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Particle identification

It is impossible to trap modern physics into predicting anything with
perfect determinism because it deals with probabilities from the outset.

Sir Arthur Eddington

One of the tasks of particle detectors is, apart from measuring charac-
teristic values like momentum and energy, to determine the identity of
particles. This implies the determination of the mass and charge of a par-
ticle. In general, this is achieved by combining information from several
detectors.

For example, the radius of curvature ρ of a charged particle of mass
m0 in a magnetic field supplies information on the momentum p and the
charge z via the relation

ρ ∝ p

z
=
γm0βc

z
. (9.1)

The velocity β = v/c can be obtained by time-of-flight measurements
using

τ ∝ 1
β
. (9.2)

The determination of the energy loss by ionisation and excitation can
approximately be described by, see Chap. 1,

−dE
dx

∝ z2

β2 ln(aγβ) , (9.3)

where a is a material-dependent constant. An energy measurement yields

Ekin = (γ − 1)m0c
2 , (9.4)
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274 9 Particle identification

since normally only the kinetic energy rather than the total energy is
measured.

Equations (9.1) to (9.4) contain three unknown quantities, namely
m0, β and z; the Lorentz factor γ is related to the velocity β accord-
ing to γ = 1/

√
1 − β2. Three of the above-mentioned four measurements

are in principle sufficient to positively identify a particle. In the field of
elementary particle physics one mostly deals with singly charged parti-
cles (z = 1). In this case, two different measurements are sufficient to
determine the particle’s identity. For particles of high energy, however,
the determination of the velocity does not provide sufficient information,
since for all relativistic particles, independent of their mass, β is very close
to 1 and therefore cannot discriminate between particles of different mass.

In large experiments all systems of a general-purpose detector con-
tribute to particle identification by providing relevant parameters which
are combined to joint likelihood functions (see Chap. 15). These functions
are used as criteria to identify and distinguish different particles. In prac-
tice, the identification is never perfect. Let us assume that particles of
type I should be selected in the presence of high background of particles
of type II (pion versus kaon, electron versus hadron, etc.). Then any selec-
tion criterion is characterised by the identification efficiency εid for type I
at certain probability pmis to misidentify the particle of type II as type I.

9.1 Charged-particle identification

A typical task of experimental particle physics is to identify a charged
particle when its momentum is measured by a magnetic spectrometer.

9.1.1 Time-of-flight counters

A direct way to determine the particle velocity is to measure its time
of flight (TOF) between two points separated by a distance L. These
two points can be defined by two counters providing ‘start’ and ‘stop’
signals or by the moment of particle production and a stop counter. In
the latter case the ‘start’ signal synchronised with the beam–beam or
beam–target collision can be produced by the accelerator system. A more
detailed review of TOF detectors in high-energy particle experiments can
be found in [1, 2].

Two particles of mass m1 and m2 have for the same momentum and
flight distance L the time-of-flight difference

Δt = L

(
1
v1

− 1
v2

)
=
L

c

(
1
β1

− 1
β2

)
. (9.5)
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9.1 Charged-particle identification 275

Using pc = βE we obtain

Δt =
L

pc2
(E1 − E2) =

L

pc2

(√
p2c2 +m2

1c
4 −

√
p2c2 +m2

2c
4

)
. (9.6)

Since in this case p2c2 � m2
1,2c

4, the expansion of the square roots leads to

Δt =
Lc

2p2 (m2
1 −m2

2) . (9.7)

Suppose that for a mass separation a significance of Δt = 4σt is demanded.
That is, a time-of-flight difference four times the time resolution is
required. In this case a pion/kaon separation can be achieved up to
momenta of 1 GeV/c for a flight distance of 1 m and a time resolution of
σt = 100 ps, which can be obtained with, e.g., scintillation counters [1, 2].
For higher momenta the time-of-flight systems become increasingly long
since Δt ∝ 1/p2.

At present the most developed and widely used technique for TOF mea-
surements in high energy physics is based on plastic scintillation counters
with PM-tube readout (see Sect. 5.4). A typical layout is shown in Fig. 9.1.
The beam-crossing signal related to the interaction point starts the TDC
(time-to-digital converter). The signal from the PM anode, which reads
out the ‘stop’ counter, is fed to a discriminator, a device which generates
a standard (logic) output pulse when the input pulse exceeds a certain
threshold. The discriminator output is connected to the ‘stop’ input of the
TDC. The signal magnitude is measured by an ADC (amplitude-to-digital
converter). Since the moment of threshold crossing usually depends on the
pulse height, a measurement of this value helps to make corrections in the
off-line data processing.

The time resolution can be approximated by the formula

σt =

√
σ2

sc + σ2
l + σ2

PM

Neff
+ σ2

el , (9.8)

IP

counter

particle

PMT

delay

gate

stop

start
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D
A
Q
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∗

Fig. 9.1. The principle of time-of-flight measurements: IP – interaction point,
D – discriminator, TDC – time-to-digital converter, ADC – amplitude-to-digital
converter, DAQ – data-acquisition system.
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276 9 Particle identification

where σsc is the contribution of the light-flash duration, σl the varia-
tion of the travel time due to different particle impact points and various
emission angles of scintillation photons, σPM the photoelectrons’ transit-
time spread, Neff the effective number of photoelectrons produced at the
PM photocathode, and σel is the electronics contribution to the time res-
olution. The quantity Neff is usually smaller than the total number of
photoelectrons since some of them will arrive too late at the first dyn-
ode of the PM tube due to large emission angles to be useful for signal
generation. The total photoelectron number is given by Eq. (5.58), where
the deposited energy Edep is proportional to the scintillator thickness. For
large-size counters the light attenuation length becomes crucial to obtain
a large Neff.

