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Calorimetry

Most particles end their journey in calorimeters.
Anonymous

Methods of particle energy measurement in modern high energy physics
have to cover a large dynamical range of more than 20 orders of magnitude
in energy. Detection of extremely small energies (milli-electron-volts) is
of great importance in astrophysics if one searches for the remnants of
the Big Bang. At the other end of the spectrum, one measures cosmic-
ray particles with energies of up to 1020 eV, which are presumably of
extragalactic origin.

Calorimetric methods imply total absorption of the particle energy in
a bulk of material followed by the measurement of the deposited energy.
Let us take as an example a 10 GeV muon. Passing through material this
particle loses its energy mainly by the ionisation of atoms while other
contributions are negligible. To absorb all the energy of the muon one
needs about 9 m of iron or about 8 m of lead. It is quite a big bulk of
material!

On the other hand, high-energy photons, electrons and hadrons can
interact with media producing secondary particles which leads to a shower
development. Then the particle energy is deposited in the material much
more efficiently. Thus calorimeters are most widely used in high energy
physics to detect the electromagnetic and hadronic showers. Accord-
ingly, such detector systems are referred to as electromagnetic and hadron
calorimeters.

At very high energies (≥ 1TeV), however, also muon calorimetry
becomes possible because TeV muons in iron and lead undergo mainly
interaction processes where the energy loss is proportional to the muon
energy (see Chap. 1), thus allowing muon calorimetry. This technique will
become relevant for very high-energy colliders (≥ 1 TeV muon energy).
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8.1 Electromagnetic calorimeters

8.1.1 Electron–photon cascades

The dominating interaction processes for spectroscopy in the MeV energy
range are the photoelectric and Compton effect for photons and ionisa-
tion and excitation for charged particles. At high energies (higher than
100 MeV) electrons lose their energy almost exclusively by bremsstrahlung
while photons lose their energy by electron–positron pair production [1]
(see Sect. 1.2).

The radiation losses of electrons with energy E can be described by the
simplified formula:

−
(

dE
dx

)
rad

=
E

X0
, (8.1)

where X0 is the radiation length. The probability of electron–positron
pair production by photons can be expressed as

dw
dx

=
1

λprod
e−x/λprod , λprod =

9
7
X0 . (8.2)

A convenient measure to consider shower development is the distance
normalised in radiation lengths, t = x/X0.

The most important properties of electron cascades can be understood
in a very simplified model [2, 3]. Let E0 be the energy of a photon incident
on a bulk of material (Fig. 8.1).

After one radiation length the photon produces an e+e− pair; electrons
and positrons emit after another radiation length one bremsstrahlung
photon each, which again are transformed into electron–positron pairs. Let
us assume that the energy is symmetrically shared between the particles at

0

E 0 /2

E0

E 0/4 E 0/8 E 0/16

1 2 3 4 5 6 7 8 t [X0]

Fig. 8.1. Sketch of a simple model for shower parametrisation.
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232 8 Calorimetry

each step of the multiplication. The number of shower particles (electrons,
positrons and photons together) at depth t is

N(t) = 2t , (8.3)

where the energy of the individual particles in generation t is given by

E(t) = E0 · 2−t . (8.4)

The multiplication of the shower particles continues as long as E0/N >
Ec. When the particle energy falls below the critical value Ec, absorp-
tion processes like ionisation for electrons and Compton and photoelectric
effects for photons start to dominate. The position of the shower maximum
is reached at this step of multiplication, i.e. when

Ec = E0 · 2−tmax . (8.5)

This leads to

tmax =
ln(E0/Ec)

ln 2
∝ ln(E0/Ec) . (8.6)

Let us take as an example the shower in a CsI crystal detector initiated by
a 1 GeV photon. Using the value Ec ≈ 10 MeV we obtain for the number
of particles in the shower maximum Nmax = E0/Ec = 100 and for the
depth of the shower maximum to be ≈ 6.6X0.

After the shower maximum electrons and positrons∗ having an energy
below the critical value Ec will stop in a layer of 1X0. Photons of the
same energy can penetrate a much longer distance. Figure 8.2 presents
the energy dependence of the photon interaction length in CsI and lead.
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Fig. 8.2. Photon interaction length in lead and CsI [4].

∗ Throughout this chapter both electrons and positrons are referred to as electrons.
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8.1 Electromagnetic calorimeters 233

As we can see, this function has a broad maximum between 1 MeV and
10 MeV where it amounts to about 3X0. The energy of photons in the
shower maximum close to Ec is just in this range. Thus, to absorb 95%
of photons produced in the shower maximum, an additional 7–9X0 of
material is necessary which implies that the thickness of a calorimeter
with high shower containment should be at least 14–16X0. The energy
deposition in an absorber is a result of the ionisation losses of electrons and
positrons. Since the (dE/dx)ion value for relativistic electrons is almost
energy-independent, the amount of energy deposited in a thin layer of
absorber is proportional to the number of electrons and positrons crossing
this layer.

This very simple model already correctly describes the most important
qualitative characteristics of electromagnetic cascades.

(i) To absorb most of the energy of the incident photon the total
calorimeter thickness should be more than 10–15X0.

(ii) The position of the shower maximum increases slowly with
energy. Hence, the thickness of the calorimeter should increase
as the logarithm of the energy but not proportionally as for
muons.

(iii) The energy leakage is caused mostly by soft photons escaping
the calorimeter at the sides (lateral leakage) or at the back (rear
leakage).

In reality the shower development is much more complicated. This is
sketched in Fig. 8.3. An accurate description of the shower development is

Fig. 8.3. Schematic representation of an electromagnetic cascade. The wavy
lines are photons and the solid lines electrons or positrons.
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234 8 Calorimetry

a difficult task. Earlier, large efforts were undertaken to develop an analyt-
ical approach [5]. At present, due to the increase of the computer capacity,
an accurate description is obtained from Monte Carlo simulations.

The longitudinal distribution of the energy deposition in electromag-
netic cascades is reasonably described by an approximation based on the
Monte Carlo programme EGS [6, 7],

dE
dt

= E0b
(bt)a−1 e−bt

Γ(a)
, (8.7)

where Γ(a) is Euler’s Γ function, defined by

Γ(g) =
∫ ∞

0
e−xxg−1 dx . (8.8)

The gamma function has the property

Γ(g + 1) = g Γ(g) . (8.9)

Here a and b are model parameters and E0 is the energy of the incident
particle. In this approximation the maximum of the shower development
is reached at

tmax =
a− 1
b

= ln
(
E0

Ec

)
+ Cγe , (8.10)

where Cγe = 0.5 for a gamma-induced shower and Cγe = −0.5 for an
incident electron. The parameter b as obtained from simulation results is
b ≈ 0.5 for heavy absorbers from iron to lead. Then the energy-dependent
parameter a can be derived from Eq. (8.10).

The experimentally measured distributions [8–10] are well described by
a Monte Carlo simulation with the code EGS4 [1, 6]. Formula (8.7) pro-
vides a reasonable approximation for electrons and photons with energies
larger than 1 GeV and a shower depth of more than 2X0, while for other
conditions it gives a rough estimate only. The longitudinal development
of electron cascades in matter is shown in Figs. 8.4 and 8.5 for various
incident energies. The distributions are slightly dependent on the mate-
rial (even if the depth is measured in units of X0) due to different Ec, as
shown in Fig. 8.4, bottom.

The angular distribution of the produced particles by bremsstrahlung
and pair production is very narrow (see Chap. 1). The characteristic angles
are on the order of mec

2/Eγ. That is why the lateral width of an electro-
magnetic cascade is mainly determined by multiple scattering and can be
best characterised by the Molière radius

RM =
21 MeV
Ec

X0 {g/cm2} . (8.11)
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Fig. 8.4. Longitudinal shower development of electromagnetic cascades. Top:
approximation by Formula (8.7). Bottom: Monte Carlo simulation with EGS4
for 10 GeV electron showers in aluminium, iron and lead [11].

