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QOutline

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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Average Gas Gain

=N



Gas Multiplication

The amount of charge produced by a charged particle crossing a gas detector is usually too small to be
measured directly, 40 e  6.4x10" 3fC.

The number of electrons produced by 0 electrons traversing an interval ‘Q dis:

dN = aNdx
= N = Nye®*

When the electric field is not uniform, we will find at position i on average:

S
/ /
N(S) — NO eXp 8 (8 ) dS Sir John Sealy Edward Townsend

0 (1868-1957)

- J.S. Townsend, fAThe conductivity produced in gasPk($90WMi08-22h.e mot i
Ml ‘ 2 R&D If access to the Philosophical Magazine is restricted, then consult a German-language abstract at http://jfm.sub.uni-goettingen.de/. 3



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.

Magboltz - transport of electrons in gas mixtures

Responsible at CERN: Rob Veenhof Created: 20 May 1995
Manual Type: Source files, cross sections Last Update: 31 Jan 2024
Versions: 11.18 Verified: 31 Jan 2024
Author: Stephen Biagi Valid until: further notice
Reference: none Support Level: Normal
Magboltz

Magboltz solves the Boltzmann transport equations for electrons in gas mixtures under the influence of electric and
magnetic fields.
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S. Biagi, Nucl. Instrum. Meth. A 283 (1989) 716-722.
S. Biagi, Nucl. Instrum. Meth. A 421 (1999) 234-240. 4
S. Biagi, Magboltz: https://magboltz.web.cern.ch/magboltz/.
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Gas Multiplication
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Argon Cross-sections
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ELASTIC_Ar (Biagi-vB.9)

Ar -> Ar(1S5) (11.55eV)

Ar -> Ar(154) (11.62eV)

Ar -> Ar(1S83) (11.72eV)

Ar -> Ar(152) (11.83eV)

Ar -> Ar(2P10)(12.91eV)

- Ar -» Ar(1P9) (13.08&V)
Ar -> Ar(2P8) (13.10eV)

Ar -» Ar(2P7) (13.15&V)

Ar -> Ar(2P6) (13.17eV)

Ar ->» Ar(2PS) (13.27eV)

Ar -> Ar(2P4) (13.28eV)

Ar -> Ar(2P3) (13.30eV)

Ar -> Ar(2P2)(13.33eV)

- Ar -> Ar(2P1) (13.48eV)
Ar -> Ar(3D6) (13.85eV)

Ar -> Ar(2D5) (13.86eV)

Ar -> Ar(3D3) (13.90eV)

Ar -> Ar(3D4) (13.98eV)

Ar -> Ar(304) (14.01eV)

Ar -> Ar(3D1!!)(14.06eV)

Ar -> Ar(2s5) (14.07eV)

- Ar -> Ar(2S4)(14.09)
Ar -> Ar(301!)(14.10eV)

Ar -> Ar(302) (14, 15eVY)

Ar -> Ar(3811111)(14.21eV)
Ar -» Ar(3s111)(14.23eV)

Ar -> Ar(351111) (14.24eV)
Ar -> Ar(253) (14.24eV)

Ar -> Ar(252) (14.25eV)

- Ar -> Ar(3s51) (14.30eV)
Ar -> Ar(4D5) (14.71eV)

Ar -> Ar(354) (14.85eV)

Ar -> Ar(4D2) (14.86eV)

Ar -> Ar(451!)(15.00eV)

Ar -> Ar(352) (15.02eV)

Ar -> Ar(sDS) (15.12eV)

Ar -> Ar(454) (15.19eV)

- Ar -> Ar(5D2) (15.1%V)
Ar ->» Ar(6DS) (15.31&V)

Ar -> Ar(551!)(15.35eV)

Ar -» Ar(452) (15.368V)

Ar -> Ar(584) (15.37eV)

Ar -> Ar(6D2) (15.37eV)

Ar -> Ar(EXC HIGH) (15.66eV)

Ar -> ?r“+
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Frans Michel Penning
(1894-1953)

Penning Transfer

Excitations represent a significant scattering process at high electron energies. Argon has excited
states above the ionization energy of typical admixtures, including CO.,,.
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Penning Transfer

i . fracti fCO
As such, the Townsend coefficient needs to be corrected: o '01" ?
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Garfield++ example for Penning transfer: https://garfieldpp.web.cern.ch/garfieldpp/examples/penning/. 8
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Example: Drift Tube

