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Introduction
What’s all about
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Particle detectors
• Particle detectors are the basic tools to observe 

phenomena in the ultra small field of high energy physics.
• Most particles decay after a very short time, depending on 

the kind of interaction that causes the decay
• Strong interactions - < 10$%% &
• Electromagnetic interactions - 10$%' − 10$)*&
• Weak interactions - > 10$), &

• Only long-lived particles can be observed directly in 
detectors, the parent particles must be reconstructed
indirectly:
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Particle measurement - preconditions
Particles can be measured if
a) They live long enough to reach the detector.

• τ0 is the lifetime at rest; ltrack is  the average track length for a particle of 
1GeV/c momentum. 

• + neutrinos: stable, but with very weak interaction
b) They interact with the detector and produce a detectable 

signal
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γ p n e± μ± π± K± K0(KS/KL)
m (MeV) 0 938 939 .511 105 140 494 498

τ0  (ns) ∞ ∞ ∞ ∞ 2200 26 12 0.089/51
ltrack@1GeV(m) ∞ ∞ ∞ ∞ 6100 5.5 6.4 0.05/27.5

ltrack = ��c⌧0

<latexit sha1_base64="dEW3rLDCys2QmjR5A0k2goNPX0s="></latexit>



Particle measurement - requirements
• Ideally one would like to measure all the 

properties of a particle produced in an 
experiment:
• particle type, momentum p, energy E, 

mass m, charge q, life time τ, spin, decay 
modes, ...

• Ideally one would like to make the 
measurement without modifying the 
particle trajectory or energy
• Although some modifications are 

unavoidable to produce a detectable signal
• For short-lived particles, obtain 

information by the properties of the 
daughters
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Bubble chamber image of Ω- discovery



Particle measurement – properties
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Momentum p Radius of curvature in magnetic field
p=qRB

Charge q Direction of deflection in magnetic field
up/down, right/left

Energy E Full energy absorption in a calorimeter
∝ released charge, produced light

Lifetime τ Measurement of decay length
Extrapolation of daughter particles

Velocity β Time of flight measurement, dE/dx,
Cherenkov emission threshold or angle

Mass m /
Identity 

Calculated from E, p or p, β

15 

Tracking detectors 

Position 
measure-
ments

6.1 Calorimeters Principles  
General!

M. Krammer: Particle Detectors! Calorimeters! 2!

★  A calorimeter is a detector which fully absorbs the particles. The 
signals produced are a measure for the energy of the particle.!

★  The particle initiates a particle shower. Each secondary particle 
deposits energy and produces further particles until the full energy is 
absorbed. !
!The composition and the dimensions of these showers depend on the 
type and energy of the primary particle (e±, photons or hadrons).!

m2 = E2 � p2

<latexit sha1_base64="ce4OkfUTkSJN/krxJlIJpnAyAJY="></latexit>

p = m�/
p

1� �2

<latexit sha1_base64="tLnnhPRUe7epRXOOQVV2+Wfqjew="></latexit>
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• Belle II is a multipurpose detector operated at the SuperKEKB 
asymmetric collider 

• e+ and e- collide at √s = 10.58 GeV / c2, corresponding to mY(4S) 

• High spatial resolution required to resolve the two B mesons 
coming from the Y(4S)

∼130μm at Belle II

Form vertex from 
daughter particles



Units
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Quantity HEP units SI Units

length 1 fm 10-15 m

energy 1 GeV 1.602⋅10-10 J

mass 1 GeV/c2 1.78⋅10-27 kg

h=h/2 6.588⋅10-25 GeV s 1.055⋅10-34 Js

c 2.988⋅1023 fm/s 2.988⋅108 m/s

h c 0.1973 GeV fm 3.162⋅10-26 Jm

Natural units ( h = c = 1)Natural units ( h = c = 1)

mass 	 	 1 GeV

length 	 	 1 GeV-1 = 0.1973 fm

time 
 
 1 GeV-1 = 6.59⋅10-25 s

-

-

-

HEP and SI Units



We need eyes to see

Detectors are our eyes
9

Wishful thinking: π0

lifetime too short



Classification of detectors
By  physical mechanism
• Ionization detectors
• Scintillation detectors
• Cherenkov detectors
• (Transition radiation det.)

By detector material
• Gas filled detectors
• Liquid filled detectors
• Solid state detectors

By measured property

• Charged particles charge, position 
and momentum
(tracking/vertexing) 

• Particle total energy (calorimetry)

• Particle type
(Particle IDentification)

By purpose/experiment

• Fixed target detectors

• Collider detector

• Massive neutrino detectors

July 20, 2020 F.Forti, Particle Detectors 01 10



Sources
• Books:

• S.N.Ahmed – Physics and Engineering of Radiation Detectors, Elsevier 2015
• W.R. Leo – Techniques for Nuclear and Particle Physics Experiments, Springer 1994 
• G.F. Knoll – Radiation detection and measurement, Wiley 1989
• K.Kleinknecht – Detectors for Particle Radiation, Cambridge, 1998
• C.Grupen – Particle Detectors, Cambridge, 2009
• C.W.Fabjan, J.E.Pilcher – Instrumentation in elementary particle physics, World Scientific, 

1988
• T.Ferbel, ed. – Experimental Techniques in High Energy Physics, World Scientific, 1991
• F.Sauli, ed. – Instrumentation in High Energy Physics, World Scientific, 1992
• R.Wigmans – Calorimetry: Energy Measurement in Particle Physics, Oxford Scholarship 

Online, 2018
• W.Blum , W.Riegler, L.Rolandi – Particle Detection with Drift Chambers, Springer 2008
• R.K.Bock, A.Vasilescu – The Particle Detector BriefBook, Springer 1998

• Lessons
• E. Garutti Slides at DESY
• H.-C. Schultz-Coulon & J. Stachel Slides at Heidelberg