Figure 8.6 shows the longitudinal and lateral development of a 6 GeV
electron cascade in a lead calorimeter (based on [12, 13]). The lateral width
of an electromagnetic shower increases with increasing longitudinal shower
depth. The largest part of the energy is deposited in a relatively narrow
shower core. Generally speaking, about 95% of the shower energy is con-
tained in a cylinder around the shower axis whose radius isR(95%) = 2RM
almost independently of the energy of the incident particle. The depen-
dence of the containment radius on the material is taken into account by
the critical energy and radiation length appearing in Eq. (8.11).
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Fig. 8.5. Longitudinal shower development of a 30 GeV electron-induced cas-
cade obtained by the EGS4 simulation in iron [1, 6]. The solid histogram shows
the energy deposition; black circles and open squares represent the number of
electrons and photons, respectively, with energy larger than 1.5 MeV; the solid
line is the approximation given by (8.7).

Another important shower characteristic is the number of electrons and
photons crossing a plane at a certain shower depth. A simple estimation of
the electron number Ne can be done taking into account that the energy
deposition in a shower is provided by the ionisation losses of the charged
particle and (

dE
dx

)
ion

·X0 = Ec . (8.12)

Then one can estimate

Ne(t) =
1
Ec

dE
dt

. (8.13)

However, a considerable part of the shower particles is soft. Since only
electrons above a certain threshold are detected, the effective number of
shower particles becomes much smaller. Figure 8.5 shows the numbers of
electrons and photons with energy above 1.5 MeV as well as dE/dt values
for a 30 GeV shower in iron [1]. We can see that Ne in this case is about
a factor of two lower than given by Formula (8.13).

At very high energies the development of electromagnetic cascades in
dense media is influenced by the Landau–Pomeranchuk–Migdal (LPM)
effect [14, 15]. This effect predicts that the production of low-energy pho-
tons by high-energy electrons is suppressed in dense media. When an
electron interacts with a nucleus producing a bremsstrahlung photon the
longitudinal momentum transfer between the electron and nucleus is very
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Fig. 8.6. Longitudinal and lateral development of an electron shower (6 GeV)
in lead shown in linear and logarithmic scales (based on [12, 13]).

small. Heisenberg’s uncertainty principle therefore requires that the inter-
action must take place over a long distance, which is called the formation
zone. If the electron is disturbed while travelling this distance, the photon
emission can be disrupted. This can occur for very dense media, where
the distance between scattering centres is small compared to the spatial
extent of the wave function. The Landau–Pomeranchuk–Migdal effect pre-
dicts that in dense media multiple scattering of electrons is sufficient to
suppress photon production at the low-energy end of the bremsstrahlung
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238 8 Calorimetry

spectrum. The validity of this effect has been demonstrated by an exper-
iment at SLAC with 25 GeV electrons on various targets. The magnitude
of the photon suppression is consistent with the LPM prediction [16, 17].

The LPM effect is relevant for experiments with ultrahigh-energy cos-
mic rays and should be taken into account for the design of calorimeters
at high-energy accelerators and storage rings such as the LHC.

8.1.2 Homogeneous calorimeters

Homogeneous calorimeters are constructed from a material combining the
properties of an absorber and a detector. It means that practically the
total volume of the calorimeter is sensitive to the deposited energy. These
calorimeters are based on the measurement of the scintillation light (scin-
tillation crystals, liquid noble gases), ionisation (liquid noble gases) and
the Cherenkov light (lead glass or heavy transparent crystals).

The main parameters of electromagnetic calorimeters are the energy
and position resolution for photons and electrons. The energy resolution
σE/E is determined both by physical factors like the fluctuation of the
energy leakage or photoelectron statistics and technical ones like non-
uniformity of crystals.

For all calorimeter types the common contribution to the energy
resolution originates from fluctuations of the energy leakage and from
fluctuations of the first interaction point. The energy resolution can be
expressed as

σ2
int = σ2

1 + σ2
r + σ2

l + σ2
b , (8.14)

where σ1 is determined by the fluctuations of the point of the first inter-
action, σr is the rear leakage, σl the lateral leakage and σb the leakage due
to albedo fluctuations. The average photon path in the material before
the first conversion is 9/7X0 with a spread of roughly 1X0. The spread
implies that the effective calorimeter thickness changes event by event.
Looking at the transition curve of Fig. 8.6 we can estimate σ1 as

σ1 ≈
(

dE
dt

)
t=tcal

X0 , (8.15)

where tcal is the total calorimeter thickness. It is clear that σ1 is getting
larger with increasing energy.

As discussed earlier, the energy leakage is mostly due to low-energy (1–
10 MeV) photons. The albedo is usually quite small (< 1% of the initial
energy) and the induced contribution to the energy resolution is negligible.
At first glance the lateral size of the calorimeter should be chosen as large
as necessary to make the lateral energy leakage negligible. But in a real
experiment, where an event contains several or many particles, a lateral
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8.1 Electromagnetic calorimeters 239

size of the area assigned to a certain particle should be limited by a few
RM. The fraction of lateral energy leakage is practically independent of
the photon energy. Even though the number of escaping photons increases
with the photon energy, the relative fluctuations σl/E0 should go down.

The value of σr/E0 has a slow energy dependence. Often the terms σ1
and σr are considered combined. A detailed review of the physics of shower
development and fluctuations can be found in the book by Wigmans [11].

Crystal calorimeters are based on heavy scintillation crystals (see Sect.
5.4, Table 5.2). These detectors are usually built as hodoscopes with a
transverse size of elements of order one to two RM. Then the shower energy
is deposited in a group of crystals usually referred to as cluster. The light
readout is performed by photomultiplier tubes, vacuum phototriodes or
silicon photodiodes (see Sect. 5.5). One of the calorimeters of this kind is
described in Chap. 13. At present the best energy resolutions are obtained
with calorimeters of this type [18–22].

A typical energy spectrum measured in a calorimeter is shown in Fig.
8.7 [23]. For a high-resolution detector system it is usually asymmetric,
with a rather long ‘tail’ to lower energies, and the energy resolution is
conventionally parametrised as

σE =
FWHM

2.35
. (8.16)

This asymmetric distribution can be approximated, for example, by the
logarithmic Gaussian shape

dW = exp
{

− ln2[1 − η(E − Ep)/σ]
2s20

− s20
2

}
η dE√
2πσs0

, (8.17)
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Fig. 8.7. Typical energy spectrum measured in a calorimeter [23] for photons of
4–7 GeV. The solid line is the approximation by Formula (8.17).
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where Ep is the energy corresponding to the peak, σ = FWHM/2.35, η
the asymmetry parameter and s0 can be written as

s0 =
2
ξ

arsinh
(
ηξ

2

)
, ξ = 2.35 . (8.18)

When η → 0, the distribution becomes Gaussian.
Various approximations were used to describe the energy dependence

of the resolution of calorimeters. Figure 8.8 shows the energy resolution
of a calorimeter made of 16X0 CsI crystals for photons in the range
from 20 MeV to 5.4 GeV [24]. The light readout was done with two 2 cm2

photodiodes per crystal. The energy resolution was approximated as

σE

E
=

√(
0.066%
En

)2

+
(

0.81%
4
√
En

)2

+ (1.34%)2 , En = E/GeV ,

(8.19)
where the term proportional to 1/E stands for the electronics-noise
contribution.

