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Particle Detectors
Elementary particles are detected via their interactions with matter.  There are 4 different 
interactions in use:
• Charged particles ionize matter and leave electron-ion pairs in their wake


‣ accounts for nearly all particle detection technologies


‣ neutral particles are observed only because they produce charged secondaries


• Charged particles traveling faster than the speed of light in a transparent medium 
emit Cerenkov Radiation


• Charged particles traversing the interface between regions of different dielectric 
constant emit photons in the opposite direction [Transition Radiation]


‣ physics is related to Cerenkov Radiation


• Charged/neutral particles can interact with nuclei to produce phonons [quantized 
lattice vibrations] in crystals
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We usually deal with relativistic particles and need to remember some more general 
definitions of energy and momentum

• we often measure velocity in units of v/c


• the γ factor varies from 1 [slow particles] to large values [very relativistic particles]


‣ E and p scale with γ and become large as β -> 1


• kinetic energy T is the difference between the total energy E and the rest mass energy mc2

Useful Definitions
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Interactions between particles [elementary ones, or atoms/molecules] can be characterized 
by an effective area known as a cross section σ

More Useful Definitions

v
A

L

Nbeam
ρtgt

 effective
area 

σ 

Assume that we have a beam of Nbeam particles of cross sectional area A and length L 
moving at a speed v.  It impinges on a medium have a number density ρtgt.  The number of 
interactions per second the we expect would be dN/dt,

<latexit sha1_base64="TeY4GAtVoFHs03sYNDAuMdMPxNo="></latexit>
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If the interactions remove beam particles, then we should include a - sign.
<latexit sha1_base64="zOHxa0R1/ZQ8POI+ucOkY/tvd2w="></latexit>

dNbeam

dt
= �Nbeamv�⇢tgt ! dNbeam = �Nbeam�⇢tgtvdt



5

As a function of distance traveled dz = vdt, we see that
<latexit sha1_base64="QGipcRlq7mgJw30EkqizNzH2JGs="></latexit>
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The beam is exponentially attenuated with a mean free path of 1/(ρσ).  This physics can be 
found in many systems.  [Note that all densities are number densities not mass densities.]


This physics even appears in chemical reactions!  Let’s consider two chemical species A 
and B that interact to produce C:  A+B->C.  Let’s assume that A and B are moving thermally 
and have a cross section σ to produce species C.

• vrel is the relative thermal velocity of the species [scales as T1/2]


• the reaction constant k includes the cross section which may have a vrel dependence 
[barriers] making the T dependence more complex.

<latexit sha1_base64="jst+lNLt912vkqLbCWJRI3J+FIw="></latexit>
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Charged particles interact with electrons bound to atoms and molecules 
ionizing the atom/molecule and transferring kinetic energy to the electron.  
The ejected electrons can have kinetic energies from a few eV to MeV.

Ionization
N

Primary

small Te secondary e-

Te = 1 MeV (45º)
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• secondary electrons have Te from few eV to MeV [travel up to ~1mm] emitted mostly at 
90° wrt the primary


• secondary electrons ionize material to make more e-ion pairs [significant enhancement]
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The mean energy lost by a charged particle as it traverses some material is given by the 
famous Bethe-Bloch equation,

• K = 0.307 MeV g-1cm2 [multiply by ρM to get MeV/cm]


•  the minimum energy loss occurs when βγ ~ 3-5


‣ [dE/dx]min typically varies from 1-2 in MeV g-1cm2 units


• the average excitation potential I0 ~ (10-15 eV) x Z


• energy per e-ion pair W ~ 3.6 eV [Si] - 30 eV [gases]


‣ determines the average number of electron-ion pairs


• normal incidence min I particle: in 300um thick Si yields 
~22,000 e-ion pairs, in 1 cm of Ar gas ~100 e-ion pairs
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The increasing dE/dx for slow particles implies that stopping particles deposit significant 
ionization/energy in a small distance.  This makes protons and ions useful for cancer 
therapy.

• known as the “relativistic rise”


• increase is limited by the “density effect”


‣ polarization of the material 
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Particle Energy Deposit

Fig. 1. Comparison of the depth-dose distribution of photons
(conventionally used) and carbon ions. With photons the dose
decreases exponentially with increasing depth, i.e. the dose in the
target volume of deep-seated tumors is smaller than the dose
delivered to the healthy tissue around. Carbon ions dispose of an
inverse dose pro"le, i.e. the dose increases with increasing pen-
etration depth. This pro"le can be shifted by energy variation
over the target volume, leading to a much higher dose depos-
ition inside the tumor than outside in the healthy tissue.

cancer incidents every year in Germany can be
cured in the long run. These patients predomi-
nantly have a single solid tumor in the beginning
that could be removed through surgery or sterilized
through high radiation doses. However, also in this
group of patients almost 20% cannot be cured
permanently with conventional therapy because the
tumor can neither be removed completely nor be
radiated with a su$ciently high dose. In principle, it
is possible to sterilize any tissue in the body if a su$-
cient radiation dose can be applied. In the radi-
ological practice the maximum dose is always
limited by the tolerance of the healthy tissue around.

Therefore, it has always been the goal through-
out the 100 years of radiation therapy to increase
the precision of the irradiation in order the concen-
trate the dose in the target volume and to reduce
the dose in the healthy tissue or distribute this
inevitable dose over a larger tissue area. Using
variable collimators like multi-leaf collimators and
intensity-modulated Bremsstrahlung from linear
electron accelerators, radiation therapy in the last
years has reached a signi"cantly better dose distri-
bution and in consequence improved clinical
results. However, a further increase in precision and
biological action is only possible with the use of
particle beams as was postulated by Wilson [1] in
1946. Yet, ion beam therapy got started rather
slowly at Berkeley where the "rst patients were
treated with protons in 1954, with helium in 1957
and with heavy ions }mostly neon } in 1975. From
there, ion beam treatment spread all over the world
and until today more than 20 000 patients have
been treated successfully }mostly with protons [2].
Four hundred and thirty patients have been treated
with neon ions at Berkeley and another 400 with
carbon, almost all of them at NIRS; Chiba, Japan.
Harvard University played a pioneering role in the
development of proton therapy, treating nearly
one-third of all patients, while Loma Linda later on
installed the "rst dedicated medical therapy center
where today 1000 patients a year can be treated.

2. The physical basis

At high energies, heavy-charged particles like
carbon ions interact very weakly with the pen-

etrated tissue. Thus, in the beginning the energy
loss is small and the dose is low. At the end of the
particle range the interactions becomes stronger
and the energy loss increases steeply. This en-
hanced interaction has two signi"cant conse-
quences for particle therapy: First, a better dose
pro"le and second the increased relative biological
e$ciency inside the target volume [3].

Compared to photons, particle beams show an
inverse dose pro"le: with increasing penetration
depth the dose increases up to a sharp maximum.
Beyond this so-called Bragg maximum the dose
decreases within a few millimeters to a small value
which consists of nuclear fragments of the carbon
beam. Through energy variation the dose max-
imum can be shifted over the depth of the target
volume. Today, in most of the particle therapies
} predominantly proton therapies } the necessary

2 G. Kraft / Nuclear Instruments and Methods in Physics Research A 454 (2000) 1}10

βγ > 3.5:

βγ < 3.5:

Applications:

Tumor therapy

Possibility to precisely deposit dose 
at well defined depth by Ebeam variation

[see Journal Club]

γ=1 γ>>1

The increasing dE/dx for fast particles is caused by the 
relativstic increase in the transverse E-field of primary
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A relativistic charged particle passes through 300 μm of silicon.  Approximately how much 
charge does it deposit in the material?

A. 100e


B. 22,000e


C. 0e

Question 1

Si 300 μm

charged particle
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A relativistic charged particle passes through 300 μm of silicon.  Approximately how much 
charge does it deposit in the material?

A. 100e


B. 22,000e


C. 0e

Question 1

Si 300 μm

charged particle

The relativistic charged particle makes about 22,000 electron ion pairs 
but deposits 0 net charge in the material.  To detect the particle, we can:

  1) separate and collect the charges 

                             or

  2) use the ionized/excited states to create an optical signal
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We want to separate and collect the electrons and ions, what kind of material will NOT 
work?

A. conductor


B. insulator


C. semiconductor

Question 2
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We want to separate and collect the electrons and ions, what kind of material will NOT 
work?

A. conductor


B. insulator


C. semiconductor

Question 2

E

We need an internal electric field to drift the e- and positively 
charged ions in opposite directions.  Conductors cannot support 
internal E-fields.



