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Outline

§ (Quick) History of radiation detectors
§ Fundamentals of detection (what exactly do we measure?)
§ Types of detectors

§ Gas à electron/ion pairs -> current
§ Semiconductors, electron/hole pairs à current
§ Scintillators à light -> current

§ Signal pulse processing (from signal to counts in a spectrum)
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Resources

https://cds.cern.ch/record/117989/files/CERN-77-09.pdf



42023-07-10 EBSS2023 – Martin Alcorta

Resources

https://cds.cern.ch/record/117989/files/CERN-77-09.pdf
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Radiation Detectors: Brief History

1908, Ernest Rutherford and Hans Geiger: “An electrical method of 
counting the number of α-particles from radio-active substances”

E. Rutherford and H. Geiger, Proceedings of the Royal Society A, 81. 546
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Radiation Detectors: Brief History

E. Rutherford and H. Geiger, Proceedings of the Royal Society A, 81. 546 “An Electrical Method of Counting the Number of a-Particles from Radio-active Substances

§ “In our experiments to detect a single a-particle, it was arranged that the a-particles could be fired through a gas at 
low pressure exposed to an electric field somewhat below the sparking value. In this way, the small ionisation 
produced by one a-particle in passing along the gas could be magnified several thousand times. The sudden current 
through the gas due to the entrance of an a-particle in the testing vessel was thus increased sufficiently to give an 
easily measurable movement of the needle of an ordinary electrometer.”
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What (exactly) are we trying to measure?

Experiment
Energy, 
position, 
timing

Experimental 
observables

?
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Interactions of (heavy) charged particles with matter:
i.e. What do we measure?

§ Mainly interact via Coulomb force (interactions with nucleus 
negligible) and leave behind free electron / ion pair

§ Bethe-Bloch formula for stopping power S:

−
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𝑍
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Interactions of (heavy) charged particles with matter:
i.e. What do we measure?

§ Mainly interact via Coulomb force (interactions with nucleus 
negligible) and leave behind free electron / ion pair

§ Bethe-Bloch formula for stopping power S:
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Materials with higher charge slow down particle faster
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Interactions of (heavy) charged particles with matter:
i.e. What do we measure?

§ Mainly interact via Coulomb force (interactions with nucleus 
negligible) and leave behind free electron / ion pair

§ Bethe-Bloch formula for stopping power S:

−
𝑑𝐸
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Materials with higher mass do not slow down particle faster
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Interactions of (heavy) charged particles with matter:
i.e. What do we measure?

§ Mainly interact via Coulomb force (interactions with nucleus 
negligible) and leave behind free electron / ion pair

§ Bethe-Bloch formula for stopping power S:

−
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Particles with higher charge lose energy faster
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Interactions of (heavy) charged particles with matter:
i.e. What do we measure?

§ Mainly interact via Coulomb force (interactions with nucleus 
negligible) and leave behind free electron / ion pair

§ Bethe-Bloch formula for stopping power S:

−
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Energy loss varies inversely with particle energy
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Interactions of (heavy) charged particles with matter

§ We can use this to our advantage for 
particle identification!

−
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Interactions of gamma-rays with matter

§ Great! But, what about neutrons and 
gammas? No coulomb force L to slow it down
§ Detect charged particle (e-) emitted via 

interactions
§ Unlike charged particles, gamma-rays do not 

have continuous energy loss:
§ Photoelectric absorption-> ∝ !~".$

"%&.$
𝐸# ≈

kicked out e-
§ Compton scattering: most common, kicks 

out e-, linear dependence with Z
§ Pair production: dominates > 5-10 MeV

Progress in Particle and Nuclear Physics 60 (2008) 283–337
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Interactions of gamma-rays with matter

§ Great! But, what about neutrons and 
gammas? No coulomb force L to slow it 
down

§ Unlike charged particles, gamma-rays do 
not have continuous energy loss:

§ Photoelectric absorption-> ∝ 𝒁~𝟒.𝟓

𝑬𝜸𝟑.𝟓

𝑬𝜸 ≈ kicked out e-
§ Compton scattering: most common, 

kicks out e-, linear dependence with Z
§ Pair production: dominates > 5-10 

MeV

Chapter 10 Gamma-Ray Interactions 309 

ing detectors for gamma-ray spectroscopy from materials that incorporate elements with 
high atomic number. 

A. Photoelectric Absorption 
Photoelectric absorption is an interaction in which the incident gamma-ray photon disap- 
pears. In its place, a photoelectron is produced from one of the electron shells of the 
absorber atom with a kinetic energy given by the incident photon energy hv minus the 
binding energy of the electron in its original shell (Eb). This process is shown in the dia- 
gram below. For typical gamma-ray energies, the photoelectron is most likely to emerge 
from the K shell, for which typical binding energies range from a few keV for low-Z mate- 
rials to tens of keV for materials with higher atomic number. Conservation of momentum 
requires that the atom recoils in this process, but its recoil energy is very small and usually 
can be neglected. 

