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166 CHAPTER 11. FUNDAMENTAL PARTICLES AND THEIR INTERACTIONS

11.1.1 Discovery of the positron
Paul Dirac was a theoretician who developed a relativistic version of quantum mechanics.
In this version, free electrons were described by the following equation

E
2 = (cp)2 + (mc

2)2 (11.1)

This equation has two solutions

E = ±

p
(cp)2 + (mc2)2 (11.2)

and Dirac wondered about the meaning of the solution with the minus sign. In 1930, he
postulated that the negative energy states are filled by a “sea” of electrons. Since this sea
is always there, infinitely large and perfectly uniform, it exerts no force on anything and,
therefore, we are unaware of it. The electrons we see must always have positive energy.
However, what happens if we impart to one of the electrons from the sea enough energy
to knock it into a positive energy state? The “absence” of the expected electron in the
sea would be interpreted as a + charge, and the absence of its negative energy would be
interpreted as a positive energy. This electron would have the same mass as an electron,
but the opposite electric charge. Hence, Dirac predicted the existence of the positron.

Figure 11.1: One of the first positron tracks observed by Anderson in his cloud chamber.

In 1932, at the age of 27, Carl Anderson (Caltech) discovered a particle that had all
the properties of Dirac’s positron, in an experiment with a cloud chamber, a predecessor
of the bubble chamber that was filled with a gas supersaturated with water vapour near its
condensation point. By expanding this chamber during the passage of charged particles,
the latter could be made visible as a track of condensation droplets. Figure 11.1 shows one
of the first observations of a positron, in this case in cosmic rays. The cloud chamber was
embedded in a magnetic field, which causes charged particles to describe curved trajectory.
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enter the chamber, the piston suddenly decreases its pressure, and the liquid enters into a
superheated, metastable phase. Charged particles create an ionisation track, around which
the liquid vaporises, forming microscopic bubbles. Bubble density around a track is propor-
tional to a particle’s energy loss. Bubbles grow in size as the chamber expands, until they
are large enough to be seen or photographed. Several cameras are mounted at various posi-
tions on the inside of the bubble chamber, allowing a three-dimensional image of an event
to be captured. The entire chamber is subject to a constant magnetic field, which causes

Figure 9.12: Examples of bubble chamber pictures in which noticeable events take place. The 2-meter
hydrogen filled bubble chamber at CERN was exposed to a beam of K�. In diagram a, the decay chain of a
positive pion is visible (⇡+

! µ+
! e+). Diagram b shows the production of a neutral particle (K0), that

decays after a few cm into a ⇡+⇡� pair.

charged particles to travel in helical paths whose radius is determined by their charge-to-
mass ratio and their velocity. Since the magnitude of the charge of all known charged,
long-lived subatomic particles is the same as that of an electron, their radius of curvature
must be proportional to their momentum. Thus, by measuring their radius of curvature,
their momentum can be determined.

Figure 9.12 shows two examples of bubble chamber pictures, in which the 2-meter
hydrogen filled bubble chamber at CERN was exposed to a beam of K

� mesons. The
figures shows a handful of these particles entering the chamber from the bottom. Their
tracks look more or less straight, because their momentum was so high that they barely
got bent in the magnetic field. Some of these kaons caused interactions in the liquid. In
the left image, a ⇡

+ is produced that loses all its kinetc energy by ionizing the hydrogen,
comes to a stop and decays into a µ

+ (the little stub), which in turn decays into a positron
(e+, the corkscrew we encountered already in Figure 8.2). In the same event, also a � is
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is done with it, the only exception being muons. The bare fact that a charged particle can
make it through several meters worth of steel or lead means that it must be a muon, since no
other charged particle is capable of such a feat. Calorimeters absorb the particles that enter
them. They are usually based on dense material, at least at accelerator experiments where
the total detector volume must be limited. “Natural” calorimeters such as the water in the
Mediterranean, the ice in Antarctica or the atmosphere above Argentina are not bound by
this limitation.

The fact that calorimeters made of dense material can absorb even the highest energy
manmade particles (TeV protons at CERN’s LHC) in a relatively small volume is a con-
sequence of the shower development process already mentioned at the end of chapter 8.
Particles such as electrons and �s develop so-called electromagnetic showers. For exam-
ple, when a high-energy � enters an absorber, it converts (typically after 9

7X0) into an e
+
e
�

pair. The electron and positron, which carry each approximately half of the photon energy,
will lose that energy primarily through radiation, i.e. they emit new photons. These new
photons convert in their turn into new e

+
e
� pairs, etc. (Figure 9.19).This particle multi-

plication continues until the point where the average energy of the shower particles has
decreased to the point where �s will interact with the absorber through Compton scat-
tering and photoelectric effect, and electrons and positrons will lose their energy through
ionization rather than Bremsstrahlung. At this point, the shower maximum, the further
multiplication of particles stops, and the remaining particles are gradually absorbed. The
scale for this process is the radiation length. Typically, showers are completely absorbed in
25-30 X0. In a material such as copper, this corresponds to 40 cm, and this depth increases

Figure 9.19: The early stages of electromagnetic shower development (left) and the deposited energy as a
function of depth in a block of copper for electrons of different energies (right).

only logarithmically with the particle energy, as illustrated in Figure 9.19.
In hadron showers, nuclear reactions also play an important role. The incoming proton

or pion loses some energy by ionizing the detector medium until it encounters an atomic
nucleus. At that point, a nuclear interaction takes place, in which the energy of the incoming



• Radiation length: the distance over which a high-energy 
(>> 1 GeV) electron or positron loses, on average, 63.2% 
of its energy to bremsstrahlung



Electromagnetic Shower
• Energy loss by charged particles

• The particles ionize medium if their energy is sufficient to release 
the atomic electrons 

• Charged particles may excite atoms or molecules and the de-
excitation from these metastable states may yield scintillation light 

• Charged particles traveling faster than the speed of light in the 
medium lose energy by emitting Cerenkov light 

• At high energies, energetic knock-on electrons (δ-rays) 

• At high energies, bremsstrahlung 

• At very high energies, the em interaction may induce nuclear 
reactions



Lorentz  
contraction 
of E field 

maximum energy 
transfer to electron

polarization of  
the medium

ionization  
potential

This elegant formula (“Bethe-Bloch”) is seldom useful: finite media, B-field,  
δ-rays, UV, low-energy particles, …

  Energy loss to nuclei is negligible ~ (m/M) 

Altogether, exact, in an infinite medium, the ionization energy loss (in MeV/g-cm-2):   

K = 4⇡NAr2emec2 = 0.307075 MeV / g·cm�2where  



• Above 100 MeV and lower than that, the principle source 
of energy loss by electrons and positrons is 
bremsstrahlung. 

• radiate photons as a result of the Coulomb interaction 
with the electric fields generated by the atomic nuclei. 

• The energy spectrum falls off as 1/E. 

• The critical energy (energy losses by radiation process = 
energy losses by ionization) is higher by a factor (m/me)2  

• The critical energy of muon is ~40000 times larger than 
that of the electron



Particle interactions with nuclei (Ze):  bremsstrahlung (“braking radiation”)

An electron radiates photons continuously, mostly low energy.  On the 
average, the summed energy radiated in one radiation length is all but 1/e of  
the original electron energy.