13

The quantum states of the atoms in crystalline solids form bands: the energies become 
essentially continuous,

metal semiconductor insulator

Valence
band

Conduction
band

El
ec

tro
n 

en
er

gy

overlap

BandgapFermi level

• electrons in the valence band are localized 
near their parent atoms


• electrons in the conduction band can move 
“freely” through the crystal


• the bands overlap in metals [free electrons]


• the bands are widely separated by a gap in 
insulators


‣  no or very few conduction electrons

Metals, Semiconductors, Insulators

•  in semiconductors, the gap is smaller and some electrons can thermally “jump” into the 
conduction band leaving holes behind


‣ holes can move in the valence band just like electrons in the conduction band
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There are not many insulating materials that permit free electrons or ions to move over 
macroscopic distances:

Detector Materials

• all noble gases and some others like methane CH4 and ethane C2H6


• cryogenic noble liquids


‣ low temperatures complicate the detectors but “freeze  out” impurities that eat electrons


• some room temperature liquids like TMP C9H20 and TMS (CH3)4Si


‣ impurities don’t “freeze out”


• semiconductors like Si or diamond [C]


‣ even high resistivity Si conducts too well and needs specialized design


‣ the fabrication of Si devices is a huge, well-developed, and sophisticated industry


✴ very small features lead to very precise localization of charge deposits
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Consider the charge induced by an electron-ion pair in a parallel plate capacitor just after 
deposition [they are close together] and later if they separate

• at zero separation, the induced charges cancel [no signal can be observed]


• if they move apart, then the net induced charge is Qind = q(z1 - z2)/t


‣ depends upon the separation of the charges


• if they move to the electrodes, they neutralize the charge that has flowed onto the plate


‣ “collecting” charge is a uniform process … the signal does not change discontinuously

z1

z2
tE

Charge Collection in High Resistivity Materials
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We discussed charge collection by reverse biased silicon diodes two years ago, there are 
other alternatives such as diamond or liquid argon

• Reversed biased diodes can have a large “depleted” thickness that supports an E-field 


‣ otherwise too conductive to support E-field and too much current to see the ionization signal


• Chemical Vapor Deposition (CVD) diamond has a large band gap and high resistivity


‣ can work as a simple ionization detector: bias it with simple electrodes, no diode needed


‣ high radiation tolerance


‣ 2.4 times less signal than silicon [large 5.2 eV bandgap requires more energy/e-ion pair]


‣ expensive, large capacitance problematic for electronics

ideal case (no defects) at room temperature (300 K) can be calculated
by using the following expression below:

(1)
For Wurtzite structure, and

[16]. If we calculate the carrier con-
centration ( ) at room temperature (300 K =25.86meV) this comes
out to be e-h/ . There is a big difference between the
calculated (theoretical) and measured value because being a diatomic
compound semiconductor there can be several point defects (n, p-type
and also others) during the time of growth which enhance the carrier
concentration in the grown sample. Si crystal is mono-atomic and can
be grown with high purity so it has low intrinsic carrier concentration
due to defects.

Estimation of signal to noise ratio

The overall noise for the detector is expressed in terms of Equivalent
Noise Charge (ENC). The individual components are , shot noise
due to leakage current, and thermal noise due to
metal strip resistance (series) and due to parallel resistance respectively
(see Fig. 4). There is also a pre-amplifier noise depends on amplifier
design parameters (a and b) as well as on the detector capacitance
expressed as . ENC [18] in terms of the number of
electrons (e) can be calculated from individual sources by using Eq. (2)
[19].

(2)
The individual contributions to the noise are given by the expressions
given below:

(3)

(4)

(5)

The criteria for minimizing the noise is given below:

• To have small strip/pixel dimension to minimize and

• Small leakage current to make small• High parallel resistance to make small• Small series resistance to make small

The Silicon detectors shows good energy resolution because of
larger signal than diamond. The estimation in Table 3 shows larger
signal to noise ratio for diamond because the pre-amplifier chosen for
diamond has three times less noise than that of Si.

Enhancement of signal to noise ratio

Signal to noise ratio is the very important quantity in HEP experi-
ments, to achieve good spatial resolution [21]. The signal created by
the particle can only be enhanced by increasing the thickness of the
material. Signal to noise ratio can be increased in three ways:

1. Reducing the area of the sensor without changing thickness: If we use
this method, the signal will be the same, but the small area will
reduce leakage current and capacitance, hence reducing and

which in turn increases signal to noise ratio without in-
creasing multiple scattering.

2. Creating internal gain without changing thickness: This will also en-
hance the signal to noise ratio, provided gain in the signal is larger
than the electronic noise. Since the thickness of sensor is same, it
will also not increase multiple scattering.

3. Increasing the thickness of sensor: This can also increase the signal to
noise ratio if the signal is increased in a much larger proportion than
electronic noise due to increase in thickness. This will result in the
increase in multiple scattering, hence not desirable in HEP experi-
ments. It will also increase the material budget.

The cases are summarized with examples of the increase in signal to
noise ratio. The signal created by MIP in Si and diamond are
23220 and 9826 electrons respectively. If we use thick diamond
then signal created will be electrons but the elec-
tronic noise will almost be the same, now signal to noise ratio is given
by . The thickness will enhance the signal to noise ratio
if electronic noise almost remains same or smaller.

There is also another way to increase the signal to noise ratio by
creating the internal gain at the time of collection of charge. In the case
of diamond, if we can enhance the internal gain by a factor of 10, then
signal by MIP in will be 98260 electrons and internal gain will
enhance the intrinsic noise only so will increase but still, this will
be smaller than other contribution in ENC. The Signal to noise ratio
now is given by . This method of increasing the signal
to noise ratio will not increase multiple scattering but it will increase
the complexity of sensors. This technology is under development for Si

Fig. 3. Si, Ge and GaN detector concept (Left) [40] and Diamond detector concept (Right)[41].

Table 1
Signal and Intrinsic noise levels for Si, Ge, GaN, and
Diamond sensors.
Material MPV Signal

(e)
( ) Intrinsic noise

(e)

Silicon 23220 640 1450 505
Ge 55740 0.46 3900 1800
GaN 23460 [16] 1000 350 [17]
Diamond 9826 1800 1600 0.14

S. Kumar et al. 5HVXOWV�LQ�3K\VLFV��������������²���

���



17

In gas detectors, we typically have 20-100 e-ion pairs produced by the passage of a 
minimum ionizing particle


Ei ionization energy, Wi average energy per e-ion pair, np average number of primary e-ion 
pairs per cm, nT average number of e-ion pairs per cm

Gas Detectors

Introduction

Relevant Parameters
for gas detectors

Ionization energy
Average energy/ion pair
Average number of primary ion pairs [per cm]

Average number of ion pairs [per cm]

:	 Ei

:	 Wi

:	 np

:	 nT

Gas <Z> ρ [g/cm3] Ei [eV] Wi [eV] dE/dx [keV/cm] np [cm-1] nT [cm-1]

He 2 1.66⋅10–4 24.6 41 0.32 5.9 7.8

Ar 18 1.66⋅10–3 15.8 27 2.44 29.4 94

CH4 19 6.7⋅10–4 13.1 28 1.48 18 53

C4H10 34 2.42⋅10–3 10.6 23 4.50 46 195

Differences 
due to δ-electrons

�nT ⇥ =
L ·

⌦
dE
dx

↵
i

Wi

[about 2-6 times np]
[L: layer thickness]

δ-electrons lead to secondary ionization and limit spatial resolution; typical length scale of secondary
ionization: 10 μm. Example: kinetic energy: Tkin = 1 keV; gas: Isobutane ➛ range: R = 20 μm ...
[using R [g/cm2] = 0.71 (Tkin)1.72 [MeV]; valid for Tkin < 100 keV]

Extra energy per e-ion pair is due to non-zero T of the electrons and some energy that 
excites but does not ionize the material
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Drift Tube
The cylindrical drift tube is a common geometry used to track particles.  The electric field 
near the surface of central wire [typical radius ~ 10μm] is quite large [~few x 100kV/cm].

2b2a

Gas<latexit sha1_base64="p3JCZ+YB7xopEkFBYZDqNkWlxfc=">AAACDHicbVDLSgMxAMzWV62vqkcvwSLUg2u21qoHoSCCxwr2Ad1Ssmm2Dc0+SLKFst1f8OKveBHxoiD+gn9j+kCodSAwzExIZpyQM6kQ+jZSS8srq2vp9czG5tb2TnZ3ryaDSBBaJQEPRMPBknLm06piitNGKCj2HE7rTv9m7NcHVEgW+A9qGNKWh7s+cxnBSkvt7MnIHlACb0fwGtquwCSuJbHN/bxzio8Tm3QCNZWtJBZJO5tDJipZRXQGkWkVzwtXCFommuCX5MAMlXb2y+4EJPKorwjHUjYtFKpWjIVihNMkY0eShpj0cZfGkzIJPNJSB7qB0MdXcKLO5bAn5dBzdNLDqif/emPxP68ZKfeyFTM/jBT1yfQhN+JQBXC8DOwwQYniQ00wEUz/EJIe1t2V3i+jqy8UXSS1gmmVzOJ9MVeuzEZIgwNwCPLAAhegDO5ABVQBAU/gBbyDD+PReDZejbdpNGXM7uyDORifP1Rnmw8=</latexit>

| ~E| = V

ln(b/a)
· 1
r

• The number of e-ion pairs is not large enough even with a sensitive amplifier


‣ the large E-field near the wire produces an avalanche and gas amplification


‣ the e scatter off of atoms/molecules with a mean free path 


‣ in high E-fields, the energy gain over the mean free path can increase the energy enough 
that it ionizes another atom/molecule


‣ the 2 electrons gain energy and ionize more molecules
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• Noble gases work well for this with one small caveat


‣ de-exciting ions can emit UV photons which travel far away from the wire and ionize 
more gas molecules: the process can run-away


‣ add gases that have large UV absorption cross sections to prevent the photons from 
traveling far [known as “quencher” gases]


‣ use hydrocarbons for this purpose [like C2H6]

The avalanche increases the signal by factors of typically 104-105

Single Wire Proportional Counter

Time development of an avalanche in a proportional counter

A single primary electron proceeds towards anode in regions of
increasingly high fields, experiencing ionizing collisions; due to the lateral

diffusion, a drop-like avalanche, surrounding the wire develops.

a b c

d e

dn = n · � dx

n = n0e
�x

G =
n

n0
= e�x G =

n

n0
= exp

Z x2

x1

�(x)dx

�

Avalanche Multiplication

Sei n(x) = Elektronen am Ort x

dn = n · dx
1/α

n = no eαx

Man definiert den Multiplikationsfaktor

M =
n

no
= eαx

Im inhomogenen Feld gilt α = α ( "E) = α (x).