The vacancy that is created in the electron shell as a result of the photoelectron emis- 
sion is quickly filled by electron rearrangement. In the process, the binding energy is liber- 
ated either in the form of a characteristic X-ray or Auger electron. In iodine, a characteris- 
tic X-ray is emitted in about 88% of the cases4 The Auger electrons have extremely short 
range because of their low energy. The characteristic X-rays may travel some distance (typ- 
ically a millimeter or less) before being reabsorbed through photoelectric interactions with 
less tightly bound electron shells of the absorber atoms. Although escape of these X-rays 
can at times be significant, for now we assume that they are also fully absorbed in keeping 
with our simplified model. 

Thus, the effect of photoelectric absorption is the liberation of a photoelectron, which 
carries off most of the gamma-ray energy, together with one or more low-energy electrons 
corresponding to absorption of the original binding energy of the photoelectron. If noth- 
ing escapes from the detector, then the sum of the kinetic energies of the electrons that are 
created must equal the original energy of the gamma-ray photon. 

Photoelectric absorption is therefore an ideal process if one is interested in measuring 
the energy of the original gamma ray. The total electron kinetic energy equals the incident 
gamma-ray energy and will always be the same if monoenergetic gamma rays are involved. 
Under these conditions, the differential distribution of electron kinetic energy for a series 
of photoelectric absorption events would be a simple delta function as shown below. The 
single peak appears at a total electron energy corresponding to the energy of the incident 
gamma rays. 
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Interactions of gamma-rays with matter

§ Great! But, what about neutrons and 
gammas? No coulomb force L to slow it 
down

§ Unlike charged particles, gamma-rays do 
not have continuous energy loss:
§ Photoelectric absorption-> ∝ !~".$

"%&.$

𝐸# ≈ kicked out e-
§ Compton scattering: most common, 

kicks out e-, linear dependence with Z
§ Pair production: dominates > 5-10 MeV

310 Chapter 10 Radiation Spectroscopy with Scintillators 

B. Compton Scattering 
The result of a Compton scattering interaction is the creation of a recoil electron and scat- 
tered gamma-ray photon, with the division of energy between the two dependent on the 
scattering angle. A sketch of the interaction is given below. 

Before After 

The energy of the scattered gamma ray hv' in terms of its scattering angle 0 is given by 
hv 

hv' = (10.1) 
1 + (hv/moc2)(1 - cos 0) 

where moc2 is the rest mass energy of the electron (0.511 MeV). The kinetic energy of the 
recoil electron is therefore 

(hv/m,c2)(1 - cos 0) 
Ee- = hv - hv' = hv ( 1 + (hv/moc2)(l - cos 0) 

Two extreme cases can be identified: 

1. A grazing angle scattering, or one in which 8 = 0. In this case, Eqs. (10.1) and (10.2) 
predict that hv' = hv and E,- = 0. In this extreme, the recoil Compton electron has 
very little energy and the scattered gamma ray has nearly the same energy as the 
incident gamma ray. 

2. A head-on collision in which 0 = n. In this extreme, the incident gamma ray is 
backscattered toward its direction of origin, whereas the electron recoils along the 
direction of incidence. This extreme represents the maximum energy that can be 
transferred to an electron in a single Compton interaction. Equations (10.1) and 
(10.2) yield for this case 

In normal circumstances, all scattering angles will occur in the detector. Therefore, a 
continuum of energies can be transferred to the electron, ranging from zero up to the max- 
imum predicted by Eq. (10.4). Figure 10.1 shows the shape of the distribution of Compton 
recoil electrons predicted by the Klein-Nishina cross section (Chapter 2) for several dif- 
ferent values of the incident gamma-ray energy. For any one specific gamma-ray energy, 
the electron energy distribution has the general shape shown in the sketch below. 

~ o m p t o n  continuum 4 1 
I "Compton 

edge" + J. 

)𝐸'(
)*+

= ℎ𝜐
2ℎ𝜐/𝑚,𝑐-

1 + 2ℎ𝜐/𝑚,𝑐-
→ 𝐸. ≊

𝑚,𝑐-
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Interactions of gamma-rays with matter
§ Great! But, what about neutrons and 

gammas? No coulomb force L to slow it 
down

§ Unlike charged particles, gamma-rays do 
not have continuous energy loss:
§ Photoelectric absorption-> ∝ 6~'.(

7)*.(

𝐸8 ≈ kicked out e-
§ Compton scattering: most common, 

kicks out e-, linear dependence with Z
§ Pair production: dominates at 

higher energies
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Interactions of gamma-rays with matter
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Interactions of neutrons with matter
§ Neutrons interact with nucleus of absorbing 

material-> detect secondary radiation of 
resulting heavy charged particles 

§ Proton recoil scintillators (n,p)
§ Obtain energy from ToF

§ Liquid scintillators
§ DESCANT array

§ Plastic scintillators
§ VANDLE, MONA
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Detectors

§ Gas detectors
§ IC, proportional counters

§ Semiconductor diodes
§ Si (charged particle), Ge (gamma-ray)

§ Scintillation detectors
§ light output
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Gas Detectors

§ Charged particle creates e-/ion pairs
§ W-value ≈ 25-35 eV
§ ~30k pairs per 1 MeV for typical 

gas
§ Ionization chambers

§ Electrons drift to anode and 
induced charge seen on 
electrode-> signal independent 
of HV

§ Proportional counters
§ Townsend avalanche

Cathode

Anode

--

-
- +

+

+

+
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Gas Detectors

§ Charged particle creates e-/ion pairs
§ W-value ≈ 25-35 eV
§ ~30k pairs per 1 MeV for typical 

gas
§ Ionization chambers

§ Electrons drift to anode and 
induced charge seen on 
electrode-> signal independent 
of HV

§ Proportional counters
§ Townsend avalanche

https://cds.cern.ch/record/117989/files/CERN-77-09.pdf
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152 Chapter 5 Ionization Chambers 

Figure 5.16 Output pulse shape h(t) for various time constants RC in 
the schematic diagram of Fig. 5.15. 

