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Introduction 
Photodetectors or light sensors can be broadly divided by their operating principle into three major 

categories: external photoelectric effect, Internal photoelectric effect and thermal types. The external 
photoelectric effect is a phenomenon in which when hght strikes a metal or semiconductor placed in a 
vacuum, electrons are emitted from its surface into the vacuum. Photomultiplier tubes make use of this 
external photoelectric effect and are superior in response speed and low-light-level detection. They are 
widely used in medical equipment, analytical instruments and ~ndustrial measurement systems. 

Light sensors utilizing the irtternal photoelectric effect are further divided into photoconductive types and 
photovoltaic types. Photoconductive cells represent the former, and PIN photodiodes the latter. Both types 
feature high bensitivity and miniature size, mak~ng them well suited for use as sensors in camera exposure 
meters, optical disk pickups and in optical communications. The thermal types, though their sensitivity is 
low, have no wavelength-dependence and are therefore used as temperature sensors in f ~ e  alarms, intrusion 
alarms, etc. 

This manual has been structured as a technical handbook for photomultiplier tubes in order to provide the 
user with comprehensive information on photomultiplier tubes. 

Chapter 1 gives an overview of this manual and a brief history of photomultiplier tubes. Chapter 2 explains 
the basic principles, construction, and operation of photomultiplier tubes. Chapter 3 describes how to evaluate 
various characteristics of photomultiplier tubes and provides typical performance examples and precautions 
for use. In Chapters 4 and 5 ,  the structures and characteristics of MCP-PMTs (microchannel plate- 
photomultiplier tubes) and electron multipliers are discussed respectively. Chapter 6 introduces the structure 
and charactenstics of recently developed position-sensitive photomultipier tubes using mesh dynodes and 
fine-mesh dynodes. Chapter 7 describes electrical conditions used for photomultiplier tube operation and 
output signal processing. In Chapter 8, environmental durability and operating reliability are discussed. 
Lastly, Chapter 9 shows application examples of photonlultiplier tubes for use in various measurement 
equipment and in different scientific fields. 

This handbook will help the user gain maximum performance from a photomultiplier tube and show how 
to properly operate it with higher reliability and stability. In particular, we believe that the first-time user will 
find this manual beneficial as a guide to photomultiplier tubes. We also hope this handbook will be useful for 
engineers already experienced in photomultiplier tubes for upgrading performance characteristics. 

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

O 1994 Hamamatsu Photonics K. K. 
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2 Chapter 1 Introduction 

I. I Overview 
The following description provides a brief description of each chapter in this handbook. 

Chapter 1 Introduction 

This chapter explains the history of the development of photocathodes and photomultiplier 
tubes, as well as providing a brief guide to photomultiplier tubes which will be helpful for 
first-time users. 

Chapter 2 Basic Principles of Photomultiplier Tubes 

This chapter describes the basic operating principles and mechanisms of photomultiplier 
tubes (often abbreviated as PMT), including photoelectron emission, electron trajectories, 
and electron multiplication by use of secondary electron multipliers (dynodes). 

Chapter 3 Characteristics of Photomultiplier Tubes 

Chapter 3 explains the types of photocathodes and dynodes, and their basic characteristics. 
This chapter also provides the definitions of various characteristics of photomultiplier 
tubes, their measurement procedures, and specific examples of typical photomultiplier 
tube characteristics. 

In addition, this chapter describes photon counting and scintillation counting - light 
measurement techniques that have become more popular in recent years. Also listed are 
definitions of their inherent characteristics, measurement procedures, and typical 
characteristics of major photomultiplier tubes. 

Chapter 4 Microchannel Plate - Photomultiplier Tubes (MCP-PMTs) 

This chapter explains MCP-PMTs, i.e., photomultiplier tubes incorporating microchannel 
plates (MCPs) for their electron multipliers. The basic structure, operation, performance, 
and examples of typical tube characteristics are discussed. 

Chapter 5 Electron Multipliers 

Chapter 5 describes electron multipliers, showing the basic structure and typical 
characteristics, as well as showing handling precautions. 

Chapter 6 Position-Sensitive Photomultiplier Tubes 

This chapter introduces recently developed position-sensitive photomultiplier tubes using 
grid type dynodes or fine-mesh dynodes combined with multianodes, and explains their 
structure, characteristics and applications. 



1.2 History 3 

Chapter 7 How to Use and Operate Photomultiplier Tubes 

In using a photomultiplier tube, an optimum design is essential for the operating circuits 
(bleeder circuit and high-voltage power supply) and the associated circuit to which they 
are connected. In addition, a noise shield may be necessary in some cases. 

This chapter explains how to design an optimum electric circuit, including precautions 
for actual operation with photomultiplier tubes. 

Chapter 8 Environmental Durability and Reliability 

In this chapter, photomultiplier tube performance and usage are discussed in terms of 
environmental durability and operating reliability. In particular, this chapter describes 
ambient temperature, humidity, magnetic field effects, mechanical strength, influence of 
electromagnetic fields and the countermeasures against these factors. Also explained are 
operating life, definitions concerning reliability and examples of typical photomultiplier 
tube characteristics. 

Chapter 9 Application Fields 

Chapter 9 introduces major applications of photomultiplier tubes, and explains how 
photomultiplier tubes are used in a variety of fields and applications. Moreover, this 
chapter shows how to evaluate characteristics of photomultiplier tubes which are required 
for each application along with their definitions and examples of data actually measured. 

I. 2 History 
1. 2. 1 History of photocathodes1' 

The photoelectric effect was discovered in 1887 by Herts2) through experiments exposing a negative 
electrode to ultraviolet radiation. In the next year 1888, the photoelectric effect was conclusively confirmed 
by Hal1wacks3). In 1889, Elster and ~ e i t e r ~ '  reported the photoelectric effect which was induced by visible 
light striking an alkali metal (sodium-potassium). Since then, a variety of experiments and discussions on 
photoemission have been made by many scientists. As a result, the concept proposed by Einstein (in the 
quantum theory in 190515', "Photoemission is aprocessin which photons are converted into free electrons." , 
has been proven and accepted. 

During this historic period of achievement, Elster and Geiter produced a photoelectric tube in 191 3. Then, 
a compound photocathode made of Ag-0-Cs (silver oxygen cesium, so-called S-1) was discovered in 1929 
by ~ o l l e r ~ )  and Campbell7). This photocathode showed photoelectric sensitivity about two orders of magnitude 
higher than previously used photocathode materials, achieving high sensitivity in the visible to near infrared 
region. In 1930, they succeeded in producing a phototube using this S- 1 photocathode. In the same year, a 
Japanese scientist, Asao reported a method for enhancing the sensitivity of silver in the S-1 photocathode. 
Since then, various photocathodes have been developed one after another, including bialkali photocathodes 
for the visible region, multialkali photocathodes with high sensitivity extending to the infrared region and 
alkali halide photocathodes intended for ultraviolet detections'-"). 

In addition, photocathodes using compound semiconductors in groups III - V , for example, ~ a ~ s " ) - " )  and 
I ~ G ~ A s ' ~ " ~ '  have been developed and put into practical use. These semiconductor photocathodes have an 
NEA (negative electron affinity) structure and offer high sensitivity from the ultraviolet through near infrared 
region. Currently, a wide variety of photomultiplier tubes utilizing the above photocathodes are available. 
They are selected and used according to the application required. 
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I. 2. 2 History of photomultiplier tubes 
Photomultiplier tubes have been making rapid progress since the development of photocathodes and 

secondary emission multipliers (dynodes). 

The first report on a secondary emissive surface was made by Austin et a1.2') in 1902. Since that time, 
research into secondary emissive surfaces (secondary electron emission) has been carried out to achieve 
higher electron multiplication. In 1935, Iams et a1.2" succeeded in producing a triode photomultiplier tube 
with a photocathode combined with a single-stage dynode (secondary emissive surface), which was used for 
movie sound pickup. In the next year 1936, Zworykin et a1."' developed a photomultiplier tube having 
multiple dynode stages. This tube enabled electrons to travel in the tube by using an electric field and a 
magnetic field. Then, in 1939, Zworykin and ~ajchman'~) developed an electrostatic-focusing type 
photomultiplier tube (this is the basic structure of photomultiplier tubes currently used). In this photomultiplier 
tube, an Ag-OCs photocathode was first used and later an SbCs photocathode was employed. 

An improved photomultiplier tube structure was developed and announced by Morton in 194q4) and in 
1956"). Since then the dynode structure has been intensively studied, leading to the development of a variety 
of dynode structures including circular-cage, linear-focused and box-and-grid types. In addition, photomultiplier 
tubes using magnetic-focusing type multipliers

z6), transmission-mode secondary-emissive surfaces
z7) 29)and 

channel type multipliers30) have been developed. 

At Hamamatsu Photonics, the manufacture of various phototubes such as types with an Sb-Cs photocathode 
was established in 1953 (then Hamamatsu TV Co.. Ltd. The company name was changed in 1983.). In 1959, 
Hamamatsu marketed side-on photomultiplier tubes (type No. 931A, 1P21 and R106 having an Sb-Cs 
photocathode) which have been widely used in spectroscopy. Hamamatsu also developed and marketed 
side-on photomultiplier tubes (type No. R132 and R136) having an Ag-Bi-0-Cs photocathode in 1962. This 
photocathode had higher sensitivity in the red region of spectrum than that of the SbCs photocathode, 
making them best suited for spectroscopy in those days. In addition, Hamamatsu put head-on photomultiplier 
tubes (type No. 6199 with an SbCs photocathode) on the market in 1965. 

In 1967, Hamamatsu introduced a 112-inch diameter side-on photomultiplier tube (type No. R300 with an 
Sb-Cs photocathode) which was the smallest tube at that time. In 1969, Hamamatsu developed and marketed 
photomultiplier tubes having a multialkali (Na-K-Cs-Sb) photocathode, type No. R446 (side-on) and R375 
(head-on). Then, in 1974 a new side-on photomultiplier tube (type No. R928) was marketed by Hamamatsu 
that achieved much higher sensitivity in the red to near infrared region. This was an epoch-making event in 
terms of enhancing photomultiplier tube sensitivity. Since that time, Hamamatsu has continued to develop 
and produce a wide variety of state-of-the-art photomultiplier tubes. The current product line ranges in size 
from the world's smallest 318-inch tubes (R1635, etc.) to the world's largest 20-inch hemispherical tubes 
(R1449 and R3600). Hamamatsu also offers ultra-fast photomultiplier tubes using a microchannel plate for 
the dynodes (type No. R2809 with a time resolution as fast as 30 picoseconds) and mesh-dynode type 
photomultiplier tubes (R2490, etc.) that maintain a superior gain of lo5  even in high magnetic fields of up to 
one Tesla. Hamamatsu is constantly engaged in research and development for manufacturing a wide variety 
of photomultiplier tubes to meet a wide range of application needs. 

I. 3 Using Photomultiplier Tubes 
This section provides the first-time photomultiplier tube users with general information on how to choose 

the ideal photomultiplier tube (sometimes abbreviated as PMT), how to operate them properly and how to 
process the output signals. This section should be referred to as a quick guide. For more details, refer to the 
following chapters. 
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I. 3. I How to make the proper selection 

LIGHT SOURCE SAMPLE MONOCHROMATOR PMT 

TPMOCOOOIEA 

Figure 1-1: Absorption spectroscopy application 

Figure 1-1 shows an application exampie in which a photomultiplier tube is used in absorption spectroscopy. 
The following parameters should be taken into account when making a selection. 

Selection reference - - 

<Photomultiplier tubes> <Circuit Conditions> . 
Light wavelength Window material 

Photocathode spectral response 

Light intensity Number of dynodes Signal processing method 
Dynodetype (analog or digital method) 
Voltage applied to dynodes 

Light beam size Effective diameter (size) 
Viewing configuration 

(side-on or head-on) 

Speed of optical phenomenon Time response Bandwidth of associated 
circuit 

It is important to know beforehand the conditions of the incident light to be measured. Then it is essential 
to choose a photomultiplier tube that is best suited to detect the incident light and also to use the optimum 
circuit conditions that match the application. More specific information on these parameters and conditions 
are detailed in Chapter 2 and later chapters. 

I. 3. 2 Basic operating method 
As shown in Figure 1-2, operating a photo- 

multiplier tube requires a stable source of high voltage 
(normally one to two kilovolts), voltage-divider 
circuit (or bleeder circuit) that distributes an optimum 
voltage to each dynode, and sometimes a shield case 
that protects the tube from magnetic or electric fields. 
The following equipment is available for setting up 
photomultiplier tube operation. 

BLEEDER 

RESISTANCE 

TPMOCOOOZEB 

Figure 1-2: Basic operating method 



6 Cha~ter 1 Introduction 

High-voltage power supply 

A negative or positive high-voltage power supply of one to two kilovolts is usually 
required to operate a photomultiplier tube. There are two types of power supplies available: 
modular power supplies like those shown in Figure 1-3 and bench-top power supplies like 
those shown in Figure 1-4. 

Figure 1-3: Modular high-voltage power supplies 

Figure 1-4: Bench-top high-voltage power supplies 

Since the gain of a photomultiplier tube is extremely high, it is very sensitive to 
variations in the high-voltage power supply. When the output stability of a photomultiplier 
tube should be maintained within one percent, the power supply stability must be held 
within 0.1 percent. 

Bleeder circuit 

It is necessary to distribute 
voltage to each dynode indeuen- 

SOCKET SIGNAL OUTPUT 
7- r--- - I 

dently. For this purpose, a bleeder SIGNAL GND 

circuit is usually used to divide ~ E R  SUPPLY GND - 

the high voltage and provide a HIGH VOLTAGE INPUT 

proper voltage gradient between -- 
VOLTAGE DIVIDER CIRCUIT 

each dynode. To  facilitate photo- EEDER CIRCUIT) 

multiplier tube operation, Hama- TACCCOOO~EB 

matsu provides socket assemblies Figure 1-5: D type socket assembly 
that incorporate a photomultiplier 
tube socket and a matched bleeder 
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circuit as shown in Figure 1-5 (D type socket assemblies * I ) .  

In addition, Hamamatsu offers socket assemblies that further include an amplifier (DA 
type socket assemblies *2)  or a power supply (DP type socket asseniblies *3), as shown in 
Figures 1-6 and 1-7 respectively. 

* 1 D type socket assemblies ........ Built-in voltage divider (bleeder circuit) 

*2 DA type socket asseniblies .... Built-in voltage divider and amplifier 

"3 DP type socket assemblies .... Built-in voltage divider and power supply 

SIGNAL OUTPUT 
HIGH VOLTAGE INPUT 

P M A  't VOLTAGE DIVIDER CIRCUIT 
- \ (BLEEDER CIRCUIT) 

TACCCOOOZEB 

Figure 1-6: DA type socket assembly 

HV POWER 
SOCKET SUPPLY 

7-- 

SIGNAL OUTPUT 
- -- 

/ " G A L  GND 

," - 
Y' +15V INPUT 

VOLTAGE 
,\PROGRAMMING 

-- 

TACCC0003EB 

Figure 1-7: DP type socket assembly 

Shield - 
Photomultiplier tube characteristics may vary with external electromagnetic fields, 

ambient temperature, humidity, or mechanical stress applied to the tube. For this reason, it 
is necessary to use a magnetic or electric shield that protects the tube from such adverse 
environmental factors. Moreover, a cooled housing is often used to maintain the tube at a 
constant temperature or at a low temperature, thus assuring more reliable operation. 

I. 3. 3 Associated circuit 
The output from a photomultiplier tube can be processed electrically as a constant current source. It is 

best , however, to connect it to an optimum circuit depending on the incident light and frequency characteristics 
required. Figure 1-8 shows typical light measurement circuits which are commonly used. The DC method 
and AC method (analog method) are mainly used in rather high light levels to moderate light levels. At very 
low light levels, the photon counting method is most effective. In this method, light is measured by counting 
individual photons, that is the smallest unit of light. 

The DC method shown in a) detects DC components in the photomultiplier tube output by means of an 
amplifier and a lowpass filter. This method is suited for detection of relatively high light levels and has been 
widely used. The AC method shown in b) extracts only AC components from the photomultiplier tube output 
via a capacitor and converts them into DC components by use of a diode. This method is generally used in 
lower light regions where the AC components are predominate in the output signal over the DC components. 
In the photon counting method shown in c), the output pulses from the photomultiplier tube are amplified and 
only the pulses with an amplitude higher than the preset discrimination pulse height are counted. This 
method allows observation of discrete output pulses from the photomultiplier tube, and is the most effective 
technique in detecting very low light levels. 
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INCIDENT - - 

LIGHT 
SOURCE AMPLIFIER PASS 

FILTER 

a) DCMETHOD 

LIGHT 
SOURCE PASS 

FILTER 

b) ACMETHOD 

PULSE 
HEIGHT DIGITAL 

PULSE DISCRIMI- PULSE PRINTER 

AMPLIFIER NATOR COUNTER - 
LIGHT 
SOURCE 

ANALOG 
RECORDER 

C )  PHOTON COUNTING METHOD 
PRESET TIMER 

TPMOC0004EA 

Figure 1-8: Light measurement methods 

These light measurement methods using a photomultiplier tube and the associated circuit must be optimized 
according to the intensity of incident light and the speed of the event to be detected. In particular, when the 
incident light is very low and the resultant signal is small, consideration must be given to minimize the 
influence of noise in the succeeding circuits. As stated, the AC method and photon counting method are more 
effective than the DC method in detecting low level light. When the incident light to be detected changes in a 
very short period, it is also important that the associated circuit be designed for a wider frequency bandwidth 
as well as using a fast response photomultiplier tube. Additionally, impedance matching at high frequencies 
must also be taken into account. 

Refer to Chapters 3 and 7 for more details on these precautions. 
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NOTES 



A plzotomultiplier rube is a vacuum tube consisting of an input window, a 
photocathode and an electron multiplier sealed into an evacuated glass tube. 
Figure 2-1 shows the schematic construction o f a  photomultiplier tube. 

FOCUSING 
ELECTRODE 

DII TlON OF LIGHT 

FACEPLATE 

/ SECONDARY 
/ ELECTRON LAST DYNODE STEM PIN 

" 
ELECTORON \ ANODE 

MULTIPLIER \ (DYNODES) ' PHOTOCATHODE \ 
TPMHC0006EA 

Figure 2-1: Construction of a photomultiplier tube 

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

(1) Light passes through the input window. 
(2)  Excites the electrons in the photocathode so that photoelectrons are 

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

onto the first dynode where they are multiplied by means of secondary 
electron emission. This secondary emission is repeated at each of the 
succes.sive 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 
trajectory, and design and functions of electron multipliers. The electron 
multipliers used,for photomultiplier tubes are classified into two types: normal 
discrete dynodes consisting of multiple stages and continuous dynodes such as 
microchannel plates. Since both types of dynodes dzffer considerably in operating 
principle, photomultiplier tubes using microchannel plates (MCP-PMTs) are 
separately described in Chapter 4. Furthermore, electron multipliers intended 
for use in particle and radiation measurement are discussed in Chapter 5. 
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2. I Photoelectron Emission6"' 
Photoelectric conversion is broadly classified into external photoelectric effects by which photoelectrons 

are emitted into the vacuum from a material and internal photoelectric effects by which photoelectrons are 
excited into the conduction band of a material. The photocathode has the former effect and the latter are 
represented by the photoconductive or photovoltaic effect. 

Since a photocathode is a semiconductor, it can (I) ALKALI PHOTOCATHODE 

be described using a band model as shown in Figure e- 

In a semiconductor band model, there exist a h" 
VACUUM LEVEL 

forbidden-band gap or energy gap (EG) that cannot LIGHT, h E A 

be occupied by electrons, electron affinity (EA) 
which is an interval between the conduction band 
and the vacuum level barrier (vacuum level), and 
work function ( 4 )  which is an energy difference 
between the Fermi level and the vacuum level. 
When photons strike a photocathode, electrons in 
the valence band absorb photon energy (h v ) and 
become excited, diffusing toward the photocathode 
surface. If the diffused electrons have energy 
enough to overcome the vacuum level barrier, they 
are emitted into the vacuum as photoelectrons. This 
can be expressed in a probability process, and the 
quantum efficiency 7 ( Y ), i.e., the ratio of output 
electrons to incident photons is given by 

where 

R : reflection coefficient 
k : full absorption coefficient of photons 
P v : probability that light absorption may excite 

electrons to a level greater than the vacuum 

(2) Ill-V SEMICONDUCTOR PHOTOCATHODE 

e- 

level TPMOCOOOSEA 

L : mean escape length of excited electrons Figure 2-2: Photocathode band models 
Ps : probability that electrons reaching the 

photocathode surface may be released into the vacuum 
Y : frequency of light 

In the above equation, if we have chosen an appropriate material which determines parameters R, kand Pv , 
the factors that dominate the quantum efficiency will be L (mean escape length of excited electrons) and Ps 
(probability that electrons may be emitted into the vacuum). L becomes longer by use of a better crystal and 
Ps greatly depends on electron affinity (EA). 

Figure 2-2 (2) shows the band model of a photocathode using groups IJI -V compound semiconductorss) - 
lo). If a surface layer of electropositive material such as C%O is applied to this photocathode, a depletion 
layer is formed, causing the band structure to be bent downward. This bending can make the electron affinity 
negative. This state is called NEA (negative electron affinity). The NEA effect increases the probability (Ps) 
that the electrons reaching the photocathode surface may be emitted into the vacuum. In particular, it 
enhances the quantum efficiency at long wavelengths with lower excitation energy. In addition, it lengthens 

the mean escape distance (L) of excited electrons due to the depletion layer. 

Photocathodes can be classified by photoelectron emission process into a reflection mode and a transmission 
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mode. The reflection mode photocathode is usually formed on a metal plate, and photoelectrons are emitted 
in the opposite direction of the incident light. The transmission mode photocathode is usually deposited as a 
thin film on a glass plate which is optically transparent. Photoelectrons are emitted in the same direction as 
that of the incident light. (Refer to Figures 2-3, 2-4 and 2-5. ) The reflection mode photocathode is mainly 
used for the side-on photomultiplier tubes which receive light through the side of the glass bulb, while the 
transmission mode photocathode is used for the head-on photomultiplier tubes which detect the input light 
through the end of a cylindrical bulb. 

The wavelength of maximum response and long-wavelength cutoff are determined by the combination of 
alkali metals used for the photocathode and its fabrication process. As an international designation, photocathode 
sens1tivityH) as a function of wavelength is registered as an 

"SS" 
number by the JEDEC (Joint Electron 

Devices Engineering Council). This "S" number indicates the combination of a photocathode and window 
material and at present, numbers from S-1 through S-25 have been registered. However, other than S-1, S-1 1, 
S-20 and S-25 these numhers are scarcely used. Refer to Chapter 3 for the spectral response characteristics of 
var~ous photocathodes and window materials. 

2. 2 Electron Trajectory 
In order to collect photoelectrons and secondary electrons efficiently on a dynode and also to minimize the 

electron transit time spread, electrode design must be optimized through an analysis of the electron 
trajectory12) -I6). 

Electron movement in a photomultiplier tube is 
influenced by the electric field which is dominated 
by the electrode configuration, arrangement, and also 
the voltage applied to the electrode. Conventional 
analysis of the electron trajectory has been performed 
by simulation models of an actual electrode, using 
methods such as rubber films and an electrolytic 
bath. Recently, however, numerical analysis using 
high-speed, large-capacity computers have come into 
use. This method divides the area to be analyzed 
into a grid-like pattern to give boundary conditions, 
and obtains an approximation by repeating 
computations until the error converges. By solving 
the equation for motion based on the potential 
distribution obtained using this method, the electron 
trajectory can he predicted. 