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

E(r)z—?ah‘l/ﬁf‘, a<r<b,

Such that the transport of charge happens radially. The total gain can then
be evaluated using numerical integration

a

N(a) = Ny exp[ a[E(r")] dr’

To

Alternately, this can be done piecewise for each segment of the Runge-
Kutta-Fehlberg integration in Garfield(++).
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Statistical Fluctuation of the Gain

=N



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.
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George Udny Yule
(1871-1951)

Avalanche Size Distribution

Assuming that the distance between successive ionizing collisions of an electron is exponentially
distributed with a mean free path1 | -1 independent of the electron energy, we have:

Py(z +dx) = [1 — na(x)dz]Py(z) + (n — Va(z)dzPy—1(z) + O (dz?)
™S

The solution to the above equation is given by Rob Veenhof Eniries 20000

Mean 2521
RMS 250.3

Probability that the avalanche reaches n electrons after a distance x+dx, starting with one e-.
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G. Udny Yule, A Mathematical Theory of Evolution, based on the Conclusions of Robert A. Wijsman, Breakdown Probability of a Low Pressure Gas Discharge, Phys. Rev. 75
Dr. J.C. Willis, F.R.S., Phil. Trans. Roy. Soc. London B 213 (1925) 21-87. (1949) 833-838.

W.H. Furry, On Fluctuation Phenomena in the Passage of High Energy Electrons 12

throuah Lead, Phys. Rev. 52 (1937) 569-581.



Avalanche Size Distribution

As straightforward extensions of the Yule-Furry model, we can introduce an attachment coefficient — in addition
to the Townsend coefficient.

P,(z+dz) = P, 1(x)(n — Da(x)dz[l — (n — 1)n(x)dx] R
— a =13/mm, n=0/mm |
(CU) [1 o na(x) dx] [1 o nfr](x) dx] 0.50 J?//Q\/Q a = 13/mm, g= 3_5/mm‘:
P, (x)na(x) denn(x) dx &,
+ Pn+1(:v)[1 — (n+ Da(z)dz|(n + 1)n(z)dz
0.10
o
For a uniform electric field, Legler showed that at first order the solution is = 005
ﬂ_ﬁ—l : n =0
] {anln/a > n—1
— (1-n/«a n—1 0.01
- (ﬁ—n/a) (ﬁ—n/a) | e -
, Where 0

W. Legler, Z. Naturforschung. 16a (1961) 253. 13



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.
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14

M. Abbrescia, et al., NIM-A 431 (1999) 413-427.
Ml A & R&D C. Lippmann, W. Riegle, and R. Veenhof, NIM-A 500 (2003) 1441 162.  Garfield++ MRPC example: 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

lonize again the gas.
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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).
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Microscopic Model

The simulation method is based on the Monte-Carlo transport algorithm from the Magboltz program, utilizing its
electron-molecule cross-section database.

Simplified description: \

1. Null-collision method is used to determine the time until collision .0

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) .

5

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)78i 84.




Microscopic Model

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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Magboltz calculation by Heinrich Schindler
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Images taken from: H. Schindler, S.F. Biagi, R. Veenhof, NIM-A 624 (2010) 78i 84.
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Argon Cross-sections
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ELASTIC_Ar (Biagi-vB.9)

Ar -> Ar(1S5) (11.55eV)

Ar -> Ar(154) (11.62eV)

Ar -> Ar(1S83) (11.72eV)

Ar -> Ar(152) (11.83eV)

Ar -> Ar(2P10)(12.91eV)

- Ar -» Ar(1P9) (13.08&V)
Ar -> Ar(2P8) (13.10eV)

Ar -» Ar(2P7) (13.15&V)

Ar -> Ar(2P6) (13.17eV)

Ar ->» Ar(2PS) (13.27eV)

Ar -> Ar(2P4) (13.28eV)

Ar -> Ar(2P3) (13.30eV)

Ar -> Ar(2P2)(13.33eV)

- Ar -> Ar(2P1) (13.48eV)
Ar -> Ar(3D6) (13.85eV)

Ar -> Ar(2D5) (13.86eV)

Ar -> Ar(3D3) (13.90eV)

Ar -> Ar(3D4) (13.98eV)

Ar -> Ar(304) (14.01eV)

Ar -> Ar(3D1!!)(14.06eV)

Ar -> Ar(2s5) (14.07eV)

- Ar -> Ar(2S4)(14.09)
Ar -> Ar(301!)(14.10eV)