For long counters the measured time depends on the point x where the
particle crosses the counter,

tm = t0 +
x

veff
, (9.9)

where veff is the effective light speed in the scintillator. To compensate
this dependence the scintillation bar is viewed from both edges. Then
the average of two measured times, (t1 + t2)/2, is – at least partially –
compensated. Further corrections can be applied taking into account the
impact coordinates provided by the tracking system.

The time resolution achieved for counters of 2–3 m length and (5–10)×
(2–5) cm2 cross section is about 100 ps [3–6]. Even better resolutions, 40–
60 ps, were reported for the TOF counters of the GlueX experiment [7].

Very promising results were reported recently for TOF counters based
on Cherenkov-light detection [8, 9]. The light flash in this case is extremely
short. Moreover, the variations in the photon path length can be kept
small in comparison to the scintillation light as all Cherenkov photons
are emitted at the same angle to the particle trajectory. To demonstrate
this, 4 × 4 × 1 cm3 glass plates viewed by a microchannel plate (MCP)
PM tube (see Sect. 5.5) were used in [10]. A time resolution of about 6 ps
was achieved.

Another device for time measurement is the planar spark counter. Pla-
nar spark counters consist of two planar electrodes to which a constant
voltage exceeding the static breakdown voltage at normal pressure is
applied. The chambers are normally operated with slight overpressure.
Consequently, the planar spark counter is essentially a spark chamber
which is not triggered. Just as in a spark chamber, the ionisation of a
charged particle, which has passed through the chamber, causes an ava-
lanche, which develops into a conducting plasma channel connecting the
electrodes. The rapidly increasing anode current can be used to generate
a voltage signal of very short rise time via a resistor. This voltage pulse
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9.1 Charged-particle identification 277

Fig. 9.2. Working principle of a planar spark counter [11, 12]. In many cases
the anode is either coated with a semiconducting material or with a material of
high specific bulk resistivity.

can serve as a very precise timing signal for the arrival time of a charged
particle in the spark counter.

Figure 9.2 shows the working principle of a planar spark counter
[1, 11, 12]. If metallic electrodes are used, the total capacitance of the
chamber will be discharged in one spark. This may lead to damages of
the metallic surface and also causes a low multitrack efficiency. If, however,
the electrodes are made from a material with high specific bulk resistiv-
ity [13, 14], only a small part of the electrode area will be discharged via
the sparks (Pestov counters). These do not cause surface damage because
of the reduced current in the spark. A high multitrack efficiency is also
guaranteed in this way. In addition to determining the arrival time of
charged particles, the chamber also allows a spatial resolution if the anode
is segmented. Noble gases with quenchers which suppress secondary spark
formation are commonly used as gas filling.

Planar spark counters provide excellent time resolution (σt ≤ 30 ps) if
properly constructed [15]. This, however, requires narrow electrode gaps
on the order of 100 μm. The production of large-area spark counters, there-
fore, requires very precise machining to guarantee parallel electrodes with
high surface quality.

Planar spark counters can also be operated at lower gas amplifica-
tions, and are then referred to as resistive plate chambers (RPCs), if, for
example, instead of semiconducting electrode materials, graphite-covered
glass plates are used. These chambers are most commonly operated in the
streamer or in the avalanche mode [1, 16, 17]. Instead of graphite-covered
glass plates other materials with suitable surface resistivity like Bakelite,
a synthetic resin, can also be used. These resistive plate chambers also
supply very fast signals and can – just as scintillation counters – be used
for triggering with high time resolution. If the electrodes of the resistive
plate chambers are segmented, they may also provide an excellent position
resolution.
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278 9 Particle identification

Planar spark counters and resistive plate chambers generally do not
permit high counting rates. If the gas amplification is further reduced to
values around 105, neither sparks nor streamers can develop. This mode
of operation characterises a parallel-plate avalanche chamber (PPAC or
PPC) [18–21]. These parallel-plate avalanche chambers, with typical elec-
trode distances on the order of 1 mm, also exhibit a high time resolution
(≈ 500 ps) and, if they are operated in the proportional mode, have as well
an excellent energy resolution [22]. An additional advantage of parallel-
plate avalanche chambers, compared to spark counters and resistive plate
chambers, is that they can be operated at high counting rates because of
the low gas amplification involved.

All these chamber types have in common that they provide excellent
timing resolution due to the small electrode gaps. The present status of the
counters with localised discharge and its applications is reviewed in [23].

9.1.2 Identification by ionisation losses

Since the specific ionisation energy loss depends on the particle energy,
this can be used for identification (see Chap. 1). The average energy loss
of electrons, muons, pions, kaons and protons in the momentum range
between 0.1 GeV/c and 100 GeV/c in a 1 cm layer of argon–methane
(80%:20%) is shown in Fig. 9.3 [24, 25]. It is immediately clear that a
muon/pion separation on the basis of an energy-loss measurement is prac-
tically impossible, because they are too close in mass. However, a π/K/p
separation should be achievable. The logarithmic rise of the energy loss in
gases (∝ ln γ, see Eq. (1.11)) amounts to 50% up to 60% compared to the
energy loss of minimum-ionising particles at a pressure of 1 atm [25, 26].
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Fig. 9.3. Average energy loss of electrons, muons, pions, kaons and protons,
normalised to the minimum-ionising value [24].

https://doi.org/10.1017/9781009401531.012 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.012


9.1 Charged-particle identification 279

It should be noted that the relativistic rise of dE/dx is almost com-
pletely suppressed in solid-state materials by the density effect. Thus,
solid-state detectors, like semiconductors or scintillators, can be used for
dE/dx particle identification only in the low β range.