When designing a photomultiplier tube, the 
electron trajectory from the photocathode to the first 
dynode must be carefully designed in consideration 
of the photocathode shape (planar or spherical 
window), the shape and arrangement of the focusing 
electrode and the supply voltage, so that the 
photoelectrons emitted from the photocathode are 
efficiently focused onto the first dynode. The 
collection efficiency of the first dynode is the ratio 
of the number of electrons landing on the effective 
area of the first dynode to the number of emitted 
photoelectrons. This is usually better than 60 to 90 
percent. In some applications where the electron 

~ H I ~ E C T D N  OF LIGHT 

Figure 2-3: Circular-cage type 
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Figure 2-4: Box-and-grid type 
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Figure2-5: Linear-focused type 
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transit time needs to be minimized, the electrode should be designed not only for optimum configuration but 
also for higher electric fields than usual. 

The dynode section is usually constructed from several to more than ten stages of secondary-emissive 
electrodes (dynodes) having a curved surface. To enhance the collection efficiency of each dynode and 
minimize the electron transit time spread, the optimum configuration and arrangement should be determined 
from an analysis of the electron trajectory. It is also necessary to design the arrangement of the dynodes in 
order to prevent ion or light feedback from the latter stages. 

In addition, various characteristics of a photomultiplier tube can also be calculated by computer simulation. 
For example, the collection efficiency, uniformity, and electron transit time can be calculated using a Monte 
Carlo simulation by setting the initial conditions of photoelectrons and secondary electrons. This allows 
collective evaluation of photomultiplier tubes. Figures 2-3, 2-4 and 2-5 are cross sections of photomultiplier 
tubes having a circular-cage, box-and-grid, and linear-focused dynode structures, respectively, showing their 
typical electron trajectories. 

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 
dynode through the last dynode (up to 19th dynode), with current amplification ranging from 10 to as much 
as 10' times, and are finally sent to the anode. 

Major secondary emissive  material^'^)-^') used for dynodes are alkali antimonide, beryllium oxide (BeO), 
magnesium oxide (MgO), gallium phosphide (Gap) and gallium arsenide phosphied (GaAsP). These materials 
are coated on 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. 

PRIMARY 
ELECTRON 

SECONDARY 
ELECTRONS 

Figure 2-6: Secondary emission of dynode Flgure 2-7: Secondary emission ratio 

When a primary electron with initial energy Ep strikes the surface of a dynode, S secondary electrons are 
emitted. This 8 ,  the number of secondary electrons per primary electron, is called the secondary emission 
ratio. Figure 2-7 shows the secondary emission ratio 6 for various dynode materials as a function of the 
accelerating voltage for the primary electrons. 
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Ideally, the current amplification of a photomultiplier tube having the number of dynode stages n and the 
average secondary emission ratio 6 per stage will be 6 ". Refer to Section 3.2.2 in Chapter 3 for more 
details on the current amplification. 

Because a variety of dynode structures are available and their current amplification, time response, uniformity, 
and collection efficiency differ depending on the number of dynode stages and other factors, it is necessary to 
select the optimum dynode type according to your application. These characteristics are described in Chapter 
3, Section 3.2.1. 
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NOTES 



This chapter details various characteristics of photomultiplier tubes, 
including basic characteristics and their measurement methods. For example, 
Section 3.1 shows spectral response characteristics of typical photocathodes 
and also gives the definition of photocathode sensitivity and its measurement 
procedure. Section 3.2 explains dynode types, structures and typical 
characteristics. Section 3.3 describes various characteristics of photomultiplier 
tubes such as time response properties, operating stability, sensitivity, 
uniformity, signal-to-noise ratio as well as their definitions, measurement 
procedures and specific product examples. It also provides precautions and 
suggestions for actual use. Section 3.4 introduces the photon counting method, 
an effective technique for low-level light detection, including its principles, 
operating procedure, and various characteristics. In addition, 3.5 explains the 
principle of scintillation counting which is widely used in radiation 
measurements, along with the operating procedure and typical characteristics 
of photomultiplier tubes selected for this application. 
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3. 1 Basic Characteristics of Photocathodes 
This section introduces photocathode and window materials which have been put into practical use up 

through the present and also explains the terms used to evaluate photocathodes such as quantum efficiency, 
radiant sensitivity, and luminous sensitivity. 

3. I. I Photocathode materials 
Most photocathodes1)-15) are made of a compound semiconductor mostly consisting of alkali metals with a 

low work function. There are about ten kinds of photocathodes which are currently in practical use. Each 
photocathode is available with a transmission (semitransparent) type or a reflection (opaque) type, with 
different device characteristics. In the early 1940's, the JEDEC (Joint Electron Devices Engineering Council) 
introduced the " S number" to designate photocathode spectral response which is classified by the combination 
of the photocathode and window materials. At present however, because many photocathode and window 
materials are available, this "S numbe; is not frequently used except for S-1, S-20, etc. The photocathode 
spectral response is instead expressed in terms of photocathode materials. The photocathode materials commonly 
used in photomultiplier tubes are as follows: 

Cs-I is insensitive to solar radiation and therefore called "solar blind" . Its sensitivity 
falls sharply at wavelengths longer than 200 nanometers and it is exclusively used for 
vacuum ultraviolet detection. As window materials, MgF, crystals or synthetic silica are 
used because of high ultraviolet transmittance. Although Cs-I itself has high sensitivity to 
wavelengths shorter than 115 nanometers, the MgF, crystal used for the input window 
does not transmit wavelengths shorter than 11 5 nanometers. This means that the spectral 
response of a photomultiplier tube using the combination of Cs-I and MgF, covers a range 
from 115 to 200 nanometers. To measure light with wavelengths shorter than 115 nanometers 
using Cs-I, an electron multiplier having a first dynode on which Cs-I is deposited is often 
used with the input window removed. 

(2) Cs-Te 

Cs-Te is insensitive to wavelengths longer than 300 nanometers and is also called 
"solar blind" just as with Cs-I. A special Cs- Te photocathode processed to have 

strongly suppressed sensitivity in the visible part of the spectrum has been fabricated. 
With Cs-Te, the transmission type and reflection type show the same spectral response 
range, but the reflection type exhibits twice the sensitivity of the transmission type. Synthetic 
silica or MgF, is usually used for the input window. 

This photocathode has sensitivity in the ultraviolet to visible range, and is widely used 
in many applications. Because the resistance of the Sb-Cs photocathode is lower than that 
of the bialkali photocathode described later on, it is suited for applications where light 
intensity to be measured is relatively high so that a large current can flow in the cathode, 
and is also used where changes in the photocathode resistance due to cooling affects 
measurements. SbCs is chiefly used for the reflection type photocathode. 

(4) Bialkali (Sb-Rb-Cs, Sb-K-Cs) 

Since two kinds of alkali metals are employed, these photocathodes are called "bialkali" . 
The transmission type of these photocathodes has a spectral response range similar to the 
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S b C s  photocathode, but has higher sensitivity and lower dark current. It also provides 
sensitivity that matches the emission of a NaI(T1) scintillator, thus being widely used for 
scintillation counting in radiation measurements. On the other hand, the reflection-type 
bialkali photocathodes are intended for different applications and therefore are fabricated 
by a different process using the same materials. As a result, they offer enhanced sensitivity 
on the long wavelength side, providing a spectral response from the ultraviolet region to 
around 700 nanometers. 

(5 )  High temperature, low noise bialkali (Sb-Na-K) 
As with the above bialkali photocathodes, two kinds of alkali metals are used. The 

spectral response range of this photocathode is almost identical with that of the above 
bialkali photocathodes, but the sensitivity is somewhat lower. This photocathode can 
withstand operating temperatures up to 1 7 5 c  while normal photocathodes are guaranteed 
to no higher than 50°C. For this reason, it is ideally suited for use in oil well logging 
where photomultiplier tubes are often subjected to high temperatures. In addition, when 
used at room temperatures, this photocathode exhibits very low dark current, thus making 
it very useful in low-level light detection, for instance in photon counting applications 
where low noise is a prerequisite. 

(6) Multialkali (Sb-Na-K-Cs) 
Since three kinds of alkali metals are employed, this photocathode is sometimes called 

a "trialkali" . It has high sensitivity, wide spectral response from the ultraviolet through 
near infrared region around 850 nanometers, and is widely used in broad-band 
spectrophotometers. Furthermore, Hamamatsu also provides a multialkali photocathode 
with long wavelength response extending out to 900 nanometers, which is especially 
useful in the detection of chemilurninescence in NOx, etc. 

(7) AS-0-CS 
The transmission type photocathode using this material is sensitive from the visible 

through near infrared region, from 300 to 1200 nanometers, while the reflection type 
shows a slightly narrower region, spectral range from 300 to 1100 nanometers. Compared 
to other photocathodes, this photocathode shows lower sensitivity in the visible region, but 
has sensitivity at longer wavelengths in the near infrared region. Thus, both the transmission 
type and reflection type Ag-0-Cs photocathodes are chiefly used for near infrared detection. 

(8) GaAs (Cs) 
A GaAs crystal activated with cesium is also used as a photocathode. The spectral 

response of this photocathode covers a wide range from the ultraviolet through 930 
nanometers with a plateau curve from 300 to 850 nanometers, showing a sudden cutoff at 
the near infrared limit. It should be noted that if exposed to incident light with high 
intensity, this photocathode tends to suffer sensitivity degradation when compared with 
other photocathodes. 

(9) InGaAs (Cs) 
This photocathode provides a spectral response extending further into the infrared 

region than the GaAs photocathode. Additionally, it offers a superior signal-to-noise ratio 
in the neighborhood of 900 to 1000 nanometers in comparison with the Ag-0-Cs 
photocathode. 
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Typical spectral response characteristics of major photocathodes are illustrated in Figure 3-1 ') and Table 
3-1". The JEDEC "S numbers" being frequently used are also listed in Table 3-1. The definition of 
photocathode radiant sensitivity expressed in the ordinate of Figure 3-1 is explained in Section 3.1.3, 
" Spectral response characteristics" . Note that Figure 3-1 and Table 3-1 show typical characteristics and 

actual data may differ from tube to tube. 
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100 

0.1 
100 200 300 400 500 600 700 800 1000 1200 

WAVELENGTH (nrn) 

TRANSMISSION MODE PHOTOCATHODE 
100 
80 

200 300 400 500 600 700 800 1000 1200 

WAVELENGTH (nrn) 

Figure 3-1: Typical photocathode spectral response characteristics 
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PMT Examples 

Semitransparent photocathode 

0 : Spectral response curves are shown in Figure 3-1. 

Reflection mode photocathode 

0 : Spectral response curves are shown in Figure 3-1. 

Table 3-1: Quick reference for typical spectral response characteristics 
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3. I. 2 Window materials 
As stated in the preceding section, most photocathodes have high sensitivity down to the ultraviolet region. 

However, because ultraviolet radiation tends to be absorbed by the window material, the short wavelength 
limit is determined by the ultraviolet transmittance of the window mate ria^'^)-*^). The window materials 
commonly used in photomultiplier tubes are as follows: 

(1) MgF, crystal 

The crystals of alkali halide are superior in transmitting ultraviolet radiation, but have 
the disadvantage of deliquescence. A magnesium fluoride (MgF,) crystal is used as a 
practical window material because it offers very low deliquescence and allows transmission 
of vacuum ultraviolet radiation down to 115 nanometers. 

(2) Sapphire 

Sapphire is made of A1,0, crystal and shows an intermediate transmittance between the 
UV-transmitting glass and synthetic silica in the ultraviolet region. Sapphire glass has a 
short wavelength cutoff in the neighborhood of 150 nanometers, which is slightly shorter 
than that of synthetic silica. 

(3) Synthetic silica 

Synthetic silica transmits ultra- 
INPUT WINDOW 

violet radiation down to 160 na- p- 

nometers and in comparison to 
fused silica, offers lower absorp- 
tion in the ultraviolet region. Since 
silica has a thermal expansion co- 
efficient greatly different from 
that of a Kovar alloy used for the \ / 

\ i 
stem pins (leads) of photomulti- GRADED SEAL /BULB STEM 

plier tubes, it is not suited for use TPMOC0053EA 

as the bulb stem. Because of this, Figure 3-2: Graded seal 
a borosilicate glass is used for the 
bulb stem and then a graded seal using glasses with gradually different thermal expansion 
coefficient are connected to the synthetic silica bulb, as shown in Figure 3-2. Because of 
this structure, the graded seal is very fragile so that sufficient care should be taken when 
handling the tube. In addition, helium gas may permeate through the silica bulb and cause 
the noise to increase. Avoid operating or storing such tubes in environments where helium 
is present. 

(4) UV glass (UV-transmitting glass) 

As the name implies, this transmits ultraviolet radiation well. The short wavelength 
cutoff of the UV glass extends to 185 nanometers. 
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(5) Borosilicate glass 

This is the most commonly used window material. Because the borosilicate glass has a 
thermal expansion coefficient very close to that of the Kovar alloy which is used for the 
leads of photomultiplier tubes, it is often called "Kovar glass" . The borosilicate glass 
does not transmit ultraviolet radiation shorter than 300 nanometers. It is not suited for 
ultraviolet detection shorter than this range. Moreover, some types of head-on photomultiplier 
tubes using a bialkali photocath- 
ode employ a special borosilicate 
glass (so-called " K-free glass" ) 

containing a very small amount 
of potassium ( P o )  which may 
cause unwanted noise counts. The 
K-free glass is mainly used for 
photomultiplier tubes designed for 
scintillation counting where low 
background counts are desirable. 
For more details on background 
noise caused by IC40, refer to 
Section 3.3.6,  ark current" . 

WAVELENGTH (rim) 

Spectral transmittance charac- TPMOB0053EA 

teristics of various window mate- Figure 3-3: Spectral transmittance of window 
rials are shown in Figure 3-3. materials 

3. I. 3 Spectral response characteristics 
The photocathode of a photomultiplier converts the energy of incident photons into photoelectrons. The 

conversion efficiency (photocathode sensitivity) varies with the incident light wavelength. This relationship 
between the photocathode and the incident light wavelength is referred to as the spectral response characteristics. 
In general, the spectral response characteristics are expressed in terms of radiant sensitivity and quantum 
efficiency. 

(1 ) Radiant sensitivity 

Radiant sensitivity is the photoelectric current from the photocathode divided by the 
incident radiant flux at a given wavelength, expressed in units of amperes per watts 
( A N ) .  Furthermore, relative spectral response characteristics in which the maximum 
radiant sensitivity is normalized to 100% are also conveniently used. 

(2) Quantum efficiency 

Quantum efficiency is the number of photoelectrons emitted from the photocathode 
divided by the number of incident photons. Quantum efficiency is symbolized by 7 and 
generally expressed in percent. Incident photons give energy to electrons in the valence 
band of a photocathode but not all electrons given energy are emitted as photoelectrons. 
This photoemission takes place under a certain probability process. Photons at shorter 
wavelengths cany higher energy compared to those at longer wavelengths and contribute 
to an increase in the photoemission probability. As a result, the maximum quantum efficiency 
occurs at a wavelength slightly shorter than that of the radiant sensitivity. 



24 Chapter 3 Characteristics of photomultiplier tubes 

(3) Measurement and calculation of spectral response character- 
istics 

To measure radiant sensitivity and quantum efficiency, a standard phototube or 
semiconductor detector which is precisely calibrated is used as a secondary standard. At 
first, the incident radiant flux L, at the wavelength of interest is measured with the 
standard phototube or semiconductor detector. Next, the photomultiplier tube to be measured 
is set in place and the photocurrent I, is measured. Then the radiant sensitivity Sk of the 
photomultiplier tube can be calculated from the following equation: 

The quantum efficiency 7 can be obtained from Sk using the following equation: 

h . c  
( % ) =- . Sk == . Sk . 100% ......................................... (Eq. 3-2) 

h , e  h 

h = 6.626276X 10-34~ . s 

c = 2.997924X losm . s-' 

e = 1.602189X 1 0 - l ~ ~  

where h is Planck's constant, A is the wavelength of incident light ( nanometers), c is 
the velocity of light in vacuum and e is the electron charge. The quantum efficiency 77 is 
expressed in percent. 

(4) Spectral response range (short wavelength limit, long wave- 
length limit) 

The wavelength at which the spectral response drops on the short wavelength side is 
called the short wavelength limit or cutoff while the wavelength at which the spectral 
response drops on the long wavelength side is called the long wavelength limit or cutoff. 
The short wavelength limit is determined by the window material, while the long wavelength 
limit depends on the photocathode material. The range between the short wavelength limit 
and the long wavelength limit is called the spectral response range. 

In this handbook, the short wavelength limit is defined as the wavelength at which the 
incident light is abruptly absorbed by the window material. The long wavelength limit is 
defined as the wavelength at which the photocathode sensitivity falls to 1 percent of the 
maximum sensitivity for bialkali and Ag-0-Cs photocathodes, and 0.1 percent of the 
maximum sensitivity for multialkali photocathodes. However, these wavelength limits 
will depend on the actual operating conditions such as the amount of incident light, 
photocathode sensitivity, dark current and signal-to-noise ratio of the measurement system. 
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3. I. 4 Luminous sensitivity 
The spectral response measurement of a photo- 

100 
multiplier tube requires an expensive, sophisticated 
system and much time is required, it is therefore 
more practical to evaluate the sensitivity of common 80 

photomultiplier tubes in terms of luminous - 
sensitivity. The illuminance on a surface one meter 5 
away from a point light source of one candela (cd) LU 60 

3 is one lux. One lumen equals the luminous flux of 6 > 
one lux passing an area of one square meter. u 

2 40 Luminous sensitivity is the output current obtained +- 
IS from the cathode or anode divided by the incident w 
K 

luminous flux (lumen) from a tungsten lamp at a 
20 

distribution temperature of 2856K. In some cases, a 
visual-compensation filter is interposed between the 
photomultiplier tube and the light source, but in most o 

200 400 600 800 1000 1200 1400 
cases it is omitted. Figure 3-4 shows the visual 
sensitivitv and relative suectral distribution of a WAVELENGTH (rim) 

2856K tungsten lamp. 
Figure 3-4: Visual sensitivity and spectral 

Luminous sensitivity is a convenient parameter distribution of 2856K tungsten lamp 
when comparing the sensitivity of photomultiplier 
tubes categorized in the same types. However, it should be noted that "lumen" is the unit of luminous flux 
with respect to the standard visual sensitivity and there is no physical significance for photomultiplier tubes 
which have a spectral response range beyond the visible region (350 to 750 nanometers). To  evaluate 
photomultiplier tubes using C s T e  or Cs-I photocathodes which are insensitive to the spectral distribution of 
a tungsten lamp, radiant sensitivity at a specific wavelength is measured. 

Luminous sensitivity is divided into two parameters: cathode luminous sensitivity which shows the 
photocathode property and anode luminous sensitivity which indicates the performance of the whole 
photomultiplier tube. 

(1 Cathode luminous sensitivity 

Cathode luminous sensitiv- 
100-400V 

ity2')23' is defined as the photo- 
electron current from the photo- 
cathode (cathode current) per 
luminous flux from a tungsten 
lamp operated at a distribution STANDARD LAMP 

temperature of 2856K. In this 
measurement, each dynode is 
shorted to the same potential as 
shown in Figure 3-5, so that the 
photomultiplier tube is operated as 

TPMOC0054EA 
a bipolar tube. 

Figure 3-5: Schematic diagram for measuring 
The incident luminous flux used cathode luminous sensitivity 

for measurement is in the range 
of 10.' to lU2 lumens. If the luminous flux is too large, measurement errors may occur due 
to the surface resistance of the photocathode. Consequently, the optimum luminous flux 
must be selected according to the photocathode size and material. 
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A picoammeter is usually used to measure the photocurrent which is as small as several 
nanoamperes to several microamperes. Sufficient countermeasures against leakage current 
and possible noise source must be taken. In addition, be careful to avoid contamination on 
the socket or bulb stem and to keep the ambient humidity at a low level so that an 
adequate electrical safeguard is provided. 

The photomultiplier tube must be operated at a supply voltage which establishes a 
complete saturation in the supply voltage vs. cathode current characteristics. A voltage of 
90 to 400 volts is usually applied for this purpose. Cathode saturation characteristics are 
discussed in Section 3.3.2, "Linearity" . The ammeter is connected to the cathode via a 
serial load resistance (R,) of 100 kilohms to one megohm for circuitry protection. 

(2) Anode luminous sensitivity 

Anode luminous sensitiv- 
ity21'23) is defined as the anode 
output current per luminous flux 
incident on the photocathode. In 
this measurement, a proper 
voltage distribution is given to 
each electrode as illustrated in 
Figure 3-6. Although the same 
tungsten lamp that was used to 
measure the cathode luminous 

ND FILTER 

STANDARD LAMP 

sensitivity is used again, the light 
TPMOC0055EA 

flux is reduced lo-'' 
Figure 3-6: Schematic diagram for measuring 

lumens using a neutral density anode luminous sensitivitv 
filter. The ammeter is connected 
to the anode via the series resistance. The bleeder resistors used in this measurement must 
have minimum tolerance and good temperature characteristics. 

(3) Blue sensitivity and red-to-white ratio 

Blue sensitivity and red-to-white ratio are often used for simple comparison of the 
spectral response of photomultiplier tubes. 

Blue sensitivity is the cathode current obtained when a blue filter is placed in front of 
the photomultiplier tube under the same conditions for the luminous sensitivity measurement. 
The blue filter used is a Corning Cs No.5-58 polished to half stock thickness. Since the 
light flux entering the photomultiplier tube has been transmitted through the blue filter 
once, it cannot be directly represented in lumens. Therefore at Hamamatsu Photonics, it is 
conveniently expressed in units of AAm-b (amperes per lumen-blue). The spectral 
transmittance of this blue filter matches well the emission spectrum of a NaI(T1) scintillator 
(peak wavelength 420 nanometers) which is widely used for scintillation counting. 
Photomultiplier tube sensitivity to the scintillation flash has a good correlation with the 
anode sensitivity using this blue filter, Furthermore, the blue sensitivity is an important 
factor to determine energy resolution in scintillation measurement. Refer to Section 3.5 for 
more details, "Scintillation counting" . 

The red-to-white ratio is used to evaluate photomultiplier tubes with a spectral response 
extending to the near infrared region. This parameter is defined as the quotient of the 
cathode sensitivity measured with a red or near infrared filter interposed under the same 
conditions for cathode luminous sensitivity divided by the cathode luminous sensitivity 
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without a filter. The filter used is a Toshiba IR-D80A for Ag-QCs photocathodes or a 
Toshiba R-68 for other photocathodes. If other types of filters are used, the red-to-white 
ratio will vary. 

Figure 3-7 shows the spectral 
transmittance of these filters. 

200 400 600 800 1000 1200 

WAVELENGTH (nrn) 

Flgure 3-7: Spectral transmittance of filters 

3. I. 5 Luminous sensitivity and spectral response 
There is a correlation between luminous sensitivity and spectral response to some extent at a specific 

wavelength. Figure 3-8 describes the correlation between luminous sensitivity, blue sensitivity (Cs No.5-58) 
and red-to-white ratio (R-68, IR-D80A) as a function of wavelength. 

WAVELENGTH (nrn) 

- LUMINOUS SENSITIVITY . . . . NO. 5-58 . . R-68 - - IR-D80A 

TPMOBOO56EA 

Figure 3-8: Correlation as a function of wavelength 
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It can be seen from the figure that the radiant sensitivity of a photomultiplier tube has a good correlation 
with the blue sensitivity at wavelengths shorter than 450 nanometers, with the luminous sensitivity at 700 to 
800 nanometers, with the red-to-white ratio using the Toshiba R-68 filter at 700 to 800 nanometers, and with 
the red-to-white ratio using the Toshiba IR-D80A filter at 800 nanometers or longer. From these correlation 
values, it is possible to select a photomultiplier tube with optimum sensitivity at a certain wavelength by 
simply measuring the sensitivity using a filter which has the best correlation value at that wavelength rather 
than making troublesome measurements of the spectral response. 

3. 2 Basic Characteristics of Dynodes 
This section introduces typical dynode types currently in use and describes their basic characteristics: 

collection efficiency and current amplification. 

