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1. Interaction of Particle with Matter
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Challenge in Tracking

Gregor Herten / 4. History of Tracking Detectors 4

e+ e- collision in the 
ALEPH Experiment/LEP. 

Au+ Au+ collision in the 
STAR Experiment/RHIC
Up to 2000 tracks 

Pb+ Pb+ Kollision in the ALICE 
Experiment/LHC
Simulation for 
Angle Θ=60 to 62º
Up to 40 000 tracks/collision



1. Energy Loss of Charged Particle by Atomic Collisions
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A charged particle passing through matter suffers
1. energy loss
2. deflection from incident direction

Main type of reactions:
1. Inelastic collisions with atomic electrons of the 
    material.
2. Elastic scattering from nuclei.

Less important reactions are:
3. Emission of Cherenkov radiation
4. Nuclear reactions
5. Bremsstrahlung

Classification of charged particles with respect to 
interaction with matter:
1. Low mass: electrons and positrons
2. High mass: muons, pions, protons, light nuclei. 
     

Energy loss:
• mainly due to inelastic collisions with atomic 

electrons.
• cross section σ≅ 10-17 - 10-16 cm2 !
• small energy loss in each collision, but many 

collisions in dense material. Thus one can work 
with average energy loss. 

• Example: a proton with Ekin=10 MeV looses all its 
energy after 0.25 mm of copper.

Two groups of inelastic atomic collisions:
• soft collisions: only excitation of atom.
• hard collisions: ionization of atom. In some of the 

hard collisions the atomic electron get such a large 
energy that it causes secondary ionisation (δ-
electrons).

Elastic collisions from nuclei cause very small 
energy loss. They are the main cause for 
deflection. 



1. Bethe-Bloch Formula
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Bethe-Bloch formula gives the  mean rate of energy loss (stopping power) of a heavy charged particle.

with 

A : atomic mass of absorber
K
A = 4πNAr2

emec2/A = 0.307075 MeV g−1cm2, for A = 1g mol−1

z: atomic number of incident particle

Z: atomic number of absorber

Tmax : Maximum energy transfer in a single collision  Tmax = 2mec2β2γ2

1+2γme/M+(me/M)2

δ(βγ) : density effect correction to ionization loss.

x = ρ  s ,  surface density or mass thickness, with unit g/cm2, where s is the length.

dE/dx has the units  MeV cm2/g

−dE
dx = Kz2 Z

A
1

β2 [ 12 ln 2mec2β2γ2Tmax

I2 − β2 − δ(βγ)
2 ]

PDG 2008



1. History of Energy Loss Calculations: dE/dx
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1915: Niels Bohr, classical formula, Nobel prize 1922.
1930: Non-relativistic formula found by Hans Bethe
1932: Relativistic formula by Hans Bethe

Hans Bethe
1906-2005

Born in Strasbourg, 
emigrated to US in 1933.
Professor at Cornell U.
Nobel prize 1967
for theory of nuclear
processes in stars.

Betheʼs calculation is leading order in pertubation theory,
thus only z2 terms are included. 

Additional corrections:

• z3 corrections calculated by Barkas-Andersen

• z4 correction calculated by Felix Bloch (Nobel prize 1952,
for nuclear magnetic resonance). Although the formula
is called Bethe-Bloch formula the z4 term is usually not 
included. 

• Shell corrections:  atomic electrons are not stationary

• Density corrections: by Enrico Fermi (Nobel prize 1938,
for discovery of nuclear reaction induced by slow neutrons).

(not shown)



1. Examples of Mean Energy Loss
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Figure 27.3: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for
muons and pions, are not included. These become significant for muons in iron for
βγ >∼ 1000, and at lower momenta for muons in higher-Z absorbers. See Fig. 27.21.

Eq. (27.1) may be integrated to find the total (or partial) “continuous slowing-down
approximation” (CSDA) range R for a particle which loses energy only through ionization
and atomic excitation. Since dE/dx depends only on β, R/M is a function of E/M or
pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above
which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for a
variety of materials in Fig. 27.4.

The mass scaling of dE/dx and range is valid for the electronic losses described by the
Bethe-Bloch equation, but not for radiative losses, relevant only for muons and pions.

For a particle with mass M and momentum Mβγc, Tmax is given by
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−dE

dx
= Kz2 Z

A

1
β2

[
1
2

ln f(β)− β2 − δ(βγ)
2

]

Bethe-Bloch formula:

Except in hydrogen particles of the same velocity 
have similar energy loss in different materials.

The minimum in ionization 
occurs at 
βγ=3.5 to 3.0, 
as Z goes from 7 to 100

1/β2



1. Particle Identification from dE/dx and p Measurements
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p
K

πμ

e

Results from the 
BaBar drift chamber 

A simultaneous measurement of dE/dx and momentum can provide particle identification.