Ar -> Ar(302) (14, 15eVY)

Ar -> Ar(3811111)(14.21eV)
Ar -» Ar(3s111)(14.23eV)

Ar -> Ar(351111) (14.24eV)
Ar -> Ar(253) (14.24eV)

Ar -> Ar(252) (14.25eV)

- Ar -> Ar(3s51) (14.30eV)
Ar -> Ar(4D5) (14.71eV)

Ar -> Ar(354) (14.85eV)

Ar -> Ar(4D2) (14.86eV)

Ar -> Ar(451!)(15.00eV)

Ar -> Ar(352) (15.02eV)

Ar -> Ar(sDS) (15.12eV)

Ar -> Ar(454) (15.19eV)

- Ar -> Ar(5D2) (15.1%V)
Ar ->» Ar(6DS) (15.31&V)

Ar -> Ar(551!)(15.35eV)

Ar -» Ar(452) (15.368V)

Ar -> Ar(584) (15.37eV)

Ar -> Ar(6D2) (15.37eV)

Ar -> Ar(EXC HIGH) (15.66eV)

Ar -> ?r“+
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Microscopic Model
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Example: Micromegas
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Microscopic Model 4PN

INSTITUT DE PHYSIQUE NUCLEAIRE
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S. Biagi, Magboltz: https://magboltz.web.cern.ch/magboltz/. 21
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Continuous Approximation

=N



Space-charge Effects for Large Avalanches

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.

Electric field at 12.46 ns
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C. Lippmann, W. Riegler, NIM-A 517 (2004) 541 76. See presentation of Supratik Mukhopadhyay and

MPGD2024 presentation given by Maxim Titov.
Also: arXiv:2211.06361v1 [physics.ins-det].
and moreé
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Hydrodynamical Approximation

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

46
4.4
42

Time=0ns
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wurf.: foniz. rate density [m™s
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equation: 8 i ¢ '
36
3.4
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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.
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Taken from F. R e s n goteseltation: https://indi.to/vX8Gx.
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Hydrodynamical Approximation: Streamer in RPC

Time: 0 ns

Electron number density (m~3) Space charge density (Cm~3) Electric field magnitude (Vm™1) Induced current (mA)
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r— R&D D.Bognj akdvi iSi mo nbujka, presenatiordat FPC2024: https://indi.to/Sxq8j. 26
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Gain In Silicon Sensors

=N



Gain in Silicon Sensors: Average Gain

In contrast to gaseous detectors, the holes can also induce
lonizing collisions. Therefore, the mean gain is given by

initial position eh-pair
dM (z) :

T (a— B)M(x)

the average total number of pairs which are generated in the
depletion layer of thickness d is

Townsend coefficient [1/um]

"Q ;_»

Tt W Q
6

a (electrons)
5. B (holes)
4
3 L
2 L
-1 L
100 200 300 400 500

Electric field strength [kV/em]

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. 1623i 1631, Aug. 1999. 28



Gain In Silicon Sensors: Monte Carlo

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 i de Man model

). Add new charge
ﬁ'ake a seed charger to stack

A

B Drift charge for Add diffusion
El.T)=~A AN a time dt
Oé(| |7 ) Y Aq €XP ')"El
B B Check if
’8 (|E|’ T) — ’YA/B eXp |\ =7 attached or left Yule Furry

| E | medium model

D. J. Massey, J. P. R. David, and G. J. Rees, IEEE Trans. Electron Devices, vol. 53, no. 9, pp. 23281 2334, Sep. 2006.
R. Van Overstraeten and H. De Man, Solid-State Electron., vol. 13, no. 1, pp. 5831 608, May 1970. 29
Y. Okuto and C. R. Crowell, Solid-State Electron., vol. 18, pp. 161i 168, Feb. 1975.




Gain in Silicon Sensors: SPAD
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D.Bognj akdvi iSi mo nBujkad, presentatiordat FPC2024: https://indi.to/Sxa8j. 30
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Gain in Silicon Sensors: LGAD

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:

A Use the Van Overstraeten - de Man model (for impact ionisation coefficient in silicon)
A Import the Electric field map and transport data from TCAD

Comparison gain curves (HPK-S1)

120,
Gain layer . ® Measurement (IR Laser)

100} » Garfield++ (MC simulation) ®

Pad electrode

aluminum - ¢ Analytical (R. J. McIntyre)

— 80j [

< 0. ?

