
Chapter 7
Particle Identification: Time-of-Flight,
Cherenkov and Transition Radiation
Detectors

Roger Forty and Olav Ullaland

7.1 Introduction

Particle identification, PID, is of crucial importance in most experiments. The
requirement can range from positive π /K identification in B-physics channels like
B0

s →D∓
s K± against a background from B0

s →D−
s π+ which is ∼15 times more

abundant, to e/π separation at the level of ∼ 10−2 for momenta >1 GeV/c in order
to effectively suppress a combinatorial background in channels like leptonic decays
of heavy vector resonances.

The detectors should be non-destructive and should in addition introduce as
little radiation length or interaction length as possible. We will in this chapter
examine three experimental techniques which can be deployed for charged particle
identification.

That is Time-of-Flight, Sect. 7.2, and Cherenkov detectors which measure the
particle velocity relative to the speed of light in vacuum, β = v/c, Sect. 7.4, and
transition radiation detectors which are sensitive to γ = 1/

√
(1 − β2) of the charged

particle, Sect. 7.5. These detectors cannot be stand-alone detectors for PID purposes.
They all require that the momentum of the particle is defined by other means, see
Sect. 4.3, and then

m2

p2 = 1

γ 2 − 1
= 1 − β2

β2 (7.1)

allowing the mass m of the particle to be determined.
Only a limited amount of theory is included in this chapter as this is covered
elsewhere in this book. The main emphasis will be on the working principles of these
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Fig. 7.1 Pion-kaon separation by different PID methods: the length of the detectors needed for
3 sigma separation. Adapted from [1]

detectors and how they are incorporated into compound experiments. A graphic
representation of the different identification techniques can be seen in Fig. 7.1.

7.2 Time of Flight Measurements

The mass identification, mi , of a momentum defined, pi , charged particle is straight
forward by measuring the flight time, ti , over a path length, l. The mass, momentum,
path length and flight time are related by:

m2
i = p2

i

l2 [cti − l] [cti + l] (7.2)

and the uncertainties by:

(
�m

m

)2

=
(

�p

p

)2

+ γ 4

[(
�t

t

)2

+
(

�l

l

)2
]

(7.3)

There are essentially two sources of errors1 in the measurement of time, t , in
Eq. (7.3).

1. The limitation of the electronics to resolve short time intervals. A random time
jitter in the pulse height at the detector and thereby a time slewing or time walk.

2. Variation of the transit time of the photons or the free electrons, and thereby the
signal formation time, in the detector.

1 Irresolution was proposed in [2]. Although a nice word, it did not catch on.
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Fig. 7.3 (a) Simplistic sketch of a Time of Flight system. (b) Large scintillator hodoscope from
CERN experiment NA1. (c) Light guides and scintillators

Particle misidentification will therefore occur when the time difference between
two particles with the same momentum becomes comparable to the detector
resolution. Figure 7.2 gives the mass resolution as function of momentum for π ,
K and proton.

Time of Flight detectors, ToF, have throughout been essential tools in physics
experiments and have undergone impressive improvements in time resolution from
micro-seconds to pico-seconds. The basis was worked out in [3]. A principle sketch
is given in Fig. 7.3a in the Centre of Mass coordinate system. The interaction point is
surrounded by a time zero hodoscope, the Inner hodoscope. Another hodoscope, the
Outer hodoscope, is placed at a distance l from the first one. Assuming that there
is a momentum measurement between the two, this is all that is needed to solve
Eq. (7.2).

The Inner hodoscope is usually not required. In a colliding beam experiment, the
RF structure can be adequate to give a sufficiently precise time zero. In events with
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a large number of secondaries, one can use the feature that at least one particle will
have a velocity v ∼= c and thereby use this one to define time zero.

The main work during the last years [4] has been in the improvement of the time
resolution and, as the detectors have gradually increased in size, in the cost/m2. The
occupancy and radiation tolerance are playing a very important role for detectors
that are proposed for the new high luminosity accelerators. We will here not explain
the working principle of the detectors themselves. The reader is referred to Chap. 3.
We will rather discuss the advantages and inconveniences of some of the most
commonly used detector set-ups.

7.2.1 Scintillator Hodoscopes

A scintillator, read out in both ends by a photomultiplier, is the classic element
of a Time of Flight hodoscope, Fig. 7.3b. The number of photons created is large.
Plastic scintillators, as discussed in Chap. 3, have a density ρ � 1.03 g/cm3. About
104 photons/MeV are created with a mean wavelength of ∼400 nm and a time
constant τ ∼ 1.5 ns. The number of emitted photons per time unit, N, will be
approximately:

N = N0

τ
exp

(
− t

τ

)
(7.4)

N is the number of photons emitted at time t , N0 is the total number of emitted
photons and τ is the average lifetime. τ is characteristic to a specific scintillator
material. A short decay time increases the maximum count rate and is therefore
an important property for detection. Most inorganic scintillators have rather long
decay times, τ ∼ 100 ns, but in some cases the decay constant can be very short.
For example, τ = 1 ns for BaF2.

The specific energy loss, Chap. 2, for a minimum ionizing particle, MIP, is given
as:

(
−dE

dx

)

min
= 2.35 − 1.47 ln(Z) MeVcm2/g (7.5)

where Z is the atomic number.
(dE/dx)min for a plastic scintillator is about 2 MeV cm2/g, or about

2 · 104 photons/cm are produced. This number of detectable photons will be greatly
reduced due to the attenuation length of the material, the losses out from the
material, quantum efficiency of the photon detector and the shaping time of the
electronics. As the final number of photoelectrons is heavily dependent on the
exact lay-out of the detector, it is very difficult to give a typical number. But, as
a rule of thumb, approximately 2 · 10−3 photoelectrons will be produced by the
primary photon. This would give in the range of 40 photoelectrons/cm in a plastic
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scintillator. Let ND be the total number of detected photons. The time resolution is
roughly proportional to 1/

√
ND. ToF detectors with high resolution, �t ∼ 100 ps,

therefore use scintillator thickness of 2–3 cm. The material budget then becomes
important.

The connection between the scintillator and the photon detector is a very
important step in order to maximise the light collection efficiency of the system.
These light concentrators are normally built around a Winston Cone [5] or a fishtail
as in Fig. 7.3b. A Winston Cone is a non-imaging off-axis parabola of revolution
which will maximise the collection of incoming rays. The ideal concentrator will
achieve the highest possible concentration of radiant energy permitted by the second
law of thermodynamics. This is equivalent to the general theorem of Liouville [6].
More specific in a case of a light guide, one can write:

n2 − 1 ≥
[

d

2r
+ 1

]2

(7.6)

where d is the light guide diameter and r is the bending radius. n is the refractive
index relative to air. See Fig. 7.3c. Charged particles going through the light guides
will give signal due to Cherenkov radiation and thereby give rise to an event
correlated background.

A well designed scintillator for ToF must provide a good photon collection
efficiency and a small time jitter. For fast timing one would normally rely on the
first direct photon impact. This puts further constrains on the photon detector.
The classic photon detector is the photomultiplier tube (PMT). Depending on the
window geometry, dynode chain and HV configuration, the transient time spread
is in the range of 1 ns. This can be reduced by instrumenting both ends of the
scintillator and then use mean timing. This will also take care of the after-pulsing
in the PMT. These are normally either due to ions in the residual gas in the PMT
which drift back, strike the photo cathode and liberate new photoelectrons or light
from the dynodes which hit the photo cathode. The first will give a signal about
100 ns after the event, while the latter signal comes after 30–60 ns. See Chap. 3 for
more information. However, still to overcome the path length and transient time
variation, the detector has to output a large amount of primary photons to achieve
total time resolution in the range of 100 ps.

An example can be found in [7]. Mean timing and time slewing corrections are
performed. Slew-correction time, T cor, is defined as:

T cor = T + A0√
ADC

(7.7)

where the constant A0 is normally evaluated for each PMT and ADC is the signal
pulse height. They report a nearly constant time resolution of σ ∼ 55 ps across a
detector length of 15 cm.
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Fig. 7.4 (a) Single photoelectron timing resolution in Burle 64-pixel MCP-PMT 85012-501 with
10µm hole diameter. Adapted from [10]. (b) Time distribution of MRPC after slewing corrections.
Adapted from [11]

Other photon detectors are generally faster and with smaller time spread than the
PMT. See Chap. 3 for a detailed description of these devices. Below are some listed
from [8]:

• 100µm diameter GaP SiPMT Avalanche Photo Diode operating in a Geiger
mode with active quenching [9]. Single photoelectron regime: 25 ps

• Hamamatsu H-8500 Flat panel multi anode photo multiplier tube (MaPMT).2

SLAC measurement [8] of single photon resolution: 140 ps
• Burle 85011 photo multiplier tube with micro channel plate (MCP-PMT).3 SLAC

measurement [8] of single photon resolution: <50 ps

A drawback with these detectors can be the non-Gaussian tails as shown on
Fig. 7.4a.

7.2.2 Parallel Plate ToF Detectors

One of the main challenges in using gas based detectors, MWPC up to spark
chambers as discussed in Chap. 3, is the time jitter caused by the spread in pulse
heights due to the long Landau tail. This can to some extent be overcome by using
many gaps and operating the detector in a regime where the pulse height is nearly
independent of the primary ionisation. However, this can seriously diminish the rate
capability of these detectors. Well adapted electronics will furthermore decrease the
time walk.

2 HAMAMATSU PHOTONICS K.K. 325-6, Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka
Pref., 430-8587, Japan.
3 BURLE INDUSTRIES, INC. 1000 New Holland Avenue, Lancaster, PA 17601-5688 U.S.A.
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Fig. 7.5 (a) Particle identification in NA61. Reference [13]. (b) Particle identification at NA 49
by simultaneous dE/dx and TOF measurement in the momentum range 5 to 6 GeV/c for central
Pb+Pb collisions. Reference [14]

Large area resistive plate chambers, see Chap. 3, are successfully used as time
of flight detectors. An example is the ∼150 m2, with 1.6 · 105 read-out channels,
detector for ALICE [11]. Ten gaps of 250µm width are made from 400µm thick
soda-lime glass with a gas composition of C2H2F4:SF6:C4H10 = 0.90:0.05:0.05.
The resistivity4 of the glass is ∼ 1013 	cm. The detector is operated just below
streamer mode. Tests indicate no change in performance up to 1 kHz/cm2. As
there are many gaps, the output charge distribution is a broad, but nearly Gaussian
distributed with some Landau tail towards higher value. This will give rise to some
time slewing. The time resolution is given as σ < 40 ps. See Fig. 7.4b.