The key problem of particle identification by dE/dx is the fluctuation
of the ionisation losses (see Chap. 1). A typical energy-loss distribution
of 50 GeV/c pions and kaons in a layer of 1 cm argon–methane mixture
(80%:20%) is sketched in Fig. 9.4 (left). The width of this distribution
(FWHM) for gaseous media is in the range of 40%–100%. A real distri-
bution measured for 3 GeV electrons in a thin-gap multiwire chamber is
shown in Fig. 9.4 (right) [27]. To improve the resolution, multiple dE/dx
measurements for the particles are used.

However, asymmetric energy-loss distributions with extended high-
energy-loss tails render the direct averaging of the measured values
inefficient. The origin of such long tails is caused by single δ elec-
trons which can take away an energy εδ that is much larger than
the average ionisation loss. The widely used ‘truncated mean’ method
implies an exclusion of a certain part (usually 30%–60%) of all indi-
vidual energy-loss measurements with the largest values and averaging
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Fig. 9.4. Energy-loss distribution of 50 GeV/c pions and kaons in a layer of
1 cm argon and methane (left). The distribution measured for 3 GeV electrons in
a thin-gap multiwire chamber (right) [27]. See also the discussion of this figure
in Sect. 1.1.
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280 9 Particle identification

over the remaining ones. This method excludes high energy transfers
caused by the occasional production of energetic δ electrons. Sometimes
also the lowest dE/dx measurements are discarded (typically 10%) to
aim for a Gaussian-like energy-loss distribution. With about 100 dE/dx
measurements energy-loss resolutions of

σ(dE/dx)
(dE/dx)

≈ (2–3)% (9.10)

for pions, kaons and protons of 50 GeV can be achieved [28].
The resolution can be improved by increasing the number N of indi-

vidual measurements according to 1/
√
N , which means, to improve the

dE/dx resolution by a factor of two, one has to take four times as many
dE/dx measurements. For a fixed total length of a detector, however,
there exists an optimum number of measurements. If the detector is sub-
divided in too many dE/dx layers, the energy loss per layer will eventually
become too small, thereby increasing its fluctuation. Typically, the dE/dx
resolution for the drift chambers used in high energy physics experiments
is in the range from 3% to 10% [2, 26].

The resolution should also improve with increasing gas pressure in the
detector. One must, however, be careful not to increase the pressure too
much, otherwise the logarithmic rise of the energy loss, which is a basis for
particle identification, will be reduced by the onset of the density effect.
The increase of the energy loss compared to the minimum of ionisation
at 1 atm amounts to about 55%. For 7 atm it is reduced to 30%.

An alternative, more sophisticated method compared to the use of the
truncated mean of a large number of energy-loss samples, which also pro-
vides more accurate results, is based on likelihood functions. Let pπ(A)
be the probability density function (PDF) for the magnitude of a signal
produced by a pion in the single sensitive layer. Each particle yields a set
of Ai(i = 1, 2, . . . , N) signals. Then the pion likelihood function can be
built as

Lπ =
N∏

i=1

pπ(Ai) . (9.11)

Of course, this expression is valid under the assumption that measure-
ments in different layers are statistically independent. In general, the PDF
for different layers can be different. Correspondingly, a kaon likelihood
function for the same set of signals is

LK =
N∏

i=1

pK(Ai) . (9.12)
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9.1 Charged-particle identification 281

Then the most efficient parameter to choose one of the two alternative
hypotheses on the type of the particle (pion or kaon) is a likelihood ratio
as it was suggested by Neyman and Pearson (see, e.g., [29] for details):

RL =
Lπ

Lπ + LK
. (9.13)

The likelihood-ratio method is rather time consuming, but it uses
all available information and provides better results compared to the
truncated-mean method.

Figure 9.5 shows the results of energy-loss measurements in a mixed
particle beam [24]. This figure very clearly shows that the method of
particle separation by dE/dx sampling only works either below the
minimum of ionisation (p < 1 GeV/c) or in the relativistic-rise region.
The identification by the ‘truncated mean’ method in various momen-
tum ranges is illustrated by Fig. 9.6. These results were obtained with
the ALEPH TPC which produced up to 344 measurements per track.
A ‘60% truncated mean’ was used providing about 4% for the resolution
σ(dE/dx)/(dE/dx) [30].

9.1.3 Identification using Cherenkov radiation

The main principles of Cherenkov counters are described in Sect. 5.6.
This kind of device is widely used for particle identification in high energy
physics experiments. The gaseous threshold counters are often exploited
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Fig. 9.5. Energy-loss measurements in a mixed particle beam [24].
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in fixed-target experiments (see, e.g., [32]). Aerogel-based multielement
systems (see Sect. 5.6) are used for detectors with 4π geometry. One of
such systems is described in detail in Chap. 13. Other examples are consid-
ered in [33–35]. Counters of this type can provide a pion/kaon separation
up to 2.5–3 GeV.

