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Outline
• Charged	particles	in	matter

– Ionization
– Bremsstrahlung
– Cherenkov

• Photons	in	matter
– Photoelectric	absorption
– Compton	scattering
– Pair	production

• Particle	showers
– Electromagnetic	showers
– Hadronic	interactions	and	showers

• Signals	in	detectors
– Scintillation
– Trackers
– Photomultiplier	tubes
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Why	learn	the	physics	of	detectors?

• Understand	the	design	and	operation	of	your	experiment
• Understand	the	data	from	your	experiment	and	use	it	as	
well	as	you	can

• Understand	the	way	other	experiments	were	designed	
and	be	able	to	critique	them	and	their	results

• Learn	which	systematic	uncertainties	are	important	and	
how	to	quantify	them

• Design	new	experiments
• Same	physical	processes	occur	in	detectors	as	in	
astrophysical	sources	that	produce	the	particles
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The	Particle	Data	Book:
a	valuable	resource

• Free	from	the	Particle	Data	Group:	request	online
• Available	as	huge	phone	book,	tiny	summary	pocket	book,	50	MB	

PDF,	or	web	site
• http://pdg.lbl.gov/
• Updated	every	two	years
• Tables	with	summaries	of	particle	properties:	masses,	livetimes,	

decay	modes,	branching	ratios,	…
• Short	(dense)	chapters	reviewing	Higgs	searches,	cosmic	rays,	

interactions	of	particles	in	matter,	neutrino	oscillations,	
probability	and	statistics,	cosmology,	dark	matter,	…

• A	very	useful	reference
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Feynman	diagrams:	the	QED	vertex

• It	is	the	nonzero	electric	charge	of	the	fermion	that	matters	(can	be	lepton	or	quark)
• For	full	interactions,	multiple	vertices	can	be	combined	and	momentum	must	be	

conserved

annihilationradiation

radiation	 pair	creation
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Interactions
1.5 The Structure of Matter at the Microscopic Scale 11

Fig. 1.3 A collision between
two electrons is due to the
exchange of one or more
virtual photons. A photon can
be seen as a quantum of
electromagnetic force

Fig. 1.4 Example of electromagnetic interactions of charged particles. In these diagrams the direc-
tion of time is from left to right. An arrow pointing against the direction of time, i.e. to the left,
represents an antiparticle. (a) An electron and a positron annihilate each other and materialise again
as a quark-anti-quark pair. (b) An electron and a positron annihilate each other into two gamma
rays

photon can be different from zero and can even be negative. However, in quantum
field theory there are a number of other possible processes. Figure 1.4(a) shows a
process where an electron and an anti-electron (called a positron) meet and annihi-
late into a virtual photon. This cannot be a real, massless, photon because that would
violate energy and momentum conservation laws. This virtual photon can materi-
alise in any charged particle–antiparticle pairs. Figure 1.4(b) shows the annihilation
of an electron–positron pair into two gamma rays. In this process, the photons are
real particles, but the electron connecting the two gamma mission points is a vir-
tual electron. The charge of a particle describes the strength of its coupling to the
electromagnetic field. Photons couple only to charged particles. Photons themselves
carry no charge and are massless.

In these few examples we see that the distinction between a ‘particle’ and a
‘force’ is disappearing at the subatomic level. The electromagnetic force mani-
fests itself as quanta, called photons, while a particle, such as an electron manifests
force-like or wave-like behaviour.

The most prominent force at the nuclear scale is the strong colour force. This
force is also described by equations that are very similar to those describing the
electromagnetic interaction. The force quanta of this strong force are ‘gluons’, and
similar to photons these are massless particles. There are several very important dif-
ferences between the strong colour force and the electromagnetic force. The strong

electron-electron	scattering:

electron-positron	
annihilation	to	two	
photons:

electron-positron	
annihilation	followed	
by	pair	production:

Also:	Compton	scattering,	inverse	Compton	scattering
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Particle Interactions – Examples

Charged 
Particle

Electron

Ionization:

γ

Pair 
production:

x

γ

Electron

Positron

Charged 
Particle

Atom

Electron

Photon

Electron

Positron

Nucleus

Nucleus

Compton 
scattering:

γ γ

Electron Electron

Photon

Photon

Electron

Electromagnetic	interactions	of	electrons	
and	photons	in	matter

+	bremsstrahlung
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Charged	particles	in	matter
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Energy	loss	
by	ionization

• Ionizing	radiation	=	high	energy	particles	energetic	enough	
to	ionize	atoms	in	matter

• The	energy	transferred	to	the	ionized	electrons	is	lost by	the	
incident	particle

• Technically,	“ionization”	loss	includes	loss	due	to	merely	
exciting	rather	than	ionizing	atoms

• Energy	of	the	energized	(either	excited	or	free)	electrons	is	
distributed	as	E-2

• Process	is	stochastic,	with	large	fluctuations
• Intuition	from	classical	mechanics	and	Coulomb	interactions

2.2 Energy Loss of a Charged Particle due to Its Interaction with the Electrons 27

electrons

Charged
particle

Fig. 2.2 A charged particle penetrates in matter. It loses energy by transferring a small amount
of energy to each of a large number of electrons along its trajectory. Some of these electrons
have enough energy to travel a macroscopic distance, and also cause further ionisation along their
trajectory

When discussing the biological effects of radiation the term ‘Linear Energy
Transfer’ (LET) is often used to refer to the energy loss of charged particles. The
linear energy transfer is defined as the amount of energy transferred, per unit track
length, to the immediate vicinity of the trajectory of the charged particle. For heavy-
and low-velocity particles, the energy loss per unit track length and the LET are
the same. For light and fast particles, however, the two quantities differ consider-
ably. Part of the energy loss of an electron of several MeV is used to eject energetic
δ-electrons from the atoms in the medium. These energetic electrons do not deposit
their energy in the immediate vicinity of the track and therefore do not contribute to
the LET.

The energy loss of a high-energy charged particle in matter due to its interactions
with the electrons present in the matter is given by the Bethe-Bloch equation:

dE
dx

= ρ
Znucl

Ar
(0.307 MeVcm2/g)

Z2

β2

[
1
2

ln
(

2mec2β2γ 2Tmax

I2

)
− β2 − δ(β)

2

]

(2.3)

See for example Ref. [4] for the derivation of this equation. The symbols used in the
above equation are defined below:

dE/dx = energy loss of particle per unit length
Z = charge of the particle divided by the proton charge
c = velocity of light
βγ = relativistic parameters as defined in Sect. 1.3
ρ = density of the material
Znucl = dimensionless charge of the nuclei
Ar = relative atomic weight
I = mean excitation energy in eV. Parameter usually determined experimentally.

It is typically around (10 eV times Znucl)
Tmax = maximum energy transfer to the electron. For all incoming particles

except the electron itself this is to a good approximation given by ≈2 mec2

β2γ2. For electrons Tmax is the energy of the incoming electron.
δβ = density-dependent term that attenuates the logarithmic rise of the cross

section at very high energy. See (Ref. [6] in Chap. 1) for a discussion of this
term.
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Conceptual	expectations	for	ionization	loss

• Dependence	on	density	(ρ)	of	medium?
• Dependence	on	speed	(β)	of	particle?
• Dependence	on	charge	(Z)	of	incident	particle?
• Dependence	on	nuclear	charge	(Znucl)	of	matter?
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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

Ionization	loss
• Slower	particles	ionize	more
• At	intermediate	energies,	

heavier	particles	ionize	more	
(because	they	travel	more	
slowly)

• Higher-charge	particles	ionize	
more

• Once	β	increases	to	be	close	to	
1,	minimum	 is	reached:	
“minimum	ionizing	particle”	
(MIP)

• Protons	are	MIPs	from	~0.1	to	
~100	GeV

• MIP	energy	 loss	depends	only	
on	particle	charge	and	material	
density	(not	on	particle	mass)

• For	fixed	KE	below	MIP:	higher	
mass	means	lower	speed	so	
greater	dE/dx
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vs. the kinetic energy for
some charged particles.
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Eq. (2.3)
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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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Full	expression	for	ionization	loss:	
Bethe-Bloch	equation

2.2 Energy Loss of a Charged Particle due to Its Interaction with the Electrons 27

electrons

Charged
particle

Fig. 2.2 A charged particle penetrates in matter. It loses energy by transferring a small amount
of energy to each of a large number of electrons along its trajectory. Some of these electrons
have enough energy to travel a macroscopic distance, and also cause further ionisation along their
trajectory

When discussing the biological effects of radiation the term ‘Linear Energy
Transfer’ (LET) is often used to refer to the energy loss of charged particles. The
linear energy transfer is defined as the amount of energy transferred, per unit track
length, to the immediate vicinity of the trajectory of the charged particle. For heavy-
and low-velocity particles, the energy loss per unit track length and the LET are
the same. For light and fast particles, however, the two quantities differ consider-
ably. Part of the energy loss of an electron of several MeV is used to eject energetic
δ-electrons from the atoms in the medium. These energetic electrons do not deposit
their energy in the immediate vicinity of the track and therefore do not contribute to
the LET.