The shape of this pulse is also sketched in Fig. 5.16. Only the fast rising portion of the pulse 
is preserved, and the amplitude is now dependent on the position x at which the electrons 
were originally formed within the chamber. 

In any real situation, the incident radiation creates ion pairs over a range of positions 
within the chamber. The sharp discontinuities shown in Fig. 5.16 are then somewhat 
"washed out" in the resulting pulse shape. Electron-sensitive operation will also lead to a 
situation in which a range of pulse amplitudes will be produced for monoenergetic incident 
radiation, often a decided disadvantage. 

C. The Gridded Ion Chamber 
The dependence of the pulse amplitude on position of interaction in electron-sensitive ion 
chambers can be removed through the use of an arrangement sketched in Fig. 5.17. Here 
the volume of the ion chamber is divided into two parts by a Frisch grid, named after the 
originator of the design.25 Through the use of external collimation or preferential location 
of the radiation source, all the radiation interactions are confined to the volume between 
the grid and the cathode of the chamber. Positive ions simply drift from this volume to the 
cathode. The grid is maintained at an intermediate potential between the two electrodes 
and is made to be as transparent as possible to electrons. Electrons are therefore drawn ini- 
tially from the interaction volume toward the grid. Because of the location of the load resis- 
tor in the circuit, neither the downward drift of the ions nor the upward drift of the elec- 
trons as far as the grid produces any measured signal voltage. However, once the electrons 
pass through the grid on their way to the anode, the grid-anode voltage begins to drop and 
a signal voltage begins to develop across the resistor. The same type of argument that led 
to Eq. (5.15) predicts that, for a circuit time constant large compared with the electron col- 
lection time, the time-dependent signal voltage across the resistor is 

where d is now the grid-anode spacing. This linear rise continues until the electrons reach 
the anode (see Fig. 5.17b). The maximum signal voltage is therefore 

Gas Detectors: Ionization chambers

§ Drift velocity 𝑣 = 97
:

§ ~10 ms over 1 cm for ions 
~µs for e-

Time for e- to reach anode Time for ions to reach cathode
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152 Chapter 5 Ionization Chambers 

Figure 5.16 Output pulse shape h(t) for various time constants RC in 
the schematic diagram of Fig. 5.15. 

The shape of this pulse is also sketched in Fig. 5.16. Only the fast rising portion of the pulse 
is preserved, and the amplitude is now dependent on the position x at which the electrons 
were originally formed within the chamber. 

In any real situation, the incident radiation creates ion pairs over a range of positions 
within the chamber. The sharp discontinuities shown in Fig. 5.16 are then somewhat 
"washed out" in the resulting pulse shape. Electron-sensitive operation will also lead to a 
situation in which a range of pulse amplitudes will be produced for monoenergetic incident 
radiation, often a decided disadvantage. 

C. The Gridded Ion Chamber 
The dependence of the pulse amplitude on position of interaction in electron-sensitive ion 
chambers can be removed through the use of an arrangement sketched in Fig. 5.17. Here 
the volume of the ion chamber is divided into two parts by a Frisch grid, named after the 
originator of the design.25 Through the use of external collimation or preferential location 
of the radiation source, all the radiation interactions are confined to the volume between 
the grid and the cathode of the chamber. Positive ions simply drift from this volume to the 
cathode. The grid is maintained at an intermediate potential between the two electrodes 
and is made to be as transparent as possible to electrons. Electrons are therefore drawn ini- 
tially from the interaction volume toward the grid. Because of the location of the load resis- 
tor in the circuit, neither the downward drift of the ions nor the upward drift of the elec- 
trons as far as the grid produces any measured signal voltage. However, once the electrons 
pass through the grid on their way to the anode, the grid-anode voltage begins to drop and 
a signal voltage begins to develop across the resistor. The same type of argument that led 
to Eq. (5.15) predicts that, for a circuit time constant large compared with the electron col- 
lection time, the time-dependent signal voltage across the resistor is 

where d is now the grid-anode spacing. This linear rise continues until the electrons reach 
the anode (see Fig. 5.17b). The maximum signal voltage is therefore 

Gas Detectors: Ionization chambers

§ Drift velocity 𝑣 = 97
:

§ ~10 ms over 1 cm for ions 
~µs for e-

Time for e- to reach anode Time for ions to reach cathode
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152 Chapter 5 Ionization Chambers 

Figure 5.16 Output pulse shape h(t) for various time constants RC in 
the schematic diagram of Fig. 5.15. 