Although the differential Cherenkov counters provide better particle
identification, conventional differential counters cannot be used in storage-
ring experiments where particles can be produced over the full solid angle.
This is the domain of RICH counters (Ring Imaging Cherenkov counters)
[36, 37]. An example of the RICH design is presented in Fig. 9.7 [38]. In
this example a spherical mirror of radius RS, whose centre of curvature
coincides with the interaction point, projects the cone of Cherenkov light
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particle 2
Cherenkov
radiator

interaction
point

r

particle 1

spherical mirror
with radius RS

detector surface RD

Fig. 9.7. Working principle of a RICH counter [38].

produced in the radiator onto a ring on the surface of a spherical detector
of radius RD (see Fig. 9.7).

The radiator fills the volume between the spherical surfaces with radii
RS and RD. In general, one takes RD = RS/2, since the focal length f of
a spherical mirror is RS/2. Because all Cherenkov photons are emitted at
the same angle θc with respect to the particle trajectory pointing away
from the sphere centre, all of them will be focussed to the thin detec-
tor ring on the inner sphere. One can easily calculate the radius of the
Cherenkov ring on the detector surface,

r = f · θc =
RS

2
· θc . (9.14)

The measurement of r allows one to determine the particle velocity via

cos θc =
1
nβ

→ β =
1

n cos
(

2r
RS

) . (9.15)

It should be noted that many other designs exist, for example [39–43]. As
Cherenkov radiators, heavy gases, like freons, or UV-transparent crystals,
for example CaF2 or LiF, are typically used.

If the momentum of the charged particle is already known, e.g. by
magnetic deflection, then the particle can be identified (i.e. its mass m0
determined) from the size of the Cherenkov ring, r. From Eq. (9.15) the
measurement of r yields the particle velocity β, and by use of the relation

p = γm0βc =
m0cβ√
1 − β2

(9.16)

the mass m0 can be determined.
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284 9 Particle identification

The most crucial aspect of RICH counters is the detection of Cheren-
kov photons with high efficiency on the large detector surface. Since one
is not only interested in detecting photons, but also in measuring their
coordinates, a position-sensitive detector is necessary. Multiwire propor-
tional chambers, with an admixture of a photosensitive vapour in the
counter gas, are a quite popular solution. The first generation of the RICH
detectors used vapour additions such as triethylamine (TEA: (C2H5)3N)
with an ionisation energy of 7.5 eV and tetrakis-dimethylaminoethylene
(TMAE: [(CH3)2N]2C = C5H12N2;Eion = 5.4 eV), which yields 5–10 pho-
toelectrons per ring. TEA is sensitive in the photon energy range from
7.5 eV to 9 eV which requires a crystal window like CaF2 or LiF, while
TMAE photo-ionisation occurs by photons of 5.5 eV to 7.5 eV allowing the
work with quartz windows. Figure 9.8 shows the pion/kaon separation in
a RICH counter at 200 GeV/c. For the same momentum kaons are slower
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Fig. 9.8. Distribution of Cherenkov ring radii in a pion–kaon beam at
200 GeV/c. The Cherenkov photons have been detected in a multiwire pro-
portional chamber filled with helium (83%), methane (14%) and TEA (3%).
Calcium-fluoride crystals (CaF2 crystal), having a high transparency in the
ultraviolet region, were used for the entrance window [44].
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9.1 Charged-particle identification 285

compared to pions, and consequently produce, see Eqs. (9.14) and (9.15),
Cherenkov rings with smaller radii [44].

Better Cherenkov rings are obtained from fast heavy ions, because the
number of produced photons is proportional to the square of the projectile
charge. Figure 9.9 [45] shows an early measurement of a Cherenkov ring
produced by a relativistic heavy ion. The centre of the ring is also visible
since the ionisation loss in the photon detector leads to a high energy
deposit at the centre of the ring (see Fig. 9.7). Spurious signals, normally
not lying on the Cherenkov ring, are caused by δ rays, which are produced
in interactions of heavy ions with the chamber gas.

Figure 9.10 [46] shows an example of Cherenkov rings obtained by
superimposing 100 collinear events from a monoenergetic collinear par-
ticle beam. The four square contours show the size of the calcium-fluoride

Fig. 9.9. Cherenkov ring of a relativistic heavy ion in a RICH counter [45].

Fig. 9.10. Superposition of Cherenkov rings of 100 collinear events in a RICH
counter. The square contours indicate the calcium-fluoride entrance windows of
the photon detector [46].
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286 9 Particle identification

crystals (10 × 10 cm2 each), which served as the entrance window for the
photon detector. The ionisation loss of the particles is also seen at the
centre of the Cherenkov rings.

At present TEA and TMAE are still used widely as photo-converters,
but solid CsI photocathodes become popular in RICH detectors. In addi-
tion to the gaseous or crystal radiators recently aerogel came in use as
a Cherenkov medium. In modern RICH projects single- and multi-anode
conventional PM tubes as well as hybrid PM tubes are often used (see
reviews [25, 43, 47, 48] and references therein). Micropattern gaseous
detectors (see Sect. 7.4) with a CsI photocathode are also good candi-
dates as photon sensors for RICH systems. Modern RICH detectors are
characterised by a number of photoelectrons in the range of 10–30 per
ring and a resolution on the Cherenkov angle of σθc ≈ 3–5 mrad [40, 49].
Figure 9.11 (left) exhibits two intersecting Cherenkov rings measured by
a system of multichannel PMTs in the HERA-B RICH detector [50]. The
right part of this figure shows the reconstructed Cherenkov angle in its
dependence on the particle momentum. A resolution of σθc ≈ 1 mrad for
momenta exceeding 10 GeV is achieved.