The energy loss of a high-energy charged particle in matter due to its interactions
with the electrons present in the matter is given by the Bethe-Bloch equation:
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See for example Ref. [4] for the derivation of this equation. The symbols used in the
above equation are defined below:

dE/dx = energy loss of particle per unit length
Z = charge of the particle divided by the proton charge
c = velocity of light
βγ = relativistic parameters as defined in Sect. 1.3
ρ = density of the material
Znucl = dimensionless charge of the nuclei
Ar = relative atomic weight
I = mean excitation energy in eV. Parameter usually determined experimentally.

It is typically around (10 eV times Znucl)
Tmax = maximum energy transfer to the electron. For all incoming particles

except the electron itself this is to a good approximation given by ≈2 mec2

β2γ2. For electrons Tmax is the energy of the incoming electron.
δβ = density-dependent term that attenuates the logarithmic rise of the cross

section at very high energy. See (Ref. [6] in Chap. 1) for a discussion of this
term.
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Example:	energy	loss	by	muons in	copper
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Bremsstrahlung	and	radiation	length
• Bremsstrahlung is	radiation	due	to	hard	Coulomb	interactions	of	a	particle	with	

atomic	nuclei	(“braking	radiation”)
• More	important	for	light	(e±)	than	heavy	particles
• Radiation	is	forward	beamed
• dE/dx	is	proportional	to	energy:

• The	proportionality	constant	in	bremsstrahlung	dE/dx	is	by	definition	the	radiation	
length,	a	property	of	the	material

• Over	one	radiation	length,	the	particle	energy	is	reduced	(on	average)	by	one	e-
folding

• In	water,	radiation	length	=	36	cm

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

2.3 Other Electromagnetic Interactions of Charged Particles 31

LET = 1
ρ

dE
dx

Figures 2.6 and 2.7 illustrate the range of particles in air and silicon.

2.3 Other Electromagnetic Interactions of Charged Particles

Multiple scattering. The collisions of charged particles with the nuclei will cause
the charged particle to change direction. This is illustrated in Fig. 2.8. Such erratic
changes in the direction of a particle along its trajectory is called direction straggling
or multiple scattering. For small angles of deviation, this change in angle is more
or less Gaussian and the root mean square (r.m.s.) direction deviation of a particle
traversing a thickness L of material is given by

√
⟨ "2 ⟩ = Z

Pcβ
(20 MeV)

√
L
X0

1
X0

≈ 4α r2
0
ρNA

Ar
Znucl(1 + Znucl) ln

(
183

3
√

Znucl

) (2.5)

In this equation X0 represents the radiation length. This is a quantity that charac-
terises how charged particles or gamma rays interact in a material. It depends on
the density and the charge of the nucleus. The simple analytical expression for the
radiation length given in Eq. (2.5) is only an approximation. A more exact but much
more complicated expression is given in (Ref. [6] in Chap. 1).

The definitions of the symbols used in the multiple scattering formula and in
the expression for the radiation length are given below. The other symbols have the
same meaning as in Eq. (2.3).

" = scattering angle relative to the incoming particle in radians
P = momentum of the incoming particle
X0 = radiation length of the material
NA = Avogadro’s number
α = fine structure constant (α ≈ 1/137 )
r0 = classical electron radius (2.82 10−15 m)

Notice that ." represents the angle in space. The symbol "p represents the angle
projected on a plane containing the direction of the incoming particle. These two
quantities are related by

√〈
"2

p

〉
= 1√

2

√〈
"2
〉

Table 2.1 lists the radiation length for some common materials.
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32 2 Interactions of Particles in Matter

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

(Multiple)	
scattering

• In	addition	 to	losing	energy,	 charged	particles	change	direction	due	to	Coulomb	scattering
• More	important	 for	lighter	particles	(e±)
• Probability	of	scattering	is	proportional	 to	traversed	length
• Traversing	large	amount	of	material,	light	particles	can	scatter	multiple	times
• Lower	energy	particles	scatter	more
• As	particle	loses	energy,	scattering	angle	increases
• At	low	energy,	direction	can	be	randomized
• Competition	between	direction	 randomization	and	energy	 loss

32 2 Interactions of Particles in Matter
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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

10	MeV	particles
(dE/dx:	e- <<	p+ <<	α)
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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

Cherenkov	radiation

θc

γc

η

Cherenkov wavefront

Particle velocity   v = βc

v =
 v g

2.3 Other Electromagnetic Interactions of Charged Particles 33

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
• Due	to	polarization	of	medium,	 produced	when	a	relativistic	charged	particle	travels	through	

a	medium	faster	than	the	speed	of	light	in	the	medium	(c/n)
• Typically	a	negligible	 contribution	 to	particle	energy	 loss
• Very	useful	 for	detecting	particles	and	measuring	 their	direction,	energy,	or	mass/identity
• Radiation	emitted	along	a	narrow	cone	of	opening	 angle	θC (can	vary	with	wavelength):

• Radiation	intensity	scales	with	particle	Z2

• Spectrum	of	Cherenkov	 light	increases	with	frequency:

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

~200	photons/cm	 in	water
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Stochastic	nature	of	energy	loss

• dE/dx describes	the	mean energy	loss
• Most	energy	loss	phenomena	are	actually	discrete	
and	stochastic,	not	smooth	and	continuous

• Stochastic	nature	of	ionization	loss	is	important	for	
thin	absorbers

• For	thick	absorbers,	ionization	loss	is	fairly	smooth
• Stochastic	nature	of	other	interactions	
(bremsstrahlung,	pair	production,	photonuclear	
interactions)	typically	important	even	for	thick	
absorbers
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Interactions	of	X-rays	and	gamma	rays:	
photoelectric,	Compton,	pair	production

• While	ionization	loss	by	charged	particles	is	roughly	continuous,	photon	
processes	are	typically	catastrophic:	zero	energy	loss	until	one	sudden	
event	removes	much	or	all	of	the	photon	energy
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Photoelectric	effect

• Complete	absorption	of	incident	photon	by	atomic	electron
• Electron	is	either	excited	or	ejected
• Energy	lost	by	photon	equals	kinetic	energy	transferred	to	electron	

minus	binding	energy
• Cross	section

– Decreases	strongly	with	photon	energy
– Increases	strongly	with	atomic	charge	Z

• n varies	with	energy	between	4	and	5
• In	addition	to	this	overall	smooth	behavior,	there	are	jumps	at	atomic	

shell	energies	
• Useful	for	photon	detection	(photomultipliers)

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
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Compton	
scattering

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• Elastic	scattering	of	photon	and	electron

• Typically	a	high	energy	photon	transfers	energy	to	a	low	energy	electron
• “Inverse”	Compton	scattering:	high	energy	electron	transfers	energy	to	a	low	

energy	photon
• Can	be	useful	for	photon	detection
• Can	also	be	a	nuisance:	changes	photon	direction
• Cross	section	given	by	Klein-Nishina formula:

• Low-energy	limit	is	energy	independent
– Scattering	off	single	electrons:	Thomson	scattering
– Coherent	scattering	off	bound	electrons	in	atom:	Rayleigh	scattering

2.4 Interactions of X-Rays and Gamma Rays in Matter 41

By using straightforward energy conservation, we ignore the fact that the electrons
are not free particles but are bound in the atoms, and this will cause deviations from
the simple expression above.

