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Introduction

Using Garfield++ in conjunction with COMSOL, the induced signal on electrodes in resistive detectors can be calculated
numerically. We will go through the steps to build up such a simulation.
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Ramo-Shockley theorem extension
for conductive media




Resistive materials

The materials inside the detector can have a finite conductivity o, e.g,. in Resistive Plate Chambers, un-depleted silicon

sensors, and resistive strip bulk Micromegas.
a
/ /

N

volume resistivity surface resistivity
1 A b
P=7 17 [Qcm] 1 a[ /0]

The (nonuniform) conductivity, reciprocal with the volume resistivity, establishes the connection between the local electric field
and the local current density.
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Ramo-Shockley theorem extension for conducting media

For detectors with resistive elements, the time dependence of the signals is not solely given by the movement of
the charges in the drift medium but also by the time-dependent reaction of the resistive materials.

Solving Maxwell’'s equations: Simplify calculations using dynamic y;(x, t):

E. Gatti, G. Padovini and V. Radeka, Nuclear Instruments and Methods in Physics Research 193 (1982) 651.
W. Riegler, Nucl. Instrum. Meth. A 535 (2004), 287-293. 4
W. Riegler, Signals in Particle Detectors, CERN’s Academic Training Lecture (2019)



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

Ramo-Shockley theorem extension for
conducting media

The time-dependent weighting potential is comprised of a static
prompt and a dynamic component:

vi(x,1) = ¢f’ (x) + /¢ (x,7) where cpid(x, 0)=0

The current induced by a point charge q is given by:

L) = —Ving?(xq(t)) - %, (t) — V%/O dt' HY [x, (¢) ,t — 1] - %,
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Resistive Plate Chamber




Delayed component of the signal

A charge q moves at a constant velocity through the gas gap before reaching the bulk resistive layer that
separates it from the anode.
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Delayed component of the signal

A charge q moves at a constant velocity through the gas gap before reaching the bulk resistive layer that
separates it from the anode.
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Numerical approach

Using a finite element method approach, the weighting potential 5;(x, t) is calculated numerically.

« Accurately represent the boundary conditions by coordinate
mapping of the model to the full active area.

« The contribution of external impedance elements is included by
incorporating it on the level of the weighting potential.
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Image taken from S. Hassani RD51 Mini-Week slides.
D. Janssens et al., Nucl. Instrum. Meth. A 1040 (2022) L3 COMSOL Multiphysics: https://www.comsol.ch

D. Janssens et al, JINST 18 (2023) 08, C08010
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COMSOL tutorial m

We will numerically calculate the weighting potential of a plane and pad electrode located within a resistive plate
chamber geometry for a low-resistivity material.

Main steps:
« Making the three-layered geometry using elementary cathode
PY=0 z=g+b
shapes ;
£, resistive plate
» Assigning the material properties to the different domains z=g
€o gas gap — 0
« Define bounder conditions ; ‘7

* Apply a voltage ramp to the electrode under study resistive plate

» Perfectly ground all other electrodes Y=0 z=—b
Y =V,0(t) readout

Solve the system for exponential-spaced time points

] )] [ m




Resistive plane MicroMegas




Charge diffusion in a thin resistive layer

Given a parallel-plate type geometry with a grounded resistive layer separated from the pad electrodes by an
insulating layer.

I
il The induced charge on each pad can be analytically calculated
® (X0, Yo) w, b to study the effect of the size of the resistive layer:
hw | o5
Ill_ Q™ (z0,y0,) = Q Z Aap (0,30) e*/™# , Time-dependent
- = 2 a,f=1 part
with the infinite number of time constants given by
top electrode
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Charge diffusion in a thin resistive layer

The size of the resistive layer does play a role in the evolution of the signal. For the initial part of the induced
current for a large-area resistive detector can be approximated by a smaller counterpart.

Charge spreading on resistive layer
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COMSOL tutorial ‘3

We will numerically calculate the weighting potential of a pad electrode embedded in the readout structure of a
resistive plate MicroMegas.