3. 2. I Dynode types and features 
There are a variety of dynode types available and each type exhibits different current amplification, time 

response, uniformity and secondary-electron collection efficiency depending upon the structure and the 
number of stages. It is essential to select the optimum type in accordance with your application. Figure 3-9 
illustrates the cross sectional views of typical dynodes and their features are briefly discussed in the following 
sections. MCP-PMT's incorporating a microchannel plate for the dynode and photomultiplier tubes using a 
fine-mesh dynode are detailed in Chapter 4 and Chapter 6, respectively. 

(1 ) CIRCULAR-CAGE TYPE (2) BOX-AND-GRID TYPE 

(3) LINEAR-FOCUSED TYPE (4) VENETIAN BLIND TYPE 

(5 )  FINE MESH TYPE (6) MICROCHANNEL PLATE 

TPMOCOO56EA 

Figure 3-9: Types of electron multipliers 
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(1 1 Circular-cage type 

The circular-cage type has an advantage of compactness and is used in all side-on 
photomultiplier tubes and in 5ome head-on photomultiplier tubes. The circular-cage type 
also features fast time response. 

(2) Box-and-grid type 

This type, widely used in head-on photomultiplier tubes, is superior in photoelectron 
collection efficiency. Accordingly, photomultiplier tubes using this dynode offer high 
detection efficiency and good uniformity. 

(3) Linear-focused type 

As with the box-and-grid type. the linear-focused type is widely used in head-on 
photon~ultiplier tubes. Its prime features include fast time response, good time resolution 
and excellent pulse linearity. 

(4) Venetian blind type 

The venetian blind type allows a simple design for photoelectron collection and is 
ideally suited for use in head-on photomultiplier tubes with a large photocathode diameter. 

(5 )  Fine-mesh type 

This is also used in head-on photomultiplier tubes. Since photoelectrons and secondary 
electrons are accelerated by a nearly parallel electric field, photomultiplier tubes using this 
dynode are less influenced by a magnetic field in the direction of the tube axis, making it 
possible for them to operate in highly magnetic environments. Each dynode stage can be 
arranged in close proximity and thus the overall tube length can be shortened. In addition, 
because of the parallel electric field, they offer position-sensitive capability when used 
with a special anode. (For further details, refer to Chapter 6.) 

(6) MCP (Microchannel plate) 

A microchannel plate (MCP) with lmm thickness is used as a dynode. This dynode 
exhibits dramatically improved time resolution as compared to other discrete dynodes. It 
also assures stable gain even in highly magnetic fields and provides position-sensitive 
capability when combined with a special anode. (For more details, refer to Chapter 6.) 

The electrical characteristics of a photomultiplier tube depends not only on the dynode type but also on the 
photocathode size and focusing system. As a general guide, Table 3-2 summarizes typical performance 
characteristics of head-on photomultiplier tubes (up to 5-inch diameter) classified by the dynode type. 
Magnetic characteristics listed are measured in a magnetic field in the direction of the most sensitive tube 
axis. 
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* in magnetic field parallel to tube axis 

A : poor 0 : good 0 : very good 

Table 3-2: Typical characteristics of head-on photomultiplier tubes classified by the dynode type 

Rise Time 

Ins1 

3. 2. 2 Collection efficiency and current amplification (gain) 

Pulse Linearity 
at 2% Deviation 

ImAl 

1 to 10 

I to 10 

10 to 250 

10 to 40 

300 to 1000 

700 

Circular-cage 

Box-and-grid 

Linear-focused 

Venetian Blind 

Fine Mesh 

MCP 

(1 ) Collection efficiency 

0.9 to 3.0 

6 to 20 

0.7 to 3 

6 to 18 

1.5 to 5.5 

0.1 to 0.3 

The electron multiplier of a ,,, 
photomultiplier tube is designed 
with consideration to the electron 
trajectories so that electrons are 
efficiently multiplied at each 
dynode. However, some elec- 
trons may deviate from their 
favorable trajectories, not contrib- 
uting to multiplication. 

In general, the probability that 
photoelectrons may land on the 
effective area of the first dynode so 100 150 200 

is termed the collection efficiency PHOTOCATHODE TO 

( a ). This effective area is the FIRST DYNODE VOLTAGE (V) 

area of the first dynode where T P M O B O O ~ ~ E A  

photoelectrons can be multiplied Figure 3-10: Collection efficiency vs. 
effectively at the successive photocathode-to-first dynode voltage 

Magnetic 
Immunity 

[mTl 

0.1 

*700 to 1200 
or more 

15 to *I200 
or more 

dynode stages without deviating 
from their favorable trajectories. Although there exist secondary electrons which do not 
contribute to multiplication at the second dynode or latter dynodes, they will tend to have 
less of an affect on the total collection efficiency as the number of secondary electrons 
emitted increases greatly. Thus the photoelectron collection efficiency at the first dynode 
is important. 

Figure 3-1 0 shows collection efficiency as a function of cathode-to-first dynode voltage. 
If the cathode-to-first dynode voltage is inappropriate, the photoelectrons will not enter 
the effective area of the first dynode, thereby degrading collection efficiency. 

Uniformity 

A 

0 

a 

0 

0 

0 

Collection 
Efficiency 

0 

0 

0 

a 

a 

a 

Features 

Compact, high speed 

High collection efficiency 

High speed, high linearity 

Suitable for large 
diameter tubes 

For use in high magnetic 
field, high linearity 

Ultra-high speed 
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From Figure 3-10, it can be seen that the cathode-to-first dynode voltage should be higher 
than 70 volts. The collection efficiency influences energy resolution, detection efficiency 
and signal-to-noise ratio in scintillation counting. The detection efficiency is the ratio of 
the detected signal to the input signal of a photomultiplier tube. In photon counting this is 
expressed as the product of the photocathode quantum efficiency and the collection 
efficiency. 

(2) Current amplification 

Secondary emission ratio 6 is a function of the interstage voltage of dynodes E, and is 
given by the following equation: 

6 = a . E~ ............................................................................................. (Eq. 3-3) 

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

The photoelectron current I, emitted from the photocathode strikes the first dynode 
where secondary electrons I,, are released. At this point, the secondary emission ratio S 1 
at the first dynode is given by 

b 6 1 = ' ................................................................................................ (Eq. 3-4) 
Ik 

These electrons are multiplied in a cascade process from the first dynode -+ second 
dynode +.... the n-th dynode. The secondary emission ratio 6 n of n-th stage is given by 

The anode current Ip is given by the following equation: 

Then 

where a is the collection efficiency. (See Section 3.4.2.) 

The product of u . 6 1, 6 2 ..... 6 n is called the current amplification p . and is given 
by the following equation: 

Accordingly, in the case of a photomultiplier tube with u =I and the number of dynode 
stages = n, which is operated using an equally-divided bleeder, the current amplification 
p changes in relation to the supply voltage V, as follows: 

kn 
p = (a . E,)" = a n  (1) = A . vkn .................................................... ( ~ q .  3-91 

n+ 1 

where A should be equal to an/(n+l),". From this equation, it is clear that the current 
amplification 11 is proportional to the kn exponential power of the supply voltage. Figure 
3-1 1 shows typical current amplification vs. supply voltage. Since Figure 3-1 1 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 current amplification of a photomultiplier tube is susceptible to variations 
in the high-voltage power supply used to operate the photomultiplier tube, such as drift, 
ripple, temperature stability, input regulation, and load regulation. 
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Figure 3-1 1: Current amplification vs. 
supply voltage 

3. 3 Characteristics of Photomultiplier Tubes 
This section describes important characteristics for photomultiplier tube operation and their evaluation 

methods, and photomultiplier tube usage. 

3. 3. 1 Timing properties 
The photomultiplier tube is a photodetector that has an exceptionally fast time r e ~ ~ o n s e ' ) ~ ' ) - ~ ~ ) .  The time 

response is primarily determined by the transit time required for the photoelectrons emitted from the 
photocathode to reach the anode while being multiplied and also the transit time difference between each 
photoelectron. Accordingly, fast response photomultiplier tubes are designed to have a spherical inner window 
and carefully engineered electrodes so that the transit time difference in the tube can be minimized. 

Table 3-3 lists the timing characteristics of 2-inch diameter head-on photomultiplier tubes categorized by 
their dynode structure. As can be seen from the table, the linear-focused type exhibits the best timing 
properties, while the box-and-grid and venetian blind types provide rather poor properties. Therefore, fast 

response photomultiplier tubes usually employ linear-focused dynodes. 

Table 3-3: Typical timing characteristics (2-inch dia. photomultiplier tubes) 

Linear-focused 

Circular-cage 

Box-and-grid 

Venetian Blind 

Fine Mesh 

Rise Time 

(ns) 
-- 

0.7 to 3 

3.4 

7 or less 

7 or less 

2.5 to 2.7 

Pulse Width 
(FWHM) 

(ns) 

1.3 to 5 

7 

13 to 20 

25 

5 

Fall Time 

(ns) 

1 to 10 

10 

25 

25 

4.0 

Electron 
Transit Time 

(ns) 

16 to50 

3 1 

57 to 70 

60 

15 

TTS 

(ns) 

0.37 to 1.1 

3.6 

10 or less 

10 or less 

0.9 or less 
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The time response is mainly determined by the TYPE NO: R2059 
electrode structure, but also depends on the supply 
voltage. Increasing the electric field intensity or 
supply voltage improves the electron transit speed 
and thus shortens the transit time. In general, the 
time response improves in inverse proportion to the 
square root of the supply voltage. Figure 3-12 shows 
typical timing properties vs. supply voltage. 

For the detection of high-speed phenomenon, 
wiring from the photomult~plier tube to external 
circuits such as a bleeder circuit and an anode signal 
processing circuit must be as short as possible to 
minimize stray capacitance and inductance. These 
circu~t systems are discussed later in Chapter 7. In 
addition, some fast response photomultiplier tubes 
have a coaxial anode to suppress output waveform 
distortion. 

The following explains definitions of timing prop- 
erties and their measurement methods. 

SUPPLY VOLTAGE (V) 

Figure 3-12: Time properties vs. supply voltage 

(1) Rise time, fall time and electron transit time 

Figure 3- 13 shows a schematic 
diagram for time response mea- 
surements and Figure 3-14 illus- 
trates the definitions of the rise 
time, fall time and electron transit 
time of a photomultiplier tube 
output. 

A pulsed laser diode is used as 
the light source. Its pulse width is 

LASER -HV 

OUTPUT 

OPTICAL FIBER 1L-J 

SAMPLING 
OSCILLOSCOPE 

SIGNAL 

INPUT 

55 ~icoseconds (800 nanometers) Figure 3-13: Block diagram for time property 
which is sufficiently short com- measurement 

pared to that attainable from a 
photomultiplier tube. Thus it can DELTA FUNCTION LIGHT 

be regarded as a delta-function 
light source. A sampling oscillo- RISE TlME FALL TlME 

M W  

scope is  used to sample the 
photomultiplier tube output many 

j ELECTRON OUTPUT 
times so that a complete output j TRANSIT TIME SIGNAL 

F 

waveform is created. When mea- 
TPMOB0060EA suring a photomultiplier tube with 

a bialkali photocathode, an SHG Figure 3-14: Definitions of rise time, fall time 
(second harmonic generator) is and transit time 

used to produce a light pulse with 
a wavelength of 400 nanometers which is twice the fundamental frequency of the light 
from the laser diode. At this point, the pulse width will be 30 picoseconds. The output 
pulse waveform obtained from the photomultiplier tube ir composed of waveforms which 
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are produced by electrons emitted from every position of the photocathode. Therefore, the 
rise and fall times are mainly determined by the electron transit time difference and also 
by the electric field distribution and intensity (supply voltage) between the electrodes. 

As indicated in Figure 3-14, the rise time is defined as the time for the output pulse to 
increase from 10 to 90 percent of the peak pulse height. Conversely, the fall time is 
defined as the time required to decrease from 90 to 10 percent of the peak output pulse 
height. In time response measurements where the rise and fall times are critical, the output 
pulse tends to suffer waveform distortion, causing an erroneous signal. To prevent this 
problem, proper impedance matching must be provided including the use of a bleeder 
circuit with damping resistors. (See Chapter 7.) 

Figure 3-15 shows an actual 
output waveform obtained from a TYPE NO.: R943 WAVELENGTH: 800 (nm) 

photomultiplier tube. In general, 
the fall time is two or three times 
longer than the rise time. This 
means that when measuring repet- 
itive pulses, care must be taken - > 
so that each output pulse does not 
overlap. The FWHM (full width ...., 
at half maximum) of the output 
pulse will usually be about 2.5 ' 
times the rise time. 

The transit time is the time 
*SUPPLY VOLTAGE 

interval between the arrival of a 
light pulse at the photocathode and 
the appearance of the output pulse. 

5 [ns / div] 
To measure the transit time, a PIN 

TPMOB0061EA 

photodiode is placed as reference 
(zero second) at the same position Figure 3-15: Example of output waveform 

as the photomultiplier tube photo- 
cathode. The time interval between the instant the PIN photodiode detects a light pulse 
and the instant the output pulse of the photomultiplier tube reaches its peak amplitude is 
measured. This transit time is a useful parameter in determining the delay time of a 
measurement system in such applications as fluorescence lifetime measurement using 
repetitive light pulses. 

(2) TTS (transit time spread) 

When a photocathode is fully illuminated, the transit time of each photoelectron pulse 
has a fluctuation. This fluctuation is called TTS (transit time spread). A block diagram for 
TTS measurement is shown in Figure 3-16 and typical measured data is shown in Figure 
3-17. 
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In this measurement, a trigger 
signal from the pulsed laser is 
passed through the delay circuit 
and then fed as the start to 
the TAC (time-to-amplitude con- 
verter) which converts the time 
difference into pulse height. 
Meanwh~le, the output from the 
photomultiplier tube is fed as the 
stop signal to the TAC via 
the CFD (constant fraction dis- 
crim~nator) which reduces the 
time jitter resulting from fluctu- 
ation of the pulse height. The TAC 
generates a pulse height propor- 
tional to the time interval between 
the "start" and "stop" signals. 
This pulse is fed to the MCA (mul- 
tichannel analyzer) for pulse 
height analysis. Since the time 
interval between the "start" and 
"stop" signals corresponds to 

the electron transit time, a histo- 
gram displayed on the MCA, by 
integrating individual pulse 
height values many times in the 
memory. indicates the statistical 
spread of the electron transit time. 

At Hamamatsu Photonics, the 
TTS is usually expressed in the 
FWHM of this histogram, but it 
may also be expressed in standard 
deviation. When the histogram 
shows a Gaussian distribution, the 
FWHM is equal to a value which 
is 2.35 times the standard devi- 
ation. The TTS improves as the 
number of photoelectrons per 
pulse increases, in inverse propor- 
tion to the square root of the 
number of photoelectrons. This 
relation is shown in Figure 3-18. 

DIFFUSER BLEEDER 

AMP. 

pik-1 
PUTER 

Figure 3-16: Block diagram for TTS measurement 

104 1 TfPE NO.: R2059 h FWHM=435ps 
h FWTM=971ps I 

I l 1 l l ~ l l l l I  
-5 - 4 -3 -2 -1 0 1 2 3 4 5 

TIME [ns] 

Figure 3-17: Example of lTS 

NUMBER OF PHOTOELECTRONS 
(photoelectrons per pulse) 

Figure 3-18: TTS vs. number of photoelectrons 
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(3) CTTD (cathode transit time difference) 

The CTTD (cathode transit 
VOLTAGE DIVIDER 

time difference) is the difference 
in transit time when the incident 
light position on the photocathode 
is shifted. In most time response 

SUPPLY 
measurements the entire photo- 
cathode is illuminated. However, 
as illustrated in Figure 3-19, the 
CTTD measurement employs an START 

aperture plate to shift the position 
of a light spot entering the 
photocathode, and the transit time 
difference between each incident COMPUTER 

position is measured. U TPMOCOO59EB 

Basically, the same measure- Figure 3-19: Block diagram for CTTD measurement 
ment system as for TTS measure- 
ment is employed, and the TTS histogram for each of the different incident light positions 
is obtained. Then the change in the peak pulse height of each histogram, which corresponds 
to the CTTD, is measured. The CTTD data of each position is represented as the transit 
time difference with respect to the transit time measured when the light spot enters the 
center of the photocathode. 

In actual applications, the CTTD data is not usually needed but rather primarily used 
for evaluation in the photomultiplier tube manufacturing process. However, the CTTD is 
an important factor that affects the rise time, fall time and TTS described previously and 
also CRT (coincident resolving time) discussed in the next section. 

(4) CRT (coincident resolving time) 

As with the TTS, this is a 
measure of fluctuations in the 

RADIATION 
BLEEDER SOURCE BLEEDER 

transit time. The CRT measure- 
ment system resembles that used 
for positron CT (See Section 9.3.) 
or TOF (time of flight) measure- HV POWER 

SUPPLY 

ment (See Section 9.7.). There- 
fore, the CRT is a very practical 
parameter for evaluating the 
performance of photomultiplier START 

tubes used in the above fields or 
similar applications. Figure 3-20 
shows a block diagram of the CRT 

COMPUTER 
measurement. As a radiation source 2 2 ~ a ,  U TPMOC0060EA 

6 8 ~ e -  Ga or 6 0 ~ o  is commonly Figure 3-20: Block diagram for CRT measurement 

used, while for the scintillator a 
BGO, BaF2, CsF or plastic scintillator is used. A proper combination of radiation source 
and scintillator should be selected according to the application. The radiation source is 
placed in the middle of a pair of photomultiplier tubes and emits gamma-rays in opposing 
directions at the same time. A coincident flash occurs from each of the two scintillators 
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coupled to the photomultiplier tube. The signal detected by one photomultiplier tube is fed 
as the start signal to the TAC, while the signal from the other photomultipl~er tube is fed 
as the stop signal to the TAC via the delay circuit used to obtain proper trigger timing. 
Then, as in the case of the TTS measurement, the output pulse from the TAC is analyzed 
by the MCA and this operation is repeated many times so that a CRT spectrum is created. 
Thts spectrum statistically displays the time fluctuatton of the signals that enter the TAC. 
This fluctuation mainly results from the TTS of the two photomultiplier tubes. As can be 
secn from Figures 3-12 and 3-18, the TTS is inversely proportional to the square root of 
the number of photoelectrons per pulse and also to the square root of the supply voltage. 
Tn general. therefore, the higher the radiation energy and the supply voltage. the better the 
CRT will be. If the TTS of each photomultiplier tube is r , and r ,, the CRT is given by 

CRT = (21' +2z2)' ........................................................................... (Eq. 3-10) 

The CRT characteristic is an important parameter for TOF measurements because it 
affects the position resolution. 

3. 3. 2 Linearity 
The photomultiplier tube provides good linearity')22)25)26) in anode output current over a wide range of 

incident light levels including the photon counting region. In other words, it offers a wide dynamic range. 
However, if the incident light amount is too large, the output begins to deviate from the ideal linearity. This 
is primarily caused by anode linearity characteristics, but it may also be affected by cathode linearity 
characteristics when a photomultiplier tube with a transmission mode photocathode is operated at a low 
supply voltage and large current. Both cathode and anode linearity characteristics are dependent only on the 
current value if the supply voltage is constant, while being independent of the incident light wavelength. 

(1) Cathode linearity 

(*) If a current exceeding this value flows, characteristics deteriorate. 

Table 3-4: Photocathode materials and cathode linearity limits 

Saturation Current 

1 /* A 

Characteristic 

Ag-0-Cs 

The photocathode is a semiconductor and its electrical resistance depends on the 
photocathode materials. As listed in Table 3-4, therefore, the cathode linearity also differs 
depending on the photocathode materials. It should he noted that Table 3-4 shows 
characteristics only for transmission mode photocathodes. In the case of reflection mode 
photocathodes which are formed on a metal plate and thus have a sufficiently low resistivity, 
the linearity will not be a significant problem. To reduce the effect of photocathode 

Spectral Response 
(Peak Wavelength) (nm) 

300 to 1200 (800) 
Sb-Cs 

Sb-Rb-Csl Sb-K-CS 

Sb-Na-K 

650 or shorter (440) 1  PA 
650 or shorter (420) 0.1 u A/ 0.01 !*A 

650 or shorter (375) 
Sb-Na-K-Cs 

7,, 
1 850 or shorter (420) 900 (600) extended red I 10 jr A 

Ga-As -- 
CS-Te 

CS-l 

930 or shorter (300 to 700) 0.1 ,u A (*) 

320 or shorter (210) 0 . 1 ~  A 

200 or shorter (140) 
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resistivity on the linearity without degrading the collection efficiency, it is generally 
recommended to apply a voltage of more than 100 volts between the photocathode and the 
first dynode. (Refer to Section 3.2.2.) For semiconductors, the photocathode surface 
resistivity increases as the temperature decreases. Thus, consideration must be given to the 
temperature characteristics of the photocathode resistivity when cooling the photomultiplier 
tube. 

(2) Anode linearity 

The anode linearity is limited by two factors: the bleeder circuit and space charge 
effects due to a large current flowing in the dynodes. 

As shown below, the linearity in DC mode operation is mainly limited by the bleeder 
circuit, while the pulse mode operation is limited by space charge effects. 

Pulse mode - Limited by the space charge 

- Limited by a change in the bleeder voltage 
due to the magnitude of signal current. 

The linearity limit caused by the bleeder circuit is described in Chapter 7. The pulse 
linearity is chiefly dependent on the peak anode current. When an intense light pulse 
enters a photomultiplier tube, a large current flows in the latter dynode stages, increasing 
the space charge density, as a result current saturation occurs. The extent of these effects 
depends on the dynode structure, as indicated in Table 3-2. The space charge effects also 
depend on the electric field distribution and intensity between each dynode. The mesh 
type dynodes offer superior linearity because they have a structure resistant to the space 
charge effects. Each dynode is arranged in close proximity providing a higher electric 
field strength and the dynode area is large so that the signal density per unit area is lower. 

In general, any dynode type provides better linearity when the supply voltage is increased, 
or in other words, when the electric field strength between each dynode is enhanced. 

Figure 3-21 shows the relation- 
ship between the linearity and the 
anode peak current with the 
supply voltage as a parameter for 
a Hamamatsu photomultiplier 
tube R2059. The linearity can be 
improved by use of a special 
bleeder (called " a tapered bleed- 
er" ) designed to increase the in- 
terstage voltages at the latter 
dynode stages. Because such a 
tapered bleeder must have an 
optimum electric field distribution 
and intensity that match each 
dynode, determining the proper 
voltage distribution ratio is not 
simple but a rather complicated 
operation. 

TYPE NO 2 INCH LINER FOCUSED 
PULSE WIDTH 50 (ns) 
REPETITION RATE 1 (kHz) 

ANODE PEAK CURRENT (mA) 

TPMHBOlZBEA 

Figure 3-21: Voltage dependence of linearity 
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(3) Linearity measurement 

The linearity measurement methods include the DC mode and the pulse mode. Each 
mode is described below. 

(a) DC mode 

SHUTTER DIFFUSER 

LIGHT SOURCE BLEEDER CIRCUIT 

: :  LAMP .... 

