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A SUPERIOR RADIATION SENSOR

- high sensitivity to photons
- good spatial resolution
- very large dynamic range (1:1014) & automatic threshold adaptation
- energy (wave length) discrimination
- modest speed (~10 Hz data taking rate)



Charge Coupled Device

vs.

Human Eye:

CCD has a wider
dynamic range but:

Human eye acts as a
Single photon counting
Device..



infrared visionmultiple eyes (30,000)

360o viewlight sensitive cells

’bug detector’ eyes

Light detection systems for multiple uses.
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RadiationRadiation =10=10--1616 –– 101088 mm
Radiation is

Charged particles, neutral particles (neutrons, neutrinos)
Electromagnetic quanta (photons)
Weak interaction quanta (W, Z bosons) & Gravitons…



Particle detectors
Detector Physics: Precise knowledge of the processes generating
signals in particle detectors is needed.

The detectors now operate close to the limits of theoretically
achievable measurement accuracy – even in large systems.

Detector performance can now be simulated to within 5-10% of their
real behaviour, based on the fundamental microphysics processes
(atomic and nuclear cross sections).



Particle detector simulation
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Simulating particle detection
I) C. Moore’s Law:
Computing power doubles every 18 months.

II) W. Riegler’s Law:
The use of brain for solving a problem is
inversely proportional to the available
computing power.

I) + II) = ...



Interaction of radiation with
matter

Detection of radiation is facilitated by its interactions
with the medium.
Different types of particles/quanta interact differently

Their detection methods are different (neutrons vs.
charged particles)
Interactions are based on

electromagnetic interaction with the nucleus or electrons of
atoms
strong interaction with the nucleus
weak interactions: not used directly for detection, except for
neutrinos in some lab experiments



Radiation
Different particles
travel different
distances in different
media

Electrons

Protons

Alpha-particles

Distance in water
(mm)

Distance in lead
(mm)

Distance in air
(m)

Energy (MeV)



Charged particles
Primary interactions

Ionization
Excited states

Secondary interactions
Radiation from excited states
Brehmstrahlung

Accelerating particle emits radiation
Mostly for light particles that decelerate quickly



Electromagnetic interactions



Alpha-particles
Heavy (7000 times
electron mass)

Does not change
direction in collision
Inelastic scattering on the
electrons in atoms
Only when slow, change
directions

Charge 2 e
Decelerates quickly
Short distance in media

Ion pairs / micrometer

Energy, MeV



Beta-radiation
Electrons and positrons

Inelastic scattering from
the electrons and nucleus
of atoms in medium
Path can be strongly
curved due to light mass
Can loose all its energy in
one collision
Longer travel distance and
not as much ionization as
in case with alpha particles

Ion pairs / micrometer

Energy, MeV



Bremsstrahlung
A charged particle of mass M and charge q=Z1e is deflected by a nucleus of charge Ze
which is partially ‘shielded’ by the electrons. During this deflection the charge is
‘accelerated’ and it therefore radiated Bremsstrahlung.



Electromagnetic radiation
Electromagnetic radiation (gamma and X-ray) interacts with
the electrons or the nucleus and produces secondary
particles that ionize the atoms

Absorption, elastic or inelastic scattering

Photon interaction with matter

Interaction with electrons Interaction with
nucleus em field

Interaction with
nucleus

Scattering Photo-electric
effect

Compton
effect

Pair
production

Photo-nuclear
reaction

Scattered
photon

Characteristic x-
rays, Auger

electron

Photo-electron Electron
Scattered

photon
Compton
electron

Positron

Annihilation
radiation

Neutron/Proton



Basics
Detection of radiation is based on interactions within the medium

In interaction, radiation looses energy by ionization, excitation and heat
The medium can be gas, liquid or solid
The ions, electrons and holes produced by radiation can be detected as a
current between electrodes

Detectors are usually gas filled or semiconductor detectors
The de-excitation of the states produced by radiation can be detected by using
photo sensitive detectors, such as photo multiplier tubes, that convert light into
electrical current

