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•Particle interactions in general  
•The Standard Model 

•Particle interactions in matter 
•Detectors for different particles and interactions 
•Charged particles  

• Ionization, Bremsstrahlung, Scattering, Cherenkov,  

•Photons Specifically 
• Photoelectric effect, Compton scattering, pair production 

•Detectors! 
•Tracking, Calorimeters
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•Goal: design detectors to utilize the way these particles 
interact via these forces…  

•A few notes (Feynman diagram cheat sheet) 
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https://physics.stackexchange.com/questions/66309/do-excited-electrons-drop-back-to-same-quantum-state

radiation annihilation

pair creation



R. Caputo | UMD/NASA/GSFC

Charged particle interactions in matter

!8Fermi Summer School 2018

Ionization Energy: Energy required to remove outermost electron



•What to keep in mind:  

–Energy of the 
incoming charged 
particle (𝞫) 

–Charge of the 
incoming charged 
particle  

–Nuclear charge of the 
target material (Z) 

–Density of the target 
material (𝜌)
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Ionization
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28 2 Interactions of Particles in Matter

Fig. 2.3 Energy loss in air
vs. the kinetic energy for
some charged particles.
Figure calculated using
Eq. (2.3)

For the purpose of a qualitative discussion the Bethe–Bloch equation can be
approximated as

dE
dx

≈ ρ (2 MeVcm2/g)
Z2

β2 (2.4)

If the density is expressed in g/cm3, the energy loss is in units MeV/cm. In the
literature, the term ‘energy loss’ sometimes refers to the loss divided by the density.
In the latter case, the energy loss has the units MeV cm2/g. For electrons with energy
of more than 100 keV, the velocity is close to the velocity of light (β≈1), and the
energy loss is about 2 MeV/cm multiplied by the density of the medium.

For all particles, the energy loss decreases with increasing energy and eventually
reaches a constant, energy-independent value. That value is approximately the same
for all particles of unit charge (see Fig. 2.3).

For alpha particles the velocity is usually much less than the velocity of light, and
the energy loss is much larger. However, the Bethe–Bloch equation is valid only if
the velocity of the particle is much larger than the velocity of the electrons in the
atoms, and for alpha particles, this condition is usually not satisfied. The velocity of
electrons in atomic orbits is of the order of 1% of the velocity of light. For particle
velocities that are small compared to the typical electron velocities in the atoms,
the energy loss increases with the energy and reaches a maximum when the particle
velocity is equal to the typical electron velocity. After this maximum, the energy
loss decreases according to the Bethe–Bloch equation. This behaviour is illustrated
in Figs. 2.4 and 2.13.

Since particles lose energy when travelling in a medium, they will eventually
have lost all their kinetic energy and come to rest. The distance travelled by the
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Z: Atomic Number of target material 
A: Atomic Mass of target material 
I: Mean excitation Energy 
z: charge of incident particle 
Tmax: is the maximum kinetic energy which can be 
imparted to a free electron in a single collision  
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Bremsstrahlung 
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Bremsstrahlung is radiation due to hard 
Coulomb interactions of a particle with 
atomic nuclei (“braking radiation”) 

High-energy electrons predominantly lose 
energy in matter by bremsstrahlung

2.3 Other Electromagnetic Interactions of Charged Particles 37

The energy emitted is proportional to γ, and for particles with γ = 1,000 the
energy of the photons is in the soft X-ray region. This effect is interesting because it
can be used for the identification of particles. It is most useful for the identification
of electrons.

Also for thin foils the total amount of energy radiated by the transition radiation
effect is much smaller than the amount of energy emitted by the bremsstrahlung
effect discussed below. But the bremsstrahlung power spectrum is almost constant
up to the energy of the radiating particle, and therefore much harder. In the range of
the typical transition radiation energy, the number of photons emitted by transition
radiations is much larger than the number of photons emitted by bremsstrahlung.

Bremsstrahlung. Any charged particle undergoing acceleration will emit elec-
tromagnetic radiation. If a high-energy charged particle deviates from its trajectory
due to a collision with a nucleus, this collision is necessarily accompanied by elec-
tromagnetic radiation. The emission is strongly peaked in the direction of flight of
the charged particles.

