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Introducing	Myself

Contact:
Jeremie.alexandre.merlin@cern.ch

Jeremie	A.	Merlin
Particle	Physicist		
Specialized	in	Detector	Physics

• I	joined	the	CMS	GEM	upgrade	project	in	2011

• My	main	responsibility	is	to	coordinate	the	
development	of	the	triple-GEM	technology	for	
the	CMS	upgrade	and	to	manage	the	
production	and	quality	control	of	the	detectors
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Introduction

Theory
Experiment

Analysis

Build	consistent	models

Make	predictions

Evaluate	experimental	context

Reco.	observed	physics

Compare	to	predictions

Provide	input	for	new	models

Define	experimental	concepts

Design/build	the	detectors

Produce	interesting	data	

Simplified	view

Excluding	the	accelerator	part

§ Experimental	physics	- Detector	physics
- What	is	the	final	purpose	?	à Detect	particles
- How	to	detect	particle	?	à Based	on	the	particle/matter	interaction	processes
- How	to	design	and	build	detectors	?	à various	options
(- How	to	install	and	operate	detectors)	

§ Lets	see	some	examples
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Charged	Particles

Coulomb	interactions	between	charged	particle	and	atomic	electrons
à Energy	loss	is	derived	from	the	Bethe-Bloch	formula:

Interesting	energy	range	close	to	the	minimum	ionizing	(MIP)

MIP	energy	loss

With	Ar	atoms	(Z=18):

−
𝑑𝐸
𝑑𝑥

= 𝟏. 𝟓𝟑	𝑴𝒆𝑽	𝒈/𝟏𝒄𝒎𝟐

Energy	loss	in	3mm	Ar	gas	:

∆𝐸	 = 	−
𝑑𝐸
𝑑𝑥

×𝜌×𝑑 = 𝟖𝟔𝟏	𝒆𝑽/(𝟑𝒎𝒎)

Ionization	– total	number	of	primary	e- :

𝑛< = 	∆𝐸×
70%
𝑊A(𝐴𝑟)

+
30%

𝑊A(𝐶𝑂H)
= 861×

0.7
26

+
0.3
	33

~	𝟑𝟏	𝒑𝒂𝒊𝒓𝒔

Understand	
the	context
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Transport	and	AmplificationUnderstand	
the	context

El
ec

tro
n 

di
ffu
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on

Some gas transport properties

• Charge transport 
and diffusion in gas 
medium

• Amplification process

• Gas mixture
§ Ionization
§ Quenching gases
§ Cold gases
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Various	Signal	Natures

• Cloud	chambers:	charges	create	drops
• Bubble	chambers:	charges	create	bubble
• Emulsion	chambers:	charges	change	the	film	opacity
• Spark	chambers:	charges	trigger	streamers
• Gas	and	solid-state	detectors:	charges	induce	electrical	signals

à Charges	are	released	by	the	interaction	of	a	crossing	particle
à Charges	can	interact	with	the	detector	medium
à How	to	“readout”	the	charges	?

Charges	can	be	amplified	to	
induce	larger	signals

What	is	the	process	behind	signal	
generation	?

+	W.	Riegler at	RD51	
shool (2014)
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Induced	Signals

v A point charge at a distance Z0 of a grounded metal plate induces a surface charge

Equivalent	to	
mirror	charge	

solution

permittivity

v From Coulomb’s law:
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Induced	Signals

v Electrostatics (Poisson equation):

Electric potential

Charge density

v From Gauss’ law:

Surface

Enclosed volume

Surface charge density

Perfect conductor

A σ

E

E=0

Perfect conductor
• Electric field E is perpendicular 

to the metal surface
• Charges are only on the surface 
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Induced	Signals

v Combining Coulomb’s law and Gauss’ law we find the surface charge density:

v Integrating over the entire surface we find the total induced charge:

The total charge induced by a point charge on 
a infinitely large grounded metal plate is 
equal to the point charge
à Regardless the distance Z0
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Induced	Signals

v But the surface charge distribution depends on the distance Z0

The further the point charge is, the more spread the total charge

à If the metal electrode is divided into multiple strips, each strips will “see” a different 
induced charge that changes with the point charge distance

à The sum of all strips induced charges still remain equal to the point charge
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Induced	Signals

v If the point charge is moving, an induced 
current will flow between strips and GND

Stationary case

Moving charge case



Jeremie	A.	Merlin																																																				Interaction	Particle/Matter																													 p.	12

Induced	Signals

v But … in reality, RO strips are not connected to GND but to readout electronics and have 
interconnections between them

v How to calculate the induced voltage on each strip ?