The value of the Compton scattering cross section for photon collisions on free
electrons can only be derived from a true relativistic and quantum mechanical cal-
culation. It is known as the Nishina–Klein formula (see Ref. [4] and references
therein).

dσ

d"
= r2

0

2

(
!ω′

!ω

)2 ( !ω

!ω′ + !ω′

!ω
− sin2 θ

)
(2.11)

Equation (2.11) gives the differential cross section for the Compton scattering
into a solid angle dΩ . Integration over all angles gives the total cross section σ .
The result of the integration is given in Ref. [4]. For energies either much larger or
much smaller than the electron mass, a simple and compact expression for the total
cross section is obtained.

σ = 8π

3
r2

0 !ω << mec2

σ = r2
0 π

mec2

!ω

[
ln
(

2!ω

mec2

)
+ 1

2

]
!ω >> mec2

In these formulas, r0 represents the classical electron radius introduced in Sect.
1.2. We see that for photon energies below the mass of the electron, the Compton
cross section is independent of energy, and for photon energies above the electron
mass, the cross section decreases as (energy)−1.

The Nishina–Klein formula only applies to scattering of gamma rays from free
electrons. If the photon energy is much larger than the binding energy of electrons
in atoms, the effects due to this binding are small.

If the gamma energy is small, there is a large probability that the recoil electron
remains bound in the atom after the collision. The atom as a whole takes up the
energy and the momentum transferred to the electron. In this case the interaction is
called coherent Compton scattering or Rayleigh scattering. If the Compton interac-
tion ejects the electron from the atom, the interaction is called incoherent Compton
scattering.

The angular distribution of Compton scattering described by Eq. (2.11) is illus-
trated in Fig. 2.15. For photon energies much below the electron mass, the scattering
is rather isotropic and back-scattering is about as likely as scattering in the forward
direction. If the photon energy is much larger than the electron mass, the scattering
is peaked into the forward direction.

Pair production. If the energy of the photon is at least two times larger than the
mass of an electron, the energy of the photon can be used to create an electron and
positron pair. This process is illustrated in Fig. 2.16. However, this reaction is not
possible in empty space. In fact, energy and momentum cannot be conserved in this
process. To see this, just imagine that the reaction gamma → electron + positron

2.4 Interactions of X-Rays and Gamma Rays in Matter 41

By using straightforward energy conservation, we ignore the fact that the electrons
are not free particles but are bound in the atoms, and this will cause deviations from
the simple expression above.

The value of the Compton scattering cross section for photon collisions on free
electrons can only be derived from a true relativistic and quantum mechanical cal-
culation. It is known as the Nishina–Klein formula (see Ref. [4] and references
therein).

dσ
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!ω′ + !ω′

!ω
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)
(2.11)

Equation (2.11) gives the differential cross section for the Compton scattering
into a solid angle dΩ . Integration over all angles gives the total cross section σ .
The result of the integration is given in Ref. [4]. For energies either much larger or
much smaller than the electron mass, a simple and compact expression for the total
cross section is obtained.

σ = 8π

3
r2

0 !ω << mec2

σ = r2
0 π

mec2
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(

2!ω

mec2
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+ 1
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In these formulas, r0 represents the classical electron radius introduced in Sect.
1.2. We see that for photon energies below the mass of the electron, the Compton
cross section is independent of energy, and for photon energies above the electron
mass, the cross section decreases as (energy)−1.

The Nishina–Klein formula only applies to scattering of gamma rays from free
electrons. If the photon energy is much larger than the binding energy of electrons
in atoms, the effects due to this binding are small.

If the gamma energy is small, there is a large probability that the recoil electron
remains bound in the atom after the collision. The atom as a whole takes up the
energy and the momentum transferred to the electron. In this case the interaction is
called coherent Compton scattering or Rayleigh scattering. If the Compton interac-
tion ejects the electron from the atom, the interaction is called incoherent Compton
scattering.

The angular distribution of Compton scattering described by Eq. (2.11) is illus-
trated in Fig. 2.15. For photon energies much below the electron mass, the scattering
is rather isotropic and back-scattering is about as likely as scattering in the forward
direction. If the photon energy is much larger than the electron mass, the scattering
is peaked into the forward direction.

Pair production. If the energy of the photon is at least two times larger than the
mass of an electron, the energy of the photon can be used to create an electron and
positron pair. This process is illustrated in Fig. 2.16. However, this reaction is not
possible in empty space. In fact, energy and momentum cannot be conserved in this
process. To see this, just imagine that the reaction gamma → electron + positron
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Angular	distribution	of	Compton	scattering
42 2 Interactions of Particles in Matter

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

• At	high	energies,	outgoing	photon	direction	similar	to	incoming	photon	direction
• At	low	energies,	direction	is	randomized	more

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
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Pair	production

42 2 Interactions of Particles in Matter

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

• Photon	is	converted	to	an	electron-positron	pair
• Cross	section	rises	quickly	from	threshold	to	a	constant	value	at	high	energy
• At	high	energy,	mean	free	path	for	pair	production	is	X0*9/7
• Opening	angle	between	electron	and	positron	decreases	with	photon	energy
• Electron	and	positron	produced	preferentially	in	the	polarization	plane	of	the	

gamma	ray
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Summary	of	photon	interactions	in	matter

Photon Energy
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pair	production

• A	single	photon	interacts	with	a	probability	proportional	to	absorber	thickness	(for	
thin	absorbers)

• A	beam	of	photons	is	attenuated	exponentially	with	distance
23Justin	Vandenbroucke	 																																																																				Physics	of	Particle	Detectors



Absorption	of	a	photon	beam	by	matter

Photon  energy
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• Number	(not	energy)	of	photons	in	a	beam	is	attenuated	exponentially
• Absorption	length	inversely	proportional	to	cross	section

photoelectric Compton pair	production
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Dependence	of	photon	interaction	(mass	attenuation	
coefficient)	on	material	composition

• Photoelectric	effect	(photons	see	atomic	shells)
– Increases	strongly	with	Z
– Absorption	edges	(especially	at	K	shell)

• Compton	scattering	(photons	see	individual	electrons)
– Scales	with	electron	density	(number	of	electrons	per	gram)
• High	in	hydrogen	due	to	lack	of	neutrons
• Only	varies	by	20%	in	other	elements

• Pair	production	(photons	see	nucleus)
– Increases	strongly	with	Z	(approximately	as	Z2)
– High	energy	limit	(>>	mec2):
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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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Photoelectric,	Compton,	and	pair	
production	probabilities

• Interaction	probability	µ	(has	units	cm-1)
• τ:	photoelectric	probability
• σ:	Compton	probability
• κ:	pair	production	probability
• Total	interaction	probability	µ	=	τ +	σ +	κ
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Particle	showers
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Radiative loss	by	electrons	(or	positrons)
• For	high	energy	electrons,	radiative energy	loss	dominates	ionization	

energy	loss
• Radiative energy	loss	by	an	electron	passing	through	a	medium	is	

proportional	to	the	energy	of	the	electron:

• This	means	the	energy	of	electrons	passing	through	a	medium	decreases	
exponentially:

• X0 is	the	characteristic	energy	loss	scale	for	electrons,	the	radiation	length
(depends	on	material	roughly	as	Z-1	(1+Z)-1)
– Air:	37	g/cm2

– Lead:	6	g/cm2

• The	critical	energy (~	600/Z	MeV)	is	the	energy	at	which	radiative energy	
loss	equals	ionization	energy	loss

• Conversion	length	=	typical	length	for	photon to	travel	before	pair	
producing,	~(9/7)	X0

dE
dx

= −
E
X0

E = E0e
−x/X0
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• Initiated	by	gamma,	electron,	or	positron
• Alternation	between

– Pair	production	(must	occur	near	a	nucleus	to	conserve	momentum)
– Bremsstrahlung	radiation	(radiative energy	loss	caused	by	deceleration	of	e± in	

Coulomb	field	of	nucleus:	dominates	ionization	loss	at	high	energy)
• Can	occur	in	any	medium	with	nuclei:	crystal,	ice,	atmosphere,	…

Electromagnetic	
shower:	simple	model
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Electromagnetic	shower	development

• For	a	primary	particle	of	energy	E0,	after	t
radiation	lengths	(generations),	the	energy	of	
each	e± or	gamma	will	be	approximately		E0/2t

• Continues	until	E	=	Ecrit
• So	shower	maximum	is	at	tmax,	when	Ecrit =	
E0/2tmax