32 THE PHYSICS OF SHOWER DEVELOPMENT

FIG. 2.1. Cross sections for the processes through which the particles composing electromag-
netic showers lose their energy, in various absorber materials. To the left are shown the cross
sections for pair production, Compton scattering and photoelectric effect in carbon (a), iron
(b) and uranium (c). To the right, the fractional energy losses by radiation and ionization are
given as a function of the electron energy in carbon (d), iron (e) and uranium (f ).

the dE/dx data tabulated by Pages [Pag 72] and recommends the following expressions
for the critical energy:

✏c =
610 MeV

Z + 1.24
(2.3)

for materials in the solid or liquid phase, and

✏c =
710 MeV

Z + 0.92
(2.4)

for gases. These formulae fit the data from the mentioned dE/dx tables to within ⇠ 4%,
with the largest deviations occurring at the highest Z values. For example, for uranium,
Equation 2.3 gives ✏c = 6.54 MeV, while the data tabulated in [Pag 72] fulfill Rossi’s
condition at an energy of 6.75 MeV.



Photon interactions

• Photoelectric effect, Rayleigh scattering, 
Compton scattering, electron-positron pair 
production 

• Photoelectric effect

• At low energies, an atom absorbs the photon and 
emits an electron. 

• cross section scales with Zn
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FIG. 2.3. Cross section for the photoelectric effect as a function of the Z value of the absorber.
Data for 100 keV and 1 MeV γs.

effect is dominating for energies below 700 keV, for iron inelastic scattering already
starts to dominate above 100 keV.

2.1.2.2 Rayleigh scattering. This (coherent) process is also important at low ener-
gies. In this process, the photon is deflected by the atomic electrons. However, the pho-
ton does not lose energy. Therefore, Rayleigh scattering affects the spatial distribution
of the energy deposition, but it does not contribute to the energy deposition process
itself.

2.1.2.3 Compton scattering. In the Compton process, a photon is scattered by an
atomic electron with transfer of momentum and energy to the struck electron sufficient
to put this electron in an unbound state.

Figure 2.4 illustrates this scattering process. Applying the laws of energy and mo-
mentum conservation, the relations between the different kinematic variables (energy
transfer, scattering angles) can be derived in a straightforward manner. For example,
when ζ is defined as the photon energy in units of the electron restmass (ζ = Eγ/mec2),
the scattering angles of the electron (φ) and the photon (θ) are related as

cotφ = (1 + ζ) tan
θ

2
(2.5)

In all but the highest-Z absorber materials, Compton scattering is by far the most likely
process to occur for γs in the energy range between a few hundred keV and ∼ 5 MeV
(see Figure 2.7). As we shall see in Section 2.1.4, typically at least half of the total en-
ergy is deposited by such γs in the absorption process of multi-GeV electrons, positrons



• Rayleigh scattering

• At low energies, the photon is deflected by the atomic 
electrons. 

• the photon doesn’t loose energy 

• doesn’t contribute to the energy deposition process 

• affect the spatial distribution of the energy deposition



• Compton scattering

• a photon is scattered by an atomic electron 

• momentum and energy are transferred to the struck 
electron 

• as a result, this electron is put in an unbound state 

• γs in the energy range between a few hundred keV 
and ~ 5 MeV
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FIG. 2.5. The cross section for Compton scattering as a function of the scattering angle of the
photon (a), and the the angular distribution of the Compton recoil electrons (b), for incident
photons of different energies.

is transferred to the struck electron. In this process, the angular preference still visible
for the first scattering in this sequence (Figure 2.5b) quickly disappears. Most of the
the Compton- and photoelectrons produced in this sequential absorption process are
isotropically distributed with respect to the direction of the initial γ.

The cross section for Compton scattering is much less dependent on the Z value of
the absorber material than the cross section for photoelectric effect. Figure 2.6 shows
that the Compton cross section is almost proportional to Z, i.e. proportional to the num-
ber of target electrons in the nuclei.

As for the photoelectric effect, the cross section for Compton scattering decreases
with increasing photon energy, albeit much less steeply: σ ∼ 1/E. Therefore, above
a certain threshold energy, Compton scattering becomes more likely than photoelectric
absorption. This threshold ranges from 20 keV for carbon (Z = 6) to 700 keV for
uranium (Z = 92). The values for other elements can be derived from Figure 2.7.

2.1.2.4 Pair production. At energies larger than twice the electron rest mass, a pho-
ton may create, in the field of a charged particle, an electron–positron pair. These parti-
cles produce bremsstrahlung radiation as well as ionization along their paths. The elec-
tron is eventually absorbed by an ion, while the positron annihilates with an electron. In
the latter process, two new photons are produced, each with an energy of 511 keV, the
electron restmass, if the annihilation takes place when the positron has come to rest.

Typically, more than 99% of the γ → e+e− conversions are caused by nuclear
electromagnetic fields. For low-Z elements and at high energies, also e+e− creation in
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FIG. 2.4. The Compton scattering process.

or photons. Compton scattering is therefore a very important process for understanding
the fine details of calorimetry.

The cross section for Compton scattering was one of the first ones to be calculated
using Quantum Electrodynamics and is known as the Klein–Nishina formula [Bet 59]:

dσ

dΩ
=

r2
e

2
(1 + cos2 θ)

[
1 + ζ(1− cos θ)

]2

{
1 +

ζ2(1− cos θ)2

(1 + cos2 θ)
[
1 + ζ(1− cos θ)

]
}

(2.6)

In Figure 2.5a, this cross section is shown as a function of the scattering angle θ for
photons of 0.1, 1 and 10 MeV. In the limit of zero energy, Equation 2.6 reduces to

dσ

dΩ
=

r2
e

2
(1 + cos2 θ) (2.7)

which is the classical expression for Thomson scattering [Jac 74], and is represented by
a parabola in Figure 2.5a. For photons in the energy range in which Compton scattering
is the most likely process to occur, this cross section is more or less flat in the backward
hemisphere (scattering angles > 90◦), and rises to a maximum value for θ = 0◦.

The angular distribution of the Compton recoil electrons, shown in Figure 2.5b,
exhibits a preference for the direction of the incoming photons (cosφ = 1), but there is
also a substantial isotropic component in the forward hemisphere (the requirements of
momentum and energy conservation prevent the electrons from being scattered in the
backward hemisphere).

Since the photoelectric effect, in which the photon is absorbed and thus disappears,
only plays a role at low energies, many γs in the MeV energy range are absorbed in a
sequence of Compton scattering processes, in which the photon energy is reduced in a
number of steps down to the point where the final absorption in a photoelectric process
occurs. In each step, an amount of energy equal to

T = Eγ
ζ(1− cos θ)

1 + ζ(1− cos θ)
(2.8)

𝜙: electron scattering angle  
θ: photon scattering angle



• Pair production

• energies larger than twice the electron rest mass

• photon creates an electron-positron pair

• electrons and positrons produce bremsstrahlung radiation as well as 
ionization along their paths 

• electron: eventually absorbed by an ion, positron: annihilates with an 
electron 

• more than 99% of the γ→e+e-  are caused by nuclear electromagnetic 
fields. 

• For low-Z elements and at high energies: the fields of the 
atomic electrons also contributes significantly to the total pair 
production cross section



Particle interactions with nuclei (Ze):  pair production 

The photon penetrates 9/7 of a radiation length, on the average, before 
undergoing pair-production.  
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FIG. 2.7. The energy domains in which photoelectric effect, Compton scattering and pair pro-
duction are the most likely processes to occur, as a function of the Z value of the absorber
material.

on the high-energy side. For low-Z materials such as carbon, pair production only takes
over above 30 MeV, while the photoelectric effect is only significant at energies below
50 keV.

