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PMT   
Photo multiplier is used to detect weak light.  
 Q1: What does “weak” mean? 

Scintillation light generated by radiation detector, such as Plastic 
scintillator, is very weak. PMT is used to detect such weak light.



PMT   
You can learn PMT with “PMT handbook” from Hamamatsu, which is at 
http://www.hamamatsu.com/resources/pdf/etd/PMT_handbook_v3aE.pdf 
Figures on this text is copied from the handbook.

A photomultiplier tube is a vacuum tube consisting of an input window, a
photocathode, focusing electrodes, an electron multiplier and an anode usu-
ally sealed into an evacuated glass tube. Figure 2-1 shows the schematic
construction of a photomultiplier tube.
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Figure 2-1: Construction of a photomultiplier tube

Light which enters a photomultiplier tube is detected and produces an
output signal through the following processes.

(1) Light passes through the input window.
(2) Light excites the electrons in the photocathode so that photoelec-

trons are emitted into the vacuum (external photoelectric effect).
(3) Photoelectrons are accelerated and focused by the focusing elec-

trode onto the first dynode where they are multiplied by means of
secondary electron emission. This secondary emission is repeated
at each of the successive dynodes.

(4) The multiplied secondary electrons emitted from the last dynode are
finally collected by the anode.

This chapter describes the principles of photoelectron emission, electron tra-
jectory, and the design and function of electron multipliers. The electron multi-
pliers used for photomultiplier tubes are classified into two types: normal dis-
crete dynodes consisting of multiple stages and continuous dynodes such as mi-
crochannel plates. Since both types of dynodes differ considerably in operating
principle, photomultiplier tubes using microchannel plates (MCP-PMTs) are
separately described in Chapter 10. Furthermore, electron multipliers for vari-
ous particle beams and ion detectors are discussed in Chapter 12.
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Photoelectric effect
1921 Nobel prize

If metal electrodes are exposed to light, electrical 
sparks between them occur more readily. For this 
"photoelectric effect" to occur, the light waves 
must be above a certain frequency, however. 
According to physics theory, the light's intensity 
should be critical. In one of several epoch-making 
studies beginning in 1905, Albert Einstein 
explained that light consists of quanta - "packets" 
with fixed energies corresponding to certain 
frequencies. One such light quantum, a photon, 
must have a certain minimum frequency before it 
can liberate an electron.

https://www.nobelprize.org/nobel_prizes/physics/laureates/1921/einstein-facts.html

PMT is a device which can observe single photon.



A photomultiplier tube is a vacuum tube consisting of an input window, a
photocathode, focusing electrodes, an electron multiplier and an anode usu-
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Photon electron

photoelectric effect



Photo cathode

 Multiplication at Dynode

Dynode

Electric potential

Electric potential

Dynode

1) Electric field accelerate an electron. 

2) The electron kicks out 
several electrons in a dynode.

Q: How much energy is obtained?
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Figure 2-4: Box-and-grid type
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Figure 2-5: Linear-focused type

2.3 Electron Multiplier (Dynode Section)
As stated above, the potential distribution and electrode structure of a photomultiplier tube is designed to

provide optimum performance. Photoelectrons emitted from the photocathode are multiplied by the first dyn-
ode through the last dynode (up to 19 dynodes), with current amplification ranging from 10 to as much as 108
times, and are finally sent to the anode.

Major secondary emissive materials17)-21) used for dynodes are alkali antimonide, beryllium oxide (BeO),
magnesium oxide (MgO), gallium phosphide (GaP) and gallium phosphide (GaAsP). These materials are
coated onto a substrate electrode made of nickel, stainless steel, or copper-beryllium alloy. Figure 2-6 shows
a model of the secondary emission multiplication of a dynode.
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Figure 2-6: Secondary emission of dynode
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Figure 4-12: Collection efficiency vs. photocathode-to-first dynode voltage

Figure 4-12 shows that about 100 volts should be applied between the cathode and the first dynode. The
collection efficiency influences energy resolution, detection efficiency and signal-to-noise ratio in scintil-
lation counting. The detection efficiency is the ratio of the detected signal to the input signal of a photo-
multiplier tube. In photon counting this is expressed as the product of the photocathode quantum efficiency
and the collection efficiency.

