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Silicon track detectors
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Silicon track detectors
n Working principle

Pascal Vanlaer

F.Hartmann [1]

¨ Silicon wafer patterned with strip 
or pixel implants

n Readout electronics connected 
to implants

¨ Each p-n junction is reverse-
polarized

n Space charge region is depleted 
from mobile charge carriers and 
acts as an ionization chamber

¨ Ionizing particle produces 
electron-hole pairs

¨ Electrons and holes drift and 
induce signals in readout 
electronics
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Silicon track detectors
n Attractive features

¨ About 3.104 electron-hole pairs created by Minimum-Ionizing 
Particles (MIP) in 300µm thick wafer; detectable with low-noise 
electronics

¨ Fast signal (<10ns) thanks to high e- and hole mobility
¨ Implant pattern sizes allow excellent hit position resolution 

(5~10µm)
¨ Many different implant geometries are possible
¨ Front-end electronics can, in principle, be implemented in the 

same wafer as the sensor
¨ Can be made radiation-resistant

Pascal Vanlaer
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Silicon track detectors
n Less nice features…

¨ Sensors, mechanical structures, readout cables, cooling tubes 
inside tracking volume -> high x/X0 “material budget”

¨ Cost per channel is high… but the driving cost is often not the 
sensors, it’s the number of channels
n it’s the price to pay for high granularity

Pascal Vanlaer
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Silicon track detectors

Pascal Vanlaer

• Signal in silicon benefits from the small energy 
difference between the valence and conduction 
bands, also called the band gap, Egap

• For diamond/silicon/germanium
Egap = 5.5 eV/1.12 eV/0.66 eV

• The average energy loss required from a 
charged particle to produce an electron-hole pair 
is measured to be: diamond/silicon/germanium:

13 eV/3.6 eV/2.9 eV
~10 times smaller energy to release an electron 

than in a gas (~30eV)

• ~103 times denser material: !"!#$%&
= 3.87𝑀𝑒𝑉/𝑐𝑚

à ~104 more e-hole pairs created per cm (Si) than 
in gas

n Ionization yield

F.Hartmann [1]
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Energy loss distribution for MIPs

M.Moll [2]
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Intrinsic (pure) Silicon
n EF corresponds to energy 

level with 50% probability 
of occupation

n It’s in the middle of the 
band gap in pure Silicon

n At room temperature:
¨ kT = 0.025 eV << Egap

So ~1 out of 1012 electron is 
in conduction band

BND school 2019 – Spa – Belgium Pascal Vanlaer

n The Fermi energy level EF

€ 

f (E) =
1

1+ e
E−EF
kT

Concentration of electrons (and holes): ni ~1.45 1010 cm-3 at T = 300 K

In a detection cell of 300µm thickness x 10cm strip length x 100µm strip pitch: 
~4.5 107 free charge carriers >< ~3.3 104 e-hole pairs from a MIP

To avoid recombination of the signal with the free carriers, reverse-polarized 
(depleted) p-n junctions are used
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Doping
¨ A semi-conductor is called extrinsic when the equilibrium between 

negative and positive free charges is broken. There are thus majority 
charge carriers and minority charge carriers. This is realized by 
doping, i.e. introducing a well-chosen impurity in the crystal in small 
parts (doping fraction 10-8 – 10-11). For Silicon:

BND school 2019 – Spa – Belgium Pascal Vanlaer

Dopant of the IIIrd group (e- acceptor)
Si electron easily captured
majority carriers: holes
p-type

Dopant of the Vth group (e- donor)
5th electron weakly bound, easily freed
majority carriers: electrons
n-type
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Energy levels after doping

BND school 2019 – Spa – Belgium Pascal Vanlaer

p-type
• The energy level of the acceptor is just 
above the edge of the valence band 
• At room temperature most levels are 
occupied by electrons leaving holes in 
the valence band
• The Fermi level EF moves down

n-type
• The energy level of the donor is just 
below the edge of the conduction band 
• At room temperature most donors are 
ionized, putting electrons in the 
conduction band
• The Fermi level EF moves up

F.Hartmann [1]
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The p-n junction

BND school 2019 – Spa – Belgium Pascal Vanlaer

• At the interface between an n-type and a p-type semiconductor, the difference 
in carrier concentrations cause diffusion of majority carries to the other material 
until thermal equilibrium is reached. At this point the Fermi levels are equal. 

• The remaining fixed ions create a space charge and an electric field stopping 
further diffusion.

• The stable space charge region is emptied from mobile charge carries and is 
called the depletion zone.

F.Hartmann [1]
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The abrupt junction model
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Na, Nd concentrations of acceptors and donors in 
the p- et n-type silicon parts

In the depleted zone, the charge density writes:
r(x) = -eNa, for x<0; r(x) = eNd, for x>0

It is essentially zero elsewhere (electric neutrality)

By charge conservation:
NaWp = NdWn,with Wp and Wn the depleted depths 
in each silicon type

Integrating Gauss’s law

Leads to the expression of the electric field:

Ex = - dV(x)
dx

= e
Nd

ε
(x - Wn ), for 0 < x < Wn

-e
Na

ε
(x + Wp ), for - Wp < x < 0

𝛻. 𝐸 =
𝜌
𝜀

Pascal Vanlaer
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The abrupt junction model
Integrating the expression of 𝐸#(𝑥) leads to a parabolic expression 
for the potential V(x); the integration constants are fixed by 
imposing continuity at x=0, and considering:
n electric neutrality: NaWp = NdWn
n The diode potential barrier V0 ≈ 𝐸:;</𝑒

x

V(x)