1. Fluctuations in Energy Loss
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from L. Ropelewski



1. Bremsstrahlung
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High energy electrons loose their energy predominantly through radiation (bremsstrahlung). 

Cross section:

σ ∼ (Z e3)2 ∼ Z2  α3   

The electron is decelerated (accelerated) in the field of the nucleus. Accelerated charges radiate photons. 
Thus the bremsstrahlung is strong for light charged particles (electrons), because its acceleration is large 
for a given force.  For heavier particles like muons bremsstrahlung effects are only important at energies of 
a few hundred GeV.

The presence of a nucleus is required to restore energy-momentum conservation. Thus the cross section 
is proportional to Z2 and α3 (α = fine structure constant).

e e

Ze
electron

electron

photon

nucleus

The characteristic length which a electron travels in material until a bremsstrahlung happens is the 
radiation length X0.



1. Radiation Length X0
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The radiation length is the characteristic length scale to describe electromagnetic showers in material.
It is usually measured in g/cm2. 

The radiation length is:
- the mean distance over which a high energy electron looses all but 1/e of its energy.
- 7/9 of the mean free path for pair production by a high energy photon.

The radiation length is give by:

27. Passage of particles through matter 15

Figure 27.9 shows these and other quantities sometimes used to describe multiple
Coulomb scattering. They are

ψ rms
plane =

1√
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All the quantitative estimates in this section apply only in the limit of small θ rms
plane

and in the absence of large-angle scatters. The random variables s, ψ, y, and θ in a
given plane are distributed in a correlated fashion (see Sec. 31.1 of this Review for the
definition of the correlation coefficient). Obviously, y ≈ xψ. In addition, y and θ have
the correlation coefficient ρyθ =

√
3/2 ≈ 0.87. For Monte Carlo generation of a joint

(y plane, θplane) distribution, or for other calculations, it may be most convenient to work
with independent Gaussian random variables (z1, z2) with mean zero and variance one,
and then set

yplane =z1 x θ0(1 − ρ2
yθ)

1/2/
√

3 + z2 ρyθx θ0/
√

3

=z1 x θ0/
√

12 + z2 x θ0/2 ; (27.18)
θplane =z2 θ0 . (27.19)

Note that the second term for y plane equals x θplane/2 and represents the displacement
that would have occurred had the deflection θplane all occurred at the single point x/2.

For heavy ions the multiple Coulomb scattering has been measured and compared with
various theoretical distributions [34].

27.4. Photon and electron interactions in matter

27.4.1. Radiation length : High-energy electrons predominantly lose energy in
matter by bremsstrahlung, and high-energy photons by e+e− pair production. The
characteristic amount of matter traversed for these related interactions is called the
radiation length X0, usually measured in g cm−2. It is both (a) the mean distance over
which a high-energy electron loses all but 1/e of its energy by bremsstrahlung, and (b) 7

9
of the mean free path for pair production by a high-energy photon [35]. It is also the
appropriate scale length for describing high-energy electromagnetic cascades. X0 has
been calculated and tabulated by Y.S. Tsai [36]:

1
X0

= 4αr2
e
NA

A

{
Z2[Lrad − f(Z)

]
+ Z L′

rad

}
. (27.20)

For A = 1 g mol−1, 4αr2
eNA/A = (716.408 g cm−2)−1. Lrad and L′

rad are given in
Table 27.2. The function f(Z) is an infinite sum, but for elements up to uranium can be
represented to 4-place accuracy by

f(Z) = a2[(1 + a2)−1 + 0.20206

−0.0369 a2 + 0.0083 a4 − 0.002 a6] , (27.21)
where a = αZ [37].

July 24, 2008 18:04

27. Passage of particles through matter 15

Figure 27.9 shows these and other quantities sometimes used to describe multiple
Coulomb scattering. They are

ψ rms
plane =

1√
3

θ rms
plane =

1√
3

θ0 , (27.15)

y rms
plane =

1√
3

x θ rms
plane =

1√
3

x θ0 , (27.16)

s rms
plane =

1
4
√

3
x θ rms

plane =
1

4
√

3
x θ0 . (27.17)

All the quantitative estimates in this section apply only in the limit of small θ rms
plane

and in the absence of large-angle scatters. The random variables s, ψ, y, and θ in a
given plane are distributed in a correlated fashion (see Sec. 31.1 of this Review for the
definition of the correlation coefficient). Obviously, y ≈ xψ. In addition, y and θ have
the correlation coefficient ρyθ =

√
3/2 ≈ 0.87. For Monte Carlo generation of a joint

(y plane, θplane) distribution, or for other calculations, it may be most convenient to work
with independent Gaussian random variables (z1, z2) with mean zero and variance one,
and then set

yplane =z1 x θ0(1 − ρ2
yθ)

1/2/
√

3 + z2 ρyθx θ0/
√

3

=z1 x θ0/
√

12 + z2 x θ0/2 ; (27.18)
θplane =z2 θ0 . (27.19)

Note that the second term for y plane equals x θplane/2 and represents the displacement
that would have occurred had the deflection θplane all occurred at the single point x/2.