£ [ o

Epitaxial layer — p- S 40 ?'...
~= substrate — p** 2 = [ *
20 -
I o
ob o v v vty L L L =
-0002  —-0.001 0 0.001 0.002 oL—& .
x [cm] 40 60 80 100 120 140

Voltage [V]

= 20 R. J. MclIntyre, IEEE Transactions on Electron Devices ED-13 (1) (1966) 164-168. 31
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Intermediate Summary

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

A Analytic models: Can provide general insights through equation-based toy-models, given certain
approximations.

A Macroscopic models: Can efficiently model the stochastic quantities using approximate models (Yule-Furry,
Legler, ect.).

A Microscopic model: A model capturing the stochastic process in detail, but more computationally
demanding, especially when dealing with large avalanches and space-charge effects.

A Continuous approximation: Deterministic model useful for large avalanche and space-charge effects
simulations (TCAD/COMSOL).

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

Si gnal s https:/iRdico.cein.chieeent/B48G8¥ ct or s, 0 Lectur e;
Signal s, Noi se and Si gtpa/indigp.ceoncléesenti145§394/ n33 Par

1 B 14

- Werner Riegler,
Werner Riegler,
meen D221 B3 R:0


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

Signal Induction: Parallel Plate

For a metallic surface, the electric field just outside is always perpendicular to its surface. The resulting local
induced surface charge density U is directly related to the electric field via:,,  -;0O.

modified Bessel functions 2" kind
g LI - l n N ‘ plane 2
¢(r,z) = Z sin ( ) sin (—vt) Ko ( ) z=D

—r

’ gonD £ D° D D
)

E(”,Z) — 1 Z el CoS (%Z) Sin(%w) Ko (%r) Z=Vt |- - ° g

~ ~ q o ( ) (nﬂ) A
= £0E(r, D)]z0 = == > osin (“ve) ko (2
a1(r) = eoE(r,2)|z=0 D 24D vi| Ko\ 557 S =0
n=1 ‘ plane 1

=N :



Signal Induction: Parallel Plate

As the point charge g 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.

q1=/ 2rno(r)dr
0

Sl e
- 2_q 3 1sin (ﬂvt)
m n D z=vt
—~(-3)
The induced current comes from the movement of the charge! S0
dq(t v

induced charge distribution

o

plane 1

=N

35



Simon Ramo

Signal Induction: Ramo-Shockley Theorem &% )

William B. Shockley
(191017 1989)

Using this framework, the induced current on the electrode, sourced by a point charge g, can be calculated
using its weighting field E..

I;(t) = —Vinz(xq(t)) (1)

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: Parallel Plate

The easiest way to calculate signals induced by moving charges on metal electrodes is the use of weighting
fields (Ramo i Shockley theorem) for calculation of currents induced on grounded electrodes.

. q : _oqg Yz ,  qv ‘
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Signal Induction: Parallel Plate

Now let us look at an election-ion (electron-hole) drifting at a
constant velocity. They will be collected at
20 D — 20

t1 = to =
U1 U2

Both of them will induce a signal on the electrodes, e.g.,
v v
Ii(t) = qﬁl@ (t1 —t) + qﬁz@ (t2 — t)

Their total induced charge will reflect the collected charge

Q' =- [ n
=~ [100) = 1 (wo)] + 3 [1(D) = 1 (vo)]

— —Viw [461(0) — 4y (D))

t lane 2
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.0 ‘
=C):L
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Signal Induction: Charged Particle in Planar Silicon Sensor

Assuming a uniform (+ a-a-[C/cm]) and that The last charges
arriving at the electrode at t; and t,:

D D
t]_ = -_— 3 t2 = -_—
U1 (%)

The induced current due to the movement of these charges
Is the sum of two triangles:

L) = — Aoy (1 _ ti) Ot —t)

1

v (1—})@(15—152)

2
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Qnd = —/ I (t)dt = \d
0

HV

[ plane 2
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1

,,9(‘)

plane 1

=N
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Signal Induction: Planar Sensor

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.

Weighting potential € -{e®) of strip electrode
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Garfield++ example: https://qgitlab.cern.ch/garfield/garfieldpp/-/tree/master/Examples/Silicon?ref type=heads. 40
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Signal Induction: LGAD
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.

Pad electrode

Induced signal on pad
5, Gain layer
> Holes Holes
Total
x [em]
Tl EA“ R&D
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