V0

-Wp Wn
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Unbiased junction: 
diode potential barrier V0 ≈ 0.6V
Width of depletion region ≈ a few 
tens of micrometers for Na, Nd
~1012/cm³

Reverse-biased junction: 
Positive voltage V0 >> 0.6V on n-side increases potential barrier
Small current due to minority carriers thermally generated in depletion region
n so-called leakage current
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Reverse-biasing the junction

In practice, a p-n junction is produced from a homogeneous substrate (the 
bulk), for instance n-type. The p-type region is added by diffusing the 
appropriate dopant (the implant) in the n-type substrate. The depth of the 
diffusion is small compared to the thickness of the bulk. If one wishes a thick 
depleted region, it should extend in the bulk, implying in this example Na >> Nd
• typical values: Na ~1015/cm³, Nd ~1012/cm³

In this case: 0
n

d

2εVW W =
eN

;W~
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Imposing an external potential V0 >> 0.6 V one finds:

And using NaWp = NdWn one gets: 𝑉= =
>
?@𝑊B

?𝑁! 1 + FG
FH

2 2
0 d n a p

eV = (N W +N W )
2ε

At 300µm, the voltage for full depletion 
𝑉IJ ≈ 150𝑉 for an n-type bulk of ~2 
kW.cm resistivity, i.e. with a doping 
concentration of 2.2 1012/cm³ 
(exercice: check it)
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Field configurations
• There is a linearly-increasing E field across the sensor bulk
• The maximum is on the implants side

• The maximum grows with bias voltage
• At V<VFD there is an undepleted zone on the backside
• To collect e- and holes from the entire thickness, the E field has to be 
non-zero across the whole bulk -> apply V>VFD (over-depletion)

BND school 2019 – Spa – Belgium Pascal Vanlaer

F.Hartmann [1]
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Field configurations
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F.Hartmann
Simulation by T.Eichhorn
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Measuring the depletion voltage
¨ By measuring the leakage current (not reliable):

¨ By measuring the capacitance (reliable):

BND school 2019 – Spa – Belgium

Ideally, the leakage current due to e-hole pairs thermally created in the 
depletion region is proportional to the depleted volume:

𝐼N>;O~𝑊~ 𝑉=�

In practice, trapping of charge carriers at low voltage, and charge 
amplification at high voltage, make this method unreliable

€ 

ρ =
1

eµNeff

V … External voltage
r … specific resistivity
µ … mobility of majority charge carriers
Neff … effective doping concentration
A … detector surface

The depleted sensor acts as a //-plate 
capacitor of variable thickness 𝑊:

𝐶 = 𝐴.
𝜀=𝜀T

2𝜇𝜌 𝑉=
�
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A track detector
¨ To reach the desired position resolution, the 

implant is shaped in closely-spaced strips, 
each of them connected to a readout channel. 

p+: highly-doped implant 
strips to create a thick 

depleted area

n++: highly-doped back 
layer to allow a good ohmic

contact between the 
backplane metal and the 
Silicon bulk (otherwise a 
Shottky diode is formed)

BND school 2019 – Spa – Belgium Pascal Vanlaer

F.Hartmann [1]
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Production 
process

1.8 Production of Silicon Sensors 51

SiO2n-Si bulk n-Si bulk

Oxidation in dedicated furnace

Fig. 1.34 Silicon oxidation: to enable segmentation and structuring, the raw silicon wafer is first
subjected to an oxygen or water atmosphere at 800–1200◦C in a furnace (see Fig. 1.35). The wafer
is afterwards fully embedded in a SiO2 layer

Fig. 1.35 Two quartz tubes in the furnace are visible on the left photo including the loader of
several wafers. Each individual furnace has a well-defined atmosphere and always remains at the
same temperature and content mixture. There is one furnace for each individual process. On the
right, several burning furnaces are shown. Courtesy of ITE Warsaw [156]

interface. This process is mostly used for dielectrics for coupling capacitances
(∼100–200 nm) of AC-coupled sensors and for MOS (∼100 Å) transistors.

In the “wet” process, H2O steam is injected, the oxide grows fast. The additional
hydrogen atoms may degrade the oxide quality, the process is mostly used for thick
field oxide or maybe passivation oxide (∼µm). The processes are

Si+O2 → SiO2 “dry”
Si+2H2O → SiO2 +2H2 “wet”

For SiO2 used as insulator, e.g. in between metal layers, SiO2 obviously cannot
be grown, in these cases sputtering is used – deposited oxide.

Figure 1.36 describes the photolithography and etching process. First, for each
layer, a mask28 is needed, which is normally a chromium pattern on a glass plate.

n-Si bulk n-Si bulk n-Si bulk

UV light

For double sided, put
another mask on this side

photoresist
photo mask etch

(2) etch SiO2 (3) ash resist

etchetch

SiO2

(1) develop (4) windows in SiO2 

Fig. 1.36 First segmentation step: The oxidized wafer is now covered with photoresist, parts of the
resist is then masked and subjected to UV light; after final development, the sensor is etched. As a
final step the resist is etched away leaving defined windows in the SiO2 layer

28 The mask itself is very expensive.

• SiO2 has excellent insulating 
properties and high lattice 
compatibility with Si

• Coupling capacitors between 
implants and readout amplifiers 
can be embedded in the process

• Many processing steps

• Masks are very expensive
• 6 or 8 inch-size with features as 

small as few µm
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28 The mask itself is very expensive.