-HV 

SHUTTER 
CONTROL- COMPUTER 

SHUTTER CONFIGURATION 

SHUTTER 1 SHUTTER 3 

QUANTITY OF LIGHT 
(ILLUMINATED AREA) 

1 : 4  

SHUnER 2 SHUTTER 4 

( ~ P o ~ ( ~ P ~ + ~ P ~ ~ ~ P ~ ~ P ~ ) - ~ ) X ~ O O  (46) 

TPMOC0061EA 

Figure 3-22: Block diagram for DC mode linearity measurement 

This section introduces the DC linearity measurement method used by Hamamatsu 
Photonics. As Figure 3-22 shows, an aperture plate with four apertures equipped with 
shutters is installed between the light source and the photomultiplier tube. Each aperture is 
opened in the order of 1, 2, 3 and 4, finally all four apertures are opened, and the 
photomultiplier tube outputs are measured (as Ip,, Ip,, Ip,, Ip, and Ip,, respectively). Then 
the ratio of Ip, to (Ip,+Ip,+Ip,+Ip,) is calculated as follows: 

........................................ (Ipo/  (Ipl + Ipz + Ip3 + Ip4) -1)  X 100 (%) ( E .  3-11) 

This value represents a deviation from linearity and if the output is within the linearity 
range, Ip, becomes 

Repeating this measurement by changing the intensity of the light source (i.e. changing 
the photomultiplier tube output current) gives a plot as shown in Figure 3-23. This indicates 
an output deviation from linearity. This linearity measurement greatly depends on the 
magnitude of the current flowing through the bleeder circuit and its structure. 
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As a simple method, linearity 
can also be measured using 
neutral density filters which are 
calibrated in advance for changes 
in the incident light level. 

40-9 10-8 t o ?  

ANODE CURRENT (A) 

EXAMPLE OF SIDE-ON TYPE 

0 VOLTAGE DISTRIBUTION RATIO (1 . 1 . ...I . 1 . 1) 

CATHODE ANODE 

R R R R R R  

Figure 3-23: DC linearity 

(b) Pulse mode 

A simplified block diagram for the pulse mode linearity measurement is shown in 
Figure 3-24. In this measurement, an LED operated in a double-pulsed mode is used to 
provide higher and lower pulse amplitudes alternately. The higher and lower pulse amplitudes 
are fixed at a ratio of approximately 4: 1. If the photomultiplier tube outputs in response to 
the higher and lower pulsed light at sufficiently low light levels, the peak currents are Ipo2 
and Ip,, respectively, then the ratio of Ipo2/Ipo, is proportional to the pulse amplitude; thus 

When the LED light sources are brought close to the photomultiplier tube (See Figure 
3-24.) and the subsequent output current increases, the photomultiplier tube output begins 
to deviate from linearity. If the output for the lower pulsed light (A,) is Ip, and the output 
for the higher pulsed light (A,) is I&, saturation will usually occur first to the output 
current I&. Thus the ratio between the two output pulses has the following relation: 

By measuring the ratio between the two outputs of the photomultiplier tube, produced 
by the two different intensities of pulsed light, Ip,/Ip,, it is possible to measure the 
linearity as follows: 
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This indicates the extent of deviation from linearity at the anode output Ip2. If the anode 
output is in the linearity range. The following relation is established: 

Under these conditions, Eq. 3- 15 becomes zero. 

INPUT ANODE OUTPUT 
LIGHT AMPLITUDE 

A1 Ipl  
A2 lP2 

INPUT LIGHT ANODE OUTPUT 
WAVEFORM 

LED CONTROL 
' 1  PREAMP ClRCUlTiAMP 

L L 1 PMT H>H>I 
TOR 

DIFFUSER; / 1 I 

I I I 

L1 L2 L3 SELECTION 

l' LED POSlTlON \ \ \  ANODE OUTPUT 
/ I 

/ 
i 

I 
\ '. 

H3 

PUTER 

Figure 3-24: Block diagram for pulse mode linearity measurement 

By repeating this measurement 
while varying the distance be- 
tween the LED light source and 
the photomultiplier tube so as to 
change the output current of the 
photomultiplier tube, linearity 
curves like those shown in Figure 
3-25 can be obtained. There are 
several other methods for measur- 
ing linearity, the above methods 
are just examples. 

ANODE PEAK CURRENT (mA) 

Figure 3-25: Pulse linearity 

3. 3. 3 Uniformity 
Uniformity is the variation of the output sensitivity with respect to the photocathode position. Anode 

output uniformity is thought to be the product of the photocathode uniformity and the electron multiplier 
(dynode section) uniformity. 

Figure 3-26 shows anode uniformity data measured at wavelengths of 400 nanometers and 800 nanometers. 
This data is obtained with a light spot of lmm diameter scanned over the photocathode surface. 
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TYPE NO.: R1387 
SUPPLY VOLTAGE: -1000 (V) 
LIGHT SPOT DIAMETER: 1 (mm) 

(a) - 400 nm 
X A X l S  (b) - 800 nm 

LEFT 

Y AXlS 

UPPER 

LOWER 

(TOP VIEW) 

RIGHT X AXlS 

LEFT POSITION (mm) RIGHT UPPER POSITION (mm) LOWER 

Figure 3-26: Difference of uniformity with wavelength 

In general, both photocathode uniformity and anode uniformity deteriorate as the incident light shifts to a 
longer wavelength, and especially as it approaches the long-wavelength limit. This is because the cathode 
sensitivity near the long-wavelength limit greatly depends on the surface conditions of the photocathode and 
thus fluctuations increase. Moreover, if the supply voltage is too low, the electron collection efficiency 
between dynodes may degrade and adversely affect uniformity. It is therefore necessaly to apply more than 
100 volts between the photocathode and the first dynode, and more than 50 volts between each dynode. 

Head-on photomultiplier tubes provide better uniformity in comparison with side-on types. In such 
applications as gamma cameras (See Section 9.2.) used for medical diagnosis where good position detecting 
ability is demanded, uniformity is an important parameter in determining equipment performance. Therefore, 
the photomultiplier tubes used in this field are specially designed and selected for better uniformity. Figure 
3-27 shows typical uniformity data for a side-on tube. The same measurement procedure as for head-on tubes 
is used. Uniformity is also affected by the dynode structure. As can be seen from Table 3-2, the box-and-grid 
type, venetian blind type and mesh type offer better uniformity. 
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Considering actual photomultiplier tube usage, 
uniformity is evaluated by two methods: one 
measured with respect to the position of incidence 
(spatial uniformity) and one with respect to the angle 
of incidence (angular response). The following 
sections explain their measurement procedures and 
typical characteristics. 

ANODE SENSITIVITY (%) 

Figure 3-27: Uniformity of a side-on 
photomultiplier tube 

(1) Spatial uniformity 

To measure spatial uniformity, a light spot is scanned in two-dimensions over the 
photocathode of a photomultiplier tube and the variation in output current is graphically 
displayed. Figure 3-28 shows a schematic diagram for the spatial unifornlity measurement. 

SCAN 
LIGHT CONDENSER 
SOURCE LENS ' A  

AMMETER COMPUTER 

LIGHT GUIDE 

I 
I 

PLOTTER 0 
TPMOCOO63EA 

Figure 3-28: Schematic diagram for spatial uniformity measurement 

For convenience, the photocathode is scanned along the X-axis and Y-axis. The direction 
of the X-axis or Y-axis is determined with respect to the orientation of the first dynode as 
chown in Figure 3-29. 
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The degree of toss of electrons in the dynode section significantly depends on the position 
of the first dynode on which the photoelectrons strike. Refer to Figure 3-26 for specific 
uniformity data. 

Y 
X 

FIRST DYNODE 

Y 

TPMHB0131EA 

Figure 3-29: Spatial uniformity measurement for head-on types 

While the photocathode is scanned by the light spot, the emitted photoelectrons travel 
along the X-axis or Y-axis of the first dynode as shown in Figure 3-30. 

Y AXIS X AXIS 

TPMHC0053EA 

Figure 3-30: Position of photoemission and the related position on the first dynode 

This method for measuring spatial uniformity is most widely used because the collective 
characteristics can be evaluated in a short time. 

In some cases, spatial uniformity is measured by dividing the photocathode into a grid 
pattern, so that sensitivity distribution is displayed in two or three dimensions. 

The spatial uniformity in anode output ranges from 20 to 40 percent for head-on tubes, 
and may exceed those values for side-on tubes. To minimize the influence of the uniformity, 
placing a diffuser in front of the input window of a photomultiplier tube or using a 
photomultiplier tube with a frosted glass window will prove effective. 
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(23 Angular response 

Photomultiplier tube sensitivity somewhat depends on the angle of incident light on the 
photocathode. This dependence on the angle of incidence is called the angular 
r e ~ ~ o n s e ~ ~ ' - ~ ~ ' .  To measure the angular response, the entire photocathode is illuminated 
with collimated light, and the output current is measured while rotating the photomultiplier 
tube. A schematic diagram for the angular response measurement is shown in Figure 3-31 
and specific data is plotted in Figure 3-32. As the tube is rotated. the projected area of the 
photocathode is reduced. This means that the output current of a tube, even outputs having 
no dependence on the angle of incidence, are plotted as a cosine curve. Commonly, the 
photocathode sensitiv~ty Improves at larger angles of Incidence and thus the output cu~rent  
is plotted along a curve showing higher sensitivity than the cosine (cos 8 ) curve. This is 
because the incident light transmits across a longer distance at large angles of incidence. 
In addition, thls ~ncrease in sensitivity usually becomes larger at longer wavelengths. 

CONCAVE 

LIGHT 
SOURCE 'e 

DIFFRACTION TUNGSTEN OR LIGHT 

DEUTERIUM LAMP GRATING 

MONOCHROMATOR 

HV POWER TABLE 
SUPPLY 

PLOTTER t i  
TPMHC0077EA 

Figure 3-31: Schematic diagram for angular response measurement 
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Figure 3-32: Typical angular response 
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3. 3. 4 Stability 
The output variation of a photomultiplier tube with operating time is commonly termed as "drift" or 

"life" characteristics. On the other hand, the performance deterioration resulting from the stress imposed 
by the supply voltage, current, and ambient temperature is called "fatigue" . 

(1) Drift (time stability) and life characteristics 

Variations (instability) over short time periods are mainly referred to as drift"29', while 
variations (instability) over spans of time longer than lo3 to lo4 hours are referred to as 
the life characteristics. Since the cathode sensitivity of a photomultiplier tube exhibits 
good stability even after long periods of operating time, the drift and life characteristics 
primarily depend on variations in the secondary emission ratio. In other words, these 
characteristics indicate the extent of gain variation with operating time. 

Drift per unit time generally improves with longer operating time and this tendency 
continues even if the tube is left unused for a short time after operation. It is therefore 
instrumental to perform aging or warm-up of the tube to stabilize the drift. 

At Hamamatsu Photonics, drift 130 ~ 5 8 0  DRIFT CHARACTERISTIC 

is usually measured in the DC PMT: ~ 5 8 0  

mode by illuminating a photomul- SUPPLY VOLTAGE: 1000V 
OUTPUT CURRENT (INITIAL VALUE). 100pA 

tiplier tube with a continuous light - 
and recording the output current a 1 
with the operating time. Figure 3- 2 loo 

33 shows specific drift data for w 

typical Hamamatsu photomultipli- 5 90 

er tubes. In most cases, the drift 
of a photomultiplier tube tends to 
vary largely during initial oper- "00 70 10 loo 1000 

ation and stabilizes as operating 
TIME (MINUTES) 

time elapses. In pulsed or inter- TPMHB0134EA 

mittent operation (cyclic onloff 
operation), the drift shows a 

Figure 3-33: Examples of drift data 

variation pattern similar to those obtained with continuous light if the average output 
current is of the same level as the output current in the DC mode. 

In addition, there are other methods for evaluating the drift and life characteristics, 
which are chiefly used for photomultiplier tubes designed for scintillation counting. For 
more details refer to Section 3.5, "Scintillation counting" . 

(2) Aging and warm-up 

In applications where output stability within several percent is required, it is necessary 
to carry out aging or warm-up. 

la) Aging 

Aging is a technique in which a photomultiplier tube is continuously operated for a 
period ranging from several hours to several tens of hours, with the anode output current 
not exceeding the maximum rating. Through this aging, drift can be effectively stabilized. 
In addition, if the tube is warmed up just before actual use, the drift will be further 
stabilized. 
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fbl Warm-up 

For stable operation of a photomultiplier tube, it is essential to warm up the tube for 
one to several hours. The warm-up period should be longer at the initial phase of 
photomultiplier tube operation, particularly in intermittent operation then, after a long 
period of operation warm up can be shortened. At a higher anode current the warm-up 
period can be shortened and at a lower anode current it should be longer. As one common 
method, the photomultiplier tube is operated at a voltage near the actual operating voltage 
and warmed up for about one hour with an anode current of several microamperes. 
However, in low current operation (average anode current: within one hundred up to 
several hundred nanoamperes), just applying a voltage to the photomultiplier tube prior to 
use for a period of one to two hours in the dark state serves as a warm-up to some extent. 

3. 3. 5 Hysteresis 
When the incident light or the supply voltage is changed in a step function, a photomultiplier tube may not 

produce an output comparable with the same step function. This phenomenon is known as "hysteresis" ''30'. 

Hysteresis is observed as two behaviors: " overshoot" in which the output current first increases greatly and 
then settles and "undershoot" in which the output current first decreases and then returns to a steady level. 
Hysteresis is further classified into "light hysteresis" and "voltage hysteresis" depending on  the 
measurement conditions. Some photomultiplier tubes have been designed to suppress hysteresis by coating 
the insulator surface of the electrode supports with a conductive material so as to minimize the electrostatic 
charge on the electrode supports without impairing their insulating properties. 

(1) Light hysteresis 

When a photomultiplier tube is operated at a constant voltage, it may exhibit a temporary 
variation in the anode output after the incident light is changed in a step function. This 
variation is called light hysteresis. Figure 3-34 shows the Hamamatsu test method for light 
hysteresis and typical hysteresis waveforms. 

LIGHT 
LEVEL 

5 6 7 8 9 (minutes) 

ANODE 
OUTPUT 

5 6 7 8 9 (minutes) -- 
WARM-UP PERIOD 

(rn~nutes) 

Figure 3-34: Light hysteresis 
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As shown in Figure 3-34, a photomultiplier tube is operated at a voltage V, which is 
250 volts lower than the voltage used to measure the anode luminous sensitivity. The tube 
is warmed up for five minutes or more at a light level producing an anode current of 
approximately one microampere. Then the incident light is shut off for one minute and 
then input again for one minute. This procedure is repeated twice to confirm the 
reproducibility. By measuring the variations of the anode outputs, the extent of light 
hysteresis can be expressed in percent, as follows: 

Light hysteresis H,= ((I,,,-1,,)/1i) X loo(%) ............ 

where I,,, is the maximum output value, I,,, is the minimum output value and Ii is 
the initial output value. 

Table 3-5 shows typical hysteresis data for major Hamamatsu photomultiplier tubes. 
Since most photomultiplier tubes have been designed to minimize hysteresis, they usually 
only display a slight hysteresis within + 2  percent. It should be noted that light hysteresis 
behaves in different patterns or values, depending on the magnitude of the output current. 

(2) Voltage hysteresis 

When the incident light level cycles in a step function, the photomultiplier tube is 
sometimes operated with a feedback circuit that changes the supply voltage in a 
complimentary step function so that the photomultiplier tube output is kept constant. In 
this case, the photomultiplier tube output may overshoot or undershoot immediately after 
the supply voltage is changed. This phenomenon is called voltage hysteresis and should be 
suppressed to the minimum possible value. Generally, this voltage hysteresis is larger than 
light hysteresis and even tubes with small light hysteresis may possibly exhibit large 
voltage hysteresis. Refer to Table 3-5 below for typical hysteresis data. 

Table 3-5: Typical hysteresis data for Hamamatsu photomultiplier tubes 

Figure 3-35 shows a procedure for measuring voltage hysteresis, commonly used by 
Hamamatsu Photonics. A photomultiplier tube is operated at a voltage V, which is 700 
volts lower than the voltage used to measure the anode luminous sensitivity. The tube is 
warmed up  for five minutes or more at a light level producing an anode current of 
approximately 0.1 microampere. 
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LIGHT 
LEVEL 

5 6 7 8 9 (minutes) 

0.1 ,uA 

ANODE 
OUTPUT 

5 6 7 8 9 (minutes) - - -  -+ 

WARM-UP PERIOD 
(minutes) 

Figure 3-35: Voltage hysteresis 

Then the incident light is shut off for one minute while the supply voltage is increased 
in 500 volt step. Then the light level and supply voltage are returned to the original 
conditions. This procedure is repeated to confirm the reproducibility. By measuring the 
variations in the anode outputs, the extent of voltage hysteresis is expressed in percent, as 
follows: 

Voltage hysteresis H, = ((I,,, - I,, )/1i) X loo(%) ........ (Eq. 3-18) 

where I,,, is the maximum output value, IMIN is the minimum output value and Ii is 
the initial output value. 

In general, the higher the change in the supply voltage, the larger the voltage hysteresis 
will be. Other characteristics are the same as those for light hysteresis. 

(3) Reducing the hysteresis 

When a signal light is blocked for a long period of time, applying a dummy light to the 
photomultiplier tube to minimize the change in the anode output current is effective in 
reducing the possible light hysteresis. Voltage hysteresis may be improved by use of HA 
coating. (Refer to Section 8.8.2.) 

3. 3. 6 Dark current 
A small amount of current flows in a photomultiplier tube even when operated in a completely dark state. 

This output current is called the dark c ~ r r e n t ~ ) ~ ' ) ~ ~ ) ~ ~ )  and ideally it should be kept as small as possible 
because photomultiplier tubes are used for handling minute amounts of light and current. 

(1) Causes of dark current 

Dark current may be categorized by cause as follows: 

(a) Thermionic emission current from the photocathode and dynodes 
(b) Leakage current (ohmic leakage) between the anode and other electrodes inside 

the tube and/or between the anode pin and other pins on the bulb stem 
(c) Photocurrent produced by scintillation from glass envelope or electrode supports 
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(d) Field emission current 
(e) Ionization current from residual gases (ion feedback) 
(f) Noise current caused by cosmic rays, radiation from radioisotopes contained in 

the glass envelopes and environmental gamma rays 

Dark current increases with an 
increasing supply voltage, but the 
rate of increase is not constant. 
Figure 3-36 shows a typical dark 
current vs. supply voltage charac- 
teristic. 

This characteristic is related to 
three regions of the supply 
voltage: a low voltage region (a 
in Figure 3-36), a medium voltage 
region (b in Figure 3-36), and a 
high voltage region (c in Figure 
3-36). Each region is largely 
controlled by the leakage current, 
thermionic emission, glass scintil- 
lation, field emission and glass or 
electrode support scintillation, 
respectively. In general, region b 
provides the best signal-to-noise 
ratio, so operating the photomulti- 
plier tube in this region would 
prove ideal. 

~ ~ i ~ ~ 3 2 ) 3 3 ' 4 j  originating from 

ion feedbacd2', cosmic rays and 
operation. 

200 300 500 1000 1500 2000 
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Figure 3-36: Typical dark current vs. supply 
voltage characteristic 

radioisotopes will sometimes be a problem in pulse 

Furthermore, when a photocathode is exposed to room illumination, the dark current 
will return to the original level by storing the tube in a dark state for one to two hours. 
However, if exposed to sunlight or extremely intense light (10000 lux or higher), the tube 
may be damaged to some extent and not recoverable. This should therefore be avoided. It 
is recommended that the photomultiplier tube be stored in a dark state before use. 

The dark current data furnished with Hamamatsu photomultiplier tubes is measured 
after the tube has been stored in a dark state for 30 minutes. This "30-minute storage in a 
dark state" condition allows most photomultiplier tubes to approach the average dark 
current level attained after being stored for a long period in a dark state. This is also 
selected in consideration of work efficiency in measuring the dark current. If the tube is 
stored for a greater length of time in a dark state, the dark current will decrease further. 
The following sections explain each of the six causes of dark current listed above. 
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a) Thermionk emission 

Since the photocathode and dynode surfaces are composed of materials with a very low 
work function, they emit thermionic electrons even at room temperatures, This effect has 
been studied by W. Richardson, and is stated by the following 

is =. AT5/4e(e "KT) .................................................. . ........................ ( E .  3-19) 

where, 
+ : work function T : absolute temperature 

e : electron charge A : constant 
K : Holtzmann constant 

It can be seen from this equation that the thermionic emission is a function of the 
photocathode work function and absolute temperature. Thus the magnitude of the work 
function and the photocathode material govern the amount of thermionic emission. When 
the photocathode work function is low, the spectral response extends to the right with 
lower energy or longer wavelengths, but with an increase in the thermionic emission. In 
general, the Ag-0-Cs photocathode with a spectral response in the longest wavelength 
range (See Figure 3-1.) exhibits the highest dark current. In contrast, the photocathodes for 
the ultraviolet range (Cs-Te, Cs-I) with the shortest wavelength limit provide the lowest 
dark current. 

Eq. 3-19 also implies that the 
dark current decreases with de- 
creasing temperature. Therefore, 
as shown in Figure 3-37, cooling 
a photomultiplier tube is an 
effective technique for reducing 3 
the dark current. 

The dark current resulting from 
the thermionic emission can be 
considerably reduced by cooling. $ 
However, when the dark current 

lo-lo 

reduces down to a level where the 
leakage current predominates, this a 
effect becomes limited. Although 
thermionic emission occurs both 
from the photocathode and 
dynodes, the thermionic emission 1 / I  RZBB (HEAD-ON. BIALKALI) 1 I 
fiomthe photocathode has amuch 10-1s60 -io ' -20 ' ' ' PO ' ' 40 

larger effect on the dark current. TEMPERATURE (%) 
This is because the photocathode 

TPMOBOO65EA 

is larger in size than each dynode 
Figure 3-37: Temperature characteristics of 

and also because the dynodes, anode dark current 
especially at the latter stages, 
contribute less to the output current. Consequently, the dark current caused by the thermionic 
emission vs. the supply voltage characteristic will be nearly identical with the slope of 
current amplification vs. supply voltage. 

Figure 3-38 describes temperature characteristics for dark pulses measured in the photon 
counting method. In this case as well, the number of dark pulses decrease by cooling the 
photocathode. 
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Figure 3-38: Temperature characteristics for 
dark current pulses 

6) Leakage current (ohmic leakage) 

Photomultiplier tubes are operated at high voltages from 500 up to 3000 volts, but they 
handle very low currents from several nanoamperes to less than 100 microamperes. 
Therefore, the quality of the insulating materials used in the tubes are very important. For 
instance, if the insulation resistance is around 1012 ohms, the leakage current may reach 
the nanoampere level. The relationship between the leakage current from the insulating 
materials and the supply voltage is determined by Ohm's law, i.e., current value (I) = 
supply voltage (V)/insulation resistance (R), regardless of the current amplification of the 
photomultiplier tube as seen in Figure 3-36. On the other hand, the dark current resulting 
from thermionic emission varies exponentially with the supply voltage. Thus, as mentioned 
in the previous section, the leakage current has relatively more effect on the dark current 
as the supply voltage is lowered. 