M = e

∫ x2

x1
α(x) dx

Anwendung : Zählrohr

!+

′′′′
α (x) ist aus Messungen bekannt.
Da die Driftgeschwindigkeit vD(e−) ! vD(Ion), erhält man unter Berücksichtigung der
Diffusion und Streuung eine tropfenartige Lawinenform (Abb.7.6)

Anode

Abbildung 7.5: Townsend Lawine in der Nähe des Anodendrahtes eines Zählrohrs [55]

Man kann bei Detektoren den Multiplikationsfaktor nicht beliebig anwachsen lassen, weil es
sonst zur Funkenbildung kommt. Nach Raether ist die Grenze der Funkenbildung gegeben
durch

α · x = 20 ! M = 108

Diese Grenze beschränkt die natürliche Gasverstärkung eines Detektors. Üblicherweise arbei-
ten die Detektoren aber bei wesentlich kleinerem Wert von M (≈ 104).

126

Large electric field yields
large kinetic energy of electrons ...

➛ Avalanche formation
Larger mobility of electrons results in liquid 
drop like avalanche with electrons near head ...

Mean free path: λion
[for a secondary ionization]

Probability of an ionization per
unit path length: α = 1/λion [1st Townsend coefficient]

n(x) = 	 electrons
	 at location x

Gain:

and more general for α = α(x):

Drop-like shape of an avalanche
Left: cloud champer picture
Right: schematic view

[Raether limit: G ≈ 108; αx = 20; then sparking sets in ...]

Townsend avalanche
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2b2a

Gas

• 1D position resolution from drift time: 50-100 μm is typical


• Gas drift detectors are cheap and can cover large areas [used a lot in muon systems at LHC]


• Gas drift detectors are not very radiation tolerant


‣ ionized molecules can bond chemically and form polymers


‣ polymers can deposit on the electrode surfaces


‣ use other gas additives to suppress polymerization



Single Wire Proportional Counter

Ionization mode:	

 full charge collection

 no multiplication; gain ≈ 1

Proportional mode:

 multiplication of ionization 

 signal proportional to ionization 

 measurement of dE/dx 

 secondary avalanches need quenching; 

 gain ≈ 104 – 105

Limited proportional mode: 
[saturated, streamer]

 strong photoemission 

 requires strong quenchers or pulsed HV; 

 gain ≈ 1010

Geiger mode: 

 massive photoemission; 

 full length of the anode wire affected; 

 discharge stopped by HV cut

21

Gas detectors can also operate in higher gain but lower rate modes.

spark 
chambers
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vertical memory of the scope and is of no interest, 
because the setup samples the vertical amplifier output 
voltage before it is moved after each trigger pulse. The 
X component, on the other hand, is worth more 
attention; in fact at very low trigger rates this displace- 
ment becomes non-negligible between two subsequent 
triggers, resulting in a decrease or increase of  the 
number of  points used by the scope to produce a 
complete CRT sweep and, therefore, in a widening or 
narrowing of the time axis. There are different ways 
of  taking this error into account in order to make the 
the necessary correction, but the easiest and most 
reliable one is to count the points of  the sweep in the 
two following cases: when the sampling rate is high 
(e.g. 1000 Hz), and at the actual sampling rate during 
the measurement. This can be done by counting the 
input trigger pulses of  the scope during the time interval 
between two sweep-trigger output pulses. 

4. "SER" pulse visualization: mechanical setup and 
measurement 
The PM under examination is contained within an 

iron tube connected to the light source (fig. 2); between 

the lamp and the PM, two neutral filters (Kodak 
Wratten Nos. 96ND60 and 96ND30) and a blue filter 
(Kodak Wratten No. 98) are inserted in the filters' 
holder (13). A variable light attenuator (7) is placed at 
the middle of the tube, consisting of  two polaroid 
sheets, one of  them fixed, the other rotatable from the 
exterior. A slot [(10) and detail view A-A] is placed in 
the proximity of  the filters' holder to close the tube 
completely when necessary. For all the measurements 
here reported, only the central part of  the photo- 
cathode was illuminated by using a mask with a central 
hole of 0.8 cm diameter. 

As a lamp, a Philips type DM 160 indicator tube has 
been used. The light emitted by the tube is proportional 
to the grid bias voltage, which can be varied by a 
potentiometer: pulse driving of  the lamp is made 
possible by a suitable connection. 

Before recording the SER pulse shape it is necessary 
to put the photomultiplier in SER operation by an 
independent measurement. The required part of the 
SER spectrum is then located by SCA threshold and 
window-width setting. 

For a setting corresponding to the SER peak, the 

F-- 

? 

I I I I I 0 5 1 0  1 5  19  n s e c  

Fig. 3. SER pulse shape. I-IT = 2450 V- 50 sweeps. Measuring time l h 5 min. Pulse amplitude is about 120 mV. Fwhm = 2.8 + 0.1 ns. 
Rise-time 1.6 ns. 

Scintillators – Basic Counter Setup

Light

Thin window Mu Metal Shield Iron Protective Shield

Scintillator

Photomultiplier
[or other photosensor]

PMT Base 
[voltage divider network etc.]

0 5 10 Time [ns]

PMT Pulse

Output 
Signal

Photomultipliers
Micro-Channel Plates
Hybrid Photo Diodes
Visible Light Photon Counter
Silicon Photomultipliers

Photosensors
Scintillator Types:

Organic Scintillators
Inorganic Crystals
Gases
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Scintillators convert dE/dx into photons that are then detected by photosensors

Scintillation Detectors



Inorganic Crystals	

Materials:

Sodium iodide (NaI)
Cesium iodide (CsI)
Barium fluoride (BaF2)
...

conduction band

valence band

traps

e
xc

ita
tio

n
s

hole

q
u
e
n
c
h
in

g

exciton
band

impurities
[activation centers]

scintillation
[luminescence]

Mechanism:

Energy deposition by ionization
Energy transfer to impurities
Radiation of scintillation photons

electron

Time constants:

Fast: recombination from activation centers [ns ... μs]
Slow: recombination due to trapping [ms ... s]

Energy bands in 
impurity activated crystal

showing excitation, luminescence,
quenching and trapping
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Inorganic Scintillators

Dopant shifts wavelength to avoid re-absorption
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Inorganic ScintillatorsInorganic Crystals

Example CMS 
Electromagnetic Calorimeter

Crystal growth

PbW04

ingots
One of the  last

CMS end-cap crystals
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ScintillatorsInorganic Crystals – Light Output & PMT Sensitivity

Spectral sensitivity
The spectrum of the emitted photons should always match the sensitivity of the photosensor
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Inorganic Scintillators
Noble gases and liquids work because they involve de-exciting molecules (shifts λ)

Scintillation in Liquid Nobel Gases

Materials:

Helium (He)
Liquid Argon (LAr)
Liquid Xenon (LXe)
...