(2) Gain (current amplification)

Secondary emission ratio δ is a function of the interstage voltage of dynodes E, and is given by the
following equation:

δ = a·Ek ··························································································· (Eq. 4-3)

Where a is a constant and k is determined by the structure and material of the dynode and has a value
from 0.7 to 0.8.

The photoelectron current Ik emitted from the photocathode strikes the first dynode where secondary
electrons Idl are released. At this point, the secondary emission ratio δ1 at the first dynode is given by

δ 1 = Id1

IK
···························································································· (Eq. 4-4)

These electrons are multiplied in a cascade process from the first dynode → second dynode → ....
the n-th dynode. The secondary emission ratio δn of n-th stage is given by

δn = 
Idn

Id(n-1)
························································································· (Eq. 4-5)

The anode current Ip is given by the following equation:

Ip = Ik·α·δ1·δ2 ··· δn ········································································· (Eq. 4-6)

Then

= α·δ1·δ2 ··· δn
Ip
Ik

············································································· (Eq. 4-7)
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The number of secondary electron is
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Figure 4-12: Collection efficiency vs. photocathode-to-first dynode voltage

Figure 4-12 shows that about 100 volts should be applied between the cathode and the first dynode. The
collection efficiency influences energy resolution, detection efficiency and signal-to-noise ratio in scintil-
lation counting. The detection efficiency is the ratio of the detected signal to the input signal of a photo-
multiplier tube. In photon counting this is expressed as the product of the photocathode quantum efficiency
and the collection efficiency.

(2) Gain (current amplification)

Secondary emission ratio δ is a function of the interstage voltage of dynodes E, and is given by the
following equation:

δ = a·Ek ··························································································· (Eq. 4-3)

Where a is a constant and k is determined by the structure and material of the dynode and has a value
from 0.7 to 0.8.

The photoelectron current Ik emitted from the photocathode strikes the first dynode where secondary
electrons Idl are released. At this point, the secondary emission ratio δ1 at the first dynode is given by

δ 1 = Id1

IK
···························································································· (Eq. 4-4)

These electrons are multiplied in a cascade process from the first dynode → second dynode → ....
the n-th dynode. The secondary emission ratio δn of n-th stage is given by

δn = 
Idn

Id(n-1)
························································································· (Eq. 4-5)

The anode current Ip is given by the following equation:

Ip = Ik·α·δ1·δ2 ··· δn ········································································· (Eq. 4-6)

Then

= α·δ1·δ2 ··· δn
Ip
Ik

············································································· (Eq. 4-7)
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Figure 4-12: Collection efficiency vs. photocathode-to-first dynode voltage

Figure 4-12 shows that about 100 volts should be applied between the cathode and the first dynode. The
collection efficiency influences energy resolution, detection efficiency and signal-to-noise ratio in scintil-
lation counting. The detection efficiency is the ratio of the detected signal to the input signal of a photo-
multiplier tube. In photon counting this is expressed as the product of the photocathode quantum efficiency
and the collection efficiency.

(2) Gain (current amplification)

Secondary emission ratio δ is a function of the interstage voltage of dynodes E, and is given by the
following equation:

δ = a·Ek ··························································································· (Eq. 4-3)

Where a is a constant and k is determined by the structure and material of the dynode and has a value
from 0.7 to 0.8.

The photoelectron current Ik emitted from the photocathode strikes the first dynode where secondary
electrons Idl are released. At this point, the secondary emission ratio δ1 at the first dynode is given by

δ 1 = Id1

IK
···························································································· (Eq. 4-4)

These electrons are multiplied in a cascade process from the first dynode → second dynode → ....
the n-th dynode. The secondary emission ratio δn of n-th stage is given by

δn = 
Idn

Id(n-1)
························································································· (Eq. 4-5)

The anode current Ip is given by the following equation:

Ip = Ik·α·δ1·δ2 ··· δn ········································································· (Eq. 4-6)

Then

= α·δ1·δ2 ··· δn
Ip
Ik

············································································· (Eq. 4-7)
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where α is the collection efficiency.