• Depth	of	shower	max	increases	logarithmically	
with	primary	energy:	tmax =	ln(E0/Ecrit)	/	ln2

• Total	track	length	of	charged	particles	(number	of	
radiation	lengths)	∝ E0/Ecrit
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• In	purely	
electromagnetic	
showers	(simplified	
model),	the	nuclei	do	
not	actively	
participate	(only	as	
catalysts	for	
electromagnetic	
interactions)
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Strong	interactions
• So	far	we	have	focused	on	electromagnetic	interactions:	ionization	loss,	

bremsstrahlung,	photoelectric,	pair	production
• High	energy	hadrons	(protons,	neutrons,	pions,	…)	can	undergo	strong	

interactions	in	matter
• Inelastic:	produces	quarks	which	hadronize to	mesons	or	baryons
• Non-hadrons	(electrons,	muons,	neutrinos,	…)	do	not	undergo	strong	

interactions
• Because	strong	force	has	a	very	short	range,	strong	cross	section	at	high	energy	

(above	1	GeV)	is	comparable	to	geometric	cross	section	of	nucleus
• 1	barn	=	10-24 cm2

• Proton	radius	~1	fm,	area	~40	millibarn
• Nucleus	of	atomic	number	A	has	cross	section	given	approximately	by
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Fig. 2.18 The photon mass attenuation length λρ = 1/(µ/ρ) for various elemental absorbers as
a function of photon energy. The intensity I remaining after traversal of thickness t (in mass/unit
area) is given by I = I0 exp(−t/λ). The accuracy is a few percent. For a chemical compound or
mixture, 1/λeff ≈ #elements wZ/λZ, where wZ is the proportion by weight of the element with atomic
number Z. Figure reproduced from Ref. [6] in Chap. 1, with permission

the number of particles in the shower will grow exponentially. But at each step the
average energy of the particles in the shower decreases, and fewer of the secondary
gamma rays have sufficient energy to produce electron–positron pairs. The number
of the particles in the shower will reach a maximum and start decreasing; eventually
all electrons, positrons and gamma rays are absorbed or stopped.

2.5 Interactions of Particles in Matter due to the Strong Force

A proton or a neutron has an apparent size of slightly more than 10−13 cm, and the
cross section for the collision on another proton or a neutron is therefore expected
to be ≈4×10−26 cm2. A nucleus with atomic number A has a diameter that is (A)1/3

times the proton diameter and a geometrical cross section that is (A)2/3 times that
of a proton. The cross section for the interaction of a proton on a nucleus of atomic
number A is therefore expected to be

σ ≈ 4 × 10−26 (A)2/3 cm2

The mean free path for protons in material with atomic number A is therefore

λ = 1
Nσ

≈ A1/3

ρ

1
NA 4 × 10−26 ≈ A1/3

ρ
35 g/cm2
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Strong	interaction	cross	section	grows	
slowly	with	energy

Simple	estimate	
surprisingly	accurate
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Hadronic (strong)	interaction	length

• Mean	free	path	between	hadronic interactions,	for	
protons	in	matter

• Number	density	of	nuclei	in	matter:	N	=	ρNA/A
• NA =	Avogadro’s	number

• For	typical	solids,	between	10	and	100	cm
• Typically	larger	than	radiation	length	X0 by	factor	of	a	few

2.5 Interactions of Particles in Matter due to the Strong Force 45

Fig. 2.18 The photon mass attenuation length λρ = 1/(µ/ρ) for various elemental absorbers as
a function of photon energy. The intensity I remaining after traversal of thickness t (in mass/unit
area) is given by I = I0 exp(−t/λ). The accuracy is a few percent. For a chemical compound or
mixture, 1/λeff ≈ #elements wZ/λZ, where wZ is the proportion by weight of the element with atomic
number Z. Figure reproduced from Ref. [6] in Chap. 1, with permission

the number of particles in the shower will grow exponentially. But at each step the
average energy of the particles in the shower decreases, and fewer of the secondary
gamma rays have sufficient energy to produce electron–positron pairs. The number
of the particles in the shower will reach a maximum and start decreasing; eventually
all electrons, positrons and gamma rays are absorbed or stopped.

2.5 Interactions of Particles in Matter due to the Strong Force

A proton or a neutron has an apparent size of slightly more than 10−13 cm, and the
cross section for the collision on another proton or a neutron is therefore expected
to be ≈4×10−26 cm2. A nucleus with atomic number A has a diameter that is (A)1/3

times the proton diameter and a geometrical cross section that is (A)2/3 times that
of a proton. The cross section for the interaction of a proton on a nucleus of atomic
number A is therefore expected to be

σ ≈ 4 × 10−26 (A)2/3 cm2

The mean free path for protons in material with atomic number A is therefore

λ = 1
Nσ

≈ A1/3

ρ

1
NA 4 × 10−26 ≈ A1/3

ρ
35 g/cm2
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Hadronic showers
• In	hadronic showers,	

the	hadrons	(nuclei)	
actively	participate

• Pions (and	heavier	
mesons)	are	created

• Mesons	produce	
muons,	neutrinos,	and	
electromagnetic	sub-
showers

Hadronic	showers	are	clumpier	
and	longer	than	electromagnetic
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Signals	in	detectors
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Silicon Detectors in HEP 
(representative selection, appox dates) 

1980 NA1 
1981 NA11 
1982 NA14 
1990 MarkII 
1990 DELPHI 
1991 ALEPH 

1991 OPAL 
1992 CDF 
1993 L3 
1998 CLEO III 
1999 BaBar 
2001 CDF 
2009 ATLAS 
2009 CMS 

Si
lic

on
 A

re
a 

(m
2 )

 

Year of initial operation 
Stolen from someone (can’t remember who) 

Silicon detectors 
also continue to be 

improved in 
surprising ways – 
size is only one. 

EDIT 2012 - February 14, 2012 4 Silicon Tracking Detectors - David Christian 

Silicon	trackers	in	high	energy	physics:
a	version	of	Moore’s	law

2008	Fermi	LAT					•
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PN	junctions	as	particle	detectors

• If	ionizing	 radiation	interacts	in	depletion	zone,	current	can	
flow	to	electrodes	(analogous	 to	gaseous	detectors)

• Reverse	bias	is	used	to	increase	size	of	depletion	zone	(as	
large	as	several	mm)

• Microstrip detectors
– Long	thin	strips	provide	good	resolution	 in	one	

direction
– Two	crossed	planes	provide	xy resolution

• Pixel	detectors
– Compact	in	both	dimensions	 for	xy resolution	 in	a	

single	detector
• Very	good	spatial	resolution	 (better	than	wire	chambers)	

but	more	expensive	and	subject	to	radiation	damage
• Often	cooled	to	reduce	noise
• Much	denser	 than	gaseous	detectors
• ~104 ion	pairs	per	ionizing	 particle	event:	low	noise	

electronics	necessary
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Microstrip
detectors

• Each	strip	provides	precise	resolution	in	2	of	3	dimensions
• Produced	with	many	strips	per	sensor
• Example:	single	sensor	with	512	strips	with	130	µm	pitch
• Width	chosen	based	on	resolution	required	(balanced	against	

number	of	readout	channels)
• Thickness	comparable	to	depletion	width
• Length	as	long	as	is	feasible	for	manufacturing	high	purity	silicon	

(~10	cm)
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The	Fermi	LAT	
tracker

• Tracker	is	1.5	radiation	lengths	total	
on	axis	(63%	conversion	efficiency)

• 73	m2 of	active	silicon
• 11.5k	sensors	(silicon	strip	detectors)
• 0.9	M	readout	channels
• 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
• 400	µm	silicon	thickness
• 228	µm	strip	pitch
• 160	W	power	consumption	(of	650	W	

total),	compared	to	1100	watt	toaster
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Scintillation	light
• While	collection	of	ionization	is	difficult	in	solids	and	liquids,	scintillation	light	can	

be	used	instead	as	a	proxy	for	charge	collection
• Isotropic	emission
• Depending	on	material,	~100x	more	photons	than	Cherenkov	light
• Emitted	at	one	or	more	spectral	lines,	not	continuum
• Time	scale	of	pulse	is	directly	related	to	decay	time	of	excited	atom:	short	decay	

times	are	desirable
• Sometimes	emitted	in	UV	and	one	or	more	wavelength	shifters	(fluorescent	

material)	are	necessary	to	match	material	transparency	and/or	photo-detector	
sensitive	band

