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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:
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1. Primary lonization Pattern (Part I) M) \J 1% on
2. Electric Field Calculation (Part ) E, x oA
3. Electrons and lon/Hole Drift (Part I) o © \\Cluster
4. Townsend Avalanche Simulation (Part Il) 5@/ A\ & & ) ap. @ v
5. Signal Induction (Part II)
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These lectures are inspired by the work and talks of R. Veenhof.
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QOutline

» Primary lonization
« Bethe-Bloch formula: mean energy loss

* Heed : Photo absorption ionization (and relaxation) model

» Electric Field Calculations
* Analytical Methods
 FEM approach

» Charge Carrier Mobility
* Macroscopic drift parameters

* Monte Carlo method
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These lectures are inspired by the work and talks of R. Veenhof. 2



QOutline
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- These lectures are inspired by the work and talks of R. Veenhof. 3
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Primary lonization

=N



Primary lonization: Charged Particle

There are different models available to simulate the energy deposition of incident particles in the gas: L

Felix Bloch Hané Bethe
(1905 - 1983) (1906 - 2005)

« Bethe-Bloch: mean rate of energy loss I B A BN
by moderately relativistic charged heavy 0.1
particles: m, u, p, a, ... (Mm;>m,).

Ar

« SRIM: energy loss of ions in matter.

dE/dx [MeV /cm]

0.01 : relativistic‘z
« PAI: energy loss of relativistic charged with density effectf
particles with matter as a function of — non-relativistic 1
photo-absorption cross section;
0001 Ll Ll Ll Ll el L
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* PAIR: Heed, PAI with atomic relaxation
cascades. By
2. 4 202 2
ﬁ:_&nzeNZi |n2mc6'y 2 6(BY) |
dx mc? 52 / 2

_ As already seen in W. Riegler’s lectures! 5
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Primary lonization: Charged Particle

The primary ionization pattern resulting from the energy transfer from the incident relativistic particle to the atoms or molecules
of the gas medium via virtual photons.

i (150 GeV/c)

— 05 1 I 1 1 1 I 1 I I 1 I 1 1 1 1 LI A
E. E I I E ;102 =3 1 T I 1 1 T ' T 1 1 I T 1 1 l 1 I-E-
0.45F : - g , , -
) ons 3 § pair production
0.4 - Ar/C0, 3 — 10
0.35 ;_ 93/7 % _; Lﬂ : ;
03 _ ; _ 1E Compton scattering ]
0.25F ] < m i
- 1 |= -1L
0.2F ” 3 10
0.15E 3 i photoabsorption 1
E H(®) : 1072 ¢ 3
0.1F =7 3 z
0-05 E _: —3 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1
- ] 10
Y I 20 40 60 80
0.1 -0.05 0 0.05 0.1 7
v x [cm]




Primary lonization: Charged Particle

The photoabsorption cross-section g, is the key factor in the photo absorption ionization (PAl) model. This

model gives the differential cross-section of the energy transfers from the particle to the medium. Wade Allison  John Cobb
do _a [oy(B) 1 S — ¢ . —
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Primary lonization: Charged Particle

The number of electron/ion pairs left in the gas fluctuates from track to track. That’s due to:

Igor Smirnov

« The number of collisions a particle makes over a distance x isn’t fixed—it follows a Poisson distribution centered
around X/A.

» Each collision produces a variable number of electron/ion pairs (the "cluster size"), which also fluctuates.

Cluster density Charge deposition spectrum
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- [. Smirnov, Heed-C++: http://ismirnov.web.cern.ch/ismirnov/heed. g
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http://ismirnov.web.cern.ch/ismirnov/heed

Primary lonization: Charged Particle

e
n

< IIIIIIIIIIIIII]]]I]IIIIIIIII[IIIII|IIIIIIIIIIIIII

o
<o

S ITTTTTTITTTITTITTT TrrrprrreryrrrryrrrryrTrreryrrrryrend
[RAREY RLRLY [RERRE RARRY RN AR

y[cm]
entries

<
.
O

&
L
oo

&
[}
-

=]
=
(=)}

[=1

|
o
—_
IS

|
et
(¥
w

|
ot
"
)

