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DRD1 School: Simulation Outline
ÅFirst Lecture: the basics P.V. Today
Å0. Introduction ςGarfield++

Å1. Energy Loss ςPrimary Ionization

Å2. Electric Fields in the detector

Å3. Charged particle transport

ÅSecond Lecture: advanced topics D.J. Monday
Å4. Gas Gain & fluctuations

Å5. Signal induction & Capacitive coupling

Å6. Current limitations and Perspectives

ÅHands-on Exercises:
ÅSIM1: several simple exercises on the individual topics above

ÅSIM2: full exercise: simulation of RPC or Resistive Micromegas
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First Lecture
detector simulation basics
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0. Intro: All steps: from Ⱨto signal

Your Detector
Å Geometry
Å Electric Fields 2

Primary Ionization
Å Energy loss - gas
Å Cluster distribution 1

Charge transport
Å Drift & diffusion
Å Gas cross-sections 3
Charge Amplification
Å Townsend avalanche
Å Avalanche fluctuations 4
Signal Induction
Å Ramo-Shockley theorem
Å Signal processing

5

Your

gas

Anode Wire (-HV)

Your Detector (GND)

Ⱨ
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0. Intro: All steps: from Ⱨto signal

Your Detector
Å Theory: Many Lectures
Å Simulation: P.V, today 2

Primary Ionization
Å Theory: F.Sauli, today
Å Simulation: P.V. , today 1

Charge transport
Å Theory: F.Sauli, today
Å Simulation: P.V., today 3
Charge Amplification
Å Theory: F.Sauli, today
Å Simul: D.Janssens, Monday 4
Signal Induction
Å Theory: W.Riegler, Friday
Å Simulation: D.Janssens, Monday

5

Your

gas

Anode Wire (-HV)

Your Detector (GND)

Ⱨ
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0. Intro: Garfield & Garfield++

Åhttps://garfield.web.cern.ch/garfield/

Åhttps://garfieldpp.web.cern.ch/garfieldpp/

Åhttps://cds.cern.ch/record/1500583

ÅGarfield= Open-source toolkit for detailed simulation of 
charge transport and signals in particle detectors
ÅDeveloped by Rob Veenhof as Summer Student in 1984
ÅCƻǊǘǊŀƴттΣ Ŏƻƴǘƛƴǳƻǳǎƭȅ ŘŜǾŜƭΩŜŘ ϧ ŜȄǇŀƴŘŜŘ мфуп - 2010

ÅGarfield++= New program written in C++ by Rob Veenhof 
and Heinrich Schindler (then PhD student)
ÅImplemented most functionallity (not all!) from garfield
ÅCan now simulate also semiconductor devices
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0. Intro: Garfield++ Structure
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Åhttps://garfield.web.cern.ch/garfield/

Åhttps://garfieldpp.web.cern.ch/garfieldpp/

Åhttps://cds.cern.ch/record/1500583
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ÅQuickest way to start using Garfield++: SWAN
ÅJupyternotebook using python programming language
ÅFor who has a CERN computing account
ÅWe access directly the latest (nightly) build of Garfield++
Ågo to https://swan-k8s.cern.ch
ÅAn example is/will be attached to the indico page

ÅAlt: on LXPlusor installed on a Linux Virt.Machine

0. Intro: Garfield++ Structure

The minimum needed:
Å Import ROOT
Å Import OS and System commands
Å Import C++ type objects

Load the path to
the nightly build

Load the paths 
of Garfield Libs
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0. Intro: What is not (yet) modelled?

Your Detector
Å Non-smooth surfaces
Å Error on Electric Field calc2

Primary Ionization
Å HEED assumes zero Energy loss
Å Interactions in detector material 1

Charge transport
Å Correct drift velocity for ions 3
Charge Amplification
Å A correct limit to max charge amplification
Å Emission of UV-photons from excited states
Å Smooth transition from Micr.Trkto Swarm

Signal Induction
Å New: effects of Resistive materials
Å Transmission line effects

5

Your

gas

Anode Wire (-HV)

Your Detector (GND)

Ⱨ
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1. Interaction of 
particles with Matter