54 1 Basic Principles of a Silicon Detector

Fig. 1.40 The picture shows an ion implanter. Ions are accelerated and guided onto the target inside
the sphere, where several wafers are rotated and homogeneously hit. The ions do not penetrate
through the masking layer (SiO2 or photoresist), therefore well-defined patterns, e.g. strips/pixel
can be implemented on the wafer. Courtesy of ITE Warsaw [119, 156]

also cartooned in Fig. 1.41, is the implantation of small p+ lines into the n silicon
bulk, creating many local pn-junctions – the strip and ring pattern. After an implan-
tation, a high-temperature step is necessary to anneal structural damages. The ion
implantation results in a very shallow doping. The temperature treatment also stim-
ulates dopant diffusion and drives dopants further into the volume and smoothes
edges. Full plane doping, like the backside, is often realized via diffusion. Diffusion
dopant sources can be gases, doped amorphous silicon or dopant-enriched glasses,
like boron or phosphoric glasses, which are deposited on the surface and etched
away after the diffusion process. During one side processing the other side is pro-
tected by a SiO2 layer.

For an AC-coupled sensor, several steps are needed to build high-quality ther-
mal grown oxide, where the basic steps are shown in Fig. 1.42. The full wafer
again undergoes one to several high-temperature steps in the oven with steam, oxy-
gen or nitrogen atmosphere to achieve sophisticated, thin and voltage-stable oxide;
sometimes also layers of polyimide are applied. The result is a thin isolating oxide

implanting
or 

diffusion

Boron

Arsenic

p+p+

n+

Fig. 1.41 Ion implantation or diffusion is utilized to realize the pn-junction with B on the front
side and avoid a Schottky contact on the backside with As. SiO2 is used as a mask
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etch

etch

etch

p+p+

n+

p+p+

n+

photoresist etch

n+

p+p+

coupling oxide
oxidation

Fig. 1.42 To capacitively isolate the p+ from the aluminium readout strip, a layer of high-quality
SiO2 is introduced by thermal growth. As for all thermal oxidation the oxidation is applied to the
full wafer. A photoresist step on the front and an etching step is needed to allow backside oxide
removal. In most real structures, patterns of silicon oxide and silicon nitride are applied for the
strip pattern

above the strips and thicker oxide in the strip intermediate areas. Quite often addi-
tional oxide deposition is applied beneath the final pads for micro-bonding to in-
crease thickness and strengthen the structures. To remove the oxide from the back,
photoresist is spilled on the front without mask, and the back oxide is etched away.

For the basic strip concept all steps but the final metallization and passivation are
described so far. Besides the strip and ring structure processing, several additional
steps are needed to apply the bias to the p+ strips. The most complicated and most
common case, the polysilicon resistor biasing, is introduced briefly in Fig. 1.43.

Finally the back side will be fully metallized for simple electrical contact, while
the front side must be patterned and needs additional steps (Figs. 1.44 and 1.45). For
metallization, most often aluminium is used, due to its good electrical conductivity
(≈3.7 · 107 S/m), its good connectivity to silicon and finally its easy shaping by
photolithography. Aluminium coverage is achieved by chemical vapour deposition
(CVD) sputtering process. For the front side another lithography step deposits pho-
toresist, in a later development step windows are opened and aluminium is etched
away. Additionally, there are a lot of testing steps in between all these processes to
guarantee quality and to fully identify problems early in the process chain.

p+
n+

Al strip(AC)

Al backplane

n-bulk

polysilison 
resistor

DC pad

p+
n+

Al backplane

n-bulkSiO2

polysilison 
resistorphotoresist

Bor, 50 keV, 6x10 /cm²
14

p+
n+

Al backplane

n-bulkSiO2

Bor, 50 keV, 8x10 /cm²
13

(1) deposit polysilicon
(2) dope to achieve

specified resistivity

(3) Photolithography
 to structure meander

(4) photolithography
     to open contact hole
(5) dope to lower 
     contact resistivity

(6) sputter aluminium
(7) photolithography
     to define metal strips and pads
(8) etch

Fig. 1.43 The request of a polysilicon biasing comes along with several additional process steps.
First, the sensor is fully oxidized and then covered with a CVD-deposited layer of polysilicon. Re-
sistivity is defined by a controlled doping by ion implanting, with, e.g. boron. As done initially, the
wafer is oxidized, structured by a lithography process where only the final bias meander is covered
with photoresist, and most of the poly is etched away. The absolute resistance is now defined by
initial resistivity, length and width of the polysilicon resistor. Another lithography step is needed to
open small windows for the metal contact to lower the contact resistivity of the polysilicon locally.
Final opening of the contacts into the oxide to the p+-strips, the poly meander and the bias ring
allows final metallization. The cartoon is presented as a side view of the sensor

56 1 Basic Principles of a Silicon Detector

Photo
mask etchetch

etch

(4) etch Al
(2) spill photo resist 

p+ p+ p+p+ p+ p+
n+ n+ n+

(1) Al sputtering

Al sputtering
photoresist

photoresist

(3) develop
(5) remove/etch resist

p+p+
n+

Al strip(AC)

full Al backplane

UV light

Fig. 1.44 As for the oxide, the full surface is metallized by a CVD sputtering process. Another
lithography and etching step later, aluminium strips, pads and rings are formed. For a good electri-
cal contact, the back side is fully covered with aluminium

At this stage, a single-sided DC-coupled sensor is completely processed waiting
for its final cleaning, passivating and cutting step. For the second face, the ohmic
side processing, only the combined layer processes are briefly described; the de-
tailed steps, like lithography and etchings, etc., are the same as for the junction side
and are not elaborated in detail. The different steps are illustrated in Fig. 1.46. One of
the complications is the necessary protection of the other side. Double-sided sensor
processing is only possible on substrates that are polished on both sides. A strip-like
segmented n+ layer replaces the formerly described full area n+ implantation. To
establish strip isolation additional p+ stops are needed. And finally, aluminium lines
are needed on top of the n+ strip above the coupling oxide, as well as all pads, bias
and guard rings.

