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Goals and contents 
Goals: 
• Motivation: detectors are 

crucial for getting to 
Frontier Physics but also 
represent a field in its own 
right 

• Detail: detector design is 
based on a deep 
understanding of particle/
matter  interactions 

• Overview: extremely 
complex experiments are 
however built on a few 
basic detector principles 

Contents: 
•  Interactions of radiation 

with matter 
• Sensors and read-out 

principles. 
• Practical detector systems 
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Particle physics experimental workflow 
Accelerators: 

•  Luminosity, energy, quantum numbers 

Detectors: 
•  Efficiency, speed, granularity, resolution 

Trigger/DAQ: 
•  Efficiency, compression, through-put, physics models 

Offline analysis:  
•  Signal and background, physics models. 

The primary factors for a successful experiment are the 
Accelerator, and the Detector and Trigger/DAQ systems. 
Losses here are not recoverable.  
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Detector systems configuration 
Fixed target 

“Magnetic spectrometer” 
Collider geometry 

“4π hermetic – multi-purpose” 
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•  Focus on electromagnetic 
forces since they are the 
primary responsible for 
energy loss in matter. 

•  For neutrons and hadrons 
generally, and neutrinos 
other effects obviously 
enter. 
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Strength versus distance 
• At atomic distances only 

EM and gravity have 
sizeable strength 

• EM is ~40 orders of 
magnitude stronger than 
gravity 

• At proton size distances 
the strong force turns on 
and becomes 100x 
stronger than EM 

• At distances 1/1000 of the 
proton size the weak force 
turns on abruptly, and has 
the same strength as EM  
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Heavy charged particles 
Heavy charged particles transfer energy primarily to atomic electrons, 
ionizing the atoms (see later for not-so-heavy particles) 
The Bethe-Bloch formalism is used to describe this – and most of the 
features can be understood in terms of a simple model: 
1)  Look at the energy transfer to an electron from a heavy particle 

passing at distance b 
2)  Multiply by the number of electrons being passed by 
3)  Integrate over all reasonable distances b 
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Heavy charged particles 4 27. Passage of particles through matter
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Fig. 27.1: Stopping power (= 〈−dE/dx〉) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). Solid curves indicate the total stopping power. Data
below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher
energies are from Ref. 5. Vertical bands indicate boundaries between different
approximations discussed in the text. The short dotted lines labeled “µ− ” illustrate
the “Barkas effect,” the dependence of stopping power on projectile charge at very
low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe” equation,
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It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),
and at the upper limit radiative effects begin to be important (Sec. 27.6). Both
limits are Z dependent. Here Tmax is the maximum kinetic energy which can be
imparted to a free electron in a single collision, and the other variables are defined
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Electrons and positrons 
• Modify Bethe-Bloch to take 

into account that the 
incoming particle has the 
same mass as the atomic 
electrons 

• Bremsstrahlung in the field 
of charge Ze; the cross-
section goes like 1/me

2 
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Photons 
Three processes: 
1.  Photoelectric effect (Z5); absorption 

of a photon by an atom ejecting an 
electron. The cross-section shows 
the typical shell structures in an 
atom.  

2.  Compton scattering (Z); scattering of 
a photon again a free electron (Klein 
Nishina formula). This process has 
well defined kinematic constraints 
(giving the so called Compton Edge 
for the energy transfer to the 
electron etc) and for energies above 
a few MeV 90% of the energy is 
transferred (in most cases). 

3.  Pair-production (Z2+Z); essentially 
bremsstrahlung again with the same 
machinery as used earlier; threshold 
at 2 me = 1.022 MeV. Dominates at a 
high energy.  
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Electromagnetic calorimeter 
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Electron shower in a 
cloud chamber with 
lead absorbers 
(C. Joram) 

Considering only Bremsstrahlung and Pair 
Production with one splitting per radiation length 
(either Brems or Pair) we can extract a good model 
for EM showers. 