7.3 The Power of Combined PID

The inherently simple ToF technique has greatly evolved over the years. The coming
of the higher energy and/or higher intensity accelerators have required an ever better
time and space resolution. Even though there has been great progress with small
single pixel devices, progress with large systems has been slow. An overview of the
current state of the art can be found in [12].

Combining different PID techniques, even with modest resolution, has been the
preferred option for many experiments. An example of this powerful approach is
shown in Fig. 7.5.

4 It can be worth noting that materials which exhibit very large resistivity, might not be Ohmic, but
rather ionic, and thereby show large variations depending on the applied current or voltage.
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7.4 Cherenkov Radiation

The theory of Cherenkov radiation is discussed in Chap. 2. Further reading can be
found in references [15–18]. We will here just recall some of the main features. The
condition for emission of a Cherenkov photon is given by

cos 
C = 1

β · √
ε(λ)

= 1

β · n(λ)
(7.8)

and the number of emitted photons by

d2N

dLdλ
= 2παZ2 sin2 
C

λ2
, (7.9)

where 
C is the angle of the emitted photon relative to the particle trajectory, ε

is the dielectric constant as function of the photon wavelength λ, L is the radiator
length, α ∼ 1/137 is the fine structure constant, β is the particle velocity relative
to the speed of light in vacuum, β = v/c = pc/E, and Z is the charge of the
particle in units of electron charges. The refractive index, n, is given as n2 = ε. The
relationship between the photon wavelength and its angular frequency, ω, is given
by λ(nm) ∼ 1240/h̄ω(eV). A representation of the Cherenkov radiation domain is
given in Fig. 7.6a.

From the discussion in Chap. 2 and Eq. (7.8) it is clear that ε has to be real and
larger than 1 and that the speed of the charged particle must be larger than the phase
velocity of the electromagnetic fields at the frequency ω in order to have emission
of Cherenkov photons at that frequency.

1

Cherenkov
radiation
domain

β−2
ω

ωt

R
e(

ε)

(a) (b)

Fig. 7.6 (a) Simplistic representation of the real part of the dielectric constant, �(ε), as function
of the frequency, ω. (b) The dielectric constant, ε, and the refractive index, n, for argon at 0 ◦C and
101.3 kPa. ε data replotted from [19] and n from [20]
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We see from the above that Cherenkov radiation is characterized by:

• Cherenkov radiation is a prompt signal.
• The existence of a threshold5 in βmin = n−1

• The Cherenkov angle is depending on β.
• The number of Cherenkov photons emitted is depending on β.
• The number of photons emitted is depending on the square of the charge of the

particle.

The properties described above of Cherenkov radiation can be used to measure
the velocity of a charged particle traversing matter. Consider two charged particles
with known momenta p and mass and velocity given by mi and βi . The mass
difference can then be written as:

m2
1 − m2

2 = p2 · (β1 − β2)(β1 + β2)

(β1 · β2)2 = n2p2 · (cos2 
1 − cos2 
2) (7.10)

And if n − 1 is small

m2
1 − m2

2 = p2 · (
2 + 
1)(
2 − 
1) (7.11)

The resolution in mass is thereby directly linked to the angular resolution of
the detector. The main emphasis for all the Cherenkov detectors will be angular
resolution.

The refractive index together with ε, for argon at 0 ◦C and 101.3 kPa, is given
in Fig. 7.6b. The data for the refractive index of argon is well described by a single
pole Sellmeier, see Eq. (7.16), representation:

(n − 1) · 106 = 0.05086

73.82−2 − λ−2
(7.12)

with λ in nm. We observe that this pole is where �(ε) goes from larger than 1 to
smaller than 1. At about the same wavelength 
(ε) becomes important.

A Cherenkov light detector is therefore based on classical optics. The choice
of radiator, and thereby the refractive index, is depending on the momentum range
which has to be covered and the photon detector option. We will in the following
discuss different radiator materials, Sect. 7.4.2, and the usage from Threshold,
Sect. 7.4.3, to Ring Imaging Cherenkov detectors, Sect. 7.4.4. We will first take a
closer look at the refractive index, Sect. 7.4.1.

5 Due to diffraction broadening, Cherenkov photons can be emitted below threshold. We will not
discuss that here.
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Table 7.1 Atomic refraction
constants from Ref. [22]

Atom Atomic refraction

Carbon 2.418

Bromine 8.865

Chlorine 5.967

Fluorine 1.1

Hydrogen 1.1

Iodine 13.952

One double bond =O 2.122

Two single bonds −O− 1.643

7.4.1 Refractive Index

The dielectric constant is given by:

ε = 1 + 4πχ = 1 + 8
3πNζ

1 − 4
3πNζ

from which
4

3
πNζ = ε − 1

ε + 2
(7.13)

where χ is the susceptibility, N is the number of molecules per unit volume and ζ

is the molecular polarizability.
A relation like this was first obtained by Mossotti in 1850, then by Lorenz in

1869, and refined by Clausius in 1879, and which is usually called the Clausius-
Mossotti equation. Polarizable matter was modelled as an assembly of small
conducting spheres in the early studies.6 Maxwell’s theory showed that the index
of refraction of light, n, was related to ε by n2 = ε, so that the formula could be
applied to light as well as to static fields. H.A. Lorentz, in 1878, and L.V. Lorenz
(1829–1891), in 1881, derived a similar formula on the basis of the electron theory
in which n2 replaced ε. This formula is called the Lorentz-Lorenz formula, and can
be written in the following way:

n2 =
1 + 2

(
ρ RM

MW

)

1 −
(
ρ RM

MW

) (7.14)

where RM is the molar refraction, MW is the molecular weight and ρ is the density.
The molar refraction may then be estimated from the chemical formula. Atomic

refraction constants differ slightly in the literature, but the constants in Table 7.1
give reasonable results for many compounds.

The Lorentz-Lorenz equation, Eq. (7.14) together with Table 7.1, does not
explicitly express the refractive index as a function of the photon energy.

6 Strictly speaking, Clausius-Mossotti equation is only rigorously valid in the limit of zero
density [21].
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The most common way to represent the refractive index is in the form of a series
with multiple poles

n − 1 = C ·
∑

i

fi

ν2
i − ν2

with C = e2A

2πmc2 = 1.2098 · 106 (7.15)

where e and m are the charge and mass of the electron, A is Avogadro’s number per
cm3 and ν(cm−1) = 107/λ(nm). fi is the oscillator strength of the Eigen frequency
ν. We will here mainly use the standard Sellmeier formula with one pole:

3

2
· n2 − 1

n2 + 2
= a

λ−2
0 − λ−2

� n − 1 for n − 1 � 1 (7.16)

b = λ−2
0 will also be used. λ is in nm. a/b is the asymptotic value of n as λ → ∞.

A two pole Sellmeier representation might be required:

3

2
· n2 − 1

n2 + 2
=

[
a1 · λ−4 + a2 · λ−2 + a3

]−1
(7.17)

Clearly also other types of power series can be used to approximate the refractive
index like in reference [23]. In this case the refractive index is approximated with
the half empirical formula of a n-term Cauchy equation which is very similar to
Eq. (7.17):

n − 1 = 2πN0

[
a0 + a1ω

2 + a2ω
4 + a3ω

6
]

(7.18)

where ω is the frequency in atomic units. The a3ω
6 term has been added after the

original series [24] was truncated at a2ω
4 and thereby was not very useful in the UV

to VUV wavelength region.
The refractive index of a medium M which is a mixture of different molecules in

the ratio M = ∑
i [Mi/fi] for 1 = ∑

i f −1
i , is given by nM = ∑

i [ni/fi]. We will
illustrate this with a simple example. The refractive index of air and its constituents
are well measured quantities, Fig. 7.7a.

The Sellmeier parameterisation for N2, O2, CO2 and argon is given in Table 7.2.
Note that whereas a single pole, Eq. (7.16), describes well N2, CO2 and argon,
the data for O2 is best described with a two pole, Eq. (7.17), representation. The
parameters used to describe the data points for dry air in Fig. 7.7a are

n(air) = 0.7809 · n(N2) + 0.2095 · n(O2) + 0.0093 · n(Ar) + 0.0003 · n(CO2)

� 1 + 10−6 ·
[(

λ−2 − 69.1−2
) (

λ−2 + 99.5−2
)]−1

(7.19)
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Fig. 7.7 (a) The refractive index of dry air, N2, O2, CO2 and argon at 0 ◦C and 101.3 kPa [20]. (b)
Dispersion dn/dE relative to the value at 800 nm, in some noble and n-atomic gases as function
of the photon energy [20]

Table 7.2 Sellmeier fit, Eqs. (7.16) and (7.17), parameters for the gases at 0 ◦C and 101.3 kPa

Gas A B a1 a2 a3 λ0

N2 0.0532 0.000181 74.36

O2 −54,955 −20.275 0.00376 122.90

CO2 0.0687 0.000156 80.10

Ar 0.0509 0.000184 73.82

The pole, λ0, in nm. O2 has only one real pole in this representation

Although the last expression gives a good description of the refractive index for dry
air at 0 ◦C, 101.3 kPa and for λ ≥ 130 nm, the real pole at ∼69 nm has no physical
meaning.

7.4.2 Cherenkov Radiators

Cherenkov radiators have to be reasonably optically transparent and with an
appropriate refractive index. The scintillation and phosphorescence processes in the
medium should be small. There is a wide variety to chose from, from transparent
solids via liquids to gases. One can in addition change the refractive index by
changing temperature and pressure of the medium.

The dispersion in a radiator can be written as

dn

dE
∝ (n2 − 1)2

n
· E and for (n − 1) � 1it reduces to

dn

dE
∝ (n − 1)2 · E

(7.20)

where E is the energy of the photon.
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The dispersion in some noble and n-atomic gases is plotted in Fig. 7.7b. He
and Ne are very weakly dispersive in contrast to Kr and Xe. As can be seen
from Fig. 7.7b, fluorocarbons are also weakly dispersive. If the definition of the
Cherenkov angle is an important quantity for the detector, it is then clear that the
dispersion has to be as small as possible over the photon detector efficiency window.
The detector design will be a balance between number of photons and the spread in
the Cherenkov angle.