The shape of this pulse is also sketched in Fig. 5.16. Only the fast rising portion of the pulse 
is preserved, and the amplitude is now dependent on the position x at which the electrons 
were originally formed within the chamber. 

In any real situation, the incident radiation creates ion pairs over a range of positions 
within the chamber. The sharp discontinuities shown in Fig. 5.16 are then somewhat 
"washed out" in the resulting pulse shape. Electron-sensitive operation will also lead to a 
situation in which a range of pulse amplitudes will be produced for monoenergetic incident 
radiation, often a decided disadvantage. 

C. The Gridded Ion Chamber 
The dependence of the pulse amplitude on position of interaction in electron-sensitive ion 
chambers can be removed through the use of an arrangement sketched in Fig. 5.17. Here 
the volume of the ion chamber is divided into two parts by a Frisch grid, named after the 
originator of the design.25 Through the use of external collimation or preferential location 
of the radiation source, all the radiation interactions are confined to the volume between 
the grid and the cathode of the chamber. Positive ions simply drift from this volume to the 
cathode. The grid is maintained at an intermediate potential between the two electrodes 
and is made to be as transparent as possible to electrons. Electrons are therefore drawn ini- 
tially from the interaction volume toward the grid. Because of the location of the load resis- 
tor in the circuit, neither the downward drift of the ions nor the upward drift of the elec- 
trons as far as the grid produces any measured signal voltage. However, once the electrons 
pass through the grid on their way to the anode, the grid-anode voltage begins to drop and 
a signal voltage begins to develop across the resistor. The same type of argument that led 
to Eq. (5.15) predicts that, for a circuit time constant large compared with the electron col- 
lection time, the time-dependent signal voltage across the resistor is 

where d is now the grid-anode spacing. This linear rise continues until the electrons reach 
the anode (see Fig. 5.17b). The maximum signal voltage is therefore 

Gas Detectors: Ionization chambers

§ Drift velocity 𝑣 = 97
:

§ ~10 ms over 1 cm for ions 
~µs for e-

§ Use the “fast” signal to count 
beam
§ Lose portion of pulse 

derived from ion drift
§ Amplitude now dependent 

on where electrons formed
§ |𝑉 ;<;= =

> +;
?
9 %
@

Time for e- to reach anode Time for ions to reach cathode
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Frisch grid

Gas Detectors: Ionization chambers

§ Frisch grid removes position 
dependence of signal on “y”

§ Signal derived only from the 
drift of the electrons
§ Held at intermediate 

potential (must be 
transparent to e-)
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Gas Detectors: Ionization chambers

§ Using e- signal allows for fast 
counting; can also identify 
contaminants  (DE ∝ Z2)

§ Tilted electrodes to reduce 
response time
§ 500 kHz, 5% energy 

resolution

IRIS (TRIUMF) transmission IC

Nuclear Inst. and Methods in Physics Research, A 890 (2018) 119–125
Nuclear Inst. and Methods in Physics Research, A 751 (2014) 6-10
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Gas Detectors: Proportional counteres

§ Same principle as IC, increase HV (~106 V/m), create 
additional e-/ion pair-> avalanche

§ PPAC/PGAC: 
§ Position sensitive PPAC/PGAC often used to determine 

(x,y) coordinate of beam (e.g. FP detector in 
spectrometers)
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Gas Detectors: Proportional counters

§ Time projection chambers (TPC)
§ 3d tracking using drift time to determine 

position
§ Active targets

§ Counter gas acts as target and detectors
§ AT-TPC, TexAT, ACTAR, ANASEN
§ Employ GEMs, Micromegas
§ Many of these use auxiliary detectors (e.g. Si) 

to fully stop light ions

AT-TPC

Nuclear Inst. and Methods in Physics Research, A 954 (2020) 161341 
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Gas Detectors: GEMS 

§ Gas electron multiplier (GEM)
§ Excellent spatial resolution
§ HV applied between faces of foil results in 

very high field -> gas multiplication
§ Can be combined to increase multiplication 

factor
§ Analogous to dynode stages of PMT 

F. Sauli / Nuclear Instruments and Methods in Physics Research A 805 (2016) 2–24 3 

Pitch is 140 µm, diameter 70 µm
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Gas Detectors: Micromegas 

§ Micro-mesh gaseous 
structure
§ Drift region between 

Cathode and 
micromesh

§ Avalanche occurs 
between micromesh 
and anode

F. Sauli / Nuclear Instruments and Methods in Physics Research A 805 (2016) 2–24 3 

Cathode

Anode

Micromesh

3 mm

~0.1 mm

Ionization and drift region

Multiplication region (~50 kV/cm)

e-
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Semiconductor detectors

§ Semiconductors have small 
band gap ~1 eV
§ Some valence electrons 

kicked into conduction 
band thermal excitations 
(leaves behind hole)
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Semiconductor detectors

§ Can dope with either
§ n-type (donor): Group 5A, 

5 valence e- (P)
Conduction band

Valence band

Donor levels
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Semiconductor detectors

§ Can dope with either
§ p-type (acceptor): Group 

3A, 3 valence e- (B)
Conduction band

Valence band

Acceptor levels
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Semiconductor detectors