Hadronic calorimeter 
• Additional 
interactions 
for hadrons 
(p, π±, K±) 

•  Introduce 
nuclear 
interaction 
length and 
hadronic 
showers 
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Neutrinos 
Neutrinos interact only weakly; that is hardly at all: 
•  For detection we need first a charged particle, eg from a 

charged current interaction:  νe + n  e- + p 
•  The cross-section is extremely small, example detection 

efficiency: 1m iron ~5 x 10-17 

•  Neutrino experiments require massive detectors (ktons) and 
high neutrino fluxes 

 
Fully hermetic collider experiments allow indirect detection of 
neutrinos (or any hypothetical non-interacting particle): 
1.  Sum up all visible momentum (or transverse energy) 
2.  Any momentum imbalance is attributed to the non-interacting 

particle 
To be successful, the method requires full coverage at all times! 
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Detector 
configuration 
Various detectors and 
combination of 
information can 
provide particle 
identification: 
Momentum versus EM 
energy for electrons, 
EM/HAD provide 
additional information. 
Only muons reach the 
outer detectors. 
EM response without 
tracks indicate a 
photon. 
Secondary vertices 
identify b,c, τ’s. 
Isolation cuts help to 
identify leptons  
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Magnetic fields 
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The Particle Data Book has a discussion of magnets, stored energy, field, cost etc 

(C.Joram) 



Magnetic fields 
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Instrumentation 
Position- and energy information must be extracted 
channel-by-channel from the detectors. How are energy 
deposits of the various particles with detectors turned into 
electrical signals? 
Three effects are commonly used : 

•  Ionization detectors 

•  Semiconductors  

•  Scintillators  

Any of the above can be employed for tracking or 
calorimetry, as well as for photon detectors for Cherenkov 
or transition radiation 
From then on it is all online (trigger/DAQ) and offline processing and 
analysis  
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Ionization detectors 
The different regions : 
•  Recombination before 

collection. 
•  Ionisation chamber; collect 

all primary charges. Flat 
area. 

•  Proportional counter (gain 
to 106); secondary 
avalanches need to be 
quenched. 

•  Limited proportionality 
(secondary avalanches 
distorts field, more 
quenching needed). 

•  Geiger Muller mode, 
avalanches all over wire, 
strong photoemission, 
breakdown avoided by 
cutting HV. 
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Ionization detectors 
Two dimensional readout can 
be obtained by: 
•  crossed wires 
•  charge division with resistive 

wires 
•  measurement of timing 

differences 
•  segmented cathode planes 

with analogue readout   

Resolution (binary readout): 
    

Analogue readout and charge 
sharing can improve this 
significantly when the left/right 
signal size provide more 
information about the hit 
position. 
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Semiconductors 

•  Intrinsic silicon will have electron density = hole density; 1.45 
1010 cm-3 (from basic semiconductor theory). 

•  In the volume above this would correspond to 4.5 108 free 
charge carriers; compared to around 3.2 104 produces by MIP 
(Bethe-Bloch loss in 300um Si divided by 3.6 eV). 

•  Need to decrease number of free carriers; use depletion zone 
(reduce temperature would also help but one would need to go 
to cryogenic temperatures) 
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Semiconductors 
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Semiconductors 
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Scintillators 
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Inorganic Crystalline Scintillators 
The most common inorganic scintillator is 
sodium iodide activated with a trace 
amount of thallium [NaI(Tl)],  
 
Energy bands in impurity activated crystal 

Conduction Band

Valence Band

Traps

Lu
m

ine
sc

en
ce

Q
ue

nc
hin

g

Ex
ci

ta
tio

n

Strong dependence of the light 
output and the decay time with 
temperature. 
 



Scintillators 
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External wavelength shifters 
and light guides are used to 
aid light collection in 
complicated geometries; must 
be insensitive to ionising 
radiation and Cherenkov light.  

(C.Joram) 



Front-end electronics 
Most detectors rely critically on low noise 
electronics. As a typical example is shown a 
silicon strip detector with its AC-coupled 
preamplifier and shaper. 

The detector is represented by the 
capacitance Cd, bias voltage is applied 
through Rb, and the signal is coupled to the 
amplifier though a capacitance Cc. 

The resistance Rs represents all the 
resistances in the input path. The preamplifier 
provides gain and feeds a shaper which takes 
care of the frequency response and limits the 
duration of the signal. 

The equivalent circuit for noise analysis 
includes both current and voltage noise 
sources labelled in and en respectively.  