In a lot of cases, the processing does not end here. Another isolation layer (of
SiO2 or polyimide) is needed, pierced by vias, connecting to aluminium routing
strips above the isolation.

In principle none of the above-described steps are problematic if isolated. In
the full combination with the necessary purities, one has to fear pinholes, failed
vias, increased capacitance, cross talk between channels, tiny contamination in some
oxide layers, failures affecting neighbour or other side strips, etc. Keep in mind that
different from standard chips, one single sensor covers the full wafer, therefore one

Fig. 1.45 The left shows all the p+ structures and polysilicon resistors before the final aluminium
is applied in comparison to the final step on the right. An interesting feature of the guard and bias
ring to mention here is the continuous via contact from the final aluminium layer to the p+-layer
underneath

F.Hartmann [1]
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Coupling of the readout amplifiers
n To read the charge induced on each 

strip, the strips must be insulated from 
each other by a large resistance (10 MW), 
and the amplifier is coupled through a 
capacitor that filters the leakage current

n These elements are integrated to the 
substrate.

BND school 2019 – Spa – Belgium Pascal Vanlaer

The resistor is made of a 
polycrystalline silicon 
meander

The capacitor is made by a 
SiO2 dielectric layer between 
the p+ strip and the readout 
contact

M.Moll [2]

F.Hartmann [1]
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From sensor to module

BND school 2019 – Spa – Belgium Pascal Vanlaer
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CMS upgrade trigger-enabled tracking module

BND school 2019 – Spa – Belgium Pascal Vanlaer

S. Paoletti - INFN Firenze - EPS HEP 2019 

Tracking @ L1 trigger

!9

12

CMS Tracker Layout
Mersi – ACES 2016

CMS

Providing tracks for trigger

Tracker Back-endOuter Tracker Front-end

?

Readout
Track
Find

CMS
Level-1

@ 40 MHz – Bunch crossing
@ 750 kHz – CMS Level-1 trigger

CMS
DAQ

Stubs only

Full data

Level-1 accept

Level-1 “stubs” are processed in the back-end

Form Level-1 tracks, pT above ~ 2 GeV, 
contributing to CMS Level-1 trigger

“stubs” are sent to the track 
finder backend, and used to 
create L1 track primitives with 
pt>2GeV/c @ 40MHz


17.02.2016 G.Sguazzoni

PT-module concept
• Only high-PT tracks data are sent out @40MHz to save bandwidth and 

ease a fast track reconstruction
• PT discrimination based on local spatial hit correlation on two 

appropriately spaced sensors

‣profits from the high CMS B-field
‣ relies on hybrid flex technology
‣only high-PT pairs (stubs) are 

selected (threshold ~2GeV)
‣ threshold fixed by the sensor 
spacing (that depends on the 
distance with respect to the beam 
line) and by a configurable discrete 
hit matching window

6
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pass fail

~1.6-4mm

~0.1mm

hit matching windows

stub

10"
!! Tracker"design"

EE!

! Requires"low,power"GBT"with"high"bandwidth"to"overcome"performance"limitaTons"in"
trigger"and"data"transfer"for"inner"layers""

! BE"electronics:"AssociaTve"Memories"+"FPGA"or"FPGAs"only"with"two"schemes"for"
algorithms"&"cabling","requires"high"processing"power"&"bandwidth,"short"latency"for"
trigger"object"formaTon","demonstrators"are"becoming"available"

OT"modules"with"2"sensors"spaced"by"few"mm"and"readout"by"the"same"ASIC"Chip""
measure"bending"of"parTcles"in"high"B,field"and"transfer"hits"for"tracks"with"Pt"�"2"GeV"at"40"
MHz,"track"reconstrucTon"in"Back,End"electronics"for"L1,Trigger"

(K."Hahn’s"presentaTon)"

distance depends 
on layer radius:

→ keep selectivity 
pt >2GeV/c

Pt resolution, e-γ discrimination, isolation → better trig selectivity needed to exploit high 
luminosity:

- An FPGA-based “track-finder” system performs pattern recognition + track fitting
- The track finder processes “stubs” relative to tracks with Pt > 2GeV sent by the 

Outer Tracker
More about the HL-LHC CMS L1 
trigger in the talk by Cecile Sarah 
Caillol tomorrow morning

Pt discriminating module concept:
- two silicon sensors with small spacing in a module
- one ASIC correlates data from both sensors selecting tracker “stubs”

3.3. The pT modules 57
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Figure 3.20: Noise of a 2S mini-module operated at �30 �C for approximately one week. The
noise is measured as the standard deviation of the derivative of the S-curve.

Figure 3.21: Stub reconstruction efficiency for a non-irradiated (red) and an irradiated (blue)
2S mini-module. The mini-module was irradiated to a fluence of 6 ⇥ 1014 neq/cm2. The vari-
able Vcth refers to the threshold setting, while d is the sensor spacing. The thresholds used
correspond to about 4900 and 3500 electrons for the unirradiated and irradiated module, re-
spectively. Radii of 69 cm and 60 cm were used for the calculation of the pT from the tilt angle
of the non-irradiated and irradiated module, respectively (Section 9.2.5.3). The different radii
compensate for the fact that the modules had different sensor spacing but were operated with
the same stub acceptance window.

