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Overview

I. Detectors for Particle Physics 

II. Interaction with Matter     

III. Calorimeters 

IV. Tracking Detectors 
Gas detectors 
Semiconductor trackers 
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IV. Tracking Detectors
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Tracking
“tracking” in google image search: 
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Tracking
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www.basset.net

Tracking
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Tracking Detector
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GPS Tracking Detector

“tracking detector” in google image search 
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Tracking Detector
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Online Multi-Person Tracking-by-Detection 
from a Single, Uncalibrated Camera

GPS Tracking Detector

“tracking detector” in google image search 
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Tracking Detector

5

Online Multi-Person Tracking-by-Detection 
from a Single, Uncalibrated Camera

But the 1st image on list is: 
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GPS Tracking Detector

“tracking detector” in google image search 
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Tracking Detectors

Precise measurement of track and momentum of 
charged particles due to magnetic field. 

The trajectory should be disturbed minimally by 
this process (reduced material)

6

Ulrich Husemann
Institut für Experimentelle Kernphysik (IEKP)

12/12/2012 Preparing for the Future: Upgrades of the LHC Experiments

Tracking, Vertexing, and B-Tagging

B-tagging:
Identify hadrons with b-quarks via 
their long lifetimes (picoseconds) 
Parts of the tracks from B hadron 
decays: large impact parameters 
and/or displaced secondary vertex
Low particle momenta important 
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path. 

Tracking is based upon detecting 
ionisation trails. 
An “image” of the charged particles in the 
event
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Tracking Detectors - Technologies

“Classic”: Emulsions, cloud, and bubble chambers 
Continuous media 
Typically very detailed information but slow to respond 
and awkward to read out 

“Modern”: Electronic detectors, wire chambers, 
scintillators, solid state detectors 

Segmented 
Fast, can be read out digitally, information content is 
now approaching the “classic” technology 
Mostly used solid state detector -> Silicon (pixels and 
strips)
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Discovery of neutral currents 
Gargamelle, 1972

CMS Inner barrel Si Tracker: 
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Very “Classic”: Bubble Chamber

The biggest: Big European Bubble Chamber 
3.7 m diameter 
Until 1984 used at CERN for the investigation of neutron 
hadron interactions

8

Fotos: CERN

Second United Nations 

International Conference 

on the Peaceful Uses of 

Atomic Energy 

ON THE ANALYSIS OF BUBBLE CHAMBER TRACKS 

Q 

Hugh Bradner and Frank Solmitz 

INTRODUCTION 

A 

j, L. - 

i 
Since i t s  iyvention by Glaser in 1953, the bubble chamber has become 

a most  valuable tool $high-energy physics. It combines a number of advan- 
tages of various older methods of particle detection: 
resolution, rapid accumulation of data, some time resolution, and some choice 
of the nucleus whose interaction one wants to study (bubble chambers have been 

-'made to operate with a large number of different liquids, including Hz, D2, He, 
Xe, and several  hydrocarbons). 
resolution and rapid data accumulation, high- speed high-precision analysis 
procedures must  be developed. 
posed by such analysis. 
in performing hydrogen bubble chamber experiments with the University of 
California' s "Bevatron" (6  -Bev pro ton synchrotron). 

i t  offers high spatial 

In order to exploit the advantages of spatial 

In this article we discuss some of the problems 
The discussion is  based largely on experience gained 

Let us f i r s t  summarize the observational data obtained with the bubble 
chamber. 
string of bubbles; stereophotography by two (or sometimes more)  camera  
lenses makes i t  possible to reconstruct the path of the particle in three dimen- 
sions. 
measure of the momentum divided by the charge; the direction of the curva ture  

indicates the sign of the charge; the number of bubbles per unit track length is 
a function of the velocity of the particle and i ts  charge; range of a particle stop- 
ping in the liquid gives the momentum i f  the particle mass  i s  known; change of 
curvature with distance can establish the mass  if  measurements a r e  sufficiently 
accurate. 
particle. Multiple Coulomb scattering can be used in high-atomic-number 
liquids to give a measure of momentum times velocity. 
liquids, the effect i s  too small  to be useful and merely sets a limit on the 
accuracy of curvature measurements. 

A charged particle passing through superheated liquid produces a 

The curvature of the track-in the presence of a magnetic field-is a 

Energetic delta rays give some information on the velocity of a 

In low-atomic-number 

In addition to observing tracks of charged particles leaving a nuclear 
interaction, one can -Also detect neutral particles, either through observation 
of charged particles coming out of secondary interactions, or through charged 
decay fragments (in the case of unstable neutral particles).  

-1 - 

Early report on bubble chamber analysis:

“… the large number of possible reactions, the 
variability of appearance of interaction, and the 
importance of being alert to possible new 
phenomena make it very important for a trained 
physicist to look at the bubble chamber 
pictures….” 
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Tracker: Important Parameter

9

An important figure of merit is the spatial resolution of a 
tracking detector 
Depending on detector geometry and charge collection 

Pitch (distance between channels) 
Charge sharing between channels

. .
pitch

can be tubes, 
strips, wires, 
pixels …. 
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Tracker: Important Parameter

9

An important figure of merit is the spatial resolution of a 
tracking detector 
Depending on detector geometry and charge collection 

Pitch (distance between channels) 
Charge sharing between channels

Simple case: all charge is collected by one strip  
Traversing particle creates signal in hit strip (binary) 
Flat distribution along strip pitch; no area is pronounced 

!  Probability distribution for particle passage: 

The reconstructed point is always the  
middle of the strip: 

0

. .
pitch

can be tubes, 
strips, wires, 
pixels …. 
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Tracker: Important Parameter

Calculating the resolution orthogonal to the strip:

Resulting in a general term (valid for tracking detectors with a pitch d):

For a silicon strip detector with a strip pitch of 80 µm this results in a minimal 
resolution of ~23µm 
In case of charge sharing between the strip (signal size decreasing with 
distance to hit position) and information about signal size 

resolution improved by additional information of adjacent channels

10

very important !