CLEO II (beam test)
CLEO II (real experiment)
Crystal Barrel

0

1

2

3

4

5

6

7

102 103

E γ (MeV)

σ E
 /E

 (
%

)

BELLE (beam test)

Fig. 8.8. The energy resolution as a function of the incident-photon energy [24].
The solid line is the result of an MC simulation. For the Belle data a cluster of
5 × 5 crystals at a threshold of 0.5 MeV was used.
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Fig. 8.9. A view of the clusters in the KTEV calorimeter for a typical event of a
KL → π0π0 decay [22]. The calorimeter modules have a cross section of 5×5 cm2

(2.5 × 2.5 cm2) in the outer (inner) part. The hit crystals are shaded.

In discussing crystal calorimeters for high energies we have to mention
the one for the KTEV experiment that was based on about 3200 pure
CsI crystals of 50 cm (27X0) length [22]. This device was intended for
the detection of photons with energies up to 80 GeV, and an impressive
energy resolution σE/E better than 1% for energies larger than 5 GeV
was achieved. Figure 8.9 presents a view of the energy clusters in this
calorimeter for a typical event of a KL → π0π0 decay. All photons are
clearly separated.

At present the most sophisticated project of a calorimeter of this type is
under development for the Compact Muon Solenoid (CMS) detector [25]
at the CERN LHC proton–proton collider. The CMS electromagnetic
calorimeter [26] incorporates 80 000 lead-tungstate (PbWO4 or PWO)
crystals mounted with other CMS subdetectors including the hadron
calorimeter inside the superconducting solenoid, which produces a 4 T
magnetic field. These crystals (see Table 5.2) have been chosen as a detec-
tor medium due to their short radiation length (0.89 cm), small Molière
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radius (2.19 cm), fast scintillation emission and high radiation hardness.
However, the relatively low light output, ≈ 50 photons/MeV for full-size
crystals, imposes hard constraints on the readout scheme. The crystal
size is 22 × 22 × 230 mm3 (1RM × 1RM × 26X0) for the barrel and
30×30×220 mm3 for the endcaps. The light readout in the barrel part is
performed by two 5 × 5 mm2 avalanche photodiodes (APDs). The APDs
were chosen for readout because in addition to their intrinsic gain (in CMS
a gain of 50 is used) APDs are compact and insensitive to magnetic fields;
they also show a low nuclear counter effect and exhibit a high radiation
resistance. For CMS a special optimised device has been developed [27].
Since the radiation background in the endcaps is much higher than that
in the barrel, a vacuum phototriode (VPT) was chosen as photodetector
for the endcap modules.

The energy resolution of the CMS electromagnetic calorimeter can be
approximated as

σE

E
=

a√
E

⊕ b

E
⊕ c , (8.20)

where a stands for photoelectron statistics (sometimes called stochastic
term), b for the electronics noise, and c appears due to the calibration
uncertainty and crystal non-uniformity (the symbol ⊕ means summa-
tion in quadrature). The design goals for the barrel (endcap) are a =
2.7% (5.7%), b = 155 MeV (205 MeV), c = 0.55% (0.55%). This was
confirmed by tests with a prototype [28].

A disadvantage of crystal calorimeters is the high cost of the scintil-
lation crystals and limitations in the production of large volumes of this
material. To circumvent these constraints, lead-glass blocks can be used
in homogeneous calorimeters instead of crystals. The properties of typi-
cal lead glass (Schott SF-5 or Corning CEREN 25) are: density of about
4 g/cm3, radiation length of X0 ≈ 2.5 cm and refractive index of n ≈ 1.7.
The Cherenkov-radiation threshold energy for electrons in this glass is
quite low, T e

ct ≈ 120 keV implying that the total number of Cherenkov
photons is proportional to the total track length of all charged particles
in a shower developing in the lead-glass absorber. Since the energy depo-
sition in the electron–photon shower is provided by the ionisation losses
of electrons, which is also proportional to the total track length, one can
assume that the total number of Cherenkov photons is proportional to
the deposited energy.

However, the amount of Cherenkov light is much less (by, roughly, a
factor of 1000) compared to that of conventional scintillators. This results
in a large contribution of photoelectron statistics to the energy resolution
of lead-glass calorimeters. The OPAL experiment at CERN [29], which
used lead glass for the endcap calorimeter, reported an energy resolution of
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σE

E
=

5%√
E [GeV]

, (8.21)

dominated by the stochastic term. Recently, the SELEX experiment at
Fermilab demonstrated a high performance of its lead-glass calorimeter
[30]. However, it should be noted that at present homogeneous Cheren-
kov calorimeters are becoming quite rare. The main reason probably is
the progress in sampling calorimeters (discussed later), which achieve now
the same range of energy resolution.

Homogeneous ionisation calorimeters can be built as an array of ion-
isation chambers immersed into liquid xenon [31, 32] or liquid krypton
[33, 34] (see also Sect. 5.2). The energy resolution achieved with calorime-
ters of this type is close to that for crystal detectors. The NA48 experiment
approximates the energy resolution of its LKr calorimeter [33] by Formula
(8.20) with a set of the following parameters:

a = 3.2% , b = 9% , c = 0.42% . (8.22)

This device is intended as a photon detector in the 10–100 GeV energy
range. One more example is the LKr calorimeter of the KEDR detector
[32]. The energy resolution obtained with a prototype is described by the
same formula with a = 0.3%, b = 1.6%, c = 1.6% [35].

The initial layers of the LXe or LKr calorimeters can be designed as a
series of fine-grained strips or wire ionisation chambers. Then the lateral
position of the photon conversion point can be measured with high accu-
racy. For example, in [35] the photon spatial resolution was measured to
be about σr ≈ 1 mm, almost independent of the photon energy.

In calorimeters without longitudinal segmentation the photon angles
(or coordinates) are measured usually as corrected centre of gravity of
the energy deposition,

θγ =
∑

θiEi∑
Ei

Fθ(ϕ, θ,E) , ϕγ =
∑

ϕiEi∑
Ei

Fϕ(ϕ, θ,E) , (8.23)

where Ei, θi, ϕi are, respectively, the energy deposited in the ith calo-
rimeter element with the angular coordinates θi and ϕi. The correction
functions (F ) can be usually written as a product of functions containing
only one of the angles and the energy. The angular resolution depends on
the energy and the calorimeter granularity. A general limitation is due to
the finite number of particles in a shower. Since the shower cross section is
almost energy-independent, the uncertainty in the lateral shower position
can be roughly estimated as

σlp =
RM√
Ntot

=
RM√
E/Ec

, (8.24)

https://doi.org/10.1017/9781009401531.011 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.011


244 8 Calorimetry

E γ
 /GeV

0 0.5 1 1.5 2 2.5 3

Δθ
 (

ra
d)

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014 σ (θ) = σ 1/E1/2
 + σ2

σ 1 = (4.16 ± 0.04) mrad
σ 2 = (0.00 ± 0.00) mrad

π0 → γγ
η → γγ

MonteCarlo + BG
MonteCarlo

Fig. 8.10. Angular resolution of the calorimeter of the BaBar detector. The
lower curve is a Monte Carlo simulation, and the upper one includes background
(BG). The central line is a fit to the data, where the fit parameters are given in
the inset [20].

where Ec is the critical energy. This leads to σlp ≈ 4 mm for Eγ = 1 GeV
and a CsI crystal. This is in surprisingly good agreement with the exper-
imental results. A typical energy dependence of the angular resolution
(obtained by the BaBar detector [20]) is presented in Fig. 8.10. The energy
dependence is parametrised by

σ(θ) =
4.2 mrad√
E [GeV]

. (8.25)

8.1.3 Sampling calorimeters

There is a simpler and more economical way to measure the photon energy
if the ultimate energy resolution is not crucial. Let us look again at the
simplest shower model and place a thin flat counter behind a thick layer of
an absorber corresponding to the depth of the shower maximum. In this
näıve model the number of electrons crossing the counter, see Formulae
(8.5) and (8.6), is just 2/3 of Nmax = Eγ/Ec, because Nmax is equally
shared between electrons, positrons and photons. The amplitude of the
counter signal is normally proportional to the number of charged particles.
For a lead absorber (Ec = 7.4 MeV) and Eγ = 1 GeV, one gets Ne ≈ 90.
The relative fluctuation of this value is

σ(Ne)
Ne

=
1√
Ne

≈ 10% ; (8.26)
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that provides not so bad an energy resolution! Of course, the real pattern
of the shower development is much more complicated (see Figs. 8.3 and
8.4). In a realistic model the number of electrons crossing the plane at a
certain depth is much smaller than that expected from Formula (8.26).