Figure 2.1 also shows that the total cross section for photon interactions exhibits a
minimum value near the energy where the probabilities for Compton scattering and pair
production are about equal. For high-Z materials, which have the highest total cross
sections and are therefore best suited for shielding against �-rays, this minimum occurs
for energies around 3 MeV. It may seem quite amazing that it takes less material to
shield effectively against �s of 10–20 MeV than against 3 MeV ones. However, this
peculiarity is by no means unique to the MeV range of the em spectrum. For example,
the Earth’s atmosphere is transparent to visible light, but light with a shorter wavelength
(higher energy, e.g., ultraviolet light or X-rays) is effectively absorbed by it.

Photon interactions are fundamentally different from the ones experienced by elec-
trons and positrons. When these charged particles traverse matter, they lose energy in a
continuous stream of events in which atoms or molecules are ionized and photons are
radiated away. A multi-GeV electron traversing one cm of lead typically radiates thou-
sands of photons. Some of these photons may have energies in excess of 1 GeV, but
the overwhelming majority of these photons are very soft, with energies in the eV–keV–
MeV range.

On the other hand, a multi-GeV photon may penetrate the same thickness of lead
without being affected at all. For such high-energy photon interactions, we may apply
the concept of the mean free path, 7.2 mm in the case of lead. Therefore, the probability
that the mentioned photon does interact (i.e., convert into an e

+
e
� pair) in one cm of



• The higher the initial energy of the shower particle, the longer the 
particle multiplication phase continues 

• The amount of copper needed to absorb 99% of shower energy: 23 
cm at 1 GeV, 28 cm at 10 GeV, 33 cm at 100 GeV, 39 cm at 1 TeV
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FIG. 2.9. The energy deposit as a function of depth, for 1, 10, 100 and 1000 GeV electron
showers developing in a block of copper. In order to compare the energy deposit profiles, the
integrals of these curves have been normalized to the same value. The vertical scale gives
the energy deposit per cm of copper, as a percentage of the energy of the showering particle.
Results of EGS4 calculations.

photoelectric processes. This impression is correct. It turns out that positrons (which are
only produced in pair production) are outnumbered by electrons (which are produced
in all three photon interaction processes) by a considerable factor. Table 2.1 lists the

Table 2.1 The numbers of positrons that are generated in em shower development and the frac-
tion of the total energy deposited by these particles. Results of EGS4 simulations.

Shower energy ! 10 GeV 100 GeV
Absorber # #e+ E

+
/Etot #e+ E

+
/Etot

Aluminium (Z = 13) 191 26% 1750 27%
Iron (Z = 26) 285 27% 2920 26%
Tin (Z = 50) 427 24% 4330 25%
Lead (Z = 82) 554 22% 5730 23%
Uranium (Z = 92) 612 23% 5970 23%

numbers of positrons that are generated in the absorption of 10 and 100 GeV electrons
in a variety of absorber materials with different Z values, as well as the energy fraction
carried by these particles.

The numbers of shower electrons are not listed here, since these numbers depend
sensitively on the chosen cutoff values in the simulations. However, they are typically



• the central core (the first component), surrounded by a 
halo (the second component) 

• the central core disappears beyond the shower 
maximum (15 X0)

23
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FIG. 2.13. The radial distributions of the energy deposited by 10 GeV electron showers in
copper, at various depths. Results of EGS4 calculations.

In addition, we will use the term transverse, as well as radial or lateral, to describe
general, non-quantitative features of shower development in the plane perpendicular to
the direction of the incoming particle.

Of course, distributions/profiles of type 1 are considerably narrower than those of
type 2. In practice, both terms are being used for both types of distributions/profiles,
and it is sometimes not clear which of these two is shown in presentations. In this book,
we will use the terminology defined above in a consistent manner.

Both types of distributions may either concern a certain longitudinal slice of the
absorbing structure, or the entire absorbing structure. In the latter case, the lateral or
radial profiles are said to be integrated over the full depth.

Figure 2.13 shows the radial distributions of the energy deposited by 10 GeV elec-
tron showers developing in copper, at various depths. The two mentioned components
can be clearly distinguished. Both show an exponential behavior (note the logarithmic
ordinate in Figure 2.13), with characteristic slopes of ⇠ 3 mm (⇠ 0.2⇢M) and ⇠ 25 mm
(⇠ 1.5⇢M), respectively. The radial shower profile shows a pronounced central core
(the first component), surrounded by a halo (the second component). The central core
disappears beyond the shower maximum.

This radial profile, integrated over the total shower depth, is shown in Figure 2.14,
together with the equivalent profiles for 10 GeV electron showers developing in lead



Shower Containment

• Shower containment is important since shower particles escaping from the detector becomes a source 
of fluctuations that my affect the precision of the measurements 

• The absorber thickness: 

- 11 X0 at 1 GeV, 22 X0 at 1 TeV (for 95% shower containment) 

- 16 X0 at 1 GeV, 27 X0 at 1 TeV (for 99% shower containment) 

- 19 X0 of Al at 100 GeV, 26 X0 for uranium at 100 GeV  

- γ-induced showers require 1 X0 more material than 
24
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FIG. 2.17. Average energy fraction contained in a block of matter with infinite transverse di-
mensions, as a function of the thickness of this absorber. Shown are results for showers in-
duced by electrons of various energies in a copper absorber (a) and results for 100 GeV
electron showers in different absorber materials (b). The lower figure also shows the results
for 100 GeV � showers in 238U. Results of EGS4 calculations.

of course a consequence of the extensive radial shower tails (Figure 2.14)
The containment information is in practice very important for the design of calori-

meters. The longitudinal containment determines the required depth, while the lateral
containment is an important consideration for the chosen cell size (granularity). Typi-
cally, one chooses the depth such as to contain, on average, 99% of the shower energy,
while the effective radius of the cell size is often chosen to be 1 � 1.5⇢M . Figure 2.19
summarizes what these size requirements mean in practice, given the chosen detector
material and the energy domain of the experiment.

2.2 Muons Traversing Dense Material
Except at the very lowest energies, the absorption of electrons and photons in matter is a
multi-step process (shower development). The phenomenon of particle multiplication in
this process leads to the absorption of high-energy particles in relatively small amounts
of matter. For example, a small lead brick measuring 5⇥5⇥15 cm3 (about 4 kg) would



Shower containment
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FIG. 2.18. Average energy fraction contained in an infinitely long cylinder of absorber material,
as a function of the radius of this cylinder. Results of EGS4 calculations for various absorber
materials and different energies.

absorb more than 90% of the energy carried by the electrons accelerated in the largest
synchrotron ever built (LEP at CERN, designed for 100 GeV).

The other particles subjected to only the em interaction, the muons, behave, at the
same energies, in a very different way. Up to very high energies (100 GeV or higher),
they lose their energy primarily through ionization and �-rays. These mechanisms ac-
count for energy losses of typically only 1–2 MeV g�1cm2 and, therefore, it takes very
substantial amounts of material to absorb high-energy muons.

For this reason, experiments in which cosmic muons constitute a major source of
undesirable background have to be located in deep mines or under high mountains,
since these muons may sometimes penetrate several kilometers of the Earth’s crust.
For the same reason, the CERN high-energy neutrino beam that was used for many
experiments in the West Area (1963 - 1998) was equipped with a 300 m long iron
shield. The neutrinos were produced from pion and kaon decay (⇡,K ! ⌫µµ) and the
muons had to be absorbed in the space between the production target and the neutrino
detectors. In iron, muons lose energy at a rate of about 1.1 GeV/m (about a factor of
three higher than in the soil of which the CERN site is composed). By virtue of this
shield (composed of the Swiss strategic iron reserves), CERN’s high-energy neutrino
experiments could be installed just inside the perimeter of the Meyrin site.