The radiator medium becomes opaque when the imaginary part of the dielectric
constant becomes important, Fig. 7.6b. Most media will in addition exhibit broad
and strong absorption bands. Figure 7.8 shows the absorption in some commonly
used Cherenkov media or trace impurities in them. For simple alkanes, CNH2+2N,
the onset of photon absorption [25] can be approximated to:

λCH(nm) = 181 − 226

3(N + 1)
(7.21)

A similar approximation can be given for n-perfluorocarbons, CNF2+2N,:

λCF(nm) = 175.6 − 641

3N + 5.7
(7.22)

It can be seen from these two expressions that n-perfluorocarbons are more
transparent than alkanes. Alkanes are therefore good quenchers as used in MWPCs.
Trace impurities are particularly difficult to eliminate especially when it is not clear
which molecule is causing the absorption. The successful detector design should
therefore not be sensitive to these bands.
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Fig. 7.9 (a) Refractive index for quartz and other special optical materials [26]. (b) Transmission
in some commercially available quartz as function of wavelength. See footnote 7

7.4.2.1 Quartz Radiators

Quartz radiators are very popular for Cherenkov detectors operating in the low
momentum range. The refractive index for some quartz and other optical materials
is given in Fig. 7.9a. Figure 7.9b gives the transmission for some commercially7

available quartz. By choosing a refractive index n ∼ 1.5 and a photon detection
window from 800 to 300 nm, the Cherenkov angle measurement between π and K
becomes difficult for p > 2 GeV/c due to dispersion.

Quartz radiators in Cherenkov detectors are treated in two distinctly different
ways. We see that for the n ∼ 1.5 quartz, a π will pass the Cherenkov threshold at
125 MeV/c and at ∼280 MeV/c no light will escape the quartz due to total internal
reflection for particles perpendicular onto the radiator. An elegant solution to this
problem is shown in Fig. 7.10a.

The other option is to exploit the feature of internal reflections as a light guide for
the Cherenkov photons. The working principle of a DIRC, Detection (of) Internally
Reflected Cherenkov (light) [28], detector is sketched in Fig. 7.10b. The standoff
region is designed to maximize the transfer efficiency between the radiator and the
detector. If this region has the same index of refraction as the radiator, n1 � n2,
the transfer efficiency is maximized and the image will emerge without reflection or
refraction at the end surface. Further improvements can be achieved by measuring
the transfer time of the Cherenkov photons [29]. A large fraction of the uncertainties
caused by the dispersion can then be eliminated.

7 Data from:
Del Mar Ventures, 12595 Ruette Alliante No.148, San Diego, California 92130, US.
Crystran Ltd, 1 Broom Road Business Park, Poole, Dorset, England.



7 Particle Detectors and Detector Systems 295

10 mm
4 mm

Track

Radiator

γγ

(a)

n1

n2

n3

n3

Pa
rt
ic

le
Tr

aj
ec

to
ry

tz

ty

Stand

  off

D
et

ec
to

r 
  
p
la

n
e

(b)

Fig. 7.10 (a) Sketch of the saw tooth quartz radiator for CLEO 3 [27]. (b) Schematic of the
radiator bar for a DIRC [28] detector. Not to scale

Similar, but not identical, are the Time-of-Propagation, TOP [30] detector at the
BELLE II experiment and the proposed detectors; TORCH [32] at LHCb and a
DIRC [33] at the PANDA experiment.

The TOP consists of quartz radiator bars 270 cm long ×45 cm wide ×2 cm thick.
See Fig. 7.11a. One end of the bar has a spherical mirror to reflect light back to
the other end that has a small expansion prism. The prism is instrumented with 32
16-channel microchannel plate photomultiplier tubes (MCP-PMTs) readout with
custom giga-sample per second waveform sampling electronics. The Cherenkov
ring is imaged by the 512 MCP-PMT pixels with 5 mm pixel size and the time of
arrival of each photon is measured with <50 ps timing resolution. The photon time
of arrival is a sum of the time of flight of the charged particle to the quartz radiator
and the time of propagation of the Cherenkov photons to the photodetectors. Results
with test beam data is shown in Fig. 7.11b. Clear π /K separation can be observed.
The detector will be ready for data taking in 2018.

7.4.2.2 Aerogel Radiators

The search for a stable Cherenkov radiator with a refractive index between gas
and liquid started about the same time as the first Cherenkov detector became
operational. The first successful was silica aerogel [34]. The Axial Field Spectrom-
eter [35] at the CERN ISR was the first large experiment to use it. The principle
fabrication reactions8 are rather simple:

Si(OCH3)4 + 4H2O
NH3−→ Si(OH)4 + 4CH3OH

nSi(OH)4 −→ (SiO2)n + 2nH2O

The refractive index, n, as a function of the wavelength, λ, can be approximated by
n = 1 + k · ρ for the density ρ in g/cm3 and k is a function of λ. An example

8 Tetramethyl orthosilicate is used in this example. Tetraethyl orthosilicate can also be used and is
normally preferred as the byproduct is ethanol rather than methanol. Both tetramethyl orthosilicate
and tetraethyl orthosilicate are highly reactive [36].
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Fig. 7.11 (a) Schematic drawing of a TOP-counter. Reference [30]. (b) Test beam data.
Cumulative distribution of measured time versus channel number for detected photons; the insert
shows a zoom at short times, indicating the separation in time between the signals from pions and
kaons. Reference [31]
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Fig. 7.12 (a) Aerogel tile. Courtesy of the LHCb Milano group. (b) Refractive index of aerogel
as function of wavelength. Bellunato et al. [37] with permission. (c) Transmittance of 52.10 mm
thick aerogel as function of wavelength. Perego [38] with permission

is shown in Fig. 7.12b. The data [37] is well described by a single pole Sellmeier
equation:

n2 − 1 = a0λ
2

λ2 − λ2
0

(7.23)

for a0 = 0.05639 ± 0.00004 and λ0 = (83.22 ± 1.25) nm.
Assuming that aerogel is just a rarefied form of silica, a0 and the density of the

material are linked by:

ρ(aerogel) = a0(aerogel)

a0(SiO2)

n2(SiO2) + 2

n2(aerogel) + 2
ρ(SiO2) (7.24)

which gives ρ(aerogel) = (0.158 ± 0.001) g/cm3, in reasonably good agreement
with ρ = (0.149 ± 0.004) g/cm3 which was given by the manufacturer.

Two main types of aerogel are now available, hydrophobic9 and hygroscopic.10

Large homogeneous blocks of high optical quality are now readily available. The
refractive index can be tuned between 1.008 and 1.1. By stacking aerogel blocks of
different refractive indices, the total light output can be increased while minimizing
the width of the Cherenkov ring. By modifying the reaction conditions of the sol-gel
synthesis [39], it is possible to control the variations of n inside the aerogel tile and
thereby create a monolithic block with well defined different layers of n.

9 Advanced Technology Research Laboratory, 1048 Kadoma, Kadoma-shi, Osaka-fu, Japan 571.
10 Boreskov Institute for Catalysis in collaboration with the Budker Institute of Nuclear Physics in
Novosibirsk.
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(a) (b)

Fig. 7.13 (a) Proximity focusing RICH with two layers of the aerogel radiator: Cherenkov
photons emitted in two aerogel tiles are detected on the same ring by the position sensitive photon
detector, thus reducing the ring width. (b) Cosmic ray events registered by partially equipped
detector. Reference [41]

The optical quality, light transmission T , see Fig. 7.12c, of aerogel is normally
parameterized as:

T = T0 · exp

[
−C · t

λ4

]
(7.25)

where C is the clarity given in µm4/cm and t is the thickness in cm. T0 describes the
bulk properties of the aerogel and C the variation with the wavelength. The λ4 term
shows that the light attenuation, opacity κ ,11 is governed by Rayleigh scattering [40]
which can be written as:

κ = σRlh(λ) · N0 · t , where σRlh(λ) ∼= 128π5ζ 2

3λ4 · 6 + 3δ

6 − 7δ
for ζ = n − 1

2πN0
(7.26)

where N0 is the number of particles per unit volume and δ is the polarization factor.
δ is small and in the range from about 0.03 to 0.09.

The two-layer aerogel RICH detector of the Belle II spectrometer [41] will
separate charged particles in the forward end-cap of the spectrometer inside a
magnetic field of 1.5 T with a high separation capability in the momentum range
from 0.5 to 3.5 GeV/c. See Fig. 7.13. The detector will be ready for data taking in
2018.

11Opacity is another term for the mass attenuation coefficient or, depending on context, mass
absorption coefficient. κλ at a particular wavelength λ of the electromagnetic radiation.
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Fig. 7.14 Refractive index for some common fluids. D-line (589 nm). Data from [16, 22]

7.4.2.3 Fluids as Radiators

The relationship between the refractive index of a gas and the corresponding liquid,
is given by:

[
n2 − 1

n2 + 2

]

gas
=

[ p

RT

]

gas

[
M

ρ

]

liq

[
n2 − 1

n2 + 2

]

liq
(7.27)

where p and T is the pressure and temperature of the gas, M and ρ is the molecular
weight and density of the liquid and R is the gas constant (based on pressure and
volume units R = 82.0575 (cm3 atm)/(K mol)).

The refractive index for a number of fluids is plotted in Fig. 7.14.

7.4.3 Threshold Cherenkov Detectors

As soon as photon detectors, Chap. 3, coupled with the associated electronics,
had the sensitivity to detect the low level of photons emitted through Cherenkov
radiation, the first threshold Cherenkov detectors, see Figs. 7.15 and 7.16, were used
in high energy experiments. The best known of these early experiments, is probably
the discovery of the antiproton at the Radiation Laboratory of the University of
California at Berkeley in 1955 [42].

The design of these threshold detectors is simple as is shown in Fig. 7.16a. In
this sketch, the radiator is a gas. There is no problem to change it by inserting
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(a) (b)

Fig. 7.15 (a) A threshold gas Cherenkov counter as used to tag particles in the secondary beams.
CERN IT 6304088. (b) CEDAR counter (internal part). Here on the mounting bench. The counter
is a differential Cherenkov, corrected for chromaticity, able to differentiate pions from kaons up to
350 GeV. Counters of this type were used in all SPS hadron beams. CERN PHOTO 7603033

Fig. 7.16 (a) Top and bottom shows the working principles of respectively a threshold and a
differential Cherenkov detector. (b) Is an achromatic liquid differential Cherenkov detectors, DISC:
Differential Isochronous Self-Collimating; adapted from [43]

a solid or a liquid radiator, nor to change the pressure of the gas. It only affects
the radiation length seen by the traversing particles. The solid angle covered by
the detector is only limited by the design of the optics. A threshold Cherenkov
detector can therefore be used both in the incoming beam to define the flavour of
the primary particles as well as for identifying the secondaries. It should be noted
that by introducing two, or more, detectors in series, positive particle identification
can be achieved over a large momentum range.