For heavy ions the multiple Coulomb scattering has been measured and compared with
various theoretical distributions [34].

27.4. Photon and electron interactions in matter

27.4.1. Radiation length : High-energy electrons predominantly lose energy in
matter by bremsstrahlung, and high-energy photons by e+e− pair production. The
characteristic amount of matter traversed for these related interactions is called the
radiation length X0, usually measured in g cm−2. It is both (a) the mean distance over
which a high-energy electron loses all but 1/e of its energy by bremsstrahlung, and (b) 7

9
of the mean free path for pair production by a high-energy photon [35]. It is also the
appropriate scale length for describing high-energy electromagnetic cascades. X0 has
been calculated and tabulated by Y.S. Tsai [36]:

1
X0

= 4αr2
e
NA

A

{
Z2[Lrad − f(Z)

]
+ Z L′

rad

}
. (27.20)

For A = 1 g mol−1, 4αr2
eNA/A = (716.408 g cm−2)−1. Lrad and L′

rad are given in
Table 27.2. The function f(Z) is an infinite sum, but for elements up to uranium can be
represented to 4-place accuracy by

f(Z) = a2[(1 + a2)−1 + 0.20206

−0.0369 a2 + 0.0083 a4 − 0.002 a6] , (27.21)
where a = αZ [37].

July 24, 2008 18:04

27. Passage of particles through matter 15

Figure 27.9 shows these and other quantities sometimes used to describe multiple
Coulomb scattering. They are

ψ rms
plane =

1√
3

θ rms
plane =

1√
3

θ0 , (27.15)

y rms
plane =

1√
3

x θ rms
plane =

1√
3

x θ0 , (27.16)

s rms
plane =

1
4
√

3
x θ rms

plane =
1

4
√

3
x θ0 . (27.17)

All the quantitative estimates in this section apply only in the limit of small θ rms
plane

and in the absence of large-angle scatters. The random variables s, ψ, y, and θ in a
given plane are distributed in a correlated fashion (see Sec. 31.1 of this Review for the
definition of the correlation coefficient). Obviously, y ≈ xψ. In addition, y and θ have
the correlation coefficient ρyθ =

√
3/2 ≈ 0.87. For Monte Carlo generation of a joint

(y plane, θplane) distribution, or for other calculations, it may be most convenient to work
with independent Gaussian random variables (z1, z2) with mean zero and variance one,
and then set

yplane =z1 x θ0(1 − ρ2
yθ)

1/2/
√

3 + z2 ρyθx θ0/
√

3

=z1 x θ0/
√

12 + z2 x θ0/2 ; (27.18)
θplane =z2 θ0 . (27.19)

Note that the second term for y plane equals x θplane/2 and represents the displacement
that would have occurred had the deflection θplane all occurred at the single point x/2.

For heavy ions the multiple Coulomb scattering has been measured and compared with
various theoretical distributions [34].

27.4. Photon and electron interactions in matter

27.4.1. Radiation length : High-energy electrons predominantly lose energy in
matter by bremsstrahlung, and high-energy photons by e+e− pair production. The
characteristic amount of matter traversed for these related interactions is called the
radiation length X0, usually measured in g cm−2. It is both (a) the mean distance over
which a high-energy electron loses all but 1/e of its energy by bremsstrahlung, and (b) 7

9
of the mean free path for pair production by a high-energy photon [35]. It is also the
appropriate scale length for describing high-energy electromagnetic cascades. X0 has
been calculated and tabulated by Y.S. Tsai [36]:

1
X0

= 4αr2
e
NA

A

{
Z2[Lrad − f(Z)

]
+ Z L′

rad

}
. (27.20)

For A = 1 g mol−1, 4αr2
eNA/A = (716.408 g cm−2)−1. Lrad and L′

rad are given in
Table 27.2. The function f(Z) is an infinite sum, but for elements up to uranium can be
represented to 4-place accuracy by

f(Z) = a2[(1 + a2)−1 + 0.20206

−0.0369 a2 + 0.0083 a4 − 0.002 a6] , (27.21)
where a = αZ [37].