Higher-order QED processes, such as bremsstrahlung and e
+
e
� pair production, do

occur in muon absorption. However, compared with electrons, they are suppressed by
a scale factor of (mµ/me)2 ⇡ 40, 000. Therefore, the critical energy at which muons
lose, on average, equal amounts of energy through radiation and ionization is at least
200 GeV. Just as for electrons, the contribution of these higher-order QED processes to a
muon’s energy loss is strongly Z dependent [Loh 85]. For example, the average energy



Electromagnetic shower initiated by a high energy electron



The structures of Pb and Cu modules

Pb Cu
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The electromagnetic performance for 40 GeV e- (Cu/fiber)
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shower energy is used to ionize the absorbing medium, in contrast
with hadronic showers where some (variable) fraction of the shower
energy is used to break up atomic nuclei, or escapes detection
altogether. When deviations from linearity are observed for em
calorimeters, these are invariably caused by instrumental effects,
such as saturation effects in the active media or in the readout,
incomplete shower containment, upstream absorption effects, inac-
tive or inefficient volumes, etc.

Because of the logistics of the data taking procedures (see Section
2.3), the signal linearity was studied over two energy ranges: 6–
60 GeV and 60–150 GeV, respectively. Fig. 9 shows the calorimeter
response, defined as the average signal per unit deposited energy,
separately for the scintillation signals and for the Cherenkov signals in
these two energy ranges. The response is constant to within 1% (i.e.,
the gray area in these figures) in both ranges, with the exception of the
lowest energy point (6 GeV), where the response is about 2% lower
than average. At these low energies, the reconstructed energy is most
sensitive to energy losses upstream. Apart from the PSD, the electrons
also lose some energy in the other upstream detectors (trigger
counters, wire chambers), in 10 m of air, beam pipe windows, etc. In
addition, backscattering of soft photons through the front face of the
calorimeter (so-called albedo effects) are also most important for low-
energy showers. And finally, hysteresis effects in the beam magnets,
which affect the precise energy of the beam particles, are most
important at low energies as well.

In any case, the fiber calorimeter is linear for em shower
detection to within 71%, over the energy range 10–150 GeV, both
for the scintillation and the Cherenkov signals.

3.3. Radial shower profiles

It is well known that the radial profiles of electromagnetic
showers are very narrow, especially in the early phase, before the
shower maximum is reached [5]. In that phase, the shower
development is dominated by energetic Bremsstrahlung photons
radiated by the beam particle, and these γs convert into eþ e"

pairs that travel close and parallel to the shower axis. In order
to assess the effects of this on the performance of our calorimeter,
we measured this shower profile, in the following way. We used a
run in which a wide beam of 100 GeV electrons was steered into
the boundary region of Towers 15 and 16. The beam particles
entered the calorimeter parallel to the direction of the fibers
(θ;ϕ¼ 01). We selected events in a 1 mm wide sliver of this beam
spot and moved this area in small steps across the boundary
between the two towers, as illustrated in the insert of Fig. 10.

Fig. 10a shows the signal measured in Tower 16 as a function
of the position of this sliver, separately for the scintillation and
Cherenkov signals. The very steep increase of the signal near the
boundary between towers 15 and 16 is indicative for the very
narrow shower profile. This profile can be extracted from these

Fig. 8. Signal distributions for 40 GeV electrons in the copper-fiber calorimeter. Shown are the distributions measured with the scintillating fibers (a), the Cherenkov fibres
(b) and the sum of all fibers (c). The angle of incidence of the beam particles (θ; ϕ) was (1.51, 1.01). The size of the beam spot was 10$10 mm2.

Fig. 9. The linearity of the copper (a) and lead (b) based fiber calorimeters for em shower detection in the scintillation and Cherenkov channels. See text for details.
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pairs that travel close and parallel to the shower axis. In order
to assess the effects of this on the performance of our calorimeter,
we measured this shower profile, in the following way. We used a
run in which a wide beam of 100 GeV electrons was steered into
the boundary region of Towers 15 and 16. The beam particles
entered the calorimeter parallel to the direction of the fibers
(θ;ϕ¼ 01). We selected events in a 1 mm wide sliver of this beam
spot and moved this area in small steps across the boundary
between the two towers, as illustrated in the insert of Fig. 10.

Fig. 10a shows the signal measured in Tower 16 as a function
of the position of this sliver, separately for the scintillation and
Cherenkov signals. The very steep increase of the signal near the
boundary between towers 15 and 16 is indicative for the very
narrow shower profile. This profile can be extracted from these

Fig. 8. Signal distributions for 40 GeV electrons in the copper-fiber calorimeter. Shown are the distributions measured with the scintillating fibers (a), the Cherenkov fibres
(b) and the sum of all fibers (c). The angle of incidence of the beam particles (θ; ϕ) was (1.51, 1.01). The size of the beam spot was 10$10 mm2.

Fig. 9. The linearity of the copper (a) and lead (b) based fiber calorimeters for em shower detection in the scintillation and Cherenkov channels. See text for details.
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fissionable material - be evaporated from the highly 
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have rather similarly to the charged highly energetic 
hadrons.  

Most  of the neutrons are created in an energy range 

between 0.1 and 10 MeV by nuclear evaporation. The 

spectra and the method of calculation are discussed in 

section 2. For  understanding the response to neutrons 

in a sampling structure, one has to consider their mean 

free path. Fig. 7 illustrates the total cross section of 
natural uranium, the fission cross section of 238U, the 

(n, 7) capture cross section of 23Su and the n - p  elastic 
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MeV. The neutron mean free path ranges between 2 and 
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• Main fluctuations in hadron calorimetry: 

• Large, non-Gaussian electromagnetic component fluctuation 

• Large, non-Gaussian fluctuation in nuclear binding energy loss (“invisible”)



Fluctuations of Hadron Showers
500 GeV Pions, Cu absorber

Red: e-, e+ Cyon: Other Charged Particles
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Particle Sector
• On average, approximately one-third (1/3) of the 

mesons produced in the first interactions are neutral 
pions 

• In the second generation of nuclear interaction, the 
remaining hadrons may also produce neutral pions if 
they are sufficiently energetic. 

• Since the production of neutral pions by strongly 
interacting mesons is an irreversible process, the 
average fraction of the initial hadron energy converted 
into neutral pions gradually increase with energy.
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• E0: the average energy needed for the production of 
one pion 

• E/E0: the total number of pions (in the absence of an 
em shower component) 

• k: the energy dependence of the em shower 
fraction. Determined by the average fraction of 
neutral pions production per nuclear interaction 
and the average multiplicity (average number of 
mesons) per nuclear interaction <m>
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for the next generation of collisions. This continues until the point where the available
energy drops below the pion production threshold. The number of generations, n, is
thus a function of the energy E of the particle that initiated the shower. If we assume
that the total number of mesons produced in the shower development is proportional to
E, and that the average number of mesons produced per interaction, i.e., the average
multiplicity hmi, is independent of E, then the number of generations (n) increases by
one unit every time the energy E increases by a factor hmi. Under these assumptions,
the em fraction of the shower energy changes according to a power law (Equation 2.18)
with increasing energy.