To take advantage of the discussed idea one normally designs a calorim-
eter as an array of thin counters separated by layers of absorbers. These
types of calorimeters are referred to as sampling calorimeters since only
a sample of the energy deposition is measured. In addition to the general
energy-leakage fluctuation the energy resolution of these calorimeters is
affected by sampling fluctuations.

If the energy is determined by detectors in which only track segments
of shower particles are registered, the number of intersection points with
the detector layers is given by

Ntot =
T

d
, (8.27)

where T is the total track length and d is the thickness of one sam-
pling layer (absorber plus detector). The value of T can be estimated
just as T = (Eγ/Ec) · X0, see Eq. (8.12). For the example considered
above and d = 1X0 we get Ntot ≈ 135 and the sampling fluctuations are
1/

√
Ntot ≈ 8.6%.

Actually, as discussed earlier, the number of detected particles is
strongly dependent on the detection threshold. The measurable track
length can be parametrised by [36]

Tm = F (ξ) · Eγ

Ec
·X0 {g/cm2} , (8.28)

where Tm ≤ T and the parameter ξ is a function of the detection energy
threshold εth. However, the ξ(εth) dependence is not very pronounced if εth
is chosen to be sufficiently small (≈ MeV). The function F (ξ) takes into
account the effect of the cutoff parameter on the total measurable track
length for completely contained electromagnetic cascades in a calorimeter.
F (ξ) can be parametrised as [36]

F (ξ) = [1 + ξ ln(ξ/1.53)] eξ , (8.29)

where

ξ = 2.29 · εth
Ec

. (8.30)

Using the measurable track length defined by Eq. (8.28), the number
of track segments is then

N = F (ξ) · Eγ

Ec
· X0

d
. (8.31)

https://doi.org/10.1017/9781009401531.011 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.011


246 8 Calorimetry

Here we neglected the fact that, because of multiple scattering, the shower
particles have a certain angle θ with respect to the shower axis. The effec-
tive sampling thickness is therefore not d, but rather d/cos θ. However,
the average value 〈1/cos θ〉 is not large; it is in the range between 1 and
1.3 depending on the energy Eγ.

Using Poisson statistics the sampling fluctuations limit the energy
resolution to [

σ(Eγ)
Eγ

]
samp

=

√
Ec · d

F (ξ) · Eγ ·X0 · cos θ
. (8.32)

As can be seen from Eq. (8.32), the energy resolution of a sampling
calorimeter for a fixed given material improves with

√
d/Eγ. However,

Formula (8.32) does not take into account the correlations which are
induced by electrons penetrating through two or several counter planes.
These correlations become quite important when d � 1X0 and limit the
improvement of the resolution at small d.

A more accurate and simpler expression is suggested in [11] for the
sampling fluctuations of calorimeters with counters based on condensed
material:

σsamp

E
=

2.7%√
E [GeV]

√
s [mm]
fsamp

. (8.33)

Here s is the thickness of the sensitive layer and fsamp is the so-called sam-
pling fraction, which is the ratio of ionisation losses of minimum-ionising
particles in the sensitive layer to the sum of the losses in the sensitive
layer and absorber. Figure 8.11 presents the energy resolution of some
calorimeters versus the value

√
s/fsamp [11]. Anyway, these empirical for-

mulae are only used for a preliminary estimate and general understanding
of the sampling-calorimeter characteristics, while the final parameters are
evaluated by a Monte Carlo simulation.

As sensitive elements of sampling calorimeters, gas-filled chambers,
liquid-argon ionisation detectors, ‘warm’ liquids (e.g. TMS) and scintilla-
tors are used. Energy depositions from large energy transfers in ionisation
processes can further deteriorate the energy resolution. These Landau
fluctuations are of particular importance for thin detector layers. If δ is
the average energy loss per detector layer, the Landau fluctuations of the
ionisation loss yield a contribution to the energy resolution of [36, 37][

σ(E)
E

]
Landau fluctuations

∝ 1√
N ln(k · δ) , (8.34)

where k is a constant and δ is proportional to the matter density per
detector layer.
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Fig. 8.11. The energy resolution of some sampling calorimeters. The solid line
is approximation (8.33) [11]. (The energy is measured in GeV and the ordinate
values are given in per cent.)

Since fluctuations of the ionisation losses are much higher in gases than
in dense materials, the energy resolution for calorimeters with gaseous
counters (σE/E ≈ 5%–20% at 1 GeV) is worse compared to that for liquid
argon or scintillator sampling.

In streamer-tube calorimeters tracks are essentially counted, at least
as long as the particles are not incident under too large an angle with
respect to the shower axis, which is assumed to be perpendicular to the
detector planes. For each ionisation track exactly one streamer is formed –
independent of the ionisation produced along the track. For this reason
Landau fluctuations have practically no effect on the energy resolution for
this type of detector [9].

In general, the energy resolution of scintillator or liquid-argon sampling
calorimeters is superior to that achievable with gaseous detectors. The
layers in the liquid-argon sampling calorimeters can be arranged as planar
chambers or they can have a more complex shape (accordion type). The
achieved energy resolution with LAr calorimeters is 8%–10% at 1 GeV
[38, 39].

If, as is the case in calorimeters, a sufficient amount of light is available,
the light emerging from the end face of a scintillator plate can be absorbed
in an external wavelength-shifter rod. This wavelength shifter re-emits
the absorbed light isotropically at a larger wavelength and guides it to a
photosensitive device (Fig. 8.12).

It is very important that a small air gap remains between the scintilla-
tor face and the wavelength-shifter rod. Otherwise, the frequency-shifted,
isotropically re-emitted light would not be contained in the wavelength-
shifter rod by internal reflection. This method of light transfer normally
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Fig. 8.12. Wavelength-shifter readout of a scintillator and two-step wavelength-
shifter readout of a calorimeter.

cladding
(PMMA)

core (PS)

20.4°

T/D = 0.03 lost photon

captured photon
T

n = 1.49
n = 1.59

D

Fig. 8.13. Structure and principle of operation of the scintillation and light-
guiding fibres [40, 41].

entails an appreciable loss of light; typical conversion values are around
1% to 5%. However, now single- and multicladding scintillation and light-
guide fibres are available. The structure and operation principle of such
fibres are explained in Fig. 8.13 [40, 41]. The fibres of this type allow
light transfer over long distances at small light losses. The fraction of the
captured light is typically 3% for single-cladding fibres and up to 6% for
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multicladding ones. The cladding-fibre light guides can be glued to the
scintillator without any air gap.

A normal sampling calorimeter of absorber plates and scintillator
sheets can also be read out by wavelength-shifter rods or fibres running
through the scintillator plates perpendicularly [42–44]. The technique of
wavelength-shifter readout allows to build rather compact calorimeters.