• Particle Data Group - The Review of Particle Physics https://pdg.lbl.gov/
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Thanks for answering the survey
• It looks like a large 

majority would like to 
hear about particle-
matter interactions, at 
least as a refresher
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A tour of particle-matter
interactions
A very quick overview of how particles interact with matter
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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

Charged particles interactions
• Atomic excitation / ionization

• Incident particle excites or ionizes an atom
• Produces charge or light through de-excitation

• Bremstrahlung (only e-, e+)
• Incident e-, e+ is deflected in nucleus electric field, 

radiating a photon
• Cherenkov  radiation (fast particles)

• EM shock wave produced by particle traveling faster 
than light in medium

• (Transition  radiation – very high energy)
• Relativistic particle electric field re-arrangement at 

boundary of different permittivity causes photon 
irradiation 
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Bremsstrahlung

Bremsstrahlung arises if particles 
are accelerated in Coulomb field of nucleus

dE

dx
= 4�NA

z2Z2

A

✓
1

4⇤⇥0

e2

mc2

◆2

E ln
183
Z

1
3
/ E

m2

i.e. energy loss proportional to 1/m2  ➙  main relevance for electrons ...

... or ultra-relativistic muons

Consider electrons:

with

[Radiation length in g/cm2]

After passage of one X0 electron has 
lost all but (1/e)th of its energy

[i.e. 63%]

�p = 2e�a

| ⇥En| � ⇥p

(a2 + �2) 3
2

Transition Radiation

Transition radiation occurs if a relativist particle (large γ) passes the 
boundary between two media with different refraction indices ...

[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies]

Effect can be explained by
re-arrangement of electric field ...

Simple model: Electron moves 
towards conducting plate ... 

particle

mirror
charge

n1

n2

transition 
radiation

a

b with dipole moment:

and electric field
at surface



Ionization energy loss -dE/dx: a summary
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4 33. Passage of particles through matter

with mean M0. Ne is either measured in electrons/g (Ne = NAZ/A) or electrons/cm3

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.

Muon momentum

1

10

100

M
as

s s
to

pp
in

g 
po

w
er

 [M
eV

 c
m

2 /
g]

Li
nd

ha
rd

-
Sc

ha
rf

f

Bethe Radiative

Radiative
effects

reach 1%

Without δ

Radiative
losses

βγ
0.001 0.01 0.1 1 10 100

1001010.1

1000 104 105

[MeV/c]
100101

[GeV/c]
100101

[TeV/c]

Minimum
ionization

Eµc

Nuclear
losses

µ−
µ+ on Cu

Anderson-
Ziegler

Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

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.

June 5, 2018 19:57

Valid for M>>me

Mass stopping power: 
thickness is measured 
in g/cm2 = 
(distance)*(density)
to remove dependence 
on material density 



-dE/dx: Bethe-Bloch
• Loss of heavy particles (M>>melectron) dominated by elastic scattering with 

atomic electrons --> Bethe-Bloch formula
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33. Passage of particles through matter 5

This problem has been investigated by J.D. Jackson [9], 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.

33.2.3. Stopping power at intermediate energies :

The mean rate of energy loss by moderately relativistic charged heavy particles is
well-described by the “Bethe equation,”

〈

−
dE

dx

〉

= Kz2 Z

A

1

β2

[

1

2
ln

2mec2β2γ2Wmax

I2 − β2 −
δ(βγ)

2

]

. (33.5)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for intermediate-Z
materials with an accuracy of a few percent.

This is the mass stopping power ; with the symbol definitions and values given in
Table 33.1, the units are MeV g−1cm2. As can be seen from Fig. 33.2, ⟨−dE/dx⟩ defined
in this way is about the same for most materials, decreasing slowly with Z. The linear
stopping power, in MeV/cm, is ⟨−dE/dx⟩ ρ, where ρ is the density in g/cm3.

Wmax is defined in Sec. 33.2.2. At the lower limit the projectile velocity becomes
comparable to atomic electron “velocities” (Sec. 33.2.6), and at the upper limit radiative
effects begin to be important (Sec. 33.6). Both limits are Z dependent. A minor
dependence on M at the highest energies is introduced through Wmax, but for all
practical purposes ⟨dE/dx⟩ in a given material is a function of β alone.

Few concepts in high-energy physics are as misused as ⟨dE/dx⟩. The main problem is
that the mean is weighted by very rare events with large single-collision energy deposits.
Even with samples of hundreds of events a dependable value for the mean energy loss
cannot be obtained. Far better and more easily measured is the most probable energy
loss, discussed in Sec. 33.2.9. The most probable energy loss in a detector is considerably
below the mean given by the Bethe equation.

In a TPC (Sec. 34.6.5), the mean of 50%–70% of the samples with the smallest signals
is often used as an estimator.

Although it must be used with cautions and caveats, ⟨dE/dx⟩ as described in Eq. (33.5)
still forms the basis of much of our understanding of energy loss by charged particles.
Extensive tables are available[4,5, pdg.lbl.gov/AtomicNuclearProperties/].

For heavy projectiles, like ions, additional terms are required to account for higher-
order photon coupling to the target, and to account for the finite target radius. These
can change dE/dx by a factor of two or more for the heaviest nuclei in certain kinematic
regimes [7].

The function as computed for muons on copper is shown as the “Bethe” region of
Fig. 33.1. Mean energy loss behavior below this region is discussed in Sec. 33.2.6, and the
radiative effects at high energy are discussed in Sec. 33.6. Only in the Bethe region is it a
function of β alone; the mass dependence is more complicated elsewhere. The stopping
power in several other materials is shown in Fig. 33.2. Except in hydrogen, particles with
the same velocity have similar rates of energy loss in different materials, although there
is a slow decrease in the rate of energy loss with increasing Z. The qualitative behavior
difference at high energies between a gas (He in the figure) and the other materials shown

June 5, 2018 19:57

Energy Loss by Ionization – dE/dx

For now assume:    Mc2 ≫ mec2

i.e. energy loss for heavy charged particles
[dE/dx for electrons more difficult ...] 