In reality, the situation is somewhat more complicated, because of the following
factors:

• There are other particles produced than just charged and neutral pions. Therefore,
the factor 1/3 used in the previous discussion, should be considered an upper
limit. In reality, this factor, to be called f⇡0 , will be somewhat lower.

• The average multiplicity hmi is not independent of the incident energy E. It is
well known that the average particle multiplicity in reactions induced by multi-
GeV hadrons increases logarithmically with the energy, which implies that hmi

slowly increases with energy and that the increase in fem proceeds somewhat less
fast with E than indicated by the power law.

• Energy loss by ionization and nuclear excitation of the calorimeter media has
been neglected. These losses are strongly media dependent and thus lead to media
dependent em shower fractions.

• Peculiarities, such as the requirement of baryon number conservation, have been
neglected. This requirement leads, for example, to smaller em shower fractions in
proton-induced showers than in showers initiated by pions of the same energy.

These factors have been studied in detail by Gabriel et al. [Gab 94]. The authors give
a general expression for the electromagnetic fraction of hadronic showers, as follows

fem = 1 �

✓
E

E0

◆(k�1)

(2.19)

in which E0 is a scale factor, which corresponds to the average energy needed for the
production of one pion, and the exponent (k � 1) is related to the average multiplicity
hmi and the average fraction of ⇡0 production in the reactions, f⇡0 :

1� f⇡0 = hmi
(k�1)

! k = 1 +
ln(1� f⇡0)

ln hmi
(2.20)

The relationship between the Equations 2.18 and 2.19 can be seen as follows. In Equa-
tion 2.18, f⇡0 is given the value 1/3. In its general form, this equation reads

fem = 1 � (1� f⇡0)n (2.21)

If E0 corresponds to the average energy needed for the production of one pion, then
E/E0 represents the total number of pions that, in the absence of an em shower com-
ponent, would be produced in the development of a shower initiated by a hadron with
energy E. This total number is equal to hmi

n, so that Equation 2.19 can be written as
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FIG. 2.25. Comparison between the experimental results on the em fraction of pion-induced
showers in the (copper-based) QFCAL and (lead-based) SPACAL detectors. Data from
[Akc 97] and [Aco 92b].

the pion and proton responses must be due to differences in the average fem values.
These results thus confirm the prediction by Gabriel et al. [Gab 94] that the em fraction
in proton-induced showers is, on average, smaller than in pion-induced ones.

The experimentally observed differences are also quantitatively in good agreement
with the prediction. According to the authors, fem should be 15% smaller for protons
than for pions. When we use Equation 2.19 with the parameter values E0 = 0.7 GeV
and k = 0.82 (see Figure 2.24), we find the average fem value for 200 GeV pions in
copper to be 0.639. If the fem value for 200 GeV protons is 15% smaller, and the non-
em components produce signals that are suppressed by a factor of seven, then the ⇡/p

signal ratio becomes 0.880, in excellent agreement with the experimentally observed
value (0.868±0.020). However, the fact that the proton/pion differences tend to become
smaller as the energy further increases was not foreseen by Gabriel et al.

These phenomena have a simple explanation. To the extent that collisions between
high-energy hadrons and atomic nuclei may be described as interactions between con-
stituent quarks, the remaining (spectator) quark(s) from the projectile carry a consid-
erable fraction of the incident energy and emerge as leading particles after dressing
themselves up to a hadron by picking up an (anti-)quark from the “sea”. If the incident
particle is a proton, a baryon (proton, neutron, ⇤, etc. ) will emerge carrying a large
fraction of the initial energy. Baryon number conservation will also apply in subsequent
interactions: the leading baryon produces another leading baryon when it collides with
a nucleus, and so on.

The requirement of baryon number conservation thus limits the amount of energy
available for the production of ⇡0s, which generate (almost all of) the signal in calo-
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FIG. 2.26. The calorimeter response to protons and ⇡
� mesons, and the ratio of these re-

sponses, as a function of energy, measured with the QFCAL detector. Data from [Akc 98].

rimeters of the QFCAL type. In the development of pion-induced showers, there is no
such requirement limiting the ⇡

0 production (and thus the signals). As a result, proton-
induced showers contain, on average, a smaller em component than pion-induced show-
ers at the same energy.

This explanation is corroborated by several other experimental differences between
pion- and proton-induced showers [Akc 98]. For example, the energy resolution was
found to be considerably better for protons and the line shape was much more
symmetric than for pions (Section 7.5.3). In addition, the leading-particle mechanism
leads to significant differences in the shower profiles, which were also experimentally
observed.

As the energy increases, the fragmentation function which describes the hadroniza-
tion of the final state particles in nuclear interaction processes changes as well. A fre-
quently used description of this process uses the following parameterization of this func-
tion [Hal 84]:

D(z) = (↵+ 1)(1� z)↵/z (2.23)

in which D(z) represents the probability that a hadron produced in this process acquires
a fraction z of the available energy. The parameter ↵ slowly rises from values of ⇠ 4 at
LEP energies to ⇠ 6 at the Tevatron [Gre 90]. This means that the average z value of the
final-state hadrons gradually decreases. Therefore, the energy fraction typically carried
by the leading particle also gradually decreases as the collision energy increases. This

Calorimeter response: the average calorimeter signal per GeV

The response to proton is systematically smaller than the response to pions of the same energy: 
~13% at 200 GeV, ~8% at 375 GeV



Nuclear Sector

• Nuclear spallation reaction 

• Spallation is described as a two-stage process:  

• a fast intra-nuclear cascade  

• followed by a slower evaporation stage
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• Spallation nucleons

• Final state nucleus: (Af,Zf) 

• In lead absorber: (208-Af) nucleons, and (82-Zf) protons are released 

• In the above figure, on average, 2.7 protons, 12.8 neutrons are produced in the 
spallation reactions (a) (large discrepancy in # of protons and neutrons)
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numbers of protons and neutrons are released. The result is a probability distribution
of the numbers of protons and neutrons released in this process, which is shown in
Figure 2.30a for an incident energy E = 1000 MeV. It should be pointed out that the
incident energy E refers to the energy that is transferred to the nucleus. In the case of
incident protons or neutrons, E corresponds thus to the kinetic energy of the projectiles,
while in the case of pions, E represents the total energy, i.e., the kinetic energy plus the
energy contained in the pion restmass (139.6 MeV).

At E = 1000 MeV, on average, 2.7 protons and 12.8 neutrons are produced in
these spallation reactions. This large discrepancy between the numbers of protons and
neutrons released in these reactions is even more striking at lower incident energies.
Figure 2.31a shows the average numbers of protons and neutrons as a function of the
incident energy E. For energies smaller than 200 MeV, the probability of at least one
proton being emitted drops below 50%. However, on average, 7 neutrons still come off
at 200 MeV.

This indicates that the protons that are produced in the spallation processes on lead
are almost exclusively produced in the fast cascade step. In the evaporation stage of
the reaction, almost all emitted nucleons are neutrons. This is not surprising, since the
Coulomb barrier for protons in a lead nucleus is ⇠ 12 MeV. Therefore, in the evapora-
tion stage, where fragments are released with a kinetic energy of typically a few MeV
(some fraction of the binding energy per nucleon, which amounts to ⇠ 7.9 MeV in lead),
one does not expect to find many charged particles coming out of the nucleus.