� / d

(S/N)
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Tracking: Determination of the Momentum 
in Magnetic Field

11

A tracking detector is typically placed within a B-field to enable momentum measurements 
Charged particles are deflected in a magnetic field: 

takes only effect on the component perpendicular to the field

Radius of the circular path is proportional 
to the transversal momentum

➫ particle is moving on a helix, the radius is determined by the field and pT  

parallel to the field is no deflection:

Magnetic Field

F = qvB

ma = qvB

m(
v2

r
) = qvB

p = 0.3Br

when converting in HEP units and assuming that 
all particles have the |electron charge|
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Determination of the Momentum in 
Magnetic Field II

In real applications usually only slightly bent track 
segments are measured 

Figure of merit: sagitta

12

s = r �
�

r2 � L2

4

⇤ r = s
2 + L2

8s �
L2

8s (s⇥ L)

Segment of a circle:

r = pT

0.3 B � s = 0.3 B L2

8 pT
With the radius-momentum-B-field relation:
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Determination of the Momentum in 
Magnetic Field II

In real applications usually only slightly bent track 
segments are measured 
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With the radius-momentum-B-field relation:

➠ The larger the magnetic field B, the length L and the number of measurement points n,  
and the better the spatial resolution, the better is the momentum resolution 

Momentum resolution due to position measurement:

NIM, 24, P381, 1963
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Impuls resolution: Spatial resolution 
and multiple scattering 

13

�(pT ) � pT

More components are influencing the momentum resolution  σ(pT)/pT 
of a tracking system:
• Inaccuracy of the tracking detector: 

� � 1
p

�(x)MS �
1
p

• Influence of the particle due to MS: Multiple scattering 
angle:

• The angular resolution of the detector

⇣�pT

pT

⌘2
=

⇣r
720

n+ 4

�ypT
0.3BL2

⌘2
+

⇣
52.3⇥ 10

�3

�B
p

LLy sin ✓

⌘2
+ (cot ✓�✓)

2

Position resolution Multiple scattering Angular resolution

pT resolution improves as 1/B and depends on p as 1/L2 or 1/L-1/2 
For low momentum (β→0), MS will dominate the momentum resolution. 
Improving the spatial resolution (σy) only improves momentum resolution if the first term 
is dominate.



✏ = 0.99

✏7 = 0.93

✏ = 0.98

✏7 = 0.87
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Detector efficiency   : probability to detect a transversing particle 

Tracker: Important Parameter

✏

✏track = (✏layer)
n

n = number of layer is tracking system

should be as close to 100% as possible 
i.e. 12 layer silicon detector with 98% efficiency 
per layer -> overall tracking efficiency is only 
78% 
needs to be measured in test beam 

Optimally measured in 
test beam ….

Eda Yildirim |  ATLAS Group Meeting |  April 19, 2013  |  Page 5 

Silicon Microstrip Sensors 

ATLAS07 miniature test sensors 

SiO2 

p bulk 

n-implant 

aluminum 

Vd 
E 

B=0 

e h 

e h 
e h 

e h 
e h 

e h 

θi 
Cluster 

size 

t 

Cluster size : number of hit pixels/strips belonging to one track 
usually given in unit of strips or pixels 

depending on angle of incidence



Detection efficiency: probability to detect a particle; typically 99.x% for one 
layer -> e.g. 7 layer system: 

✏ = 0.99

✏7 = 0.93

✏ = 0.98

✏7 = 0.87
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Signal/noise ratio: signal size for a certain input signal over the intrinsic noise of the detector 
parameter for analog signals   
good understanding of  
electrical noise charge needed 

leakage current (ENCI) 
detector capacity (ENCC) 
det. parallel resistor (ENCRp)  
det. series resistor (ENCRs) 

signal induced by source or laser  
(or test beam particles) 
optimal S/N for a MiP is larger than 20 

Tracker: Important Parameter

ENC =
q

ENC2
C + ENC2

I + ENC2
Rp

+ ENC2
Rs

example for silicon detector

most probable peak!  
= Signal

Gaussian distributed “non-signal” 
= sigma -> noise

With analog readout: 
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IV.a Gas-Detectors
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Another Classic: Ionisation Chamber

Passage of particles creates within 
the gas volume electron-ion pair 
(ionisation) 
Electrons are accelerated in a 
strong electric field -> amplification 
The signal is proportional to the 
original deposited charge or is 
saturated (depending on the 
voltage) 
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Continuation of Ionisation Chambers

Extreme successful approach to improve the spatial 
resolution of gas detectors 
Multi wire proportional chamber (MWPC) 
Gas-filled box with a large number of parallel detector 
wires, each connected to individual amplifiers 
G. Charpak 1968  
(Nobel-prize 1992)

18
M. Krammer: Detektoren, SS 05 Gasdetektoren 50

3.3 Vieldraht-Proportionalkammern
Segmentierte Kathoden

! In einer einfachen MWPC kann nur die Teilchenposition quer zu den Anoden-

drähten bestimmt werden. Will man eine zweidimensionale Ortsbestimmung,

so kann man dies durch Segmentierung der Kathode erreichen. Die Kathode

kann dann z.B. durch parallele Steifen, rechteckige Kathodenplättchen (“pads”)

oder als Lage von gespannten Drähten  ausgeführt sein.