Two important noise sources are the detector 
leakage current (shot noise) and the thremal 
noise in Rs. 
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50 28. Detectors at accelerators

and trapping becomes significant and the high signal-to-noise ratio obtainable with low-
capacitance pixel structures extends detector lifetime. The higher mobility of electrons
makes them less sensitive to carrier lifetime than holes, so detector configurations that
emphasize the electron contribution to the charge signal are advantageous, e.g., n+ strips or
pixels on a p-substrate. The occupancy of the defect charge states is strongly temperature
dependent; competing processes can increase or decrease the required operating voltage.
It is critical to choose the operating temperature judiciously (−10 to 0◦C in typical
collider detectors) and limit warm-up periods during maintenance. For a more detailed
summary see Ref. 117 and and the web-sites of the ROSE and RD50 collaborations
at http://RD48.web.cern.ch/rd48 and http://RD50.web.cern.ch/rd50. Materials
engineering, e.g., introducing oxygen interstitials, can improve certain aspects and is
under investigation. At high fluences diamond is an alternative, but operates as an
insulator rather than a reverse-biased diode.

Currently, the lifetime of detector systems is still limited by the detectors; in
the electronics use of standard “deep submicron” CMOS fabrication processes with
appropriately designed circuitry has increased the radiation resistance to fluences > 1015

cm−2 of minimum ionizing protons or pions. For a comprehensive discussion of radiation
effects see Ref. 118.

28.8. Low-noise electronics
Revised September 2009 by H. Spieler (LBNL).

Many detectors rely critically on low-noise electronics, either to improve energy
resolution or to allow a low detection threshold. A typical detector front-end is shown in
Fig. 28.18.
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Figure 28.18: Typical detector front-end circuit.

The detector is represented by a capacitance Cd, a relevant model for most detectors.
Bias voltage is applied through resistor Rb and the signal is coupled to the preamplifier
through a blocking capacitor Cc. The series resistance Rs represents the sum of all
resistances present in the input signal path, e.g. the electrode resistance, any input
protection networks, and parasitic resistances in the input transistor. The preamplifier
provides gain and feeds a pulse shaper, which tailors the overall frequency response
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to optimize signal-to-noise ratio while limiting the duration of the signal pulse to
accommodate the signal pulse rate. Even if not explicitly stated, all amplifiers provide
some form of pulse shaping due to their limited frequency response.

The equivalent circuit for the noise analysis (Fig. 28.19) includes both current and
voltage noise sources. The leakage current of a semiconductor detector, for example,
fluctuates due to electron emission statistics. This “shot noise” ind is represented by
a current noise generator in parallel with the detector. Resistors exhibit noise due to
thermal velocity fluctuations of the charge carriers. This noise source can be modeled
either as a voltage or current generator. Generally, resistors shunting the input act as
noise current sources and resistors in series with the input act as noise voltage sources
(which is why some in the detector community refer to current and voltage noise as
“parallel” and “series” noise). Since the bias resistor effectively shunts the input, as the
capacitor Cb passes current fluctuations to ground, it acts as a current generator inb
and its noise current has the same effect as the shot noise current from the detector.
Any other shunt resistances can be incorporated in the same way. Conversely, the series
resistor Rs acts as a voltage generator. The electronic noise of the amplifier is described
fully by a combination of voltage and current sources at its input, shown as ena and ina.
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Figure 28.19: Equivalent circuit for noise analysis.

Shot noise and thermal noise have a “white” frequency distribution, i.e. the spectral
power densities dPn/df ∝ di2n/df ∝ de2

n/df are constant with the magnitudes

i2nd = 2eId ,

i2nb =
4kT

Rb
,

e2
ns = 4kTRs , (28.21)

where e is the electronic charge, Id the detector bias current, k the Boltzmann constant
and T the temperature. Typical amplifier noise parameters ena and ina are of order
nV/

√
Hz and pA/

√
Hz. Trapping and detrapping processes in resistors, dielectrics and

semiconductors can introduce additional fluctuations whose noise power frequently
exhibits a 1/f spectrum. The spectral density of the 1/f noise voltage is

e2
nf =

Af

f
, (28.22)
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Summary and final remarks 
We have introduced the basic physics of the interactions between 
particles and matter 

•  We’ve focused on charged particle energy loss and calorimeter showers 
•  Important processes have been ignored: Transition- and Cherenkov radiation…   

Detectors at collider experiments are layered to provide: 
•  Tracking of charged particles 
•  EM and hadronic calorimetry 
•  Muon detection. 
•  Momentum imbalance to trace non-interacting particles 

Energy deposits in the active material are converted into electronic 
signals by several means: 

•  Ionization and amplification in gaseous detectors 
•  Semiconductor e/h production 
•  Scintillation light production 

We looked at the challenge of building low noise electronics, and 
completely ignored a host of other challenges: data rate, material 
budget, power management, channel mapping, geometric alignment, 
calibration, channel efficiency, radiation hardness… 
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