[
=3
N
et

IIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIII
Lh
IIIIIIIIIIIIII]]]I]IIIIIIIIllIllllllIIIIIIIIIIIII

L L L L l L L L 1 I 1 1 1 1 I 1 1 1

50 100 150 200
number of electrons

o

I
<
n

=)
b
=
B
o
[
=]
o0
[

=
—

2]

8
—_—

Animation made by H. Schindler. 9




Primary lonization: Charged Particle
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Primary lonization: Charged Particle

The primary ionization pattern resulting from the energy transfer from the incident particle to the sensitive medium can be
simulated using many different software tools:

« Charged relativistic particle using the interface with Heed or Y | Pion (1.80|G?V{C), ——
GEANT4, based on (an extended version of) the PAI model. 5 - Sj
« X-Ray photoabsorption using Heed or Degrade. 0.008 |~ =
o | | 0.007 - 3
* lon track using simulation imported results from Srim or Trim. 00065 ]
« Many others... 0.005 =
Inverse mean free path Simulated charge deposition spectrum 0.004 ;— _;
o E £ - 0.003 —
] E = m
1 o10 | -
: g 0.002 =
. 0.001f- =
_i : 1 I L 1 1 I 1 1 1 1 1 L I 1 1 1 I L :

] = -0.004  -0.002 0.002 0.004
: X [cm]

Imll(l)z - OIHZIOIH4IOIH6IOIH8|()“

BY number of electrons X [Cm]

I. Smirnov, Heed-C++: http://ismirnov.web.cern.ch/ismirnov/heed.
W. W. M. Allison and J. H. Cobb Ann. Rev. Nucl. Part. Sci. 30: 253-95 (1980). 11
D. Pfeiffer et al, NIM A 935 (2019), 121.
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Electric Field Calculation
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Poisson Equation

Poisson introduced an electric potential by close analogy with Laplace's work on gravity.

Siméon Denis
Poisson
(1781-1840)

Oun sait que les composantes de I'attraction ou de

Ia répulsion qu'un corps exerce sur un point donné, sont Force: F X v¢

exprimées par les différences partielles d'une certaine fonc-
tion des coordonnées de ce point, savoir, de la fonction qui

représente la somme des moléeules du corps, divisées par
leurs distances respectives au point donné: désignons done Potential: qb —_ q / r

cette somme par V,

His goal was reproducing Coulomb's experimental data. He didn't want to speculate on the nature of the fields.

V- (e(x)Ve(x)) = —p(x)

_ Siméon Denis Poisson, Sur la Distribution de I'Electricité a la surface des Corps conducteurs, p 14, Mémoires 13
Wil A =l R&D de la classe des sciences mathématiques et physiques de l'institut impérial de France (Paris, 1811).



Poisson Equation: Wire

For gaseous detectors without any charge carriers in the gas, / .
the Poisson equation reduces to the Laplace equation:
V< b >
V2(x) = 0,
with the electric field being \\ -
E(x) = —V¢(x)

Gate wires

For a drift tube of radius b with a wire of radius a, we then get

Field wires

Anode wires

E(r)=— I, a<r<hb

Pad plane

iy Hans Geiger
\ (1882-1945)
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y-Axis [cm]
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_ Garfield++ Examples:
https://garfieldpp.web.cern.ch/garfieldpp/examples/analytic/ 14
meen D221 B3 R:0

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



https://garfieldpp.web.cern.ch/garfieldpp/examples/analytic/
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Finite Element Method

A study in the use of the finite element technique (then called “direct stiffness method”) for aircraft

: : lwavvng Apyupng
wing design. (1913-2004)
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- M.J. Turner, R.W. Clough, H.C. Martin and L.J. Topp, Stiffness and Deflection Analysis of Complex 15
Ml A =2 R&D Structures, J. Aero. Sc. 23 (1956), 805824. MJT & LJT with Boeing.