ÅBethe-Bloch
ÅFor charged particles

ÅTells us only about E-loss

ÅNot about distribution 
along  the primary track

S
lid

e
 ©

 R
o

b
 V

e
e

n
h

o
f

ÅInteraction of relativistic charged particles
ÅDŜǎŎǊƛōŜŘ ƛƴ άtƘƻǘƻ-Absorption Ionisation (& Relaxation) PAI(R)
ÅGEANT4 uses PAI, HEED(interfaced to Garfield++) implements PAIR

ÅInteraction of slow, heavy charged particles
ÅStopping and Range of Ions in Matter (SRIM)

ÅInteraction of neutral particles
ÅInteraction of Photons (HEED) & Neutrons (GEANT ςnot covered)
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e-

*

Ar atomCharged particle

1 mm

Ḻ1 mm

1. Interaction of particles w/ matter
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1. formulae PAI(R) model
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Cross section to 
transfer energy E

I.B. Smirnov, Nucl.Instr.Meth.A 554 (2005) 474

PAIR 
model 
implemen
ted in 
HEED 
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1. Photo-absorption in argon

Argon has 3 shells, hence 3 groups of lines:

K = 1s

L1 = 2s

L2 = 2p 1/2

L3 = 2p 3/2

M1 = 3s

M2 = 3p 1/2

M3 = 3p 3/2

{ {

Lamb shift

Spin-orbit splitting
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ÅIonisation electronsdeposited in Ar
ÅdE/dx divided by ionisation potential (IP): 

160e-/cm
ÅHeed: 72 e-/cm ςDegrad 62 e-/cm

ÅOn average need more energy than binding 
energy to ionize an electron
ÅSome energy goes into excitations (W)
ÅNot all energy is used (F) 
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1. Primary Interactions / Clusters

1.5cm ςclusters in T2K gas 
(Ar:CF4:iC4H10 95:3:2)

Å Energy is liberated in primary clusters
Å Not evenly spaced ςnot even exponential

Å♯electrons

Slides © Rob Veenhof



1. Interaction of a Charged Particle

●

◐

◑

10 cm

10 cm

1 cm

Heed calculated, based on particle 
and the gas medium:
Å Ncls/cm = 38 cm-1

Å dE/dx = 4.58 keV/cm
ÅW = 28.38 eV per e-ion pair
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1. Interaction of a Charged Particle

●

◐

◑

Most clusters have single electron
Å 39clusters with 1 electron
Å 6 clusters with 1 electron

Ⱨ

Non-gaussian 
tails

Structures in 
the cluster sizempv

dE/dx 
(restr)

dE/dx 
(unrestr)
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1. Interaction of a Photon / X-ray

A ‎with 5.9 keV interacted in the gas
and produced:
Å 208 electrons & 204 ions (?)

Garfieldpp is C++ code
Need c++ objects for pass - by - reference

¢ƘŜ Ŏŀƭƭ άƴŜέ ƎƛǾŜǎ ȅƻǳ ōŀŎƪ
the ctypesobject
άne.valueέ ƎƛǾŜǎ ȅƻǳ ǘƘŜ ǾŀƭǳŜ

Not all ‎(5.9 keV) interact in 1cm of gas
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Be critic towards your results ςperform X-checks

A Student simulated a 8 keV ‎in a LEM

Å (2.5mm drift gap)

Åand found > 90% of Events with 0 electrons

1. Interaction of a Photon / X-ray
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Perform a back-of-the-envelope calculation
Å NIST XCOM database: photon cross sections for single 

elements, compounds and mixtures
Å„(@ 8keV) dominated by Photo-Electric Effect
Å„= 8.47 cm2/g
Å Multiply with ”= 1.83E-3 g/cm3 for Ar:CO2 70:30 gas
ÅὍ ὍπÅØÐ‘ὼ(Lambert-Beer) with ‘ „”
Å For x = 2.5 mm => only 4% interacts



2. Electric Fields & Det Geometry
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/ƭƻǎŜŘ ŜȄǇǊŜǎǎƛƻƴǎΣ άanalyticƳŜǘƘƻŘέΥ
almost all 2d structures of wires, planes + periodicities;
dielectrics and space/surface charge are laborious;
fast and precise, if applicable.

Finite element method:
2d and 3d structures, with or without dielectrics;
several major intrinsic shortcomings.