! Neben dem Anodensignale mißt man nun auch die auf den darunterliegenden

Kathodensegmenten induzierten Signale. Je nach Ausführung der Kathode

kann durch Bestimmung des Ladungsschwerpunktes in dieser Dimension

Ortsauflösungen von ca. 50!µm erreichen.

MPWC mit 2-dim Ortsbestimung

Quelle: C. Grupen, Teilchendetektoren,

B.I. W issenschaftsverlag, 1993
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Adding the Time: Drift chamber

19
Wire chamber CDF (@Tevatron)

Electric field is designed in a way that electrons 
drift with a constant velocity and only amplify very 
close to the wire 
If time of arrival of a particle is known (trigger), 
one can derive from the signal arrival time at the 
anode the position of the track 
Condition: the HV field distribution and therefore 
the drift velocity within the gas is well known
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Wire Stringing In Progress

20
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End Plate Close Up

21
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TPC- Time Projection Chamber: 3D

Combination of the the 2D track information and the time results in a real 3D point

22
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Readout of the anode usually with 
multi wire projection chambers 
Nowadays new developments under 
way.

P
ic

: O
. S

ch
äf

er

P
ic

: A
LI

C
E

 C
ol

la
bo

ra
tio

n



Ingrid-Maria Gregor -  Detectors for HEP

New Developments

23

MicroMegas:  Avalanche amplification in a small gap
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a number of developments were started, some with a lot of problems 
two technologies are currently the most successful: GEMs and MicroMegas

Micro-Pattern Gas Detectors
Largely improved spacial resolution and higher particle rates:
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New Developments

GEM: Gas Electron Multiplier: Gas amplification in small holes in a special foil

24

50 µm

150 µm

Charge collection on two separate levels: 2D structure 
possible: separation of amplification and read out

Both technologies, MicroMegas and GEMs are used in 
experiments. Typical spacial resolution: ~70 um 
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MPGDs as next generation detector

Combination of gas detectors and Silicon 
Integration of MPGDs with pixel read out chips

25

14 mm
Amplification and read out made of silicon
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MPGDs as next generation detector

Combination of gas detectors and Silicon 
Integration of MPGDs with pixel read out chips

25

14 mm
Amplification and read out made of silicon

Advantages of gas detectors:  
• Low radiation length 
• Gas can be replaced regularly: Reduction of 

radiation damages!  
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V.b Semiconductor-Detectors
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CDF SVX IIa (2001-2012)

~ 11m2 silicon area

~ 750 000 readout channels

DELPHI  (1996)

~ 1.8m2 silicon area

~ 175 000 readout channels

Large Silicon Systems

CMS Silicon Tracker (2007-)

~12,000 modules

~ 223 m2  silicon area

~25,000 silicon wafers

~ 10M readout channels

27

Since ~ 30 years: Semiconductor detectors for precise 
position measurements. 
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Large gap: the solid is an insulator.   
No gap: it is a conductor. 
Small band gap:  semiconductor 

For silicon, the band gap is 1.1 eV, but it takes 
3.6 eV to ionize an atom -> rest of the energy 
goes to phonon excitations (heat).

In free atoms the electron energy 
levels are discrete.  
In a solid, energy levels split and 
form a nearly-continuous band.

Semiconductor Basics I

28
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valence band
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Large gap: the solid is an insulator.   
No gap: it is a conductor. 
Small band gap: semiconductor 

For silicon, the band gap is 1.1 eV, but it takes 3.6 eV to ionise an atom  
Remaining energy goes to phonon excitations (heat).

Semiconductor Basics

In free atoms electron energy levels are discrete.  
In a solid, energy levels split and form a nearly-continuous band.

29

conduction band

valence band
Signal of charged particle:  
~3 x 104 electron/hole pairs   
Intrinsic charge carrier  
~4 x 108 electron/hole pairs  
 

300µm
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Doping Silicon

30

n type semiconductor:  
◎ Negative charge carriers (electrons) by 

adding impurities of donor ions (e.g. 
Phosphorus (type V)) 

◎ Donors introduce energy levels close to 
conduction band thus almost fully ionised 
(EF closest to CB) 

Electrons are the majority carriers.  

p type semiconductor:  

◎ Positive charge carriers (holes) by adding 
impurities of acceptor ions (e.g. Boron 
(type III)). 

◎ Acceptors introduce energy levels close 
to valence band thus ‘absorb’ electrons 
from VB, creating holes (EF closest to 
VB). 

Holes are the majority carriers. 

valence band

conduction band
EC

EF,i

EV

EF,p ionised 
acceptors

single occupied level (electron)
single empty level (hole)

valence band

conduction band
EC

EF,i

EV

EF,n
ionised 
donators

single occupied level (electron)
single empty level (hole)
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Basis of Silicon Detector: PN Junction

At interface of p type and n type semiconductor difference in the Fermi levels causes 
diffusion of excessive carriers to the other material until thermal equilibrium is reached.   
Stable space charge region free of charge carriers is called depletion zone.  
Typical current-voltage of a p-n junction: exponential current increase in forward bias, 
small saturation in reverse bias.