W.	Riegler,	CERN

Step 1: calculate the induced 
current on grounded electrodes

Step 2: use calculated currents as ideal 
current sources in a circuit including 
interconnections and mutual capacitances

Not	covered	in	this	lecture	à
mostly	using	simulation	
programs
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Example

v Example with the parallel plate configuration

Electric field

Surface charge density

Electric Potential
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Example

v Example with the parallel plate configuration

Similarly

Induced	charge	on	Electrode	1

Induced	charge	on	Electrode	2
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Example

v Example with the parallel plate configuration • The sum of all induced charges is 
equal to the moving charge at any 
time

• The sum of all induced current is 
zero at any time

Complicated calculation method: 
need to calculate total field 
variations from fixed space charges, 
moving charge and bias voltage
à Easier way to calculate the 
induced signals?
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Induced	Signals

Green’s second identity:

Green’s Reciprocity Theorem:

Laplace equation:

Boundary conditions: 

Electrode	1	at	voltage	
V1	with	charge	Q1	on	
surface	A1

v Lets consider two electrostatic states

This relation ”connects” the 
two electrostatic states
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Induced	Signals

v Lets consider two electrostatic states and a point charge

Point	charge	=	very	
small	electrode	with	
charge	q	and	voltage	V0

All	electrodes	grounded Electrode	1	now	at	voltage	Vw

Charge	is	removed	and
voltage	at	this	location	
is	set	to	the	Weighting	
Potential	ψ1	of	
electrode	1

Using the Reciprocity Theorem:

We get:
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Induced	Signals

The charge induced by the point charge (at position x) 
on a grounded electrode can be calculated:
1. Remove the point charge
2. Put the electrode in question at voltage Vw
3. Put all other electrodes to ground

à It defines the Weighting potential ψ1 at position x
à The induced charge is therefore given by:

1 1

Methodology:
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Induced	Signals

v What happens when the charge is moving ?
à Ramo-Shockley theorem

1 1

Static

Moving along trajectory x(t) 

v Induced current:

1

1

Weighting	field	

True	carrier	velocity
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Induced	Signals

V2= 0

V3= 0
𝐸(𝑥)

V1= Vw

The charge induced by a moving point charge on a 
trajectory x(t) on a grounded electrode can be 
calculated:
1. Remove the point charge
2. Put the electrode in question at voltage Vw
3. Put all other electrodes to ground

à It defines the Weighting Field E1 at position x(t)
à The induced current is therefore given by:

Methodology:

1

.

v Removing	the	charge	means	we	just	need	to	solve	the	
Laplace	equation	and	not	the	Poisson	equation

Ramo-Shockley theorem
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Example

v Example with the parallel plate configuration Weighting field E1 of plate 1: Remove 
charge, set Electrode 1 to Vw and keep 
Electrode 2 grounded

Weighting field E2 of plate 2: Remove 
charge, set Electrode 2 to Vw and keep 
Electrode 1 grounded

v And so the induced currents: (same as the previous method on slide 15)
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Induced	Signals

v A charge q moving from position x0 to x1 induces the following charge:

v A pair of charges +q and -q  produced at position x0 and moving to positions x1 and x2
respectively induce the following charge on electrode n:

v If charge +q moves to electrode n and charge –q moves to another electrode, the total 
induced charge on electrode n is equal to +q, because ψn equals Vw on electrode n but 0 
on other electrodes

v In case both charges move to different electrodes, the total induced charge on both 
electrodes is 0

v After all charges have arrived to all electrodes, the total induced charge on a given 
electrode corresponds to the charge that arrived to this electrode

à Signals on electrodes that don’t receive charge are then strictly bipolar
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Induced	Signals

v Example with the parallel plate configuration

Q1(t)

tTe TI

I1(t)

tTe TI

q

Weighting	field
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Summary

Methodology to evaluate the true signals induced on electrodes by a moving charge

1. Calculate the charge trajectory in real electric field

2. Remove the interconnection elements, connect the electrodes to ground and calculate 
the current induced by the moving charge on a grounded electrode:
• Ramo-Shockley theorem à remove the moving charge and put the electrode to 

Vw  and other electrodes to GND, calculate the weighting electric field to obtain 
the induced currents

3. Use the induced currents as ideal current sources on a circuit where electrodes are 
reduced to simple nodes connected with mutual electrode capacitances (calculated 
from the weighting fields)
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The	end
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The	end	

Thank	you

Any	Questions	?
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GEM	Applications

+q

Z0

GND

Metal	electrode

Point	charge

Distance
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GEM	Applications

+q
D

GND

Electrode	1

Distance

GND

Electrode	2

q2

q1
Z0	(t)

I2(t)

I1(t)



Jeremie	A.	Merlin																																																				Interaction	Particle/Matter																													 p.	29

GEM	Applications

+q
D

GND

Electrode	1

Distance

GND

Electrode	2

q2

q1
Z0	

v
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GEM	Applications

+q

Z0

GND

Metal	electrode

Point	charge

Distance

-q
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GEM	Applications

+q

Z0

GND

Metal	electrode

Point	charge

Distance

-q
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GEM	Applications

+q

Z0	(t)

GND

Metal	electrode

Point	charge

Distance-q

+q
v

I0(t)

GND

I1(t) I2(t)

GND

-q

GNDGNDGND GND

I3(t)
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GEM	Applications

+q

Z0

Point	charge

Distance

-q

Z0
Distance