The intensity of the radiation emitted can be calculated from first principles using
quantum electrodynamics. In the case of particles other than electrons or positrons
this emission is negligible, except at very high energy. For electrons or positrons,
the amount of radiation emitted is also governed by the quantity ‘radiation length’
X0 introduced in Eq. (2.3). The average energy loss due to bremsstrahlung by an
electron of energy E, in a thickness of matter dx, is given by

dE
dx

= − E
X0

(2.9)

In a thin foil the photons have a 1/E energy spectrum, and photons with energy
of up to the total energy of the charged particle do occur. The power spectrum of the
radiation is therefore a constant extending up to the energy of the radiating particle.
For very high energy (E > 1 TeV) this power spectrum becomes peaked towards
high energy. The emission of photons is a stochastic process, Eq. (2.9) giving only
the average energy radiated.

We notice that the energy loss due to bremsstrahlung is proportional to the energy
of the charged particle. For electrons, the energy loss due to bremsstrahlung exceeds
the energy loss due to ionisation above some critical energy Ec. This critical energy
depends on the nuclear charge of the atoms in the medium and is approximately
given by Ec = [800 MeV]/(Z + 1.2). For a particle of mass M, other than an electron,
bremsstrahlung is suppressed by a factor (melectron/M)2. Therefore, for all particles
other than electrons or positrons, bremsstrahlung is negligible at energies below
1 TeV.

The average energy of an electron that is losing energy according to Eq. (2.8) is
given by

E(x) = E0 e
−

x
X0

Radiation length: the mean distance 
over which a high-energy electron 
loses all but 1/e of its energy by 
bremsstrahlung, and 7/9 of the mean 
free path for pair production by a 
high-energy photon 
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Fig. 2.8 A charged particle
traversing a slice of matter
will change direction due to
multiple scattering on atomic
nuclei

Table 2.1 Radiation length X0 for some common materials

Material Radiation length X0

Air 304 m
Water 36 cm
Shielding concrete 10.7 cm
Nylon 36.7 cm
Aluminium (Al) 8.9 cm
Silicon (Si) 9.36 cm
Iron (Fe) 1.76 cm
Lead (Pb) 0.56 cm
Uranium (U) 0.32 cm

At nuclear energies, the momentum of the particles is of the order of Pc≈1 MeV,
and particles will, on average, scatter over a very large angle in one radiation length.
After one radiation length the information about the original direction is essentially
lost. However, alpha particles or protons of a few MeV have a range that is only a
very small fraction of the radiation length. Hence, they will stop before they have
scattered over a large angle. Electrons, on the other hand, can penetrate to a sig-
nificant depth in the material, and electrons will therefore be strongly affected by
multiple scattering. Figure 2.9 shows typical trajectories for an electron, a proton
and an alpha particle of 10 MeV in silicon.

The path of an electron in matter can be several centimetres, but the distance
travelled according to a straight line is usually much shorter than the actual length of
the trajectory. Electrons do not have a well-defined range. The number of electrons

Fig. 2.9 A typical trajectory
for an electron, a proton and
an alpha particle of 10 MeV
in silicon. The electron
trajectory is drawn on a scale
10 times smaller than the
trajectory of the proton and
the alpha particle

Same energy
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Cherenkov Radiation
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that can penetrate through a slice of material will decrease more or less linearly with
the thickness of the slice of material.

Cherenkov effect. The Cherenkov effect is a light emission effect that occurs
whenever a charged particle travels in a medium faster than the speed of light in that
medium. In a medium with optical index of refraction ‘n’, the velocity of light is c/n.
Typical values for the refractive index in liquids or solids are around 1.5, and the
velocity of light in these materials is about 66% the speed of light. The Cherenkov
effect is somewhat similar to the bow wave that accompanies a speedboat in water,
or the ‘supersonic bang’ of a plane going at a speed faster than the speed of sound.