A differential Cherenkov detector is shown in Fig. 7.16a. It is designed for a given
value of the Cherenkov angle, such that:


 = r/F (7.28)

where r is the mean radius of the aperture of the diaphragm and F is the focal
length of the mirror. The use of these detectors is mainly limited to parallel beams.
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Assuming high energy particles and gas radiator, the resolution power can be written
as:

[
�β

β

]

limit
= tan 
 · �
 (7.29)

The coma12 is the main error, given by:

�
coma = 
3 + 
2

4

[
3

b

L
− 


]
= 3

4

3 if b � L (7.30)

where b is the diameter of the incoming particle beam and L is the length of the gas
radiator. The chromatic angular dispersion is given by:

�
chrom = 


2ν

[
1 + 1

γ 2
2

]
where ν = n(λ2) − 1

n(λ1) − n(λ3)
, (7.31)

representing the optical dispersion in the gas. λ1 and λ3 are the wavelengths
appropriate for the limits of the spectral range. λ2 is the mean wavelength. The
total angular dispersion is then:

�
 ≈ 
3 + 


2ν

[

1 + 1

γ 2
i 
2

]

, (7.32)

i = 0, 1 depending on the particle. We then get the limit for the maximum
Cherenkov angle:


4 + 
2

2ν
≤ 1

2p2

[

m2
1 − m2

0 − m2
i

ν

]

. (7.33)

For most applications, the Cherenkov angle will be smaller than this limit. The
design will therefore be governed by the chromatic error.

To further diminish the errors, and thereby minimize �β/β, a Differential
Isochronous Self-Collimating, DISC, Cherenkov detector can be used. See
Fig. 7.16b. With an optimized optics design a nearly achromatic condition can
be achieved. That is,

�
(λ)

�λ
= 0 → �β

�λ
= 0 (7.34)

12 The aberration known as coma affects rays from points not on the axis of a lens. It is similar to
spherical aberration in that both arise from the failure of the lens to image central rays and rays
through outer zones of the lens at the same point. Coma differs from spherical aberration in that a
point object is imaged not as a circle but as a comet-shaped figure (whence the term coma).
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Fig. 7.17 (a) Ring imaging optics for particles emerging from a target or interaction region
with zero impact parameter. The detected and emitted Cherenkov angles (
D,
) are equal if
the detector radius is correctly chosen.[45]. (b) The quantum efficiency for some photo sensitive
vapours as function of photon energy. Adapted from [17]

Velocity resolution �β/β ∼ 10−6 − 10−7 has been achieved [44]. These are very
beautiful detectors, but with a somewhat limited usage as they require a near parallel
beam, offer a limited solid angle and the material budget is not negligible.

7.4.4 Ring Imaging Cherenkov Detectors

The quest to make a ring imaging detector and thereby utilize all the inherent
properties of Cherenkov radiation as described in Sect. 7.4, was long thwarted by
the inability to get a high spatial resolution photon detector which was sensitive to
single photons and compatible with photon absorptions, Fig. 7.8, in the media and
photon transmission through windows, Fig. 7.9b. The breakthrough came in 1977
with the work of J. Séguinot and T. Ypsilantis [45, 46]. See Fig. 7.17a. Their work
during the initial phase was mainly concentrated around MWPC, Chap. 4, and a
photoionizing vapour additive to the chamber gas.

7.4.4.1 Photo Sensitive Vapours

Figure 7.17b shows the quantum efficiency for some photo sensitive vapours.
The work with TEA,13 Triethylamin C6H15N, and especially TMAE,14 Tetrakis-
(dimethylamino)-ethylene C10H24N4 [47, 48], made it possible to work in the
wavelength range from about 200 to 160 nm and thereby use fused silica as
windows.

13http://webbook.nist.gov/cgi/cbook.cgi?ID=C121448&Units=SI.
14http://webbook.nist.gov/cgi/cbook.cgi?ID=C996703&Units=SI.

http://webbook.nist.gov/cgi/cbook.cgi?ID=C121448&Units=SI
http://webbook.nist.gov/cgi/cbook.cgi?ID=C996703&Units=SI
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Fig. 7.18 (a) CsI quantum efficiency. (b) Sketch of a MWPC with CsI photo cathode

TMAE was the chosen photoionizing vapour, together with drift chambers, Chap.
3, for the first generation RICH detectors [49–51]. However, these fluids are difficult
to handle and their usage is therefore now very limited. TEA and TMAE are
chemically not reactive with respect to normal MWPC gases. They will, however,
require an O2 and water content of the carrier gas ≤ 10 ppm for stable operation.
A drawback by using these molecules is the photon feedback. The photons created
in the gas amplification process have a probability to convert. The main source of
this background is from the ionization due to the charged particle going through the
detector. The chambers were normally run at an amplification around 1 − 5 · 105

in order to be sensitive to single photons. The total probability for re-conversion
thereby became larger than 1 and the chamber would break down. The number of
feed-back photons can be written as Nfp = ι·G where G is the total chamber gain.15

ι ∼ 7 − 8 · 10−6 in CH4 due to photon absorption for wavelengths below 143 nm.
See Eq. (7.21).

A number of ingenious chamber designs were made to minimize the photon
feed-back. The designs are a compromise between detection efficiency, ease of
operation and fabrication and drift of electrons in a B×E configuration. Even at
stable operating conditions, some photons will escape and give rise to an event
correlated background. This background is difficult to disentangle from the real
signal in high occupancy events and particularly with TMAE due to its long photon
conversion length.

7.4.4.2 CsI Photo Cathode

The next step in high spatial granularity, or pixilated, photon detectors for RICH
came with the CsI photon detector [52]. CsI is an alkali halide crystal which has
a good quantum efficiency, Fig. 7.18a, below 200 nm and is stable in normal dry
and O2 free chamber gases [53]. The development was triggered by the need for a
faster detector at the arrival of LHC and similar accelerators. In a MWPC structure,

15 The measured chamber gain might be smaller due to charge sharing and electronics time
constants.
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the CsI photo cathode can either be deposited as a reflective, Fig. 7.18b, or as
a semi-transparent layer [54]. The latter would, in the case of Fig. 7.18b lay-out,
be a layer on the quartz window. The maximum quantum efficiency for semi-
transparent CsI is for a thickness of about 11 nm in the wavelength range from
210 to 170 nm. The thickness does not matter for a reflective photo cathode and is
normally in the range of 150–200 nm. A semi-transparent CsI photo cathode will
have a quantum efficiency of about 0.7 compared to a reflective one. It should
be noted that the photon conversion efficiency is strongly depending on the bulk
structure and morphology of the CsI layer; that is, the roughness of the substrate
and the connectivity of the layer. Particularly thin layers can become a collection of
unconnected islands. Post-production heat treatment has proven advantageous.

As for the photosensitive vapours, a CsI photo cathode will be sensitive to
the photon feed-back from the gas amplification process, see Sect. 7.4.4.1. A
stable operation of the chamber is therefore a compromise between single photon
efficiency, electronics sensitivity, signal shaping and gas amplification.

As few, if any other photon detector, can beat a gas based detector in cost
efficiency and geometrical acceptance, a number of similar, but not identical,
detector set-ups are proposed and investigated. The main emphasis is on limitation
of photon feed-back, on better and more stable photo cathodes and on time
resolution. This work is also partially driven by very large Cherenkov detectors
for astrophysics. A very promising research and development is in gaseous micro
pattern detectors with Bialkali photo cathodes. We will not discuss these here,
but refer the reader to [55]. An overview of the current status and perspectives of
gaseous photon detectors can be found in [56].

7.4.4.3 Vacuum Based Photon Detectors

The working principles of vacuum based photon detectors like photo multiplier
tubes are discussed in Chap. 3. Although small diameter PM tubes, diameter 10 mm
upwards, have been used for a long time in Cherenkov detectors, cost, balanced with
space resolution and material budget, made them less attractive. The introduction of
multi anode and pixilated silicon anode detectors, together with fast and sensitive
electronics changed this. The first generation of multi anode photo tubes required a
lens system [57] in order to give good geometrical acceptance. See Fig. 7.19a.

The schematic of a Hybrid Photon Detector [60, 61], HPD, is shown in Fig. 7.19b.
In these detectors the encapsulated pixilated silicon detector is bump-bonded onto
the read-out electronics. The capacitance is thereby small and the associated noise
low. It also requires only a few vacuum feed-throughs. The photo cathode is
normally a S20.16 Under the influence of the electric field, the photo-electron
is accelerated onto the silicon detector. In the example given in Fig. 7.19b, the
20 kV potential between anode and cathode gives a cross-focusing field with a

16 S20 is a tri-alkaline (Sb-Na-K-Cs) semi-transparent photo cathode.
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Fig. 7.19 (a) Optical arrangement of the COMPASS MAPMT and the fused silica lens telescope.
With permission [58]. (b) Schematic arrangement of the LHCb Hybrid Photon Detector. With
permission [59]

demagnification of ∼5. Other field configurations can be used [61]. The granularity
of the silicon detector can be tailored as function of the required geometrical
resolution.

These new photon detectors with a maximum quantum efficiency of about 30–
35% around 300 nm, have made the choice of Cherenkov radiators and photon
windows much more flexible. It has for instance allowed the use of aerogel in Ring
Imaging Cherenkov detectors. See Sect. 7.4.2.2 and Fig. 7.12c.

Current research and development is mainly concentrated on faster and cheaper
detectors with large geometrical acceptance. These are detectors like silicon
avalanche photo diodes, micro channel plates and large area flat panel multi-anode
PMTs. The reader is referred to Chap. 3.

An overview of the current status and perspectives of vacuum-based photon
detectors can be found in [62].

7.4.5 Optics

We can broadly divide the light collection system of Ring Imaging Cherenkov
detectors into two distinctive classes.

• Proximity focusing, or direct light collection as in Fig. 7.20.
• Concave mirrors as in Fig. 7.17a in Sect. 7.4.4.

7.4.5.1 Proximity Focusing

In the first case with proximity focusing optics, the resolution relies on the thinness,
l, of the radiator in comparison to the expansion length, L. That is, l � L. The
Cherenkov light will then describe a thin cone around the charged particle and



306 R. Forty and O. Ullaland

Fig. 7.20 Proximity focusing
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will give rise to a finite width, conic section image where the detector plane
intercepts this cone. If the particle is not perpendicular to the radiator and the
detector planes, this circular image becomes distorted to an elliptic or a hyperbolic
image. Depending on the refractive index of the radiator, photon window material
and the expansion gap, light might be trapped due to total internal reflections.
See Sect. 7.4.2.1. As the photon detector has to be placed in the path of the
charged particle, the material budget may become prohibitive. However, this
detector configuration is well adapted to 4π detectors with high refractive index
radiators [51, 63].