31
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+p type
- - -
- - -
- - -

+
+ + +
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n type
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----+
- - -
- - -
- - -
+

+ + + + + +
+ + + + + +
+ + + + + +

_
E

<latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit><latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit><latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit><latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit>

Applying an external voltage V with the cathode to p and the 
anode to n (reverse biasing), e-h pairs are pulled out of the 
depletion zone. ➔ larger depletion zone ➔ suppress current 
across the junction 
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-
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-
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-
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_
E

<latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit><latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit><latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit><latexit sha1_base64="AQYcJKii5GSIsBA0vMkRwy9QWMM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KInhswdhCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RTW1jc2t4rbpZ3dvf2D8uHRg04yxdBniUhUO6QaBZfoG24EtlOFNA4FtsLRzcxvPaHSPJH3ZpxiENOB5BFn1FipedsrV9yaOwdZJV5OKpCj0St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuiUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CiZcpplByRaLokwQk5DZ16TPFTIjxpZQpri9lbAhVZQZm03JhuAtv7xK/PPadc1rXlTq1TyNIpzAKVTBg0uowx00wAcGCM/wCm/Oo/PivDsfi9aCk88cwx84nz//pYyD</latexit>

�E + eV
<latexit sha1_base64="Pki4usZtIgVUtU8leDEkRowIKhI=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBACQtgVQb0FVPAYwU0CyRJmJ73JkNmHM7OBsOQ7vHhQ8erPePNvnCR70MSChqKqm+4uPxFcadv+tlZW19Y3Ngtbxe2d3b390sFhQ8WpZOiyWMSy5VOFgkfoaq4FthKJNPQFNv3hzdRvjlAqHkePepygF9J+xAPOqDaS17lFoSm5I2cEG91S2a7aM5Bl4uSkDDnq3dJXpxezNMRIM0GVajt2or2MSs2ZwEmxkypMKBvSPrYNjWiIystmR0/IqVF6JIilqUiTmfp7IqOhUuPQN50h1QO16E3F/7x2qoMrL+NRkmqM2HxRkAqiYzJNgPS4RKbF2BDKJDe3EjagkjJtciqaEJzFl5eJe169rjoPF+VaJU+jAMdwAhVw4BJqcA91cIHBEzzDK7xZI+vFerc+5q0rVj5zBH9gff4AMOmQhw==</latexit><latexit sha1_base64="Pki4usZtIgVUtU8leDEkRowIKhI=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBACQtgVQb0FVPAYwU0CyRJmJ73JkNmHM7OBsOQ7vHhQ8erPePNvnCR70MSChqKqm+4uPxFcadv+tlZW19Y3Ngtbxe2d3b390sFhQ8WpZOiyWMSy5VOFgkfoaq4FthKJNPQFNv3hzdRvjlAqHkePepygF9J+xAPOqDaS17lFoSm5I2cEG91S2a7aM5Bl4uSkDDnq3dJXpxezNMRIM0GVajt2or2MSs2ZwEmxkypMKBvSPrYNjWiIystmR0/IqVF6JIilqUiTmfp7IqOhUuPQN50h1QO16E3F/7x2qoMrL+NRkmqM2HxRkAqiYzJNgPS4RKbF2BDKJDe3EjagkjJtciqaEJzFl5eJe169rjoPF+VaJU+jAMdwAhVw4BJqcA91cIHBEzzDK7xZI+vFerc+5q0rVj5zBH9gff4AMOmQhw==</latexit><latexit sha1_base64="Pki4usZtIgVUtU8leDEkRowIKhI=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBACQtgVQb0FVPAYwU0CyRJmJ73JkNmHM7OBsOQ7vHhQ8erPePNvnCR70MSChqKqm+4uPxFcadv+tlZW19Y3Ngtbxe2d3b390sFhQ8WpZOiyWMSy5VOFgkfoaq4FthKJNPQFNv3hzdRvjlAqHkePepygF9J+xAPOqDaS17lFoSm5I2cEG91S2a7aM5Bl4uSkDDnq3dJXpxezNMRIM0GVajt2or2MSs2ZwEmxkypMKBvSPrYNjWiIystmR0/IqVF6JIilqUiTmfp7IqOhUuPQN50h1QO16E3F/7x2qoMrL+NRkmqM2HxRkAqiYzJNgPS4RKbF2BDKJDe3EjagkjJtciqaEJzFl5eJe169rjoPF+VaJU+jAMdwAhVw4BJqcA91cIHBEzzDK7xZI+vFerc+5q0rVj5zBH9gff4AMOmQhw==</latexit><latexit sha1_base64="Pki4usZtIgVUtU8leDEkRowIKhI=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBACQtgVQb0FVPAYwU0CyRJmJ73JkNmHM7OBsOQ7vHhQ8erPePNvnCR70MSChqKqm+4uPxFcadv+tlZW19Y3Ngtbxe2d3b390sFhQ8WpZOiyWMSy5VOFgkfoaq4FthKJNPQFNv3hzdRvjlAqHkePepygF9J+xAPOqDaS17lFoSm5I2cEG91S2a7aM5Bl4uSkDDnq3dJXpxezNMRIM0GVajt2or2MSs2ZwEmxkypMKBvSPrYNjWiIystmR0/IqVF6JIilqUiTmfp7IqOhUuPQN50h1QO16E3F/7x2qoMrL+NRkmqM2HxRkAqiYzJNgPS4RKbF2BDKJDe3EjagkjJtciqaEJzFl5eJe169rjoPF+VaJU+jAMdwAhVw4BJqcA91cIHBEzzDK7xZI+vFerc+5q0rVj5zBH9gff4AMOmQhw==</latexit>
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+ + + + + +
+ + + + + +
+ + + + + +