Scintillators and Cherenkov-detectors are based on this effect

Radiation detectors can be divided into signal detectors or track detectors
by the information they give



Gas filled sensors
A gas filled container between electrodes
Ionizing radiation creates electron-ion pairs that are
drifted towards the electrodes
Depending on the voltage difference between the
electrodes, the detector works in different modes:

Ionization chamber
Proportional counter
Geiger tube

I1

I2

q,vI-q, ve

Z=D

Z=0

Z=z0E



Gas filled detectors

II Ionization chamber
III Proportional counter
IV Limited streamer mode
V Geiger tube
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Ionization chamber
The operating voltage is relatively low
Some of the electrons and ions are recombined before arriving to electrodes

Recombination probability depends on the charge density
Alphas produce high charge densities

Most of the electrons and ions are collected when operating in the ionization
regime (II)

The signal amplitude is directly proportional to the ionisation energy
released by radiation within the medium
Recombinations can happen if the intensity of the radiation is high

Need higher voltage
The most common measure is the current between the electrodes

Can measure the dose
In pulsed mode energy of the particle can be measured



Ionization chamber
The number of produced ion-electron pairs is
directly proportional to the mass and density of the
used gas

Most common gas is air, or mix of a nobel gas (Argon,
Neon, Xenon)+hydrocarbons (Isobutane etc.)

An accurate measurement of electric current needed
Leakage currents need to be eliminated

Chamber is very stable over long periods of time
(many years)

No need for recalibration
Fits very well for measuring X-rays and gamma
radiation



Proportional counter
If the accelerating voltage affecting the electrons is high
enough, secondary ionization is created

As a result an electron avalanche (Townsend avalanche) is
produced; it ends when all the electrons are collected to the
anode

The process is called gas multiplication
In atmospheric pressure, the process occurs, when the electric
field is 106 V/m
The produced charge is usually directly proportional to the
energy released into the gas
Increasing voltage increases the signal amplitude

If the electric field is too high, the amplitude is not anymore
directly proportional to the energy

This is called as a limited streamer mode



Proportional counter
• Most common configuration is a cylidrical tube with an anode
wire in the middle of the tube

• The electric field increases closer to the wire
• All the secondary electrons are produced close to the anode

• The gain is same for all the electrons and does not
depend on the location where it was produces

• Good energy and time resolution



Geiger tube

Because of the very high voltage, a single particle can release
109 to 1010 ion pairs.
This means that a G-M counter is essentially guaranteed to
detect any radiation entering it.
The efficiency of all ionization chambers depends on the type
of radiation.
The cathodes also influence the efficiency
High atomic number cathodes are used for higher energy
radiation ( rays) and lower atomic number cathodes to lower
energy radiation.



Geiger tube
Voltage across an ionization chamber is very high
The output is not dependent on the ionization energy but rather is a
function of the electric field in the chamber.
Because of this, the GM counter can “count” single particles
whereas this would be insufficient to trigger a proportional chamber.
This very high voltage can also trigger a false reading immediately
after a valid reading.



Geiger tube
To prevent this, a quenching gas is added to the noble gas that fills the
counter chamber.
The G-M counter is made as a tube, up to 10-15cm long and about 3cm in
diameter.
A window is provided to allow penetration of radiation.
The tube is filled with argon or helium with about 5-10% alcohol (Ethyl
alcohol) to quench triggering.
The operation relies heavily on the avalanche effect
UV radiation is released which, in itself adds to the avalanche process.
The output is about the same no matter what the ionization energy of the
input radiation is.



Wire chambers
Next generation of geiger/proportional counters
Use multiple wires

Measure position and energy of a particle
By using accurate timing the position resolution can be increased
(drift chamber)

CDF at Fermilab uses for tracking
Two different types of wires: sensing and field wires



Time projection chamber (TPC)



Gas electron multiplier (GEM)
Invented in 1997 by Fabio Sauli at CERN
Gas multiplication in holes of a GEM foils
Measures position and energy of a particle



Scintillation sensors
Uses radiation-to-light conversion (scintillation) that occurs in certain
materials.