This effect is illustrated in Fig. 2.10. This phenomenon is easily understood by
following the Huygens’ principle used to explain optical and acoustical phenomena.
If a charged particle travels in a medium, the electric field of the charged particle
will polarise the medium. After the particle has passed, the medium returns to its
original unpolarised state. This change of polarisation condition in the medium rep-
resents an electromagnetic perturbation that will propagate in space at the speed of
light. The left-hand side of Fig. 2.10 shows the case where the particle travels at a
speed lower than the speed of light in the medium. The small electromagnetic per-
turbations caused by the polarisation and depolarisation of the medium propagate
faster than the particles. At any point in space far away from the particle’s trajec-
tory, these perturbations arrive randomly and annihilate each other. The right-hand
side of Fig. 2.10 shows the case where the particle travels at a speed faster than the
speed of light in the medium. The small electromagnetic perturbations caused by the
polarisation and depolarisation of the medium propagate less rapidly than the parti-
cles. All the elementary perturbations unite together in one wavefront. The phases
between all these elementary perturbations are not randomly distributed. They add
up together to produce a finite perturbation. This perturbation represents a wave

Fig. 2.10 (Left) A particle is travelling at a speed lower than the speed of light in the medium.
(Right) A particle is travelling at a speed greater than the speed of light in the medium

34 2 Interactions of Particles in Matter

travelling in the direction fixed by the speed of the particle and the speed of light in
the medium.

From the geometry of the problem, we can easily derive the value of the angle
between the particle and the wave. To find this angle, consider the right-angled tri-
angle shown in the left-hand side of Fig. 2.10. Two sides of this triangle are of length
ct/n and vt, respectively. We therefore have

cos (θc) = (c/n)t
ν t

= c
nν

(2.6)

The Cherenkov effect thus consists of the emission of optical photons in the
direction given by Eq. (2.6). A similar situation prevails when an airplane is flying
at supersonic speed. It is accompanied by a loud acoustical ‘bang’ that propagates
in a direction given by a similar equation.

The intensity of the Cherenkov effect can be calculated from first principles by
solving the Maxwell equations with the proper boundary conditions. The result of
this calculation is

d2E
d!ω.dx

= !ω
Z2α

!c

[
1 − c2

n2ν2

]
ν >

c
n

d2E
d!ω.dx

= 0 ν <
c
n

In the above equation, the notation is as follows:

Z = charge of the particle in units ‘proton charge’
E = energy emitted in the form of optical photons
n = optical refractive index
c = velocity of light in vacuum
v = velocity of the particle
!ω = energy of the emitted photon
α = fine structure constant (1/137)
!c = numerical constant of value 197 10−9 eV m

Dividing Eq. (2.7) by !ω gives the number of Cherenkov photons produced per-
photon-energy interval and per-unit-length. A high-energy electron produces about
220 photons/cm in water (n = 1.33) and about 30/m in air, in the visible part of the
spectrum.

From Eq. (1.4), we derive that a charged particle will emit Cherenkov radiation
if the kinetic energy exceeds the threshold value given by

Ethreshold = mc2

⎛

⎝

√
n2

n2 − 1
− 1

⎞

⎠ (2.8)

The threshold for the Cherenkov effect of electrons in water is 264 keV. For
protons the threshold is 486 MeV. At nuclear energies, only electrons can acquire
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relativistic charged particle travels 
through a medium faster than the 
speed of light in the medium (c/n)
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!15Fermi Summer School 2018



R. Caputo | UMD/NASA/GSFC

Photons in Matter
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Low Energy: Photoelectric Effect

Medium Energy: Compton (Rayleigh/Thompson) Scattering

High Energy: Pair Production



•Photon absorbed by atom; electron excited or ejected 
–Photon energy > binding energy

R. Caputo | UMD/NASA/GSFC

Photoelectric Effect
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𝜎=const.×Zn/E3

Note: photoelectric effect 
and Brems. must occur in 
the field of the nucleus



•Photon absorbed by atom; electron excited or ejected 
–Photon energy > binding energy
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Photoelectric Effect
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𝜎=const.×Zn/E3

Note: photoelectric effect 
and Brems. must occur in 
the field of the nucleus

Photons interact with atomic shell



•Elastic scattering of 
photon and electron 
•Can be useful for 
photon detection 
•HOWEVER… changes 
photon direction
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Compton Scattering
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Low-energy limit is energy independent 
–Scattering off single electrons: Thomson scattering 
–Coherent scattering off bound electrons: Rayleigh scattering  
—both elastic 
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Compton Scattering
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Fig. 2.15 A polar plot of the
cross section for Compton
scattering. The curves show
the magnitude of the
differential cross section as a
function of the scattering
angle for different values of
the incident photon energy.
Figure calculated with Eq.
(2.11).