FIG. 2.30. Distribution of the numbers of protons and neutrons produced in spallation reactions
induced by 1000 MeV pions on 208

82 Pb (a) and by 450 MeV pions on 56
26Fe (b).



• The cascade nucleons (particular cascade neutrons) 
are likely to induce new spallation reactions, further 
increasing the numbers of evaporation neutrons 

• The cascade particles have a momentum component 
along the direction of the incoming particle 

• Therefore, the residual target nucleus undergoes a net 
recoil  

• This recoil energy is, in general, not measurable. This 
energy has to be considered part of the invisible 
component of the shower energy

• The evaporation neutrons are emitted isotropically
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• Evaporation neutrons

• Neutrons depend entirely on the strong interaction (sometimes 
the weak). 

• The kinetic energy spectrum of the evaporation neutrons is 
described by Boltzmann-Maxwell distribution with the 
temperature of about 2 MeV 

• the average kinetic energy of these neutrons amounts to about 
3 MeV 
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densely ionizing particles is larger, while the invisible energy and the kinetic energy car-
ried by soft neutrons are smaller than in lead. Because of these differences, the choice
of the absorber material for a calorimeter has a number of important consequences,
both for the performance characteristics of the detector itself and for the environment in
which it has to operate (neutron flux!).

2.3.2.4 Evaporation neutrons. As indicated in Table 2.5, a significant fraction of the
hadronic shower energy is carried by large numbers of soft neutrons. The absorption
of these neutrons in dense material proceeds very differently from that of the other
types of shower particles encountered so far. Electrons, photons, charged mesons and
protons are all subject to the electromagnetic interaction. Neutrons depend entirely
on the strong (and sometimes the weak) interaction in order to be absorbed in mat-
ter. This has very important consequences for calorimetry. These consequences may
range from very beneficial to very detrimental [Wig 98] and are extensively discussed in
Chapters 3 and 4. In this chapter we concentrate on the neutron spectra and on the ab-
sorption mechanisms.

The kinetic energy spectrum of the evaporation neutrons is usually described by a
Boltzmann–Maxwell distribution

dN

dE
=

p

E exp(�E/T ) (2.25)

with a temperature T of about 2 MeV, so that the average kinetic energy of these neu-
trons amounts to about 3 MeV at production (see Figure 2.32).

FIG. 2.32. Kinetic energy spectrum of evaporation neutrons, produced according to a Maxwell
distribution with a temperature of 2 MeV. For comparison, the spectrum for a temperature of
3 MeV is given as well.
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The interactions of neutrons with matter

• Elastic neutron scattering

• energies between a few eV and approximately 1 MeV: elastic 
scattering is by far the dominant 

• f (the energy fraction) lost by neutrons in collisions with nuclei (A, 
atomic number): 0 (glancing collisions) ~ 4A/(A+1)2 (central 
collisions) 

• f (average): 50% (hydrogen), 3.4% (iron), 0.96% (lead) 

• energy loss by the elastic scattering is most efficient for 
hydrogen 

• hydrogen-rich compounds: the material of choice for neutron 
shielding  purpose in nuclear reactor

41



• Neutron capture

• When the neutrons have lost (almost) all of their kinetic energy in collisions with 
the target material: 

• decay (mean lifetime ~15 min) or captured by an atomic nucleus 

• Capture is much more likely to occur 

• When a neutron is capture by an atomic nucleus, the nuclear binding energy is 
gained back 

• The excited compound nucleus gets rids of this excess energy by emitting 
gamma-rays. 

• Li and B, the capture of a neutron may be followed by the emission of an alpha 
particle 

• Charged particles: become part of the absorbing structure after losing their 
kinetic energy through ionization of the calorimeter material 

• The neutrons transforms an absorber into another type of nucleus
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• Inelastic neutron scattering

• Part of the neutron’s kinetic energy is used to bring a nucleus in an 
excited state. 

• The excited nucleus releases the excitation energy in the form of one or 
several gamma’s 

• The contribution of this process to the energy loss of the neutron depends on 
details of the nuclear level structure 

• For lead, it becomes insignificant below 2.6 MeV (energy to bring the 
lead nucleus from its ground state into the lowest excited state) 

• For iron (56Fe), the first excited state is located 0.85 MeV above the 
ground state 

• Neutrons in the energy range of 1-6 MeV lose 0.85 MeV. Steel-reinforced 
concrete is a good shielding material for MeV-type neutrons.
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Hadronic shower profile
• The nuclear interaction length

• the nuclear interaction length (λint): the average distance  a 
high-energy hadron had to travel inside that medium before a 
nuclear interaction occurs. 

• The probability that the particle traverses a distance z in this 
medium without causing a nuclear interaction: P= exp (-z/λint)

• Total cross section for nuclear interactions: A (atomic weight)
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just as the mean free path of photons is inversely proportional to the total cross section
for photon-induced reactions, �int is inversely proportional to the total cross section for
nuclear interactions:

�tot =
A

NA�int
(2.27)

This cross section is determined by the size of the projectiles and the size of the
target nuclei. The cross section of the target nuclei is determined by their radius squared.
And since the volume of these nuclei (and thus r3) scales with the atomic weight A, the
cross section scales with A

2/3. From Equation 2.27, it then follows that �int scales
with A

1/3, when expressed in units of g cm�2 (which eliminates differences in material
density).

Table B.1 (Appendix B) lists the nuclear interaction lengths for a number of ma-
terials used in calorimeters. The smallest values for �int, around 10 cm, are found for
high-density, high-Z materials such as tungsten, gold, platinum and uranium. For fre-
quently used absorber materials such as iron and copper, the interaction length is less
than twice as long (a 60–70% increase compared with uranium). This is quite different
from the situation encountered earlier for the radiation length, which increases by about
a factor of five going from uranium to iron. We will come back to these differences
when discussing calorimetric particle identification (Section 7.6).

The nuclear interaction lengths for mixtures of different elements or for a compound
can be determined in the same way as discussed for the radiation length and the Molière
radius (Section 2.1.5).

The �int values listed in Table B.1 are for interactions caused by protons. The in-
teraction probability, and thus the mean free path of the hadrons, �int, also depend on
the size of the hadrons. For example, the total cross section for (fixed-target) pp in-
teractions at 100 GeV amounts to ⇠ 38 mb, whereas the total cross section for ⇡p

interactions at the same energy amounts to ⇠ 24 mb, about 2/3 of the value for pp re-
actions [PDG 14]. A similar factor applies to reactions with other targets. Therefore,
the interaction lengths for pions are considerably longer than those for protons, which
are the ones that are usually listed. This also implies that a calorimeter with a length
quoted as 10�int, represents in fact only some 7�int for pions. The so-called punch-thru
probability, i.e., the probability that a particle traverses this calorimeter without causing
a nuclear interaction is thus also very different for protons (exp(�10) ⇡ 5 · 10�5) and
pions (exp(�7) ⇡ 10�3). Experimental evidence for these proton/pion differences is
given in [Aco91b, Akc98, Kri99].

It should also be emphasized that the nuclear interaction length is defined for asymp-
totic conditions, i.e., for very high energies. In that sense, there is complete similarity
with the em scaling variables, the radiation length and the Molière radius. And just as
in the case of em showers, essential properties can only be understood from processes
that take place at low energy, where these scaling variables lose their validity (e.g., Fig-
ure 2.12). An example was encountered in Table 2.6, where the discrepancy between
the ionization energy lost by pions produced in the shower development was due to the
(erroneous) assumption that the mean free path of these soft pions is determined by the
nuclear interaction length.