July 24, 2008 18:04

27. Passage of particles through matter 15

Figure 27.9 shows these and other quantities sometimes used to describe multiple
Coulomb scattering. They are

ψ rms
plane =

1√
3

θ rms
plane =

1√
3

θ0 , (27.15)

y rms
plane =

1√
3

x θ rms
plane =

1√
3

x θ0 , (27.16)

s rms
plane =

1
4
√

3
x θ rms

plane =
1

4
√

3
x θ0 . (27.17)

All the quantitative estimates in this section apply only in the limit of small θ rms
plane

and in the absence of large-angle scatters. The random variables s, ψ, y, and θ in a
given plane are distributed in a correlated fashion (see Sec. 31.1 of this Review for the
definition of the correlation coefficient). Obviously, y ≈ xψ. In addition, y and θ have
the correlation coefficient ρyθ =

√
3/2 ≈ 0.87. For Monte Carlo generation of a joint

(y plane, θplane) distribution, or for other calculations, it may be most convenient to work
with independent Gaussian random variables (z1, z2) with mean zero and variance one,
and then set

yplane =z1 x θ0(1 − ρ2
yθ)

1/2/
√

3 + z2 ρyθx θ0/
√

3

=z1 x θ0/
√

12 + z2 x θ0/2 ; (27.18)
θplane =z2 θ0 . (27.19)

Note that the second term for y plane equals x θplane/2 and represents the displacement
that would have occurred had the deflection θplane all occurred at the single point x/2.

For heavy ions the multiple Coulomb scattering has been measured and compared with
various theoretical distributions [34].

27.4. Photon and electron interactions in matter

27.4.1. Radiation length : High-energy electrons predominantly lose energy in
matter by bremsstrahlung, and high-energy photons by e+e− pair production. The
characteristic amount of matter traversed for these related interactions is called the
radiation length X0, usually measured in g cm−2. It is both (a) the mean distance over
which a high-energy electron loses all but 1/e of its energy by bremsstrahlung, and (b) 7

9
of the mean free path for pair production by a high-energy photon [35]. It is also the
appropriate scale length for describing high-energy electromagnetic cascades. X0 has
been calculated and tabulated by Y.S. Tsai [36]:

1
X0

= 4αr2
e
NA

A

{
Z2[Lrad − f(Z)

]
+ Z L′

rad

}
. (27.20)

For A = 1 g mol−1, 4αr2
eNA/A = (716.408 g cm−2)−1. Lrad and L′

rad are given in
Table 27.2. The function f(Z) is an infinite sum, but for elements up to uranium can be
represented to 4-place accuracy by

f(Z) = a2[(1 + a2)−1 + 0.20206

−0.0369 a2 + 0.0083 a4 − 0.002 a6] , (27.21)
where a = αZ [37].

July 24, 2008 18:04

16 27. Passage of particles through matter

Table 27.2: Tsai’s Lrad and L′
rad, for use in calculating the radiation length in an

element using Eq. (27.20).

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)
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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).

Although it is easy to use Eq. (27.20) to calculate X0, the functional dependence on Z
is somewhat hidden. Dahl provides a compact fit to the data [38]:

X0 =
716.4 g cm−2 A

Z(Z + 1) ln(287/
√

Z)
. (27.22)

Results using this formula agree with Tsai’s values to better than 2.5% for all elements
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1. High Energy Muon Bremsstrahlung 
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Cosmic muon bremsstrahlung event in the ALEPH detector at LEP.

Bremsstrahlung off muons
starts to be important for momenta of
a few hundred GeV. 



1. Multiple Coulomb Scattering
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This value of θ0 is from a fit to Molière distribution [31] for singly charged particles with
β = 1 for all Z, and is accurate to 11% or better for 10−3 < x/X0 < 100.

Eq. (27.12) 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
is from a fit to a Molière distribution, it is incorrect to add the individual θ0 contributions
in quadrature; the result is systematically too small. It is much more accurate to apply
Eq. (27.12) once, after finding x and X0 for the combined scatterer.

Lynch and Dahl have extended this phenomenological approach, fitting Gaussian
distributions to a variable fraction of the Molière distribution for arbitrary scatterers [33],
and achieve accuracies of 2% or better.

x

splane
yplane

Ψplane

θplane

x /2

Figure 27.9: 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 [31]

1
2π θ2

0

exp

−

θ2
space

2θ2
0


 dΩ , (27.13)

1√
2π θ0

exp


−

θ2
plane

2θ2
0


 dθplane , (27.14)

where θ is the deflection angle. In this approximation, θ2
space ≈ (θ2

plane,x + θ2
plane,y), where

the x and y axes are orthogonal to the direction of motion, and dΩ ≈ dθplane,x dθplane,y.
Deflections into θplane,x and θplane,y are independent and identically distributed.
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A particle which traverses a medium is deflected by small angle Coulomb scattering from nuclei. For 
hadronic particles also the strong interaction contributes.

The angular deflection after traversing a distance x is described by the Molière theory. 
The angle has roughly a  Gauss distribution, but with larger tails due to Coulomb scattering. 