could take place. In that case it would be possible to go to the centre of mass sys-
tem of the final state electron–positron pair. In that system, the sum of the impulse
moments of the electron and the positron is zero. Therefore, the original gamma ray
should have zero momentum. This is impossible. However, if the reaction gamma
→ electron + positron happens in the strong electric field of the nucleus, the nucleus
can take up momentum, and in this way the energy and momentum can be conserved
and the reaction becomes possible.

The cross section for pair production is given in Ref. [4]. It rises quickly from
the threshold value of 2 me to a constant value at high energy, as is illustrated in
Fig. 2.17. The high-energy limit of the cross section is given by

σ = 7
9

4αr2
0 Znucl (Znucl + 1) ln

(
183

3
√

Znucl

)

The expression above reminds us of the quantity ‘radiation length’ X0 introduced
in Sect. 2.3. From the above expression of the cross section it immediately fol-
lows that, if a beam of high-energy photons penetrates in a medium, the number of
unconverted gamma rays will decrease according to

Fig. 2.16 An
electron–positron pair can
only be created if a certain
amount of momentum can be
exchanged with the nucleus

40 2 Interactions of Particles in Matter

Ekinetic = !ω − Ebinding

In this equation, ‘Ebinding’ represents the binding energy of the electron. In addition
to a photoelectron, the interaction also creates a vacancy in one of the energy levels
of the atom. This vacancy is quickly filled through rearrangement of the electrons;
the excess energy being emitted as one or more X-rays. These X-rays are usually
absorbed close to the original site of the interaction through photoelectric absorption
involving less tightly bound electrons. Sometimes the excess energy is dissipated as
an Auger electron instead of X-rays. In the Auger process, an electron from the
outer shell falls into the deep vacancy, and another electron from the outer shell is
expelled from the atom and takes up the excess energy.

The photoelectric effect is the dominant mode of interaction of the gamma rays
of energy less than 100 keV. The energy dependence of the cross section is very
approximately given by

σ ≈ Const
Zn

E3.5
γ

In this equation, Z represents the charge of the nucleus and E the energy of the X-
ray. The coefficient ‘n’ varies between 4 and 5 over the energy range of interest. The
photoelectric cross section is a steeply decreasing function of energy (see Fig. 2.17).
Every time the photon energy crosses the threshold corresponding to the binding
energy of a deeper layer of electrons, the cross section suddenly increases. Such
jumps in the cross section are clearly visible in Figs. 2.17 and 2.18.

Compton scattering. Compton scattering is the elastic collision between a photon
and an electron. This process is illustrated in Fig. 2.14. This is a process that can
only be understood from the point of view of quantum mechanics.

A photon is a particle with energy !ω. From Eq. (1.1), we know that the photon
has an impulse momentum !ω/c. Energy and momentum conservation constrain the
energy and the direction of the final state photon. Using energy and momentum
conservation, it is straightforward to show that the following relation holds (see
Exercise 2):

!ω′ = !ω(
1 + !ω

mec2 (1 − cos θ)

) (2.10)

Fig. 2.14 Illustration of
Compton scattering and
definition of the scattering
angle θ

The take home message:  
Scattering angle is energy 
dependent
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Fig. 2.15 A polar plot of the
cross section for Compton
scattering. The curves show
the magnitude of the
differential cross section as a
function of the scattering
angle for different values of
the incident photon energy.
Figure calculated with Eq.
(2.11).

could take place. In that case it would be possible to go to the centre of mass sys-
tem of the final state electron–positron pair. In that system, the sum of the impulse
moments of the electron and the positron is zero. Therefore, the original gamma ray
should have zero momentum. This is impossible. However, if the reaction gamma
→ electron + positron happens in the strong electric field of the nucleus, the nucleus
can take up momentum, and in this way the energy and momentum can be conserved
and the reaction becomes possible.