Charged 
Particle

Electron

γ

Interaction dominated
by elastic collisions with electrons ...
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Fig. 27.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
different approximations discussed in the text. The short dotted lines labeled
“µ− ” illustrate the “Barkas effect,” the dependence of stopping power on projectile
charge at very low energies [6].

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

M1/δx, is well-described by the “Bethe-Bloch” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),

February 2, 2010 15:55

Bethe-Bloch Formula

∝ 1/β2 ⋅ ln (const⋅β2γ2) 

Bethe-Bloch Formula
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Fig. 27.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
different approximations discussed in the text. The short dotted lines labeled
“µ− ” illustrate the “Barkas effect,” the dependence of stopping power on projectile
charge at very low energies [6].

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

M1/δx, is well-described by the “Bethe-Bloch” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),

February 2, 2010 15:55

[see e.g. PDG 2010]

K 
 = 4π NA re
2

 me c2 = 0.307 MeV g-1 cm2 NA 
=
 6.022⋅1023

[Avogardo's number]

re
 =
 e2/4πε0 mec2 = 2.8 fm
[Classical electron radius]

me
=
 511 keV
[Electron mass]

β
 =
 v/c
[Velocity]

γ
 =
 (1-β2)-2

[Lorentz factor]

z	 :	 Charge of incident particle
M	 :	 Mass of incident particle

Tmax
 = 2mec2β2γ2/(1 + 2γ me/M + (me/M)2)
[Max. energy transfer in single collision]

Z	 :	 Charge number of medium
A	 :	 Atomic mass of medium

 I	 :	 Mean excitation energy of medium
δ
 :
 Density correction [transv. extension of electric field]

Validity:


 .05 < βγ < 500

   M > mμ

[⋅ρ]

density

W



Main features of dE/dx
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with mean M0. Ne is either measured in electrons/g (Ne = NAZ/A) or electrons/cm3

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

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.

June 5, 2018 19:57

Minimum
ionization
(MIP): 
βγ = 3-4

~β-2: kinematic factor 
[precise dependence: ~β-5/3]

dE/dx rises ~ln(βγ)2:
relativistic rise 
[rel. extension of 
transversal E-field]

Saturation at large (βγ) 
due to density effect 
(correction δ)
[polarization of medium]

Critical energy: when 
collision loss is equal to 
radiation loss



-dE/dx dependence on material

• Main dependence 
is Z/A ~0.4

• Fairly constant for 
most materials

• -dE/dx(MIP) about 
1-2 MeV/(g/cm2)
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33. Passage of particles through matter 5

This problem has been investigated by J.D. Jackson [9], 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.

33.2.3. Stopping power at intermediate energies :

The mean rate of energy loss by moderately relativistic charged heavy particles is
well-described by the “Bethe equation,”

〈

−
dE

dx

〉

= Kz2 Z

A

1

β2

[

1

2
ln

2mec2β2γ2Wmax

I2 − β2 −
δ(βγ)

2

]

. (33.5)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for intermediate-Z
materials with an accuracy of a few percent.

This is the mass stopping power ; with the symbol definitions and values given in
Table 33.1, the units are MeV g−1cm2. As can be seen from Fig. 33.2, ⟨−dE/dx⟩ defined
in this way is about the same for most materials, decreasing slowly with Z. The linear
stopping power, in MeV/cm, is ⟨−dE/dx⟩ ρ, where ρ is the density in g/cm3.

Wmax is defined in Sec. 33.2.2. At the lower limit the projectile velocity becomes
comparable to atomic electron “velocities” (Sec. 33.2.6), and at the upper limit radiative
effects begin to be important (Sec. 33.6). Both limits are Z dependent. A minor
dependence on M at the highest energies is introduced through Wmax, but for all
practical purposes ⟨dE/dx⟩ in a given material is a function of β alone.

Few concepts in high-energy physics are as misused as ⟨dE/dx⟩. The main problem is
that the mean is weighted by very rare events with large single-collision energy deposits.
Even with samples of hundreds of events a dependable value for the mean energy loss
cannot be obtained. Far better and more easily measured is the most probable energy
loss, discussed in Sec. 33.2.9. The most probable energy loss in a detector is considerably
below the mean given by the Bethe equation.

In a TPC (Sec. 34.6.5), the mean of 50%–70% of the samples with the smallest signals
is often used as an estimator.

Although it must be used with cautions and caveats, ⟨dE/dx⟩ as described in Eq. (33.5)
still forms the basis of much of our understanding of energy loss by charged particles.
Extensive tables are available[4,5, pdg.lbl.gov/AtomicNuclearProperties/].

For heavy projectiles, like ions, additional terms are required to account for higher-
order photon coupling to the target, and to account for the finite target radius. These
can change dE/dx by a factor of two or more for the heaviest nuclei in certain kinematic
regimes [7].

The function as computed for muons on copper is shown as the “Bethe” region of
Fig. 33.1. Mean energy loss behavior below this region is discussed in Sec. 33.2.6, and the
radiative effects at high energy are discussed in Sec. 33.6. Only in the Bethe region is it a
function of β alone; the mass dependence is more complicated elsewhere. The stopping
power in several other materials is shown in Fig. 33.2. Except in hydrogen, particles with
the same velocity have similar rates of energy loss in different materials, although there
is a slow decrease in the rate of energy loss with increasing Z. The qualitative behavior
difference at high energies between a gas (He in the figure) and the other materials shown
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rare events with large single-collision energy losses. Even with samples of hundreds of events in a
typical detector, the mean energy loss cannot be obtained dependably. Far better and more easily
measured is the most probable energy loss, discussed in Sec. 34.2.9. The most probable energy loss
in a typical detector is considerably smaller than the mean given by the Bethe equation. It does
not continue to rise with the mean stopping power, but approaches a “Fermi plateau.”
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Figure 34.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous helium, carbon,
aluminum, iron, tin, and lead. Radiative e�ects, relevant for muons and pions, are not included.
These become significant for muons in iron for —“ & 1000, and at lower momenta for muons in
higher-Z absorbers. See Fig. 34.23.