-
V

<latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit><latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit><latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit><latexit sha1_base64="k/GZJ5naXbjuITACri6953mxHWs=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjy2YNpCG8pmO2nXbjZhdyOU0l/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnsgHM0kxiOlQ8ogzaqzUbPXLFbfmLkDWiZeTCuRo9MtfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDojF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYlugimXaWZQsuWiKBPEJGT+NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXirL68T/7J2W/OaV5V6NU+jCGdwDlXw4BrqcA8N8IEBwjO8wpvz6Lw4787HsrXg5DOn8AfO5w8ZZ4yU</latexit>

eV
<latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit><latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit><latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit><latexit sha1_base64="bieVSSPZb7r7ftm5xc4pkrQZVB8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoN4KXjxWMW2hDWWznbRLN5uwuxFK6D/w4kHFqz/Jm//GbZuDVh8MPN6bYWZemAqujet+OaW19Y3NrfJ2ZWd3b/+genjU1kmmGPosEYnqhlSj4BJ9w43AbqqQxqHATji5mfudR1SaJ/LBTFMMYjqSPOKMGivdY3tQrbkNdwHyl3gFqUGB1qD62R8mLItRGiao1j3PTU2QU2U4Ezir9DONKWUTOsKepZLGqIN8cemMnFllSKJE2ZKGLNSfEzmNtZ7Goe2MqRnrVW8u/uf1MhNdBTmXaWZQsuWiKBPEJGT+NhlyhcyIqSWUKW5vJWxMFWXGhlOxIXirL/8l/nnjuuHdXdSa9SKNMpzAKdTBg0towi20wAcGETzBC7w6E+fZeXPel60lp5g5hl9wPr4B116NAw==</latexit>

pn-junction with reverse bias



Ingrid-Maria Gregor -  Detectors for HEP

Principle of Semiconductor 

Passage of a charged particle: Electron-hole 
pairs  
formed in the depletion zone 

Drift under the influence of the electric field 
Signal depends on width of depletion zone 

Creation of electric field: voltage to deplete  
thickness d

32

for                   : d = 300µm
<latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit><latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit><latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit><latexit sha1_base64="fqKKTI1+KFWZ3l9I6aNQzSDXdqQ=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9jUWpuDUPDisYKxhTaWzWbbLt1Nwu5GKaH/w4sHFa/+GG/+GzdtBRV9MPB4b4aZeUHCmdIIfViFpeWV1bXiemljc2t7p7y7d6PiVBLqkZjHshNgRTmLqKeZ5rSTSIpFwGk7GF/kfvuOSsXi6FpPEuoLPIzYgBGsjXQbwnN4ghDsiRSKUr9cQTZyGm69DpHtuK576hhSQwZV6NhohgpYoNUvv/fCmKSCRppwrFTXQYn2Myw1I5xOS71U0QSTMR7SrqERFlT52ezqKTwySggHsTQVaThTv09kWCg1EYHpFFiP1G8vF//yuqkeNPyMRUmqaUTmiwYphzqGeQQwZJISzSeGYCKZuRWSEZaYaBNUHsLXp/B/4lVt13auapVmdZFGERyAQ3AMHHAGmuAStIAHCJDgATyBZ+veerRerNd5a8FazOyDH7DePgEd3ZB5</latexit>

Vdep ⇡ 160V
<latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit><latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit><latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit><latexit sha1_base64="q+OJ/q4jzO8L5s2W87w17cq+zjE=">AAAB/XicdVDLSgMxFM3UV62vUXHlJlgEV0NSau3sCm5cVnDaQltKJk3b0MxMSDJiGQr+ihsXKm79D3f+jelDUNEDFw7n3Mu994RScG0Q+nByK6tr6xv5zcLW9s7unrt/0NBJqigLaCIS1QqJZoLHLDDcCNaSipEoFKwZji9nfvOWKc2T+MZMJOtGZBjzAafEWKnnHjV6WZ/JKewQKVVyB3EFwUbPLSIP4apfqUDkYd/3z7ElZWRRgthDcxTBEvWe+97pJzSNWGyoIFq3MZKmmxFlOBVsWuikmklCx2TI2pbGJGK6m83Pn8JTq/ThIFG2YgPn6veJjERaT6LQdkbEjPRvbyb+5bVTM6h2Mx7L1LCYLhYNUgFNAmdZwD5XjBoxsYRQxe2tkI6IItTYxAo2hK9P4f8kKHm+h6/LxVppmUYeHIMTcAYwuAA1cAXqIAAUZOABPIFn5955dF6c10VrzlnOHIIfcN4+AX6wlLA=</latexit>

with
+ -+ -+ -

+ -
+ -
+ -
+ -
+ -+ -

in “classical” 
HEP detectors 

p+

n

n+

Typical numbers

nA ⇡ 1019cm�3
<latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit><latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit><latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit><latexit sha1_base64="v1gTrKp25z+yvpmP22rgmxZJLio=">AAACA3icbVA9T8MwEHX4LOUrwNjFokJioUoKEnQrYmEsEqGV2jRyXKe1ajuR7SCqqAMLf4WFARArf4KNf4PbZoCWJ5309N6d7u6FCaNKO863tbS8srq2Xtgobm5t7+zae/t3Kk4lJh6OWSxbIVKEUUE8TTUjrUQSxENGmuHwauI374lUNBa3epQQn6O+oBHFSBspsEsiuIQdlCQyfoCu083c2hhi3s1OTseBXXYqzhRwkbg5KYMcjcD+6vRinHIiNGZIqbbrJNrPkNQUMzIudlJFEoSHqE/ahgrEifKz6RNjeGSUHoxiaUpoOFV/T2SIKzXioenkSA/UvDcR//PaqY4u/IyKJNVE4NmiKGVQx3CSCOxRSbBmI0MQltTcCvEASYS1ya1oQnDnX14kXrVSq7g3Z+V6NU+jAErgEBwDF5yDOrgGDeABDB7BM3gFb9aT9WK9Wx+z1iUrnzkAf2B9/gD4L5aI</latexit>