A leakage current may be generated between the anode and the last dynode inside a 
tube. It may also be caused by imperfect insulation of the glass stem and base, and 
between the socket anode pin and other pins. Since contamination from dirt and moisture 
on the surface of the glass stem, base, or socket increases the leakage current, care should 
be taken to keep these parts clean and at low humidity. If contaminated, they can be 
cleaned with alcohol in most cases. This is effective in reducing the leakage current. 

cl Scintillation from the glass envelope or electrode support materials 

Some electrons emitted from the photocathode or dynodes may deviate from their 
normal trajectories and do not contribute to the output signal. If these stray electrons 
impinge on the glass envelope, scintillations may occur slightly and result in dark pulses. 
In general, a photomultiplier tube is operated with a negative high voltage applied to the 
photocathode and is housed in a metal case at ground potential. This arrangement tends to 
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cause stray electrons to impinge on the glass envelope. However, this problem can be 
minimized by a technique called "HA coating" . Refer to Section 8.8.2 for further details 
on HA coating. 

d) Field emission 

If a photomultiplier tube is operated at an excessive voltage, electrons may be emitted 
from the electrodes by the strong electric field. Subsequently the dark current increases 
abruptly. This phenomenon occurs in region c in Figure 3-36 and shortens the life of the 
photomultiplier tube considerably. Therefore, the maximum supply voltage is specified for 
each tube type and must be observed. As long as a photomultiplier tube is operated within 
this maximum rating there will be no problem. But for safety, it is recommended that the 
tube be operated at a voltage 20 to 30 percent lower than the maximum rating. 

el Ionization current of residual gases (ion feedback) 

The interior of a photomultiplier tube is kept at a vacuum as high as to pascals 
(about 1 0 - ~ ~ o r r s ) .  Even so, there exist residual gases that cannot be ignored. The molecules 
of these residual gases may be ionized by collisions with electrons. The positive ions that 
strike the front stage dynodes or the photocathode produce many secondary electrons. 
Resulting in a large noise pulse. During high current operation, this noise pulse is usually 
identified as an output pulse appearing slightly after the main photocurrent. This noise 
pulse is therefore called an afterpulse36)'7)38' and may cause a measurement error in pulsed 
operation. 

f)  Noise current caused by cosmic rays, radiation from radioisotopes 
contained in the glass envelopes and environmental gamma rays 

Many types of cosmic rays are always falling on the earth. Among them, muons ( p  ) 
can be a major source of photomultiplier tube noise. When muons pass through the glass 
envelope, Cherenkov radiation may occur, releasing a large number of photons. In addition, 
most glasses contain potassium oxide (K,O) which also contains a minute amount of the 
radioactive element 4 0 ~ .  4 0 ~  may emit beta rays and result in noise. Furthermore, 
environmental gamma rays emitted from radioisotopes contained in buildings may be 
another noise source. However, because these dark noises occur much less frequently, 
they are negligible except for such cases as liquid scintillation counting where the number 
of signal counts is exceptionally small. 

(2) Expression of dark current 

Dark current is a critical factor that governs the lower detection limit in low light level 
measurements. There are various methods or terms used to express the dark current. The 
following introduces some of them. 

a) DC expression 

In general, Hamamatsu photomultiplier tubes are supplied with the dark current data 
measured at a constant voltage. The dark current may be measured at a voltage that 
produces a certain anode sensitivity. In this case, the dark current is expressed in terms of 
equivalent dark current or EADCI (equivalent anode dark current input). The equivalent 
dark current is simply the dark current measured at the voltage producing a specific anode 
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luminous sensitivity, and is a convenient parameter when the tube is operated with the 
anode sensitivity maintained at a constant value. The EADCI is the value of the incident 
light flux required to produce an anode current equal to the dark current and is represented 
in units of lumens or watts as follows: 

EADCI(lm)=Dark current (A) / Anode luminous sensitivity (A/lm) ....( Eq. 3-20) 

When representing the EADCI in watts (W), a specified wavelength is selected and the 
dark current is divided by the anode radiant sensitivity ( A N )  at that wavelength. Figure 
3-39 illustrates an example of EADCI data along with the anode dark current and anode 
luminous sensitivity. A better signal-to-noise ratio can be obtained when the tube is 
operated in the supply voltage region with a small EADCI. It is obvious from this figure 
that the supply voltage region in the vicinity of 1000 volts displays a small, flat EADCI 
curve, yet offers an adequate anode sensitivity of three orders of magnitude. 

SUPPLY VOLTAGE (V) 

TPMOB0040EA 

Figure 3-39: Example of EADCI 
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b AC expression 

In low-level-light measurements, the DC components of dark current can be subtracted. 
The lower limit of light detection is determined rather by the fluctuating components or 
noise. In this case, the noise is commonly expreqsed in terms of EN1 (equivalent noise 
input). The EN1 is the value of incident light flux required to produce an output current 
equal to the noise current, i.e., the incident light level that provides a signal-to-noise ratio 
of unity. The EN1 is usually expressed in units of watts (W) at the peak wavelength or at a 
specific wavelength or lumens (Im). 

Because the noise is proportional to the square root of the circuit bandwidth, the ENI'') 
is defined as follows: 

112 E N I = ( 2 e . I d . p  . B )  /S  (W) ..................................................... (Eq.3-21) 

where 

e : electron charge (1.6 X 10-l9 coulombs) 
Id : anode dark current (A) 
p : current amplification 
B : circuit bandwidth (Hz) 
S : anode radiant sensitivity ( A N )  or anode luminous sensitivity (Allm) 

Commonly, A f=lHz is used and the EN1 value ranges from 1ui5 to 10-l6 (W or lm) at 
the peak wavelength. 

3. 3. 7 Signal-to-noise ratio of photomultiplier tubes 
When observing the output waveform of a photomultiplier tube, two types of noise components can be 

seen: one is present even without light input, and the other is generated by the input of signal light. Normally, 
these noise components are governed by the dark current caused by the photocathode thermionic emission, 
and the shot noise resulting from the signal current, respectively. Both of these noise sources are discussed 
here. 

The signal-to-noise ratio referred to in the following description is expressed in r.m.s. (root mean square). 

When signal and noise waveforms like those -- - 

shown in Figure 3-40 are observed, they can be 
analyzed as follows: 

I 

Mean value of noise component : I, i / IP+~,  

AC component of noise : id (r.m.s.1 --4 
Mean value of signal --- 

- r (noise component included) : ID+, 
AC component of signal lp+* (r m s.) 

(noise component included) : i,, (r.m.s. ) TPMOB0041EA 

Figure 3-40: Example of signal-to-noise ratio 
Using these factors, the signal-to-noise 

,atio23)39)40) IS . given by 

SIN ratio = I ,  / i , + ,j ........................................................................ ( q  3-22) 

where I, is the mean value of the signal component only, which is obtained by subtracting I, from I,,,. 

If the dark current h is low enough to be ignored (I,BI,), the signal-to-noise ratio will be 

where I, is the mean value of the signal component and i, is the AC component (r.m.s.) of the signal. i, 
consists of a component associated with the statistical fluctuation of photons and the photoemission process 
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and a component created in the multiplication process. The noise component produced in the multiplication 
process is commonly expressed in terms of the NF (noise figure). The NF is defined as follows: 

NF = ( S / N ) ,, / ( S / N ).., ............................................................. (Eq. 3-24) 

where (SIN),, is the signal-to-noise ratio on the photomultiplier tube input side and (SIN),,, is the signal- 
to-noise ratio on the photomultiplier tube output side. With a photomultiplier tube having n dynode stages, 
the NF from the cascade multiplication process is given by the following equation: 

where a is the collection efficiency (Refer to 3.2.2.), 6 ,, 6 2... S are the secondary emission ralios a1 
each stage. With cu =I and S ,, 6 ,, 6 ,  ... 6 ,,= 6, Eq. 3-25 is simplified as follows: 

NF + 6 1 ( 6 -  1 ) ............................................................................ ( E .  3-26) 

Thus by adding the NF to the AC component i,, i, is expressed by the following equation: 

where 11 is the current amplification, e is the electron charge, I, is the cathode current and B is the 
bandwidth of the measurement system. From this equation and Eq. 3-25, i,, becomes 

.............................................................................................................. ( E .  3-28) 

On the other hand, the average anode current Ip is expressed in the following equation: 

I , = I k . CY. . p .................................................................................. ( E .  3-29) 

From Eqs. 3-28 and 3-29, the signal-to-noise ratio becomes 

SIN ratio = I, / i , 
I 1 2  

- - (----- I k a  . _1_ -____-____--.___ ) 
2eB 1 + 1 / 6 1 + 1 / 6 ~ 6 ~ + . . ~ + 1 / 6 1 6 2 . . ~ 6 ~  

This equation can be simplified using Eq. 3-26, as follows: 

I 1 1 2  
............................................. S/N ratio + ( . I ) (Eq. 3-30) 

2eB 6 / ( 6 -  1 ) 

From this relationship, it is clear that the signal-to-noise ratio is proportional to the square root of the 
cathode current I, and is inversely proportional to the square root of the bandwidth B. 

To obtain a better signal-to-noise ratio, the shot noise should be minimized and the following points 
obqerved: 

(1) Use a photomultiplier tube that has as high a quantum efficiency as possible in the wavelength 
range to be measured. 

(2) Design the optical system for better light collection efficiency so that the incident light is guided 
to the photomultiplier tube with minimum loss. 

(3) Use a photomultiplier tube that has an optimum configuration for light collection. 
(4)Narrow the bandwidth as much as possible, as long as no problems occurs in the measuring 

system. 

Figure 3-41 shows the output voltage waveforms obtained while the light level and load resistance are 
changed under certain conditions. These prove that the relation in Eq. 3-30 is correct. 
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(a) R L = 20kQ (b) R L =  2kR (Bandwidth is 10 times wider than (a)) 

(c) Light level is 10 time higher than (b) 

Figure 3-41: Change in the signal-to-noise ratio for R329 when the light level and load 
resistance are changed 

By substituting S =6 into Eq. 3-30, which is the typical secondaq emission ratio of a normal photomultiplier 
tube, the value 6 I( 6 -1) will be 1.2, a value very close to 1. Consequently, if the noise in the multiplication 
process is disregarded, the signal-to-noise ratio can be rearranged as follows: 

In the above relationship however, the dark current is not involved. Taking into account the contribution of 
the dark current and the noise current of the amplifier circuit, the intrinsic signal-to-noise ratio will be as 
follows: 

SIN ratio = 1 k .................... (Eq. 3-32) 
1 1 2  

( 2 e B . 6 / ( 6 - 1 ) . ( I i , + 2 1 , ~ ) + ~ ~ )  

In cases in which the noise of the amplifier circuit is negligible (N,=O), the signal-to-noise ratio becomes 

SIN ratio = - 1 k ............................ (Eq. 3-33) 
( 2 e B  . 6 / ( 6 - l ) . ( 1 k + 2 1 d ) ) ~ / ~  
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where I,= 7 . e .P A k c ,  and each symbol stands for the following: 

I, : cathode current e : electron charge 
A : wavelength h : Planck's constant 

c : velocity of light 7 : quantum efficiency 
P : power B : bandwidth 
6 : secondary emission ratio N, : noise of amplifier circuit 

I, : dark current 

3. 3. 8 Afterpulsing 
When a photomultiplier tube is operated in a pulse detection mode as in scintillation counting or in laser 

pulse detection, extraneous pulses with small amplitudes may be observed. Since these pulses appear after 
the main output pulse, in response to the signal pulse, they are called afterpulses. 

There are two types of afterpulses: one is output with a very short delay (several nanoseconds to several 
tens of nanoseconds) after the signal pulse and the other appears with a longer delay ranging up to several 
microseconds, each being generated by different causes. In general, the latter pulses appearing with a delay 
of several microseconds are commonly referred to as afterpulses. 

Most afterpulses with a short delay are caused by reflected electrons from the first dynode. These electrons, 
after approaching the photocathode, then return to the dynode section where they are multiplied and finally 
output from the anode. In addition, this type of afterpulse may result from weak light emissions generated 
within the photomultiplier tube, which return to the photocathode and create an erroneous output. In contrast, 
afterpulses with a longer delay are caused by the ionization of residual gases in the photomultiplier tube. Of 
these, the positive ions return to the photocathode (ion feedback) where they produce many photoelectrons. 
The time delay of an afterpulse with respect to the main signal depends on the supply voltage for the 
photomultiplier tube. 

Afterpulses vary with the operating conditions or physical stress imposed on the photomultiplier tube. For 
instance, aging a photomultiplier tube can reduce the afterpulsing. Conversely, if a photomultiplier tube is 
subjected to vibration or thermal stress at high temperatures, then residual gases on the components within 
the photomultiplier tube may be more frequently released, degrading the vacuum level and as a result, 
afterpulsing increases. 

There are various methods for evaluating afterpulses, for example, measuring the relative amount of 
charge with respect to the main output pulse or measuring the ratio of the number of afterpulses to the 
number of main output pulses (the probability of occurrence). 

3. 3. 9 Polarized-light dependence 
Photomultiplier tube sensitivity may be affected by polarized ~ i ~ h t ~ ' ) ~ ' ) .  It is therefore necessary to take 

this characteristic into account when polarized light is to be measured. Also it should be noted that light may 
be polarized at such optical devices as a monochromator. When polarized light enters the photocathode of a 
photomultiplier tube, the photocathode reflectance varies with the angle of incidence. This effect is also 
greatly dependent on the polarization component as shown in Figure 3-42. In this figure, Rp is the polarization 
component parallel to the photocathode surface (P component) and Rs is the polarization component 
perpendicular to the photocathode surface (S component). It is clear that the photocathode reflectance varies 
with the angle of incidence. Because this figure shows the calculated examples with the assumption that the 
absorption coefficient at the photocathode is zero, the actual data will be slightly more complicated. 
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Figure 3-42: Angle dependence af reflectance 

If the polarization plane of the incident light has an angle B with respect to the perpendicular of the 
photocathode surface, the photocurrent I 8 is given by the following expression: 

where 

I, : photocurrent produced by polarized component perpendicular to the photocathode 

I,: photocurrent produced by polarized component parallel to the photocathode 

while 

I O = ~ ,  P =a .................................................................... (Eq. 3-35) 
2 I P + I s  

then substituting Eq. 3-35 into Eq. 3-34 gives the following relationship 

.................................................................... @ = I o (  1 - P .  COS' 6 )  ( E  3-36) 

P is called the polarization factor and indicates the polarized-light dependence of a photomultiplier tube, 
and is measured using the optical system like that shown in Figure 3-43. 

MONOCHROMATOR 

L1 L2 
P 

Figure 3-43: Optical system used for measuring polarized-light dependence 

In the above measurement, monochromatic light from the monochromator is collimated by L, (collimator 
lens) and is linearly polarized by the polarizer (P). The polarized light is then focused onto the photomultiplier 
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tube through L, (condenser lens). The dependence on the polarized light is measured by recording the 
photomultiplier tube output in accordance with the rotating angle of the polarizer. 

In this case, it is necessary to remove the polarization component of the light source. This is done by 
interposing a diffuser plate such as frosted glass or by compensating for the photomultiplier tube output 
values measured when the tube is at 0 degree and is then rotated to 90 degrees with respect to the light axis. 

Figure 3-44 illustrates the polarized-light dependence of a side-on photomultiplier tube with a reflection 
type photocathode. In principle, this dependence exists when the light enters slantways with respect to the 
photocathode surface. In actual operation, the polarization factor P is almost zero when the light enters 
perpendicular to the photocathode surface. 

120 

INCIDENT LIGHT AT ZERO POLARIZATION ANGLE 

ANGLE OF POLARIZER (degrees) 
TPMSBOO46EA 

Figure 3-44: Typical polarization-light dependence of a side-on 
photomultiplier tube 

In the case of reflection-type photocathode 
photomultiplier tubes, because the photocathode is 
arranged at a certain angle with respect to the input 
window, the sensitivity is affected by polarized light. 
Figure 3-45 indicates the relative output of a 
reflection-type photocathode photomultiplier tube as 
a function of the angle of incident light. It can be 
seen that the polarization factor P becomes smaller 
as the direction of the incident light nears the 
perpendicular of the photocathode surface. 

The reflection-type photocathode photomultiplier 
tubes usually exhibit a polarization factor of about 
10 percent or less, but tubes specially designed to 
minimize the polarization-light dependence offer 10 20 30 40 so 60 70 80 90 

three percent or less. A single crystal photocathode INCIDENCE ANGLE 0 (degrees) 

such as gallium arsenide (GaAs) has high reflectance TPMOB0044EA 

and show a polarization factor of around 20 percent, Figure 3-45: Relative output vs. incident angle 

which is higher than that of alkali antimonide of polarized light 

photocathodes. 
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The polarization that provides the maximum sensitivity is the component perpendicular to the tube axis (P 
component). In contrast, the polarization that gives the minimum sensitivity is the component parallel to the 
tube axis (S component), independent of the type of tube and wavelength of incident light. As can be seen 
from Figure 3-42, this is probably due to a change in the photocathode transmittance. The S component 
increases in reflectance as the angle of incidence becomes larger, whereas the P component decreases. 
Moreover, as the wavelength shifts to the longer side, the reflectance generally decreases and the polarization 
factor P becomes smaller accordingly, as shown in Figure 3-44. 

In applications where the polarized-light dependence of a photomultiplier tube cannot be ignored, it will 
prove effective to place a diffuser such as frosted glass or tracing paper in front of the input window of the 
photomultiplier tube or to use a photomultiplier tube with a frosted window. 

3.4 Photon Counting 
Photon c o ~ n t i n ~ ~ " ~ ~ ) ~ ~ ' " ~  1s ' an effective technique used to detect very-low-level-light such as Raman 

spectroscopy, fluorescence analysis, and chemical or biological luminescence analysis where the absolute 
magnitude of the light is extremely low. This section describes the principles of photon counting, its operating 
methods, detection capabilities, and advantages as well as typical characteristics of photomultiplier tubes 
designed for photon counting. 

3. 4. 1 Analog and digital (photon counting) modes 
The methods of processing the output signal of a photomultiplier tube can be divided broadly into analog 

and digital modes, depending on the incident light intensity and the bandwidth of the output processing 
circuit. 

As Figure 3-46 shows, when light strikes the PHOTO- 
photocathode of a photomultiplier tube, photoelec- CATHODE FIRST DYNODE 

trons are emitted. These photoelectrons are multi- 
plied by the cascade process of secondary emission - rm{-f&puL~ HELGHT 

through the dynodes (normally lo6 to lo7 times) SINGLE 1 
PHOTON 

and finally reach the anode connecting with an output 1 1 1 1  I 
processing circuit. A AA 

ELECTRON 0 o eoo 
When observing the output signal of a photomul- GROUP 

tiplier tube with an oscilloscope while varying the TPMOC0048EA 

incident light level, output pulses like those shown Figure 3-46: Photomultiplier tube operation in 
in Figure 3-47 are seen. At higher light levels, the the photon counting mode 

output pulse intervals are narrow so that they overlap 
each other, producing an analog waveform (similar 
to (a) and (b) of Figure 3-47). If the light level 
becomes very low, the ratio of AC component 
(fluctuation) in the signal increases, and finally the 
output signal will be discrete pulses (like (c) of 
Figure 3-47). By discriminating these discrete pulses 
at a proper binary level, the number of the signal (,) HIGH (b) LOW (c) VERY LOW 
pulses can be counted in a digital mode. This is 

TPM080045EA 
commonly known as photon counting. 

Figure 3-47: Photomultiplier tube output 
In analog mode measurements, the output signal waveforms observed at different 

is the mean value of the signals including the AC light levels 

components shown in Figure 3-47 (a). In contrast, 
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the photon counting method can detect each pulse shown in Figure 3-47 (c), thus the number of counted 
pulses equals the signal. This photon counting mode uses a pulse height discriminator that separates the 
signal pulses from the noise pulses, enabling high-precision measurement with a higher signal-to-noise ratio 
in comparison with the analog mode. Therefore photon counting is exceptionally effective in detecting low 
level light. 

3. 4. 2 Principle of photon counting 
When light incident on a photomultiplier tube becomes very low and reaches a state in which no more than 

two photoelectrons are emitted within the time resolution (pulse width) of the photomultiplier tube, this light 
level is called the single photoelectron region and photon counting is performed in this region. Quantum 
efficiency, an important parameter for photon counting, signifies the probability of photoelectron emission 
when a single photon strikes the photocathode. 

In this single photoelectron region, the number of emitted electrons per photon is one or zero and the 
quantum efficiency can be viewed as the ratio of the number of photoelectrons emitted from the photocathode 
to the number of incident photons per unit time. The probability that the photoelectrons emitted from the 
photocathode (primary electrons) will impinge on the first dynode and contribute to current amplification is 
referred to as collection efficiency. Some photoelectrons may not contribute to current aniplification because 
they deviate from the normal trajectories and are not collected by the first dynode. Additionally, in the 
photon counting mode, the ratio of the number of counted pulses (output pulses) to the number of incident 
photons is called detection efficiency or photomultiplier tube counting efficiency and is expressed by the 
following relation: 

Detection efficiency (counting efficiency ) - 
in the photon counting region - ( N ~ / N ~ )  = x ....( ~ q .  3-37) 

where Nd is the counted value, Np is the number of incident photons, q is the quantum efficiency of the 
photocathode and a is the collection efficiency of the dynodes. The detection efficiency greatly depends on 
the threshold level used for binary processing. 

The number of secondary electrons released from the first dynode is not constant. It is around several 
secondary electrons per primary electron, with a broad probability seen as a Poisson distribution. Therefore 
the average number of electrons per primary electron S corresponds to the secondary-electron multiplication 
factor of the dynode. Similarly, this process is repeated through the second and subsequent dynodes until the 
final electron bunch reaches the anode. In this way the output multiplied in accordance with the number of 
photoelectrons from the photocathode appears at the anode. If the photomultiplier tube has n stage dynodes, 
the photoelectrons emitted from the photocathode are multiplied in cascade up to 6 ' times and derived as an 
adequate electron bunch from the anode. In this process, each output pulse obtained at the anode exhibits a 
certain distribution in pulse height because of fluctuations in the secondary multiplication factor at each 
dynode (statistical fluctuation dce to cascade multiplication), non-uniformity of multiplication depending on 
the dynode position and electrons deviating from their favorable trajectories. Figure 3-48 illustrates a histogram 
of photomultiplier tube output pulses. The abscissa indicates the pulse height and the anode output pulses are 
integrated with time. This graph is known as the pulse height distribution. 
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Figure 3-48 also shows the relation between the 
pulse height distribution and the actual output pulses 
obtained with a photolnultiplier tube. The pulse height 
distribution is usually taken with a multichannel 
analyzer (MCA) frequently used in scintillation 
counting applications. 

Figure 3-49 (a) shows examples of the pulse height 
distribution obtained with a photomultiplier tube. The 
output pulses are present even if no light falls on the 
photomultiplier tube. (These are called dark current 
pulses or noise pulses.) The broken line indicates 
the distribution of the dark current pulses, with a 
tendency to build up somewhat in the lower pulse 
height region (left side). These dark pulses mainly 
originate from the thermal electron emission at the 
photocathode and also at the dynodes. The thermal 
electrons from the dynodes are multiplied less than 
those from the photocathode and are therefore 
distributed in the lower pulse height region. 

Figure 3-49 (b) indicates the distribution of the 
total number of counted pulses S(L) with amplitudes 
greater than a threshold level L shown in (a). (a) 
and @) have differential and integral relations to 
each other. Item (b) is a typical integral curve taken 
with a photon counting system using a photomulti- 
plier tube. 
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Figure 3-48: Photomultiplier tube output and 
its pulse height distribution 
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Figure 3-49: Differential and integral representations of pulse height distribution 
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3. 4. 3 Operating method and characteristics for photon 
counting 

This section discusses specific circuit configurations used to perform photon counting and the basic 
characteristics involved in photon counting. 

(1 1 Circuit configuration 

Figure 3-50 shows a typical circuit configuration for photon counting and a pulse 
waveform obtained at each circuit. 

(a) Using a counter 

if-- ULD 

PHOTON PMT PREAMP MAIN AMP DISCRIMINATOR PULSE 
(COMPARATOR) SHAPER I 

B 
GATE 

TPMOC0050EA 

Figure 3-50: Circuit configuration for photon counting 

In the above system, current output pulses from a photomultiplier tube are converted to 
a voltage by a wide-band preamplifier and amplified. These voltage pulse are fed to a 
discriminator and then to a pulse shaper. Finally the number of pulses is counted by a 
counter. The discriminator usually employs a comparator IC that compares the input 
voltage pulses with the preset reference voltage (threshold level) and eliminates those 
pulses with amplitudes lower than this value. In general, the LLD (lower level discrimination) 
level is set at the lower pulse height side. The ULD (upper level discrimination) level may 
also be often set at the higher pulse height side to eliminate noise pulses with higher 
amplitudes. The counter is usually equipped with a gate circuit, allowing measurement at 
different timings and intervals. 

(2) Basic characteristics in photon counting 

a)  Pulse height distribution and plateau characteristics 

Figure 3-51 illustrates a typical pulse height distribution obtained by photon counting. 
The plot with a high peak shows the pulse height distribution for signal pulses, and the 
lower plot shows that for noise pulses. 