§ P-n diode junction, reverse bias to 
increase depletion region
§ i.e. V<0 on p-side
§ Tries to move e- from p to n side
§ Very little current flow (only minority 

carriers)
§ “Fully depleted detector”

§ Incoming particle creates e- hole pairs 
(analogous to e- ion pairs in gas)

§ Good resolution
§ ~3 eV ionization energy for Si/Ge vs 

30 eV gas

Chapter 11 Semiconductor Detector Configurations 379 

In the usual case, one side of the junction is made up of a heavily doped n+ or p f  layer 
or, alternatively, a surface barrier. The opposite side of the junction generally consists of 
high-purity semiconductor material that is only mildly n or p type. (Such material is often 
designated v or x respectively.) The reason that high-purity material is important is reflect- 
ed in Eq. (11.18). For a given applied voltage, the depletion depth is maximized by mini- 
mizing the concentration of doping impurities on the higher-purity side of the junction. 
Thick depletion regions can therefore only be obtained by starting from semiconductor 
material with the lowest possible impurity concentration. Also, with a large difference in 
the doping levels, the depletion layer essentially extends only into the high-purity side of 
the junction. The heavily doped layer can then be very thin, providing an entrance window 
for weakly penetrating radiations. 

In Fig. 11.12, we assume that we have such a junction formed between a heavily doped 
p+ surface layer and a high-purity n-type silicon wafer. As the reverse bias voltage applied 
to the detector is raised from zero, the depletion region extends further from the p+ sur- 
face into the bulk of the wafer. For low values of the voltage, the wafer is only partially 
depleted and the electric field goes to zero at the far edge of the depletion region. Between 
this point and the back surface of the wafer, a region of undepleted silicon exists in which 
there is no electric field. This region then represents a very thick dead layer from which 
charge carriers are not collected. For all practical purposes, partially depleted detectors are 
therefore only sensitive to charged particles incident on the front surface. 

If the applied voltage is increased further, the depletion region may be made to extend 
all the way to the back surface of the wafer. The voltage required to achieve this condition 
is sometimes called the depletion voltage. Its value is found by setting the depletion depth 
d in Eq. (11.18) equal to the wafer thickness T: 

When this stage is reached, a finite electric field exists all the way through the wafer, and 
the back dead layer thickness is reduced to that of the surface electrical contact that is 
employed. This condition is represented by the middle plot in Fig. 11.12. Once the wafer is 

v = v, 

Distance into T 
wafer 

Figure 11.12 The electric field shape in a reverse bias semiconductor detector. Three plots 
are shown for bias voltages that are below, equal to, and above the depletion voltage Vd. 

e-

e-

e-

h+

h+
h+
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Semiconductor detectors: Si

§ Si strip detectors
§ Use segmentation on 

both sides of detector 
for better position 
resolution

§ Minimize deadlayers

Tengblad et al, NIMA 525 (2004) 458–464 
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Semiconductor detectors: Si

http://www.micronsemiconductor.co.uk/
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Semiconductor detectors: Ge

§ HPGe ~0.1% resolution (~2 keV 
FWHM)
§ Coaxial type most common

§ Must be cooled with LN2 to 
reduce thermal excitation



392023-07-10 EBSS2023 – Martin Alcorta

Semiconductor detectors: Ge
§ Recall that gamma-rays primarily 

interact via Compton scattering at 
relevant energies
§ Large Compton background

§ Typical solution is to surround Ge 
detectors with BGO (high efficiency) 
and use as anti-coincidence (Compton 
suppressors) 
§ Gammasphere, Euroball, TIGRESS
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Semiconductor detectors: Ge
§ New generation of tracking arrays

§ GRETINA, AGATA

• Combination of segmented detectors, 
digital electronics, and pulse 
processing

• Extract: Energy, time, position, Nint

Courtsey A. Garnsworthy
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§ A scintillator detector consists of two basic elements, the scintillator material which 
produces the light and a photodetector which detects the light 
§ Inorganic Organic: plastics liquids                     crystals

Detectors: scintillators

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 55, NO. 4, AUGUST 2008 2425 https://scionix.nl/
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§ Light produced via fluorescence: 
prompt emission of visible radiation
§ Absorption of KE from charged 

particle emitted in de-excitation
§ Can use slow component of 

response for pulse shape 
discrimination (e.g. differentiate 
gamma-rays from neutrons)

Detectors: scintillators
Chapter 8 Inorganic Scintillators 231 

T~me inns 

Figure 8.5 The time dependence of scintillation pulses in stil- 
bene (equal intensity at time zero) when excited by radiations of 
different types. (From Bollinger and tho ma^.^^) 

particle. Bimolecular interactions between two such excited molecules can lead to product 
molecules, one in the lowest singlet state (S1) and the other in the ground state. The singlet 
state molecule can then de-excite in the normal way, leading to delayed fluorescence. The 
variation in the yield of the slow component can then be partially explained by the differ- 
ences expected in the density of triplet states along the track of the particle, because the 
bimolecular reaction yield should depend on the square of the triplet concentration. 
Therefore, the slow component fraction should depend primarily on the rate of energy loss 
dE/dx of the exciting particle and should be greatest for particles with large dE/dx. These 
predictions are generally confirmed by measurements of the scintillation pulse shape from 
a wide variety of organics. 