The scintillation counters used in calorimeters must not necessar-
ily have the form of plates alternating with absorber layers. They can
also be embedded as scintillating fibres, for example, in a lead matrix
[45, 46]. In this case the readout is greatly simplified because the
scintillating fibres can be bent rather strongly without loss of inter-
nal reflection. Scintillating fibres can either be read out directly or via
light-guide fibres by photomultipliers (spaghetti calorimeter). The energy
resolution of the scintillation-fibre-based calorimeter of the KLOE detec-
tor achieved a value of σE/E = 5.7%/

√
E [GeV]. In addition to high

energy resolution, this calorimeter provides precise timing for photons
(σt ≈ 50 ps/

√
E [GeV]) due to the short decay time of the light flash

of the plastic scintillator [46]. Recently, even a better energy resolution,
4%/

√
E [GeV], was reported for a ‘shashlik ’-type sampling calorimeter

developed for the KOPIO experiment [43].
The scintillator readout can also be accomplished by inserting

wavelength-shifting fibres into grooves milled into planar scintillator
sheets (tile calorimeter) [47–49].

8.2 Hadron calorimeters

In principle, hadron calorimeters work along the same lines as electron–
photon calorimeters, the main difference being that for hadron calorim-
eters the longitudinal development is determined by the average nuclear
interaction length λI, which can be roughly estimated as [1]

λI ≈ 35 g/cm2A1/3 . (8.35)

In most detector materials this is much larger than the radiation length
X0, which describes the behaviour of electron–photon cascades. This
is the reason why hadron calorimeters have to be much larger than
electromagnetic shower counters.

Frequently, electron and hadron calorimeters are integrated in a single
detector. For example, Fig. 8.14 [50] shows an iron–scintillator calorimeter
with separate wavelength-shifter readout for electrons and hadrons. The
electron part has a depth of 14 radiation lengths, and the hadron section
corresponds to 3.2 interaction lengths.
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Fig. 8.15. Sketch of a hadron cascade in an absorber.

Apart from the larger longitudinal development of hadron cascades,
their lateral width is also sizably increased compared to electron cascades.
While the lateral structure of electron showers is mainly determined by
multiple scattering, in hadron cascades it is caused by large transverse
momentum transfers in nuclear interactions. Typical processes in a hadron
cascade are shown in Fig. 8.15.

Different structures of 250 GeV photon- and proton-induced cascades in
the Earth’s atmosphere are clearly visible from Fig. 8.16 [51]. The results
shown in this case were obtained from a Monte Carlo simulation.
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Fig. 8.16. Monte Carlo simulations of the different development of hadronic and
electromagnetic cascades in the Earth’s atmosphere, induced by 250 GeV protons
and photons [51].

The production of secondary particles in a hadron cascade is caused by
inelastic hadronic processes. Mainly charged and neutral pions, but, with
lower multiplicities, also kaons, nucleons and other hadrons are produced.
The average particle multiplicity per interaction varies only weakly with
energy (∝ lnE). The average transverse momentum of secondary particles
can be characterised by

〈pT〉 ≈ 0.35 GeV/c . (8.36)

The average inelasticity, that is, the fraction of energy which is transferred
to secondary particles in the interaction, is around 50%.

A large component of the secondary particles in hadron cascades are
neutral pions, which represent approximately one third of the pions
produced in each inelastic collision. Neutral pions decay rather quickly
(≈ 10−16 s) into two energetic photons, thereby initiating electromagnetic
subcascades in a hadron shower. Therefore, after the first collision 1/3 of
the energy is deposited in the form of an electromagnetic shower, at the
second stage of multiplication the total fraction of this energy, fem, will be
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1
3

+
(

1 − 1
3

)
1
3

= 1 −
(

1 − 1
3

)2

, (8.37)

and so on. The same argument applies for the leaving hadron. If a hadronic
shower comprises n generations, the total electromagnetic fraction is

fem = 1 −
(

1 − 1
3

)n

. (8.38)

Assuming that n increases with the energy of the incident hadron we can
see that the fem value increases as well.

Of course, this consideration is rather näıve. This effect was analysed
in [52] where the following expression was suggested:

fem = 1 −
(
E

E0

)k−1

, (8.39)

where E is the energy of the incident hadron, E0 is a parameter varying
from 0.7 GeV (for iron) to 1.3 GeV (for lead), and k is between 0.8 to 0.85.
Details can be found in [11].
π0 production, however, is subject to large fluctuations, which are

determined essentially by the properties of the first inelastic interaction.
Some part of the energy in the hadronic shower is deposited via

ionisation losses of the charged hadrons (fion).
In contrast to electrons and photons, whose electromagnetic energy is

almost completely recorded in the detector, a substantial fraction of the
energy in hadron cascades remains invisible (finv). This is related to the
fact that some part of the hadron energy is used to break up nuclear bonds.
This nuclear binding energy is provided by the primary and secondary
hadrons and does not contribute to the visible energy.

Furthermore, extremely short-range nuclear fragments are produced in
the break-up of nuclear bonds. In sampling calorimeters, these fragments
do not contribute to the signal since they are absorbed before reaching
the detection layers. In addition, long-lived or stable neutral particles
like neutrons, K0

L, or neutrinos can escape from the calorimeter, thereby
reducing the visible energy. Muons created as decay products of pions and
kaons deposit in most cases only a very small fraction of their energy in
the calorimeter (see the example at the beginning of this chapter). As
a result of all these effects, the energy resolution for hadrons is signif-
icantly inferior to that of electrons because of the different interaction
and particle-production properties. The total invisible energy fraction of
a hadronic cascade can be estimated as finv ≈ 30%–40% [11].

It is important to remember that only the electromagnetic energy and
the energy loss of charged particles can be recorded in a calorimeter.
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Fig. 8.17. The longitudinal energy distribution in a hadronic shower in iron
induced by 100 GeV pions. The depth X is measured in units of the interac-
tion length λI. Open circles and triangles are experimental data, diamonds are
predictions of a simulation. The dash-dotted line is a simple fit by Formula
(8.7) with optimal a and b, the other lines are more sophisticated approxima-
tions. Crosses and squares are contributions of electromagnetic showers and the
non-electromagnetic part, respectively [53].

Consequently, a hadron signal for the same particle energy is normally
smaller than an electron signal.

Figure 8.17 shows the measured longitudinal shower development of
100 GeV pions in iron [53] in comparison to Monte Carlo calculations
and empirical approximations. The energy-deposition distributions for a
tungsten calorimeter obtained for different pion energies are presented in
Fig. 8.18 [54–58]. The lateral shower profiles of 10 GeV/c pions in iron are
shown in Fig. 8.19.

The so-called length of a hadron cascade depends on exactly how this is
defined. Regardless of the definition, the length increases with the energy
of the incident particle. Figure 8.20 shows the shower lengths and centre
of gravity of hadronic cascades for various definitions [55]. One possible
definition is given by the requirement that the shower length is reached if,
on average, only one particle or less is registered at the depth t. According
to this definition a 50 GeV-pion shower in an iron–scintillator calorimeter

https://doi.org/10.1017/9781009401531.011 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.011


254 8 Calorimetry

10

1.0

0.1

0.01
0 20 40 60 80

pions in tungsten

shower depth [cm]

nu
m

be
r 

of
 s

ho
w

er
 p

ar
tic

le
s

15 GeV/c

10 GeV/c

5 GeV/c

Fig. 8.18. Longitudinal shower development of pions in tungsten [56, 57]. The
solid lines are from Monte Carlo simulation [58].

10 GeV/c π– in Fe

t = 10 cm

20
30

50

12

10

8 4 0

lateral shower position

nu
m

be
r 

of
 s

ho
w

er
 p

ar
tic

le
s

4 8 cm
70

Fig. 8.19. Lateral shower profile of 10 GeV/c pions in iron [59].

is approximately 120 cm Fe ‘long’. An alternative definition is given by the
depth before which a certain fraction of the primary energy (e.g. 95%) is
contained. A 95% energy containment would lead to a length of 70 cm
iron for a 50 GeV-pion shower. The longitudinal centre of gravity of the
shower only increases logarithmically with the energy. The position of the
centre of gravity of the shower is also shown in Fig. 8.20.