7.4.5.2 Focusing Mirrors

Detectors which cover large solid angles require large focusing mirrors as in
Fig. 7.21. There are two.17 options, parabolic [65] and spherical [66, 67] mirror.
The choice of mirror substrate is a balance between cost, ease of fabrication and
performance. Whereas the material budget is normally not an issue in astrophysics,
see Sect. 6.1 and Fig. 7.21a and b, it is one of the main concerns in accelerator
based experiments as the mirrors must be inside the acceptance. If spherical
aberration becomes a dominant contribution to the total error in the Cherenkov angle
calculation, parabolic mirrors should be used.

17We will not discuss here ellipsoid nor hyperbolic mirrors. For correctors like Schmidt and
Maksutov, the reader is referred to [40].
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(a) (b) (c)

Fig. 7.21 (a) and (b) The VERITAS Telescope 1 as installed at the Whipple Observatory base
camp. The collector dish has a diameter of 12 m and a focal length of 12 m and comprises 350
mirror facets. A 499-PMT camera is installed in the box at the focal point. Courtesy of the
VERITAS Collaboration [64]. (c) COMPASS [67] mirror wall of RICH 1. CERN EX 0106007
01

Table 7.3 Basic material properties for some mirror substrates together with substrate rigidity, K ,
and the rigidity divided by material thickness in units of radiation length

X0 E α Relative K/X0

Material [cm] [104 MPa] [10−6/◦C] rigidity K relative

Beryllium 35.3 28.9 11.3 1 1

Plexiglas 34.4 0.33 70 0.012 0.011

Pyrex glass 12.7 6.17 3.2 0.213 0.076

Aluminium 8.9 6.9 23.9 0.238 0.060

X0 is the radiation length, E the Young’s module and α is the coefficient of thermal expansion

The material option for the mirror substrate is a balance between radiation length,
size of the substrate and stability. Some options18,19 are given in Table 7.3.

The rigidity, K , of a thin mirror substrate is roughly given by:

K ∝ Et3

D2
(7.35)

where E is Young’s modulus, t is the substrate thickness and D is the diameter. The
superiority of substrate materials like beryllium is clear in Table 7.3. In this table

18Plexiglas is Poly(methyl methacrylate) (PMMA) by Evoniks Business Unit Performance Poly-
mers.
19Pyrex, Corning Incorporated, is made of 4% boron, 54% oxygen, 3% sodium, 1% aluminium,
38% silicon, and less than 1% potassium.
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substrates of diameter 500 and 5 mm thickness are compared. However, beryllium
is not a good reflector nor a good support for a reflecting surface. A thin glass face
is therefore required on the beryllium as support for the reflector [68]. This glass
surface can also be used to adjust the focal length of the mirror. The main challenge
is to use a glass which has the same thermal expansion coefficient as beryllium.

Thin and robust mirror substrates can be made as a sandwich assembly. The
kernel is normally a honeycomb or foam and the inner and outer skin are preformed
to about the right radius of curvature. The final adjustment is done at the assembly
stage or by reshaping, by polishing, the reflecting skin later. The skin can be
high strength carbon fibre sheets [69], easily formed Plexiglas [70] or simple metal
structures [71]. Glass with glass-foam kernel has also been built [72].

Glass is still the most used substrate for mirrors. It is easily shaped and machined
and the ageing behaviour is well known. Stresses in the material can be simply
relieved. It is also inert in most Cherenkov radiators. It is normally slumped to the
required shape and then polished to the final focal length. Its principal drawback is
the radiation length.

7.4.6 The Reflective Surface

The reflectivity of a surface is a function of the incident angle and energy of the light
and the dielectric structure of the surface. The principle is discussed in [40] and more
specifically in [73]. See Fig. 7.22a. A high reflectivity layer is over-coated by one or
more transparent films of high and low refractive indices. Aluminium and silver are
good reflectors with peak reflectivity of respectively ∼92% and ∼96%. Aluminium,
the most widely used metal for reflecting films, offers consistently high reflectance
throughout the visible, near-infrared, and near-ultraviolet regions of the spectrum.
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Fig. 7.22 (a) Schematic representation of a metal multi-dielectric mirror [73]. (b) Measured and
calculated reflectivity of a multi-dielectric mirror coating. The stack is Cr-Al-SiO2-HfO2. Adapted
from [73]
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Table 7.4 Typical process parameters for a multi-dielectric mirror coating [73]

Purity Chamber pressure Deposition rate Thickness (geom.)

Material [%] [Pa] [nm/s] [nm]

Cr 99.98 2 · 10−5 1 20

Al 99.999 2 · 10−5 5 85

SiO2 99.99 10−3 O2 0.2 28

HfO2 99.9 10−3 O2 0.2 38

While silver exhibits slightly higher reflectance than aluminium through most of
the visible spectrum, the advantage is temporary because of oxidation tarnishing.
Aluminium also oxidizes, though more slowly, and its oxide is tough and corrosion
resistant. Oxidation significantly reduces aluminium reflectance in the ultraviolet
and causes slight scattering throughout the spectrum. Generally, all reflective layers
need a protective film.

Material like SiO2 and MgF2 have low refractive index in comparison to HfO2
and TiO2. Properties like residual stress, adherence, resistivity to abrasion and
humidity and coating yield are essential in the selection process for these layers.
The optical thickness of the layers, dopt ∝ cos 
, is normally chosen to be λ/4.
A dielectric coating will lead to a wavelength and angle dependent modulation of
the reflectivity. The larger the ratio between the refractive indices in a Low/High
pair, the higher is the peak reflectivity and width of the enhanced region. Adding
more pairs for the same wavelength range, will enhance the peak reflectivity, but
narrow the wavelength range. The layer stack will normally be terminated with a
high refractive index layer. In this way the mirror reflectivity can be optimized for
the wavelength range of the photon detector.

Mathematically approximation codes20 will predict the behaviour of the mul-
tilayer film. The accuracy only depends on the knowledge of the refractive index
and the absorption in the deposited layers. These optical properties are however
dependent of the deposition method and processing parameters.

An example is shown in Fig. 7.22b. Layers of Cr, Al, SiO2 and HfO2 are used
on a glass substrate. See Table 7.4 for process parameters. This coating is optimized
for a wavelength of 275 nm in order to match a S20, footnote 16, photo cathode and
compared with calculations. See footnote 20 for the calculation.

7.4.6.1 Mirror Imaging Quality

The error introduced by the imaging quality of a RICH mirror should be small
compared to all other errors in the detector. If the mirror is a perfect spherical

20 FilmStar Design, FTG Software Associates, Princeton, NJ,
SCI Film Wizard, Scientific Computing International, Carlsbad, CA
or similar.
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Fig. 7.23 (a) Spot image for
a high precision glass mirror.
(b) Spot image for a thin
glass mirror [66]

surface, the spot on the focal plane would have the size given by the diffraction
limit. For a circular mirror of diameter D and a radius of curvature R, the diffraction
limited spot diameter, d, at the third maximum, corresponding to 95.3% of the
focused light, is given by:

d = 2R tan α for sin α = λx

πD
and x = 3.7π (7.36)

For a wavelength λ = 641 nm,21 D = 0.50 m and R = 8 m, d = 76µm.
Real mirrors have real imperfections. Fig. 7.23 shows the difference between a

high precision and a thin glass mirror. The mirror in Fig. 7.23a is a 50 mm thick
glass mirror of diameter 400 mm and a radius of curvature of 7.8 m. The Fig. 7.23b
mirror is 7.5 mm thick with a diameter of 400 mm and a radius of curvature of
7.8 m. 95% of the focused light for the first mirror is inside circle of diameter
0.23 mm. The corresponding diameter for the second mirror is 3.4 mm. This mirror
also features irregularities at the edges of the surface. The average quality of a mirror
is well described by the spot size at the focal plane and is normally sufficient as a
qualification parameter. Let D0 be the diameter of this spot which encompasses 95%
of the light. σs = D0/4 is the RMS of the light distribution if this distribution was
Gaussian. The error induced by the mirror is then given by:

σ
 =
√

σ 2
s + σ 2

p

2R
≈ σs

2R
= D0

8R
(7.37)

where σp is the resolution of the point source.
The determination of the spot shape can be an invaluable tool in the development

and fabrication process. The quantification of the variation in the radius of curvature
across a substrate can be used to improve the resolution of the system. It can be
particularly important for large mirrors.

Shack-Hartmann sensors, Ronchi test method, Foucault method and similar
measurement methods are described in detail in [74]. We will only show the power
of these methods with one example.

A sketch of a Ronchi test set-up is shown in Fig. 7.24a. A beam of coherent,
quasi-monochromatic light is brought to focus by an optical system that is under-

21Red laser diode.
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Fig. 7.24 (a) General set-up for a Ronchi test. (b) Ronchigram of a high precision spherical glass
mirror. Thickness 50 mm. (c) Ronchigram of a thin spherical glass mirror. Thickness 4.5 mm.
Ronchi ruling 1 mm

going tests to determine its aberrations. A lens, or more generally any optical
system consisting of an arrangement of lenses and mirrors, is placed in the position
Test Object. A diffraction grating, placed perpendicular to the optical axis in the
vicinity of the focus, breaks up the incident beam into several diffraction orders.
The diffracted orders propagate, independently of each other, and are collected by a
pupil relay lens, which forms an image of the exit pupil of the object under test at
the observation plane. For a concave mirror, deviation from a spherical surface will
result in deformation of the fringes. The measurement is only sensitive to changes
in radius of curvature perpendicular to the grating direction. Results are shown
in Fig. 7.24. Figure 7.24b is a Ronchigram for a high precision spherical mirror,
whereas Fig. 7.24c is for a thin large mirror. For the first mirror, the interference
lines are straight which shows that the deviation from the ideal shape is smaller than
the resolution of the Ronchi ruling. For the second mirror, the interference lines are
distorted. In the centre, the lines bow outward and indicate parabolic deformation.
On the edges, the lines bow inward to indicate an oblate spheroid surface.