• Wavelength	shifters	also	have	decay	time,	which	is	preferably	short
• 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	for:	calorimetry,	spectroscopy,	tracking,	veto
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Types	of	scintillators
• Recall	radiation	length	scales	with	(Z)-1(Z+1)-1

• Organic	solid	(including	plastic)
– Small	Z	(long	radiation	length)
– Less	expensive
– Useful	for	charged	particle	tracking,	calorimetry,	veto

• Inorganic	solid
– Large	Z	(short	radiation	length)
– More	expensive
– Useful	for	X-ray	and	gamma	ray	detection	and	calorimetry

• Liquid
– Fluor	(e.g.	organic	scintillator)	dissolved	in	solvent/oil	(useful	for	large	

neutrino	detectors)
– Argon,	xenon	(useful	for	collecting	light	and	charge:	TPCs)

• Nitrogen	(air)
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Readout	of	(plastic)	scintillators

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

Rely	on	total	internal	reflection	and	use	light	guide	
to	carry	scintillation	light	to	photomultiplier

Use	wavelength	shifting	fiber/bar	
Wavelength	shifter:	fluorescent	material	(converts	

short	wavelength	light	to	long	wavelength)
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Inorganic	scintillators

176 6 Detectors Based on Scintillation

Fig. 6.6 Ratio of the light
yield over the gamma energy
for a few commonly used
scintillators. The curves are
normalised such that this ratio
is unity if the energy of the
gamma ray is 1000 keV.
Figure from [2], © 1994
IEEE

of the scintillator is not linear, this will result in a light output of the scintillator that
depends on the particular history of each gamma ray. This will degrade the energy
resolution. This effect seriously limits the energy resolution that can be achieved
with a scintillator for energies of the order of 1 MeV and less. At energies well
above 1 MeV, these effects tend to become less important.

The response of a scintillator also tends to depend strongly on the energy
loss density of the charged particles. Many scintillators have a strongly reduced
sensitivity to energy deposited by alpha particles. The light yield for the same energy
deposition by an alpha particle is usually several times smaller than for electrons.

Table 6.2 lists some commonly used inorganic scintillators. Each application has
a different set of requirements for a scintillator. In some cases, a fast decay time is

Table 6.2 Properties of some commonly used inorganic scintillators

Name∗ Density
Emission λ
[nm]

Light yield
[photons/MeV]

Decay time .τ
[ns]

Radiation
length [cm]

NaI:Tl 3.67 410 40,000 230 2.59
BGO 7.14 480 4000 300 1.12
BaF2(fast) 4.88 215 1500 <1 2.05
BaF2(slow) 4.88 310 10,000 700 2.05
CsI:Tl 4.51 565 65,000 600 1.68
CsF 4.11 390 2000 3
PbWO4 8.28 480 200 10 0.89
LSO:Ce 7.4 420 28,000 40 1.14
LuAP:Ce 8.3 360 10,000 18
GSO:Ce 6.71 440 7500 60 1.38
LuPO4 6.6 360 13,000 24
YAP:Ce 5.37 370 16,000 25 2.7
LaBr:Ce 5.3 360 60,000 35 2.13

∗The short names for the scintillators stand for the following chemical compounds: BGO =
Bi4Ge3O12, GSO = Gd2SiO5, LSO = Lu2SiO5, LuAP = LuAlO3, YAP = YAlO3

• DAMA:	NaI:Tl
• Fermi	Large	Area	Telescope	calorimeter:	CsI:Tl
• Fermi	Gamma-ray	Bust	monitor:	NaI:Tl (0.003	to	1	MeV)	and	BGO	(0.15	to	30	MeV)
• CMS	electromagnetic	calorimeter:	PWO
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Calorimeters	for	particle	detection

• Calorimetry:	measuring	energy	of	incident	particle	by	containing	entire	shower	and	
measuring	its	energy	deposition

• Homogeneous calorimeters
– Can	be	segmented	into	blocks	read	out	separately	(hodoscopic),	but	fully	active
– Segmentation	provides	position	resolution	for	tracking	incident	particle	

trajectory
– Fine	segmentation	can	measure	3D	development	of	shower	(e.g.	in	Fermi	LAT)

• Sampling calorimeters
– For	very	large	volumes	(e.g.	for	hadronic calorimeters),	too	expensive	to	be	

entirely	active
– Instead,	alternate	active	with	passive	(e.g.	lead	or	steel)	layers
– Instead	of	containing	entire	energy	deposition,	shower	profile	is	sampled	and	

Xmax can	be	determined
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Electromagnetic	
calorimeters

• Typically	small	enough	that	they	can	be	fully	active	rather	than	sampling
• Purpose	is	to	identify	and	measure	the	energy	(and	trajectory)	of	gammas,	

electrons,	and	positrons
• Needs	to	be	many	radiation	lengths	long	to	contain	full	shower
• To	fit	in	small	volume,	inorganic	crystals	(high	density,	short	radiation	

length)	can	be	used
• At	accelerators:	long,	narrow	crystals	pointing	toward	interaction	point
• Narrower	than	shower	width:	center	of	gravity	determines	incident	position

6.6 Applications of Scintillators in High-Energy Physics 193

Fig. 6.21 (a) A very simple
model for the development of
an electromagnetic shower.
(b) Typical geometry of a
detector element in an
electromagnetic calorimeter
using inorganic scintillators

The number of particles in the shower will increase exponentially until the aver-
age energy of the electrons becomes equal to the critical energy. At this point the
shower has the maximum number of particles. We thus have

Nmax = E
Ec

= 2Dmax/X0

Dmax = X0

ln 2
ln

E
Ec

After this maximum, the number of particles in the shower decreases exponen-
tially and the attenuation length of the number of particles is again of the order of the
radiation length. Since the number of the particles in the shower increases exponen-
tially with the energy of the incoming gamma ray, the length needed to fully absorb
all the particles will also increase like ln(E/Ec). Experimentally, it is found that for
a gamma ray of 10 GeV the number of particles in the shower reaches a maximum
after about six radiation lengths and it takes a total of ≈25 radiation lengths of heavy
material to absorb 99% of the shower energy.

The lateral, or sideways, development of the shower is mainly due to the multiple
scattering of the electrons and positrons and scales with the ‘Molière radius’. The
quantity Molière radius has the dimension of a length and it is characteristic for the
medium in which the shower develops. Its value is close to [14 g/cm2]/density for
most materials. In electromagnetic showers, 90 and 95% of the energy is deposited
within one and two Molière radii, respectively.

If a gamma ray enters a sufficiently large block of scintillator material, all the
energy of the initial particle is deposited as ionisation in the material. The total
amount of ionisation is therefore proportional to the energy of the particle and
the amount of scintillation light produced will also be proportional to the energy
of the initial gamma ray. It should be mentioned that a high-energy electron or a
high-energy positron will initiate a shower that looks exactly the same as a shower
initiated by a high-energy gamma ray. The presence or absence of the incoming
charged particle track at the starting point of the shower is the only difference
between an electron-initiated shower and a gamma-initiated shower.
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Photomultiplier	tube

• Each	electron	incident	on	a	dynode	produces	d secondary	electrons
• d typically	3-10
• For	n dynode	stages,	gain	=	dn,	typically	106 or	greater	to	detect	single	photons
• “Electron	optics”	of	dynode	chain	optimized	for

– Good	gain	(favors	more	dynodes)	and	collection	efficiency
– Good	transit	time	and	transit	time	variation	(favors	fewer	dynodes)
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Wide	variety	of	PMT	shapes	and	sizes
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Useful	references
• The	Particle	Data	Book	from	the	Particle	Data	Group
• Tavernier,	Experimental	Techniques	in	Nuclear	and	Particle	

Physics
• Leo,	Techniques	for	Nuclear	and	Particle	Physics	Experiments
• Knoll,	Radiation	Detection	and	Measurement
• Perkins,	Particle	Astrophysics
• Green,	The	Physics	of	Particle	Detectors
• Grupen &	Schwartz,	Particle	Detectors
• Ahmed,	Physics	&	Engineering	of	Radiation	Detection
• Slides	from	a	course	I	teach	at	UW–Madison,	Experimental	