Main steps:
hod
« The thin resistive layer can be represented as a 2D p=0 carnode 2=
structure using the Electric Shielding condition
&
» To accurately represent the boundary, conditions ’
describing the grounding of the resistive layer coordinate .
. : R resistive layer
mapping was used to ‘stretch’ the geometry z=0
_o £,.& insulator
« The region that is stretched is meshed using pentahedral V= W=V, readout z=-b

elements; everywhere else, tetrahedral elements are used

] )] [ 14




Exporting mesh from COMSOL

This file contains information on the types of mesh elements being used, in which domain they are
located, and in what position their nodes are placed.

bR [ | € &.E5.°8 Comnonent1 v €5y Py A=y fidy % E - .
= SZA A 3 o 15 Build All F8 Xport
= Definitions )\ Geometry I;iMaterials ga
T Model Builder &\ Free Tetrahedral Mesh
- F =ty Ele Sy “n Swept .
Elv & - =4 Build All
> & Initial Values 1 {init} B Boundary Layers i._.
> lww Ground 1 {gnd1} Boundary Generators >
> lww Electric Potential 1 {pot7}
> [ Ground 2 (gnd2} 4] size ~ Export
> (s Electric Shielding 1 {es7} a_j Size Expression
2 Equation View {info} ety o S
= pbuon File type:
Alsize (size} Il Corner Refinement X X .
> % Free Tetrahedral 2 {ftetz) Be Scale COMSOL Multiphysics text file (*mphtxt) — G—— &
> Swept 1 {swel}
v ~do Study 4 {stdd} Modifying Operations > . .
E Step 1: Stationary {stat} Copying Operations > FI Iename'
> [Fr. Solver Configurations
v 'wJ'chdy 3 {std3} Booleans and Partitions > E@' v
\\ Step 1: Time Dependent {time} A
%ﬂ-.. Solver Configurations zlea:u’; a(n'(d peEay : r
v @Resuits g Browse v [[=Export v
v i ‘[latasels “& Delete Entities - E &
i Study 3/Solution 3 (sol3) {dset3} Join Entities
[ Data to export
[ Messages x = Progress ‘ [ Log E_ = Import .
\ 5 Export “@emm— Domain elements
COMSOL Multiphysics 6.1.0.346
[Apr 9, 2024, 10:22 AM] Opened file: /Users/djur £ Plot Bounda ry elements
[Apr 9, 2024, 10:27 AM] Saved file: /Users/djune Statistics
[Apr 9, 2024, 10:27 AM] Number of degrees of fi "
[Apr 9, 2024, 10:27 AM] Solution time (Study 4 { Edge elements
[Apr 9, 2024, 10:28 AM] Number of degrees of fi /% Reset to the Physics-Induced Sequence
[Apr 9, 2024, 10:33 AM] Solution time (Study 3 {
[Apr 9, 2024, 11:17 AM] Saved file: /Users/djunes 8 Lock Mesh Vertex elements
\. Clear Built Mesh
It Clear Sequence Geometric entity information
Copy as Code to Clipboard > &
[£] Duplicate <$#D Selections
[ Delete ® X
b Rename F2 Output settings
& settings Export as second-order elements g
[ Properties
i Help F1
k

el )] [
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v [l 2D Plot Group 3 {pg3}
"/ Contour 1 {conT}
> ~Z1D Plot Group 4 {pg4}

> E/, Reports

Messages 52 == Progressw Logw H
INI=

COMSOL Multiphysics 6.1.0.346

[Apr 9, 2024, 10:22 AM] Opened file: /Users/dju
[Apr 9, 2024, 10:27 AM] Saved file: /[Users/djune
[Apr 9, 2024, 10:27 AM] Number of degrees of f
[Apr 9, 2024, 10:27 AM] Solution time (Study 4 :
[Apr 9, 2024, 10:28 AM] Number of degrees of 1
[Apr 9, 2024, 10:33 AM] Solution time (Study 3
[Apr 9, 2024, 11:17 AM] Saved file: /[Users/djune
[Apr 9, 2024, 11:19 AM] Wrote current mesh to /

(-

[E3 Data <G——
(54 Plot

[Z3 Mesh

[+ Table

@5 Touchstone

[ Image
Animation

= Export All

Copy as Code to Clipboard

=l Settings
Properties

Help

This file contains a list of weighting potential values on the nodes of the
elements for all time slices.