7.4.7 Ring Finding and Particle Identification

As explained in Sect. 7.4, Cherenkov light is produced in a cone at polar angle 
C
relative to the particle trajectory, as given by Eq. (7.8) for a particle travelling at
velocity β. In a RICH detector the light is focussed onto a detector plane as a
ring image. For the classical RICH geometry illustrated in Fig. 7.17a and [46], the
detected photons corresponding to a track passing through the detector would form
a circular ring image centred on the track impact point on the detector. The issues
discussed in this section are the finding of the ring, i.e. the pattern recognition to
associate the detected photons to a given track, and the particle identification, i.e. the
determination of the particle type, given the photons that are associated to its track.
Examples are taken from LHCb, Fig. 7.25, the dedicated B physics experiment at
the LHC, which has two RICH detectors [75]. A review of other approaches can be
found in [76].
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Fig. 7.25 (a) View of the LHCb detector. (b) Side view schematic layout of the RICH 1 detector.
Reference [75]

For the simple detector geometry of Fig. 7.17a, and for a single track passing
through the detector, the circular image implies that the photons from the track all
lie at a constant radius on the detector plane, when measured from the track impact
point. The radius r is related to the Cherenkov angle, 
C, by:

r = R
C/2 (7.38)

where R is the radius of curvature of the spherical focussing mirror. For a given
track the pattern recognition could therefore simply be performed by plotting the
radius of all photons in this way, and searching for a peak in the distribution. Due to
the finite resolution, this signal peak will have a roughly Gaussian shape, with width
corresponding to the resolution. Sources of finite resolution include the pixel size of
the photon detector, and the fact that the refractive index has some dependence on
the photon wavelength, leading to a chromatic term in the resolution. Background
hits that are distributed randomly across the detector plane, for example from noise
in the photon detector, will appear as a contribution in the plot of detected photon
radius that increases roughly linearly with radius (due to the increasing area swept
out on the detector plane as the radius increases). This situation is illustrated in
Fig. 7.26a.

Given the reconstructed radius r , the Cherenkov angle can be calculated from
Eq. (7.38), and thus the velocity β of the particle determined from Eq. (7.8). To
make the final step of identifying the particle, the momentum p must also be known,
usually from the tracking system of the experiment that measures the curvature of
the track in a magnetic field. Then the mass m of the particle can be determined
using relativistic kinematics:

m2 = p2(β−2 − 1)/c2 (7.39)
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Fig. 7.26 (a) Distribution of photons in radius around the track, for a set of tracks in one of
the LHCb RICH detectors; the peak from the photons associated to the track is visible, along
with background from other sources. (b) Reconstructed Cherenkov angle for isolated tracks, as a
function of track momentum in the C4F10 radiator. The Cherenkov bands for muons, pions, kaons
and protons are clearly visible. Reference [77]

and this identifies the particle type. An example is shown in Fig. 7.26b where
the reconstructed Cherenkov angle has been plotted versus momentum for all the
particles in a set of events, and the loci of points corresponding to particles with
different masses are clearly seen.

In practical implementations of the RICH technique, the optical system usually
differs from the simple classical layout, so as to avoid the material of the photon
detectors being placed within the acceptance of the spectrometer. For example,
the RICH detectors of the LHCb experiment involve a spherical focussing mirror
that is tilted with respect to the track direction, and an additional planar mirror to
bring the Cherenkov light to photon detectors sited outside the acceptance, while
limiting the overall size of the detector system. This complicates the reconstruction
somewhat, as the ring images are no longer circular but become distorted into
roughly elliptical shapes, and the track no longer passes through the detector plane,
but its image on that plane has to be calculated from knowledge of the optics. There
is also an additional contribution to the resolution, due to the spherical aberration
resulting from imaging the photons from off-axis tracks, but this can usually be
arranged to be smaller than the limiting chromatic effect. The distortion of the ring
image can be exactly corrected for by reconstructing the Cherenkov angle for each
photon-track pair. For a spherical focussing mirror the analytical solution of this
calculation involves the solution of a quartic equation. See [78]. For reasons of
speed, a numerical approach can be used instead, ray-tracing photon candidates
through the optical system and calibrating the distortion of the ring image in this
fashion. The peak search is then performed in Cherenkov angle space, rather than
radius on the detector plane.
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a single proton-proton collision event at the LHC. (b) Kaon identification efficiency and pion
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Reference [77]

This approach of peak searching works well in situations of low track multiplic-
ity, where the ring images from tracks are well separated. However, at the LHC the
track density is high, as illustrated for a typical event in Fig. 7.27a. In this case the
main background to the reconstruction of the ring image of a given track comes from
the overlapping rings from other tracks. It is therefore advantageous to consider the
optimization of photon assignment to all of the tracks in the event simultaneously, in
a so-called global approach. Since a momentum measurement is required to convert
a measured ring image into particle identification, as discussed above, it makes
sense to use the reconstructed tracks in the event as the starting point for pattern
recognition. Trackless ring searches have been developed, but are mostly relevant
for background suppression, rather than particle identification [76]. Furthermore,
the number of stable charged particle types that are required to be identified is rather
limited, typically five: e, μ, π , K, p. The pattern recognition can be made faster
by just searching for these particle types, i.e. hypothesis testing. For applications
where speed is crucial, such as use in the trigger of the experiment, the number of
hypotheses compared can sometimes be further reduced, depending on the physics
process that is being selected, e.g. simply comparing π and K hypotheses [79]. On
the other hand, if one is interested in an unbiased search for charged particles (such
as exotic states) then alternative approaches exist that do not rely on preselected
hypotheses [80].

The pattern recognition then proceeds by taking the most likely hypothesis for
each of the tracks in the event, typically the π hypothesis as they are the most
abundantly produced particle (at the LHC). The likelihood is then calculated that the
observed pattern of photons was produced by the particles, under these first choices
of mass hypotheses. Conceptually this corresponds to taking the product of terms
for each photon according to how close it is to the nearest ring image, assuming
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Fig. 7.28 (a) Invariant mass distribution for B→ h+h− decays in the LHCb data before the use
of the RICH information, and (b) after applying RICH particle identification. The signal under
study is the decay B0 → π+π−, represented by the turquoise dotted line. The contributions from
different b-hadron decay modes (B0 → Kπ red dashed-dotted line, B0 → 3-body orange dashed-
dashed line, Bs →KK yellow line, Bs → Kπ brown line, Λb →pK purple line, Λb → pπ green
line), are eliminated by positive identification of pions, kaons and protons and only the signal and
two background contributions remain visible in the plot on the right. The gray solid line is the
combinatorial background. Reference [81]

a Gaussian probability distribution around each ring. A term is also added to the
likelihood from the comparison of the total number of photons assigned to a track,
compared to the expected number given the mass hypothesis and momentum. The
tracks in the event are then all checked to see which would give the greatest increase
in the total likelihood of the event, if its hypothesis were to be changed, and the mass
hypothesis of the one giving the greatest increase is then changed. This procedure
is iterated until no further improvement in the likelihood can be achieved, at which
point the maximum-likelihood solution to the pattern recognition has been found.
By the use of various computational tricks [78] this algorithm can be reasonably fast,
typically taking a similar CPU time to the track finding algorithm. The performance
of this approach to particle identification when applied to LHCb events (of the type
shown in Fig. 7.27a) is illustrated in Fig. 7.27b. The efficiency for identifying kaons
and the misidentification rate of pions are both shown as a function of momentum.

An example from the LHCb experiment of the resulting powerful particle
identification in B→ h+h− decays is shown in Fig. 7.28. The LHCb experiment
moves to a fully software trigger where the RICH information is embedded.

7.5 Transition Radiation Detectors

A charged particle in uniform motion in free space will not radiate. It can radiate if it
traverses a medium where the phase velocity of light is smaller than the velocity of
the charged particle. This is Cherenkov radiation as discussed in Sect. 7.4 and was
first correctly described by P.A. Cherenkov and S.I. Vavilov in 1934 and formulated
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by I.M Frank and I.E. Tamm in 1937 [15]. This radiation was worked into the Bethe-
Bloch formalism in 1940 by E. Fermi, see Chap. 2 and [82].

There is another type of radiation when the charged particle traverses a medium
where the dielectric constant, ε, varies. This is transition radiation. It is analogous
to bremsstrahlung. In both cases the radiation is related to the phase velocity of
the electromagnetic waves in the medium and the velocity of the particle. In the
case of transition radiation, the phase velocity changes whereas the particle velocity
changes for bremsstrahlung. Transition radiation is, like bremsstrahlung, strongly
forward peaked.

V.L. Ginzburg and I.M. Frank predicted in 1944 [83] the existence of transition
radiation. Although recognised as a milestone in the understanding of quantum
mechanics, transition radiation was more of theoretical interest before it became
an integral part of particle detection and particle identification [84].

The exact calculation of transition radiation is complex and we will not repeat
the mathematics here. The reader is referred to [18, 85, 86]. Specific discussions can
be found in [87, 88]. We will here just recall some of the central features.

Transition radiation is emitted when a charged particle traverses a medium with
discontinuous dielectric constant. Let [E1, H1] be the Lorentz transformed Coulomb
field of the charged particle in medium 1 and [E2, H2] the corresponding one in
medium 2. See Fig. 7.29a. [E1, H1] and [E2, H2] do not match at the boundary.
In order to satisfy the continuity equation, a solution of the homogeneous Maxwell
equation must be added in each medium. This is the transition radiation. The angular
distribution of transition radiation by a perfectly reflecting metallic surface is of the
form:

J (
) = ω
dN

dωd	
= α

π2

(



γ −2 + 
2

)2

(7.40)

where γ = E/m � 1 in natural units, h̄ = c = 1, α � 1/137 is the fine structure
constant and 
 � 1 is the angle of the photon with respect to the velocity vector
v of the charged particle. 
 is along v for forward transition radiation or its mirror
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Fig. 7.29 (a) Schematic representation of the production of transition radiation at a boundary.
(b) Transition radiation as function of the emission angle for γ = 103. Eq. (7.40)
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direction for backward transition radiation. N is the total number of emitted photons.
Equation (7.40) is plotted in Fig. 7.29b.

The energy radiated from a single surface, assuming ε0 → ε, is given by:

W = 1

3
αZ2ωpγ (7.41)

where ωp is the plasma frequency.

7.5.1 Plasma Frequency

The influence of the plasma frequency was shown in the saturation of the relativistic
rise expressed by the Bethe-Bloch formula, Chap. 2 and [82], due to the polarisation
of the medium:

δ

2
= ln

ωp

I
+ ln βγ − 1

2
(7.42)

where I and ωp are respectively the mean excitation energy and the plasma
frequency of the medium and δ is the density correction.