It is even possible to obtain Cherenkov rings from electromagnetic
cascades initiated by high-energy electrons or photons. The secondary par-
ticles produced during cascade development in the radiator follow closely
the direction of the incident particle. They are altogether highly rela-
tivistic and therefore produce concentric rings of Cherenkov light with
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Fig. 9.11. Left: two intersecting Cherenkov rings measured by the system of mul-
tichannel PMTs in the HERA-B RICH detector. Right: reconstructed Cherenkov
angle in the same detector [50].
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Fig. 9.12. Cherenkov ring produced by a high-energy (5 GeV) electron [51].

equal radii lying on top of one another. Figure 9.12 shows a distinct
Cherenkov ring produced by a 5 GeV electron [51]. The large number of
produced Cherenkov photons can be detected via the photoelectric effect
in a position-sensitive detector.

The shape and position of such Cherenkov rings (elliptically distorted
for inclined angles of incidence) can be used to determine the direction
of incidence of high-energy gamma rays in the field of gamma-ray astron-
omy [52], where high-energy photons from cosmic-ray sources induce
electromagnetic cascades in the Earth’s atmosphere. Another example
of particle identification by Cherenkov rings comes from neutrino physics.
An important aspect of atmospheric neutrino studies is the correct iden-
tification of neutrino-induced muons and electrons. Figures 9.13 and 9.14
show a neutrino-induced event (νμ + N → μ− + X) with subsequent
(0.9 μs later) decay μ− → e− + ν̄e +νμ in the SNO experiment which con-
tains a spherical vessel with 1000 tons of heavy water viewed by 10 000
PMTs [53]. The particle-identification capability of large-volume neutrino
detectors is clearly seen.

A new generation of Cherenkov detectors uses the internal reflection
in the radiator along with a PM-tube readout of the photons. The idea
of the DIRC (Detector of Internally Reflected Cherenkov light), which
was developed for particle identification in the BaBar detector [54], is
illustrated in Fig. 9.15. The radiators of this detector are quartz bars of
rectangular cross section. Most of the Cherenkov light generated by the
particle is captured inside the bar due to internal reflection. The photon
angle does not change during its travel with multiple reflections to the
edge of the bar. After leaving the bar the photon is detected by PM tubes
placed at some distance from the bar edge. Of course, quartz bars for this
system should have the highest possible surface quality as well as a high
accuracy of fabrication. The photon arrival time is measured as well –
that helps to reject background hits.
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Fig. 9.13. Neutrino-induced muon in the SNO experiment [53].

The DIRC system of the BaBar detector contains 144 quartz bars that
are 17 mm thick, 35 mm wide and 4.9 m long, which are viewed by the 896
PM tubes. The number of detected Cherenkov photons varies from 20 to
50 depending on the track’s polar angle. This allows a reliable pion/kaon
separation from 1 GeV to 4 GeV as shown in Fig. 9.16 [54, 55].

As discussed above, the basic DIRC idea is to measure two coordinates
of the photons leaving the quartz bar, one of which is given by the end
face of the quartz bar and the other by the impact position of the photon
on the photon detector. However, to determine the Cherenkov angle, also
two different variables, one spatial coordinate and the photon’s time of
propagation, are sufficient since one knows the particle track position and
direction from the tracking system. This is the main idea of further devel-
opments of the Cherenkov-ring technique called the time-of-propagation
(TOP) counter [56]. This device is quite promising and much more com-
pact than a DIRC, however, it requires ultimate time resolution for single
photons, better than 50 ps.
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Fig. 9.14. Cherenkov ring produced by an electron from muon decay, where the
muon was created by a muon neutrino [53].
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Fig. 9.15. The working principle of the DIRC counter [54].

9.1.4 Transition-radiation detectors

The effect of transition radiation [57] is used for high-energy particle
identification in many current and planned experiments [58–62].

Let us consider as an example the ATLAS transition-radiation tracker
(TRT). This sophisticated system is the largest present-day TRD detector
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[62]. The TRT is part of the ATLAS inner detector and it is used both
for charged-particle tracking and electron/pion separation. It consists of
370 000 cylindrical drift tubes (straws). Made from kapton and covered by
a conductive film, the straw tube serves as cathode of a cylindrical propor-
tional drift counter. A central 30 μm-diameter gold-plated tungsten wire
serves as anode. The layers of straws are interleaved with polypropylene
foils or fibres working as radiator. The tubes are filled with a gas mixture
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Fig. 9.17. Electron/pion separation capability measured with a prototype. The
insert shows the energy depositions in a single straw for pions and electrons [63].
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70% Xe + 27% CO2 + 3% O2, which provides a high X-ray absorption
and proper counting characteristics.