Certain organic scintillators, including stilbene crystals59 and a number of commercial 
liquid scintillators, are particularly favored for pulse shape discrimination because of the 
large differences in the relative slow component induced by different radiations. Figure 8.5 
shows the differences observed in stilbene for alpha particles, fast neutrons (recoil pro- 
tons), and gamma rays (fast electrons). In such scintillators, it is not only possible to differ- 
entiate radiations with large dE/dx differences (such as neutrons and gamma rays) but also 
to separate events arising from various species of heavy charged particles as well. Reviews 
of the pulse shape discrimination properties of different types of organic scintillators and 
examples of applications are given in Refs. 61-69. Electronic circuits designed to carry out 
this pulse shape discrimination are described in Chapter 17. 

11. INORGANIC SCINTILLATORS 

A. Scintillation Mechanism in Inorganic Crystals with Activators 
The scintillation mechanism in inorganic materials depends on the energy states deter- 
mined by the crystal lattice of the material. As shown in Fig. 8.6, electrons have available 
only discrete bands of energy in materials classified as insulators or semiconductors. The 
lower band, called the valence band, represents those electrons that are essentially bound 
at lattice sites, whereas the conduction band represents those electrons that have sufficient 
energy to be free to migrate throughout the crystal. There exists an intermediate band of 
energies, called the forbidden band, in which electrons can never be found in the pure 
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Detectors: scintillators

§ Not a very efficient method of detection 
§ Low efficiency to convert particle to 

light
§ Couple to PMT via optical grease (e↓)
§ Must match wavelength of PMT (e↓)
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BLUE SENSITIVITY AND RED/WHITE RATIO
For simple comparison of spectral response of photomulti-

plier tubes, cathode blue sensitivity and red/white ratio are often
used.
The cathode blue sensitivity is the photoelectric current from the
photocathode produced by a light flux of a tungsten lamp at
2856K passing through a blue filter (Corning CS No. 5-58 pol-
ished to half stock thickness). Since the light flux, once transmit-
ted through the blue filter cannot be expressed in lumens, blue
sensitivity is conveniently expressed in A/lm-b (amperes per lu-
men-blue). The blue sensitivity is an important parameter in scin-
tillation counting using an NaI (Tl) scintillator since the NaI (Tl)
scintillator produces emissions in the blue region of the spec-
trum, and may be the decisive factor in energy resolution.

The red/white ratio is used for photomultiplier tubes with a
spectral response extending to the near infrared region. This pa-
rameter is defined as the quotient of the cathode sensitivity mea-
sured with a light flux of a tungsten lamp at 2856K passing
through a red filter (Toshiba IR-D80A for the S-1 photocathode or
R-68 for others) divided by the cathode luminous sensitivity with
the filter removed.

TPMOB0054EB

Figure 5: Typical Transmittance of Various Window Materials

TPMOB0076EB

As stated above, spectral response range is determined by
the photocathode and window materials. It is important to select
an appropriate combination which will suit your applications.

RADIANT SENSITIVITY AND QUANTUM EFFICIENCY
As Figure 4 shows, spectral response is usually expressed in

terms of radiant sensitivity or quantum efficiency as a function of
wavelength. Radiant sensitivity (S) is the photoelectric current
from the photocathode, divided by the incident radiant power at a
given wavelength, expressed in A/W (amperes per watt). Quan-
tum efficiency (QE) is the number of photoelectrons emitted from
the photocathode divided by the number of incident photons. It is
customary to present quantum efficiency in a percentage. Quan-
tum efficiency and radiant sensitivity have the following relation-
ship at a given wavelength.

Where S is the radiant sensitivity in A/W at the given wavelength,
and λ is the wavelength in nm (nanometers).

LUMINOUS SENSITIVITY
Since the measurement of the spectral response characteris-

tic of a photomultiplier tube requires a sophisticated system and
much time, it is not practical to provide customers with spectral
response characteristics for each tube ordered. Instead cathode
or anode luminous sensitivity is commonly used.
The cathode luminous sensitivity is the photoelectric current from
the photocathode per incident light flux (10-5 to 10-2 lumens) from
a tungsten filament lamp operated at a distribution temperature
of 2856K. The anode luminous sensitivity is the anode output
current (amplified by the secondary emission process) per inci-
dent light flux (10-10 to 10-5 lumens) on the photocathode. Al-
though the same tungsten lamp is used, the light flux and the
applied voltage are adjusted to an appropriate level. These pa-
rameters are particularly useful when comparing tubes having
the same or similar spectral response range. Hamamatsu final

test sheets accompanying the tubes usually indicate these pa-
rameters except for tubes with Cs-I or Cs-Te photocathodes,
which are not sensitive to tungsten lamp light. (Radiant sensitiv-
ity at a specific wavelength is listed for those tubes instead.)

Both the cathode and anode luminous sensitivities are ex-
pressed in units of A/lm (amperes per lumen). Note that the lu-
men is a unit used for luminous flux in the visible region and
therefore these values may be meaningless for tubes which are
sensitive beyond the visible region. (For those tubes, the blue
sensitivity or red/white ratio is often used.)