The 95%-longitudinal-containment length in iron can be approximated
by [2]

L (95%) = (9.4 ln(E/GeV) + 39) cm . (8.40)

This estimation scaled by the interaction length λI characterises the
hadronic showers in other materials as well.
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definitions [55].

Similarly, the lateral distribution of cascades can be characterised by
a radial width. The lateral distribution of a hadron shower is initially
very narrow but becomes wider with increasing calorimeter depth (see
Fig. 8.19). The required lateral calorimeter radius for a 95% containment
as a function of the longitudinal shower depth is shown in Fig. 8.21 for
pions of two different energies in iron [55].

The energy resolution for hadrons is significantly worse compared to
electrons because of the large fluctuations in the hadron-shower devel-
opment. A large contribution to this fact is caused by the difference in
the calorimeter response to electrons and hadrons. Due to this difference
the fluctuations in the number of neutral pions produced in the hadronic
shower create a sizable effect for the energy resolution.

It is, however, possible to regain some part of the ‘invisible’ energy in
hadron cascades, thereby equalising the response to electrons and hadrons.
This hadron-calorimeter compensation is based on the following physical
principles [11, 60, 61].

If uranium is used as an absorber material, neutrons will also be pro-
duced in nuclear interactions. These neutrons may induce fission of other
target nuclei producing more neutrons as well and energetic γ rays as a
consequence of nuclear transitions. These neutrons and γ rays can enhance
the amplitude of the hadron-shower signal if their energy is recorded. Also
for absorber materials other than uranium where fission processes are
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Fig. 8.21. Radius of hadronic showers for 95% containment as a function of the
depth in iron [55]. The corresponding total width of the hadron shower is twice
the radius.

endotherm, neutrons and γ rays may be produced. The γ rays can con-
tribute to the visible energy by a suitable choice of sampling detectors,
and neutrons can produce low-energy recoil protons in (n, p) reactions in
detector layers containing hydrogen. These recoil protons also increase the
hadron signal.

For energies below 1 GeV even in uranium sampling calorimeters, the
lost energy in hadron cascades cannot be regained. By suitable combina-
tion (uranium/liquid argon, uranium/copper/scintillator) compensation
can be achieved for energies exceeding several GeV. For very high energies
(≥ 100 GeV) even overcompensation can occur. Such overcompensation
can be avoided by limiting the sampling time. Overcompensation can also
be caused by a reduction of the electron signal due to saturation effects in
the detector layers. Because of the different lateral structure of electron
and hadron cascades, saturation effects affect the electron and hadron
signals differently.

The best hadron sampling calorimeters (e.g. uranium/scintillator,
uranium/liquid argon) reach an energy resolution of [62]

σ(E)
E

=
35%√
E [GeV]

. (8.41)

https://doi.org/10.1017/9781009401531.011 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.011


8.2 Hadron calorimeters 257

However, hadron calorimeters recently developed for the detection of high-
energy hadrons at LHC achieved a rather good energy resolution even
without compensation. For example, for the ATLAS detector a resolution
of about 42%/

√
E [GeV] was obtained for pions at a total calorimeter

thickness of about 8.2λI, and an e/h ratio† of about 1.37 was mea-
sured [63]. A possible constant term in the parametrisation of the energy
resolution usually can safely be neglected for hadronic cascades because
the large sampling fluctuations dominate the energy resolution. Only for
extremely high energies (≈ 1000 GeV) a constant term will limit the
energy resolution.

The energy resolution attainable in hadron calorimeters varies with
the number of detector layers (sampling planes) similarly to electromag-
netic calorimeters. Experimentally one finds that absorber thicknesses
d < 2 cm of iron do not lead to an improvement of the energy resolu-
tion [2]. Depending on the application as well as on the available financial
resources, a large variety of sampling detectors can be considered. Pos-
sible candidates for sampling elements in calorimeters are scintillators,
liquid-argon or liquid-xenon layers, multiwire proportional chambers, lay-
ers of proportional tubes, flash chambers, streamer tubes, Geiger–Müller
tubes (with local limitation of the discharge – ‘limited Geiger mode’),
parallel-plate chambers and layers of ‘warm’ (i.e. room temperature) liq-
uids (see Chap. 5). Ionisation chambers under high pressure can also be
used [64]. For absorber materials, uranium, copper, tungsten and iron are
most commonly used, although aluminium and marble calorimeters have
also been constructed and operated.

A prominent feature of calorimeters is that their energy resolution
σ(E)/E improves with increasing energy like 1/

√
E, quite in contrast

to momentum spectrometers, whose resolution σp/p deteriorates linearly
with increasing momentum. In addition, calorimeters are rather com-
pact even for high energies, because the shower length only increases
logarithmically with the particle energy.

In cosmic-ray experiments involving the energy determination of pro-
tons, heavy nuclei and photons of the primary cosmic radiation in the
energy range > 1014 eV, various calorimetric measurement methods are
needed to account for the low particle intensities. Cosmic-ray particles ini-
tiate in the Earth’s atmosphere hadronic or electromagnetic cascades (see
Fig. 8.16) which can be detected by quite different techniques. The energy
of extensive air showers is traditionally determined by sampling their lat-
eral distribution at sea level. This classical method quite obviously suffers
from a relatively inaccurate energy determination [65]. Better results are

† The e/h ratio is the ratio of energy deposits of an electron-initiated shower compared to that
of a hadron-initiated shower for the same initial energy of electrons and hadrons.
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obtained if the scintillation or Cherenkov light of the shower particles pro-
duced in the atmosphere is recorded (compare Sect. 16.12). To observe
the very rare highest-energy cosmic rays, an as large as possible detection
volume is necessary. In this case the scintillation of nitrogen produced by
the cosmic-ray shower can be detected [66, 67]. Both of these techniques,
Cherenkov and air scintillation, however, require – because of the low light
yield – clear and moonless nights.

A possible way out or an alternative method is the detection of geosyn-
chrotron radiation in the radio band (40–80 MHz) of extensive air showers,
which is generated by the deflection of the large number of shower parti-
cles in the Earth’s magnetic field [68, 69]. It is also conceivable to measure
high-energy extensive air showers by acoustic detection techniques [70].

An alternative method can be considered for the energy determination
of high-energy cosmic neutrinos or muons. These particles easily penetrate
the Earth’s atmosphere, so that one can also take advantage of the clear
and highly transparent water of the ocean, deep lakes or even polar ice
as a Cherenkov medium. Muons undergo energy losses at high energies
(> 1 TeV) mainly by bremsstrahlung and direct electron-pair production
(see Fig. 1.6). These two energy-loss processes are both proportional to the
muon energy. A measurement of the energy loss using a three-dimensional
matrix of photomultipliers in deep water, shielded from sunlight, allows
a determination of the muon energy. Similarly, the energy of electron or
muon neutrinos can be roughly determined, if these particles produce
electrons or muons in inelastic interactions in water, that, for the case
of electrons, induce electromagnetic cascades, and, for the case of muons,
they produce a signal proportional to the energy loss. The deep ocean, lake
water or polar ice in this case are both interaction targets and detectors
for the Cherenkov light produced by the interaction products. Electrons
or muons produced in neutrino interactions closely keep the direction of
incidence of the neutrinos. Therefore, these deep-water neutrino detectors
are at the same time neutrino telescopes allowing one to enter the domain
of neutrino astronomy in the TeV energy range [71–73].

8.3 Calibration and monitoring of calorimeters

In the modern experiments on particle physics the information is collected
as digitised data (see Chap. 15). The pulse height Ai measured in an event
from a certain (ith) element of the calorimeter is related to the energy Ei

deposited in this element by

Ei = αi(Ai − Pi) , (8.42)
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where Pi is the pedestal, i.e. the origin of the scale, and αi is the calibra-
tion coefficient. Thus, to keep a good performance of the calorimeter, the
following procedures are usually carried out:

• Pedestal determination by providing a trigger from a pulser without
any signal at the input of the ADC (‘random trigger events’).