If a multichannel pulse height analyzer is available, a proper threshold level can be set 
in the pulse height distribution. Because the dark current pulses are usually distributed in 
the lower pulse height region, setting the LLD level in the vicinity of the valley (L,) of the 
distribution can effectively eliminate such noise pulses without sacrificing the detection 
efficiency. In actual operation, however, using a pulse height analyzer is not so popular. 
Other methods using plateau characteristics are more commonly employed instead. By 
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counting the total number of I 1 

pulses with amplitudes higher 
than the preset threshold level 
while varying the supply voltage 
for the photomultiplier tube, plots 
similar to those shown in Figure 
3-52 can be obtained. These plots 
are called the plateau characteris- 
tics. The pulse height obtained at 
the supply voltage giving the 
maximum rising gradient in the 
signal plateau characteristic cor- 
responds to the L1 level in Figure 
3-51. From this relation, the pulse 
height for the LLD level can be 
predicted. 

PEAK - . 

(SHIFTS TO THE RIGHT A S  
VALLY ,/SUPPLY VOLTAGE IS INCREASED) 

PULSE HEIGHT (ch) 

Figure 3-51: Typical example of pulse height 
distribution 

SUPPLY VOLTAGE (kV) 
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Figure 3-52: Plateau characteristics 

b) Setting the photomultiplier tube supply voltage 

The signal-to-noise ratio is an important factor from the viewpoint of accurate 
measurements. Here the signal-to-noise ratio is defined as the ratio of the mean value of 
the signal count rate to the fluctuation of the counted signal and noise pulses (expressed in 
standard deviation or root mean square). The signal-to-noise ratio curve shown in Figure 
3-52 is plotted by varying the supply voltage. the same procedure which is used to obtain 
the plateau characteristics. This figure implies that the photomultiplier tube should be 
operated in the range between the voltage (Vo) at which the plateau region begins and the 
maximum supply voltage. 
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C) Linearity of the count rate 

The photon counting mode offers excellent linearity over a wide range. The lower limit 
of the count rate linearity is determined by the number of dark current pulses, and the 
upper limit by the maximum count rate. The maximum count rate further depends on 
pulse-pair resolution, which is the minimum time interval at which each pulse can be 
separated. The reciprocal of this pulse pair resolution would be the maximum count rate. 
However, since most events in the photon counting region usually occur at random, the 
counted pulses may possibly overlap. Considering this probability of overlapping, the 
actual maximum count rate will be about one-tenth of the calculated above. The loss of 
count rate 6 from pulse overlapping is given by 

5=* ......................................................................................... (Eq. 3-38) 

where 

n : true count rate (cps) 
r : pulse pair resolution (s) 

COUNT RATE (cps) 

Figure 3-53 shows the typical 
linearity taken uslng a system 
with a pulse p a r  resolution of 8 
nanoseconds. 80 
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Figure 3-53: Linearity of count rate 

d) Setting the threshold level 

l o 5  l o s  10' 

. 

- -- 

In photon counting, it is most important to determine where to set the threshold level. 
In general, the optimum threshold level may be determined according to the suggestions 
listed below. But setting threshold is not simple and therefore careful selection must be 
made in accordance with individual needs. 

a To optimize the signal-to-noise ratio and stabilize the count rate with respect to 
gain variations of the photomultiplier tube, the threshold level should be set near 
the valley or the plateau region of the pulse height distribution. 

@ Setting the threshold level at the lowest possible level gives the best detection 
efficiency. Practically, however, setting it near the valley or the plateau region is 
recommended. 

@ To optimize the elimination rate between the signal and noise, the threshold level 
should be set at the middle of the peak and valley in the pulse height distribution. 

. 
-- 

. 

-\ - CALCULATED VALUE - - - - - - - - -  MEASURED DATA -Ip-- 
- 11:- 
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e) Advantages of photon counting 

Photon counting has many advantages in comparison with the analog mode. Among 
them, stability and signal-to-noise ratio are discussed in this section. 

( I ) Stability 

One of the significant advan- 
tages photon counting offers is 
operating stability. The photon 
counting mode is resistant to 
variations in supply voltage and 
photomultiplier tube gain. If the 
supply voltage is set within the 
plateau region, a change in the 
voltage has less effect on the 
output counts. In the analog mode, 
however, it affects the output 
current considerably. Immunity to 
variations in the supply voltage 
means that the photon counting 
mode also assures high stability 
against gain fluctuation of the 
photomultiplier tube. Normally 2 I I , 1 I 

the photon counting mode offers * 100 102 104 106 108 1 10 

several times higher immunity to SUPPLY VOLTAGE (kV) 
TPMOB0050EA such variations than the analog 

mode. (Refer to Figure 3-54.) Figure 3-54: Stability versus changes in 
supply voltage 

( I I ) Signal-to-noise ratio 

When signal light strikes the photocathode of a photomultiplier tube, photoelectrons are 
emitted and directed to the dynode section where secondary electrons are produced. The 
number of photoelectrons produced per unit time and also the number of secondary electrons 
produced are determined by statistical probability of events which is represented by a 
Poisson distribution. Thus they are accompanied by statistical fluctuations (AC current 
components) expressed as a binomial distribution, having an effect on the signal-to-noise 
ratio. The signal-to-noise ratio is also described in Section 3.3.7. The AC component noise 
which is superimposed on the signal can be categorized by origin as follows 

a Shot noise resulting from signal light 
@ Shot noise resulting from background light 
@ Shot noise resulting from dark current 

In the analog mode, the signal-to-noise ratio39)40)""4"'-48)50) of the photomultiplier tube 
output including these shot noises becomes 

SIN ratio (current) = I P ~  ........................... (Eq. 3-39) 
2eNFB ( ~ ~ h  + 2 (Ib + Id)) 

where 

Iph : signal current produced by incident light (A) 
e : electron charge (c) 
NF : noise figure of the photomultiplier tube 
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Ib : cathode current resulting from background light 
Id : cathode current resulting from dark current (A) 
B : Bandwidth of measurement system (Hz) 

Here the true signal current Iph is obtained by subtracting Ib+Id from the total current. 
The noise originating from the latter-stage amplifier is considered to be negligible because 
the typical current amplification ,u of a photomultiplier tube is sufficiently large. 

The signal-to-noise ratio in the photon counting mode is given by the following equation. 
- 

SIN ratio = N s l ( ~  .................................................... (Eq. 3-40) 
i N s +  2 ( ~ b + N d )  

where 

Ns : number of countslsec resulting from incident light per second 
Nb : number of countslsec resulting from background light per second 
Nd : number of countslsec resulting from dark current per second 
T : measurement time (sec) 

Here the number of counts Isec of true signals Ns is obtained by subtracting Nb+Nd 
from the total number of counts. 

From the common equivalent relation between the time and frequency, if B=l (Hz) and 
T=0.5 (sec), then the signal-to-noise ratio will be as follows: 

in the analog mode 

SIN ratio (current) = ............................... I P ~  (Eq. 3-41) 

i 2 e N ~  { ~ ~ h  + 2 (1b + 1d)) 

in the photon counting mode 

SIN ratio = N_s-- ............................................... (Eq. 3-42) 
1 (2{Ns+2(Nb+Nd))  

Through the above analysis, it is understood that the photon counting mode provides a 
better signal-to-noise ratio by a factor of the noise figure NF. Since the dark current 
includes thermal electrons emitted from the dynodes in addition to those from the 
photocathode, its pulse height distribution will be an exponential spectrum shifted toward 
the lower pulse height side. Therefore, the dark current component can be effectively 
eliminated by use of a pulse height discriminator while maintaining the signal component, 
assuring further improvement in the signal-to-noise ratio. In addition, because only AC 
pulses are counted, the photon counting mode is not influenced by the DC leakage current. 
Amplifier noises can totally be eliminated by a discriminator. 
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3. 4. 4 Characteristics of photomultiplier tubes for photon 
counting 

Table 3-6 lists typical characteristics of Hamamatsu photomultiplier tubes currently available for photon 
counting. 

Table 3-6: Typical characteristics of photomultiplier tubes available for photon counting 
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Scintillation Counting 
Radiation of various types is widely utilized for non-destructive inspection and testing such as in medical 

diagnosis, industrial inspection, material analysis and other diverse fields. In such applications, radiation 
detectors play an important role. There are various methods for detecting radiation32'""52). For example, 
typical detectors include proportional counters, semiconductor detectors that make use of gas and solid 
ionization respectively, radiation-sensitive films, cloud chambers, and scintillation counters. 

In scintillation counting. the combination of a scintillator and photomultiplier tube is one of the most 
commonly used detectors for practical applications""54'. Scintillation counting has many advantages over 
other detection methods, for example, a wide choice of scintillator materials, fast time response, high 
detection efficiency, and a large detection area. This section gives definitions of photomultiplier tube 
characteristics required for scintillation counting and explains their measurement methods and typical data. 

3. 5. 1 Scintillators and photomultiplier tubes 
When ionizing radiation enters a scintillator, it 

produces a fluorescent flash with a short decay time. 
This is known as scintillation. In the case of gamma 
rays, this scintillation occurs as a result of excitation 
of the bound electrons by means of free electrons 
inaide the scintillator. These free electrons are 
generated by the following three mutual interactions: 
the photoelectric effect, Compton effect, and pair 
production. The probability of occurrence of these 
interactions depends on the type of scintillators and 
the energy level of the gamma rays. Figure 3-55 z 
shows the extent of these interactions when gamma- 
ray energy is absorbed by a NaI(T1) scintillator. 

From Figure 3-55, it is clear that the photoelectric 
effect predominates at low energy levels of gamma 
rays, but pair production increases at high energy 
levels. Of these three interactions, the amount of 
scintillation produced by the photoelectric effect is o 02 0.05 0.1 o 2 0.5 1 2 5 10 

proportional to gamma-ray energy because all the ENERGY (MeV) 
energy of the gamma ray is given to the orbital 

TPMHBO119EA 

electrons. The photomultiplier tube outputs an Figure 3-55: Gamma-ray absorption 
electrical charge in proportion to the amount of this characteristics of Nal(TI) scintillator 
scintillation, as a result, the output pulse height from 
the photomultiplier tube is essentially proportional to the incident radiation energy. Accordingly, use of a 
scintillation counter - a combination device consisting of a scintillator and a photomultiplier tube2" - provides 
accurate radiation energy distribution and its dose rate by measuring the photomultiplier tube output pulse 
height and count rate. To carry out energy analysis, the current output from the photomultiplier tube is 
converted into a voltage output by an integrating preamplifier and fed to a PHA (pulse height analyzer) for 
analyzing the pulse heightss'. A typical block diagram for scintillation counting is shown in Figure 3-56. 



Scint~llators are divided into inorganic scint~llators 
and organic scintillators. Most inorganic scintillators 
are made of a halogen compound such as NaI(TI), 
BGO, BaF,, CsI(T1) and ZnS. Of these, the NaI(T1) 
scintillator is most commonly used. These inorganic 
scintillators offer advantages of excellent energy 
conversion efficiency, high absorption efficiency and 
a good probability for the photoelectric effect com- 
pared to organic scintillators. Unfortunately however, 
they are not easy to handle because of deliquescence 
and vulnerability to shock and impact. 

RADIATION 
SOURCE 

E3 

a SCINTILLATOR 

ADC COMPUTER 

-HV PREAMP DlSCRlMl MEMORY 
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Organ~c scintrllators include plastic sclnt~llators, Figure 3-56: Block diagram for scintillation 
liquid scintillators and anthracene, an organic crystal. counting 

These scintillators display a short decay time and 
have no deliquescence. In addition, plastic scintillators are easy to handle and available in various types 
varying from small or thin sizes to large sizes with special configurations. In the detection of gamma rays, 
however, organic scintillators have a low absorption coefficient and exhibit less probability for the photoelectric 
effect. Accordingly, they are not suited for energy analysis applications. 

Table 3-7 lists typical characteristics and applications of major scintillators which have been developed up 
to the present54'. 

Inorganic Scintillator 

Organic Scintillator 

Table 3-7: Typical characteristics and applications of scintillators 

Peak Emission 
Wavelength 

(nm) 

41 3 

565 

420 

480 

22013 10 

530 

300 

450 

Nal(TI) 

Csl(TI) 

Csl(Na) 

BGO 

BaF, 

CdW04 

Applications 

Y-ray. X-ray, ,,?-ray, ECT, 
Well scintillation counters 

cr -ray, ,3-ray, Y -ray, 
X-ray CT 

s -ray, ,?-ray, Y -ray - 

High energy Y -ray, 
X-ray, ECT, X-ray CT 

TOF 

Y -ray, X-ray, X-ray - CT 

Y -ray, X-ray 

s -ray 

Relative Liminous 
Intensity (Nal (TI) 
normalized at 100) 

100 

' 47 

85 

8 

8132 

20 

20 

130 

Density 
( g'cm ) 

3.67 

4.51 

4.5 1 

7.13 

4.88 

7.90 

Applications 

,3 -ray. fast neutron 

,j -ray, fast neutron 

a -ray, ,3-ray, fast neutron 

Emission 
Time 
(ns) 

230 

1000 

630 --- 

300 

0.81620 

900-20 ps 

10 

200 4.09 

Anthracene 

Stilbene 

Plastic 
Scintillator 

(Pilot U) 

Relative Liminous 
Intensity (Nal (TI) 
normalized at 100) 
- 

43 

22 

30 

Density 
(gJcm ) 

1.25 

1.16 

1.03 

-- 

Emission 
Time 
(ns) 

30 

4.5 

1.36 

Peak Emission 
Wavelength 

(nm) 

447 

410 

39 1 



72 Chapter 3 Characteristics of photomultiplier tubes 

A scintillator is attached to a photomultiplier tube 
REFLECTIVE COATING 

with coupling material as shown in Figure 3-57. The 
coupling material is used in place of an air layer in 
order to minimize optical loss between the scintillator 
and the photocathode faceplate. Silicon oil having 
an index of refraction close to that of the glass RADIAT 

faceplate is most widely used as a coupling matenal. 'OURC 

However, selecting the proper material which 
provides good transmittance over the emission 
spectrum of the scintillator is necessary. Figure 3-58 

TPMHCOO52EB 
indicates typical emission spectra of major 

Figure 3-57: Gamma-ray detection using a 
scintillators and photocathode spectral responses of Nal(T1) scintillator and a 
various photomultiplier tubes. photomultiplier tube 

WAVELENGTH (nm) 

Figure 3-58: Photocathode quantum efficiency and emission 
spectra of major scintillators 

3. 5. 2 Various characteristics 
(1 1 Energy resolution 

Figure 3-56 shows typical pulse height distributions for various kinds of gamma ray 
sources ( 5 5 ~ e ,  5 7 ~ o ,  13'cs, 6 0 ~ ~ )  taken with a photomultiplier tube coupled to a NaI(T1) 
crystal. (The same measurement method as shown in Figure 3-56 is used.) 

When gamma-ray energy incident on the scintillator increases and the average number 
of resultant photons per unit disintegration becomes large, the shape of the photopeak 
distribution closely approximates a Gaussian distribution, which is expressed by the 
following equation: 
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where cr is the standard deviation ( o = FWHMl2.35) and x is the average number of 
photons produced. The energy resolution or pulse height resolution (PHR) R, is defined as 
the ratio of the FWHM ( A  P) to the pulse height (P) at the peak count rate, as follows: 

AP R=- ............................................................................................ (ECj. 3-44) 
P 

R is commonly stated in percent. 

I (A) RADIATION SOURCE: 55Fs I (A) RADIATION SOURCE: 57'20 

- 
ENERGY 

TPMHEOlZlEA 

Figure 3-59: Typical pulse height distributions 

The following factors affect the energy resolution. 

( I  ) Energy conversion efficiency of the scintillator 
(2) Intrinsic energy resolution of the scintillator 
(3) Light collection efficiency of the photomultiplier tube photocathode 
(4) Quantum efficiency ( ) of the photomultiplier tube photocathode 
(5) Collection efficiency ( a ) and secondary emission ratio at first dynode 

Generally, energy resolution is given by 

................................................................. R2 (E) = Rs2 (E) + Rp2 (E) (Eq. 3-45) 

where 

.......................................................................... R; (E) = (A) (Eq. 3-46) 
N W  6-1 
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in which N is the average number of photons incident on the photocathode per unit 
disintegration and S is the secondary emission yield at each dynode (assumed to be 
constant here). 

In the above equations, Rs(E) is the energy resolution of the scintillator and Rp(E) is 
that of the photomultiplier tube, both of which depend on the energy (E) of the incident 
gamma ray. R~*(E) is inversely proportional to E. 

When a 2-inch diameter by 2-inch length NaI(T1) scintillator and a 2-inch diameter 
photomultiplier tube (Hamamatsu R878) are used, the following values will typically be 
obtained for R, Rs and Rp: 

With E=122keV ("co), R = lo%, Rs=7 or 8%, Rp = 7% 

With E=662keV ( ' 3 7 ~ s ) ,  R = 7%, Rs = 6%, Rp = 3.5% 

Along with using a scintillator with high conversion efficiency and good inherent 
energy resolution, to obtain higher energy resolution, good optical coupling should be 
provided to reduce optical loss. For this purpose, as mentioned previously it is helpful to 
couple the scintillator and the photomultiplier tube using silicon oil having an index of 
refraction close to that of the faceplate of the photomultiplier tube. 

When the intensity distribution of light entering the photomultiplier tube is always 
constant over the photocathode, the photon;u!tip!ier tube unifarmity has no cffcct on thc 
energy resolution. However, if the light flash from the scintillator fluctuates with respect 
to the incident position on the photocathode, the photomultiplier tube uniformity may 
degrade the energy resolution. To avoid this problem, a light-guide is sometimes placed 
between the scintillator and the photomultiplier tube so that the light flash from the 
scintillator is diffused and allowed to enter uniformly over the photocathode. But this 
technique is not necessary when using a photomultiplier tube with normal uniformity. 

Table 3-8: Energy resolution for typical gamma-ray sources, 
obtained with a Nal(TI) or BGO scintillator 

Energy resolution is one of the most important characteristics in radiation measurement 
such as gamma cameras and gamma counters. Therefore photomultiplier tubes used in 
these applications are usually tested for energy resolution. Table 3-8 summarizes energy 
resolution for typical gamma rays measured with a NaI(Tl)/photomultiplier tube or a 
BGOIphotomultiplier tube combination device. As shown in the table, each of the data 
exhibits a certain variation in energy resolution. This is due to the non-uniformity of the 
physical size of the scintillator or photomultiplier tube and also the performance variations 
between individual photomultiplier tubes. If necessary, it is possible to select only those 
photomultiplier tubes that meet specific specifications. 
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(2) Relative pulse height 

In scintillation counting, when a photomultiplier tube is operated at a constant supply 
voltage and the gain of the measuring circuit is fixed, the pulse height that gives the peak 
of the pulse height distribution is referred to as the relative pulse height (RPII). This is 
commonly stated in terms of the channel number at which the maximum count rate of the 
pulse height distribution is obtained with a pulse height analyzer26'. The same measurement 
setup is used as shown in Figure 3-56. This relative pulse height essentially nleans the 
collective gain of a photomultiplier tube used in scintillation counting. It usually shows a 
good correlation with measurement data taken by users (instrument manufacturers) and 
thus is often used for simple evaluation of a photomultiplier tube. 

When measured with a Nal(T1) scintillator. the relative pulse hcight provides a close 
correlation with blue sensitivity because the emission spectrum of the NaI(T1) resembles 
the spectral transmittance of the Corning filter CS No.5-58 which is used for the blue 
sensitivity measurement. (Refer to Section 3.1.5.) 

(3) Linearity 

Output current linearity of a 
photomultiplier tube with respect 
to the amount of scintillation flash 
is another important parameter to 
discuss. Since linearity of 
general-purpose photomultiplier 
tubes has already been described 
earlier, this section explains how 
to measure linearity related to 
scintillation counting. Figure 3- 
60 shows a typical pulse height 
distribution for the * 1 6 ~ a  taken 
with a NaI(T1) and Figure 3-61 
indicates the relationship be- 
tween each peak channel and the 
gamma-ray energy. Because 
2 2 6 ~ a  releases various kinds of 
radiation ranging in energy from 
10.8keV to 2.2MeV, it is used for 
linearity measurements over a 
wide energy range. 

Photomultiplier tube linearity 
and measurement methods using 
normal light sources have been 
discussed in Section 3.3.2. When 
m Co is used for linearity mea- 
surements under the conditions 
that the photomultiplier tube gain 
is at lo6 and the decay constant 
( r ,) of the NaI(T1) scintillator is 
250 nanoseconds at rooin temper- 
ature, the photo~liultiplier tube 
output current Ip is given by 

RADIATION SOURCE: '"Ra 
SCINTILLATOR: Nal(TI), 3 d i a . X 3  t 
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Figure 3-60: Pulse height distribution for the 
2 2 6 ~ a  taken with an Nal(TI) 

Figure 3-61: Relation between peak channel 
and gamma-ray energy 
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= 6.4 x 10" (A) ............................................................................ (Eq. 3-47) 

where 

,u : current amplification (ga~n) of photomultiplier tube 
N : amount of light flash per event produced from scintillator 
e : electron charge 
p : quantum efficiency of photocathode (assumed to be 25%) 

Thus in this measurement the photomultiplier tube must have a pulse linearity over 6.4 
milliamperes. In particular, care should be taken with respect to the linearity range when 
measuring radiation at higher energy levels as the photomultiplier tube produces a large 
amount of light flash. 

Uniformity 

The uniformity of a photomultiplier tube affects the performance of systems utilizing 
scintillation counting, especially in such equipment as Anger cameras used to detect the 
incident position of radiation. Uniformity of a photomultiplier tube is cornmonly defined 
as the variation in the output current with respect to the photocathode position on which a 
light spot is scanned 

However, another evaluation (,) M ~ ~ ~ ~ R E ~ ~ ~ ~  (b) DIRECTION OF LIGHT 

method like that illustrated in DEVICE INCIDENT ON PMT 

Figure 3-6226' provides more 
useful data which allows users to 
predict the direct effects of 
uniformity on the equipment. 

In Figure 3-62, the photomulti- LIGHT GUIDE 

plier tube is set at a distance (d) ,r- 

from a light source. The output 
variations of the photomultiplier Nal(TI) SCINTILLATOR 

.. . . / \YE~TURE NONDIRECTIYIIY / tube are measured as the light 
~~" , ' , "~~0~57Co,  LIGHT SOURCE 1 rource is rotated around the tube . 

(by changing angle 0 ). The same TPMOC0051EA 
procedure is repeated at different 
values of d Then plotting the Figure 3-62: Measurement method for azimuth 

uniformity 
positions (4 R ) of the light source 
providing equal output gives a graph similar to a contour map (Figure 3-63). 

Uniformity data evaluated by this method is called the azimuth uniformity. If 
photomultiplier tubes with poor azimuth uniformity are installed in an Anger camera, 
position distortion may occur in the detection area, degrading spatial resolution. Since the 
azimuth uniformity requires a long time to test, it is not practical to measure this data for 
every photomultiplier tube. Usually, only a sample of photomultiplier tubes are measured 
to provide reference data. 
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(a) EXAMPLE OF GOOD (b) EXAMPLE OF POOR 
CHARACTERISTICS CHARACTERISTICS 

PULSE HEIGHT / PULSE WEIGHT 

1 0  

I 

Figure 3-63: Examples of azimuth uniformity data 

(5)  Stability 

There are two types of stability tests used in scintillation counting: long term stability
z6) 

and short term stability
z6'. Both stability tests employ a 1 3 7 ~ s  radiation source and a 

NaI(T1) scintillator. The variation in the photopeak obtained from a photomultiplier tube is 
measured with a pulse height analyzer (PHA). These stability tests differ slightly from 
those applied to the general-purpose photomultiplier tubes which were discussed in the 
previous section. 

a) Long term stability 

The long term stability is also 
referred to as the photopeak drift. 
In this stability test, the photomul- 
tiplier tube is allowed to warm up - +2 
for one hour with the photopeak & 
count rate maintained at lkcps. 
After this, the variation rate of the TIME (hours) 

photopeak pulse height (channel 
number) is measured for a period 
of 16 hours. 