In analysing TPC data (Sec. 35.6.5), the same end is often accomplished by using the mean of
50%–70% of the samples with the smallest signals as the estimator.

Although it must be used with cautions and caveats, ÈdE/dxÍ as described in Eq. (34.5) still
forms the basis of much of our understanding of energy loss by charged particles. Extensive tables
are available [4, 5] and pdg.lbl.gov/AtomicNuclearProperties/.

For heavy projectiles, like ions, additional terms are required to account for higher-order photon
coupling to the target, and to account for the finite target radius. These can change dE/dx by a
factor of two or more for the heaviest nuclei in certain kinematic regimes [9].

The function as computed for muons on copper is shown as the “Bethe” region of Fig. 34.1.
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Energy loss at small momenta
• Because of the large increase in –

dE/dx at small momentum, charged 
particle release most of their energy 
at the end of their track
• à Bragg peak
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with mean M0. Ne is either measured in electrons/g (Ne = NAZ/A) or electrons/cm3

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

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.
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β-2 dependence can  be 
exploited to measure
particle mass from 
dE/dx if momentum is 
known

p = m��
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Energy loss at small momenta 

•  energy loss increases at small βγ  
•  particles deposit most of their 

energy at the end of their track 
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Energy loss of electron and positrons
• Differences in ionization: 
• Incident and target particles have the same mass (e- and e+)
• Incident and target particles are identical particles (e- only)

•à modification to Bethe Bloch formula
• (simplified):

• For E>10-30MeV the dominating process is Bremstrahlung
• Radiation of a photon from an electron accelerated in the field of 

an atom

July 20, 2020 F.Forti, Particle Detectors 01 20

Energy loss for electrons 

24 

Bethe-Bloch formula needs modification 
 Incident and target electron have same mass me 
 Scattering of identical, undistinguishable particles 

 
 
 
Dominating process for Ee > 10-30 MeV is not anymore ionization but 
 
Bremsstrahlung: photon emission by an electron accelerated in 
Coulomb field of nucleus 

−
dE
dx Ionization

∝ ln(E)

−
dE
dx Brems

∝
E
m2

energy loss proportional to 1/m2 � main relevance for 
electrons (or ultra-relativistic muons) 

[radiative losses] 
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Bremsstrahlung arises if particles 
are accelerated in Coulomb field of nucleus
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i.e. energy loss proportional to 1/m2  ➙  main relevance for electrons ...

... or ultra-relativistic muons

Consider electrons:

with

[Radiation length in g/cm2]

After passage of one X0 electron has 
lost all but (1/e)th of its energy

[i.e. 63%]

Notice that the Bethe–Bloch formula gives the average energy loss, while the

measured quantity is the energy loss for a given length. The latter is a random variable

with a frequency function centred on the expectation-value given by the Bethe–Bloch

equation. The variance, called the straggling, is quite large. Figure 1.7 shows a set of

measurements of the ionisation losses as functions of the momentum for different

particles. Notice, in particular, the dispersion around the average values.

Energy loss of the electrons

Figure 1.7 shows that electrons behave differently from other particles. As

anticipated, electrons and positrons, due to their small mass, lose energy not only

by ionisation but also by bremsstrahlung in the nuclear Coulomb field. This

happens at several MeV.

As we have seen in Example 1.4, the process e!! e!þ c cannot take place in
vacuum, but can happen near a nucleus. The reaction is

e! þ N ! e! þ N þ c ð1:58Þ

where N is the nucleus. The case of positrons is similar

eþ þ N ! eþ þ N þ c: ð1:59Þ

Classically, the power radiated by an accelerating charge is proportional to the

square of its acceleration. In quantum mechanics, the situation is similar: the

probability of radiating a photon is proportional to the acceleration squared.
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Fig. 1.7. dE/dx measured in a TPC at SLAC. (Aihara et al. 1988)
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Bremsstrahlung and Radiation length
• The energy loss through Bremsstrahlung can be written as

• Features:
• Proportional to        only relevant for electrons or very energetic 

muons.

• X0 is called “radiation length” = distance  
after which electron energy is reduced to 1/e.
• re is the classical electron radius
• Formula gives X0 in g/cm2

July 20, 2020 F.Forti, Particle Detectors 01 21

!"#

!"#$%&' (")* +

$%&'(()*++,-.+/-&'/0'12'(3 ,-.-+./--0

!"#$%& '()) *& +$#,))-$./'0"%
12*344'2"56&#) 7#8'5*89%&6%3:8;7*6$8%;8'5*8#&<6*78%;8'5*8
":4%2:*283"'*27"6

=;;*<'8%#6>82*6*?"#'8;%28*@ "#$8&6'2"A2*6"'7?74'7<8� BC,---8D*EF

;%28*6*<'2%#4G

!

!

!

!

"

!
!

#
$

$%#&'
(
$(

!
"

#
"

!$
%&

'
#(

)*
)"

' �



�

�




�

	
��

��
�

#
$

#
$

$%#&'(

$%#&'(

!!
"

"

!
!