Excitation

Ionization

Collision
[with other gas atoms]

Excited
molecules

Ionized
molecules Recombination

De-excitation and
dissociation

UV

LAr	 : 130 nm
LKr	 : 150 nm
LXe	: 175 nmA

A

A
A*

A

A2*

A2
+ A2*

e–

Decay time constants:

Helium
 : τ1 = .02 μs, τ2 = 3 μs
Argon
 : τ1 ≤ .02 μs

+
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Inorganic Scintillators
Inorganic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [μs]

Photons/MeV

NaI 3.7 1.78 303 0.06 8⋅104 xxx  

NaI(Tl) 3.7 1.85 410 0.25 4⋅104 xxx  

CsI(Tl) 4.5 1.80 565 1.0 1.1⋅104 xxx  

Bi4Ge3O12 7.1 2.15 480 0.30 2.8⋅103 xxx

CsF 4.1 1.48 390 0.003 2⋅103 xxx

LSO 7.4 1.82 420 0.04 1.4⋅104 xxx

PbWO4 8.3 1.82 420 0.006 2⋅102 xxx

LHe 0.1 1.02 390 0.01/1.6 2⋅102 xxx

LAr 1.4 1.29 150 0.005/0.86 4⋅104 xxx  

LXe 3.1 1.60 150 0.003/0.02 4⋅104 xxx  

*
*

* at 170 nm
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Based on molecules with benzene rings and multiple C=C 
double bonds (delocalized pi orbitals):

Organic Scintillators
)OXRUHVFHQFH�([FLWDWLRQ�DQG�(PLVVLRQ�)XQGDPHQWDOV�

)OXRUHVFHQFH� LV� D� PHPEHU� RI� WKH� XELTXLWRXV� OXPLQHVFHQFH� IDPLO\� RI� SURFHVVHV� LQ� ZKLFK�
VXVFHSWLEOH�PROHFXOHV�HPLW�OLJKW�IURP�HOHFWURQLFDOO\�H[FLWHG�VWDWHV�FUHDWHG�E\�HLWKHU�D�SK\VLFDO��IRU�
H[DPSOH�� DEVRUSWLRQ� RI� OLJKW��� PHFKDQLFDO� �IULFWLRQ��� RU� FKHPLFDO� PHFKDQLVP�� *HQHUDWLRQ� RI�
OXPLQHVFHQFH� WKURXJK� H[FLWDWLRQ� RI� D� PROHFXOH� E\� XOWUDYLROHW� RU� YLVLEOH� OLJKW� SKRWRQV� LV� D�
SKHQRPHQRQ� WHUPHG� SKRWROXPLQHVFHQFH�� ZKLFK� LV� IRUPDOO\� GLYLGHG� LQWR� WZR�
FDWHJRULHV�IOXRUHVFHQFH�DQG�SKRVSKRUHVFHQFH��GHSHQGLQJ�XSRQ�WKH�HOHFWURQLF�FRQILJXUDWLRQ�RI�WKH�
H[FLWHG�VWDWH�DQG�WKH�HPLVVLRQ�SDWKZD\��)OXRUHVFHQFH�LV�WKH�SURSHUW\�RI�VRPH�DWRPV�DQG�PROHFXOHV�
WR�DEVRUE�OLJKW�DW�D�SDUWLFXODU�ZDYHOHQJWK�DQG�WR�VXEVHTXHQWO\�HPLW�OLJKW�RI�ORQJHU�ZDYHOHQJWK�DIWHU�
D� EULHI� LQWHUYDO�� WHUPHG� WKH� IOXRUHVFHQFH� OLIHWLPH��7KH�SURFHVV� RI� SKRVSKRUHVFHQFH�RFFXUV� LQ� D�
PDQQHU�VLPLODU�WR�IOXRUHVFHQFH��EXW�ZLWK�D�PXFK�ORQJHU�H[FLWHG�VWDWH�OLIHWLPH��

�

�

7KH� IOXRUHVFHQFH� SURFHVV� LV� JRYHUQHG� E\� WKUHH� LPSRUWDQW� HYHQWV�� DOO� RI� ZKLFK� RFFXU� RQ�
WLPHVFDOHV� WKDW� DUH� VHSDUDWHG� E\� VHYHUDO� RUGHUV� RI� PDJQLWXGH� �VHH� 7DEOH� ���� ([FLWDWLRQ� RI� D�
VXVFHSWLEOH�PROHFXOH�E\�DQ�LQFRPLQJ�SKRWRQ�KDSSHQV�LQ�IHPWRVHFRQGV����(����VHFRQGV���ZKLOH�
YLEUDWLRQDO�UHOD[DWLRQ�RI�H[FLWHG�VWDWH�HOHFWURQV�WR�WKH�ORZHVW�HQHUJ\�OHYHO�LV�PXFK�VORZHU�DQG�FDQ�
EH�PHDVXUHG�LQ�SLFRVHFRQGV����(����VHFRQGV���7KH�ILQDO�SURFHVV��HPLVVLRQ�RI�D�ORQJHU�ZDYHOHQJWK�
SKRWRQ�DQG�UHWXUQ�RI�WKH�PROHFXOH�WR�WKH�JURXQG�VWDWH��RFFXUV�LQ�WKH�UHODWLYHO\�ORQJ�WLPH�SHULRG�RI�
QDQRVHFRQGV� ���(��� VHFRQGV��� $OWKRXJK� WKH� HQWLUH� PROHFXODU� IOXRUHVFHQFH� OLIHWLPH�� IURP�
H[FLWDWLRQ�WR�HPLVVLRQ��LV�PHDVXUHG�LQ�RQO\�ELOOLRQWKV�RI�D�VHFRQG��WKH�SKHQRPHQRQ�LV�D�VWXQQLQJ�
PDQLIHVWDWLRQ�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�OLJKW�DQG�PDWWHU�WKDW�IRUPV�WKH�EDVLV�IRU�WKH�H[SDQVLYH�
ILHOGV�RI�VWHDG\�VWDWH�DQG�WLPH�UHVROYHG�IOXRUHVFHQFH�VSHFWURVFRS\�DQG�PLFURVFRS\��%HFDXVH�RI�WKH�
WUHPHQGRXVO\�VHQVLWLYH�HPLVVLRQ�SURILOHV��VSDWLDO�UHVROXWLRQ��DQG�KLJK�VSHFLILFLW\�RI�IOXRUHVFHQFH�
LQYHVWLJDWLRQV��WKH�WHFKQLTXH�LV�UDSLGO\�EHFRPLQJ�DQ�LPSRUWDQW�WRRO�LQ�JHQHWLFV�DQG�FHOO�ELRORJ\��

• Delocalized e have an interesting spectroscopy: electron 
pairs in spin 0 [S] and spin 1[T] states


• Charged particles excite the S0 -> S1, S2 transitions: 3-4 eV


• Excited states de-excite/mix with neighboring states


• Transitions back to the ground state yield lower E photons


‣ material is transparent to produced light


‣ fast S->S transitions [fluorescence], few ns decay times


‣ slow S->T->S transtions [phophorescence] ms or longer 
decay times


‣ UV photons produced [~320 nm]: poor match to 
photosensor response
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Organic scintillators are typically dissolved in plastic or a liquid solvent. They use wavelength 
shifters to match the emitted UV light to the sensitive wavelengths of the photosensors

Organic ScintillatorsPlastic and Liquid Scintillators

Excitations γA

γB

γC

S0A

S1A

S1B

S0B

S1C

S0C

Solvent

Primary Fluor
Secondary 
Fluor 

Wave length
shifter

Energy deposit in base 
material ➛ excitation

Primary fluorescent 
  -	Good light yield ... 
  -	Absorption spectrum 
	 matched to excited 
	 states in base 
	 material ...

Secondary 
fluorescent 

A
B

C
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Organic Scintillators
Plastic and Liquid Scintillators

Some widely used solvents and solutes

POPOP

p-Terphenyl

Polystyrene

......
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Wavelength Shifting
Wavelength Shifting

Schematics of
wavelength shifting principle

Absorption of
primary scintillation light 

Re-emission at 
longer wavelength 

Adapts light to spectral 
sensitivity of photosensor

Principle:

Requirement: 

Good transparency
for emitted light
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Organic Scintillators
Organic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [ns]

Photons/MeV

Naphtalene 1.15 1.58 348 11 4⋅103 xxx  

Antracene 1.25 1.59 448 30 4⋅104 xxx  

p-Terphenyl 1.23 1.65 391 6-12 1.2⋅104 xxx  

NE102* 1.03 1.58 425 2.5 2.5⋅104 xxx

NE104* 1.03 1.58 405 1.8 2.4⋅104 xxx

NE110* 1.03 1.58 437 3.3 2.4⋅104 xxx

NE111* 1.03 1.58 370 1.7 2.3⋅104 xxx

 BC400** 1.03 1.58 423 2.4 2.5⋅102 xxx

 BC428** 1.03 1.58 480 12.5 2.2⋅104 xxx  

 BC443** 1.05 1.58 425 2.2 2.4⋅104 xxx  

* Nuclear Enterprises, U.K.
** Bicron Corporation, USA



33

Light Collection/Transmission
Scintillation Counters – Setup

Scintillator light to be 
guided to photosensor

➛
 Light guide
	 [Plexiglas; optical fibers]

'fish tail'

	 Light transfer by 
	 total internal reflection
	 [maybe combined with wavelength shifting]

Liouville's Theorem:

Complete light transfer
impossible as Δx Δθ = const.
[limits acceptance angle]

Use adiabatic light guide
like 'fish tail'; 

➛ appreciable energy loss
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Photomultipliers

Principle:
Electron emission 
from photo cathode

Secondary emission 
from dynodes; dynode gain: 3-50 [f(E)]

Typical PMT Gain: > 106

[PMT can see single photons ...]

PMT
Collection
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Photocathodes
Photomultipliers – Photocathode

γ-conversion 
via photo effect ...