F1

Exporting weighting potential maps from COMSOL

[ settings
Data
[[= Export

Label: Data2

~ Data

Dataset: Study 3/Solution 3 (sol3) {dset3} [<]

Time selection: ~ All
~ Expressions

Expression

v2

4=

Expression:

Description:

~ Output

Unit Description

v Electric potential

File type: Text —

Ve Browse v

Filename: I

Always ask for filename

Points to evaluate in:  Take from dataset

Data format: Spreadsheet
Transpose
Space dimension: Take from dataset
Geometry level: Take from dataset
~ Advanced

Include header

Full precision
Sort

If the file exists:

Evaluate in:

Smoothing:
Smoothing threshold:

Resolution:

Lagrange-element node-point order:

Recover:

Separator:

2

Overwrite
Lagrange points

Inside material domains

None

Custom  <(—
—

off

Column

el )] [
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Making the dielectric.dat file

The final file needs to be created manually, as it contains information on the relative permittivity of the material
of each domain.

« The first line indicates the number of
relative permittivities are used.

oo
=

« The second line list the values of these
relative permittivities.

\"
= O 00 ~1 O U EWN = =N
—_ O OO O

» The third line indicates the total number
of domains in the geometry.

- This is followed by the list of domains, 10
represented by their respective oo
numbers, and which relative permittivity 17 1

it has, indicated by the index (starting at
zero) of the entries of the list defined in
line two.
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Importing the data to Garfield++

To import the set of time-sliced weighting potential maps yi(x, t,), n € {0, 1, . . . ,N}, from the FEM calculation,
the exported files are needed. Using the ComponentCOMSOL class, we can import them into our simulation.

/ Import COMSOL’s potential , mesh and dielectric constant
ComponentCOMSOL fm ;

fm.Initialise ("mesh. mphtxt", "dielectrics.dat", "Potential.txt", "m");
fm. EnableMirrorPeriodicityX ();

fm. EnableMirrorPeriodicityY ();

fm . PrintRange ();

map

Import weighting potential maps of two neighboring electrodes
const std::string label[2] = {"electrodel" ,"electrode2"};
fm.SetDynamicWeightingPotential (" WPotential.txt" ,label [0]);

When the readout structure exhibits a symmetry such that the weighting potential of a second electrode can be

mapped through rotation or translation of the solution of a first electrode, we can duplicate the weighting
potential of the initial electrode.

const double pitch = 0.1; // Pitch between electrodes [cm]

fm.CopyWeightingPotential (label [1], label[0], pitch, 0, 0, 0, 0, 0);

] )] [ :




Importing the data to Garfield++

To determine which domain(s) constitute the drift-able medium, we should designate a gas medium to the
domain characterized by a unit relative permittivity:

/ Setup of the gas
MediumMagboltz gas;
gas.SetComposition("ar", 70., "co2", 30.); [%]
gas.SetTemperature (293.15); // |K]
gas. Initialise (true);

/ Assign relative permittivity to geometry domains
const unsigned int nMaterials = fm.GetNumberOfMaterials ();
for (unsigned int i = 0; i < nMaterials; ++i){
const double eps = fm.GetPermittivity (i);
if (eps==1) fm.SetMedium (i, &gas);

// Print all materials
fm.PrintMaterials ();




Calculating the induced signal in Garfield++

We can assign which potential map will be used to propagate the charges, and for which electrodes the signal
needs to be calculated:

/ Setup of the sensor
Sensor sensor;

sensor . AddComponent(&fm ) ; Assign potential map

sensor . AddElectrode(&fm, label[0]); // Assign weighting potential map
sensor . AddElectrode(&fm, label[1]);

sensor . EnableDelayedSignal (); / Enable delayed signal calculation

The bounds of the time window in which the signal needs to be computed, and
how finely it is resolved, can be set:

Set time interval

const double tmin = 0.; // [ns]

const double tmax = 1le3.; [ns]

const int nTimeBins = 100;

const double tstep = (tmax — tmin) / nTimeBins;

sensor . SetTimeWindow (tmin, tstep, nTimeBins);

The time convolution of the velocity vector with the weighting vector needs to be evaluated over the set time
range at several predetermined time points.

Time points at where the delayed signal is calculated
std :: vector<double> times;
for (int i=0;i<nTimeBins;i++) times.push back(tmint+tstep/2+ixtstep); [ns]
sensor . SetDelayedSignalTimes (times);
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Resistive strip MicroMegas

The resistive strips in the geometry of this MicroMegas facilitate the sharing of the signal over many neighboring
readout strips strips running orthogonal to them.

U cathode
Ar/C0,(93/7 %) l.,oc ; pillar resistive strips
ion T =
8,
mesh z
L0 L [resistive strip , x
—3 —:4 —5 SEOHNS /e x-strips
: : insulating layer
y-strip
250 um 80um VY

- T. Alexopoulos, et al., Nucl. Instrum. Meth. A 640 (2011) 110. 21
M A = R&D M. Byszewski and J. Wotschack, JINST 7 C02060 (2011).



Resistive strip MicroMegas

To calculate the dynamic weighting potential, a voltage ramp is placed on the readout strip under investigation.

mm
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50900
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Resistive strip MicroMegas

After having calculated the signals induced on the strip electrodes, the
electronics with which the detector is read out needs to be considered.

Leading strip (5) Next-to-leading strip (6) A
0.05 ‘ ‘ . : ; 0.02 ‘ ‘ : . ‘ — Electrode 5
1 , 4+ ~— Electrode 6
000 J Oz —— Electrode 7
0.00¢ £ I
% -0.05 . iy 1 3 —— Electrode 8 1
c = | —_
o o ] 2 — Electrode 9
= ~B0s = oD e
c (o kel
o g 2
E 015 = 2
3 o 004 E 1
g -0.20- g v
> >
° o 1 -
£ -0.25¢ — prompt = 0 — prompt > 0 1 L ———
_030 — delayed | — delayed : I:|W_|::::'=,=|-l-"F
— total — total o s ‘ . | : ’
-0.35 g g 7 : . -0.08 : ¢ ; : : 0 100 200 300 400 500 600
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [ns]
Time [ns] Time [ns]

- For a result on the ion tail length: D. Janssens,”lon mobility in a MicroMegas detector:
MM A = R&D a puzzle between measurement and simulation”, RD51 Collaboration Meeting.


https://indico.cern.ch/event/1273825/contributions/5437232/

Extensions to the numerical approach

The discussed method can be extended for the cases where the detector is connected to external impedance
elements or non-uniform conductive properties of a resistive element.

External impedance elements MicroCAT resistive interpolating readout

Map of non-uniform resistivity Correction map

y—Coordinate [mm]
[o/ovi] Aansisal eoeung
y—Coordinate [mm]

x—Coordinate [mm] x—Coordinate [mm]

For more information: https://cds.cern.ch/record/2890572
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TCAD

Nuclear Inst. and Methods in Physics Research, A 940 (2019) 453-461

Nuclear Inst. and Methods in Physics Research, A
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An application of extensions of the Ramo-Shockley theorem to signals in 1))
silicon sensors ot
W. Riegler

ARTICLE

INFO

ABSTRACT

Keywords:

Silicon sensors
Ramo theorem
Shockley theorem
Induced signals
Detector simulation

We discuss an extension of the Ramo-Shockley theorem that allows the calculation of signals in detectors
that contain non-linear materials of arbitrary ittivity and finite ivity (volume resistivity) as
well as a static space-charge. The readout-electrodes can be connected by an arbitrary impedance network.
This formulation is useful for the treatment of semiconductor sensors where the finite volume resistivity in
the sensitive detector volume cannot be neglected. The signals are calculated by means of time dependent
weighting fields and weighting vectors. These are calculated by adding voltage or current signals to the
electrodes in question, which has a very practical application when using semi device si i
programs. An analytic example for an un-depleted silicon sensor is given.