#
+#(

',

,
"

)*
)"

#
"+

'
#(

)*
)"

%'

%'

�

�

�

��

��

2"$7"'7%#86*#)'58H).<3/I

JKL
*A

")
"

,*%"" ��

12-#$34.)).%#3(23("#3$.56.-6("3'#"%-/36"3,.-#$6.'3-/#3,#."3#"#$%&33(23."3#'#7-$("3*#.,36)3$#507#53*&3
.32.7-($3#338-(39:;3(23-/#36"765#"-3#"#$%&<3=

>=?=>>=?=>

$%&'(()*++,-.+/-&'/0'12'(3 ,-.-+./--0

@$6-67.'3!"#$%&

-./01230./$4+%!1$ "
)*
)""

)*
)" *+*+ �

!(,$
-$")

�
�
#
5%6" 70890)1.70)

$

!(,$
.$"
�

�
#
5%6" :21

$!""#$%&'!(&$)*+

,-.)*&(/0.11.2(3

2#&(&2!40.).#5/062

7$)&*!(&$)0.).#5/04$**0$10.4.2(#$)!
890'$-&1&2!(&$)0$10::
#.2$&4 ;'!%<;&)=>
&)-&*(&)5?&*@!A4.0"!#(&24.*0,BC3

+2)0230./$.77010./3.3 )*
)"

)*
)"

)*
)"



�
�



�
	�


�
�



�
	�


�
�



�
	

>=?=>>=?=>

dE

dx
=

E

X0
X0 =

A

4�NA Z2r2
e ln 183

Z
1
3

dE

dx
= 4�NA

Z2

A
r2
e · E ln

183
Z

1
3 E = E0e

�x/X0

Bremsstrahlung

Bremsstrahlung arises if particles 
are accelerated in Coulomb field of nucleus

dE

dx
= 4�NA

z2Z2

A

✓
1

4⇤⇥0

e2

mc2

◆2

E ln
183
Z

1
3
/ E

m2

i.e. energy loss proportional to 1/m2  ➙  main relevance for electrons ...

... or ultra-relativistic muons

Consider electrons:

with

[Radiation length in g/cm2]

After passage of one X0 electron has 
lost all but (1/e)th of its energy

[i.e. 63%]
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Energy loss of e-e+ summary
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Table 33.2: Tsai’s Lrad and L′
rad, for use in calculating the radiation length in an

element using Eq. (33.26).

Element Z Lrad L′
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z−1/3) ln(1194 Z−2/3)

Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

33.4.3. Bremsstrahlung energy loss by e± :

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case” as [42]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(33.29)
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Figure 27.10: Fractional energy loss per radiation length in lead as a
function of electron or positron energy. Electron (positron) scattering is
considered as ionization when the energy loss per collision is below 0.255
MeV, and as Møller (Bhabha) scattering when it is above. Adapted from
Fig. 3.2 from Messel and Crawford, Electron-Photon Shower Distribution
Function Tables for Lead, Copper, and Air Absorbers, Pergamon Press,
1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2, but we have modified
the figures to reflect the value given in the Table of Atomic and Nuclear
Properties of Materials (X0(Pb) = 6.37 g/cm2).

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case”
as [38]

dσ/dk = (1/k)4αr2
e{(4

3 − 4
3y + y2)[Z2(Lrad − f(Z)) + Z L′

rad]
+ 1

9(1 − y)(Z2 + Z)} ,
(27.26)

where y = k/E is the fraction of the electron’s energy transfered to the radiated
photon. At small y (the “infrared limit”) the term on the second line ranges from
1.7% (low Z) to 2.5% (high Z) of the total. If it is ignored and the first line
simplified with the definition of X0 given in Eq. (27.22), we have

dσ

dk
=

A

X0NAk

(
4
3 − 4

3y + y2
)

. (27.27)

This cross section (times k) is shown by the top curve in Fig. 27.11.
This formula is accurate except in near y = 1, where screening may become
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Figure 27.10: Fractional energy loss per radiation length in lead as a
function of electron or positron energy. Electron (positron) scattering is
considered as ionization when the energy loss per collision is below 0.255
MeV, and as Møller (Bhabha) scattering when it is above. Adapted from
Fig. 3.2 from Messel and Crawford, Electron-Photon Shower Distribution
Function Tables for Lead, Copper, and Air Absorbers, Pergamon Press,
1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2, but we have modified
the figures to reflect the value given in the Table of Atomic and Nuclear
Properties of Materials (X0(Pb) = 6.37 g/cm2).

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case”
as [38]

dσ/dk = (1/k)4αr2
e{(4

3 − 4
3y + y2)[Z2(Lrad − f(Z)) + Z L′

rad]
+ 1

9(1 − y)(Z2 + Z)} ,
(27.26)

where y = k/E is the fraction of the electron’s energy transfered to the radiated
photon. At small y (the “infrared limit”) the term on the second line ranges from
1.7% (low Z) to 2.5% (high Z) of the total. If it is ignored and the first line
simplified with the definition of X0 given in Eq. (27.22), we have

dσ

dk
=

A

X0NAk

(
4
3 − 4

3y + y2
)

. (27.27)

This cross section (times k) is shown by the top curve in Fig. 27.11.
This formula is accurate except in near y = 1, where screening may become
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Material properties
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6. Atomic and nuclear properties of materials 1

6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20◦C and 1 atm (in parentheses) or at STP [square brackets].
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher
materials and properties are given in Ref. 3 and at http://pdg.lbl.gov/AtomicNuclearProperties.

