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Introduction

Outline:

• Ramo-Shockley theorem extension for conductive media
• Numerical approach
• Toy model example of an RPC in COMSOL
• Signals in the presence of a thin resistive layer in COMSOL
• Exporting the data

• Resistive strip MicroMegas in Garfield++
• TCAD and other extensions
• Summary

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.

https://garfieldpp.web.cern.ch/garfieldpp/
https://cds.cern.ch/record/2890572
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Ramo-Shockley theorem extension 
for conductive media



The materials inside the detector can have a finite conductivity 𝜎, e.g,. in Resistive Plate Chambers, un-depleted silicon 
sensors, and resistive strip bulk Micromegas.

The (nonuniform) conductivity, reciprocal with the volume resistivity, establishes the connection between the local electric field 
and the local current density.

Resistive materials
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Ramo-Shockley theorem extension for conducting media

4
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.
W. Riegler, Signals in Particle Detectors, CERN’s Academic Training Lecture (2019)

Simplify calculations using dynamic ψi(𝐱, t):Solving Maxwell’s equations:

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. 

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


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

𝑔𝑎𝑠	𝑔𝑎𝑝 𝑅	𝑙𝑎𝑦𝑒𝑟

𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑜𝑟

𝑐𝑎𝑡ℎ𝑜𝑑𝑒

V

Direct induction Reaction from 
resistive material

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

where                           
.  

Ramo-Shockley theorem extension for 
conducting media 𝑔𝑎𝑠	𝑔𝑎𝑝 𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑒𝑎𝑑𝑜𝑢𝑡	𝑠𝑡𝑟𝑖𝑝𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑜𝑟
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Resistive Plate Chamber



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

The dynamics is governed by the time constant:

Here we took ϵr = 1.

𝜏 = 𝑇/2



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

The dynamics is governed by the time constant:

Here we took ϵr = 1.

RPC regime
Only prompt!
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Numerical approach

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

   

Image taken from S. Hassani RD51 Mini-Week slides.
D. Janssens et al., Nucl. Instrum. Meth. A 1040 (2022)
D. Janssens et al, JINST 18 (2023) 08, C08010

• 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.

   

COMSOL Multiphysics: https://www.comsol.ch 

https://indico.cern.ch/event/1242811/contributions/5277315/
https://www.comsol.ch/


COMSOL tutorial
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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 
shapes

• Assigning the material properties to the different domains

• Define bounder conditions
• Apply a voltage ramp to the electrode under study
• Perfectly ground all other electrodes

• Solve the system for exponential-spaced time points
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Resistive plane MicroMegas



Given a parallel-plate type geometry with a grounded  resistive layer separated from the pad electrodes by an 
insulating layer. 
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The induced charge on each pad can be analytically calculated 
to study the effect of the size of the resistive layer: 

with the infinite number of time constants given by

Time-dependent 
part

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 diffusion in a thin resistive layer
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Charge spreading on resistive layer

Here we took R = 1 MΩ/□.



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

Main steps:

• The thin resistive layer can be represented as a 2D 
structure using the Electric Shielding condition

• To accurately represent the boundary, conditions 
describing the grounding of the resistive layer coordinate 
mapping was used to ‘stretch’ the geometry

• The region that is stretched is meshed using pentahedral 
elements; everywhere else, tetrahedral elements are used



Exporting mesh from COMSOL 
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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.



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



Making the dielectric.dat file
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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.

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

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

• This is followed by the list of domains, 
represented by their respective 
numbers, and which relative permittivity 
it has, indicated by the index (starting at 
zero) of the entries of the list defined in 
line two.



Importing the data to Garfield++ 
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To import the set of time-sliced weighting potential maps ψi(x, tn), n ∈ {0, 1, . . . ,N}, from the FEM calculation, 
the exported files are needed. Using the ComponentCOMSOL class, we can import them into our simulation.

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.



Importing the data to Garfield++ 
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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:



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

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. 

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



Resistive strip MicroMegas
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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.

resistive stripspillar

T. Alexopoulos, et al., Nucl. Instrum. Meth. A 640 (2011) 110.
M. Byszewski and J. Wotschack, JINST 7 C02060 (2011).



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

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

Calculated dynamic weighting potential



Resistive strip MicroMegas
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APV25

Leading strip (5) Next-to-leading strip (6)

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

For a result on the ion tail length: D. Janssens,”Ion mobility in a MicroMegas detector: 
a puzzle between measurement and simulation”, RD51 Collaboration Meeting.

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


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.
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Extensions to the numerical approach

MicroCAT resistive interpolating readout

Correction mapMap of non-uniform resistivity

External impedance elements

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

https://cds.cern.ch/record/2890572


TCAD
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W. Riegler, NIM-A A 940 (2019) 453–461
TCAD example: https://gitlab.cern.ch/garfield/garfieldpp/-/tree/master/Examples/TcadDelayed?ref_type=heads

https://doi.org/10.1016/j.nima.2019.06.056
https://gitlab.cern.ch/garfield/garfieldpp/-/tree/master/Examples/TcadDelayed?ref_type=heads


Summary

26

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!