1. Introduction

The currents induced on grounded electrodes by moving charges
can be calculated with static weighting fields using the Ramo-Shockley
theorem [1,2]. The extension of the theorem for the presence of a static

the conductivity o instead of the volume resistivity in the following.
In case the sensor is fully depleted we have n, = n, = 0 and therefore
o =0 and the standard Ramo-Shockley theorem using static weighting
fields can be applied. In case a silicon sensor is only partially depleted,
the finite ivity o(X) of the detector volume will influence the

space-charge in silicon sensors is treated in [3]. In case the
are not but with linear i elements, the
voltages and currents can be calculated by time d d ighti
fields as shown in [4] or by application of an equivalent circuit diagram
as shown in [5]. The presence of dielectric and nonlinear media in
the detector is treated in [6,7]. The case where the volume between
the electrodes contains conductive material is treated in [8,9]. In this
report we write the theorems presented in [9] in a form that is very
useful when calculating signals in a partially depleted silicon sensor
with TCAD device simulation programs, as outlined in the following.

The theorems in [9] were first applied to Resistive Plate Chambers
(RPCs) [8], where the effect of the finite resistivity of the plates on the
signals was i i The volume resistivity of ials used for
RPCs ranges from 10'° — 10'?> Qcm and it is independent of the applied
voltage. In silicon sensors the volume resistivity does however depend
on the applied voltage, which is why we refer to it as a 'non-linear’
material. Using a TCAD device simulation program we can define a
sensor geometry with a given doping profile and apply the bias voltages
to find the static electric field and the density of electrons n,(%) and
holes n,(%) in the sensor volume. The conductivity (%), which is the
inverse of the volume resistivity, is then

0(X) = glpene(®) + ppnp(3) @

where g is the elementary charge, y, is the electron mobility and u,

is the hole mobility. In order to be consistent with [9] we will use
E-mail address: werner.riegler@cern.ch.

https://doi.org/10.1016/}.nima.2019.06.056

induced signal and the time ighting fields and weighti
vectors have to be used. To calculate them according to [9] one has to
ground all electrodes and apply a delta current or delta voltage to the
electrode in question. Performing this calculation with a TCAD device
simulation program will however not yield the correct result, since for
this el i the detector is unbiased and
does not have the correct distribution of conductivity. There are two
ways to perform the calculation:

* One takes the sij distribution of conductivity o(%) into a
separate calculation and applies the theorems as outlined in [9].

+ One adds a small voltage or current pulse to the electrode in
question for the correctly biased sensor and takes the difference
of the resulting time dependent field and the static field.

Both of these recipes will yield the same result as shown for the case
of static weighting fields in [7] and as will be outlined for the time
dependent weighting fields in the next section.

The method of weighting fields is only applicable if the electric field
due to the charge deposited in the silicon sensor has negligible impact
on the electron and hole density in the sensor. In that case the weight-
ing field can be imagined as the ‘linearization’ of the problem around
the bias points. For very large charge deposits where this condition is
not satisfied, the problem becomes nonlinear and the signal can only

Received 18 December 2018; Received in revised form 25 June 2019; Accepted 25 June 2019

Available online 26 June 2019
0168-9002/© 2019 Elsevier B.V. All rights reserved.

Add sstream include.