3-step process:
Electron generation via ionization  
Propagation through cathode
Escape of electron into vacuum

Electron

Photon

entrance window

photo
cathode

Q.E. ≈ 10-30%
[need specifically developed alloys]

Bialkali: SbRbCs; SbK2Cs
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Electron Multiplication

UB

Photomultipliers – Dynode Chain

Electrons accelerated toward dynode
Further electrons produced ➛ avalanche

Secondary emission coefficient: 

 δ = #(e– produced)/#(e– incoming)

Multiplication process:

 δ = kUD; G = a0 (kUD)n

dG/G = n dUD/UD = n dUB/UB

Typical:  
δ = 2 – 10

       
n = 8 – 15
 
 ➛ G = δn = 106 – 108

Gain fluctuation:

Dynodes

Electron

Anode

Voltage divider
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Microchannel PlateMicro Channel Plate

"2D Photomultiplier"
Gain: 5⋅104

Fast signal [time spread ~ 50 ps]
B-Field tolerant [up to 0.1T]

But: limited life time/rate capability

Thin 2D photomultiplier that preserves position information
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Silicon Photomultiplier

24.05.07 Alexander Tadday 4

SiPM Layout

Avalanche region

Silicon PhotomultipliersSilicon Photomultiplier: Geiger Mode

• Pixels operated in Geiger mode 

(non-linear response)

4
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)

Reverse Bias Voltage

no amplification

linear 

amplification
non-linear 

Geiger mode

Breakdown Voltage

Chapter 2 Light Detectors

the device is covered with an anti-reflecting SIO2 layer for protection purposes. Aluminium
tracks on the surface connect all pixels to the common bias voltage.

ICFA Instrumentation Bulletin
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Figure 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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Figure 2: SiPM pulse height spectra.

Figure 2.13: Left: Schematic view of the SiPM topology: A few micrometer thick layer of p�-doped
material on the low resistive substrate serves as a drift region (see also right side of the picture). An
electron generated in this region will subsequently drift into the region between the n+ and the p+

layer where the electrical field is high enough for avalanche breakdown. The guard rings reduce the
electrical field in order to avoid unwanted avalanche breakdown close to the surface where accidental
impurity levels are higher. Right: Diagram of the electric field profile in a SiPM [17].

2.3.1 Gain and Single Pixel Response

Since every microcell of the SiPM is operated above the breakdown-voltage, high gain in the
range of typically 105 � 106 can be obtained which is comparable to the value obtained with
a vacuum PMT. The behaviour of a SiPM pixel can be explained by a circuit model which is
shown in the following figure: • AULL, LOOMIS, YOUNG, HEINRICHS, FELTON, DANIELS, AND LANDERS

Geiger-Mode Avalanche Photodiodes for Three-Dimensional Imaging

VOLUME 13, NUMBER 2, 2002 LINCOLN LABORATORY JOURNAL 339

plished by two types of circuit: passive quenching and
active quenching. In a passive-quenching circuit, the
APD is charged up to some bias above breakdown
and then left open circuited. Once the APD has
turned on, it discharges its own capacitance until it is
no longer above the breakdown voltage, at which
point the avalanche dies out. An active-quenching
circuit senses when the APD starts to self-discharge,
and then quickly discharges it to below breakdown
with a shunting switch. After sufficient time to
quench the avalanche, it then recharges the APD
quickly by using a switch.

Figure 5(a) shows the simple passive-quenching
circuit and Figure 5(b) shows the same circuit with a
first-order circuit model inserted to describe the APD
behavior during discharge. The model assumes that
once the APD has turned on and reached its resis-
tance-limited current, the ensuing self-discharge is
slow enough that the APD will behave quasi-stati-
cally, following its DC current-voltage characteristic
as it discharges down to breakdown. The correspond-
ing model is a voltage source equal to the breakdown
voltage in series with the internal resistance R of the
APD. The model predicts exponential decay of the

current to zero and voltage to the breakdown with a
time constant RC [8].

Once the avalanche has been quenched, the APD
can be recharged through a switch transistor. Another
scheme is to connect the APD to a power supply
through a large series resistor Rs that functions as a
virtual open circuit (Rs >> R) on the time scale of the
discharge, and then recharges the APD with a slow
time constant RsC. This circuit has the benefit of sim-
plicity, and the APD fires and recharges with no
supervision.

In ladar applications, where the APD detects only
once per frame, the slow recharge time, typically mi-
croseconds, imposes no penalty. There is also interest,
however, in using the Geiger-mode APD to count
photons to measure optical flux at low light levels.
With passive quenching, the count rate will saturate
at low optical fluxes because many photons will arrive
when the APD is partially or fully discharged, and
therefore unresponsive. With a fast active-quenching
circuit, the APD can be reset after each detection on a
time scale as short as nanoseconds, enabling it to
function as a photon-counting device at much higher
optical intensities.

Geiger-Mode APD Performance Parameters

In linear mode the multiplication gain of the APD
has statistical variation that leads to excess noise. In
Geiger mode the concept of multiplication noise does
not apply. A Geiger-mode avalanche can, by chance,
die out in its earliest stages. If it does, no detectable
electrical pulse is observed and the photon that initi-
ated the avalanche goes undetected. If the avalanche
progresses to completion, however, the total number
of electron-hole pairs produced is fixed by the exter-
nal circuit, not by the statistics of the impact-ioniza-
tion process. In the simple passive-quenching case,
for example, the avalanche has no further opportu-
nity to die out until the APD has discharged from its
initial bias down to the breakdown voltage. This dis-
charge fixes the amplitude of the voltage pulse and,
therefore, the total amount of charge collected in the
process, typically >107 electron-hole pairs per detec-
tion event.

The user of a Geiger-mode APD is concerned not
with multiplication noise, but with detection probabil-

FIGURE 5. Passive-quenching circuits. (a) In Geiger mode,
the APD is charged up to some bias above the breakdown
voltage V and then left open circuited. (b) Subsequently,
once an avalanche has been initiated, the APD behaves ac-
cording to a simple circuit model.

Bias > Vbreakdown

Vbreakdown

+
–

Bias

C

R

(b)(a)

Figure 2.14: Passive-quenching circuits: Left: The APD is charged up to some voltage Ubias > Ubreak

and left open. Right: During breakdown the APD behaves like a simple circuit model: A voltage
source in series with a resistor and and a capacitor [25].

One has to separate between two possible states of the pixel. The left side shows the pixel
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Doping Structure of SiPM [1]

Pixelized photo diodes 
operated in Geiger Mode

Single pixel works as a binary device 

Energy = #photons seen by
summing over all pixels

Principle:

Granularity	 :	 103 pixels/mm2

Gain	 	 	 : 	 106

Bias Voltage	 :	 < 100 V
Efficiency	 	 :	 ca. 30 %

Insensitive to magnetic fields!
Works at room temperature ...

Features:

E,
 V

/c
m
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Electromagnetic Showers
Electrons, positrons, and photons interact with nuclei in matter to produce each other

nucleus

γ

e-

nucleus

γ
e-

e+

Bremmstrahlung Pair Production

<latexit sha1_base64="v8LwKF/UJ6MK+kZkW2UAOG7Jnnk="></latexit>

X0 =
A

4↵NAZ2r2e ln(183/Z
1
3 )
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` =
9

7
X0

• High energy electrons radiate all but e-1 of their 
energy in a radiation length X0


• The mean free path of a high energy photon is 
9/7 X0


• X0 scales as A/Z2 and becomes small for heavy 
atoms


• The two processes together produce 
electromagnetic showers



40

Electromagnetic Showers
At high energies, Bremmstrahlung dominates the energy loss of electrons.  As the electron 
energy decreases, the ionization loss increases.  They become equal at the critical energy Ec.

• Below Ec, e± lose their energy quickly 
and stop or annihilate [e+]


• A useful related quantity is the Moliere 
radius RM which is related to the 
transverse size of an electromagnetic 
shower:

<latexit sha1_base64="BCfJGPRWjbAOTFa/Bq1sqri852I="></latexit>

Ec =

(
710 MeV
Z+0.92 Gases
610 MeV
Z+1.24 Solids/Liquids

<latexit sha1_base64="50DEQnIPIjVyiLZuvlxxlzldqN8=">AAACBHicbVDLSgMxFM3UV62vqks3wVJwNWRqrboQCiK4sFDFPqBThkyaaUMzD5KMUIbZuvFX3Ii4UXDtL/g3pg+EWi8EDueccO85bsSZVAh9G5ml5ZXVtex6bmNza3snv7vXlGEsCG2QkIei7WJJOQtoQzHFaTsSFPsupy13eDnWWw9USBYG92oU0a6P+wHzGMFKU06+eOfU4AW0PYFJUrJsaPtYDYSf1GgzTZMrh6RtBzn5AjJRxSqjY4hMq3xSOkfQMtFkfkEBzKbu5L/sXkhinwaKcCxlx0KR6iZYKEY4TXN2LGmEyRD3aTIJkcKipnrQC4V+gYITds6HfSlHvqud4xPlX21M/qd1YuWddRMWRLGiAZku8mIOVQjHjcAeE5QoPtIAE8H0hZAMsO5D6d5yOvpC0EXQLJlWxSzflgvVm1kJWXAADsERsMApqIJrUAcNQMATeAHv4MN4NJ6NV+Ntas0Ysz/7YG6Mzx9BPZcU</latexit>

RM =
21 MeV

Ec
X0
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Electromagnetic Showers
The shower features many generations of electrons/
positrons and photons propagating in material until all of 
the energy has been deposited.  Most of the electrons/
positrons have the critical energy by the shower maximum.
• Shower distribution approx scales vs depth as t = x/X0 


‣ energy and number of electrons have similar dists


• Shower max 


• Shower length


• Shower radius 
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Electromagnetic Showers
The shower parameters for several materials used to detect and measure electromagnetic 
showers.