• Longitudinal shower profiles

• initially rises roughly linearly, reaches a maximum, followed by a decay (less steep than the initial rise) 

• stack of 3 mm thick plates of depleted uranium (250) 

• 300 GeV negative pions

• A very larger number of nuclei produced in reactions by shower particles were unstable 

• The number of radioactive decays of 99Mo (y-axis) 

• on average 8 λint of U (~85 cm) to contain 300 GeV π- showers at the 95% level 

• containment of 300 GeV electrons at the 95% level: 10 cm of U.
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2.3.4.2 Longitudinal profiles. The longitudinal hadronic shower profiles have some
clear similarities with those induced by electrons or photons. The number of shower
particles traversing a thin slice of absorber material, and thus the energy deposited in
this slice, rises initially roughly linearly, reaches a maximum that depends on the particle
energy and on its nature (proton, pion), followed by a decay that is much less steep than
the initial rise. Figure 2.34 gives a good impression of these characteristics.

The profile depicted in this figure was obtained in a rather unusual way [Ler 86]. A
large stack of 3 mm thick plates of depleted uranium, 250 in total, was exposed to an
intense beam of 300 GeV negative pions. These pions were absorbed in this stack, each
one after developing its own, completely unique shower. A very large number of nuclei
produced in reactions initiated by shower particles were unstable. Most of these nuclei
had half-lives that were much shorter than the total duration of the exposure (one week).
But some fraction was responsible for a significant level of induced radioactivity that re-
mained measurable for a long time. The profile of this induced radioactivity represented
the combined effects of nuclear reactions produced in some 100 billion ⇡

� showers of
300 GeV. It is as if the average (three-dimensional) shower profile was “frozen” in the
stack of metal plates with this method.

The horizontal scale in this figure is given in units of �int. It takes, on average, 8�int

of uranium, or about 85 cm, to contain these 300 GeV ⇡
� showers at the 95% level.

Containment of 300 GeV electrons at the same level would be achieved with about

FIG. 2.34. Longitudinal shower profile for 300 GeV ⇡
� interactions in a block of uranium,

measured from the induced radioactivity. The ordinate indicates the number of radioactive
decays of a particular nuclide, 99Mo, produced in the absorption of the high-energy pions.
Data from [Ler 86].



• Lateral/radial profiles

• Hadron showers: deeper, broader than em showers 

• collected light per unit volume as a function of the radial distance 

• The narrow core: the em shower component caused by π0 

• The halo: exponentially decreasing, caused by the non-em shower component 

• the radius of the cylinder to contain 80 GeV π- at the 95% level: 32 cm (1.5 λint), 3.5 
cm (2.2 ρM) radius for containing 80 GeV em shower at the 95% level (9 times larger)
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2.3.4.3 Lateral/radial profiles. Hadron showers do not only develop until reaching
a much greater depth inside the absorber material, they are also considerably broader
than electromagnetic showers. The lateral shower profiles exhibit in most materials a
narrow core, surrounded by a halo. A representative shower profile, integrated over the
full depth of the absorber, is shown in Figure 2.38. This profile was measured with the
SPACAL detector [Aco 92b].

FIG. 2.38. Average lateral profile of the energy deposited by 80 GeV ⇡
�showering in the

SPACAL detector. The collected light per unit volume is plotted as a function of the radial
distance to the impact point. Data from [Aco 92b].

The narrow core represents the electromagnetic shower component, caused by ⇡
0s

produced in the shower development. The halo, which has an exponentially
decreasing intensity, is caused by the non-electromagnetic shower component. A de-
tailed comparison of lateral profiles measured with the SPACAL detector showed that
the radius of the cylinder around the shower axis needed to contain 80 GeV ⇡

� showers
at the 95% level is about 32 cm (1.5�int), 9 times larger than the 3.5 cm (1.8 ⇢M) radius
for containing 80 GeV em showers at the same level [Aco 92b].

Longitudinally, the difference in the amounts of material needed for containing these
two types of showers at a certain level is also a factor of ⇠ 9. Measurements showed
that the average energy fraction leaking out at the back of the 9.6�int deep SPACAL de-
tector amounted to ⇠ 0.3%, for showers induced by 80 GeV ⇡

� [Aco 91d]. An average
containment of 99.7% for 80 GeV electron showers requires 30 X0 worth of lead (see
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2.3.5 Shower containment

When an experiment is designed, one of the most important decisions concerns the
total thickness of the calorimeter. Especially in a 4⇡ geometry, this decision has serious
consequences for the cost of the experiment. Let us, as an example, consider a spherical
calorimeter that surrounds the interaction vertex, starting at a distance of 1 m. Let us also
assume that the effective nuclear interaction length of this calorimeter is 20 cm. If we
want to make this calorimeter 7�int thick, then its total volume amounts to 4

3⇡(2.4
3
�1)

= 53.7 m3. Should we want to add one extra interaction length, this volume would
increase by 29% (69.4 m3), while the surface area of detectors installed outside the
calorimeter would increase by 17%. And since the cost of many detectors is more or
less proportional to the instrumented mass, a decision to go from 7�int to 8�int would
have major financial implications.

In this subsection we discuss the absorber thickness needed to contain hadron show-
ers, on average, at a certain level. We re-emphasize what was said in Section 2.1.7 for
em showers, namely that the effects of shower leakage on the quality of the calorime-
ter data is determined by event-to-event fluctuations about this average, and not by the
average shower containment itself. Also in hadron showers, these fluctuations are much
larger for longitudinal leakage than for lateral shower leakage, at a given level of shower
containment. The reasons for this are discussed in Section 4.5.

FIG. 2.43. Average energy fraction contained in a block of matter with infinite transverse di-
mensions, as a function of the thickness of this absorber, expressed in nuclear interaction
lengths. Shown are results for showers induced by pions of various energies in iron absorber.
Experimental data from [Abr 81].
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FIG. 2.45. Average energy fraction contained in an infinitely long cylinder of absorber material,
as a function of the radius of this cylinder (expressed in nuclear interaction lengths), for pions
of different energy showering in lead absorber [Aco 92b].

radius of this cylinder, for pions of several energies showering in lead absorber [Aco 92b].
Unlike for em showers, the results do depend in this case on the energy of the show-
ering particle, in a way that at first sight seems counter-intuitive: the higher the energy
of the incoming particle, the narrower the cylinder needed to contain the shower. For
example, to contain 10 GeV pions at the 95% level, a cylinder with a radius of ⇠ 1.7�int

is needed, while 1.4�int is enough for 150 GeV pions.
This energy dependence is a direct consequence of the energy dependence of hfemi.

The average energy fraction carried by the em shower component increases with energy
and since this component is concentrated in a narrow core around the shower axis, the
energy fraction contained in a cylinder with a given radius increases with energy as
well.

2.4 Properties of the Shower Particles
In the previous sections, we have seen how the absorption process of high-energy parti-
cles in a block of matter proceeds, and how the energy carried by the incoming particles
is distributed inside the absorber. In this section, we examine in some more detail what
happens to the individual particles produced in the shower development.