Integral equations or Boundary element methods:
equally comprehensive without the intrinsic flaws;
technically challenging and emerging;
consumes more CPU time than FEM, but catching up.

Finite differences:
used for iterative, time-dependent calculations.

Implemented in 
Garfield

NeBEM

ANSYS, 
COMSOL,
ELMER

OK for parallel plate & 
wire detectors

Needed for MPGDs
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2. Analytic Fields in 2D - example

Garfield++ Examples:
Å https://garfieldpp.web.cern.ch/garfieldpp/examples/analytic/
Å https://garfieldpp.web.cern.ch/garfieldpp/examples/alicetpc/
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https://garfieldpp.web.cern.ch/garfieldpp/examples/analytic/
https://garfieldpp.web.cern.ch/garfieldpp/examples/alicetpc/


2. Finite Element Method

2127/11/24 DRD1 School - Detector Simulation - P.V.
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2. Finite Element Method
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2. Finite Element Method
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2. Finite Element Method

ὠρ

ὠς

ὠσ

Example:
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1st Order Triangular Element: 
Nodes 1,2,3 with ὠρȟὠςȟὠσ
ὠὶ ὠρὔρὶ ὠςὔςὶ ὠσὔσὶ



2. Finite Element Method
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2. Finite Element Method
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2. Finite Element Method
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2. Finite Element Method
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2. Finite Element Method
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ÅAlternative approach:
ÅNo discretization of the domain (as in FEM)
ÅBut discretization of the boundaries (BEM)

Å.9a{ ŦƛǊǎǘ ŀǇǇƭƛŜŘ ŀǊƻǳƴŘ мфтт Χ ŀōƻǳǘ нл ȅŜŀǊǎ ƭŀǘŜǊ ǘƘŀƴ C9a όмфррύ

ÅIn ad 3D detector
ÅElements are 2D surface panels located on the boundaries
ÅPotentials on Electrodes => Charges on the boundary elements
ÅCharge on a boundary => Electric Field calculated using DǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴǎ
Å Field in domain is superposition of fields induced by all boundary elements
ÅNo discontinuities in the problem domain ςbut discontinuities on boundaries

ÅIƻǿŜǾŜǊ Χ ƳŜǘƘƻŘ ƛǎ ƴǳƳŜǊƛŎŀƭƭȅ ŎƘŀƭƭŜƴƎƛƴƎΣ ǘƛƳŜ-consuming

ÅneBEM: nearly-exact Boundary Element Method
ÅNearly-exact refers to how singularities in vicinity of boundaries are addressed
ÅOpen source, developed by our DRD1 colleagues in Saha Institute (Kolkata, IN)

ÅneBEM integrated in Garfield++
ÅDevelopments still ongoing to speed up the code

S.Mukhodpadhyay & N.Majumdar, Computation of 3D MEMS electrostatics 
using a nearly exact BEM solver EABE 30 (8), 687-696, 2006

2. Boundary Element Method
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Garfield++ Examples:
Å https://garfieldpp.web.cern.ch/garfieldpp/examples/nebem/

Slide © Rob Veenhof

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


2. Electric Fields & Det Geometry

Å 3 materials: Gas, Cu, Kapton
Å 8758 elements
Å 14066 nodes
Å 14066 potentials, same as nodes

Dimensions of the Elementary Cell

Index of the Materials:
Å 0 = Cupper (‐ὶ Њ,  ”= 0)
Å 1 = Gas (‐ὶ ρ)
Å 2 = Kapton (‐ὶ τ)
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2. Electric Fields & Det Geometry

Å 3 materials: Gas, Cu, Kapton
Å 8758 elements
Å 14066 nodes
Å 14066 potentials, same as nodes

Dimensions of the Elementary Cell

Index of the Materials:
Å 0 = Cupper (‐ὶ Њ,  ”= 0)
Å 1 = Gas (‐ὶ ρ)
Å 2 = Kapton (‐ὶ τ)
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3. Charged Particle Transport
Overview

Recall:

ÅWe have a charged particle that produces primary ionization 
along its track

ÅWe need to have this primary ionization moving (and in 
most cases to amplify it) to detect 
ÅTherefore we apply electrical fields in our detector 
ÅNow need to know how these particles move in the electric Field