Figure 3.21 compares the stub efficiency of a non-irradiated 2S mini-module to that of a de-
vice irradiated to a fluence of 6⇥1014 neq/cm2. The measurement was carried out at the CERN
H6B beam line using 120 GeV pions. Tracks are reconstructed using data from the AIDA tele-
scope [38] and matched to hits in a trigger plane, which utilizes the ATLAS FE-I4 chip [39].
Events with one track matched to the trigger plane are used. The stub reconstruction efficiency

CMS TDR-17-001

Track finding efficiency vs “pT”

Same chip reads 
both sensors
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Signal induction
(from slides by W.Riegler [3])
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Formulation of the Problem 

G. De Lentdecker & P. Vanlaer 7 2014-2015 

We will divide the problem into two parts:  
 
We first calculate the currents induced on grounded 
electrodes.  
 
A theorem, easy to prove, states that we then have to 
place these currents as ideal current sources on a 
circuit containing the discrete components and the 
mutual electrode capacitances 

= + 

The second step is typically performed by using 
an analog circuit simulation program. We will 
first focus on the induced currents. 
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We will divide the problem into two parts:  
 
We first calculate the currents induced on grounded 
electrodes.  
 
A theorem, easy to prove, states that we then have to 
place these currents as ideal current sources on a 
circuit containing the discrete components and the 
mutual electrode capacitances 

= + 

The second step is typically performed by using 
an analog circuit simulation program. We will 
first focus on the induced currents. 

Drift of e- and holes (q with position x(t)) 
induce currents Ii(t) on the electrodes 

What are the currents induced by the drift of e-
and holes on a network of electrodes (ovals) 
connected to each other by interstrip and 
backplane capacitances and resistances (Zij) and 
front-end electronics (triangles) ?

These act as current sources into 
the impedance network
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Signal induction

BND school 2019 – Spa – Belgium Pascal Vanlaer

Placing charges on metal electrodes results in certain potentials of these 
electrodes. A different set of charges results in a different set of potentials. 

The reciprocity theorem states that:

This can be shown using one of Green’s identities (see backup).
By choosing 𝑽𝒏 and 𝑸𝒏 wisely, we can get the charge 𝑸𝒊 on the electrode of 
interest



Signal induction
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Induced Charge 

G. De Lentdecker & P. Vanlaer 9 2014-2015 

Using the reciprocity theorem                                      we get  

We assume three grounded electrodes and a point charge in between. We want to know the charges 
induced on the grounded electrodes. We assume the point charge to be an very small metal 
electrode with charge q, so we have a system of 4 electrodes with V1=0, V2=0, V3=0, Q0=q.  
 
We can now assume another set of voltages and charges where we remove the charge from 
electrode zero, we put electrode 1 to voltage Vw and keep electrodes 2 and 3 grounded. 

25
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Signal induction
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The voltage 𝑽𝟎 is the voltage at the place x of the moving point charge q, in 
the second electrostatic state, where the only electrode with non-zero voltage 
is the electrode of interest (electrode 1). 

Let’s call the potential field in this configuration 𝝍(𝒙), the weighting potential 
of electrode 1. We have:

Induced Current, Ramo Shockley Theorem 

G. De Lentdecker & P. Vanlaer 11 2014-2015 

In case the charge is moving along a trajectory x(t), the time dependent 
induced charge is  
 
 
And the induced current is 
 
 

Since the charge is moving, 𝒙 depends on time 𝒕:

Inducent current, I(t) taken positive when exiting the electrode:

where �⃗� 𝑡 = !#⃗ b
!b

is the speed of the moving charge, and 𝐸c 𝑥 𝑡 is the 
weighting field of electrode 1. This expression of 𝐼 𝑡 is called Ramo’s theorem.

Induced Current, Ramo Shockley Theorem 

G. De Lentdecker & P. Vanlaer 11 2014-2015 

In case the charge is moving along a trajectory x(t), the time dependent 
induced charge is  
 
 
And the induced current is 
 
 

𝐼 𝑡 = −
𝑑𝑄
𝑑𝑡 =

𝑞
𝑉c

𝛻𝜓 �⃗� 𝑡
𝑑�⃗� 𝑡
𝑑𝑡 = −

𝑞
𝑉c

. 𝐸c �⃗� 𝑡 . 𝑣(𝑡)
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Exercise
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vLet’s compute the collection time of 
electrons and the expression of the 
current induced by their motion, in the 
following situation:

• an overdepleted detector of p-type bulk
• d = 300µm active depth
• Electrons are injected at a single point at the 

p+-backside
• The readout electrode is on the n++-side
• 𝐸i&B = 𝐴 = 2. 10j	𝑉. 𝑐𝑚lm

• 𝐸i;# = 5. 10j	𝑉. 𝑐𝑚lm

• Electrons mobility: µ> =
op
" = 1400𝑐𝑚?𝑠lm𝑉lm
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Pulse shapes
The current induced is large:
1. when the speed of the e- or holes is large, i.e. when the drift field is large
2. when the weighting field is large

𝐼 𝑡 = −
𝑞
𝑉c

. 𝐸c 𝑥 𝑡 . 𝑣(𝑡)

F.Hartmann [1]
H.Spieler [3]

Simulation: 
300 µm diode; n-type bulk
10000 e-h pairs injected at 
150 µm depth
Signal on p-implant
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Position resolution
The interstrip distance or “pitch”, p, is typically in the range 20-200 µm.