Finite Element Method: From Mesh to Potential

To be considered a “classical solution” to the boundary value problem, the potential needs to be
sufficiently smooth Boris Galerkin
(1871-1945)

V=L f W ap1 00—y

€

In case of a non-smooth domain Q c R? or R3, or a discontinuous source f, we need a “weak formulation

/Q(V2¢+f)'?dﬂzo = /gzv¢.deQ:LdeQ+AQva_

test function

The finite element approximation ¢, can be uniquely written in using basis vectors u and real functions ¢

n n+ng
Sh = ui&(x)+ Y wui€i(x)  suchthat Au — £
j=1 1 j=n+1 lei |

shape functions

=N :




Finite Element Method: From Mesh to Potential

The mathematical motivation for finite element approximation is the observation that a smooth function can often

be approximated to arbitrary accuracy using piecewise polynomials.

bh =) ui&(x)+ Y uié(x)
=1

shape functions

N

>

Au="f

such that
1=n-+1

Galerkin matrix

=N
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Finite Element Method: From Mesh to Potential

The mathematical motivation for finite element approximation is the observation that a smooth function can often
be approximated to arbitrary accuracy using piecewise polynomials.

n n+ng
¢h — Zujfj (X) + Z ujfj (X) such that Au="f
= T = Gal k'T i
alerkin matrix

shape functions

Aﬁ dej
//// A\ node]

>
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Finite Element Method: GEM

This approach can allow us to calculate the potential in an almost arbitrary detector geometry that include
dielectric materials!

-300
-400
-500
-600
-700

-800

- COMSOL: https://www.comsol.com
ANSYS: https://www.ansys.com
[ — A a2 R&D ELMER: https://www.elmerfem.org/blog/

19


https://www.comsol.com/
https://www.ansys.com/
https://www.elmerfem.org/blog/

Finite Element Method: Price To Pay

However, while it is very useful, we need to keep in mind we are approximating the potential through ( as
polynomials!

V [kV]

The electric field has an even lower order polynomial then the potential.

The finite element method guarantees that the potential is continuous, but the electric field often is not.

Potential

Potential error

Exact solution

Parabolic fit

SVIV [%]

- +2 %

- -2 %

15 pm 100 pm
¥ &5 & & 8 3§ & %
r [um]

Field

SE/E [%]

Field error

[+50 %

-50 %

=N

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

20



Poisson Equation: Planar Sensor

Due to the presence of mobile charges, electric field calculations for silicon sensors tend to be more complicated
than for gas-based detectors.

hole density ionized donor and acceptor densities

/ \
V- (e(x)Ve(x)) = —q (p(x) — TTL(X) + Np(x) — Na(x)) + f%f(X)

electron density fixed charge density

The temporal evolution of the electron and hole concentrations is described by the continuity equations

current ldensities generation if carriers
on , Op :
E:_V°Jn+Gn_Rna E:_V'JP_I_GP_I?ZM

loss of carriers

=N g




Poisson Equation: Planar Sensor

In an overdepleted, unsegmented planar diode of thickness d,

* electron

the charge density is constant: * hole
@ donor
O © acceptor
\'%
p=—qNy
., , depleted non depleted
The depletion voltage is the voltage needed so that: nsulator conductor
QNA d2 nt implants
2e
The result it a linear field: p bulk
V — V4 V4 !
E,(x) = Dy gy dep |
Y d d2 backside (pt) - T

=N .



Finite Element Method: Silicon 3D Sensor

Powerful device simulation (also referred to as TCAD) programs dealing with the self-consistent solution of
Poisson and mobility eq. are available, e. g., Synopsys Sentaurus Device.

y-Coordinate [um]

[wo/AY] yibuans plaly oujo8|3

x—Coordinate [ym]

Simulation performed by A. P. Gomez (alfonso.puicercus.gomez@cern.ch) and V. Coco (victor.coco@cern.ch) (CERN).
Synopsys, Inc., Synopsys TCAD, http://www.synopsys.com/Tools/TCAD/ 23
Importing TCAD field maps: https://garfieldpp.web.cern.ch/garfieldpp/examples/tcad/.



http://www.synopsys.com/Tools/TCAD/
https://garfieldpp.web.cern.ch/garfieldpp/examples/tcad/

Finite Element Method: LGAD

Powerful device simulation (also referred to as TCAD) programs dealing with the self-consistent solution of
Poisson and mobility eq. are available, e. g., Synopsys Sentaurus Device.