Figure 6: Typical Human Eye Response and Spectral
Energy Distribution of 2856K Tungsten Lamp
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Detectors: scintillators

§ Not a very efficient method of detection 
§ Low efficiency to convert particle to light
§ Couple to PMT via optical grease (e↓)
§ Must match wavelength of PMT (e↓)
§ QE of photo-emission from photocathode (e↓)
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Figure 4: Typical Spectral Response of Head-On, Bialkali
Photocathode

TPMOB0070EA

PHOTOCATHODE MATERIALS
The photocathode is a photoemissive surface usually consist-

ing of alkali metals with very low work functions. The photocath-
ode materials most commonly used in photomultiplier tubes are
as follows:
1) Ag-O-Cs

The transmission-mode photocathode using this material
is designated S-1 and sensitive from the visible to infrared
range (300 to 1200nm). Since Ag-O-Cs has comparatively
high thermionic dark emission (refer to "ANODE DARK CUR-
RENT" on page 8), tubes of this photocathode are mainly
used for detection in the near infrared region with the photo-
cathode cooled.

2) GaAs(Cs)
GaAs activated in cesium is also used as a photocathode.

The spectral response of this photocathode usually covers a
wider spectral response range than multialkali, from ultravio-
let to 930nm, which is comparatively flat over 300 to 850nm.

3) InGaAs(Cs)
This photocathode has greater extended sensitivity in the

infrared range than GaAs. Moreover, in the range between
900 and 1000nm, InGaAs has much higher S/N ratio than Ag-
O-Cs.

4) Sb-Cs
This is a widely used photocathode and has a spectral

response in the ultraviolet to visible range. This is not suited
for transmission-mode photocathodes and mainly used for re-
flection-mode photocathodes.

5) Bialkali (Sb-Rb-Cs, Sb-K-Cs)
These have a spectral response range similar to the Sb-

Cs photocathode, but have higher sensitivity and lower noise
than Sb-Cs. The transmission mode bialkali photocathodes
also have a favorable blue sensitivity for scintillator flashes
from NaI (Tl) scintillators, thus are frequently used for radia-
tion measurement using scintillation counting.

6) High temperature bialkali or low noise bialkali
(Na-K-Sb)

This is particularly useful at higher operating tempera-
tures since it can withstand up to 175°C. A major application
is in the oil well logging industry. At room temperatures, this
photocathode operates with very low dark current, making it
ideal for use in photon counting applications.

7) Multialkali (Na-K-Sb-Cs)
The multialkali photocathode has a high, wide spectral re-

sponse from the ultraviolet to near infrared region. It is widely
used for broad-band spectrophotometers. The long wave-
length response can be extended out to 930nm by special
photocathode processing.

8) Cs-Te, Cs-I
These materials are sensitive to vacuum UV and UV rays

but not to visible light and are therefore called solar blind. Cs-
Te is quite insensitive to wavelengths longer than 320nm,
and Cs-I to those longer than 200nm.

WINDOW MATERIALS
The window materials commonly used in photomultiplier

tubes are as follows:
1) Borosilicate glass

This is frequently used glass material. It transmits radia-
tion from the near infrared to approximately 300nm. It is not
suitable for detection in the ultraviolet region. For some appli-
cations, the combination of a bialkali photocathode and a
low-noise borosilicate glass (so called K-free glass) is used.
The K-free glass contains very low potassium (K2O) which
can cause background counts by 40K. In particular, tubes de-
signed for scintillation counting often employ K-free glass not
only for the faceplate but also for the side bulb to minimize
noise pulses.

2) UV-transmitting glass (UV glass)
This glass transmits ultraviolet radiation well, as the name

implies, and is widely used as a borosilicate glass. For spec-
troscopy applications, UV glass is commonly used. The UV
cut-off is approximately 185nm.

3) Synthetic silica
The synthetic silica transmits ultraviolet radiation down to

160nm and offers lower absorption in the ultraviolet range
compared to fused silica. Since thermal expansion coefficient
of the synthetic silica is different from Kovar which is used for
the tube leads, it is not suitable for the stem material of the
tube (see Figure 1 on page 1). Borosilicate glass is used for
the stem, then a graded seal using glasses with gradually
different thermal expansion coefficients are connected to the
synthetic silica window. Because of this structure, the graded
seal is vulnerable to mechanical shock so that sufficient care
should be taken in handling the tube.