Defining:

27. Passage of particles through matter 13

27.2.6. Energy loss in mixtures and compounds : A mixture or compound can be
thought of as made up of thin layers of pure elements in the right proportion (Bragg
additivity). In this case,

dE

dx
=

∑
wj

dE

dx

∣∣∣∣
j

, (27.10)

where dE/dx|j is the mean rate of energy loss (in MeV g cm−2) in the jth element.
Eq. (27.1) can be inserted into Eq. (27.10) to find expressions for 〈Z/A〉, 〈I 〉, and 〈δ〉; for
example, 〈Z/A〉 =

∑
wjZj/Aj =

∑
njZj/

∑
njAj . However, 〈I 〉 as defined this way is

an underestimate, because in a compound electrons are more tightly bound than in the
free elements, and 〈δ〉 as calculated this way has little relevance, because it is the electron
density that matters. If possible, one uses the tables given in Refs. 18 and 27, which in-
clude effective excitation energies and interpolation coefficients for calculating the density
effect correction for the chemical elements and nearly 200 mixtures and compounds. If a
compound or mixture is not found, then one uses the recipe for δ given in Ref. 20 (repeated
in Ref. 1), and calculates 〈I〉 according to the discussion in Ref. 7. (Note the “13%” rule!)

27.2.7. 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. 28. The mean local energy dissipation per local ion pair produced, W ,
while essentially constant for relativistic particles, increases at slow particle speeds [29].
For gases, W can be surprisingly sensitive to trace amounts of various contaminants [29].
Furthermore, ionization yields in practical cases may be greatly influenced by such factors
as subsequent recombination [30].

27.3. 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, and hence the effect
is called multiple Coulomb scattering. (However, for hadronic projectiles, the strong
interactions also contribute to multiple scattering.) The Coulomb scattering distribution
is well represented by the theory of Molière [31]. It is roughly Gaussian for small
deflection angles, but at larger angles (greater than a few θ0, defined below) it behaves
like Rutherford scattering, with larger tails than does a Gaussian distribution.

If we define
θ0 = θ rms

plane =
1√
2

θrms
space . (27.11)

then it is sufficient for many applications to use a Gaussian approximation for the central
98% of the projected angular distribution, with a width given by [32,33]

θ0 =
13.6 MeV

βcp
z

√
x/X0

[
1 + 0.038 ln(x/X0)

]
. (27.12)

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).
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Gaussian approximation:
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Eq. (27.1) can be inserted into Eq. (27.10) to find expressions for 〈Z/A〉, 〈I 〉, and 〈δ〉; for
example, 〈Z/A〉 =

∑
wjZj/Aj =

∑
njZj/

∑
njAj . However, 〈I 〉 as defined this way is

an underestimate, because in a compound electrons are more tightly bound than in the
free elements, and 〈δ〉 as calculated this way has little relevance, because it is the electron
density that matters. If possible, one uses the tables given in Refs. 18 and 27, which in-
clude effective excitation energies and interpolation coefficients for calculating the density
effect correction for the chemical elements and nearly 200 mixtures and compounds. If a
compound or mixture is not found, then one uses the recipe for δ given in Ref. 20 (repeated
in Ref. 1), and calculates 〈I〉 according to the discussion in Ref. 7. (Note the “13%” rule!)

27.2.7. 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. 28. The mean local energy dissipation per local ion pair produced, W ,
while essentially constant for relativistic particles, increases at slow particle speeds [29].
For gases, W can be surprisingly sensitive to trace amounts of various contaminants [29].
Furthermore, ionization yields in practical cases may be greatly influenced by such factors
as subsequent recombination [30].

27.3. 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, and hence the effect
is called multiple Coulomb scattering. (However, for hadronic projectiles, the strong
interactions also contribute to multiple scattering.) The Coulomb scattering distribution
is well represented by the theory of Molière [31]. It is roughly Gaussian for small
deflection angles, but at larger angles (greater than a few θ0, defined below) it behaves
like Rutherford scattering, with larger tails than does a Gaussian distribution.

If we define
θ0 = θ rms

plane =
1√
2

θrms
space . (27.11)

then it is sufficient for many applications to use a Gaussian approximation for the central
98% of the projected angular distribution, with a width given by [32,33]

θ0 =
13.6 MeV

βcp
z

√
x/X0

[
1 + 0.038 ln(x/X0)

]
. (27.12)

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).
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x/X0 is the thickness of the material in radiation length.
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Figure 27.9 shows these and other quantities sometimes used to describe multiple
Coulomb scattering. They are

ψ rms
plane =

1√
3

θ rms
plane =

1√
3

θ0 , (27.15)

y rms
plane =

1√
3

x θ rms
plane =

1√
3

x θ0 , (27.16)

s rms
plane =

1
4
√

3
x θ rms

plane =
1

4
√

3
x θ0 . (27.17)