ÅLorentz: Ὂ ήὉ ὺ ὄ

ÅNewton: Ὂ άὶ

ÅEquation of motion: ὶὼȟὺȟὸ ὪὼȟὉȟὄ

Å.ǳǘ ǘƘƛǎ ƛǎ ŀ ƳŀŎǊƻǎŎƻǇƛŎ ŀǇǇǊƻŀŎƘ Χ ǿŜ ƴŜŜŘ ǘƻ ŀŘŘ gas
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3. Charged Particle Transport
Intro: the mean free path in argon

We know (e.g. from literature) that:
Diameter (Van der Waals) Ǌ Ғ1.9 10-8 cm
Cross section of 1 atom: „Ғ 1.5 10-16 cm2

Atoms per volume: n0Ғ 2.7 1019 atoms/cm3     
(Loschmidt)

Average distance: 1/ nʑ0Ғ о ƴƳ

Mean free path for an electron ?
An electron hits all atoms of which the centre 
is less than a cross section r̀adius from its path;
over a distance L, the electron hits n0 L̀atoms;
mean free path = distance over which it hits 1 atom;
Å ‗e = 1/(̀ n0) Ғ2.5 ‘m

much larger than
3 nm distance between atoms in gas,  and
140-600 pm typical gas molecule diameters.
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Recall:
Mean free path of electrons in Ar:  2.5 µm,

Compare with:
Micromegas mesh pitch: 63.5 µm
GEM polyimide thickness: 50 µm
Micromegas wire thickness: 18 µm
GEM conductor thickness: 5 µm

Hence:
mean free path approaches small structural elements;
such devices should be treated at a molecular level.

3. Charged Particle Transport
Intro: MPGDs and Mean free path
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3. Charged Particle Transport
Boltzmann equation
ÅThe Boltzmann equation describes the evolution of 

the distribution function f (energy or velocity distribution) in 
6D phase-space: Æ●ȟ○ is function of position and velocity 

○ɇɳὪ ╔ ○ ║ ɇɳὪ= 0

36

Å1935: solution by expansion of f with 
Legendre polynoms 

Ὢὼȟὺ Ὢπὼȟὺ
‐

ὺ
Ὢρὼȟὺ

With Ὢπthe random distribution and 
Ὢρthe electron drift

ÅFrom 1960: numerical solutions with 
first computers
Å Skullerud ςNull-collision tech. 1968
Å Fraser & Mathieson 1986, E-fields
Å Steve Biagi 1998, E & B-fields

Ὓ ὯÌÏÇὡ
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3. Charged Particle Transport
Magboltz

ÅMagboltz solves transport equations in 
presence of E- and B-fields

ÅProgram written in Fortran
Å http://cern.ch/magboltz
Å Integrated (through wrapper) in Garfield++
ÅYou need to update manually with new versions

ÅIt uses electron-atom cross-sections
Å Internal database, published on LXCAT
ÅMeasurements -> cross section

ÅPrecision of the cross-sections:
Å Total cross section: 1%
Å Ionisation 2%
ÅExcitation 5-10%

ÅMagboltzcalculates transport params
Å Townsend Coefficient
ÅAttachment Coefficient
ÅDrift velocity
ÅDiffusion Tensor
ÅAverage electron energy

S.F. Biagi ςNucl. Instr Meth A 421 (1999) 

cern.ch/magboltz

http://cern.ch/magboltz


CO2 makes the 
gas faster, 
dramatically.

Calculated by 
Magboltzfor 
Ar/CO2 at 3 bar. 
(Note where the arrow is !)

Pure Ar

20-100 %  CO
2

3. Charged Particle Transport
Ar:CO2
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CO2 is linear:
O ςC ςO

Vibration modes are 
numbered V(ijk)

i: symmetric,

j: bending,

k: anti-symmetric.

V(010)

V(100)

Vibration sum

Total cross section

3. Charged Particle Transport
CO2 vibrational modes
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0 % CO
2

10 % CO
2

Starting point Starting point

E

3. Charged Particle Transport
Electrons in Ar:CO2 mixtures at E = 1kV/cm
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90 % CO
2

100 % CO
2

Starting point Starting point

3. Charged Particle Transport
Electrons in Ar:CO2 mixtures at E = 1kV/cm
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