Methods	in	Nuclear,	Particle,	and	Astro	Physics)	
https://www.physics.wisc.edu/~justin/teaching/physics736
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Conclusions
• Key	processes	for	charged	particles:	ionization,	
bremsstrahlung,	hadronic	interactions,	Cherenkov	
radiation

• Key	processes	for	photons:	photoelectric	absorption,	
Compton	scattering,	pair	production

• Key	technologies:	silicon	trackers,	scintillating	
calorimeters,	photomultipliers

• Understanding	the	physical	processes	underlying	particle	
detectors	helps	you	understand	their	data

• The	same	physical	processes	explain	the	birth	of	a	particle	
in	an	astrophysical	source	as	well	as	its	death	in	a	particle	
detector
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6.3 Inorganic Scintillators 175

Fig. 6.4 Logarithmic plot of
the scintillation light intensity
as a function of the time after
the gamma interaction for
CsI:Tl scintillation. If the
light intensity decreases
exponentially, this will show
up as straight line in this plot.
In this example, there are two
components in the decay
spectrum

Fig. 6.5 Evolution of the
light yield of some
scintillators as a function of
temperature. Figure adapted
from [1], with permission

charges from reaching the luminescence centre. With rising temperature, these traps
are no longer able to retain the charges and the light yield increases. If the tempera-
ture increases further, we have the phenomenon called thermal quenching. This can
be understood with the help of Fig. 6.3(a). The energy distance between the 4f and
5d levels depends on the configuration of the host matrix around the luminescence
centre. This configuration is not constant due to the permanent thermal motion of
the ions around the luminescence centre. At some values of the configuration coor-
dinate the distance between the two energy levels becomes small and the electron
can jump to the lower level without emission of an optical photon, but by interacting
with the phonons in the lattice. This is a non-radiative transition. As the temperature
increases, the probability of this happening increases and the light yield decreases.

Inorganic scintillators are mainly used as detectors for gamma rays, usually with
the aim of measuring the energy of the gamma ray. A linear relation between the
light yield and the energy of the gamma ray is, therefore, a desirable property of
a scintillator. For many scintillators there are significant deviations from this linear
relation as is illustrated in Fig. 6.6. When a gamma ray interacts in a scintillator
crystal there are a large number of different ways to deposit its energy. It can deposit
all its energy in one photoelectron, but it can also undergo one or more Compton
interactions before losing all its energy in a final photoelectric effect. If the response

CsI:Tl
Faster	time	scale	is	600	ns

Inorganic	
scintillators

• Typically	ionic	crystal	doped	with	luminescent	atoms
• Ionizing	radiation	produces	electron-hole	pairs
• Instead	of	collecting	the	electrons,	they	are	captured	by	luminescence	centers,	

producing	scintillation
• Crystal	impurities	and	defects	can	trap	electrons	before	they	reach	luminescence	

centers:	pure	crystals	desirable
• Can	have	more	than	one	decay	time	scale

• Two	different	lines	(two	lines	from	one	dopant	or	two	different	dopants)
• Defects	that	retain	charges	for	long	time

• Example:	CsI:Tl (cesium	iodide	doped	with	thallium) 52Justin	Vandenbroucke	 																																																																				Physics	of	Particle	Detectors



Energy	resolution	of	calorimeters
Homogeneous	calorimeters

• Energy-dependent	contribution	(a)	from	statistical	fluctuations	in	number	of	
scintillation	photons	detected	(energy	dependent	because	proportional	to	E)

• Energy-independent	contribution	(b)	from	non-uniformities	in	detector
• Typically	a between	2%	and	3%,	b between	0.5%	and	1%
• Example:	CMS	a=	3%,	b	=	0.5%

Sampling	calorimeters
• Resolution	worse	and	set	by
• Hadronic shower	physics
• Xmax fluctuations

194 6 Detectors Based on Scintillation

An electromagnetic calorimeter using inorganic scintillators typically has a large
number of blocks of inorganic scintillator material with a geometry similar to what
is shown in Fig. 6.21(b). The length of each scintillator block is typically equal to
25 radiation lengths. The width of each block is chosen to be less than the lateral
extent of the shower to allow accurate determination of the centre of the shower, and
therefore the impact point of the gamma ray.

The energy resolution attainable with an electromagnetic calorimeter is usu-
ally expressed as r.m.s. energy resolution, and its energy dependence can be
parameterised as

σ {E}
E

=
√

a2

E[GeV]
+ b2 (6.2)

In this equation, E[GeV] represents the energy of the initial gamma ray expressed in
GeV. For a homogeneous crystal calorimeter the coefficients ‘a’ and ‘b’ are typically
0.02–0.03 and 0.005–0.01, respectively. The first term is the statistical term. One of
the effects entering here is the fluctuation on the number of optical photons detected.
The energy resolution due to the fluctuation on the number of detected photons is
given by

σ {E}
E

= 1
√

Np.e
=
√

1/ε

E[GeV]

where ε is the number of photoelectrons detected per GeV. However, there are sev-
eral other effects contributing to the statistical term, e.g. leakage of a small fraction
of the shower, photonuclear interactions in the shower, absorption of part of the
shower in the dead material between two blocks of scintillating material.

The second term has to do with non-uniformities in the different components
of the detector. Careful calibration is essential to keep this term small. To obtain
the desired energy resolution, it is also essential that the signals from all the blocks
containing parts of the same shower are added together.

Until now we have been considering electromagnetic calorimeters based on the
use of large blocks of inorganic scintillating materials. Such detectors show excel-
lent performance but are expensive. To reduce the cost one often uses sampling
calorimeters. In a sampling calorimeter, different materials perform the function of
absorbing the shower and the function of measuring the energy deposited. Such a
sampling calorimeter typically is made from a large number of layers of some heavy
material, usually lead, interleaved with active layers measuring the amount of ioni-
sation present, often plastic scintillator sheets. In sampling calorimeters typically a
few percent of the energy in the shower is actually sampled. As can be expected, the
energy resolution that is obtained with a sampling calorimeter is significantly worse
than what can be achieved with a homogeneous calorimeter. A crude estimate of
the achievable energy resolution can be obtained as follows. Assume a sampling
calorimeter where the thickness of the active layers is a small fraction of a radiation
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Other	useful	topics	I’m	skipping

• Detector	technologies:	gaseous	particle	detectors	
(ion	chambers,	proportional	counters,	Geiger	
counters,	spark	chambers,	wire	chambers,	drift	
chambers,	time	projection	chambers),	transition	
radiation,	Cherenkov	radiation	

• Signal	mechanisms:	fluorescence,	
phosphorescence

• Scintillator	calorimeters	for	MeV	gamma	rays
• Other	photon	detectors:	PIN	diodes,	MAPMTs,	
APDs,	SiPMs

54Justin	Vandenbroucke	 																																																																				Physics	of	Particle	Detectors



Vocabulary	of	light	production
• Scintillation	(=	radioluminescence)
– Production	of	a	light	flash	by	incident	ionizing	radiation
– Deposited	energy	from	energetic	particle	~	1/E
– Low-energy	depositions	excite	rather	than	ionize	atoms
– De-excitation	releases	photons
– Present	in	many	materials,	efficient	in	some

• Fluorescence	(=	photoluminescence)
– Incident	energy	is	light	that	is	absorbed,	rather	than	ionizing	
radiation

– Name	for	fluorescent	material:	fluor or	wavelength	shifter
• Phosphorescence
– Incident	energy	can	be	light	or	ionizing	radiation,	but	long	
decay	time	scale	(>1	ms)
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What	is	the	physics	here?