The product of α, δ1, δ2 .....δ n is called the gain µ (current amplification), and is given by the following
equation:

µ = α·δ1·δ2 ··· δn   ·········································································· (Eq. 4-8)

Accordingly, in the case of a photomultiplier tube with a=1 and the number of dynode stages = n, which
is operated using an equally-distributed divider, the gain m changes in relation to the supply voltage V, as
follows:

µ = (a ·Ek)n = a n( )kn = A·VknV

n+1
····················································· (Eq. 4-9)

where A should be equal to an/(n+1)kn. From this equation, it is clear that the gain µ  is proportional to
the kn exponential power of the supply voltage. Figure 4-13 shows typical gain vs. supply voltage. Since
Figure 4-13 is expressed in logarithmic scale for both the abscissa and ordinate, the slope of the straight
line becomes kn and the current multiplication increases with the increasing supply voltage. This means
that the gain of a photomultiplier tube is susceptible to variations in the high-voltage power supply, such as
drift, ripple, temperature stability, input regulation, and load regulation.
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Figure 4-13: Gain vs. supply voltage
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Exercise: Measure “kn”



PHOTOMULTIPLIER TUBE

R329-02

Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions. Specifications are
subject to change without notice. No patent rights are granted to any of the circuits described herein. ©2016 Hamamatsu Photonics K.K.

Subject to local technical requirements and regulations, availability of products included in this promotional material may vary. Please consult with our sales office.

CHARACTERISTICS (at 25 °C)

GENERAL

MAXIMUM RATINGS (Absolute maximum values)

Supply voltage: 1500 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE
Electrodes
Ratio

K Dy1G
4

Dy2
0

Dy3
1

Dy4
1.4

Dy5
1

Dy6
1

Dy7
1 1

Dy8 Dy9 Dy10
1 1 1 1

Dy11 Dy12 P
1 1

Supply voltage: 2000 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE (Tapered Divider)
Electrodes
Ratio

K Dy1G
4.3

Dy2
0

Dy3
1

Dy4
1.6

Dy5
1

Dy6
1

Dy7
1 1.2

Dy8 Dy9 Dy10
1.5 2 2.4 3

Dy11 Dy12 P
3.9 3

 * The shield pin should be connected to Dy5.

Parameter Min. Unit

Cathode sensitivity

Anode sensitivity

Gain
Anode dark current (after 30 min storage in darkness)

Time response

Pulse linearity 

Luminous (2856 K)
Blue sensitivity index (CS 5-58)
Radiant at 420 nm
Luminous (2856 K)
Radiant at 420 nm

Anode pulse rise time
Electron transit time
Transit time spread (T.T.S.)
at 2 % deviation
at 5 % deviation

60
—
—
30
—
—
—
—
—
—
—
—

90
10.5
85
100

9.4 × 104

1.1 × 106

6.0
2.6
48
1.1

15 (100)
30 (200)

µA/lm
—

mA/W
A/lm
A/W
—
nA
ns
ns
ns
mA
mA

—
—
—
—
—
—
40
—
—
—
—
—

Typ. Max.

Parameter Unit
Spectral response
Wavelength of maximum response

Photocathode

Window material

Dynode

Operating  ambient temperature
Storage temperature
Base
Suitable socket

MateriaI
Minimum effective area

Structure
Number of stages

300 to 650
420

Bialkali
  46

Borosilicate glass
Linear focused

12
-30 to +50
-30 to +50

21-pin glass base
E678-21C (supplied)

nm
nm
—

mm
—
—
—
°C
°C
—
—

Description / Value

Parameter Unit
Supply voltage
Average anode current

Between anode and cathode 2700
0.2

V
mA

Value

SPECIFICATIONS

●For scintillation counting
●High energy physics

●Fast time response

FEATURES

APPLICATIONS

NOTE: Anode characteristics are measured with the voltage distribution ratio shown below.
(        ): Measured with the special voltage distribution ratio (Tapered Divider) shown below.

PHOTOMULTIPLIER TUBE

R329-02

Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions. Specifications are
subject to change without notice. No patent rights are granted to any of the circuits described herein. ©2016 Hamamatsu Photonics K.K.