• Electronics channel control by test pulses applied to the input of the
electronics chain.

• Monitoring of the stability of the calibration coefficients αi.

• Absolute energy calibration, i.e. determination of the αi values.

In general, the dependence (8.42) can be non-linear. In this case more
calibration coefficients are needed to describe the E/A relation.

Prior to real physics experiments a study of the parameters of individ-
ual calorimeter elements and modules is usually done in accelerator-test
beams which supply identified particles of known momenta. By vary-
ing the beam energy the linearity of the calorimeter can be tested
and characteristic shower parameters can be recorded. For the cali-
bration of calorimeters designed for low energies, e.g. semiconductor
detectors, radioactive sources are normally used. Preferentially used are
K-line emitters, like 207Bi, with well-defined monoenergetic electrons
or gamma-ray lines, which allow a calibration via the total-absorption
peaks.

In addition to energy calibration, the dependence of the calorimeter
signal on the point of particle impact, the angle of incidence and the
behaviour in magnetic fields is of great importance. In particular, for
calorimeters with gas sampling, magnetic-field effects can cause spiralling
electrons, which can significantly modify the calibration. In gas sampling
calorimeters the particle rate can have influence on the signal amplitude
because of dead-time or recovery-time effects. A thorough calibration of
a calorimeter therefore requires an extensive knowledge of the various
parameter-dependent characteristics.

Big experiments can contain a large number of calorimeter modules,
not all of which can be calibrated in test beams. If some of the modules
are calibrated in a test beam, the rest can be adjusted relative to them.
This relative calibration can be done by using minimum-ionising muons
that penetrate many calorimeter modules. In uranium calorimeters, the
constant noise caused by the natural radioactivity of the uranium can
be used for a relative calibration. If one uses non-radioactive absorber
materials in gas sampling calorimeters, a test and relative calibration can
also be performed with radioactive noble gases like 85Kr.
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Scintillator calorimeters can best be calibrated by feeding defined light
signals, e.g. via light-emitting diodes (LEDs), into the detector layers and
recording the output signals from the photomultipliers. To avoid varia-
tions in the injected light intensity, which may be caused by different
light yields of the individual light diodes, a single light source can be used
(e.g. a laser), which distributes its light via a manifold of light fibres to
the scintillation counters [2].

Once a complex calorimeter system has been calibrated, one has to
ensure that the calibration constants do not vary or, if they do, the drift
of the calibration parameters must be monitored. The time stability of
the calibration can be checked with, e.g., cosmic-ray muons. In some
cases some calorimeter modules may be positioned unfavourably so that
the rate of cosmic-ray muons is insufficient for accurate stability control.
Therefore, reference measurements have to be performed periodically by
injecting calibrated reference signals into the various detector layers or
into the inputs of the readout electronics. The calibration and monitor-
ing of scintillation crystal calorimeters can be performed using cosmic-ray
muons as it was demonstrated in [74, 75].

In gas sampling calorimeters the output signal can in principle only vary
because of a change of gas parameters and high voltage. In this case, a test
chamber supplied with the detector gas can be used for monitoring. To
do that, the current, the pulse rate or the spectrum under the exposition
to characteristic X rays of a radioactive source should be continuously
measured. A change in the measured X-ray energy in this test chamber
indicates a time-dependent calibration which can be compensated by an
adjustment of the high voltage.

In some experiments there are always particles that can be used
for calibration and monitoring. For example, elastic Bhabha scattering
(e+e− → e+e−) can be used to calibrate the electromagnetic calorimeters
in an e+e− scattering experiment, since the final-state particles – if one
neglects radiative effects – have known beam energy. In the same way, the
reaction e+e− → qq̄ (e.g. going through a resonance of known mass, like
mZ, if one wants to be independent of initial-state radiation) with subse-
quent hadronisation of the quarks can be used to check the performance
of a hadron calorimeter. Finally, muon-pair production (e+e− → μ+μ−)
supplies final-state muons with known momentum (= beam momentum
at high energies), which can reach all detector modules because of their
nearly flat angular distribution (dσ/dΩ ∝ 1 + cos2 θ, where θ is the angle
between e− and μ−).

It should be noted that the energy of an electron or hadron absorbed in
the calorimeter is distributed over a cluster of crystals. The total deposited
energy can be expressed as a sum
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E =
M∑

i=1

αiAi , (8.43)

where pedestals are assumed to be already subtracted. Then, the calibra-
tion coefficients are determined by minimisation of the functional

L =
N∑

k=1

(
M∑

i=1

αiAik − E0k

)2

, (8.44)

where the first summation is performed over all N events selected for
calibration, Aik is the response of the ith calorimeter element in the kth
event and E0k is the known incident particle energy in the kth event.
Requiring for all αj

�L

�αj
= 0 , (8.45)

we obtain a linear equation system for the determination of the calibration
constants,

M∑
i=1

αi

(
N∑

k=1

AjkAik

)
=

N∑
k=1

E0kAjk . (8.46)

8.4 Cryogenic calorimeters

The calorimeters described so far can be used for the spectroscopy of
particles from the MeV range up to the highest energies. For many inves-
tigations the detection of particles of extremely low energy in the range
between 1 eV and 1000 eV is of great interest. Calorimeters for such low-
energy particles are used for the detection of and search for low-energy
cosmic neutrinos, weakly interacting massive particles (WIMPs) or other
candidates of dark, non-luminous matter, X-ray spectroscopy for astro-
physics and material science, single-optical-photon spectroscopy and in
other experiments [76–79]. In the past 20 years this field of experimental
particle physics has developed intensively and by now it comprises dozens
of projects [80, 81].

To reduce the detection threshold and improve at the same time the
calorimeter energy resolution, it is only natural to replace the ionisation
or electron–hole pair production by quantum transitions requiring lower
energies (see Sect. 5.3).

Phonons in solid-state materials have energies around 10−5 eV for
temperatures around 100 mK. The other types of quasiparticles at low
temperature are Cooper pairs in a superconductor which are bound states
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of two electrons with opposite spin that behave like bosons and will form
at sufficiently low temperatures a Bose condensate. Cooper pairs in super-
conductors have binding energies in the range between 4 · 10−5 eV (Ir)
and 3 · 10−3 eV (Nb). Thus, even extremely low energy depositions would
produce a large number of phonons or break up Cooper pairs. To avoid
thermal excitations of these quantum processes, such calorimeters, how-
ever, would have to be operated at extremely low temperatures, typically
in the milli-Kelvin range. For this reason, such calorimeters are called
cryogenic detectors. Cryogenic calorimeters can be subdivided in two main
categories: first, detectors for quasiparticles in superconducting materials
or suitable crystals, and secondly, phonon detectors in insulators.

One detection method is based on the fact that the superconductivity
of a substance is destroyed by energy deposition if the detector element is
sufficiently small. This is the working principle of superheated supercon-
ducting granules [82]. In this case the cryogenic calorimeter is made of a
large number of superconducting spheres with diameters in the microme-
tre range. If these granules are embedded in a magnetic field, and the
energy deposition of a low-energy particle transfers one particular granule
from the superconducting to the normal-conducting state, this transition
can be detected by the suppression of the Meissner effect. This is where
the magnetic field, which does not enter the granule in the supercon-
ducting state, now again passes through the normal-conducting granule.
The transition from the superconducting to the normal-conducting state
can be detected by pickup coils coupled to very sensitive preamplifiers or
by SQUIDs (Superconducting Quantum Interference Devices) [83]. These
quantum interferometers are extremely sensitive detection devices for
magnetic effects. The operation principle of a SQUID is based on the
Josephson effect, which represents a tunnel effect operating between two
superconductors separated by thin insulating layers. In contrast to the
normal one-particle tunnel effect, known, e.g. from α decay, the Joseph-
son effect involves the tunnelling of Cooper pairs. In Josephson junctions,
interference effects of the tunnel current occur which can be influenced
by magnetic fields. The structure of these interference effects is related to
the size of the magnetic flux quanta [84–86].