The plasma frequency, ωp, is the natural frequency of density oscillations of free
electrons and its value depends only weakly on the wavelength. Longitudinal plasma
waves are resonant at ωp. Transverse electromagnetic waves are absorbed below ωp.
If ω < ωp, the index of refraction has an imaginary part and the electromagnetic
waves are attenuated or reflected. If ω � ωp, the index is real and a metal becomes
transparent. For large ω one can write

n2 = 1 −
(ωp

ω

)2
(7.43)

The plasma frequency is given as:

ω2
p = NZe2

ε0m
(7.44)

and depends only on the total number, NZ, of free electrons per unit volume. The
plasma frequency can be approximated with:

ωp(eV) � 28.8

√
ρ(g/cm3) · z

A
(7.45)

where z is the effective number of free electrons per unit volume. Table 7.5 gives
the corresponding calculated and measured wavelength, λp, for alkali metals. z = 1
for alkali, group 1a, metals. The calculated plasma energies in Si, Ge and InSb are
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Table 7.5 Ultraviolet
transmission limits of alkali
metals in nm [89]

Material

A Z λp [nm]

Calculated Measured

Li 6.939 3 155 155

Na 22.99 11 209 210

K 39.10 19 287 315

Rb 85.47 37 322 340

Cs 132.95 55 362 –

Table 7.6 Radiator material
properties [90]

ρ ωp X0

Material [g/cm3] [eV] [cm]

Lithium 0.534 13.8 148

Beryllium 1.84 26.1 34.7

Aluminium 2.70 32.8 8.91

Polyethylene CH2=CH2 0.925 20.9 49

Mylar C5H4O2 1.38 24.4 28.7

Air 2.2 · 10−3 0.7 30.9 · 103

based on four valence electrons per atom. In a dielectric the plasma oscillation is
physically the same as in a metal: the entire valence electron sea oscillates back and
fourth with respect to the ion core. Table 7.6 tabulates properties of some commonly
used radiator material.

7.5.2 Formation Zone

A minimum thickness is required in order to efficiently produce the transition
radiation as the evanescent field has a certain extension. This is the formation zone
and is illustrated in Fig. 7.30 for a stack of aluminium, ωp(Al) ∼ 32.8 eV, and air,
ωp(air) ∼ 0.7 eV. The length of the formation zone, d, can be written as:

d = 2c

ω

[
γ −2 + 
2 +

(ωp

ω

)2
]−1

(7.46)

which has a maximum, dmax, at ω = γωp/
√

2 for 
 = γ −1, which is equivalent to
the maximum intensity as can be seen from Eq. (7.40) and Fig. 7.29b.

dmax(µm) ∼ 140 · 10−3 γ

ωp(eV)
(7.47)

Inserting Eq. (7.45) in Eq. (7.47), we see that for media with a density in the order
of 1, ωp � 20 eV and dmax � 7µm for γ = 1000. For a gas, ωp is about 30 times
smaller due to the reduced density and dmax thereby 30 times longer for same γ .
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Fig. 7.30 Relative intensity of transition radiation for different air spacing. Each radiator is made
of 231 aluminium foils 1 mil thick. (1 mil = 25.4µm). Particles used are positrons of 1–4 GeV
energy (γ = 2000–8000). Adapted from [91]

Using numbers for the experimental set-up in Fig. 7.30, we get dmax ∼ 1.5 mm for
γ = 8000.

7.5.3 Transition Radiation Detectors

From the discussion above, transition radiation can be characterized by the follow-
ing:

• Transition radiation is a prompt signal.
• Transition radiation is not a threshold phenomenon.
• The total radiated power from a single interface is proportional to γ .
• The mean emission angle is inversely proportional to γ .

In general terms, there are two different types of transition radiation detectors:

1. The detectors working in the low energy, optical, range.
2. The detectors working in the X-ray range.

We will briefly introduce the first one and use a little more space on the second class
of X-ray transition radiation detectors.

7.5.3.1 Optical Transition Radiation Detectors

J.E. Lilienfeld [92] was probably the first,22 in 1919 to observe that in addition
to X-rays, radiation ranging from visible light through the ultraviolet is emitted

22 This statement has been contested over the years and could be due to a confusion between
transition, Cherenkov radiation and bremsstrahlung. See [93].
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Fig. 7.31 (a) Sketch of an experimental set-up for measurement of optical transition radiation
with secondary emission, SEM, grid and beam intensity monitor. The transition radiation foil is
tilted by 30◦ with respect to the beam line. The optical system is defined by two lenses and a CCD
camera. (b) Measured rms beam size values as a function of the total intensity for λ = 450 and
650 nm at 2 GeV. Adapted from [94]

when electrons approach a metallic surface. This radiation has a characteristic
polarisation, spectrum and intensity. A variation to this radiation occurs when the
charged particle moves roughly parallel to a conducting undulated surface. An
oscillating dipole will be set up with a frequency related to the particle velocity
and the undulation. The radiated power is small, but due to the microscopic source
area, the brightness can be large. This has, amongst a range of other usages, found
an application in accurate beam diagnostics equipments.

As an example, we will use an experiment to investigate the geometrical
resolution of optical transition radiation as shown in Fig. 7.31a [94]. Integrating
Eq. (7.40) over the solid angle gives:

dN

dω
� 2α

πω
ln (γ
max) (7.48)

where 
max is the angle of maximum emission, measured by the optical spectrom-
eter. The number of photons emitted is small. This must be compensated by a large
number of particles in the beam.

The mathematics for such a set-up is given in [95]. The diffraction, or the
Heisenberg uncertainty principle in the transverse phase-space of the photon, sets
the lower limit for the size of the emitting surface:

�bi ≥ λ

2π

1

2�
i

(i = x, y) (7.49)

where λ ∼ 600 nm is the observed wavelength. bi and 
i are the components of
the impact parameter b and the photon direction. �
i and �bi refer to rms values.
Setting �
 = γ −1, or full acceptance for the photons, the resolution becomes
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Table 7.7 Parameters for the
fit to the data [94] and plotted
in Fig. 7.31b

Parameter λ = 450 nm λ = 650 nm

ρ 176 ± 12µm 163 ± 25µm

a (9 ± 5) · 10−5 (6 ± 3) · 10−5

b 1.12 ± 0.09 1.12 ± 0.06

proportional to γ . γ = 105 would give �b ≥ 5 mm. This effect can be limited by
the introduction of an iris in the optical path as in [96].

The results from [94] are shown in Fig. 7.31b. As expected, the resolution is
weakly dependent on the intensity of the beam, but the total uncertainty is small.
The measurement points are fitted to σrms = √

ρ2 + aIb, where a and b are fit
parameters, ρ is the real beam dimension and I is the beam intensity. These are
given in Table 7.7.

Another promising application for optical transition radiation is in aerogel23

Cherenkov detectors [97].

7.5.3.2 X-ray Transition Radiation Detectors

Following [98], the total radiated energy from a single surface per unit of frequency,
can be approximated by:

[
dW

dω

]

s.s.
= α

π

[
1 + r + 2X2

1

1 − r
ln

X2
1 + 1

X2
1 + r

− 2

]

(7.50)

where

X1 = ω

γωp1
and r = ω2

p2

ω2
p1

∼ ρ2

ρ1
(7.51)

The suffix 1 and 2 denote medium 1 and 2. ωpi is the plasma frequency for medium
i. r will be assumed to be small and in the range of 10−3, which corresponds to a
ρ = 1 to gas interface.

By analysing Eq. (7.50), which is plotted in Fig. 7.32a, three distinct regimes can
be examined:

1. If γ � ω/ωp1 then X1 � 1 and dW/dω ∼ α/6πX4
1, which is a small number.

This results in a frequency cut-off and thereby ω ≤ γωp1.
2. If ω/ωp1 � γ � ω/ωp2 then dW/dω ∝ ln X−1

1 . That is, the total radiated
power increases logarithmically with γ .

3. If γ � ω/ωp2 then X1 � √
r . Then the total radiated power is approximately

constant.

23See Sect. 7.4.2.2.
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Fig. 7.32 (a) Total radiated energy from a single surface per unit of frequency as function of the
dimensionless variable X = ω/γωp1. (b) Intensity of the forward radiation divided by the number
of interfaces for 20µm polypropylene (ωp = 21 eV) and 180µm helium (ωp = 0.27 eV). Adapted
from [99]
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Fig. 7.33 (a) Sketch of a periodic transition radiation radiator. (b) The effective number of foils
in a radiator as function of photon energy. Adapted from [90]

It can be shown that the mean radiated energy in this single surface configuration
can be written as:

W � 2αγωp1/3 (7.52)

and that the number of high energy photons produced are of the order of α when
taking into account the frequency cut-off discussed above:

Nphotons(ω > 0.15γωp1) � α/2 (7.53)

A large number of interfaces are therefore required to have an effective detector with
a sufficient signal-to-noise ratio. A periodic transition radiation radiator is sketched
in Fig. 7.33a. It should be noted that the radiators do not need to be rigorously
periodic, but it is helpful for the calculation of the yield.
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The basic mathematics can be found in [85, 90, 98]. Computational models can
be found in [100]. The effective final number of transition radiation high energy
photons at the end of the radiator stack is a function of constructive and destructive
effects. See Fig. 7.32b. We will list the main effects here:

• The total radiated energy of a single surface is proportional to the plasma
frequency and thereby proportional to

√
Z of the material. Equation (7.44).

The absorption of these photons is governed by photo-electric effects and the
absorption coefficients in the stack. This goes approximately like Z5. The
radiator material should therefore be of low Z.

• The thickness of the radiator material, l1 in Fig. 7.33a, must be large enough to
contain the formation zone for the required γ , but short enough not to introduce
multiple scattering effects and bremsstrahlung. The gas density will always
introduce a negative effect and should be kept as low as possible.

For a practical transition radiation radiator and following [90], the expression of
the total flux, is then represented by an integration over the emission angle 
 and
a function which represents the incoherent addition of the single foil intensities and
includes the photon absorption in the radiator. The effective number of foils in the
radiator can then be expressed as:

Neff � 1 − exp(−Nσ)

1 − exp(−σ)
(7.54)

where σ = (κρt)foil + (κρt)gas and κ , ρ and t are respectively the absorption
coefficient, density and thickness of the material. The self-absorption of the photons
from transition radiation limits the yield and Neff → 1/

[
1 − exp(−σ)

]
for N →

∞. A typical mean energy for the photons in a practical radiator is in the range
of 10 keV. See Fig. 7.32b. The spectrum will be softer for foils with lower plasma
frequencies. Since Neff in Eq. (7.54) is depending on the absorption coefficient
through the frequency of the photon, Neff will saturate for high frequencies as shown
in Fig. 7.33b.