Subject to local technical requirements and regulations, availability of products included in this promotional material may vary. Please consult with our sales office.

CHARACTERISTICS (at 25 °C)

GENERAL

MAXIMUM RATINGS (Absolute maximum values)

Supply voltage: 1500 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE
Electrodes
Ratio

K Dy1G
4

Dy2
0

Dy3
1

Dy4
1.4

Dy5
1

Dy6
1

Dy7
1 1

Dy8 Dy9 Dy10
1 1 1 1

Dy11 Dy12 P
1 1

Supply voltage: 2000 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE (Tapered Divider)
Electrodes
Ratio

K Dy1G
4.3

Dy2
0

Dy3
1

Dy4
1.6

Dy5
1

Dy6
1

Dy7
1 1.2

Dy8 Dy9 Dy10
1.5 2 2.4 3

Dy11 Dy12 P
3.9 3

 * The shield pin should be connected to Dy5.

Parameter Min. Unit

Cathode sensitivity

Anode sensitivity

Gain
Anode dark current (after 30 min storage in darkness)

Time response

Pulse linearity 

Luminous (2856 K)
Blue sensitivity index (CS 5-58)
Radiant at 420 nm
Luminous (2856 K)
Radiant at 420 nm

Anode pulse rise time
Electron transit time
Transit time spread (T.T.S.)
at 2 % deviation
at 5 % deviation

60
—
—
30
—
—
—
—
—
—
—
—

90
10.5
85
100

9.4 × 104

1.1 × 106

6.0
2.6
48
1.1

15 (100)
30 (200)

µA/lm
—

mA/W
A/lm
A/W
—
nA
ns
ns
ns
mA
mA

—
—
—
—
—
—
40
—
—
—
—
—

Typ. Max.

Parameter Unit
Spectral response
Wavelength of maximum response

Photocathode

Window material

Dynode

Operating  ambient temperature
Storage temperature
Base
Suitable socket

MateriaI
Minimum effective area

Structure
Number of stages

300 to 650
420

Bialkali
  46

Borosilicate glass
Linear focused

12
-30 to +50
-30 to +50

21-pin glass base
E678-21C (supplied)

nm
nm
—

mm
—
—
—
°C
°C
—
—

Description / Value

Parameter Unit
Supply voltage
Average anode current

Between anode and cathode 2700
0.2

V
mA

Value

SPECIFICATIONS

●For scintillation counting
●High energy physics

●Fast time response

FEATURES

APPLICATIONS

NOTE: Anode characteristics are measured with the voltage distribution ratio shown below.
(        ): Measured with the special voltage distribution ratio (Tapered Divider) shown below.

Exercise: Measure “kn”.  n=12
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Cosmic Muon

Environmental Gamma ray

Cosmic muons and environmental 
gamma rays cause “scintillation light”. 

Environmental gamma ray energy is less 
than ~3MeV. It causes Compton 
scattering in the plastic. The energy 
deposit will be less.



Cosmic ray

From Wikipedia, the free encyclopedia

Cosmic muons are energetic (~GeV) 
However, they pass through the plastic. 
How much energy deposit is on the 
plastic?

Cosmic Muon



Mean energy loss rate 266 33. Passage of particles through matter
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Figure 33.2: Mean energy loss rate in liquid (bubble chamber)
hydrogen, gaseous helium, carbon, aluminum, iron, tin, and lead.
Radiative effects, relevant for muons and pions, are not included.
These become significant for muons in iron for βγ >

∼ 1000, and at
lower momenta in higher-Z absorbers. See Fig. 33.21.

for muons and pions.
Estimates of the mean excitation energy I based on experimental

stopping-power measurements for protons, deuterons, and alpha particles
are given in Ref. 11; see also pdg.lbl.gov/AtomicNuclearProperties.