©  efefSdee
Helnrich Schindler authored 6 months ago

master v | garfieldpp / Examples / TcadDelayed History || Find file
Name Last commit Lastupdate
£ sentaurus Adds an example sentaurus project & months ago
& CMakeLists. it ‘Adds simple example Garfield++ script & months ago
* READMEd ‘Adds some documention of the TcadDelayed example 6 months ago
< diodeC Add sstream include & months ago
) README.md

Simulation of Signals with a Delayed Component based on TCAD Simulations

sensors, with elements Such situation arise for
‘example when a detector does not  is not fully depleted. In these cases, an extension of the Shockisy-Ramo theorem needs to be used, as presented by W.
Riegler in 2019, Instead of time) weighting field the extended

feld and time dependent weighting vectors.

In very simple cases, these fi Butfor TCAD (or other inie element
methods)is used for generating the field maps. Garfield++ supports this type of simulation, via delayed signals calculated from these time dependent weighting
felds,

The physical example chose here s a simple 1D P/N junction, which has a high N+-+ doping at the Junction. This leads to the situation, that only the P-side is
depleting, but not the N-side. The N-side is

the weighting vector for (see squations (10), 2.4in W, Risgler).
Thus, the TCAD simulation uses a ps) Before the pulse, the saved
(E_steady), during the pulse the E_pulse electric field s saved, and afte the pulse periodically the €_decay(1) electric filds are saved

£_pulse and E_steady are used to calculate the weighting field of the prompt response (see equation (17)in W. Riegler) and E_decay(t) and _steady for the
calculation of the delayed response (see equation (18) in W. Riegler).

TCAD Simulation

The TCAD example simulation s located inthe ‘sentaurus/ folder. It comrises the following three stages:

- s PINe+IN structure,impi Scheme programming language
+ Transient simulation (sdevice): Tnis is a mixed simulation making use of the meshed sde model and some simple SPICE models.
+ Data export () Converts the simulated . tdr. files ito the .dat / .grd (SE) fleformar, which i supported by Garfied++

The TCAD imulaton ws witn and tested with Synopys Sentaurus TCAD 201806
Garfield++ Simulation

The Garfielt+ simulation s implementsd i the dode.C i See the comments witin tisflfor more detaled explanaton
Usage

& TCAD Simulation

weighting ighting tobe ted TCAD. To doso, this
directory to stat the Sentaurus Workbench

STOB=4PWD swbs

Within the workbench

« Openthe sentaurus project n the Projects panel
« Run node ng (sde) and m2 (sdevice).

“This creates the fleld maps within sentaurus/output/ as .tdr files. To convert the .tdn files to .dat / .gnd (necessary for Garfields +) also run node

The I

diode.C Compilation
Compile the example Garfield+ script with
Bidie build
cd build

cnake ..
make

This should create the executable build/diode

Finally run the Garfleld + simulation with
-/build/diode sentaurus/output/converted/n12

sentaurus/autput/converted/n12 s the prefix of the converted .grd / .dat files.

P 100 e/h pais, created Thus, electrons. The total signal,
the total electron signal shown ina plot. Al 3 .cav fie

Al |
Wi = R&D

W. Riegler, NIM-A A 940 (2019) 453461

TCAD example__https://qitlab.cern.ch/garfield/garfieldpp/-/tree/master/Examples/TcadDelayed?ref type=heads
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Summary

With resistive materials becoming increasingly more common in particle detector designs, it was
therefore prudent to keep the capabilities of Garfield++ aligned with this technological advancement.

« We discussed the numerical approach used for applying the extended form of the Ramo-Shockley theorem to
the calculation of induced signals in resistive particle detectors.

« Using COMSEL the dynamic weighting potential was calculated for two toy model examples: RPC and
resistive plane MicroMegas.

» To import this data in Garfield++ the export files of COMSOL need to have a specific format.
« A minimally working example for signal induction calculations in Garfield++ was discussed.

« This methodology can be applied to a wide range of resistive (large active area) detector structures within the
families of gas detectors, MPGDs, and solid-state sensors.

Thank you for your attention!
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