nD ⇡ 2 · 1012cm�3
<latexit sha1_base64="uQArD0pXLPWFaCgU8sqyAlM8JPY=">AAACC3icbVC9TsMwGHT4LeWvwMhiUSGxUCUBCdgqwcBYJEIrNWnlOE5r1bEj20FUUR+AhVdhYQDEyguw8Ta4bQZoOcnS6e4+ff4uTBlV2ra/rYXFpeWV1dJaeX1jc2u7srN7p0QmMfGwYEK2QqQIo5x4mmpGWqkkKAkZaYaDy7HfvCdSUcFv9TAlQYJ6nMYUI22kbqXKu1fQR2kqxQN0oY8joaFjd3LHHUGcdPLjk5FJ2TV7AjhPnIJUQYFGt/LlRwJnCeEaM6RU27FTHeRIaooZGZX9TJEU4QHqkbahHCVEBfnkmBE8NEoEYyHN4xpO1N8TOUqUGiahSSZI99WsNxb/89qZjs+DnPI004Tj6aI4Y1ALOG4GRlQSrNnQEIQlNX+FuI8kwtr0VzYlOLMnzxPPrV3UnJvTat0t2iiBfXAAjoADzkAdXIMG8AAGj+AZvII368l6sd6tj2l0wSpm9sAfWJ8/JwqZTA==</latexit><latexit sha1_base64="uQArD0pXLPWFaCgU8sqyAlM8JPY=">AAACC3icbVC9TsMwGHT4LeWvwMhiUSGxUCUBCdgqwcBYJEIrNWnlOE5r1bEj20FUUR+AhVdhYQDEyguw8Ta4bQZoOcnS6e4+ff4uTBlV2ra/rYXFpeWV1dJaeX1jc2u7srN7p0QmMfGwYEK2QqQIo5x4mmpGWqkkKAkZaYaDy7HfvCdSUcFv9TAlQYJ6nMYUI22kbqXKu1fQR2kqxQN0oY8joaFjd3LHHUGcdPLjk5FJ2TV7AjhPnIJUQYFGt/LlRwJnCeEaM6RU27FTHeRIaooZGZX9TJEU4QHqkbahHCVEBfnkmBE8NEoEYyHN4xpO1N8TOUqUGiahSSZI99WsNxb/89qZjs+DnPI004Tj6aI4Y1ALOG4GRlQSrNnQEIQlNX+FuI8kwtr0VzYlOLMnzxPPrV3UnJvTat0t2iiBfXAAjoADzkAdXIMG8AAGj+AZvII368l6sd6tj2l0wSpm9sAfWJ8/JwqZTA==</latexit><latexit sha1_base64="uQArD0pXLPWFaCgU8sqyAlM8JPY=">AAACC3icbVC9TsMwGHT4LeWvwMhiUSGxUCUBCdgqwcBYJEIrNWnlOE5r1bEj20FUUR+AhVdhYQDEyguw8Ta4bQZoOcnS6e4+ff4uTBlV2ra/rYXFpeWV1dJaeX1jc2u7srN7p0QmMfGwYEK2QqQIo5x4mmpGWqkkKAkZaYaDy7HfvCdSUcFv9TAlQYJ6nMYUI22kbqXKu1fQR2kqxQN0oY8joaFjd3LHHUGcdPLjk5FJ2TV7AjhPnIJUQYFGt/LlRwJnCeEaM6RU27FTHeRIaooZGZX9TJEU4QHqkbahHCVEBfnkmBE8NEoEYyHN4xpO1N8TOUqUGiahSSZI99WsNxb/89qZjs+DnPI004Tj6aI4Y1ALOG4GRlQSrNnQEIQlNX+FuI8kwtr0VzYlOLMnzxPPrV3UnJvTat0t2iiBfXAAjoADzkAdXIMG8AAGj+AZvII368l6sd6tj2l0wSpm9sAfWJ8/JwqZTA==</latexit><latexit sha1_base64="uQArD0pXLPWFaCgU8sqyAlM8JPY=">AAACC3icbVC9TsMwGHT4LeWvwMhiUSGxUCUBCdgqwcBYJEIrNWnlOE5r1bEj20FUUR+AhVdhYQDEyguw8Ta4bQZoOcnS6e4+ff4uTBlV2ra/rYXFpeWV1dJaeX1jc2u7srN7p0QmMfGwYEK2QqQIo5x4mmpGWqkkKAkZaYaDy7HfvCdSUcFv9TAlQYJ6nMYUI22kbqXKu1fQR2kqxQN0oY8joaFjd3LHHUGcdPLjk5FJ2TV7AjhPnIJUQYFGt/LlRwJnCeEaM6RU27FTHeRIaooZGZX9TJEU4QHqkbahHCVEBfnkmBE8NEoEYyHN4xpO1N8TOUqUGiahSSZI99WsNxb/89qZjs+DnPI004Tj6aI4Y1ALOG4GRlQSrNnQEIQlNX+FuI8kwtr0VzYlOLMnzxPPrV3UnJvTat0t2iiBfXAAjoADzkAdXIMG8AAGj+AZvII368l6sd6tj2l0wSpm9sAfWJ8/JwqZTA==</latexit>