All the quantitative estimates in this section apply only in the limit of small θ rms
plane

and in the absence of large-angle scatters. The random variables s, ψ, y, and θ in a
given plane are distributed in a correlated fashion (see Sec. 31.1 of this Review for the
definition of the correlation coefficient). Obviously, y ≈ xψ. In addition, y and θ have
the correlation coefficient ρyθ =

√
3/2 ≈ 0.87. For Monte Carlo generation of a joint

(y plane, θplane) distribution, or for other calculations, it may be most convenient to work
with independent Gaussian random variables (z1, z2) with mean zero and variance one,
and then set

yplane =z1 x θ0(1 − ρ2
yθ)

1/2/
√

3 + z2 ρyθx θ0/
√

3

=z1 x θ0/
√

12 + z2 x θ0/2 ; (27.18)
θplane =z2 θ0 . (27.19)

Note that the second term for y plane equals x θplane/2 and represents the displacement
that would have occurred had the deflection θplane all occurred at the single point x/2.

For heavy ions the multiple Coulomb scattering has been measured and compared with
various theoretical distributions [34].

27.4. Photon and electron interactions in matter

27.4.1. Radiation length : High-energy electrons predominantly lose energy in
matter by bremsstrahlung, and high-energy photons by e+e− pair production. The
characteristic amount of matter traversed for these related interactions is called the
radiation length X0, usually measured in g cm−2. It is both (a) the mean distance over
which a high-energy electron loses all but 1/e of its energy by bremsstrahlung, and (b) 7

9
of the mean free path for pair production by a high-energy photon [35]. It is also the
appropriate scale length for describing high-energy electromagnetic cascades. X0 has
been calculated and tabulated by Y.S. Tsai [36]:

1
X0

= 4αr2
e
NA

A

{
Z2[Lrad − f(Z)

]
+ Z L′

rad

}
. (27.20)

For A = 1 g mol−1, 4αr2
eNA/A = (716.408 g cm−2)−1. Lrad and L′

rad are given in
Table 27.2. The function f(Z) is an infinite sum, but for elements up to uranium can be
represented to 4-place accuracy by

f(Z) = a2[(1 + a2)−1 + 0.20206

−0.0369 a2 + 0.0083 a4 − 0.002 a6] , (27.21)
where a = αZ [37].
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The momentum is measured from the sagitta s, which gives the curvature ρ of the track in the magnetic 
field.

pT = qBρ
Transverse momentum:

pT [GeV ] = 0.3 B[T ] ρ[m]

L/2
ρ

= sin
θ

2
≈ θ

2
(for small θ) θ ≈ L

ρ
=

0.3BL

pT

s = ρ(1− cos
θ

2
) ≈ ρ

(
1− (1− 1

2
θ2

4
)
)

= ρ
θ2

8
≈ 0.3BL2

8pT

Example: 3 measurements

s = x2 − (x1 + x3)/2→ ds = dx2 − dx1/2− dx3/2

assume uncorrelated errors: σ(x) ≈ dxi

⇒

σ2
s = σ2(x) + 2

σ2(x)
4

=
3
2
σ2(x)
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3. Primary Ionization in Gases
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The actual number m of primary electron/ion pairs is Poisson distributed.

P (m) =
n̄me−n̄

m! , where the average number of electron/ion pairs is n̄ =
L

λ
= LNσi

Detection efficiency ε:  Depends on the minimum number of measurable electron/ion pairs 

Considering: Electronic noise in amplifier is typically 1000 e- (ENC):

Conclusion: signal amplification in gas is needed! 

Example: m > 0 ε = 1− P (0) = 1− e−n̄

For thin detector layers the efficiency can be significantly 
smaller then 1.
Example: 1 mm of Ar ;   n̄ = 2.5→ ε = 0.92



3. Diffusion in Gases
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Electrons and ions, produced by the ionization process, loose their energy by multiple collisions and 
thermalize with the temperature of the gas. 

At room temperature:  ε = (3/2) kT ≈ 0.04 eV

The energy distribution follows a Maxwell-Boltzmann-Distribution

F (ε) = const ·
√

ε exp(−ε/kT )

Due to multiple collisions (diffusion) there is a statistical distribution of charge, which is found in the length 
interval dx at distance x at a time t according to :

dN

N
=

1√
4πDt

exp
(
− x2

4Dt

)
dx

Linear diffusion: σx =
√

2Dt

Volume diffusion: σvol =
√

3 σx =
√

6Dt

Average mean free path
in diffusion:

λ =
1

Nσ(ε)
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3.  Drift and Diffusion in Gases
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Average mean free path in diffusion: λ =
1

Nσ(ε)

where σ(ε) is energy dependent collision cross section

N = (NA / A) ρ :  number of molecules per unit volume. 