An alternative method to detect quasiparticles is to let them directly
tunnel through an insulating foil between two superconductors (SIS –
Superconducting–Insulating–Superconducting transition) [87]. In this
case the problem arises of keeping undesired leakage currents at an
extremely low level.

In contrast to Cooper pairs, phonons, which can be excited by energy
depositions in insulators, can be detected with methods of classical
calorimetry. If ΔE is the absorbed energy, this results in a temperature
rise of
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ΔT = ΔE/mc , (8.47)

where c is the specific heat capacity and m the mass of the calorimeter. If
these calorimetric measurements are performed at very low temperatures,
where c can be very small (the lattice contribution to the specific heat
is proportional to T 3 at low temperatures), this method is also used to
detect individual particles. In a real experiment, the temperature change
is recorded with a thermistor, which is basically an NTC resistor (negative
temperature coefficient), embedded into or fixed to an ultrapure crystal.
The crystal represents the absorber, i.e. the detector for the radiation that
is to be measured. Because of the discrete energy of phonons, one would
expect discontinuous thermal energy fluctuations which can be detected
with electronic filter techniques.

In Fig. 8.22 the principle of such a calorimeter is sketched [88].
In this way α particles and γ rays have been detected in a large TeO2

crystal at 15 mK in a purely thermal detector with thermistor readout
with an energy resolution of 4.2 keV FWHM for 5.4 MeV α particles [89].
Special bolometers have also been developed in which heat and ionisation
signals are measured simultaneously [90, 91].

Thermal detectors provide promise for improvements of energy resolu-
tions. For example, a 1 mm cubic crystal of silicon kept at 20 mK would
have a heat capacity of 5 · 10−15 J/K and a FWHM energy resolution of
0.1 eV (corresponding to σ = 42 meV) [92].

heat bath

thermal link
thermometer

incident particles

absorber

Fig. 8.22. Schematic of a cryogenic calorimeter. The basic components are the
absorber for incident particles, a thermometer for detecting the heat signal and
a thermal link to the heat bath [88].
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Joint efforts in the fields of cryogenics, particle physics and astrophysics
are required, which may lead to exciting and unexpected results. One
interesting goal would be to detect relic neutrinos of the Big Bang with
energies around 200 μeV [92].

At present cryogenic calorimeters are most frequently used in the search
for weakly interacting massive particles (WIMPs). The interaction cross
section for WIMP interactions is extremely small, so that possible back-
grounds have to be reduced to a very low level. Unfortunately, also the
energy transfer of a WIMP to a target nucleus in a cryogenic detector
is only in the range of ≈ 10 keV. An excellent method to discriminate
a WIMP signal against the background caused, e.g., by local radioac-
tivity is to use scintillating crystals like CaWO4, CdWO4 or ZnWO4.
These scintillators allow to measure the light yield at low temperatures
and the phonon production by WIMP interactions at the same time.
Nuclear recoils due to WIMP–nucleon scattering produce mainly phonons
and very little scintillation light, while in electron recoils also a substan-
tial amount of scintillation light is created. A schematic view of such a
cryogenic detector system is shown in Fig. 8.23 [88].

Particles are absorbed in a scintillating dielectric crystal. The scintilla-
tion light is detected in a silicon wafer while the phonons are measured
in two tungsten thermometers, one of which can be coupled to the silicon
detector to increase the sensitivity of the detector. The whole detector

thermal link

reflecting
cavity

heat bath

heat bath

tungsten
thermometer

scintillating
dielectric
absorber

tungsten
thermometer

silicon
absorber

Fig. 8.23. Schematic view of a cryogenic detector with coincident phonon and
light detection [88].
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Fig. 8.24. Scatter plot of the pulse height in the light detector from photons of
the CaWO4 crystal versus the pulse height from phonons from the same crystal.
The left-hand part of the figure shows the response of the detector to photons
and electrons only, while in the right-hand part also neutron interactions are
included. The purpose of the lines is just to guide the eye [88, 93].

setup is enclosed in a reflecting cavity and operated at milli-Kelvin
temperatures.

The response of a CaWO4 cryogenic calorimeter to electron recoils and
nuclear recoils is shown in Fig. 8.24 [88, 93].

Electron recoils were created by irradiating the crystal with 122 keV
and 136 keV photons from a 57Co source and electrons from a 90Sr β
source (left panel). To simulate also WIMP interactions the detector was
bombarded with neutrons from an americium–beryllium source leading
to phonon and scintillation-light yields as shown in the right-hand plot of
Fig. 8.24. The light output due to electron recoils caused by photons or
electrons (which constitute the main background for WIMP searches) is
quite high, whereas nuclear recoils created by neutrons provide a strong
phonon signal with only low light yield. It is conjectured that WIMP
interactions will look similar to neutron scattering, thus allowing a sub-
stantial background rejection if appropriate cuts in the scatter diagram
of light versus phonon yield are applied. However, the figure also shows
that the suppression of electron recoils at energies below 20 keV becomes
rather difficult.

The set-up of a cryogenic detector, based on the energy absorption in
superheated superconducting granules, is shown in Fig. 8.25 [94]. The sys-
tem of granules and pickup coil was rotatable by 360◦ around an axis
perpendicular to the magnetic field. This was used to investigate the
dependence of the critical field strength for reaching the superconducting
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Fig. 8.25. Experimental set-up of a cryogenic detector based on superheated
superconducting granules (SSG) [94].

Fig. 8.26. Tin granules (diameter = 130 μm) as a cryogenic calorimeter. A small
energy absorption can warm the granules by an amount sufficient to cause a
change from the superconducting state to the normal-conducting state, thereby
providing a detectable signal [82].

state on the orientation of the granules with respect to the magnetic field.
This system succeeded in detecting quantum transitions in tin, zinc and
aluminium granules at 4He and 3He temperatures. Figure 8.26 shows a
microphotograph of tin granules [82, 95]. At present it is already possible
to manufacture tin granules with diameters as small as 5 μm.
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With a detector consisting of superheated superconducting granules, it
has already been shown that one can detect minimum-ionising particles
unambiguously [95].

The detection of transitions from the superconducting into the normal-
conducting state with signal amplitudes of about 100 μV and recovery
times of 10 ns to 50 ns already indicates that superconducting strip
counters are possible candidates for microvertex detectors for future
generations of particle physics experiments [96].

8.5 Problems

8.1 In an experiment an η meson with total energy E0 = 2000 MeV is
produced in the laboratory frame. Estimate the width of the η mass
peak measured in a calorimeter which has an energy and angular
resolution of σE/E = 5% and σθ = 0.05 radian, respectively (mη =
547.51 MeV).

8.2 Photons of 1 GeV (100 MeV) energy are detected in a
NaI(Tl) calorimeter which has an energy resolution σE/E =
1.5%/(E [GeV])1/4. Determine how the pulse-height distribution
would change if an aluminium sheet of L = 0.5X0 thickness
would be placed in front of the calorimeter. Estimate the resulting
decrease of the energy resolution.

8.3 Estimate the quality of a pion/electron separation for a total par-
ticle energy of E = 500 MeV using the energy deposition in a
calorimeter based on NaI(Tl) crystals of 15X0 length. For the esti-
mation assume that the main mixing effect consists of pion charge
exchange on nuclei which occurs with 50% probability when the
pion interacts with nuclei. In this charge-exchange reaction the
charged pion is transformed into a neutral pion which initiates an
electromagnetic cascade.
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