In electromagnetic showers, for example the ones caused by high-energy electrons
or by ⇡

0s generated in hadron-induced showers, the energy is entirely deposited by
electrons and positrons. Most of these particles are very soft. This has already been
illustrated in Figure 2.10, which shows that a considerable fraction, up to 40%, of the
energy carried by 10 GeV electrons is deposited by shower particles with energies below
1 MeV, i.e., by particles carrying less than 10�4 of the energy of the particle that initiated
the shower.
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Fig. 11. Signal distributions for 20 GeV ⇡
* particles. Shown are the measured Éerenkov (a) and scintillation (b) signal distributions as well as the signal distribution obtained by

combining the two signals according to Eq. (2), using � = 0.45 (c).
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Fig. 12. The hadronic response of the RD52 lead–fiber dual-readout calorimeter, for single pions (a) and protons (b). Shown are the average Éerenkov signal and the dual-readout signal
(Eq. (2)) per unit deposited energy, as a function of the energy.
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Fig. 13. The hadronic energy resolution of the RD52 lead–fiber dual-readout calorimeter,
for single pions. Shown are the results for the Éerenkov signals alone, and for the dual-
readout signals, obtained with Eq. (2).

on the basis of the Éerenkov signals exhibits substantial deviations from
E

*1_2 scaling. The straight line fit through the experimental data points

suggests a 5% resolution at infinite energy. This is a consequence of the
fact that the event-to-event fluctuations in the em shower fraction (fem)
are not stochastic.

The statistical errors on the results presented in Figs. 12 and 13
are smaller than the size of the data points in these figures. Sources
of systematic errors include

÷ The value of the dual-readout parameter � (Eq. (2)). We have
varied the value of this parameter between 0.4 and 0.5 (see
Fig. 10), and found that the energy resolutions changed only by
1%–2%. On the other hand, the reconstructed energy varied by
4%–5% over this parameter range. The effect is larger since the
reconstructed energy continuously increases with the value of
� , while the energy resolution reaches a minimum value in the
chosen parameter range.

÷ The effects of light attenuation. Hadronic showers deposit their
energy deeper inside the calorimeter than the electrons that were
used to calibrate the signals. Because of light attenuation in the
fibers, the signals increase when the light is produced closer to
the PMTs, i.e., deeper inside the calorimeter. This is illustrated
in Fig. 7. Because we selected event samples in which more
than 20% of the total leakage signal was produced in the first
ring of leakage counters, the effects of light attenuation were
limited, in two ways. First, the event-to-event fluctuations in
light attenuation were reduced, thus minimizing the effect on the
energy resolution and the shape of the response function. Second,
the difference between the hadronic and electronic energy scales
was minimized. Based on the light attenuation characteristics of
the fibers, we estimated this difference to be about 2%.
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Detection Mechanism



Scintillation
• When charged particles traverse matter, they lose energy 

through the electromagnetic interaction with the Coulomb fields 
of the electrons


• ionize the atoms or molecules 


• bring these atoms/molecules into an excited state → quickly 
returns to the ground state 


• the excitation energy is released in the form of one or more 
photons


• fluorescence or scintillation: the emitted photons are in the 
visible domain



Scintillation
• typical time scale range: 10-12 ~ 10-6 sec


• More complex molecules → the shorter time scales (the density of 
excited states)


• Relatively simple scintillating crystals (NaI(Tl), BGO): decay times of 
several hundred ns


• Scintillator-based particle detectors:


• The photomultiplier tube: the conversion of single photons into electric 
signals, noise-free signal amplification, the sensitivity to external 
magnetic field


• Wavelength shifter: absorb the scintillation light and reemit it at a lower 
energy (longer wavelength)
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scintillator plates oriented perpendicular to the direction of the incoming particles
can be wavelength-shifted and at the same time redirected towards the rear end of
the calorimeters, where it can be converted into electric signals. This is illustrated
in Figure 1.9, which shows schematically the readout of scintillator calorimeters
with and without wavelength-shifting plates. The price to be paid for these ad-
vantages is a loss of light, because of inefficiencies in the process, and a longer
signal duration, since the wavelength shifters are usually somewhat slower than
the scintillators whose light they shift (see Table B.6).

FIG. 1.9. Schematic of the readout systems of scintillator calorimeters without (a) and with (b)
wavelength-shifting plates.

Another crucial development, of which the consequences have not been limited to
scintillator-based calorimeters alone, concerned the notion that in sampling calorime-
ters, the active layers do not need to be oriented perpendicular to the direction of the
incoming particles (see Section 2.6). Calorimeters may work very well for completely
different orientations of the active material, including geometries in which the active
layers (e.g., scintillating fibers) run in the same direction as the incoming particles.
This notion has led to a wide variety of different geometries, including accordion, tile,
lasagna, bayan and other structures.

The development of plastic optical fibers has also greatly influenced the design of
scintillator calorimeters. Scintillating fibers usually consist of a polystyrene core (index
of refraction n = 1.59), surrounded by one or several layers of cladding with (gradually)
lower values of n.

Unlike the optical fibers used for telecommunication purposes, which are designed
to transport light injected along the fiber axis, the scintillating fibers used in particle
physics experiments are both the source of the light (generated isotropically) and the
medium through which this light is transported to a place where it can be converted
into an electric signal. The fraction of the light that is trapped is proportional to the
numerical aperture

p
n2
core � n

2
clad, and most of the light is travelling near the critical

angle, defined as ✓cr = arcsin (nclad/ncore).
Apart from these chemically doped optical fibers, undoped plastic fibers are also



Cerenkov radiation
• v > c/n 

• θc = arccos (nβ)-1 (a cone with half-opening angle)


• lose energy by emitting Cerenkov radiation


• the spectrum of Cerenkov radiation: 1/λ2 

• very minor source of contributing to the energy loss 


• in water, a charged particle with β≃1 loses ~400 eV per cm in the form of 
visible Cerenkov photons 


• sensitive to the velocity of particles → determine the mass of particles of 
which the momentum has been determined, separation of electrons, kaons, 
pions, protons, deutrons



Cerenkov radiation
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FIG. 1.10. The principle of Čerenkov light emission by a superluminal particle. In a time t, the
particle travels a distance vt, while the light it emits travels a distance ct/n. The wavefronts
of the light emitted by such a particle form a cone with half-opening angle ✓C.

As we will see in later chapters, calorimeters based on the detection of Čerenkov
light exhibit some interesting properties, which may be ideal for certain very specific
applications, e.g., jet detection very close to the beam pipe in LHC experiments, or
dual-readout calorimetry (Section 8.2).

A very important aspect of Čerenkov light is the fact that it is instantaneous. There
are no delaying factors, such as the lifetime of a metastable excited state, which affect
the time characteristics of detectors based on scintillation light. Therefore, Čerenkov
detectors, including calorimeters, are the instruments of choice for experiments in which
ultimate signal speed is required.

1.4.3 Ionization

When charged particles traverse matter, they may ionize the atoms of which this matter
consists. One or several electrons are released from their Coulomb field in this process,
leaving behind an ionized atom. Collection of these liberated electrons is applied as
the signal producing technique in a wide variety of particle detectors. The electrons
produced along the trajectory of the ionizing particle may or may not be amplified in
this process.

In ionization chambers based on liquid media, no amplification takes place. A po-
tential difference applied over the gap containing the liquid separates the electrons from
the ions. The electrons are collected at the anode, the ions at the cathode. In order for
this method to work properly, the mean free path of the electrons in the liquid should
be long, considerably longer than the size of the gap between the electrodes. Therefore,
noble liquids such as argon, krypton and xenon, which have no desire to capture loose
electrons wandering around since all the electronic shells of their atoms are filled, are
the media of choice in these detectors.



Ionization

• When charged particles traverse matter, they may ionize 
the atoms of which this matter consists. One or several 
electrons are released from their Coulomb field in this 
process, leaving behind an ionized atom 


• Collection of these liberated electrons is applied as the 
signal producing technique in a wide variety of particle 
detectors 


• noble liquid, gaseous detector, solid state devices 