!vdrift = µ(E) !E
p0

p

If charge carriers are in an electric field the ordered drift due to the E-field is superimposed by the 
statistical disordered movement due to diffusion.  
The drift velocity of the charge carriers inside the gas can be defined as:

energy dependent charge-carrier mobility

electric field

pressure normalized to standard pressure

µ(E)

!E

p/p0

Note that the drift velocity scales with E/p (if μ is constant).



3. Drift and Diffusion in Gases
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3.  Lorentz Angle in Magnetic Fields 
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Lorentz angle  (deflection angle of drift electrons due to magnetic field)

tanα = vdrift
B

E



4. History of Tracking Detectors: Cloud Chamber
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In cloud chambers a charged particle causes 
condensation of a supersaturated gas. 

The picture (left) shows and electron with 16.9 
MeV initial energy. 

It spirals about 36 times in the magnetic field.

Nobel prizes related to cloud chamber 
development:
C. T. R. Wilson,  1927
P.M.S. Blackett, 1948 (triggered chambers)Fast electron in a magnetic field at the 

Bevatron, 1940

α-particles
in air.

(not shown)



4. History of Tracking Detectors: Nuclear Emulsion
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Discovery of muon and pion

Emulsion detectors are still used today: Opera 
experiment at Gran Sasso for the identification 
of tau decays.  

(not shown)



4. Bubble Chambers
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BNL, First Pictures 1963, 0.03s cycle

Cloud chamber: supersaturating a gas with a vapor.
Bubble chamber:  superheated  liquid. Invented by Donald A. Glazer, Nobel Prize 1960. 
A particle depositing energy along it’s path makes the liquid boil and forms bubbles. 

*
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(not shown)



4. Bubble Chamber : BEBC
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3.7 meter hydrogen bubble chamber at CERN, 
equipped with the largest superconducting magnet 
in the world at that time.

During its working life from 1973 to 1984, the "Big 
European Bubble Chamber" (BEBC) took over 6 
million photographs. 

Can be seen outside the Microcosm Exhibition

(not shown)



4. Bubble Chambers
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The excellent position (5µm) resolution and the fact that target 
and detecting volume are the same (H chambers) makes the 
Bubble chamber almost unbeatable for reconstruction of complex 
decay modes.

The drawback of the bubble chamber is the low rate capability (a 
few tens/ second). E.g. LHC 109 collisions/s. 

The fact that it cannot be triggered selectively means that every 
interaction must be photographed.

Analyzing the millions of images by ‘operators’ was a quite 
laborious task.  

That’s why electronics detectors took over in the 70ties.

(not shown)



4. Spark Chamber
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The Spark Chamber was developed in the early 60ies.

Schwartz, Steinberger and Lederman used it in  
discovery of the muon neutrino  

A charged particle traverses the 
detector and leaves an ionization 
trail. 

The scintillators trigger an HV pulse 
between the metal plates and sparks 
form in the place where the 
ionization took place.  

(not shown)



4. History: Multi Wire Proportional Chambers
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Tube, Geiger- Müller, 1928
Multi Wire Geometry, in H. Friedmann 1949 

G. Charpak 1968, Multi Wire Proportional Chamber, 
readout of individual wires and proportional mode working point.

(not shown)



5. Proportional Chamber : Single Wire
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Electrons produced by ionization drift
to the anode wire. 

E(r) =
CV0

2πε0

1
r

V (r) =
CV0

2πε0
ln

r

a

Electric field:

Potential:

Capacitance per length  

Avalanche:
• Close to the wire (∅ about few tens of μm) 

the E-field is very large (> 10 kV/cm).
• Between collisions electrons gain enough 

energy to ionize gas.
• Exponential increase of number of 

electron/ion pairs (gas amplification)
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F-0+"-4'@7@BA-.8V0 =  voltage between anode-cathode

C =
2πε

ln(b/a)

n = n0 eα(E)x

α is the first Townsend coefficient.
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!"#$%&#'()*+&,%-&.' • ionization mode

full charge collection

no multiplication

gain ~ 1

• proportional mode

multiplication of ionization

signal proportional to ionization

measurement of dE/dx

secondary avalanches 

have to be quenched;

gain ~ 104 – 105

• limited proportional mode 

(saturated, streamer) 

strong photoemission 

secondary avalanches

requires strong quenchers or

pulsed HV; gain ~ 1010

• Geiger mode

massive photoemission; full length

of the anode wire affected; 

discharge stopped byHV cut

5. Single Wire Proportional Chamber
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5. Single Wire Proportional Chamber
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Avalanche formation happens near the wire
within time < 1 ns. 

Signal induced on anode and cathode
due to moving charges (electrons and ions).