Material Z A ⟨Z/A⟩ Nuclear a

collision
length λT

{g/cm2}

Nuclear a

interaction
length λI

{g/cm2}

dE/dx|min
b

{
MeV
g/cm2

}
Radiation length c

X0

{g/cm2} {cm}

Density
{g/cm3}
({g/ℓ}
for gas)

Liquid
boiling
point at
1 atm(K)

Refractive
index n

((n − 1)× 106

for gas)

H2 gas 1 1.00794 0.99212 43.3 50.8 (4.103) 61.28 d (731000) (0.0838)[0.0899] [139.2]
H2 liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.28 d 866 0.0708 20.39 1.112
D2 1 2.0140 0.49652 45.7 54.7 (2.052) 122.4 724 0.169[0.179] 23.65 1.128 [138]
He 2 4.002602 0.49968 49.9 65.1 (1.937) 94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]
Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 —
Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19 35.28 1.848 —

C 6 12.011 0.49954 60.2 86.3 1.745 42.70 18.8 2.265 e —
N2 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 47.1 0.8073[1.250] 77.36 1.205 [298]
O2 8 15.9994 0.50002 63.2 91.0 (1.801) 34.24 30.0 1.141[1.428] 90.18 1.22 [296]
F2 9 18.9984032 0.47372 65.5 95.3 (1.675) 32.93 21.85 1.507[1.696] 85.24 [195]
Ne 10 20.1797 0.49555 66.1 96.6 (1.724) 28.94 24.0 1.204[0.9005] 27.09 1.092 [67.1]
Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —
Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95
Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55 14.0 1.396[1.782] 87.28 1.233 [283]
Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 7.87 —
Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —
Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —
Sn 50 118.710 0.42120 100.2 163 1.264 8.82 1.21 7.31 —
Xe 54 131.29 0.41130 102.8 169 (1.255) 8.48 2.87 2.953[5.858] 165.1 [701]
W 74 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 —
Pt 78 195.08 0.39984 113.3 189.7 1.129 6.54 0.305 21.45 —
Pb 82 207.2 0.39575 116.2 194 1.123 6.37 0.56 11.35 —
U 92 238.0289 0.38651 117.0 199 1.082 6.00 ≈ 0.32 ≈ 18.95 —

Air, (20◦C, 1 atm.), [STP] 0.49919 62.0 90.0 (1.815) 36.66 [30420] (1.205)[1.2931] 78.8 (273) [293]
H2O 0.55509 60.1 83.6 1.991 36.08 36.1 1.00 373.15 1.33
CO2 gas 0.49989 62.4 89.7 (1.819) 36.2 [18310] [1.977] [410]
CO2 solid (dry ice) 0.49989 62.4 89.7 1.787 36.2 23.2 1.563 sublimes —
Shielding concrete f 0.50274 67.4 99.9 1.711 26.7 10.7 2.5 —
SiO2 (fused quartz) 0.49926 66.5 97.4 1.699 27.05 12.3 2.20 g 1.458
Dimethyl ether, (CH3)2O 0.54778 59.4 82.9 — 38.89 — — 248.7 —

Methane, CH4 0.62333 54.8 73.4 (2.417) 46.22 [64850] 0.4224[0.717] 111.7 [444]
Ethane, C2H6 0.59861 55.8 75.7 (2.304) 45.47 [34035] 0.509(1.356) h 184.5 (1.038) h

Propane, C3H8 0.58962 56.2 76.5 (2.262) 45.20 — (1.879) 231.1 —
Isobutane, (CH3)2CHCH3 0.58496 56.4 77.0 (2.239) 45.07 [16930] [2.67] 261.42 [1900]
Octane, liquid, CH3(CH2)6CH3 0.57778 56.7 77.7 2.123 44.86 63.8 0.703 398.8 1.397
Paraffin wax, CH3(CH2)n≈ 23CH3 0.57275 56.9 78.2 2.087 44.71 48.1 0.93 —

Nylon, type 6 i 0.54790 58.5 81.5 1.974 41.84 36.7 1.14 —
Polycarbonate (Lexan) j 0.52697 59.5 83.9 1.886 41.46 34.6 1.20 —
Polyethylene terephthlate (Mylar) k 0.52037 60.2 85.7 1.848 39.95 28.7 1.39 —
Polyethylene l 0.57034 57.0 78.4 2.076 44.64 ≈ 47.9 0.92–0.95 —
Polyimide film (Kapton) m 0.51264 60.3 85.8 1.820 40.56 28.6 1.42 —
Lucite, Plexiglas n 0.53937 59.3 83.0 1.929 40.49 ≈ 34.4 1.16–1.20 ≈ 1.49
Polystyrene, scintillator o 0.53768 58.5 81.9 1.936 43.72 42.4 1.032 1.581
Polytetrafluoroethylene (Teflon) p 0.47992 64.2 93.0 1.671 34.84 15.8 2.20 —
Polyvinyltolulene, scintillator q 0.54155 58.3 81.5 1.956 43.83 42.5 1.032 —

Aluminum oxide (Al2O3) 0.49038 67.0 98.9 1.647 27.94 7.04 3.97 1.761
Barium fluoride (BaF2) 0.42207 92.0 145 1.303 9.91 2.05 4.89 1.56
Bismuth germanate (BGO) r 0.42065 98.2 157 1.251 7.97 1.12 7.1 2.15
Cesium iodide (CsI) 0.41569 102 167 1.243 8.39 1.85 4.53 1.80
Lithium fluoride (LiF) 0.46262 62.2 88.2 1.614 39.25 14.91 2.632 1.392
Sodium fluoride (NaF) 0.47632 66.9 98.3 1.69 29.87 11.68 2.558 1.336
Sodium iodide (NaI) 0.42697 94.6 151 1.305 9.49 2.59 3.67 1.775

Silica Aerogel s 0.50093 66.3 96.9 1.740 27.25 136@ρ=0.2 0.04–0.6 1.0+0.21ρ
NEMA G10 plate t 62.6 90.2 1.87 33.0 19.4 1.7 —

https://pdg.lbl.gov/2020/reviews/rpp2020-rev-atomic-nuclear-prop.pdf
https://pdg.lbl.gov/2020/AtomicNuclearProperties/index.html



Cherenkov radiation
• Cherenkov radiation is emitted if the particle’s velocity 

is larger than the speed of light in medium of refractive 
index  n
• A coherent conical wave front develops (shock wave). 