Organic
Gas, liquid or solid

Inorganic
Crystallic materials

By using different scintillators, different radiation types can be
distinguished

The light intensity generated is a measure of the kinetic energy of
radiation.
Some scintillation sensors are used as detectors for which the exact
relationship with the incident radiation is not critical.
In others it is important that a linear relation exists and that the light
conversion be efficient.



Scintillation sensors
Materials used should exhibit fast light production following irradiation
(photoluminescence) to allow fast response of the detector.
The most common material used for this purpose is Sodium-Iodine
(other alkali halide crystals may be used and activation materials such
as Thallium are added)
Organic materials and plastics may be used for this purpose. Many of
these have faster responses than the inorganic crystals.
The light conversion is fairly weak because it involves inefficient
processes.
Light obtained in these scintillating materials is of light intensity and
requires “amplification” to be detectable.
A photomultiplier can be used as the detector mechanism to increase
sensitivity.
The large gain of photomultipliers is critical in the success of these
devices.



Scintillation sensors
The energy of the particles and the efficiency of
conversion (about 10%) defines how many photons
are generated.
Only a fraction reaches the cathode of the
photomultiplier.
The cathode of the photomultiplier has a quantum
efficiency (about 20-25%).
This number is now multiplied by the gain of the
photomultiplier G which can be of the order of  106

to 108.
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Scintillation Counter 86

incident charged particle

photo cathode

focusing grid

pm
base

-
HT
+

anode

output volts

- The scintillator must be covered by a non-
transparent material (black tape) and may be
connected to the PM by a light guide.

light guide
scintillator photomultiplier



ScintillatScintillating Detectoring Detector



ScintillatorsScintillators



Scintillation IntensityScintillation Intensity



Transmission of PhotomultiplierTransmission of Photomultiplier
WindowsWindows



Quantum Efficiency forQuantum Efficiency for
PhotocathodePhotocathode



Photomultiplier OperationPhotomultiplier Operation

The dynones are connected to a resistance chain in the external circuit so
that each is at a succesively higher potential from cathode to anode.



Important ConsiderationsImportant Considerations

Light Output : Timing and resolution

Decay Time: Timing and count rate
performance

Linearity: Light output linear with energy

Conversion:   Efficiency vs. different radiation
Temperature: Light Output independent of Temp.



Cherenkov detector
Cherenkov radiation is produced when
charger particle moves faster than light in
that medium

The emitted radiation is UV and visible light
Only very fast particles radiate
Ring imaging Cherenkov detector can
measure particle’s velocity





Transition radiation detector

Transition radiation is produced by relativistic charged
particles when they cross the interface of two media of
different dielectric constants

The intensity of the emitted radiation is roughly proportional to
particle energy E and it is mostly directed forward
The characteristics of this electromagnetic radiation makes it
suitable for particle discrimination, particularly of electrons and
hadrons in the momentum range between 1 GeV/c and 100
GeV/c
The transition radiation photons produced by electrons have
wavelengths in the X-ray range



Transition radiation detector
Transition radiation tracker at ATLAS experiment at CERN uses
multiple layers of radiators and straw chambers (proportional
counters) for X-ray detection in a cylindrical detector

Detects particle positions
dE/dx



Semiconductor sensors
The detecting principle is the same as with
the ionization chamber

Instead of ion pairs, the radiation creates
electron-hole pairs
The sensitivity is 10 000 times higher

Higher density
Lower energy (1/10) needed to create the electron-
hole pairs compared to ion pairs in gas
The number of produced pairs does not fluctuate as
much as with the gas detectors giving excellent
energy resolution