Photoelectric	absorption	edges

• Electron	binding	energies	in	lead	(keV):	88.0,	15.9,	15.2,	13.0,	3.9,	
3.6,	3.1,	2.6,	2.5

Photon Energy
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Three	types	of	nuclear	radiation

Stopped	by	single	sheet	of	paper

Stopped	by	a	few	mm	of	aluminum

Stopped	by	several	cm	of	lead
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Pair	production
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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

Cherenkov	radiation

θc

γc

η

Cherenkov wavefront

Particle velocity   v = βc

v =
 v g

2.3 Other Electromagnetic Interactions of Charged Particles 33

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
• Due	to	polarization	of	medium,	 produced	when	a	relativistic	charged	particle	travels	through	

a	medium	faster	than	the	speed	of	light	in	the	medium	(c/n)
• Typically	a	negligible	 contribution	 to	particle	energy	 loss
• Very	useful	 for	detecting	particles	and	measuring	 their	direction,	energy,	or	mass/identity
• Radiation	emitted	along	a	narrow	cone	of	opening	 angle	θC (can	vary	with	wavelength):

• Radiation	intensity	scales	with	particle	Z2

• Spectrum	of	Cherenkov	 light	increases	with	frequency	 (Frank-Tamm	formula):

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

~200	photons/cm	 in	water
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Particle	range
• Greater	energy	loss	
results	in	a	shorter	
range

• Given	dE/dx	and	E,	
can	integrate	to	
determine	range

• Note	this	is	the	range	
considering	
ionization	loss	only

• Other	interactions	
and	particle	lifetime	
must	also	be	
considered

30 2 Interactions of Particles in Matter

Fig. 2.6 Range of protons
and alpha particles in silicon
as a function of their kinetic
energy. The data for this
figure were obtained from
Ref. [9] in Chap. 1

Heavy nuclear fragments produced by nuclear fission are also energetic charged
particles but behave somewhat differently from alpha particles. Nuclear fragments
tend to pick up electrons as they travel in the medium. Therefore they behave as
particles with a charge that is smaller than the charge of the fragment itself. As
they slow down, the fragments pick up more and more electrons, and the energy
loss decreases rather than increases. For alpha particles, this electron pick-up only
occurs at the very end of the range.

Fig. 2.7 Range–energy plot
for alpha particles in dry air at
20◦C and standard pressure.
The data for this figure were
obtained from Ref. [9] in
Chap. 1

62Justin	Vandenbroucke	 																																																																				Physics	of	Particle	Detectors



Gamma-Ray Interactions with Matter 39

—

gamma-ray energy and the atomic number of the absorber. Figure 2.12 shows a com-
posite of mass attenuation curves covering a wide range of energy and atomic number.
It shows dramatically the interplay of the three processes. All elements except hy-
drogen show a sharp, low-energy rise that indicates where photoelectric absorption
is the dominant interaction. The position of the rise is very dependent on atomic
number. Above the low-energy rise, the value of the mass attenuation coefficient
decreases gradually, indicating the region where Compton scattering is the dominant
interaction. The mass attenuation coefficients for all elements with atomic number
less than 25 (iron) are nearly identical in the energy range 200 to 2000 keV. The
attenuation curves converge for all elements in the range 1 to 2 MeV. The shape
of the mass attenuation curve of hydrogen shows that it interacts with gamma rays
with energy greater than 10 keV almost exclusively by Compton scattering. Above
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Fig. 2.12 Mass attenuation coeflcients of selected elements. Also in-
dicated are gamma-ray energies commonly encountered in
NDA of uranium and plutonium.

—-

Attenuation	coefficient
(inverse	of	attenuation	length)

Note
“narrow-beam”
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Example:	calculation	of	shower	max	
altitude	for	10	TeV	gamma	ray

• Critical	energy	in	air:	Ecrit =	100	MeV
• Radiation	length	in	air:	36	g/cm2

• x	=	total	column	depth	along	shower,	measured	from	
space	toward	ground

• X	=	total	column	depth	of	atmosphere	(1030	g/cm2)
• H	=	scale	height	of	atmosphere,	6.5	km
• h =	height	above	sea	level
• Atmosphere	column	depth	model:	x	=	X	exp(-h/H)
• Shower	max	occurs	at	x	=	ln(E0/Ecrit)	/	ln2	=	16.6	radiation	
lengths	=	615	g/cm2

• Plugging	in	to	atmosphere	model,	altitude	of	shower	max	
is	3.4	km
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Linearity	of	scintillator	light	yield176 6 Detectors Based on Scintillation

Fig. 6.6 Ratio of the light
yield over the gamma energy
for a few commonly used
scintillators. The curves are
normalised such that this ratio
is unity if the energy of the
gamma ray is 1000 keV.
Figure from [2], © 1994
IEEE

of the scintillator is not linear, this will result in a light output of the scintillator that
depends on the particular history of each gamma ray. This will degrade the energy
resolution. This effect seriously limits the energy resolution that can be achieved
with a scintillator for energies of the order of 1 MeV and less. At energies well
above 1 MeV, these effects tend to become less important.

The response of a scintillator also tends to depend strongly on the energy
loss density of the charged particles. Many scintillators have a strongly reduced
sensitivity to energy deposited by alpha particles. The light yield for the same energy
deposition by an alpha particle is usually several times smaller than for electrons.

Table 6.2 lists some commonly used inorganic scintillators. Each application has
a different set of requirements for a scintillator. In some cases, a fast decay time is

Table 6.2 Properties of some commonly used inorganic scintillators

Name∗ Density
Emission λ
[nm]

Light yield
[photons/MeV]

Decay time .τ
[ns]

Radiation
length [cm]

NaI:Tl 3.67 410 40,000 230 2.59
BGO 7.14 480 4000 300 1.12
BaF2(fast) 4.88 215 1500 <1 2.05
BaF2(slow) 4.88 310 10,000 700 2.05
CsI:Tl 4.51 565 65,000 600 1.68
CsF 4.11 390 2000 3
PbWO4 8.28 480 200 10 0.89
LSO:Ce 7.4 420 28,000 40 1.14
LuAP:Ce 8.3 360 10,000 18
GSO:Ce 6.71 440 7500 60 1.38
LuPO4 6.6 360 13,000 24
YAP:Ce 5.37 370 16,000 25 2.7
LaBr:Ce 5.3 360 60,000 35 2.13

∗The short names for the scintillators stand for the following chemical compounds: BGO =
Bi4Ge3O12, GSO = Gd2SiO5, LSO = Lu2SiO5, LuAP = LuAlO3, YAP = YAlO3

• Can	be	calibrated
• However,	nonlinearity	especially	a	challenge	for	nuclear	gamma	ray	energy	

measurement
• A	~1	MeV	gamma	can	pair	produce,	or	photo-absorb,	or	Compton	and	then	

photo-absorb
• If	response	is	nonlinear,	detected	scintillation	light	depends	on	interaction	

history	of	incident	gamma	even	for	a	constant	incident	gamma	energy 65Justin	Vandenbroucke	 																																																																				Physics	of	Particle	Detectors



Hadronic calorimeters
• Purpose	is	to	measure	energy	(and	trajectory)	of	hadrons	(protons,	

neutrons,	pions,	kaons,	…)
• First	hadronic interaction	typically	produces	many	pions,	which	produce	

electromagnetic	sub-showers	and	outgoing	hadrons	can	also	interact	
again	to	continue	hadronic shower

• Radiation	length	scales	as	Z-1	(Z+1)-1:	

• Hadronic interaction	length	scales	as	A1/3 ~	Z1/3:

• At	high	Z,	λ >>	X0:

• Therefore	hadronic calorimeters	typically	sampling,	not	homogeneous

2.5 Interactions of Particles in Matter due to the Strong Force 45

Fig. 2.18 The photon mass attenuation length λρ = 1/(µ/ρ) for various elemental absorbers as
a function of photon energy. The intensity I remaining after traversal of thickness t (in mass/unit
area) is given by I = I0 exp(−t/λ). The accuracy is a few percent. For a chemical compound or
mixture, 1/λeff ≈ #elements wZ/λZ, where wZ is the proportion by weight of the element with atomic
number Z. Figure reproduced from Ref. [6] in Chap. 1, with permission

the number of particles in the shower will grow exponentially. But at each step the
average energy of the particles in the shower decreases, and fewer of the secondary
gamma rays have sufficient energy to produce electron–positron pairs. The number
of the particles in the shower will reach a maximum and start decreasing; eventually
all electrons, positrons and gamma rays are absorbed or stopped.