¨ If the strips are read out in a binary way (signal above or below 
threshold) and if a single strip carries a signal, the hit position is the 
middle of that strip, and the position resolution is:

¨ The amplitudes of the signals in neighbouring strips can be used to 
compute the center-of-gravity of the deposited ionization charge

¨ For tracks impinging at normal incidence, this requires specific 
design, as the diffusion of charges in silicon is small
n A few tens of µm for 300 µm of drift

σ = p
12
! 5−50µm (R.M.S. of a uniform distribution of width p)

Binary (digital) readout

BND school 2019 – Spa – Belgium Pascal Vanlaer

Analog readout



M.Moll
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n-strips in a p-bulk
¨ Patterning the back side gives 2nd coordinate (in principle)
¨ n-in-p sensors are more radiation-hard
¨ Caveat: 

n typical good-quality oxide layer has fixed positive charges, 
creating a conducting electron channel under the oxide, shorting 
the strips together

¨ Solution: 
n p+ implants (p-stops) create fixed negative 
charges repelling electrons, insulating the strips

BND school 2019 – Spa – Belgium Pascal Vanlaer

F.Hartmann [1]
M.Moll [2]
G.Lutz [4]
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n-strips in a p-bulk
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¨ The structure is very similar to the widely-used Metal-
Oxide-Silicon Field-Effect Transistor (MOSFET) 

n Without p-stops, our n-in-p sensor is similar to a depletion-mode 
(normally-ON) N-channel MOSFET J

n MOSFETs also appear in integrated readout amplifiers, and in 
monolithic detectors combining sensor and amplifiers in same 
Silicon wafer (see later)

https://www.electronics-tutorials.ws
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Silicon pixel detectors
¨Pixelated sensor and readout chip

Difficulty: connect the 
electronics to each pixel

Solution: bump bonding

15 µm

5 Oct 2016 Jörn Grosse-Knetter - ATLAS Pixel Tracker R&D 6

ATLAS ITK-Pixel

 ATLAS phase2-upgrade: 5-layer pixel detector

 Surface of O(10 m2) covered by ~10000 modules

 Several challenges:

 Higher radiation

dose and fluence

 Higher track density

 Higher hit rates 

 Re-design of 

triggering system

 New opportunities:

 E.g. module design: well-established hybrid or CMOS?

BND school 2019 – Spa – Belgium Pascal Vanlaer
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Radiation damage
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Radiation damage
¨ Radiation produces defects in Silicon lattice

BND school 2019 – Spa – Belgium Pascal Vanlaer
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2017 JINST 12 P06018

Figure 1. FLUKA simulation of the fluence levels in the CMS Tracker after 3000 fb�1 [5]. The Z-coordinate
in the legend refers to the distance from the interaction point along the beam line.

formation in silicon depends on the particle type and energy. In addition, ionizing radiation due
to charged particles increases the oxide charge density of the silicon dioxide [7–10], which a�ects
the surface properties of the strip sensors. Therefore, an irradiation and measurement campaign
including (mixed) irradiations with both neutrons and protons (both low and high energy protons
were used) was performed, for which results have been published in PhD theses and conference
reports [11–21]. A general description of the campaign, the used materials, results from diode
measurements (IV, CV, TCT), strip sensor characterizations and annealing studies will be reported
in a future publication.

This paper presents results derived from measurements using small prototype strip sensors
(table 1), including those that illustrate the performance of irradiated p-in-n and n-in-p sensor types,
and motivates the conclusion that n-in-p type sensors are most appropriate for use in the CMS
Tracker Phase II Upgrade. The results referred to in this paper are described in several of the
aforementioned publications and therefore only the most relevant ones, on which the decision is
based on, are summarized for the first time.

2 Samples and irradiations

The AC coupled strip sensors used in this study were processed by one single vendor (Hamamatsu
Photonics K.K. (HPK)) on several wafer types with the same mask set. This approach allowed

– 2 –

14 TeV pp 
collisions
3000fb-1

2017 JINST 12 P06018 

Radiation damage
¨ A concern at high-luminosity experiments, notably at HL-LHC
¨ Damage mostly due to neutrons, protons and charged pions, of very 

different energy spectra
¨ Particle fluxes are normalized to 1 MeV neutrons, characteristic of 

emission by detector activated by primary hadrons (e.g. calorimeter 
back-splash)

Damage-
weighted flux, 
normalized to 
damage of 1 
MeV neutrons
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Non-Ionizing Energy Loss (NIEL) model
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Lattice damage characterized by 
“displacement damage” functions:
𝐷 𝐸 𝑀𝑒𝑉.𝑚𝑏

=
𝑑𝐸
𝑑𝑥 𝐸 [𝑀𝑒𝑉.𝑐𝑚?𝑔lm].

𝐴[𝑔.𝑚𝑜𝑙lm]
𝑁z[𝑚𝑜𝑙lm]

𝐷 𝐸 depends on particle type and 
energy through defect production 
cross sections

à Neutrons of 1MeV as
reference particles
„equivalent fluence Φeq“

Irradiation “hardness” factor:

68 1 Basic Principles of a Silicon Detector

Table 1.7 The minimum kinetic particle energies to create single point or cluster defects can be
derived with formula 1.45 (p and n) and 1.46 (e−). The 60Co-photons could only create a cluster
defect via a secondary electron (dominantly via Compton effect), but it cannot energize e− up
to 8 MeV

Particle Esingle de f ect Ecluster

neutron; protons 185 eV 35 keV
electrons 225 keV 8 MeV
60Co-gammas 1 MeV No cluster

D(E) = ∑
i

σi(Ekin)
! ER,max

0
fi(Ekin,ER)P(ER)dER (1.47)

where all possible interactions are summed up. σi is the cross section of the process
and fi(E,T ) is the probability of having a collision of a particle with Ekin, transfer-
ring a recoil energy of ER. P(ER) is the Lindhard partition function [109], describ-
ing the fraction of energy going into silicon atom displacement, e.g. P(ER) ≈ 50%
for 10 MeV protons or P(ER) ≈ 42% for 24 GeV protons and P(ER) ≈ 43% for
1 MeV neutrons [91]. The resulting displacement functions are plotted in Fig. 1.53.
As standard the 1 MeV neutron equivalent fluence [n1MeV/cm2] is used and abbre-
viated with Φeq, corresponding to Dneutron(1MeV)/cm2 = 95MeV mb/cm2, with
Millibarn: mb = 10−27cm2. It is therefore possible to scale radiation damage from
different particles and different energies by a simple numerical factor κ to make
comparison possible. κ is defined as the ratio of the individual damage particle fac-
tor for a given energy and 1 MeV neutrons.