Doping profile: Electric field:
. JhbRacacl T AEEERE AN |I-|PK2'S1 5‘105_ —— T T
g (:é = | = Phosphorous . 80V ]
c | st Boron . —+— HPK2S1 |
= o 'A* ‘ 53'10 A —+— HPK2-S2 1
S S Fa i = e HPK2-S3 |
e | c i & 0 2108 HPK2-S4
O O I A 1 ] i ;
5 i St ’ .d'& I | 10°]
I | QO B 3 LI L
T““Y L ..... 1 :
depth [a.u.] depth [a.u.] ¢

_ E. C. Rivera, M. Moll, IEEE Trans. Electron Devices 70 (2023) 2919-2926.
Synopsys, Inc., Synopsys TCAD, http://www.synopsys.com/Tools/TCAD/
Tt A Sy R&D Importing TCAD field maps: https://garfieldpp.web.cern.ch/garfieldpp/examples/tcad!.
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Drift of Charge Carriers
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Charge Transport: Gas

The Boltzmann equation describes the evolution of the distribution function f (energy or velocity distribution) in
6D phase-space: f(x,v) is function of position and velocity.
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Skullerud — Null-collision tech. 1968
Fraser & Mathieson 1986, E-fields 26
Steve Biagi 1998, E & B-fields




Charge Transport: Gas

The Boltzmann equation describes the evolution of the distribution function f (energy or velocity distribution) in
6D phase-space: f(x,v) is function of position and velocity.
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Charge Transport: Gas

= T T
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Charge Transport: Semi-Conductor

For device simulation purposes, empirical fit formulas are used for the dependence of the mobility on temperature,
doping, impurity concentration, electric field and other parameters, e.g.:

Lat“ce moblllty E -l_-l II 1 I LA I 1 LA 1 1 LI :
5 i 2
l T —v g s B holes g
1209 (T) = ML|T:T0 T , 1p=300K % B i
0 Z 0.008 |
A popular parameterization for the mobility it the one form 0.006~ 5
Canali et al. - .
0.004 |- —
KL i :
HJ(E) o 3 1/8° 0.002 — ~
(1 + (M) ) B §
VUsat - -
T O'ii! IIIII| 1 1 IIIIIII 1 1 IIIIII|
10° 10° 10* 10°
saturation velocity electric field [V/cm]

= 20 C. Canali, G. Majni, R. Minder, and G. Ottaviani, IEEE Transactions on Electron Devices 22, 1045 (1975). 29
mom Kb



Charge Transport: Monte Carlo

On a phenomenological level, the transport of electrons and ions (holes) in gases (semi-conductors) in an
electric field E and a magnetic field B can be described in using macroscopic transport parameters.

0.01

Add new charge 5 .
ake a seed char eL = ]
ﬁ- 9 i to stack v 0.008} ]
0.006 |-
Drift charge for o - = ;
o Add diffusion 0.004 - ]
0.002[ |
0
Check if _
Yule Furry 0.0021 .
attached or left model - .
medium —0.004 |- .
~0.006 - .
-0.008 |-
x [em]
- Allpix2: https://allpix-squared-forum.web.cern.ch KDetSim: http://kdetsim.org Many more...
@ Garfield: https://garfield.web.cern.ch/garfield/ Raser: https://raser.team/docs/raser/ 30
T A 3 R&D Garfield++: https://garfieldpp.web.cern.ch Weightfield2: https://www.to.infn.it/~cartigli/W eightfield2/index.htm|
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Summary

Accurate detector simulation requires coupling ionization physics, electric field modelling, and charge transport to reproduce
detector response and stochastic behavior.

1. Primary lonization
» Charged particles lose energy in gas/semi-conductor through interactions with the medium.
* Models such as Bethe—Bloch and PAI(R) describe energy loss and primary ionization.

« The resulting electron—ion (hole) pair distribution fluctuates due to stochastic collision processes.

2. Electric Field Calculation
« Electric fields in detectors are obtained from Poisson equations.
« Simple geometries can be solved analytically (e.g., drift tubes).

 Complex detector geometries require numerical methods such as the Finite Element Method (FEM).

3. Charge Transport
» Electrons, ions, and holes drift under electric (and sometimes magnetic) fields.

« Transport properties are described by Boltzmann-based models (gas) or using mobility parametrization.

=N
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Thank you for your attention!
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