Electromagnetic Showers

X0 [cm] Ec [MeV] RM [cm]

   Pb 0.56 7.2 1.6

   Scintillator (Sz) 34.7 80 9.1

   Fe 1.76 21 1.8

   Ar (liquid) 14 31 9.5

   BGO 1.12 10.1 2.3

   Sz/Pb 3.1 12.6 5.2

   PB glass (SF5) 2.4 11.8 4.3

Typical values for X0, Ec and RM of materials 
used in calorimeter
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Calorimetry
Calorimeters are designed to measure the energies [and directions sometimes] of particles by 
detecting the energy deposited by showering particles.  There are two main types:

• Homogeneous calorimeters contain the entire shower in a dE/dx sensitive medium


‣ expensive, higher resolution, limited to calorimeters for electrons and photons

active material 

passive layer

active layer
Homogeneous calorimeter

Sampling calorimeter

Signal Material

Scintillation light BGO, BaF2, CeF3, ...

Ionization signal Liquid noble gases (Ar, Kr, Xe)

Cerenkov light Lead Glass
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Calorimetry
Calorimeters are designed to measure the energies [and directions sometimes] of particles by 
detecting the energy deposited by showering particles.  There are two main types:

• Sampling calorimeters intersperse passive and active layers


‣ can use dense passive layers to evolve showers in a smaller region, cheaper, lower 
resolution from sampling fluctuations


‣ passive materials: Iron, Lead, Uranium (U-238)


‣ active materials: plastic scintillator, silicon detectors, liquid noble gases, gases

active material 

passive layer

active layer
Homogeneous calorimeter

Sampling calorimeter



Sampling Calorimeters

Absorber  Scintillator     

   Light guide   

             
Photo detector    

Scintillator
(blue light)         

Wavelength shifter

                     

electrodes   
Absorber as  

                Charge amplifier  

HV

Argon 

Electrodes   

Analogue
signal   

Scintillators as active layer;
signal readout via photo multipliers

Scintillators as active 
layer; wave length shifter 
to convert light

Active medium: LAr; absorber
embedded in liquid serve as electrods

Ionization chambers
between absorber 
plates

Possible setups
Sampling Calorimetry
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Hadronic Showers
HIgh energy hadrons interact with nuclei and also produce showers in the calorimeters

• Length scale of the shower is determined by the nuclear absorption length of the material λabs


‣ defined as the mean free path for inelastic scattering


‣ most shower particles are gone by 5-10 λabs


• The pions produced in the shower come in 3 charge states: π+, π0, π- 


‣ the charged pions have relatively long lifetimes and interact with nuclei


‣ the neutral pions decay promptly to photon pairs: π0 -> 2γ


✴ the photons initiate electromagnetic showers which produce larger signals in the calorimeter


✴ fluctuations in the number/energy of em showers limits the energy resolution of the calorimeter

nucleus
π

p
K

π
K p

π
nγ

γ
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Compensating Calorimeters
• It was understood many years ago [1970s] that it was desirable to make a calorimeter that 

responded in incident hadrons in the same way as e/γ: ratio e/h = 1


‣ optimizes the resolution for incident hadrons390 R. Wigmans  / The  energy resolution of hadron calorimeters  

re s olu tion  of a  ha d ron  ca lorime te r a re  inve s tiga te d. 
Ra the r tha n  going in to  e la bora te  Monte  Ca rlo  s imu- 
la tions  tha t pre dic t a  b la ck-box re s ult for a  give n de - 
s ign, we  will dis cus s  the  va rious  e ffe cts  tha t p la y a  role  
a n d  will de ve lop s imple  mode ls  to  e s tima te  the  cons e - 
que nce s  of e a ch e ffe ct for the  ca lorime te r pe rforma nce . 
We  will limit ours e lve s  to ha drons  with e ne rgie s  > 2 
Ge V. Below this  va lue , e ne rgy los s  by ion iza tion  a lone  
will be come  incre a s ingly importa n t a n d  the  ca lorime te r 
pe rforma nce  ma y cha nge  cons ide ra bly. In  sect. 2, the  
re la tion  be twe e n the  e ne rgy re s o lu tion  a nd  the  e /h  
va lue  is  tre a te d. Sect. 3 e xa mine s  the  ca lorime te r re - 
s pons e  to the  e .m. pa rt of ha d ron  s howe rs , a nd  sect. 4 
inve s tiga te s  the  pure ly ha dron ic  pa rt a nd  in  pa rticu la r 
the  con tribu tion  of ne u trons . In  sect. 5, the  u ltima te  
re s olu tion  limits  of pra ctica l ha d ron  ca lorime te rs  a re  
dis cus s e d. Unle s s  e xplicitly s ta te d othe rwis e , we  will 
cons ide r ha d ron  ca lorime te rs  a s  be ing  of the  s a mpling  
type , i.e . cons is ting  of a lte rna ting  a bs orbe r a n d  re a dout 
p la ne s  (pa s s ive  a nd  a ctive  me dia ). 

2. The  re lation be twe e n e /h and the  e ne rgy re s olution 

In  the  de ve lopme nt of a  s howe r ge ne ra te d by a  
high-e ne rgy ha dron , us ua lly a  ce rta in  n u m b e r of ~r°'s  
a n d  ~/'s  a re  produce d. The s e  pa rticle s  de ca y in to  7/'s  
a n d  he nce  de pos it the ir e ne rgy in  the  form of e .m. 
showers . In  the  pure ly ha dron ic  c o mp o n e n t of the  
s howe r, s ome  fra c tion  of the  e ne rgy will d is a ppe a r 
without con tribu ting  to the  ca lorime te r s igna l. This  is , 
for e xa mple , the  ca s e  for ~ 's  a n d  /x's  from ~r a n d  K 
de ca y which in  ge ne ra l e s ca pe  from the  de te ctor. The  
s a me  is  true  for a  ce rta in  fra c tion  of the  ne u trons , which 
a re  a b u n d a n tly produce d  in  the  nuc le a r re a ctions . An d  
fina lly, the  e ne rgy s pe nt in  b re a king  up the  nucle i in  
the s e  re a ctions , i.e . libe ra ting  the  nuc le ons  b o u n d  in  the  
nucle us , is  invis ible  a s  well. 

This  ha s  two e ffe cts  (fig. 1). Firs t, the  ca lorime te r 
re s pons e  to the  pure ly ha dron ic  pa rt of a  h a d ro n  s howe r 
will ha ve  a  much  broa de r d is tribu tion  tha n  the  re s pons e  
to the  e .m. pa rt, a t the  s a me  e ne rgy. This  is  be ca us e  of 
the  la rge  e ve nt-to-e ve nt fluc tua tions  in  the  p h e n o m e n a  
me n tione d  be fore . S e condly, the  a ve ra ge  re s pons e  to the  
e .m. a nd  the  pure ly ha dron ic  compone n ts  will in  ge ne ra l 
be  d iffe re n t ( e / h  intrinsic ~ 1). S ince  e ne rgy is  los t in  the  
ca s e  of the  pure ly ha dron ic  compone n t,  one  e xpe cts  to 
firs t orde r, e /hintr > 1. 

The  e ne rgy s ha ring be twe e n the  e .m. a n d  the  pure ly 
ha dron ic  compone n ts  ca n  be  ve ry d iffe re nt from e ve nt 
to e ve nt. Much  de pe nds  on  the  na tu re  of the  firs t 
in te ra c tion . If this  in te ra c tion  is  of the  cha rge  e xcha nge  
type , the  fra c tion  of the  e ne rgy going in to  the  e .m. 
compone n t (f~o) will be  la rge ; in  othe r ca s e s  it ca n  be  
ve ry s ma ll. F luc tua tions  in  f~o a re  a n  im p o rta n t in - 
gre die nt for the  e ne rgy re s o lu tion  of a  ca lorime te r. 

75 

c 

z~ 

10 
c = 
o 

5 

z 

ix  o c o m p o n e n t  

purely hadronic 
tornpon~nf 

0 5  

Signat/GeV la rb  uni ts)  

I 
, I 

1 0  

Fig. 1. Schematic view of the  response  of a  hadron ca lorimeter 
to the  e .m. a nd pure ly hadronic components  of a  hadron 

shower. 