κ =
"

D(E)φ(E)dE
95MeV mb ·Φ =

Φeq

Φ (1.48)
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Fig. 1.53 NIEL – non ionizing energy loss. Displacement damage function D(E) normalized to
95 MeVmb for neutrons, protons, pions and electrons. The inserted graph shows a detail of the
figure around relevant energies for high-energy physics [91, 126]

Note the huge difference: in Silicon:
• Ionization (MIP): !"!# = 3.87𝑀𝑒𝑉/𝑐𝑚

• NIEL (1 MeV neutron): !"!# = 5.0𝐾𝑒𝑉/𝑐𝑚

F. Hartmann [1]
G.Lutz [4]
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Radiation damage
¨ Defects introduce extra energy levels in band gap, with 

different consequences:

BND school 2019 – Spa – Belgium Pascal Vanlaer

F. Hartmann [1]
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Annealing
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¨ Defects diffuse, migrate and combine: annealing
¨ Temperature and time-dependent !!
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Leakage current
q Linear increase of current with 

𝜙>} fluence during irradiation, 
for a wide range of Silicon 
resistivity, doping type and 
production process
• In agreement with NIEL model

Current damage rate: 

𝛼 =
∆𝐼

𝑉𝑜𝑙.𝜙>}

Strongly temperature dependent èa(T) 20°C: α = 4,00 ·10-17 A/cm
Current: I µ exp(-Eeff/2kBT) -10°C: α = 1.86 ·10-18 A/cm

q Our concerns:
• Electronics noise due to current fluctuations at the input of the amplifiers
• Joule effect in sensor: 𝑃� = V. I increases exponentially with sensor 

temperature, while cooling capacity only proportional to (𝑇�>B��T� − 𝑇���N;Bb� )
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Annealing of the leakage current
q Leakage current decreases with time
q Decrease is faster at higher temperature
q Can be used to some extent to mitigate radiation damage



LHC
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Depletion voltage

For LHC fluences (2.4·1014n1MeV/cm²) high full depletion voltages are expected !

q Most irradiation damages in Silicon behave like acceptors
q Starting with n-type Si à p-type: „type inversion“ also called

Space Charge Sign Inversion (SCSI)
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Effective doping concentration Neff

Contrary to NIEL 
hypothesis, change in Neff
depends on material...

I.Pintilie et al., NIMA 611 (2009)52-68

...and on particle type

protons

neutrons
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Neff and annealing

q Different defects evolve differently and with different time constants
• Short-term beneficial annealing; long-term reverse annealing

q The evolution also depends on temperature
• Annealing can be slowed down or even “frozen” at -10°C

Bottom line: 
1) Make irradiation tests with both neutrons and protons
2) Characterize every new material (also wrt. annealing of Neff)
3) Beware of reverse annealing

Contrary to NIEL 
hypothesis, change in 
Neff depends on 
material...

...and on particle
type

SCSI
Type inversion
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Where is the depletion zone ??
Before type inversion: main junction pn

After type inversion: main junction np
(remember n-bulk à p-bulk)

U
ndepleted

volum
e

• On p-side: low field; and if under-
depleted, the electrodes are 
screened (no signal induced)

• P strips -in-n bulk sensors 
cannot be run under-depleted 
after type inversion

• Present CMS strip sensors
• n-in-p or n-in-n can run partially 

depleted !
• CMS pixel sensors (n-in-n)
• HL-LHC pixel and strip sensors 

(n-in-p)

After type inversion:
• n-p is main pn-junction 

(not p-n anymore)
• Depletion zone grows 

from other side

F.Hartmann [1]
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Trapping
• Charge carriers can be trapped by some type of defects (long-lived energy levels)
• Trapping time teff changes with Feq; little annealing
• Different materials behave differently
• t eff (1015 n1 MeV/cm2) = 2 ns:         x = (107 cm/s) · 2 · ns = 200µm
• t eff (1016 n1 MeV/cm2) = 0.2 ns:      x = (107 cm/s) · 0.2 · ns = 20µm
Bottom line: at large Feq, charge collection becomes a competition between drift 
and trapping ⟹ 𝑜𝑝𝑒𝑟𝑎𝑡𝑒	𝑎𝑡	ℎ𝑖𝑔ℎ	𝑓𝑖𝑒𝑙𝑑𝑠! (and with n-in-p sensors)
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Sensor developments



Very radiation tolerant detectors, first use in ATLAS Insertable B layer (IBL)
3.3 cm radius - improved impact parameter resolution

48

3D sensors
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• Non-planar implant
structure

• Deep holes are etched into
the Silicon and filled with n+

and p+ material
• Depletion is sideways. 