33.2.5. Density effect : As the particle energy increases, its electric
field flattens and extends, so that the distant-collision contribution to
Eq. (33.5) increases as ln βγ. However, real media become polarized,
limiting the field extension and effectively truncating this part of the
logarithmic rise [2–8,15–16]. At very high energies,

δ/2 → ln(!ωp/I) + lnβγ −1/2 , (33.6)
where δ(βγ)/2 is the density effect correction introduced in Eq. (33.5)
and !ωp is the plasma energy defined in Table 33.1. A comparison with
Eq. (33.5) shows that |dE/dx| then grows as lnβγ rather than lnβ2γ2,
and that the mean excitation energy I is replaced by the plasma energy
!ωp. Since the plasma frequency scales as the square root of the electron
density, the correction is much larger for a liquid or solid than for a gas,
as is illustrated by the examples in Fig. 33.2.

The remaining relativistic rise comes from the β2γ2 growth of Wmax,
which in turn is due to (rare) large energy transfers to a few electrons.
When these events are excluded, the energy deposit in an absorbing
layer approaches a constant value, the Fermi plateau (see Sec. 33.2.8
below). At extreme energies (e.g., > 332 GeV for muons in iron, and

*** NOTE TO PUBLISHER OF Particle Physics Booklet ***
Please use crop marks to align pages September 26, 2016 14:02

*** NOTE TO PUBLISHER OF Particle Physics Booklet ***
Please use crop marks to align pages September 26, 2016 14:02

Particle Data Group Booklet

about 2 MeV/cm
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Use one signal (PMT at window side) to 
select a set of signals. 
Measure average pulse height of the set 
of signals at the other PMT. 
High Voltage and threshold should be 
fixed to select the same signals.



Plastic scintillator



Figure 1: Typical spectral response

TPMHB0204EB

Figure 2: Typical gain characteristics
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Figure 3: Dimensional outline and basing diagram (Unit: mm)
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CHARACTERISTICS (at 25 °C)

GENERAL

MAXIMUM RATINGS (Absolute maximum values)

Supply voltage: 1500 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE
Electrodes
Ratio

K Dy1G
4

Dy2
0

Dy3
1

Dy4
1.4

Dy5
1

Dy6
1

Dy7
1 1

Dy8 Dy9 Dy10
1 1 1 1

Dy11 Dy12 P
1 1

Supply voltage: 2000 V, K: Cathode, Dy: Dynode, P: Anode, G: Grid

VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE (Tapered Divider)
Electrodes
Ratio

K Dy1G
4.3

Dy2
0

Dy3
1

Dy4
1.6

Dy5
1

Dy6
1

Dy7
1 1.2

Dy8 Dy9 Dy10
1.5 2 2.4 3

Dy11 Dy12 P
3.9 3

 * The shield pin should be connected to Dy5.

Parameter Min. Unit

Cathode sensitivity

Anode sensitivity

Gain
Anode dark current (after 30 min storage in darkness)

Time response

Pulse linearity 

Luminous (2856 K)
Blue sensitivity index (CS 5-58)
Radiant at 420 nm
Luminous (2856 K)
Radiant at 420 nm

Anode pulse rise time
Electron transit time
Transit time spread (T.T.S.)
at 2 % deviation
at 5 % deviation

60
—
—
30
—
—
—
—
—
—
—
—

90
10.5
85
100

9.4 × 104

1.1 × 106

6.0
2.6
48
1.1

15 (100)
30 (200)

µA/lm
—

mA/W
A/lm
A/W
—
nA
ns
ns
ns
mA
mA

—
—
—
—
—
—
40
—
—
—
—
—

Typ. Max.

Parameter Unit
Spectral response
Wavelength of maximum response

Photocathode

Window material

Dynode

Operating  ambient temperature
Storage temperature
Base
Suitable socket

MateriaI
Minimum effective area

Structure
Number of stages

300 to 650
420

Bialkali
  46

Borosilicate glass
Linear focused

12
-30 to +50
-30 to +50

21-pin glass base
E678-21C (supplied)

nm
nm
—

mm
—
—
—
°C
°C
—
—

Description / Value

Parameter Unit
Supply voltage
Average anode current

Between anode and cathode 2700
0.2

V
mA

Value

SPECIFICATIONS

●For scintillation counting
●High energy physics

●Fast time response

FEATURES

APPLICATIONS

NOTE: Anode characteristics are measured with the voltage distribution ratio shown below.
(        ): Measured with the special voltage distribution ratio (Tapered Divider) shown below.