4) MgF2 (magnesium fluoride)
The crystals of alkali halide are superior in transmitting

ultraviolet radiation, but have the disadvantage of deliques-
cence. Among these, MgF2 is known as a practical window
material because it offers low deliquescence and transmits
ultraviolet radiation down to 115nm.

https://www.hamamatsu.com/eu/en.html
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Detectors: scintillators

§ Not a very efficient method of detection 
§ Low efficiency to convert particle to light
§ Couple to PMT via optical grease (e↓)
§ Must match wavelength of PMT (e↓)
§ QE of photo-emission from photocathode (e↓)

BGO
PMT
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Signal processing

§ Fundamental output of all 
radiation detectors is a 
burst charge Q 
proportional to energy

How to go from this

Chapter 4 Modes of Detector Operation 109 

Figure 4.1 (a) The assumed current output from a hypothetical detector. 
(b) The signal voltage V(t) for the case of a small time constant load circuit. 
(c) The signal voltage V(t) for the case of a large time constant load circuit. 

tum of radiation within the detector. A measurement of the rate at which such pulses occur 
will give the corresponding rate of radiation interactions within the detector. Furthermore, 
the amplitude of each individual pulse reflects the amount of charge generated due to each 
individual interaction. We shall see that a very common analytical method is to record the 
distribution of these amplitudes from which some information can often be inferred about 
the incident radiation. An example is that set of conditions in which the charge Q is direct- 
ly proportional to the energy of the incident quantum of radiation. Then, a recorded dis- 
tribution of pulse amplitudes will reflect the corresponding distribution in energy of the 
incident radiation. 

As shown by Eq.(4.9), the proportionality between V,,, and Q holds only if the capac- 
itance C remains constant. In most detectors, the inherent capacitance is set by its size and 
shape, and the assumption of constancy is fully warranted. In other types (notably the semi- 
conductor diode detector), the capacitance may change with variations in normal operat- 
ing parameters. In such cases, voltage pulses of different amplitude may result from events 
with the same Q. In order to preserve the basic information carried by the magnitude of Q, 
a type of preamplifier circuit known as a charge-sensitive configuration has come into wide- 
spread use. As described in Chapter 17, this type of circuit uses feedback to largely elimi- 
nate the dependence of the output amplitude on the value of C and restores proportional- 
ity to the charge Q even in cases in which C may change. 

Pulse mode operation is the more common choice for most radiation detector appli- 
cations because of several inherent advantages over current mode. First, the sensitivity that 
is achievable is often many factors greater than when using current or MSV mode because 
each individual quantum of radiation can be detected as a distinct pulse. Lower limits of 
detectability are then normally set by background radiation levels. In current mode, the 
minimum detectable current may represent an average interaction rate in the detector that 
is many times greater. The second and more important advantage is that each pulse ampli- 
tude carries some information that is often a useful or even necessary part of a particular 
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Signal processing

§ Recall: Fundamental 
output of all radiation 
detectors is a burst charge 
Q proportional to energy

To this
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Signal processing

Detector

https://www.ortec-online.com/products/radiation-detectors/silicon-charged-particle-radiation-detectors
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Signal processing

Detector Preamp

https://www.ortec-online.com/products/electronics/preamplifiers
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Signal processing

Detector Preamp

• Rise time is proportional to 
the charge collection time

• Amplitude is proportional 
to the charge Q
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Signal processing

Shaping 
amplifierDetector Preamp

https://www.ortec-online.com/products/electronics/amplifiers
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Signal processing

Shaping 
amplifierDetector Preamp
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Signal processing (analog)

Shaping 
amplifierDetector Preamp

Discriminator Leading edge
• Fast, but can introduce 

“walk” with different 
pulse heights

time

threshold

Output A

Output B

A

B

“walk”ta tb
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Signal processing (analog)

Shaping 
amplifierDetector Preamp

Discriminator

input

Vo
lta

ge

Delayed pulse

Attenuated & inverted pulse

Summed pulseConstant fraction
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Signal processing (analog)

Shaping 
amplifierDetector Preamp

Discriminator

ADC
Energy 
spectrum

Trigger  
(timing)

time
LE, CFD

4k, 8k, etc.
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Signal processing (analog)

Shaping 
amplifierDetector Preamp

Discriminator

ADC
Energy 
spectrum

Trigger  
(timing)

4k, 8k, etc.

Caen 32ch peak sensing ADC
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Signal processing (analog)

Shaping 
amplifierDetector Preamp

Discriminator

ADC
Energy 
spectrum

Trigger  
(timing)

4k, 8k, etc.
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Signal processing (analog)

Shaping 
amplifierDetector Preamp

Discriminator

ADC
Energy 
spectrum

Trigger  
(timing)

4k, 8k, etc.
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Signal processing (digital)

DigitizerDetector Preamp

https://griffin.triumf.ca/daq.html
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Signal processing (digital)

DigitizerDetector Preamp

(FPGA)
https://griffin.triumf.ca/daq.html
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Signal processing (digital)

Courtsey A. Garnsworthy
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§ GRIF16 module
§ 16 ch, 14 bit, 100 

MHz sampling
§ Output is energy, 

time
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Signal processing (digital)

Courtsey A. Garnsworthy

§ GRIF16 module
§ 16 ch, 14 bit, 100 

MHz sampling
§ Output is energy, 

time
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Summary

§ Three main types of detectors
§ Gas detectors (IC, proportional counters)
§ Scintillators 
§ Semiconductors (Si, Ge)

§ Essentially, output of all detectors is a small current proportional to energy 
of incident radiation

§ Remember to always look at the big picture: What variables are you trying 
to measure/extract from the experiment?

§ Understanding how your detector(s) works goes a long way when inevitably 
something goes wrong

§ Spend time in the lab and play around with detectors/electronics. A scope is 
your friend!

§ Get out of your comfort zone and try to get some hands on experience with 
detector systems from other colleagues/groups