Cherenkov photons are emitted at a specific angle.
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• It can be used as a yes/no threshold or to measure the 
photons angle and find β.
• Amount of enery lost by Cherenkov radiation negligible.



Collateral damage: multiple scattering
• Particles going through a material are subject to many 

scattering events from the Coulomb field of the nuclei
• Results in uncertainties in direction when traversing 

material
• X0 = radiation length
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the projected angular distribution, with an rms width given by Lynch & Dahl [40]:
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(34.16)

Here p, —c, and z are the momentum, velocity, and charge number of the incident particle, and
x/X0 is the thickness of the scattering medium in radiation lengths (defined below). This takes into
account the p and z dependence quite well at small Z, but for large Z and small x the —-dependence
is not well represented. Further improvements are discussed in Ref. [40].

Eq. (34.16) describes scattering from a single material, while the usual problem involves the
multiple scattering of a particle traversing many di�erent layers and mixtures. Since it is from a fit
to a Molière distribution, it is incorrect to add the individual ◊0 contributions in quadrature; the
result is systematically too small. It is much more accurate to apply Eq. (34.16) once, after finding
x and X0 for the combined scatterer.

x

splane
yplane

Ψplane

θplane

x /2

Figure 34.10: Quantities used to describe multiple Coulomb scattering. The particle is incident in
the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given approximately
by [34]
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where ◊ is the deflection angle. In this approximation, ◊2
space ¥ (◊2

plane,x + ◊2
plane,y), where the x

and y axes are orthogonal to the direction of motion, and dœ ¥ d◊plane,x d◊plane,y. Deflections into
◊plane,x and ◊plane,y are independent and identically distributed. Fig. 34.10 shows these and other
quantities sometimes used to describe multiple Coulomb scattering. They are
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33.2.11. Ionization yields :

Physicists frequently relate total energy loss to the number of ion pairs produced near
the particle’s track. This relation becomes complicated for relativistic particles due to
the wandering of energetic knock-on electrons whose ranges exceed the dimensions of
the fiducial volume. For a qualitative appraisal of the nonlocality of energy deposition
in various media by such modestly energetic knock-on electrons, see Ref. 30. The mean
local energy dissipation per local ion pair produced, W , while essentially constant
for relativistic particles, increases at slow particle speeds [31]. For gases, W can be
surprisingly sensitive to trace amounts of various contaminants [31]. Furthermore,
ionization yields in practical cases may be greatly influenced by such factors as subsequent
recombination [32].

33.3. Multiple scattering through small angles

A charged particle traversing a medium is deflected by many small-angle scatters.
Most of this deflection is due to Coulomb scattering from nuclei as described by the
Rutherford cross section. (However, for hadronic projectiles, the strong interactions also
contribute to multiple scattering.) For many small-angle scatters the net scattering and
displacement distributions are Gaussian via the central limit theorem. Less frequent
“hard” scatters produce non-Gaussian tails. These Coulomb scattering distributions
are well-represented by the theory of Molière [34]. Accessible discussions are given by
Rossi [2] and Jackson [33], and exhaustive reviews have been published by Scott [35] and
Motz et al. [36]. Experimental measurements have been published by Bichsel [37]( low
energy protons) and by Shen et al. [38]( relativistic pions, kaons, and protons).*

If we define

θ0 = θ rms
plane =

1√
2

θrms
space , (33.14)

then it is sufficient for many applications to use a Gaussian approximation for the
central 98% of the projected angular distribution, with an rms width given by Lynch &
Dahl [39]:
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(33.15)

Here p, βc, and z are the momentum, velocity, and charge number of the incident particle,
and x/X0 is the thickness of the scattering medium in radiation lengths (defined below).
This takes into account the p and z dependence quite well at small Z, but for large Z and
small x the β-dependence is not well represented. Further improvements are discussed in
Ref. 39.

Eq. (33.15) describes scattering from a single material, while the usual problem involves
the multiple scattering of a particle traversing many different layers and mixtures. Since it

* Shen et al.’s measurements show that Bethe’s simpler methods of including atomic
electron effects agrees better with experiment than does Scott’s treatment.
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Photon Interactions – Photo Effect
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Photon energy
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[strongly Z dependent]

Typical energy dependence:

[for Eγ » mc2]

[for I0 « Eγ « mc2]

Example values:

aB = 0.53⋅10-10 m; I0 =13.6 eV; α =1/137; 1 b = 10-24 m
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Photon Interactions – Compton Scattering
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Photon Interactions – Pair Production

Electron

Positron

Photon

Electron

Positron

Nucleus

γ + atom   ➛   e+ + e−

XNucleus
[also electron]

Energy threshold: 

Eγ ≥ 2mec2(1+me/mn)

2 x electron mass
Kinetic energy
transferred to nucleus

Cross Section:

Rises above threshold, but reaches saturation for 
large Eγ [screening effect] ...

For Eγ » mec2:

Photons
• In photon interactions the interacting photon is lost. 
• The energy of the non-interacting photons is unchanged

• Very different from charged particle interactions
• The electron produced in the interaction can then be detected
• The photon beam intensity is exponential: 

• μ (cm2/g) is the mass absorption coefficient including all processes
• The mean free path is !" = 1/&

• Photoelectric effect
• The photon is absorbed by an atomic electron which is ionized

• Compton effect
• The photon scatters off an electron, resulting in an 

ionized electron and photon with different energy

• Pair production
• The photon produces a e+e- pair in the field of the nucleus
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dI = �µ I dx
[ µ : absorption coe�cient ]

I(x) = I0e
�µx

➛

� = 1/µ = 1/n⇥
[ mean free path ]

Characteristic for interactions of 
photons with matter: 

A single interaction 
removes photon from beam !