nA >> nD<latexit sha1_base64="5y9vSYKWS3+wbLL9kxIzfGykeR4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF5KRQ8eKxhbbEPYbDft0s0m7G6EEvovvHhQ8erP8ea/cdPmoK0PBh7vzTAzL0g4U9q2v63Syura+kZ5s7K1vbO7V90/eFBxKgl1Scxj2Q2wopwJ6mqmOe0mkuIo4LQTjK9zv/NEpWKxuNeThHoRHgoWMoK1kR6Ff4WaTST8G79as+v2DGiZOAWpQYG2X/3qD2KSRlRowrFSPcdOtJdhqRnhdFrpp4ommIzxkPYMFTiiystmF0/RiVEGKIylKaHRTP09keFIqUkUmM4I65Fa9HLxP6+X6vDCy5hIUk0FmS8KU450jPL30YBJSjSfGIKJZOZWREZYYqJNSBUTgrP48jJxG/XLunN3Vms1ijTKcATHcAoOnEMLbqENLhAQ8Ayv8GYp68V6tz7mrSWrmDmEP7A+fwBFLI99</latexit><latexit sha1_base64="5y9vSYKWS3+wbLL9kxIzfGykeR4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF5KRQ8eKxhbbEPYbDft0s0m7G6EEvovvHhQ8erP8ea/cdPmoK0PBh7vzTAzL0g4U9q2v63Syura+kZ5s7K1vbO7V90/eFBxKgl1Scxj2Q2wopwJ6mqmOe0mkuIo4LQTjK9zv/NEpWKxuNeThHoRHgoWMoK1kR6Ff4WaTST8G79as+v2DGiZOAWpQYG2X/3qD2KSRlRowrFSPcdOtJdhqRnhdFrpp4ommIzxkPYMFTiiystmF0/RiVEGKIylKaHRTP09keFIqUkUmM4I65Fa9HLxP6+X6vDCy5hIUk0FmS8KU450jPL30YBJSjSfGIKJZOZWREZYYqJNSBUTgrP48jJxG/XLunN3Vms1ijTKcATHcAoOnEMLbqENLhAQ8Ayv8GYp68V6tz7mrSWrmDmEP7A+fwBFLI99</latexit><latexit sha1_base64="5y9vSYKWS3+wbLL9kxIzfGykeR4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF5KRQ8eKxhbbEPYbDft0s0m7G6EEvovvHhQ8erP8ea/cdPmoK0PBh7vzTAzL0g4U9q2v63Syura+kZ5s7K1vbO7V90/eFBxKgl1Scxj2Q2wopwJ6mqmOe0mkuIo4LQTjK9zv/NEpWKxuNeThHoRHgoWMoK1kR6Ff4WaTST8G79as+v2DGiZOAWpQYG2X/3qD2KSRlRowrFSPcdOtJdhqRnhdFrpp4ommIzxkPYMFTiiystmF0/RiVEGKIylKaHRTP09keFIqUkUmM4I65Fa9HLxP6+X6vDCy5hIUk0FmS8KU450jPL30YBJSjSfGIKJZOZWREZYYqJNSBUTgrP48jJxG/XLunN3Vms1ijTKcATHcAoOnEMLbqENLhAQ8Ayv8GYp68V6tz7mrSWrmDmEP7A+fwBFLI99</latexit><latexit sha1_base64="5y9vSYKWS3+wbLL9kxIzfGykeR4=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoF5KRQ8eKxhbbEPYbDft0s0m7G6EEvovvHhQ8erP8ea/cdPmoK0PBh7vzTAzL0g4U9q2v63Syura+kZ5s7K1vbO7V90/eFBxKgl1Scxj2Q2wopwJ6mqmOe0mkuIo4LQTjK9zv/NEpWKxuNeThHoRHgoWMoK1kR6Ff4WaTST8G79as+v2DGiZOAWpQYG2X/3qD2KSRlRowrFSPcdOtJdhqRnhdFrpp4ommIzxkPYMFTiiystmF0/RiVEGKIylKaHRTP09keFIqUkUmM4I65Fa9HLxP6+X6vDCy5hIUk0FmS8KU450jPL30YBJSjSfGIKJZOZWREZYYqJNSBUTgrP48jJxG/XLunN3Vms1ijTKcATHcAoOnEMLbqENLhAQ8Ayv8GYp68V6tz7mrSWrmDmEP7A+fwBFLI99</latexit> d =

r
2✏✏0Vdep

enD
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The signal is induced by the motion 
of charge after incident radiation 
(not when the charge reaches the 
electrodes).

Doping concentration
Acceptors

Donators



Ingrid-Maria Gregor -  Detectors for HEP

Strips and Pixels 

Strips detector: charge sensed by long 
narrow strips  
1D information (typically 20 - 100µm) 

2D information by double sided processing or 
adding back to back second layer slightly 
rotated (stereo angle)  

In regions with higher track density one 
dimensional measurements can lead to 
ambiguities. 