2.5 Interactions of Particles in Matter due to the Strong Force

A proton or a neutron has an apparent size of slightly more than 10−13 cm, and the
cross section for the collision on another proton or a neutron is therefore expected
to be ≈4×10−26 cm2. A nucleus with atomic number A has a diameter that is (A)1/3

times the proton diameter and a geometrical cross section that is (A)2/3 times that
of a proton. The cross section for the interaction of a proton on a nucleus of atomic
number A is therefore expected to be

σ ≈ 4 × 10−26 (A)2/3 cm2

The mean free path for protons in material with atomic number A is therefore

λ = 1
Nσ

≈ A1/3

ρ

1
NA 4 × 10−26 ≈ A1/3

ρ
35 g/cm2

2.3 Other Electromagnetic Interactions of Charged Particles 31

LET = 1
ρ

dE
dx

Figures 2.6 and 2.7 illustrate the range of particles in air and silicon.

2.3 Other Electromagnetic Interactions of Charged Particles

Multiple scattering. The collisions of charged particles with the nuclei will cause
the charged particle to change direction. This is illustrated in Fig. 2.8. Such erratic
changes in the direction of a particle along its trajectory is called direction straggling
or multiple scattering. For small angles of deviation, this change in angle is more
or less Gaussian and the root mean square (r.m.s.) direction deviation of a particle
traversing a thickness L of material is given by

√
⟨ "2 ⟩ = Z

Pcβ
(20 MeV)

√
L
X0

1
X0

≈ 4α r2
0
ρNA

Ar
Znucl(1 + Znucl) ln

(
183

3
√

Znucl

) (2.5)

In this equation X0 represents the radiation length. This is a quantity that charac-
terises how charged particles or gamma rays interact in a material. It depends on
the density and the charge of the nucleus. The simple analytical expression for the
radiation length given in Eq. (2.5) is only an approximation. A more exact but much
more complicated expression is given in (Ref. [6] in Chap. 1).

The definitions of the symbols used in the multiple scattering formula and in
the expression for the radiation length are given below. The other symbols have the
same meaning as in Eq. (2.3).

" = scattering angle relative to the incoming particle in radians
P = momentum of the incoming particle
X0 = radiation length of the material
NA = Avogadro’s number
α = fine structure constant (α ≈ 1/137 )
r0 = classical electron radius (2.82 10−15 m)

Notice that ." represents the angle in space. The symbol "p represents the angle
projected on a plane containing the direction of the incoming particle. These two
quantities are related by

√〈
"2

p

〉
= 1√

2

√〈
"2
〉

Table 2.1 lists the radiation length for some common materials.

Element Z X0 (cm) λ (cm)

Iron 26 1.76 16.8

Copper 29 1.43 15

Tungsten 74 0.35 9.6
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6.4 Photodetectors 179

Fig. 6.8 Quantum efficiencies for a few photocathode materials as a function of the photon
wavelength. Figure by courtesy of Hamamatsu

The probability for producing a secondary electron on the dynode also depends
strongly on the nature of the surface of this dynode. Gallium phosphide (GaP)
heavily doped with p-type material such as zinc is particularly effective. Up to 25
secondary electrons can be produced by an electron with a kinetic energy of 200 eV.
This number of secondary electrons is more or less Poisson distributed. If the mul-
tiplication factor on one dynode is d and assuming all dynodes to have the same
multiplication factor, the total gain is dN, where N is the number of dynodes. The
relative variance on the number of electrons produced (ne) by one primary photo-
electron can be shown to be given by (σ /ne)2 = 1/(d − 1) [11]. If a photomultiplier
tube is illuminated with a weak light signal corresponding to only a few photo-
electrons, a pulse height spectrum as shown in Fig. 6.9 is obtained. The first peak
corresponds to events with one photoelectron, the second peak to events with two

Fig. 6.9 Pulse height
spectrum obtained with a
photomultiplier tube where
the gain of the first dynode is
large. In this example, the
tube is illuminated with light
pulses in such a way that the
average number of
photoelectrons per pulse is
between one and two

Quantum	
efficiency

• Quantum	efficiency	=	Fraction	of	photon	absorption	events	that	result	in	photo-
electron	emission	by	metal	surface

• Function	of	wavelength	for	each	material
• Choice	of	photocathode	material	determines	QE	as	function	of	wavelength
• Typically	peaks	~25%
• High	quantum	efficiency	devices	now	available	up	to	~35-40%	(more	expensive) 67Justin	Vandenbroucke	 																																																																				Physics	of	Particle	Detectors



Photomultiplier	glass	materials

• Glass	often	has	trace	radioactivity	(potassium)
• For	low-background	experiments,	special	low-activity	PMTs	or	

silicon	photodetectorscan	be	used
• PMT	window	typically	cuts	off	in	UV
• Difficult/expensive	to	achieve	good	UV	response
• Borosilicate	glass	passband:	near	IR	to	300	nm
• Example	challenge:	xenon	(for	double	beta	decay	and	dark	matter	

experiments)	scintillation	light	is	175	nm
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Stopping Power at Minimum Ionization
27. Passage of particles through matter 7
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Figure 27.3: Stopping power at minimum ionization for the chemical
elements. The straight line is fitted for Z > 6. A simple functional
dependence on Z is not to be expected, since ⟨−dE/dx⟩ also depends on
other variables.

Tmax = 2mec2 β2γ2, valid for 2γme/M ≪ 1, is often implicit. For a pion in copper,
the error thus introduced into dE/dx is greater than 6% at 100 GeV.

At energies of order 100 GeV, the maximum 4-momentum transfer to the
electron can exceed 1 GeV/c, where hadronic structure effects significantly modify
the cross sections. This problem has been investigated by J.D. Jackson [8], who
concluded that for hadrons (but not for large nuclei) corrections to dE/dx are
negligible below energies where radiative effects dominate. While the cross section
for rare hard collisions is modified, the average stopping power, dominated by
many softer collisions, is almost unchanged.

“The determination of the mean excitation energy is the principal non-trivial
task in the evaluation of the Bethe stopping-power formula” [9]. Recommended
values have varied substantially with time. Estimates based on experimental
stopping-power measurements for protons, deuterons, and alpha particles and on
oscillator-strength distributions and dielectric-response functions were given in
ICRU 49 [4]. See also ICRU 37 [10]. These values, shown in Fig. 27.5, have since
been widely used. Machine-readable versions can also be found [11]. These values
are widely used.

February 2, 2010 15:55

Stopping power at minimum ionization for the chemical elements. The straight line is fitted for Z > 6. 
A simple functional dependence on Z is not to be expected, since <−dE/dx> also depends on other variables.
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Minimum	ionization	loss
is	~2	MeV/cm	times	the	material	density
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Organic	scintillators

• Organic	crystals
– Expensive,	not	often	used

• Organic	liquids
– Organic	scintillator	dissolved	in	solvent
– Inexpensive	per	volume	(useful	for	neutrino	detectors)

• Plastic
– Polystyrene	(commonly	used)
– Polyvinyltoluene
– Can	be	made	in	arbitrary	shapes	and	sizes
– Scintillate	in	UV,	but	short	(few	mm)	absorption	length
– One	or	two	fluors mixed	in	material	to	shift	wavelength	
(shifting	is	sometimes	two-step	process)
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Example	plastic	
scintillator

• Extruded	polystyrene
• Two	Fluors
– 1%	PPO:	C15H11NO	=	2,5-diphenyloxazole
– 0.03%	POPOP	=	1,4-di(-5phenyl-2-oxazolyl)-benzene(0.03%),	
used	in	liquids	also

• Flours	mixed	into	liquid	at	200	°C
• Can	be	extruded	up	to	10	m	long
• Channels	(on	surface)	or	hole	(through	volume)	can	be	included	

for	wavelength	shifting	fibers	for	readout
• Fabrication	facility	at	Fermilab produced	large	volumes	for	
• Used	for	Double	Chooz,	Mu2e,	MINOS,	maybe	IceCube

MINOS	scintillator
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Conductors,	insulators,	and	
semiconductors

––– Fermi	energy
• Metal:	no	band	gap,	good	conduction
• Insulator:	large	band	gap,	no	electrons	populate	conduction	band
• Semiconductor:	small	band	gap,	thermal	tail	of	electrons	populate	

conduction	band
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Doping
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PN	junction

• One	crystal	with	p-type	and	n-type	regions	and	interface	between	them
• Near	interface,	electrons	and	holes	diffuse	toward	one	another,	

swapping	positions
• This	halts	when	significant	charge	difference	accumulates
• A	voltage	is	naturally	established	(~0.6-0.7	V)
• Depletion	region	near	interface	now	has	no	mobile	charge	carriers
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