I

I - dI

depends on
E, Z, ρ

Beer-Lambert law:

with

Possible Interactions

Photoelectric Effect
Compton Scattering
Pair Production

Rayleigh Scattering (γA ➛ γA; A = atom; coherent)
Thomson Scattering (γe ➛ γe; elastic scattering)
Photo Nuclear Absorption (γΚ ➛ pK/nK)
Nuclear Resonance Scattering (γK ➛ K* ➛ γK)
Delbruck Scattering (γK ➛ γK)
Hadron Pair production (γK ➛ h+h– K)

Interactions of Photons with Matter



Photoelectric effect
• The photon is absorbed by an electron from the atoms 

shell. The transferred energy ionizes the electron

• The energy of the electron is !" = !$ − Φ where Φ is the 
binding energy of the electron.
• Cross section for high photon energy
• σ0 is the Thomson cross section for elastic scattering of photons 

on electrons
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2.2.1 Photoeffect!

The photon is absorbed by an electron from the atoms shell. The transferred 
energy liberates the electron:!

€ 

Ee = Eγ −Φ Ee !… !kinet. energy of the emitted electron!
Eγ !… !energy of the photons, Eγ = hν!
Φ !… !binding energy of the electron!

The energy of the electron is:!

γ + Atom → e– + Ion+!

with!

Cross section (approximation for high photon energies):!

€ 

σ photo =
3
2
α 4σ 0Z

5 mec
2

E γ

∝
Z 5

E γ

Strong dependence on the material with Z5 !!

σ0 Thomson cross section (elastic 
scattering of photons on electrons)!

� +Atom ! e� + Ion+
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Very strong material 
dependence: Z5



Compton effect
• In Compton scattering the photon energy is large compared to the 

binding energy of the electron

• The emerging photon has longer wavelength and different direction 
wrt the incident photon
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2.2.2 Compton Scattering!

Compton scattering is the scattering of photon on a “quasi” free electron 
(Photon energy is large compared to the binding energy of the electron). !

γ + Atom → γ + e– + Ion+!

The photon is deflected and wave length of the photon changes due to the 
energy transfer. !

€ 

Δλ = $ λ − λ = h
mec

1− cos θ( )

€ 
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re
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2
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κ 2 1− cos θ( )2
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, 
, 

Klein-Nishina formula for the angle dependent cross section :!

κ = Εγ /mec2!!
“reduced” photon 
energy!

� +Atom ! � + e� + Ion+
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Pair production
• A photon can produce e+e- pair in the field of the nucleus

• Mimimum photon energy: !" > 2%& + recoil energy > 1.022Mev
• At high energy pair production is dominant. Cross section is 

independent of energy:

• Mean free path for pair production is related to radiation length: 
same diagram as Bremsstrhlung
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2.2.4 Pair production 
Cross section and mean free path length !

In the high energy approximation the cross section reaches an energy 
independent value:!
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σpair independent of energy!!
!

The mean free path length in matter is the inverse of the cross section multiplied !
with A/NAρ!

€ 

λpair =
A
NAρ

1
σ pair,atom

€ 

λpair = 9
7 X0Compared to the radiation lenght!

The similarity is no surprise, considering the equivalency of the two processes 
Bremsstrahlung and pair production (compare Feynman diagrams).!
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Photon absorption summary
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2.2 Interaction of Photons  
Mass absorption coefficent!
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Hadronic interactions
• Neutral hadrons (neutrons, K0) interact only hadronically 

with the nuclei of the materials
• Strong interaction has a short range
• Small probability of a reaction
• Neutrons are very penetrating

• Many processes are possible 

• Define the collision and absorption lengths

• All these process create charged particles (proton recoil, 
nuclear debris) that can be detected
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Neutron interactions
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2.3 Hadronic Interactions  
Cross sections, collision and absorption lengths!

Values for high energy neutrons (≈ 100 GeV) in various materials:!

 C. Grupen, Teilchendetektoren, BI-Wissenschaftsverlag, 1993!

Material! σtot (barn)! σinelastic 
(barn)! λt ρ (g/cm2)! λa ρ (g/cm2)! λt  (cm)!

H2! 0.0387! 0.033! 43.3! 50.8! 516.7!
C! 0.331! 0.231! 60.2! 86.3! 26.6!
Al! 0.634! 0.421! 70.6! 106.4! 26.1!
Fe! 1.120! 0.703! 82.8! 131.9! 10.5!
Cu! 1.232! 0.782! 85.6! 134.9! 9.6!
Pb! 2.960! 1.77! 116.2! 194! 10.2!

Air (NTP)! 62.0! 90.0! ~51500!
H2O! 60.1! 83.6! 60.1!

Polystyrol! 58.5! 81.9! 56.7!



Neutrinos
• Neutrinos interact only weakly. The cross section is 

extremely small. 
• Typical reactions used:

• For instance, the probability ε of interaction of 200 GeV 
neutrinos is:

• Very large detector systems or very intense neutrino 
fluxes are required to have a signal
• ktons / Mtons of water, ice, liquid Argon, liquid scintillator, 

Fe/detector sandwich ….
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1 m of iron ε∼5⋅10-17 1 km of water ε∼6⋅10-15
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Take away summary
• What happens ? Only long-lived particles are observerd
• Charged particles à ionization, Cherenkov, radiation
• Neutral particles à interact and produce charged particles
• Photon à photoelectric, Compton, pair production
• Neutron, Kaon à hadronic interactions
• Neutrinos à weak interactions

• What signal do we observe ?  Charge or light

• What properties can we measure ? Momentum, Charge, Lifetime, 
Energy, Velocity, Mass.
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End of part 01
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