Whe n  the  e ne rgy of the  inc ide n t ha d ron  is  incre a s e d, 
the  n u m b e r of ion iza tions  in  the  a ctive  la ye rs  tha t 
cons titu te  the  ca lorime te r s igna l will incre a s e  propor- 
tiona lly. The re fore , the  width  of the  d is tribu tions  s hown 
in  fig. 1 will de cre a s e  a ccording to E -1 /2 .  Howe ve r, the  
a ve ra ge  pos ition  of the  e .m. a nd  the  pure ly ha dron ic  
d is tribu tions  will re ma in  the  s a me . If e /h in t r~ l,  
fluc tua tions  in  f~0, which a re  of a  n o n -G a u s s ia n  na ture , 
will the re fore  ca us e  the  e ne rgy re s o lu tion  not to s ca le  
with  E -1/2 . This  is  a  we ll-known e xpe rime nta l fa ct. 
The  CDHS  Colla bora tion  [7] found  tha t the  ha dron ic  
e ne rgy re s olution o / E  of the ir iro n -s c in tilla to r ca lorim- 
e te r de cre a s e d much  more  s lowly with e ne rgy tha n  
E -1/2 . Be yond 100 Ge V, n o  furthe r improve me nt wa s  
obs e rve d. 

The  e .m. a nd  the  pure ly ha dron ic  s howe r compo- 
ne n ts  ha ve  ve ry diffe re nt cha ra cte ris tic  d ime ns ions , bo th  
long itud ina lly a nd  la te ra lly, e s pe cia lly for h igh -Z a b- 
s orbe r ma te ria ls  whe re  the  ra d ia tion  le ngth  (X0) a nd  
nuc le a r in te ra c tion  le ngth  (~ ) a re  ve ry diffe re nt. If the  
ca lorime te r is  s uffic ie ntly fine ly s e gme nte d, e s pe cia lly in  
the  long itud ina l dire ction, one  ma y de te rmine  f~0 on  a n  
e ve nt-by-e ve nt ba s is  a nd  he nce  e limina te , a t le a s t pa rtly, 
the  e ffe ct of the  f~o fluc tua tions  on  the  e ne rgy re s olu- 
tion. 

The  CDHS  Colla bora tion  de ve lope d a n  a lgorithm 
for this  purpos e ; with this  the y we re  a ble  to  re cupe ra te  
a  pure ly s ta tis tica l be ha viour for 10-140  Ge V pions . It 
s hould  be  no te d  tha t the ir de te ctor wa s  re a d out e ve ry 
7X 0 in  de pth. For a n  8~ de e p le a d ca lorime te r this  
me a ns  a  long itud ina l s ubdivis ion  in to  35 in d e p e n d e n t 
s e ctions . S uch a  re qu ire me nt would  ca us e  e normous  
proble ms  for the  la rge  4~r ca lorime te rs  ne e de d in  a  
co llid ing-be a m e nvironme nt, be ca us e  of the  huge  n u m - 
be r of cha nne ls  involve d a n d  the  difficultie s  in  ge tting 
the  s igna ls  to the  outs ide  world without cre a ting  too 
much de a d space . The  ca lorime te r of the  Axia l F ie ld  
S pe ctrome te r which ope ra te d  a t the  C E R N In te rs e c ting  
S tora ge  Rings  wa s  the re fore  s ubdivide d in to  two longi- 
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tud ina l s e ctions  on ly [3]. S e ve ra l Mon te  Ca rlo  s tudie s , 
e xa min ing  we ighting s che me s  for e la s tic  4~r ca lorime - 
te rs , indica te  tha t the  re s o lu tion  improve me n t tha t ca n  
be  e xpe cte d is  cons ide ra b ly wors e  tha n  in  the  C DHS  
ca s e  [8]. In  the  following, we  will see  wha t ha ppe ns  if no  
corre ctions  for fluc tua tions  in  f~o ca n  be  a pplie d  on  a n  
e ve nt-by-e ve nt ba s is . 

Obvious ly, the  c o n trib u tio n  of fluc tua tions  in  f,,o  to 
the  e ne rgy re s o lu tion  will be come  more  imp o rta n t if 
e /h  intr goes  furthe r a wa y from 1. We  ca n  write  

o (  E ) / E  = c E  -1 /2  + X (  e / h  intr - 1). (1 ) 

In  orde r to inve s tiga te  the  s e cond te rm, we  s imula te d  
ca lorime te r s igna l d is tribu tions  with  a  Mon te  Ca rlo  
me thod. We  ma de  re a lis tic  a s s umptions  conce ming  the  
va rious  con tribu tions  to  the  e ne rgy re s o lu tion  a n d  va rie d 
the  va lue  of e / h  intr. T h e  a ve ra ge  va lue  of f,,0 for a  give n 
ha d ron  e ne rgy wa s  ta ke n a s  0 .12log(E). The  d is tribu- 
tion  of f,~o a round  this  va lue  wa s  a s s ume d to be  de - 
te rmine d  by the  s qua re  root of the  n u m b e r of ~r°'s  
produce d, ta ke n  a s  5 lo g ( E ) -  4.6 [9]. 

A chos e n va lue  of f,,o de fine s  the  e ne rgy going in to  
the  e .m. a nd  the  pure ly ha dron ic  pa rts  of the  s howe r, E e  
a n d  E h. The  s igna ls  from the s e  compone n ts  we re  a s - 
s ume d to be  d is tribu te d  a round  the  mos t p roba b le  
va lue s  a ccording to a  Ga us s ia n  with a  s igma  of 
0 .16/v'E-e  a n d  0 .3 5 /v'E h ,  re s pe ctive ly. Add ing  the  two 
s igna ls  yie lde d the  re s ulting  ca lorime te r s igna l. Typi- 
ca lly 10 000 e ve nts  we re  ge ne ra te d for e a ch e ne rgy a nd  
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Fig. 2. (a) The  re la tion be tween the  e .m. to pure ly hadronic 
s igna l ra tio, e //h intr, a nd the  e /h  value  as  a  function of 
energy. (b) The  ca lorimeter s igna l per GeV for hadrons , nor- 
rea lized to the  s igna l for a  10 GeV hadron, as  a  function of 

energy, for various  va lues  of e /h  intr. 
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Fig. 3. (a) Monte  Carlo results  on the  hadronic energy resolution as  a  function of energy, for various  va lues  of e /h  (10 GeV). See text 
for de ta ils . (b) The  same results  plotted on a  sca le  linear in E -]/2 . 

392 R. Wigmans / The energy resolution of hadron calorimeters 

[ I I I I I I I I I I I I 

A 

g 7 
2 ~6  
L 

~ s  
= 

_ c  

E ~ 3 

0 L I I I I I 
O~ 0.5 06 07 0 O 09 I 0 11 12 I 3 II* 15 16 I 7 

e/h (I0 GeVI 

Fig. 4. The  cons tant te rm in the  e ne rgy resolution, as  a  
function of e /h  (10 GeV). See text for de ta ils . 

e /h  intr va lue . The  re s ults  of this  e xe rcis e  a re  give n in  
figs . 2 -4 .  

In  a n  e xpe rime nta l me a s ure me nt, one  ne ve r de - 
te rmine s  e //h intr b u t the  re la tion  be twe e n the  a ve ra ge  
ca lorime te r s igna ls  for a n  e le c tron a n d  a  ha d ron  of the  
s a me  e ne rgy, the  la tte r be ing  the  re s ult of a  mixture  
be twe e n  the  e .m. a n d  the  pure ly ha dron ic  compone nts .  
S ince  the  a ve ra ge  va lue  of f,o  de pe nds  on  the  pa rtic le  
e ne rgy, the  e xpe rime nta l e /h  va lue  will de pe nd  on  the  
e ne rgy a s  well, con tra ry to e //h intr which is  a  cons ta n t 
de pe nd ing  o n  the  ca lorime te r prope rtie s  only. The  e x- 
pe rime nta l va lue  of e /h  a s  a  func tion  of e ne rgy is  give n 
in  fig. 2a , for va rious  va lue s  of e //h intr. Cle a rly, e xpe ri- 
me n ta l e /h  va lue s  ca n  on ly be  compa re d  if the y a re  
de te rmine d  a t the  s a me  pa rtic le  e ne rgy. O n e  us ua lly 
ta ke s  10 Ge V for this  purpos e . 

Ano the r cons e que nce  of the  fa ct tha t ( f, o )  is  e n- 
e rgy-de pe nde nt is  tha t the  ca lorime te r s igna l for ha drons  
will not be  p roportiona l to the  e ne rgy, unle s s  e /hintr = 1. 
This  is  s hown in  fig. 2b. 

