particle in Planar Silicon Sensor

The induced current due to the movement of these charges 

is the sum of two triangles:

Ὅ ρ
ὸ

ὸ
ὸρ ὸς

with



The Ramo-Shockley theorem is used to induce signals on readout electrodes by charge movement. Weighting potentials can 

be calculated using built-in analytical solutions or numerically via FEM solvers.
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Signal Induction: Planar Sensor

Strip electrode

Signal ὍὭὸ induced on strip electrodeWeighting potential ʕὭ● of strip electrode
Electrons

Holes

Garfield++ example: https://gitlab.cern.ch/garfield/garfieldpp/-/tree/master/Examples/Silicon?ref_type=heads.

Electrons

Holes

Total

https://gitlab.cern.ch/garfield/garfieldpp/-/tree/master/Examples/Silicon?ref_type=heads
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Signal Induction: LGAD

Gain layer
Electrons

Holes

Pad electrode Induced signal on pad

Electrons

Holes

Total

In the case of LGADs, given the relatively short distance most of the electrons need to travel compared to the 

holes, the holes dominate in the signal formation.