7.5.3.3 X-ray Detectors

Any detector which has a sufficiently high efficiency for X-rays of the order of
10 keV can be used. In the design of the detector it should be noted that the number
of transition radiation photons is small and produced very close to the path of
the charged particle which will normally also traverse the detector. The traditional
detector is a MWPC-like detector, Chap. 3, which directly follows the radiator.
In order to enhance the signal-to-noise ratio and efficiently use the space as the
effective number of interfaces in the radiator will saturate, a transition radiation
detector is therefore normally many radiator/detector assemblies.
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Fig. 7.34 (a) X-ray mass attenuation coefficient, μ/ρ, as function of the photon energy. μ/ρ =
σtot /uA, where u = 1.660 × 10−24 g is the atomic mass unit, A is the relative atomic mass of the
target element and σtot is the total cross section for an interaction by the photon. Data from http://
physics.nist.gov/PhysRefData/. (b) The (×) primary and (+) total number of ion pairs created for a
minimum ionizing particle per cm gas at normal temperature and pressure as function of molecular
mass A [101]

The ionization loss, dE/dx, from the charged particle will create charge clusters.
Some of them rather far from the track due to δ-electrons. The absorption of tran-
sition radiation photons will produce a few local strong charge clusters. The choice
of gas is therefore a compromise between photon absorption length, Fig. 7.34a, and
the background from dE/dx, Fig. 7.34b. The optimal gas thickness is about one
absorption length for 10 keV. Xenon is the preferred gas with a chamber thickness
of 10–15 mm. See discussion in [90]. CO2, or similar, is added as quencher.

A minimum ionizing particle, MIP, will produce a total of ∼310 ion pairs per
cm xenon gas. Figure 7.34b. The relativistic rise is about 75% in xenon at 1 atm, or
about 550 ion pairs/cm will be produced by a high γ charged particle. The average
energy required to create an ion pair in a gas, is typically 25–35 eV. For xenon it is
measured to 22.1 ± 0.1 eV [102], or about double the ionization energy for the least
tightly bound shell electron. A 10 keV transition radiation photon will then produce
about 450 ion pairs. The signal-to-noise ratio will be further reduced due to Landau-
fluctuations and gain variations in the detector and electronics. Additional back-
ground might arise from curling in a magnetic field, bremsstrahlung and particle
conversions. The challenge is then to correctly identify the photon cluster from a
dE/dx signal of about the same strength. We will illustrate this by looking more
closely at the choices made by the ALICE [103] and ATLAS [104] experiments.

7.5.3.4 ATLAS Transition Radiation Tracker

In the ATLAS experiment, the transition radiation tracker (TRT) in the barrel
comprises many layers of gaseous straw tube elements interleaved with transition
radiation material. Figure 7.35. With an average of 36 hits per track, it provides
continuous tracking to enhance the pattern recognition and improve the momentum

http://physics.nist.gov/PhysRefData/
http://physics.nist.gov/PhysRefData/
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Fig. 7.35 (a) ATLAS Detector. Drawing showing the sensors and structural elements traversed
by a charged track of 10 GeV pt in the barrel inner detector (pseudo rapidity η = 0.3). The
track traverses approximately 36 axial straws of 4 mm diameter contained in the barrel transition-
radiation tracker modules. [104]. (b) Layout of an ATLAS Barrel TRT module. The ATLAS TRT
collaboration et al. [105] with permission

resolution over | η |< 2.024 and electron identification complementary to that of
the calorimeter over a wide range of energies. A similar detector is placed in the
forward direction.

The transition radiator material which completely surrounds the straws inside
each module, Fig. 7.35b, consists of polypropylene-polyethylene fibre mat about
3 mm thick. The fibres are typically 19µm in diameter and are formed from
polyethylene clad polypropylene material. The fibres are formed into fabric plies
with 3 mm thickness and a density of about 0.06 g/cm3. The absorption length for
the lowest energy photons of interest (5 keV) is about 17 mm in the radiator material.

The ATLAS TRT uses two thresholds to discriminate between digitisations from
tracks and those from transition radiation:

1. Low threshold, LT, for tracking which is set to ∼300 eV with 8 digitisations over
25 ns.

2. High threshold, HT, set in the range 5–7 keV with 1 digitisation over 25 ns and
read out in 75 ns segments.

As the βγ of the traversing particles will vary greatly, and thereby the ionization
in the straw tubes, a Time-over-Threshold parameter can be defined from the LT
digitisations in order to enhance the signal-to-noise estimate for the transition
radiation signal.

Particle identification properties of the TRT Barrel using transition radiation were
studied at several different beam energies. The good agreement between 2 GeV low

24 Pseudo rapidity, η, is describing the angle of a particle relative to the beam axis. η =
− ln

[
tan

(


2

)] = 1
2 ln

[ |p|+pL

|p|−pL

]
. 
 is the angle between the particle momentum and the beam

axis, p is the momentum vector and pL is the longitudinal momentum component.
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Fig. 7.36 (a) ATLAS TRT test beam. Pion rejection curve for a 2 GeV e/π beam. Cornelissen and
Liebig [106] with permission. (b) ATLAS TRT test beam. e/π rejection power as a function of the
high level threshold. Full barrel: all barrel straw layers are active. Short barrel: particle crosses the
barrel in the central area where the first 9 layers do not have active anode wires. The ATLAS TRT
collaboration et al. [105] with permission

energy data and simulation is shown in Fig. 7.36a. The results for 20 GeV beam
energy are shown in Fig. 7.36b. On this figure the pion rejection power is shown as
a function of the high level threshold at two beam positions along the straw. The
upper points are when beam particles crossed the Barrel module 40 cm from its
edge. At this position the first 9 straw layers are not active. The lower points are
when the beam is positioned 20 cm from the edge of the Barrel where all 73 straw
layers are active. As seen in this figure the best particle identification properties for
the TRT Barrel are at a threshold of about 7 keV. Pion mis-identification in that case
is 1.5–3% at 90% of the electron efficiency.

7.5.3.5 ALICE Transition Radiation Detector

The main purpose of the ALICE Transition Radiation Detector (TRD) [103, 107]
is to provide electron identification in the central barrel for momenta above
1 GeV/c. Below this momentum electrons can be identified via specific energy loss
measurement in the TPC. Above 1 GeV/c transition radiation from electrons passing
a radiator can be exploited together with the specific energy loss in a suitable gas
mixture to obtain the necessary pion rejection capability. The chamber geometry
and the read-out electronics were chosen to reconstruct track segments. Since the
angle of the track segment with respect to the origin is a measure of the transverse
momentum of the electron, this information is used in the first level trigger within
5µs of the collision.

The pion rejection is governed by the signal-to-background ratio in the measure-
ment of J/� production and its pt dependence. This led to the design goal for the
pion rejection capability of a factor 100 for momenta above 1 GeV/c in central Pb-
Pb collisions.
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Fig. 7.37 (a) Schematic drawing of the TRD layout in the ALICE space frame. Shown are 18
super modules each containing 30 readout chambers (red) arranged in five stacks of six layers.
One chamber has been displaced for clarity. On the outside the TRD is surrounded by the Time-
Of-Flight (TOF) system (dark blue). On the inside the heat shield (yellow) towards the TPC is
shown. The ALICE Collaboration et al. [103] with permission. (b) The principle design of the
TRD sandwich radiator. The ALICE Collaboration et al. [107] with permission

The TRD consists of 540 individual readout detector modules. Figure 7.37a. Each
detector element consists of a carbon fibre laminated Rohacell25/polypropylene
fibre sandwich radiator, Fig. 7.37b, of 48 mm thickness, a drift section of 30 mm
thickness, or about 2µs, and a multi-wire proportional chamber section (7 mm) with
pad readout.

Following [108], employing the drift time information in a bidimensional like-
lihood [109], the pion rejection capability can be improved by about 60% [110]
compared to the standard likelihood method on total deposited charge. This method
is the simplest way of extending the standard method. However, it does not exploit
all recorded information, namely the amplitude of the signal in each time bin. Along
a single particle track this information is highly correlated, Fig. 7.38a, due to

• the intrinsic detector signal, in particular since a Xe-based mixture is used
• the response of the front-end electronics used to amplify the signals.

Under these circumstances, the usage of a neural network (NN) algorithm is a
natural choice for the analysis of the data. The result of the data analysis from
a 2–6 GeV/c mixed e/π test beam is shown in Fig. 7.38b [108]. Neural Network
algorithm might improve the pion rejection significantly by a factor larger than 3
for a momentum of 2 GeV/c compared to other methods.

The detector was completed in the LS 1 before RUN 2 at LHC. Since then it
provides coverage of the full azimuthal acceptance of the central barrel. Figure 7.39
shows the pT spectra of electron candidates with 6 layers identified using the TPC
and the TOF in the minimum-bias and triggered data sample. The expected onset

25 ROHACELL is a close cell polymethacrylimide- (PMI-) rigid foam by Evonik Industries AG,
Germany.
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Fig. 7.38 (a) Schematic cross-sectional view of an ALICE detector module in rz and rφ-
direction. The inset shows the charge deposit from an inclined track which is used for momentum
reconstruction. The ALICE Collaboration et al. [103] with permission. (b) Measured pion
efficiency as a function of beam momentum applying likelihood on total deposited charge (L-
Q) (full symbols) measured with a stack of six chambers and smaller test chambers. Results
are compared to simulations (open symbols) for 90% electron efficiency and six layers. These
simulations were extended to two-dimensional likelihood on deposited charge and position (LQ1,
Q2) and neural networks (NN). The ALICE Collaboration et al. [103] with permission

at the trigger threshold of 3 GeV/c is observed for the triggered events and shows
in comparison to the corresponding spectrum from minimum-bias collisions an
enhancement of about 700. At 90% electron efficiency, a pion rejection factor of
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Fig. 7.39 pT spectra of identified electrons for the minimum-bias and TRD-triggered data sample
of Pb-p collisions at

√
sNN = 5.02 TeV. For the result of the TRD-triggered sample, electrons

from photon conversions in the detector material were rejected by matching the online track with
a track in the TPC. Reference [111]

about 70 is achieved at a momentum of 1 GeV/c for simple identification algorithms.
When using the temporal evolution of the signal, a pion rejection factor of up to 410
is obtained.
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