The coordinate determination is performed by a drift-time measure-
ment resulting in a spatial resolution of about 130 μm. The electron/pion
separation is based on the energy deposition. A typical energy of the
transition-radiation photon in the TRT is 8–10 keV, while a minimum-
ionising particle deposits in one straw about 2 keV on average (see
Fig. 9.17, left). As separation parameter the number of straws along the
particle track having an energy deposition exceeding a certain thresh-
old can be defined. Figure 9.18 shows a simulated event with a decay

ATLAS Barrel Inner Detector
B 

0 → J /ψK 
0  L = 5 × 1033

 cm–2
 s–1

d s

e–

e+

π–

π+

Fig. 9.18. A simulated event with a decay B0
d → J/ψKs, where J/ψ → e+e−

and Ks → π+π−. Solid lines are reconstructed tracks beyond the TRT. Pion
tracks are characterised by low energy depositions while electron tracks exhibit
many straws with high energy deposition (black points > 6 keV, transition-
radiation hits) [62]. It is also visible that low-energy δ electrons produced in
ionisation processes with large energy transfers create high energy deposits
because of the 1/β2 dependence of the ionisation energy loss. These unwanted
‘transition-radiation hits’ will complicate the pattern and particle identification.

https://doi.org/10.1017/9781009401531.012 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.012


292 9 Particle identification

B0
d → J/ψKs, where J/ψ → e+e− and Ks → π+π−. It is observed that

the number of high-energy hits along electron tracks is larger than for pion
tracks. The separation efficiency measured with a prototype straw cham-
ber is presented in Fig. 9.17. For 90% electron efficiency, the probability
of pion misidentification as electrons was measured to be 1.2% [63, 64].

TRD detectors are used rather widely for cosmic-ray experiments espe-
cially for the measurements above the Earth’s atmosphere. For these
experiments devices with a large sensitive area and low weight are required
which are well met by TRDs [65]. Examples of such TRDs used or planned
in the experiments HEAT, PAMELA and AMS can be found in [66–68]. It
should be noted that the number of transition-radiation photons increases
with z2 of the particle, which makes it useful for the detection and identi-
fication of very high-energy ions. This TRD feature is used in astroparticle
experiments as well; see, for example [69, 70], where it is of relevance for
the determination of the chemical composition of high-energy cosmic rays.

9.2 Particle identification with calorimeters

In addition to energy determination, calorimeters are also capable of
separating electrons from hadrons. The longitudinal and lateral shower
development of electromagnetic cascades is determined by the radiation
length X0, and that of hadronic cascades by the much larger nuclear
interaction length λI. Calorimetric electron/hadron separation is based
on these characteristic differences of shower development.

In contrast to TOF, dE/dx, Cherenkov or transition-radiation tech-
niques, calorimetric particle identification is destructive in the sense
that no further measurements can be made on the particles. Most par-
ticles end their journey in calorimeters. Muons and neutrinos are an
exception.

Figure 9.19 [71] shows the longitudinal development of 100 GeV elec-
tron and pion showers in a streamer-tube calorimeter. Essentially, the
separation methods are based on the difference in the longitudinal and
lateral distributions of the energy deposition.

• Since for all materials normally used in calorimeters the nuclear inter-
action length λI is much larger than the radiation lengthX0, electrons
interact earlier in the calorimeter compared to hadrons. Thus, elec-
trons deposit the largest fraction of their energy in the front part of a
calorimeter. Usually, the electromagnetic and hadron calorimeters are
separated and the ratio of the energy deposited in the electromagnetic
calorimeter to the particle momentum serves as an electron/hadron
separation parameter. In case of a longitudinal segmentation of the
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Fig. 9.19. Comparison of the longitudinal development of 100 GeV pions and
electrons in a streamer-tube calorimeter [71].

calorimeter, the starting point of the shower development can be used
as an additional separation criterion.

• Hadronic cascades are much wider compared to electromagnetic
showers (see Figs. 8.6 and 8.19). In a compact iron calorimeter 95%
of the electromagnetic energy is contained in a cylinder of 3.5 cm
radius. For hadronic cascades the 95%-lateral-containment radius is
larger by a factor of about five, depending on the energy. From the
different lateral behaviour of electromagnetic and hadronic cascades
a typical characteristic compactness parameter can be derived.

• Finally, the longitudinal centre of gravity of the shower can also be
used as an electron/hadron separation criterion.

Each separation parameter can be used to define a likelihood func-
tion corresponding to the electron or pion hypothesis in an unseparated
electron–pion beam. The combined likelihood function including functions
for all separation parameters allows to obtain much better electron/pion
separation in calorimeters. One must take into account, however, that the
separation criteria may be strongly correlated. Figure 9.20 [72, 73] shows
such combined parameter distributions exhibiting only a small overlap
between the electron and pion hypothesis. The resulting e/π misidentifica-
tion probability for a given electron efficiency is shown in Fig. 9.21 [72, 73].
For a 95% electron acceptance one obtains in this example a 1% pion
contamination for a particle energy of 75 GeV. With more sophisticated
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calorimeters a pion contamination as low as 0.1% can be reached with
calorimetric methods.

Figure 9.22 demonstrates the separation capability of a crystal calo-
rimeter for low-energy particles. The data were taken with the CMD-2
detector, in which the processes e+e− → e+e−, μ+μ−, π+π− were stud-
ied at a centre-of-mass energy of about 0.8 GeV. The two-dimensional
plot presents the energy for final-state particles measured in the CsI-
crystal electromagnetic calorimeter [74]. e+e− events concentrate in the
upper right-hand corner while minimum-ionising particles, μ+μ−, π+π−,
and a small admixture of the cosmic-ray background populate the lower
left-hand area. The π+π− distribution has long tails to higher energies
due to pion nuclear interactions. The electrons are well separated from
other particles. One can note that the event-separation quality strongly
improves when one has two particles of the same type.

High-energy muons can be distinguished not only from pions but also
from electrons by their low energy deposition in calorimeters and by their
longer range. Figure 9.23 [71] shows the amplitude distributions of 50 GeV
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electrons and muons. The possibility of an excellent electron/muon
separation is already evident from this diagram.