33

Sensor Front-end chip

Microstrips detector

Hybrid pixel detector

Sensor

Front-end chip 
Pixel detector: charge sensed by small pixels on one 
side of sensor 

Hybrid pixels: sensors and readout joined via bump bonds 
Monolithic pixels: sensor and readout on one substrate  
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Sensor Front-end chip

Microstrips detector

Hybrid pixel detector

Sensor

Front-end chip 
Pixel detector: charge sensed by small pixels on one 
side of sensor 

Hybrid pixels: sensors and readout joined via bump bonds 
Monolithic pixels: sensor and readout on one substrate  

Signal
creation

Signal
processing

Data/
transmission

Signals created in silicon by charged particle  
Very small signals (fC): need amplification 
Measurement of amplitude/hit and/or time  
Several thousands to millions of channels



Ingrid-Maria Gregor -  Detectors for HEP

Current Density
Ionizing particle with 45o angle t=0ns 
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Ingrid-Maria Gregor -  Detectors for HEP

Current Density
Ionizing particle with 45o angle t=0ns 
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Ionizing particle with 45o angle t=1ns Ionizing particle with 45o angle t=1.1ns Ionizing particle with 45o angle t=1.3ns Ionizing particle with 45o angle t=1.5ns Ionizing particle with 45o angle t=1.7ns Ionizing particle with 45o angle t=1.9ns Ionizing particle with 45o angle t=2ns Ionizing particle with 45o angle t=3ns Ionizing particle with 45o angle t=4ns Ionizing particle with 45o angle t=5ns Ionizing particle with 45o angle t=6ns Ionizing particle with 45o angle t=7ns 

All electrons collected



Ingrid-Maria Gregor -  Detectors for HEP

Material Properties

Silicon is the only material which can be produced in larger areas in high quality 

compare to kT = 0.026 eV at room temperature -> dark 
current under control 
high density compared to gases: ρ=2.33g/cm3 

good mechanical stability  -> possible to produce 
mechanically stable layers 
large charge carrier mobility 
fast charge collection δt~10ns 
well understood -> radiation tolerant

Why  is silicon used more often ?

35

Si Ge GaAs CdTe Diamond SiC

band gap 1.12 0.67 1.42 1.56 5.48 2.99

energy for e-p pair [eV] 3.6 2.9 4.2 4.7 13.1 6.9

e- for MIP (300µm) 24000 50000 35000 35000 9300 19000

Z 14 32 31+33 48+52 6 14+6



Ingrid-Maria Gregor -  Detectors for HEP

Protons in Silicon

  0.4 keV/µm  
  -> 3.6 eV creates electron hole pair  
   => ~110 electron-hole pairs per µm (mean value) 
   most probably number: 80 electrons 

36

remember Bethe Bloch !!



Ingrid-Maria Gregor -  Detectors for HEP

Problem: Radiation Damage

Radiation damage the silicon on atomic level significantly 
leading to macroscopic effect.  

Bulk effects: displacement damage and built up of crystal 
defects due to Non Ionising Energy Loss (NIEL) (main 
problem for sensors). 
unit: 1MeV equivalent n/cm2 (up to 1015 neq/cm2  ) 

Surface effects: Generation of charge traps due to 
ionizing energy loss (Total ionising dose, TID)  
(main problem for electronics). 
unit: Rad (up to 100 MRad)

V"
I" Defects composed of: 

Vacancies and Interstitials 

Compound defects with 
impurities possible! 
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Ingrid-Maria Gregor -  Detectors for HEP

Problem: Radiation Damage

V"
I" Defects composed of: 

Vacancies and Interstitials 

Compound defects with 
impurities possible! 

Radiation damages the silicon on atomic level significantly leading to macroscopic effects.  

Surface effects: Generation of charge traps due to  
ionising energy loss — Total ionising dose, TID  
(problem for sensors and readout electronics ). 

Cumulative long term trapping of positive charge  
Increase of leakage current and oxide breakdown  

Bulk effects: displacement damage and build up of crystal defects due to non ionising energy 
loss (NIEL) (main problem for sensors). 

Unit: 1MeV equivalent n/cm2

38

NMOS leakage current increase with TID

Charge trapped in the STI oxide
o +Q charge à lateral parasitic transistors 

activate à Ileak increase
o Fast creation
o Annealing already at Troom

Interface states at STI-Silicon interface
o -Q for NMOS (+Q for PMOS) à

counterbalance +Q à Ileak decrease
o Slow creation
o Annealing starts at 80-100oC 

18
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pre-rad annealing

L. Gonella, Master Thesis, https://cds.cern.ch/record/2252791

NMOS leakage current vs. TID

Laura Gonella - 21/02/2017

Detector NIEL 
[1MeV neq/cm2]

TID 
[Mrad]

ALICE ITS 1013 <1

Belle II (per 
year) 1.2x1013 1.9

ATLAS/CMS 
Outer Tracker

1015 <100

ATLAS/CMS 
Inner Tracker

1016 1000

STI = shallow trench interface
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Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap

39

Donor&acceptor generation:  
Change of effective doping 
concentration (Neff) 

Increase of depletion voltage 
Under-depleted operation 

Vdep = d2Neff
q
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Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap
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Change of effective doping 
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Increase of depletion voltage 
Under-depleted operation 
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Ingrid-Maria Gregor -  Detectors for HEP

Impact of defects on detector properties depends on defect level in band gap

40

Increased charge trapping 
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Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap
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Radiation Damage: Macroscopic Effects 

Impact of defects on detector properties depends on defect level in band gap
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Radiation Damage: Bulk Defects

Impact of defects on detector properties depends on defect level in band gap
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Coffee Break ??
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