Distances between
electrodes are small ⇒
depletion voltage can be
much smaller and charge
carriers travel much shorter
distances

• Hence less vulnerable to
trapping

DRIE –
Deep Reactive Ion Etching

50 µm
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Monolithic Active Pixel Sensors
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• Electronics and sensor are integrated into the same Silicon wafer

Pros:
• No depletion voltage
• Very thin 
• Very low noise
• In cell signal 

processing
• Very high resolution
Cons:
• Small signal
• Slower
• Not radiation-hard

EPS_HEP 2019, Ghent, Belgium  Yasser Corrales Morales

Motivations and goals 
• Improved vertex  and tracking precision

a closer to IP, smaller pixels, less material

• Faster readout

ITS Upgrade in LS2 (ITS2)  

1.5 ≤ h ≤ 1.5

7 Layers  (22mm < r < 400mm) 6 layers (39mm < r < 440mm)
-1 ≤ h ≤ 1

7 layers (22mm < r < 400mm)
-1.3 ≤ h ≤ 1.3

Based on novel MAPS (ALPIDE)

• 10 m2 active silicon area (12.5 G-pixels)

• Spatial resolution ~5µm 

• Power density < 40mW / cm2  

• Max particle rate ~ 100MHz /cm2 (w/o pile-up)

• Fake hit rate: < 1Hz/cm2

• X/X0 (first three layers): 0.35%

40cm

a further improvements exploiting technological innovations
5L. Musa (CERN) – SQM, Bari, 10-15 June 2019
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ITS upgrade requirements:
➢ Improve impact parameter resolution 

Reduce distance from IP to first layer ➔ new beam pipe
Reduce material budget
Reduce pixel size 

➢ Improve tracking efficiency and pT resolution at low pT

Increase granularity ➔ from 6 to 7 layers, all pixels 
➢ Increase read-out capabilities 

ITS upgrade - Requirements and design

ITS upgrade

ITS Run1/Run2 ITS upgrade
Number of layers 6 (pixel, drift, μstrip) 7 (MAPS*)
Rapidity range |η| < 0.9 |η| < 1.3
Material budget per layer 1.14% (SPD) 0.35% (IL)
Distance to interaction point 39 mm 22 mm
Pixel size 50 x 425 μm2 29 x 27 μm2

Spatial resolution (rφ x z) 12 μm x 100 μm** 5 μm x 5 μm
Max. readout speed Pb-Pb 1 kHz 100 kHz

** SPD * Monolithic Active 
Pixel Sensors

10m2 in production for ALICE upgrade
(LHC Run 3)
29µm x 27µm pixels
5µm x 5µm resolution
Y.Corrales Morales, EPS2019



50

DEPFET pixel detector
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Commissioning of Belle II PXD , 2019.07.11 !3

DEPFET PXD for Belle II
Depleted P-channel Field-Effect Transistor (DEPFET) combines detection 
and amplification within one device.

Each pixel is a p-channel FET on top of fully 
depleted silicon bulk 

❖ Fast charge collection (~ns) 

❖ Charges collected in the “internal gate”

❖ Readout of modulated drain current 


➡ internal amplification 


❖ High Signal to Noise Ratio (SNR) 

❖ Periodical clearing of “internal gate” 

required to reset the pixel 

Pros:
• Large signal: Belle II:

• low power
Cons:
• Slower; not radiation-hard

Commissioning of Belle II PXD , 2019.07.11 !8

Belle II PXD for early Phase 3

❖ 2 layers of DEPFET sensors @ r = 14(22) mm

❖ Sensitive area per module: L1: 12.5mm x 44.8mm, L2: 12.5mm x 61.44mm

❖ Sensor thickness: 75 µm, 0.21% X0 per layer

Belle II pixel detector
❖ 2 layers of DEPFET sensors @ r = 14(22) mm
❖ Sensitive area per module: L1: 12.5mm x 
44.8mm, L2: 12.5mm x 61.44mm 
❖ Sensor thickness: 75 μm, 0.21% X0 per layer 

H.Ye, EPS2019

• Each pixel is a p-channel FET on top of an n-type bulk
• The bulk is fully depleted, with a potential minimum under the FET
• Electrons released by an ionizing particle accumulate in the potential minimum

• “internal gate“ effect: these electrons modulate the FET current
• Periodic clear needed

•
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Summary
¨ Si detectors can provide fast (<10 ns) trackers of very 

high position resolution (down to a few µm) and of very 
high granularity (25µmx25µm or smaller)

¨ The main cost is often not the sensors
n It’s granularity (#electronics channels) that is expensive…
n …although, sensors beyond industry standards can be very 

costly
¨ Main disadvantages are:

n a large amount of scattering material
n sensitivity to radiation

¨ Radiation hardness is being improved for HL-LHC 
applications

BND school 2019 – Spa – Belgium Pascal Vanlaer
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Silicon track detectors
n References:

[1] F.Hartmann, « Evolution of silicon sensor technology in particle
physics », Springer, 2009. 
[2] W.Riegler, “Particle detectors – part 4: Tracking with Gas and Solid State 
Detectors”, 2008 CERN Summer student lectures,  
http://indico.cern.ch/event/34199/material/slides/
[3] H.Spieler, “Semiconductor Detector Systems”, Clarendon Press, Oxford, 
2005.
[4] G.Lutz, “Semiconductor Radiation Detectors”, Springer, 1999.
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81 2017-2018 
W. Riegler, Signals in Detectors 

Charged Electrodes 

Setting the three electrodes to potentials V1, V2, V3 results in charges Q1, Q2, Q3. 
In order to find them we have to solve the Laplace equation 
 
 
with boundary condition  
 
 
 
And the calculate 

Reciprocity theorem



82 2017-2018 W. Riegler, Signals in Detectors 

Green�s Theorem, Reciprocity  

Reciprocity Theorem 

It related two electrostatic states, i.e. two sets of voltages and charges  
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Reciprocity theorem