The digital hit pattern of a 10 GeV pion, muon and electron in a
streamer-tube calorimeter is shown in Fig. 9.24 [75]. Detectors operat-
ing at energies below 10–20 GeV are often equipped with a muon-range
system instead of a hadron calorimeter. This system usually consists of
absorber plates alternating with sensitive layers (see, e.g., Chap. 13). Then
the particle of known momentum is identified by comparing the measured
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Fig. 9.24. Digital hit patterns (i.e. dot = fired tube) of 10 GeV pions, muons
and electrons in a streamer-tube hadron calorimeter [75].

range with the one expected for a muon as well as by the lateral hit
pattern.

For higher beam energies the interaction probability of muons for pro-
cesses with higher energy transfers, e.g. by muon bremsstrahlung, increases
[76–81]. Although these processes are still quite rare, they can neverthe-
less lead to a small μ/e misidentification probability in purely calorimetric
measurements.

Since the energy loss of high-energy muons (> 500 GeV) in matter is
dominated by processes with large energy transfers (bremsstrahlung,
direct electron-pair production, nuclear interactions), and these energy
losses are proportional to the muon energy, see Eq. (1.74), one can even
build muon calorimeters for high energies in which the measurement
of the muon energy loss allows an energy determination. This possi-
bility of muon calorimetry will certainly be applied in proton–proton
collision experiments at the highest energies (LHC – Large Hadron Col-
lider,

√
s = 14 TeV; ELOISATRON,

√
s = 200 TeV [82]). The calorimetric

method of muon energy determination can also be employed in deep-water
and ice experiments used as neutrino telescopes.

9.3 Neutron detection

Depending on the energy of the neutrons, different detection techniques
must be employed. Common to all methods is that charged particles have
to be produced in neutron interactions, which then are seen by the detec-
tor via ‘normal’ interaction processes like, e.g. ionisation or the production
of light in scintillators [83–85].
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For low-energy neutrons (Ekin
n < 20 MeV) the following conversion

reactions can be used:

n+ 6Li → α+ 3H , (9.17)

n+ 10B → α+ 7Li , (9.18)

n+ 3He → p+ 3H , (9.19)
n+ p → n+ p . (9.20)

The cross sections for these reactions depend strongly on the neutron
energy. They are plotted in Fig. 9.25 [85].

For energies between 20 MeV ≤ En ≤ 1 GeV the production of recoil
protons via the elastic (n, p) scattering can be used for neutron detec-
tion, Eq. (9.20). Neutrons of high energy (En > 1 GeV) produce hadron
cascades in inelastic interactions which are easy to identify.

To be able to distinguish neutrons from other particles, a neutron
counter basically always consists of an anti-coincidence counter, which
vetoes charged particles, and the actual neutron detector.

Thermal neutrons (En ≈ 1
40 eV) are easily detected with ionisation

chambers or proportional counters, filled with boron-trifluoride gas (BF3).
To be able to detect higher-energy neutrons also in these counters, the
neutrons first have to be moderated, since otherwise the neutron interac-
tion cross section would be too small (see Fig. 9.25). The moderation of
non-thermal neutrons can best be done with substances containing many
protons, because neutrons can transfer a large amount of energy to colli-
sion partners of the same mass. In collisions with heavy nuclei essentially
only elastic scattering with small energy transfers occurs. Paraffin or water
are preferred moderators. Neutron counters for non-thermal neutrons are
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Fig. 9.25. Cross sections for neutron-induced reactions as a function of the
neutron energy (1 barn = 10−24 cm2) [85].
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Fig. 9.26. Neutron detection with proportional counters [83].

therefore covered with these substances. With BF3 counters, neutron
detection efficiencies on the order of 1% can be achieved.

Thermal neutrons can also be detected via a fission reaction (n, f)
(f = fission). Figure 9.26 shows two special proportional counters which
are covered on the inside with either a thin boron or uranium coating
to induce the neutrons to undergo either (n, α) or (n, f) reactions [83].
To moderate fast neutrons these counters are mounted inside a paraffin
barrel.

Thermal or quasi-thermal neutrons can also be detected with solid-state
detectors. For this purpose, a lithium-fluoride (6LiF) coating is evaporated
onto the surface of a semiconductor counter in which, according to Eq.
(9.17), α particles and tritons are produced. These can easily be detected
by the solid-state detector.

Equally well europium-doped lithium-iodide scintillation counters
LiI(Eu) can be used for neutron detection since α particles and tritons
produced according to Eq. (9.17) can be measured via their scintillation
light. Slow neutrons or neutrons with energies in the MeV range can be
detected in multiwire proportional chambers filled with a gas mixture of
3He and Kr at high pressure by means of the Reaction (9.19).

For slow neutrons, due to momentum conservation, 3H and p are
produced back to back. From the reaction kinematics one can find
Ep = 0.57 MeV and E(3H) = 0.19 MeV.

A typical neutron counter based on this reaction commonly employed
in the field of radiation protection normally uses polyethylene spheres as
moderator along with a 3He-recoil proportional detector. Since the cross
section for Reaction (9.19) is strongly energy-dependent, the performance
and the sensitivity of such a counter can be improved by neutron absorbers
in the moderator. Using special gas fillings – mainly 3He/CH4 are used –
the yield of recoil protons and tritons can be optimised. The moderator
parameters can be determined by appropriate simulation programs for
neutron transport [86].
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Fig. 9.27. Energy dependence of the neutron detection sensitivity of 3He
proportional counters with polyethylene shielding (from [87, 88]).