Work to move charge q by dr:

Induced voltage: 

dW = lCV0 dV = q
dV (r)

dr
dr

dV =
q

lCV0

dV (r)
dr

dr

Total voltage induced in a cylindrical tube 
(a < r < b) for gas multiplication at distance d from anode,
from electrons (V-) and ions (V+):

V − =
−q

lCV0

∫ a

a+d

dV (r)
dr

dr = − q

2πεl
ln

(
a + d

a

)

V + =
q

lCV0

∫ b

a+d

dV (r)
dr

dr = − q

2πεl
ln

(
b

a + d

)

Ratio:
V −

V +
=

ln[(a + d)/a]
ln[b/(a + d)]

< 1%
for
a=10 µm
b=10 mm
d=1 µm

Time for ion signal is very long due to
the long drift path.
Need to differentiate signal with time
constant τ=RC.
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5. Multi Wire Proportional Chamber (MWPC)
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,1970

First large size MWPC

from L. Ropelewski

April 18, 2007 Carl Bromberg - Prof. of Physics 11

Multiwire proportional chambers (MWPC)
• MWPC capable of very high rates

• Mechanically difficult (wires break) typical dimensions 

d = 2mm, L = 10mm

anode wire dia. < 50µ

• Resolution: know only hit wire

large chambers with

>1500 anode (+) wires

  

x = 0;  where x = !x " !x
wire

x
2

=

x
2
dx

0

d / 2

#

dx

0

d / 2

#
=

2

d

x
3

3
0

d / 2

=
d

2

12

  

! = x
2

=
d

2 3

" 600µ,  d = 2mm

cathodes

Gaussian

equivalent:

Flat probability 

distribution

for d=1 mm
σx = 300 µm



5. MWPC:  Two Dimensional Readout
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Cathode: strips or wires (x)

Cathode: strips or wires (y)

Anode wires (v)
Two coordinates (x,y) of 
the track hit can be 
determined from the 
position of the anode wire 
and the signal induced 
on the cathode strips (or 
wires). 



5. MWPC:  Typical experimental set up
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v 

x

y

x

y

x

y

x

y
v 

v 

v 

Initial 
beam

Target

scattered
particle

With this experimental set-up based on MWPC an event rate of about 100 000 Hz can be processed.
The position resolution in each layer is about 1 mm. 



5. MWPC: Many Wire Planes
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1985MWPC with many wire planes.



5. Cathode Strip Chamber
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5.  CMS Muon System 
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5. CMS Cathode Strip Chamber Occupancy
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Muon Endcap: CSC occupancy 

ME 4ME 3ME 2ME 1

LHC Beam2 passes through CMS  from negative to positive z

!!!!

CSC Sectors



5. CMS  Cathode Strip Efficiency

41

10

Muon Endcap: CSC efficiency

Endcap Muon CSC chambers performed 

well during cosmics run. 

Module number

Average measured efficiencies for each station/ring .

efficiency to obtain
a single hit in a layer

efficiency to obtain a track
segment in a chamber

Cosmic Ray At Four Tesla

F. Cavallari, Elba 2009



5. Resistive Plate Chamber
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5. CMS Muon Barrel RPC Efficiency

43

8

Muon Barrel: RPC efficiency

Swapped cables

RPC efficiency vs impact point measured extrapolating     DT segment on the RPC . 

The low efficiency points (in step of 10 x 10 cm2) are due to the spacers.

A slight degradation in efficiency is observed in the single gap zone.

z

x

Single g ! p working region

z

x

F. Cavallari, Elba 2009
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The ATLAS Muon Spectrometer

A complex system:

4 different technologies 
(MDT,CSC,RPC,TGC)

Large area (10,000 m2)

Many channels (1M)

Many degrees of freedom 
(5300 chambers)
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The ATLAS Muon Spectrometer


 Difficult environment: Large magnetic field variations in toroid.



46

ATLAS Commissioning with Cosmics 

•High statistics 
collected in autumn 
2008 (full ATLAS)
•Few high statistics 
runs studied in great 
detail
•Subdetectors runs 
in 2009: RPC runs 
in January
•“muon slice” runs 
at the end of April

Solenoid ON Both fields ONToroid ON

RPC Triggers

TGC Triggers
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Dead strips  < 2%
Noisy channels < 1%

In 2008 problems with
•Synchronzation
•Gas
•Temperature (reduced HV in top 
sectors)
Affected the overall efficiency (70% of 
trigger coverage)

Most of the problems were fixed 
during the winter shutdown, current 
trigger coverage is 95.5%
 

 

5.  ATLAS Resistive Plate Chamber Efficiency

Access shaft of ATLAS cavern reconstructed in measurement.
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• Commisioning 
ongoing
• Trigger coverage 
increased from 70% in 
2008 to current 95.5% 
(better timing)
• Full detector for 2009 
run.

Low-pt trigger coverage

High-pt trigger coverage

Hit maps of the strips 
involved in Low and 
High Pt triggers

5.  ATLAS RPC Trigger Coverage