Fig. 3 s hows  the  ha d ron  e ne rgy re s o lu tion  a s  a  
func tion  of e ne rgy. Only if e /h  intr ~ 1 will the  re s olu- 
tion  s ca le  with E-1/2; in  a ll o the r ca s e s  the  cons ta n t c 
ris e s  with e ne rgy, if the  re s ult is  in te rpre te d  a s  o ( E ) / E  
= cE-1/2 (fig. 3a). In  fig. 3b the  s a me  da ta  a re  p lo tte d  
us ing  a n  a bcis s a  line a r in  E -1/2. This  s hows  tha t the  
de via tion  from E -1/2 s ca ling ca n  be  ve ry re a s ona b ly 
de s cribe d a s  a  cons ta n t te rm, the  va lue  of which is  
de te rmine d  by e /h  (fig. 4). In  orde r to ma ke  a  compa ri- 
s on with e xpe rime nta l da ta  more  re le va nt, the  e /h  
va lue s  give n in  figs . 3 a n d  4 a re  the  one s  a s  e xpe cte d to 
be  me a s ure d  a t 10 Ge V. The  conve rs ion  to e /h  intr, or 
e ve ntua lly to  e xpe rime nta l va lue s  me a s ure d a t o the r 
e ne rgie s , ca n  be  ob ta ine d  from fig. 2a . 

The s e  figure s  ma ke  it ve ry cle a r tha t, in  pa rticu la r a t 
high e ne rgie s , the  va lue  of e /h  intr is  a bs olu te ly crucia l 
for the  e ne rgy re s o lu tion  tha t ca n  be  ob ta ine d . Fo r the  

C DHS  iron  ca lorime te r (2.5 cm F e /0 .5  cm pla s tic  
s c intilla tor) for e xa mple , whe re  e /h  ha s  be e n  me a s ure d 
to  be  1.36 a t 10 Ge V, the  re s o lu tion  o (E ) /E )  doe s  no t 
be come  be tte r tha n  - 7%, e ve n a t the  highe s t e ne rgie s . 
Fo r ca lorime te rs  with  e /h  intr =- 1, the  e ne rgy re s o lu tion  
will con tinue  to improve  with incre a s ing  e ne rgy, un til 
limita tions  due  to in s trume n ta l e ffects  be come  im- 
porta n t.  The  HELIOS  Colla bora tion , for e xa mple , me a - 
s ure d  a  o ( E ) / E  of 2.5% for 200 Ge V p ions  [4], a  fa ctor 
of - 3 be tte r tha n  the  high-e ne rgy limit for the  C DHS  
ca lorime te r. S uch diffe re nce s  a re  much  la rge r tha n  one  
might na ive ly a s s ume  from the  re s o lu tion  figure s  tha t 
a re  us ua lly quote d, which conce rn  low e ne rgie s  (10 
Ge V). 

S umma riz ing  this  s e ction we  conclude  tha t a  
ca lorime te r me a n t to de te ct ha drons  or ha d ron  je ts  a t 
high e ne rgie s  (Te va tron, HERA, S P S  p~ Collide r, S LC, 
LEP ) with a  good e ne rgy re s o lu tion  will be  ca pa ble  of a  
cons ide ra bly be tte r pe rforma nce  if e /h  intr is  clos e  to 1. 
In  ca s e  iron  or coppe r is  us e d a s  a bs orbe r the  ha dron ic  
e ne rgy re s olu tion  will be  domina te d  a nd  limite d  by the  
e /h  intr va lue  (fig. 3). More ove r, the  a ve ra ge  re s pons e  
will n o t be  p roportiona l to  the  e ne rgy. This  s itua tion  
ma y be  improve d if the  te chnica l s o lu tions  (a nd  the  
mone y) ca n  be  found  which will pe rmit the  ca lorime te r 
to be  long itud ina lly s ubdivide d  to s uch a n  e xte nt tha t 
fluc tua tions  in  the  fra c tion  of e ne rgy s pe nt on  7r ° p ro- 
duc tion  ca n  be  compe ns a te d  for on  a n  e ve nt-by-e ve nt 
ba s is . Compe ns a ting  ca lorime te rs  (e /h  intr- 1) will 
u ltima te ly be  limite d  by in s trume n ta l e ffects , e .g. the  
un ifo rmity of the  re s pons e  ove r the  ca lorime te r s urfa ce . 
The s e  e ffects , which one  us ua lly be lie ve s  to be  a ble  tO 
ke e p a t the  few pe rce nt leve l, de te rmine  how clos e  
e /h  intr s hould be  to 1 in  orde r n o t to s uffe r from f~o 
fluc tua tions  (fig. 4). 

3. The  ca lorime te r re s pons e  to  e le ctromagne tica lly inte r- 
acting  particle s  

In  this  s e ction a n d  the  following one s  we  will e x- 
a mine  in  de ta il the  ca lorime te r re s pons e  to  the  va rious  
s howe r compone nts . The  ca lorime te r s igna l for a  pa r- 
ticu la r type  of pa rtic le  will be  de te rmine d  by two fa c- 
tors : 
1) The  a m o u n t of e ne rgy tha t is  de pos ite d in  the  form 

of ion iza tion  in  the  a ctive  la ye rs . 
2) The  ion iza tion  de ns ity of the  a ctive  la ye rs . 
The  la tte r fa ctor is  imp o rta n t s ince  s a tu ra tion  or re com- 
b in a tio n  e ffe cts  a re  known  to p la y a  crucia l role , a t le a s t 
in  nonga s e ous  re a dout me dia . The  a m o u n t of colle cte d 
cha rge  or s c in tilla tion  fight re s ulting from pro tons  of a  
fe w Me V ma y be  s ma lle r by a  la rge  fa ctor if compa re d  
with  min imum-ion iz ing  pa rticle s  de pos iting  the  s a me  
e ne rgy in  the  a ctive  la ye rs . 

<latexit sha1_base64="1bX0cVoA21+KKTB4A7L99kXh4Pk=">AAACD3icbVDLSgMxFM34rPVVdekmWARBGDK1Vl0IVSm4cFHBPqBTSybNtKGZB0lGKMN8hBt/xY2IG0U/wb8x7RSh1gOBk3PuJTnHCTmTCqFvY25+YXFpObOSXV1b39jMbW3XZRAJQmsk4IFoOlhSznxaU0xx2gwFxZ7DacMZXI38xgMVkgX+nRqGtO3hns9cRrDSUieHbFdgEtuS9TzcqSRxJYHnMBUv9O0+pVYSF5IEHsLLTi6PTFSyiugIItMqHhfOELRMNMYvyYMJqp3cp90NSORRXxGOpWxZKFTtGAvFCKdJ1o4kDTEZ4B6Nx3kSuK+lLnQDoY+v4FidmsOelEPP0ZMeVn351xuJ/3mtSLmn7Zj5YaSoT9KH3IhDFcBRObDLBCWKDzXBRDD9Q0j6WBegdIVZHX0m6CypF0yrZBZvi/nyzaSEDNgFe+AAWOAElME1qIIaIOAJvIB38GE8Gs/Gq/GWjs4Zk50dMAXj6wcuq5vs</latexit>
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• Resolution limited by sampling fraction of dE/dx


• Ultimate resolution limited by fluctuations in nuclear binding enery 
losses [unlike e/γ shower case]
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Compensating Calorimeters
• Results from the Willis group at CERN [1975-1976] U/plastic scintillator suggest that 

sampling calorimeters with uranium absorber achieve e/h = 1!


‣ explained that fission n from the U magically compensate the larger signals from π0


‣ idea readily accepted by the HEP community: D0 experiment at the FNAL Tevatron 
incorporates a U-LAr calorimeter


• R. Wigmans [1987] uses simulation to show that this is not exactly true


‣ there are lots of slow neutrons in any hadronic shower


‣ need hydrogen in the active layer to detect the neutrons [large np cross section]


‣ must adjust the thickness of thin plates of absorber material to tune the e/γ response


‣ can make compensating calorimeters with Pb plates too!


‣ U-LAr calorimeter can never be compensating!
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Calorimeter systems
We want ~10 λabs and ~25 X0 to fully contain hadronic and em showers.  In lead, that’s 1m 
and 14 cm.  It’s clearly too expensive to use homogeneous calorimeters for hadrons and it’s 
not possible to adjust their e/h ratios.  The solution is to segment the calorimeter into e/γ and 
h sections

• Homogeneous EM calorimeter and sampling hadronic calorimeter


‣ very good e/γ energy resolution 


‣ need software algorithms to combine information for hadron energies


• Integrated calorimeter: finely sampled e/γ section and more coarsely sampled h section


‣ poorer e/γ resolution but better hadronic resolution [shower direction in LAr devices]

Hadron calorimeter

Integrated sampling calorimeter

EM section Hadronic sectionEM calorimeter

Separated homogeneous and
sampling systems
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CMS System
The CMS Detector

EM Calorimeters: 
σ/E ≈ 3%/√E ⊕ 0.5%
[vergl. ATLAS: σ/E ≈ 10%/√E ⊕ 0.7%]

Hadron Calorimeter:  
σ/E ≈ 100%/√E ⊕ 5%
[vergl. ATLAS: σ/E ≈ 50%/√E ⊕ 3%]

Inner Detector:
σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001
[vergl. ATLAS σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001]

Muon Spectormeter
σ/pt ≈ 10% @ 1 TeV 
[vergl. ATLAS: σ/pt ≈ 10% @ 1 TeV] 

Magnet: 
Solenoid: 4 T
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CMS System
ECAL

HCAL

PbWO4
Brass-scintillator



52

CMS
The CMS Detector