The cross section for pair production is given in Ref. [4]. It rises quickly from
the threshold value of 2 me to a constant value at high energy, as is illustrated in
Fig. 2.17. The high-energy limit of the cross section is given by

σ = 7
9

4αr2
0 Znucl (Znucl + 1) ln

(
183

3
√

Znucl

)

The expression above reminds us of the quantity ‘radiation length’ X0 introduced
in Sect. 2.3. From the above expression of the cross section it immediately fol-
lows that, if a beam of high-energy photons penetrates in a medium, the number of
unconverted gamma rays will decrease according to

Fig. 2.16 An
electron–positron pair can
only be created if a certain
amount of momentum can be
exchanged with the nucleus
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Ekinetic = !ω − Ebinding

In this equation, ‘Ebinding’ represents the binding energy of the electron. In addition
to a photoelectron, the interaction also creates a vacancy in one of the energy levels
of the atom. This vacancy is quickly filled through rearrangement of the electrons;
the excess energy being emitted as one or more X-rays. These X-rays are usually
absorbed close to the original site of the interaction through photoelectric absorption
involving less tightly bound electrons. Sometimes the excess energy is dissipated as
an Auger electron instead of X-rays. In the Auger process, an electron from the
outer shell falls into the deep vacancy, and another electron from the outer shell is
expelled from the atom and takes up the excess energy.

The photoelectric effect is the dominant mode of interaction of the gamma rays
of energy less than 100 keV. The energy dependence of the cross section is very
approximately given by

σ ≈ Const
Zn

E3.5
γ

In this equation, Z represents the charge of the nucleus and E the energy of the X-
ray. The coefficient ‘n’ varies between 4 and 5 over the energy range of interest. The
photoelectric cross section is a steeply decreasing function of energy (see Fig. 2.17).
Every time the photon energy crosses the threshold corresponding to the binding
energy of a deeper layer of electrons, the cross section suddenly increases. Such
jumps in the cross section are clearly visible in Figs. 2.17 and 2.18.

Compton scattering. Compton scattering is the elastic collision between a photon
and an electron. This process is illustrated in Fig. 2.14. This is a process that can
only be understood from the point of view of quantum mechanics.

A photon is a particle with energy !ω. From Eq. (1.1), we know that the photon
has an impulse momentum !ω/c. Energy and momentum conservation constrain the
energy and the direction of the final state photon. Using energy and momentum
conservation, it is straightforward to show that the following relation holds (see
Exercise 2):

!ω′ = !ω(
1 + !ω

mec2 (1 − cos θ)

) (2.10)

Fig. 2.14 Illustration of
Compton scattering and
definition of the scattering
angle θ

The take home message:  
Scattering angle is energy 
dependent

Photons interact with individual electrons
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•Photon is converted to an 
electron-positron pair 

•Cross section rises 
quickly 
•At high energy, mean free 
path for pair production is 
X0*9/7 

•Opening angle between 
electron and positron 
decreases with photon 
energy 
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•Photon is converted to an 
electron-positron pair 

•Cross section rises 
quickly 
•At high energy, mean free 
path for pair production is 
X0*9/7 

•Opening angle between 
electron and positron 
decreases with photon 
energy 

Photons interact with nucleus
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10 eV 1 keV 1 MeV 1 GeV 100 GeV

Photon Energy

Photoelectric effect:  
electron ejection, photon absorption

Rayleigh (coherent) scattering:  
Atom not ionized

Compton (incoherent) scattering:  
Atom ionized

Pair production

X-rays gamma-rays
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•Tracking Detectors
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Detecting via Ionization
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p+ strips

n+ layer

n-type bulk

Active region

Traversing Particle

Hole drift

Electron drift ~300 μm
V

-
-- ---

- -
+ -
++ +

+

+++

Basic Principle of a Silicon Sensor
•Minimum Ionizing Particle (MIP) creates electron hole pairs

• drift to strip implants and backplane
• signal is read out by Front-End electronics  



•While collection of ionization is difficult in solids and 
liquids, scintillation light can be used instead as a proxy 
for charge collection 

•Scintillators have metastable excited states 
–Isotropic emission, lots of photons  
–Emitted at one or more spectral lines, not continuum 

•Depending on material, amount of light is roughly linear 
with deposited energy in ionization 

•Large index of refraction (~1.5) promotes total internal 
reflection 

•Scintillators useful: calorimetry, tracking, vetos 
–Can be made of plastics, inorganic solids, liquid, air
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Detecting via Scintillation  
(special type of ionization)
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170 6 Detectors Based on Scintillation

are aligned in a plane and all bundled on a suitable photodetector that allows
identification of the fibres with a signal.