Typical sensitivities of several counts per nano-Sievert can be achieved
with a scatter of ±30% for neutron energies between 50 keV and 10 MeV.
For lower energies (10 meV to 100 eV) larger variations in sensitivity are
unavoidable (Fig. 9.27, [87, 88]).

Due to the massive moderator the sensitivity for α, β or γ radiation
is extremely small making such a 3He counter ideally suited for reli-
able neutron measurements even in an environment of other radiation
fields.

Possible applications are neutron dosimeters in nuclear power plants or
hospitals where separate neutron-dose measurements are required because
the relative biological effectiveness of neutrons is rather high compared to
β and γ rays. It is also conceivable to search for illegal trafficking of
radioactive neutron-emitting sources (such as weapon-grade plutonium)
or for hidden sources which are otherwise difficult to detect, because α,
β or γ rays can easily be shielded while neutrons cannot, providing a
possibility to trace radioactive material [87, 88].

The elastic recoil reaction (9.20) can also be used in multiwire propor-
tional chambers containing hydrogen-rich components (e.g. CH4 + Ar).
The size of a neutron counter should be large compared to the maximum
range of the recoil protons: 10 cm in typical gases [89]. In solids the range
of protons is reduced approximately in reverse proportion to the density
(see Sect. 1.1.9).

Neutrons in the energy range 1–100 MeV can also be detected in organic
scintillation counters via the production of recoil protons (i.e. via the
H (n, n′) H′ reaction) according to Eq. (9.20). However, the cross section
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Table 9.1. Threshold reactions for
neutron energy measurements [83]

Reaction Threshold energy
[MeV]

Fission of 234U 0.3
Fission of 236U 0.7
31P (n, p) 31Si 0.72
32S (n, p) 32P 0.95
Fission of 238U 1.3
27Al (n, p) 27Mg 1.9
56Fe (n, p) 56Mn 3.0
27Al (n, α) 24Na 3.3
24Mg (n, p) 24Na 4.9
65Cu (n, 2n) 64Cu 10.1
58Ni (n, 2n) 57Ni 12.0

for this reaction decreases rapidly with increasing neutron energy (see
Fig. 9.25) so that the neutron-detection efficiency is reduced. For neutrons
of 10 MeV the np scattering cross section is about 1 barn. Then, for an
organic scintillator of 1 cm thickness (density � = 1.2 g/cm3 assumed)
with a 30% molar fraction of free protons, a neutron-detection efficiency
of about 2.5% is obtained.

In some applications – e.g. in the field of radiation protection – the
measurement of the neutron energy is of great importance because the
relative biological effectiveness of neutrons is strongly energy-dependent.
The measurement of the neutron energy is frequently carried out with
threshold detectors. Such a detector consists of a carrier foil cov-
ered with an isotope that only reacts with neutrons above a certain
threshold energy. The particles or charged nuclei liberated in these
reactions can be detected, e.g. in plastic detectors (cellulose-nitrate or
cellulose-acetate foils) by an etching technique, and evaluated under
a microscope or with automatic pattern-recognition methods (compare
Sect. 6.11). Table 9.1 lists several threshold reactions used for neutron
detection.

To cover different energy ranges of neutrons in a single exposure,
one uses stacks of plastic foils coated with different isotopes. From the
counting rates in the individual carrier foils with different energy thresh-
olds, a rough determination of the neutron energy spectrum can be
performed [83].
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9.4 Problems

9.1 What are the Cherenkov angles for 3, 4 and 5 GeV/c pions in
Lucite, silica aerogel, Pyrex and lead glass?

index of refraction
Lucite 1.49
silica aerogel 1.025–1.075
Pyrex 1.47
lead glass 1.92

9.2 Calculate the Cherenkov energy emitted in water in the visible
range (400–700 nm) per cm by a 2.2 GeV/c kaon!

9.3 How would you design a water Cherenkov detector that gives about
12 collected photoelectrons for 5 GeV/c protons?

Assume that the quantum efficiency of the used photomultiplier
is 20%, the light collection efficiency to be 25% and the transfer
probability from the photocathode to the first dynode to be 80%.

9.4 A 3 GeV/c proton is passing through Lucite. Estimate the number
of visible photons emitted by δ rays using an approximation for
dE/dx over the relevant energy range? Assume a radiator thickness
of x = 10 g/cm2 (=̂ 6.71 cm).

9.5 The Cherenkov angle of relativistic particles in air (n = 1.000295)
is 1.4◦. Still, in experiments with Imaging Air Cherenkov tele-
scopes typical Cherenkov angles around 1◦ are reported. What is
the reason for that?

9.6 In an experiment for particle identification the energy loss dE/dx
is measured in a 300 μm silicon counter and the energy is obtained
from a total-absorption calorimeter. In a mixed beam of muons and
pions of 10 MeV kinetic energy a product ΔE ·Ekin = 5.7 MeV2 is
obtained. Was this due to a muon or a pion?

(�Si = 2.33 g/cm3, ZSi = 14, ASi = 28, ISi ≈ 140 eV.)

The same setup is used to separate the beryllium isotopes 7Be
and 9Be of 100 MeV kinetic energy with the result ΔE · Ekin =
3750 MeV2. Identify the beryllium isotope that produced this
result. Why did 8Be not show up in this beam of beryllium
isotopes?

(m(7Be) = 6.55 GeV/c2, m(9Be) = 8.42 GeV/c2.)
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