The same measurement setup 
shown in Figure 3-56 is used and 
the variation occurring in the peak 

TPMOBOO67EA 
channel is recorded as the time 
elapses. Figure 3-64: Long term stability of a typical 

photomultiplier tube 
There are a few tube types that 

exhibit somewhat a tendency to increase during the period of 16 hours. However, most 
photomultiplier tubes tend to show decreasing values, with a variation rate within 2 
several percent. This tendency is analogous to the drift characteristic explained earlier, but 
this test method is more practical for scintillation applications. Numerically, the long term 
stability DL,, is defined as the mean deviation of the peak pulse height (or mean gain 
deviation) with respect to the mean pulse height, expressed in percent as given by the 
equation below. It usually has a value of * 1 or 2 percent. 
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2 / p i - P I  
D L T S = " = '  ,100 .............................................................. - ( E .  3-48) n P 

where 

P : mean value of photopeak pulse height (channel) 
Pi : peak pulse height at the i-th reading 
n : total number of readings for 16 hours 

b) Short term stability 

The short term stability is also referred to as the count rate dependence. The variation in 
the photopeak pulse height is measured when the photopeak count rate is increased from 
lkcps to l0kcps. If the photopeak pulse height at a count rate of lkcps is given by A and 
that at IOkcps by B, the short term stability DsTs is stated by the following relationship. 
This value is expected to be about + 1 percent. 

DSTS= ( 1 -B)  X 100 ( % ) ............................................................... ( E .  3-49) 
A 

This instability is caused by the abrupt change in output current resulting from the 
changing count rate, and is closely related to the hysteresis effect in photomultiplier 
tubes. 

(6) Noise 

In scintillation counting, a signal pulse is usually produced by multiple photoelectrons 
simultaneously emitted from the photocathode which create a higher pulse height than 
most dark current pulses do. Use of a discriminator effectively eliminates most dark 
current pulses with lower amplitudes. Accordingly, only noise pulses with higher amplitudes 
will be a problem in scintillation counting. To remove this type of noise pulse, the coincident 
counting technique is commonly used. 

Noise pulses with higher amplitudes may be caused by radiation released from natural 
radioactive elements contained in a reinforced concrete building or in the atmosphere. 
These noise pulses may be a significant problem, particularly in low-level-radiation 
measurements. Concrete used to construct a building usually contains Rn, Th and 4 0 ~ e ,  
and steel contains U, Th and 6 0 ~ o .  Radioactive floating dust and Rn or Th gases may be 
present in the atmosphere, and a scintillator may also contain minute amounts of 4 0 ~  and 
'O'T~. Furthermore, borosilicate glass used to fabricate the faceplate of a photomultiplier 
tube contains potassium of which 4 0 ~  comprises 0.11 8 percent. The 4 0 ~  releases gamma 
rays of 1.46MeV. 

Figure 3-65 shows background noise measured with a Hamamatsu R877 photomultiplier 
tube (5-inch diameter, borosilicate glass, bialkali photocathode) coupled to a NaI(T1) 
scintillator (5-inch diameterX2-inch length). Figure a is measured without taking any 
countermeasures, while @ is measured by shielding the tube with two lead blocks of 100 
and 50 millimeter thickness, each being placed respectively in the lower section and upper 
section. Figure @ is data taken with an R877-01 that employs a so-called K-free glass 
containing a very minute amount of potassium for its faceplate and side bulb envelope. 

Since these measurements were made using the setup in which the peak of ' 3 7 ~ s  
(662keV) becomes 300 channels, the energy range measured covers from about several 
thousand keV to 2.2MeV. In this energy range, the background noise that is as high as 
470cps during normal measurement 0, can be drastically reduced to 26cps (about 1/20) 
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by shielding the tube with lead blocks. Consequently, it has been proven that most background 
noise originate from environmental radiation. In addition, use of the R877-01 with K-free 
glass (Refer to Section 3.1.2.) further reduces the total noise counts down to about 16cps. 
Particularly, in the energy range from 1.2 to 1.6MeV where noise counts mainly result 
from the 4 0 ~  (1.46MeV), the noise count of 3.3cps measured with the R877 (normal 
borosilicate glass) is reduced to 0.9cps with the R877-01 (K-free glass). 

The external parts of a photomultiplier tube and the scintillator, are usually maintained 
at ground potential. Therefore, a cathode ground scheme with the high voltage applied to 
the anode is often used in scintillation counting. 

a PMT BULB MATERIAL: BOROSlLlCATE GLASS 
(NORMAL GLASS) 

SHIELD: WITHOUT LEAD BLOCK 
lo4 NOISE COUNT: 17.7 cps Ih TOTAL COUNT: 470 cps 

ENERGY (RELATIVE VALUE) 

(3? PMT BULB MATERIAL: K-FREE GLASS 
SHIELD: LEAD BLOCK 

NOISE COUNT: 0.86 cps 

"'I TOTAL COUNT: 16 cps 

0 512 1024 

ENERGY (RELATIVE VALUE) 

PMT BULB MATERIAL: BOROSILICATE GLASS 
(NORMAL GLASS) 

SHIELD: LEAD BLOCK 
NOISE COUNT. 3.3 cps 
TOTAL COUNT: 26 cps 

40 1( 

ENERGY (RELATIVE VALUE) 

Figure 3-65: Background noise 

(7) The plateau characteristic 

The plateau characteristic is useful in simple scintillation counting which does not use a 
pulse height analyzer. The plateau characteristic is measured by setting a discrimination 
level and counting all pulses with amplitudes greater than that level. This operation is 
done while changing the supply voltage for the photomultiplier tube. The measured data is 
plotted on a graph in which the abscissa indicates the supply voltage and the ordinate 
indicates the total number of counted pulses with amplitudes greater than the discrimination 
level. Figures 3-66 (a) and (b)  how the typical plateau characteristic and pulse height 
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distribution when a NaI(T1) scintillator and 5 5 ~ e  radiation source are used. 

With the discrimination level kept at a constant value, as the photomultiplier tube 
supply voltage is increased, the output pulses are counted in order from the photopeak 
region to the valley and the dark current regions. Plotting the count rate versus the 
photomultiplier tube supply voltage gives a curve like that shown in Figure 3-66 (a), 
which consists of three regions (regions A, B and C). Region B is referred to as the 
plateau and the supply voltage should be set within this region. The count rate will not 
vary even if the supply voltage is changed within this region, showing a constant photopeak 
count rate. The wider the plateau region, the less the count rate will be affected by 
fluctuations in the dark current. This plateau region corresponds to the valley of a pulse 
height distribution, i.e., region B' in Figure 3-66 (b). photomultiplier tubes with better 
energy resolution and lower dark current provide a wider region B'. Since the plateau 
region is expressed in terms of supply voltage range, photomultiplier tubes with smaller 
gain and lower noise tend to have a wider plateau range. With this method, however, it 
should be noted that energy analysis cannot be carried out because all pulses with amplitudes 
higher than the discrimination level are counted. 

oo 1 SCINTILLATOR: Nal(TI), 1" dia.XO.l" t 
I 1 I I 

800 900 1000 1100 1200 1300 1400 

SUPPLY VOLTAGE (V) PULSE HEIGHT (CHANNEL) 

Figure 3-66: Plateau characteristic 

As an application example, plateau characteristics are widely employed to evaluate 
photomultiplier tubes designed for use in oil well logging where geological information is 
obtained based on the signal produced by Compton scattering. In this case, photomultiplier 
tubes are also evaluated using a 1 3 7 ~ s  radiation source and a NaI(T1) scintillator. Typical 
plateau characteristics are shown in Figure 3-67. 
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SUPPLY VOLTAGE (kV) 

TPMHBOIZSEA 

Figure 3-67: Typical plateau characteristics of a photomultiplier tube 
designed for high temperature operation 

To measure the data shown in Figure 3-67, a photomultiplier tube designed for high 
temperature operation is used. The plateau characteristic taken at 1 7 5 c  is shown along 
with that obtained at 2S°C. It can be seen from the figure that the supply voltage at which 
the signal appears (corresponding to region A in Figure 3-66 (a)) shifts to the higher 
voltage side. This is because the gain of the photomultiplier tube decreases as the temperature 
increases. On the other hand, since the dark current increases with temperature, the count 
rate sharply increases (corresponding to region C in Figure 3-66 (a)) at a lower supply 
voltage. Consequently, the plateau width (supply voltage range) measured at a higher 
temperature becomes narrow in comparison with that obtained at room temperatures 
(+2S "C). 
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In recent years, with the advent of the microchannel plate" (abbreviated as 
MCP hereafter), photomultiplier tubes have evolved as more versatile devices. 
MCP-PMTs that is, photomultiplier tubes that incorporate an MCP in place 
of the conventional discrete dynodes, offer wide-bandwidth measurements up 
to the picosecond region as well as low-light-level detection in the photon 
counting region. This chapter describes these ultra-fast and high-sensitivity 
M C P - P M T ~ ) .  
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4. 1 Construction 
4. 1. 1 Construction of MCPs 

Figure 4-1 illustrates the schematic construction 
(a) Schematic construction of an MCP 

of an MCP. The MCP consists of a two-dimensional 
array of a great number of glass capillaries (channels) CHANNEL 

bundled in parallel and formed into the shape of a (12 p m  dia) 

thin disk. Each channel has an internal diameter 
ranging from 6 to 20 microns with the inner wall 
processed to have the proper electrical resistance 
and secondary emissive properties. Accordingly, o 48mm 

each channel acts as an independent electron 
multiplier. The cross section of a channel and its 
principle of multiplication are illustrated in Figure 
4-1 @). When a primary electron impinges on the 
inner wall of a channel, secondary electrons are 
emitted. Being accelerated by the electric field created (,,) Principle of multiplication 
by the voltage V, applied across both ends of the 
MCP, these secondary electrons bombard the channel 

INPUT 
wall again to produce additional secondary electrons. ELECTRO 

'This process 1s repeated many times along the channel e 

and as a result, a large number of electrons are released 
from the output end. 

MCPs are quite different in structure and operation 
from conventional discrete dynodes and therefore TMCPC0002EB 

offer the following outstanding features: Figure 4-1: Schematic construction of an MCP 
and its principle of multiplication @ High gain despite compact size 

@ Two-dimensional detection with high spatial resolution 
@ Fast time response 
@ Stable operation even in high magnetic fields 
@ Sensitive to charged particles. ultraviolet radiation, X rays, gamma rays, and neutrons 
@ Low power consumption and light weight 

There are various types of detectors that utilize the advantages offered by MCPs, for example image 
intensifiers for low-light-level imaging, fast time response photomultiplier tubes that incorporate an MCP 
(MCP-PMTs), position-sensitive multianode photomultiplier tubes, streak tubes for ultra-fast photometry, 
and photon counting imaging tubes for ultra-low light level imaging. 

4. I. 2 Construction of an MCP-PMT 
Figure 4-2 shows the cross section of a typical 

MCP-PMT. This tube consists of an input window, 
photocathode, MCP, and anode. The photoelectrons 
emitted from the photocathode are directed into 
the channels of the MCP. When these electrons 
impinge on the inner wall they are multiplied by 
means of secondary emission. This process is -- 

repeated along the channels, and finally a large 
number of electrons are collected by the anode as 
an output signal. The MCP is arranged at a distance 

TPMHC0010EB of 2 millimeters or less from the photocathode, 
forming a close-proximity structure. A photograph Figure 4-2: Construction of an MCP-PMT 



4.1 Construction 85 

of an actual MCP-PMT complete with housing is 

Figure 4-3: External view of an MCP-PMT 

4. 1. 3 Bleeder circuit and housing structure 
Figure 4-4 shows a basic bleeder circuit used to 

<STRUCTURE> 
operate an MCP-PMT (with a two-stage MCP) and 
the configuration of the housing that contains the 
MCP-PMT with the bleeder circuit. PHOTO- ALUMINUM CASE 

CATHODE 

As shown in the figure, a negative high voltage is TERMINAL 

normally applied to the photocathode, and the bleeder 
circuit gives a voltage gradient between the photo- 
cathode, MCP-in, MCP-out, and the anode by divid- 

d 
a 1 (L-: ing the high voltage with properly selected resistors. 

The bleeder circuit and housing are designed with 7 

6 2 careful consideration given to prevent "ringing" 
which may be caused by high-frequency signals, so 

4 

that the output waveform distortion is suppressed to 
a minimum level. 

<BLEEDER CIRCUIT> 

CATHODE MCP ANODE 

-HV GND 

TPMHCOOl lEA 

Figure 4-4: Housing configuration and operating 
circuit for the MCP-PMT 
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4. 2 Basic characteristics of MCP-PMTs 
4. 2. 1 Current amplification characteristics 

The current amplification of an MCP-PMT 
depends on the number of MCPs incorporated in 
the tube. Figure 4-5 shows a typical current 
amplification curve of an MCP-PMT. 

The current amplification or gain') ( p ) of an MCP 
106 

is determined by the channel length (L), the length- z 
to-diameter ratio u (=L/d) of a channel, and the ' '2 
specific electric field intensity defined as the voltage o 105 

LL 
drop per unit channel length (%=V, 1 cu ), and, thus 
is given by I a 

+ 
p = E X P ( G .  u )  5 lo4 

I I  
LT 

where G is the gain factor related to the inherent ' 3 
characteristics of the MCP materials. Since this gain 
factor G varies pretty much in proportion to the lo3 

voltage applied to the MCP, the MCP gain varies 
exponentially with respect to the applied voltage. 

In the case of MCPs made from the same materials, lo2 2.0 2.2 2.4 2.6 2.8 30 3.2 3.4 

a change in the gain factor shows a similar charac- 
SUPPLY VOLTAGE (kV) 

teristic with respect to the specific electric field 
TPMHE0077EA 

intensity per unit length, %=v,/ a . This means that 
M C P ~  with different gain characteristics can be Figure 4-5: Typical current amplification of an 

MCP-PMT (two-stage MCP with 6 pm 
fabricated by selecting the proper a . channel diameter) 

4. 2. 2 Saturation characteristics" 
In general, the saturation of a photodetector is defined as the phenomenon in which the amount of output 

signal is no longer proportional to the incident light intensity. In the case of MCP-PMTs, this saturation is 
caused by disturbed potential distribution and space charge effects inside the MCP, being different from 
those of normal photomultiplier tubes using multiple stages of discrete dynodes. 

(1) Saturation in DC operation (analog mode) 

An MCP has a resistance ranging from several tens to several hundreds of megohms, 
which limits the strip current flowing through the MCP. Because of this, output current 
saturation occurs as the input current increases, as shown in Figure 4-6 (a). This is mainly 
caused by a decrease in the electric field intensity due to variations in the potential 
distribution at the output end of the MCP. 

Figure 4-6 (b) shows typical gain variations versus the ratio of the output current to the 
strip current ( ,9 ). Saturation begins to occur when the output current reaches 5 percent of 
the strip current. Figure 4-6 (c) shows gain variations of MCPs with different resistance 
values. It is obvious that the DC linearity greatly depends on the resistance. 



4.2 Basic characteristics of MCP-PMTs 87 

INPUT CURRENT (PA) 

I TO STRIP CURRENT I 

60 1 i 1 1  

OUTPUT CURRENT ( F A )  

Figure 4-6: Saturation characteristics of MCPs in DC operation 

(2) Pulse gain saturation characteristics in an MCP non-saturated 
range (analog mode) 

As long as an MCP is operated in the non-saturation range (with gain from 0 to about 
lo4), it assures good linearity even if multiple electrons enter one channel at very short 
intervals. Figure 4-7 shows the linearity data of an MCP-PMT operated in the non-saturation 
range to detect pulsed light. 
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I PICOSEC 
LIGHT PULSER 

MCP-PMT 
OSCILLOSCOPE 

HIGH VOLT. 
POWER 
SUPPLY 

a) PICOSEC LIGHT PULSER: HAMAMATSU PLP-01 
WAVELENGTH. . . . . . -410nrn HALF WIDTH - . . - . - - 35pS 

b) SAMPLING OSCILLOSCOPE: TEKTRONIX 11802 
FREQUENCY BAND. . - - . . .20GHz 

c) SAMPLING HEAD: SD-26 

(b) Pulse linearity (Effective MCP diameter (c) Pulse repetition rate and pulse linearity 
18mm. channel diameter 6 p m )  (Effective MCP diameter 18mm, channel 

diameter 6 p m) 

ANODE PEAK CURRENT (A) PULSE REPETITION RATE ( kHz) 

@at 5% deviation 

TPMHBOO79EB 

Figure 4-7: Typical pulse linearity of an MCP-PMT 

Figure 4-7 (a) shows a block diagram for measuring pulse linearity. A picosecond light 
pulser (Hamamatsu PLP-01) is used as the light source. The intensity of the pulsed light is 
adjusted by ND (neutral density) filters and input to the MCP-PMT. Figure 4-7 (b) shows 
a typical pulse linearity plot for a proximity-focused MCP-PMT measured at a pulse 
repetition rate of 100 hertz. Under these conditions, pulse currents up to 700 milliamperes 
can be extracted. When the pulse repetition rate is changed, it greatly affects the linearity 
as shown in Figure 4 (c). In the analog mode, the saturation mechanism for pulse linearity 
differs depending on the pulse repetition rate. When the repetition rate is lower than that 
determined by the total number of MCP channels and the MCP dead time, the maximum 
pulse current is given by the following relation: 

Pulse current = Output charge 
Pulse width 

Under these operating conditions, the maximum pulse current is determined by the 
product of the number of electrons that can be released from the MCP and the number of 
MCP channels. On the other hand, if the repetition rate increases more than the above 
parameter, then the maximum pulse current is affected by the ratio of the strip current to 
the total amount of charge which is the product of the charge per pulse and the repetition 
rate. 
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(3) Pulse gain characteristics in the MCP saturation range (digital 
mode) 

In the MCP saturation range (at gain lo5  to lo6). the output will be saturated even if 
only one electron enters a channel. Each saturated channel will lose analog-mode linearity. 
Thus, in this range the MCP should be operated in the photon counting mode. The count 
rate is determined by the number of MCP channels, and statistically, when 1110th of the 
total number of MCP channels are used, the count rate loss will be about 5 percent. If this 
is permissible, with a dead time') (explained later) of 0.1 second and the number of MCP 
channels equal to 1 X loh, the count-rate linearity can be maintained up to lo6 counts per 
second (cps), as stated by the following equation: 

Figure 4-8 shows pulse height 
distributions of photoelectron sig- 
nals and dark current pulses taken 
with an MCP-PMT in the photon 
counting mode. Since the MCP is 
operated in the saturation range, 
a distinct pulse height distribution 
for the signals is obtained. 

Figure 4-9 illustrates a block 
diagram for measuring the count- 
rate pulse linearity. Light intensity 
is reduced by neutral density 
filters down to the single photo- 
electron level at which each pho- 
toelectron pulse is detected by the 
MCP-PMT. The number of single 
photoelectron pulses is counted by 
the counter circuits connected to 
the MCP-PMT, and the count rate 
is measured and plotted while 
changing the number of incident 
photons. 

Figure 4-10 indicates the lin- 
earity data for various MCPs 
versus different resistance values 
as a function of the count rate. It 
is clear that the count-rate linearity 
depends on the MCP resistance: 
the lower the resistance, the better 
the count-rate linearity will be. 

SUPPLY VOLTAGE : -3000V 
WAVELENGTH : 400nm - 

a TEMPERATURE : 2% 
DARK COUNT : 200cps (typ) 

RELATIVE PULSE HEIGHT 
(CHANNEL NUMBER) 

Figure 4-8: Typical pulse height distribution 
in single photon counting mode 

FILTER 

COUNTER 

Figure 4-9: Block diagram for measuring the count- 
rate linearity in the photon counting 
mode 
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NUMBER OF INPUT PHOTOELECTRONS (counts / sec / cm2) 

Figure 4-10: Typical MCP-PMT 2-stage count-rate linearity in the photon 
counting mode 

4.2.3 Dead time 
When an MCP is irradiated by a pulsed electron current, the positive charge generated at the MCP output 

acts in accordance with the released electron current so as to suppress the subsequent electron multiplication. 
This charge is neutralized by the strip current flowing through the channel wall. A certain amount of time is 
required however because strip current is small due to the high resistance of the MCP. The time required for 
neutralization is referred to as the dead time'' or recovery time. If the output charge per channel is given by 
Qout and the strip current per channel by Is, then the dead time r , is given by the following relation: 

The dead time r , is a useful guide for estimating gain saturation, and experimentally it shows a value of 
approximately 140 milliseconds. 

4. 2. 4 Timing properties 
As discussed in the previous chapter on photomultiplier tube timing properties2), the electron transit time 

widens due to the emission-angle distribution and initial-velocity distribution of the photoelectrons and 
secondary electrons as well as the effect of the accelerating lens. This results in a time-broadening of the 
signal pulse in the multiplication process from the photocathode through the anode. Since MCP-PMTs 
employ an MCP in place of conventional dynodes, the electron transit time can be shortened. In addition, the 
transit time spread can be significantly improved compared to normal photomultiplier tubes because a nearly 
parallel electric field is applied between the photocathode, the MCP, and the anode. Furthermore, the 
proximity-focused MCP-PMT offers a short distance from the photocathode to the MCP between which a 
high electric field is applied so that the emission-angle distribution of the photoelectrons can be virtually 
ignored. 
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(1) Riselfall times 

The rise and fall times of an 
MCP-PMT are evaluated from the 
output waveform when the MCP- - 
PMT detects a light pulse whose 6 
width is sufficiently short com- ; 
pared to the time response of the & 
MCP-PMT. These parameters are 
especially important when observ- $ 
rng the waveform of ultra-short ' 9 
pulsed light. For the measurement 

3 
method. refer to Section 3.3.1. 2 
"Timing properties " . Figure 2 

4-1 1 shows a actual waveform 
obtained w~th an MCP-PMT. 

TIME (0.2ns I Div.) 

TPMHBOOEZEA 

Figure 4-11: Pulse response waveform of 
MCP-PMT (R3809U) 

(2) Transit time 

The transit time is the time delay between the input of a light pulse at the photomultiplier 
tube and the appearance of the output pulse from the photomultiplier tube. For the 
measurement method, refer to Section 3.3.1, "Timing properties" . 

(3) TTS (transit time spread) 

When a light pulse enters an MCP-PMT, the photocathode converts the light energy 
into an electron pulse which travels to the anode while being multiplied. The transit time 
of each pulse differs depending on each event. The distribution of this transit time is 
referred to as the transit time spread or TTS. The TTS of an MCP-PMT is measured with 
the incident light intensity reduced down to single photon levels. The TTS is an important 
parameter, especially in the time-correlated photon counting technique7) where the 
measurement of timing is of prime consideration. For the measurement method, refer to 
Section 3.3.1, "Timing propertie? . Figure 4-12 shows typical TTS data taken with an 
MCP-PMT. 
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TIME ( 0 . 2 ~  / Div.) 
TPMHB0083EA 

Figure 4-12: Transit time spread (WS) of MCP-PMT (R3809U) 

(4) Cathode transit time difference 

In most photomultiplier tubes, the electron transit time differs with the position of 
photocathode illumination. When the entire photocathode is uniformly illuminated, the 
difference in transit time with respect to position is referred to as the cathode transit time 
difference or CTTD. The CTTD usually affects the TTS to a significant extent, but in the 
case of proximity-focused MCP-PMTs, it has little effect on the TTS. For the measurement 
method, refer to Section 3.3.1, "Timing properties" . 