The typical geometry of a plastic scintillator used for detecting charged par-
ticles is shown in Fig. 6.1(a). The setup contains a sheet of scintillating plastic,
a light guide and a photodetector. In many applications, one wants to read large
sheets of plastic scintillator. Because of cost and for other reasons the sensitive area
of the photodetector is usually much smaller than the area of the scintillator. One
needs to make sure that a sufficient fraction of the scintillation photons arrives on
the photodetector. The sheet of scintillator itself behaves as light guide and chan-
nels the light towards the four edges, using the effect of total internal reflection.
Typically, each edge will receive about 10% of the scintillation light produced. A
carefully shaped light guide brings the light from the edge of the scintillator to the
photodetector using total internal reflection. The light guide is made of transpar-
ent plastic, usually polymethyl methacrylate (commonly called Plexiglas, Lucite or
acrylic glass). The photodetector is usually a photomultiplier tube. It can be shown
that the light guide will transmit light with good efficiency if the surface of the light
guide in contact with the scintillator is the same as the surface of the light guide
in contact with the photomultiplier. If the surface is smaller at the photodetector,
the amount of light arriving at the photodetector is reduced in the ratio of these
surfaces. This is a particular case of a general theorem in physics known as the
Liouville theorem.

Because of this, the light collection efficiency can be very low if a large sheet of
scintillating material is read by a small photodetector. A different approach to light
collection is therefore often used and this method is shown in Fig. 6.1(b). In this
method, a piece of transparent polymethyl methacrylate doped with a wavelength
shifter is held against one edge of the scintillator. It is important that there is no
optical contact between the scintillator and the wavelength shifter. The scintillation
light is absorbed in the wavelength shifter and re-emitted at a longer wavelength.

Fig. 6.1 (a) Plastic
scintillator assembly as
detector for charged particles
with light guide readout. (b)
Same with wavelength shifter
readout



•Calorimeters (electromagnetic and hadronic)
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Detecting via Bremsstrahlung/Pair 
Production 
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𝛄 or e±: pair production 
(occurs near nucleus) and 
bremsstrahlung alternating 
(interaction near nucleus)

p/n, 𝝅±: pair production 
(occurs near nucleus) and 
bremsstrahlung alternating 
(interaction near nucleus), 
color charge GLUONS!



•Calorimeters (electromagnetic and hadronic)
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•Calorimeters (electromagnetic and hadronic)
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Production 
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Different materials are better at different things… 

http://pdg.lbl.gov/2017/AtomicNuclearProperties/
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•Tracker is 1.5 radiation lengths total 
on axis (63% conversion efficiency) 

•18 xy silicon planes alternating with 
passive tungsten converter layers 

Front: 12 planes with 95 µm (0.03 
X0) converter 

Back: 4 planes with 720 µm (0.18 
X0) converter 

•160 W power consumption (of 650 
W total), compared to 1100 watt 
toaster 
•~1 M readout channels
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Silicon Tracker
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•Measures energy deposition - contains particle shower
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Calorimeter
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Each calorimeter tower: 8 
layers of 12 CsI bars  
hodoscopic arrangement  
read out by photodiodes  
10 X0 
can measure the three-
dimensional profiles of 
showers 
permits corrections for 
energy leakage and  
capability to discriminate 
hadronic cosmic rays 
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read out by wavelength-shifting fibers and miniature 
phototubes.
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http://www.quantumdiaries.org/wp-content/uploads/2009/04/decay_chart1.gif

Interactions with the electron shell nucleus electron shell

http://www.quantumdiaries.org/wp-content/uploads/2009/04/decay_chart1.gif


•Muons hold they key to the mysteries of the universe! 

•Need to build a muon telescope!  

•What do we build?  
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Building the LAT

Think about the signal

Think about the background
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Bremsstrahlung 
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Fractional energy loss per 
radiation length in lead as a 
function of electron or 
positron energy.