Semiconductor sensors
In practice the detector is a
reverse biased diode

The energy gap between the
conducting and valence band
is typically 1-5 eV

The needed energy can be
from the heat or radiation

Conducting band
Donor states

Acceptor states

Valence band

The conductivity of a semiconductor is controlled by doping inpurities
Donors have energy states just below the conducting band and

electrons can easily jump to the conducting band (n-type conductivity)
Acceptors have energy states just above the valence band into

which an electron can easily move from the valence band. The hole in
the valence band works as a charge carrier (p-type conductivity)



Semiconductor sensors

Contacting p- and n-type
semiconductors creates a depletion
zone, where there are only few
charge carriers

The electrons from n-side recombine
with holes when moving to p-side
and vice versa
If a reverse bias voltage is applied
the depletion zone widens
The depletion zone is the active area
of radiation detector

The produced charge carriers are
collected into a signal

Donors
Electrons
Acceptors
Holes

Depletion zone



Detector Structure

conduction
band

Band
gap

+

-

electron

valence
band

Si: Eg = 1.1 eV, c= 1130 nm

hole

h
Electron-hole
generation

E

Simple detector: conductivity
increase of semiconductor
when illuminated. P-I-N photo-detector: low dark

current, quick response.

Reverse biased!

1



Semiconductor sensors
Only a fraction of the energy of the radiation is to
produce the electron-hole pairs

Most of the energy goes to lattice vibrations (phonons)
E.g. Germanium has the fraction less than 0.1

Most of the semiconductor sensors are based on
silicon or germanium

CdTe, Cd1-xZnxTe ja HgI2 are also available
CdTe has high atomic numbers (48 and 52) while silicon is
light (atomic number 14) => CdTe is much more efficient for
gamma rays



Semiconductors



Semiconductor sensors
Semiconducting radiation sensors are the most sensitive and
most versatile radiation sensors



Important ConsiderationsImportant Considerations

Ionisation Energy
Qtty of charge carriers and Resolution
-product
Timing and Count Rate Performance

Temperature
Room Temp

Conversion Efficency
Different kind of Particles



Single element planar
structure

Co-planar grid structure

Pixel detector structure
-small pixel effect.

Detector configurations
Depending on the application, different configurations
are used to optimize the performance
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Figure: First 3-dimensional Si-detectors manufactured in Finland
in cooperation with SEFO, HIP, VTT and CERN.



Detector configurations

Example: Silicon strip detector
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Solid State Tracking Devices
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Main Idea

• Generic Design.
• Tile: modularity, scalability.
• Pixel pitch: down to 35µm.
• Dimensions: now ~ 2cm2.
• Detector: Si, CdZnTe,

consider CdTe, PbI2.
• CMOS ASIC: Custom made for

each application.
• Seemless tiling: no software

interpolation.

Detection Substrate (CdZnTe or Si)

Readout Substrate (CMOS)

Support Structure (PCB or ceramic)

Incident X-ray radiation
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Silicon Microstrip Detectors

single microstrip wafers -
CMS

complete microstrip cylinder -
ALEPH

83



Detector configurations

Example: Silicon pixel detector



The Silicon tracker of CDF



The Silicon tracker of CDF
SVXII (SVX)

5 layers (rf & rz )
3D micro-vertexing
longer by factor of 2 in Z and fewer gaps vs Run I
Triggering at Level 2 on 2D displaced tracks

ISL(6th & partial 7th layer)
Extends coverage to | | = 2

Layer 00 (L00)
On Beam pipe at r=1.1 cm
Improves impact parameter resolution to increase B tag
efficiency
Rad hard vs SVX-II Si
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Detection

E
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Interaction
Point

Scintillating Fiber
Silicon Tracking Calorimeter (dense)

Wire Chambers
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electron
photon

jet

muon
neutrino -- or any non-interacting
particle missing transverse
momentum

Charged Particle Tracks Energy Muon Tracks

We know x,y starting momenta is zero, but
along the z axis it is not, so many of our
measurements are in the xy plane, or
transverse