Timing properties of various MCP-PMTs are summarized in Table 4-1 below. The less 
the number of MCP stages and the smaller the channel diameter, the better the timing 
properties. The rise time ranges from 0.1 to 0 .3  nanoseconds but the fall time does not 
show a correlation with the rise time. This is probably due to the difference in electrostatic 
capacity between the MCP and the anode. The gated MCP-PMT (R2024U) is slightly 
inferior in timing properties as compared to other types. This is because the gate mesh 
located near the cathode prevents the photoelectrons from traveling normally. 

Note: Listed are typical values including the overall jitter of the light source and circuitry. 
A picosecond laser with a pulse width less than 5 picoseconds (FWHM) is used to 
measure the TTS. The R3809U is a compact type; the R2024U is a gated type; and the 
R2566U is a triode type. (See Figure 4-13.) 

MCP-PMT Type No. 

R2809U (6 pm/2 stages) 

R3809U (6 pm/2 stages) 

R2024U (1  2 p m/2 stages) 

R2566U (6 pm/2 stages) 

Table 4-1: Quick reference for MCP-PMT timing properties 

Rise Time 
(ns) 

0.15 

0.15 

0.3 

0.1 

Fall Time 
(ns) 

0.7 

0.35 

1 .O 

0.1 

Transit Time 
(ns) 

0.4 

0.4 

3.5 

0.4 

TTS (Half Width) 
(ps) 

30 

25 

120 

- 
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Next, let us introduce the 
R2566U MCP-PMT which offers 
significant improvements in tim- 
ing properties. The construction 
and the bleeder circuit of the 
R2566U are shown in Figure 4-13. 
This tube has been developed 
specifically for use in ultra-fast 
photometry. A specially designed 
mesh electrode is provided 
between the MCP and the anode 
as shown in  the figure. This menh 
cancels out the displacement 
current generated at the time that 
the secondary electrons emitted 
from the MCP are accelerated 
toward the anode. Figure 4-14 
shows a typical output waveform 
from the R2655U. Ultrafast time 
response with rise and fall times 
of 100 picoseconds is obtained. 

PHOTO- 
CATHODE 

HV INPUT TERMINAL 

TERMINAL 
7-- 

<BLEEDER CIRCUIT> 
MESH 

CATHODE MCP ANODE 

loOOpF 500pF lOOOpF 3OOpF 

- HV 

I 
GND 

Figure 4-13: Configuration and internal bleeder 
circuit of the R2566U 

TIME (0.2ns / Div.) 

TPMHBOOBlEA 

Figure 4-14: Time response waveform of the R2566U 
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4. 2. 5 Magnetic characteristics2' 
As stated in the section on photomultiplier tubes designed for use in highly magnetic environments, the 

following points are essential to improve magnetic characteristics. 

(1)The distance between the photocathode, dynodes and anode should be shortened to minimize the 
electron transit distance. 

(2)The electrodes should be designed to apply a parallel electric field from the photocathode to the 
anode so that the secondary electrons do not converge but travel in parallel to the tube axis. 

(3) A high electric field intensity should be applied. 

The MCP-PMT meets all the above requirements and thus provides superior magnetic characteristics. 
Figure 4-15 shows typical magnetic characteristics of an MCP-PMT. The extent of the effect of a magnetic 
field on the output depends on the direction of the magnetic field with respect to the MCP axis. In magnetic 
fields parallel to the tube axis, the MCP-PMT can operate at up to 2.0 Tesla (20 kilogausses), but in magnetic 
fields perpendicular to the tube axis, the output drops drastically if fields exceed 0.07 Tesla (700 gauss). 

4. 3 Gated MCP-PMT2' 

(a) Magnetic characteristic (b) Magnetic characteristic 
(in magnetic fields parallel to tube axis) (in magnetic fields perpendicular to tube axis) 

In applications in fields such as fluorescence 
lifetime measurement, laser Raman spectroscopy, 
and laser radar, photodetectors with a gate function 
are often required for more precise measurements. 
The gate function should have the following 
performance characteristics: 

(1) Highest possible gating speed 
(2) Large extinction ratio (gate onloff ratio) 
(3) Low switching noise 

Figure 4-16 illustrates the structure of a gated 
MCP-PMT. This tube basically consists of a 
photocathode, gate mesh, MCP and anode. The gating 
function is performed by controlling the gate mesh. 
Which is positioned in close proximity to the 
photocathode as shown in Flgure 4-16, Applying a 

1 fl PHOTOCATHODE 

DIRECTION OF 
MAGNETIC FLUX 

5 Mcp-pMT 

'C' 
0 20 40 60 80 100 

2 0 1 5  

C + 
3 
a 

3 1 0  
a 

C I- 

3 
W 1 0  DIRECTION OF 

s 

Figure 4-16: Structure of an MCP-PMT with 
gate mesh 

MAGNETIC FLUX DENSITY (T) MAGNETIC FLUX DENSITY (mT) 

TPMHB0085EB 

Figure 4-15: Typical magnetic characteristics of an MCP-PMT 
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reverse potential with respect to the photocathode potential to the gate mesh sets the "off" mode, while 
applying a forward potential sets the gate operation "on" mode. 

Figure 4-17 shows the basic characteristic of the 
gate function for a typical extinction ratio taken with 
a gated MCP-PMT operating under static conditions. 
This data was measured with the photocathode 
potential maintained at 0 volts and proves that the 
extinction ratio is better than 10-"incident light 
wavelength: 500 nanometers). 

Figure 4-18 (a) shows the bleeder circuit, and (b) 
shows the dynamic gate performance obtained with 
a gated MCP-PMT when a gate pulse is applied 
while continuous light is allowed to strike the tube. 
The gate operation starts in as little as one 
nanosecond. 

GATE BIAS VOLTAGE (V) 

TPMHBOO86EA 

Figure 4-17: Extinction ratio characteristic 
under static operating conditions 

(a) Bleeder circuit (b) Gate characteristic 

GATE 

/ - MCP 

OUTPUT 
SIGNAL 

TIME (2ns / Div.) 

Figure 4-18: Built-in bleeder circuit and dynamic gate characteristic 

As explained above, the gated MCP-PMT offers significant improvement in gate speed 
ratio in comparison with conventional photomultiplier tubes. 

TPMHCOOlSEA 

and extinction 
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4. 4 Multianode MCP-PMP' 
The previous sections mainly discussed MCP-PMTs having a single anode. Recently a variety of MCP-PMTs 

with independent multianodes have been developed and put into practical use. These multianode MCP-PMTs 
offer simultaneous, two-dimensional (or one-dimensional) detection as well as fast response speed and 
low-light-level detection. 

The construction of typical multianode MCP-PMTs are illustrated in Figures 4-19 and 4-20. 

SYNTHETIC QUARTZ 1.6X9=14.4 
WINDOW 

PHOTOCATHODE \ MCP-OUT , \ 2 1 , /  \ MCP-OUT 1 - 

ANODE 
,' 

MCP 

PHOTO- 
CATHODE 

' ' MCP-IN \ L- 

I 

! 
MCP-OUT I 

MCP-IN -- 

-' ANODE 

\ \ CATHODE 

MAGNIFIED VIEW MAGNIFIED VIEW 

TPMHA0020EB 

Figure 4-19: Multianode MCP-PMT with 10 X I 0  anode format 

ANODE 32 LINEAR ANODE ARRAY 

PHOTOCATHODE 

Figure 4-20: 32 linear rnultianode MCP-PMT 

Figure 4-21 indicates the spatial resolution of various multianode MCP-PMTs. These consist of the 'output 
profile of each anode when a light spot of approximately 2 0 , ~  m diameter is scanned over the photocathode. 
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As listed in Table 4-2, the family of multianode MCP-PMTs includes 10 linear anodes, a 32 linear anode 
type, a 4 x 4  matrix anode type, and an 8 X 8 matrix anode type. Furthermore, multianode MCP-PMT 
assemblies equipped with connectors and cables are available. The anode configurations listed in Table 4-2 
are just typical examples. Other anode configurations and the number of anodes are also available upon 
request. 

Table 4-2: Examples of multianode MCP-PMTs 

Type No. 

R1712U 

R3839U 

R3840U 

R3841 U 

R41 IOU 
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Electron multiplier tubes (EMT) are capable of detecting ions, electrons, soft 
X-rays, and vacuum ultraviolet (VUV) radiation. They are used in various 
models of mass spectrometers1' and electron microscopes?). 
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5. I Electron Multiplier Tubes 
5. 1. I Construction of an electron multiplier tube 

The construction of an electron multiplier tube is basically identical with the dynode section and anode 
used in a photomultiplier tube. (See Figure 5-1 .) 

ANODE SHIELD - HOLDER 

a RESISTORS D Y I  DY2 DY3 DY 15 DY16 
( I  M R , 15 pieces) 

a ANODE 
@ ANODE SHIELD -,$$,,&- I:& - ---------- 

DY 1 DY2 

2 ANODE 

TYPE NO.: R515 

TEMC0004EA 

Figure 5-1: Construction of an electron multiplier tube 

An electron multiplier tube is operated in a vacuum, and the ions, electrons, VUV radiation, or soft X-rays 
to be detected are guided so as to enter the first stage. The first stage excited by such particles or radiation 
emits secondary electrons or photoelectrons. These generated electrons are multiplied in a cascade just as is 
done in a photomultiplier tube and finally reach the anode. As can be seen from Figure 5- 1, voltage dividing 
resistors (bleeder resistors: about one megohm per stage) are usually welded between each dynode. 

Electron multiplier tubes are mainly used for the detection and measurement of gas ions and electrons. 
However they can be used as detectors in the spectral range from VUV to soft X-ray by utilizing the first 
stage as a photocathode. 

In addition to these electron multiplier tubes, single units of microchannel plates (MCPs) described in 
Chapter 4 can also be used in the detection of ions, electrons, VUV radiation and soft X-rays. 

5. I. 2 Composition of the secondary emissive surface 
The dynodes of electron multiplier tubes are made of copper containing several percent of beryllium. The 

surface of these copper-beryllium electrodes is activated and a thin film of beryllium oxide is formed on the 
dynode structure, which emits secondary electrons in response to ions, electrons, VUV radiation and X-rays. 
This beryllium oxide layer is chemically very stable. Even if exposed to air, it provides stable characteristics 
with extremely low deterioration. In addition, its high work function and small dark current make it possible 
to detect even a very small quantity of charged particles. 
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5. I. 3 Type of dynodes 
In most cases, the use of box-and-grid dynodes consisting of 16 to 20 stages is preferred due to their high 

amplification factor. Other types are also used depending on the application. 

Mesh: 

@ Box-and-grid: This dynode is most frequently used because of high gain. The number of stages 
usually ranges from 16 to 20, achieving a gain of 10' to lo8 at an applied voltage 
of 2 to 3 kilovolts. 

The mesh type dynode provides a large effective area, yet it offers a short overall 
length. The mesh type can operate stably even in a high magnetic field and its 
timing properties depends less on the incident position thanks to the planar 
structure. This makes it well suited to applications utilizing time-of-flight (TOF) 
measurement such as mass spectrometers. 

@ Linear-focused: This type dynode features compactness and fast response time. Since the horizontal 
width can be made narrow, it is well suited for configuring a multichannel 
detector. 

@ Box-and-line: This type dynode offers the merits of both box-and-grid and linear-focused types: 
high gain and fast response time. The number of stages used is commonly 
comprised of from 16 to 20, but the overall length can be shortened in comparison 
with the box-and-grid type. 

5. 2 Characteristics of Electron Multiplier Tubes 
5. 2. 1 Current amplification 

As in the case of photomultiplier tubes, the current 
amplification or gain ( p  ) of an electron multiplier 
tube is theoretically expressed as p =A ,vkn. (Refer 
to Section 3.2.) Because the secondary emission ratio i o 9  

of the dynodes used for electron multiplier tubes is 
low compared to that used for photomultiplier tubes, i o 8  
the number of dynodes usually consists of more than 
16 stages. Figure 5-2 shows gain versus supply 

l o 7  voltage characteristics for various types of dynodes. 
z 

The box-and-grid type offers higher gain than other 
a 

types. At the time of shipping, Hamamatsu provides l o 6  

all electron multiplier tubes with a specification sheet 
listing individual gain versus supply voltage charac- 

l o 5  
teristics. 

104 
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Figure 5-2: Gain versus supply voltage 
characteristics 
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5. 2. 2 Dark current and noise 
As stated earlier, the secondary surface of the dynodes used for electron multiplier tubes is made of 

beryllium oxide (BeO) having a high work function. It therefore exhibits exceptionally low dark current. 
Even so, small amounts of dark current may be generated by the following factors: 

1. Thennionic emission current 
2. Leakage current from electrode support materials 
3. Field emission current 
4. Ionization current due to residual gases 

When operated at the rated voltage, the dark current of an electron multiplier tube is considerably lower in 
comparison with a photomultiplier tube. It is usually less than one hundred picoamperes. 

As to the dark counts in pulse counting mode (Refer to Section 5.2.7.) electron multiplier tubes, for 
example types using box-and-grid dynodes, exhibit about one count per second. The dark counts are mainly 
caused by thermionic emission, field emission, and cosmic rays. 

5. 2. 3 Linearity 
Electron multiplier tubes usually incorporate 

bleeder resistors of about 1 megohm per stage. The 
output current in DC operation is limited by the 
bleeder current flowing through these resistors. 
(Refer to Section 7.1.3.) 

Figure 5-3 shows a linearity plot of an electron 
multiplier tube having 16 dynode stages. As the 
output current increases, the gain abruptly drops after 
increasing slightly. This is a typical pattern for 
linearity dependent on the bleeder current. The 
linearity tends to improve by applying a higher 
voltage or reducing the total value of the bleeder 
resistors in order to increase the bleeder current. 

TEMBOOOBEA 

Figure 5-3: Linearity 

5. 2. 4 Uniformity 
As with photomultiplier tubes, electron multiplier tubes exhibit variations in the anode output with respect 

to the incident position on the first dynode. Figure 5-4 shows variations in the anode output when an 
ultraviolet light spot is scanned over the first dynode. Considerable non-uniformity occurs when scanning in 
the Y-axis direction. Therefore, if the incident particles or light are spot-focused on the first dynode, it is 
necessary to select an incident position which provides high sensitivity. Doing this results in an improvement 
of the signal-to-noise ratio and also has preferable effects on resolution in pulse counting mode discussed in a 
latter section. 
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Figure 5-4: Uniformity 

5. 2. 5 Magnetic characteristics 
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Figure 5-5: Magnetic characteristics 
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5. 2. 6 Time stability 
Figure 5-6 shows typical time stability for an 

electron multiplier tube. This is the gain variation or 
gain drift measured when ultraviolet radiation strikes 
the first dynode after the electron multiplier tube 
has been evacuated by an ion pump (to pascal 
or less). Gain drift greatly varies with the ambient 
conditions under which the electron multiplier tube 
is operated and the magnitude of the anode output 
current. Moreover, in the case of ion detection, the 
first dynode sensitivity degrades, depending on the 
type of gas and incident energy. 

OPERATING T!ME (hours) 
TEMB0008EA 

Figure 5-6: Time stability 

5. 2. 7 Pulse counting 
In applications where high sensitivity is required, 

' 0  - 
the pulse counting technique in which the number of 
output pulses is counted is frequently utilized. The 
principle and advantages of this technique are almost o 8 -- 

identical with the photon counting technique. (Refer 
C 

to Section 3.4.) In pulse counting mode, the incident 
ultraviolet radiation OIions should strike the position 2 - -  

on the first dynode which provides the highest anode 2 
output. If light or ions are incident on a position 2 ,, .. 
which produces a low anode output, the output pulse 
height resolution becomes poor. The pulse height 
resolution can be improved by changing the bleeder 0 2  - 

resistor ratio to a so-called "tapered bleeder" 
described later. 

0 
0 512 1024 Figure 5-7 shows a typical pulse height distribution 

obtained when ultraviolet light from a deuterium lamp RELATIVE PULSE HEIGHT 

is confined to a spot of 1 millimeter diameter and TEMBOOO~EA 

irradiated onto an electron multiplier tube. This 
Figure 5-7: Pulse height distribution measured 

measurement employs a tapered bleeder in which by the input of ultraviolet light 
higher voltages are applied to the initial few stages. 
The tapered bleeder enhances the secondary emission ratios 6 of the initial dynode stages and thus improves 
the pulse height resolution. The data plotted in Figure 5-7 shows a resolution of about 100 percent, but if 
measured with an equally-divided normal bleeder, the resolution will degrade to around 150 percent. 

Figure 5-8 indicates a pulse height distribution obtained when ions with mass 18 enter an electron multiplier 
tube. As with Figure 5-7, this data was also measured using a tapered bleeder. In the case of ion irradiation, 
because multiple secondary electrons are released from the first dynode by the input of a single ion, the pulse 
height resolution improves compared to that taken with ultraviolet irradiation. This secondary emission ratio 
is determined by the dynode composition, ion energy and the type of ions. 

In Figure 5-9, the relation between the secondary emission ratio and the type of ions (Mle) is shown. The 
secondary emission ratio decreases as the mass increases, with the peak around mass 18. 
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Figure 5-8: Pulse height distribution measured Figure 5-9: Secondary emission ratio of the first 
by the input of ions dynode from the input of ion gas 

5. 2. 8 Spectral response characteristics 
The beryllium oxide (BeO) used in the first dynode 

of an electron multiplier tubes has a sensitivity from 
soft X-ray to ultraviolet radiation at nearly 300 
nanometers, but its quantum efficiency is not very 
high. Because of this, photomultiplier tubes with a 
magnesium fluoride (MgF,) window are instead used 
for the detection of ultraviolet radiation4). Electron 
multiplier tubes are effectively used in a wavelength 
range shorter than the cutoff wavelength of the MgF, 
window (approximately 115 nanometers). A typical 
spectral response for beryllium oxide is shown in 
Figure 5-10, covering a range from 30 to 140 
nanometers. As explained later, the first dynode of 
an electron multiplier tube is replaceable. The 
beryllium oxide dynode can be replaced with another 
type optimized with a substance that suits the target 
wavelength range and operating conditions. 

Figure 5-1 1 shows spectral response characteris- 
tics of CsI, BeO, RbBr and Au photocathodes in the 
range from 2 to 100 nanometers. Of these, the CsI 
photocathode offers the highest sensitivity in this 
spectral range, but exhibits deliquescence, so care is 
required in handling. Hamamatsu provides electron 

1 
20 40 60 80 100 120 140 160 

WAVELENGTH (nm) 

TEMB0012EA 

Figure 5-10: Spectral response characteristic of 
beryllium oxide 

multiplier tubes having the first dynode coated with these substances or a replacement first dynode coated 
with these substances which are sealed in an evacuated container. 
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ENERGY (eV) 

WAVELENGTH (nm) 
TEMB0013EA 

Figure 5-1 1: Spectral response characteristics of various photocathodes (2 to 100nm) 

5. 3 How to use an electron multiplier tube 

from the ground potential for proper operation. 
Figure 5-12: Bleeder circuit with positive 

(Figure 5-12) Because of this, external circuits such high-voltage application 
as a preamplifier must be connected via a coupling 

An electron multiplier tube is commonly operated 
with a negative high voltage applied to the cathode. ANODE SHIELD 

However, it is also often operated with a positive 
D Y 1  D Y 2  D Y 3  DY15DY 16 

high voltage applied to the anode, as for example in - ., fiyz Cc 

capacitor (Cc) that can withstand a high voltage. ELECTRON MULTIPLIER 

Refer to Section 7.1.2 for further details. 

Electron multiplier tubes are sealed in evacuated 
glass envelopes for shipping. When using the electron 

cutting it off from the bulb stem. This procedure is 
multiplier tube, this envelope must be removed by 

illustrated in Figure 5-13. After cutting off the THE BULB USING 

envelope, remove the upper disc and leads retained A GLASS CUTER 
BEFOREHAND 

pulse counting and in the detection of primary 
electrons. In this case, since the holder is at the 

at the wall of the glass envelope. Then install the TEMC0002EA 

PREAMP 

electron multiplier tube in the equipment. Figure 5-13: Cutting off the glass envelope used 
during shipping 

same potential as the anode shield, it has a positive m +HV 
potential. This holder must be electrically floated 

TEMCOOO~EA 
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If the first dynode of a box-and-gnd type is heavily 
fatigued, or a dynode other than the CuBe is required, 
f o ~  example the Csl or Au, the first dynode can be 
replaced. Thls procedure 19 ~llustrated m Figure 5-14. SCREW 

- -- 
FIRST DYNODE 

TEMCOOOSEA 

Figure 5-14: Replacing the first dynode 
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NOTES 



Applicability of photomultiplier tubes to low-light-level measurement greatly 
relies on the high gain offered by dynodes. Conventional dynode structures 
include the box-and-grid type, linear-focused type, circular-cage type and 
venetian-blind types. Recently the MCP (microchannel plate) has also come 
into use as a dynode with versatile capabilities. The box-and-grid types feature 
high gain and wide dynamic range and the MCP oflers ultra-fast response 
time and excellent spatial resolution. They are used in various types of 
photomultiplier tubes. However, the box-and-grid type is not capable of 
resolving the position, while the MCP has disadvantages in dynamic range 
(linearity) and maximum count rate which are limited in comparison with 
other dynodes. Therefore development of new dynode structures that compensate 
for these disadvantages have been demanded so as to provide a wide dynamic 
range, high gain and excellent spatial resolution. 

To meet this demand, Hamumatsu Photonics has contirzued research into 
dynode structures and has developed two innovative dynodes: a grid dynode1i2i3i 
and a fine-mesh d y n ~ d e ~ ) ~ ) ~ ) .  These dynodes are well suited for use with position- 
sensitive photomultiplier 

Common methods of reading out the output electron bunch from a position- 
sensitive photomultiplier tube are illustrated in Figure 6-1. With a multianode, 
the output signal is read out from independent multiple anodes. The resistive 
anode has a uniformly distributed resistive layer that reads out the signal by 
means of center-ofgravity detection. The cross-wire anode reads out the signal 
by means of current or charge-dividing center-of'gravity detection. 
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MULTIANODE RESISTIVE ANODE CROSS WIRE ANODE 

TPMHC0054EA 

Figure 6-1: Anode-output readout methods for position-sensitive photomultiplier tube 

This section describes position-sensitive photomultiplier tubes using grid 
dynodes combined with a cross-wire anode and the fine-mesh dynodes combined 
with a multianode. 



6. 1 Po5ition-Sensit~ce Photomultipl~er rube? Uvng Gind Dynodes 111 

6. I Position-Sensitive Photomultiplier Tubes Us- 
ing Grid Dynodes 

6. 1. 1 Construction 
Figure 6-2 shows the electrode structure and electron trajectories in grid dynodes. A main difference 

between the grid dynode and normal dynodes is that the secondary emission between each grid dynode 
assures smaller spatial broadening due to the fine structure of each grid. 

The photoelectrons released from the photocathode are multiplied between each dynode (by more than 10' 
in overall gain) and the reflected secondary electrons from the last dynode (retlective-type last dynode) are 
read out by the anode wires arranged in dual layers which intersect at right angles. (These are called 
cross-wire anodes). In this tube, the first dynode is positioned in close-proximity to the photocathode in order 
to minimize the broadening of photoelectrons. 

PHOTON 
h u  

PHOTOCATHODE 
,- 

/' FOCUSING MESH 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a a a a n - s a a m - - - a  

----. 

LAST DYNODE 

Figure 6-2: Electrode structure and electron trajectories in 
a position-sensitive photomultiplier tube 

6. I. 2 Characteristics 
Photomultiplier tubes using 12 stages of grid dynodes provide current amplification of lo5 or more at a 

supply voltage of 1250 volts. This type of photomultiplier tube has been marketed with various configurations 
and diameters, for example 3-inch diameter cylindrical or square envelope types and 5-inch diameter cylindrical 
envelope types. 

Table 6-1 shows typical position-sensitive photomultiplier tubes using grid dynodes and cross-wire anodes. 
The number of anodes listed here indicates the number of linear anodes in each of the X and Y directions. 
Figure 6-3 is a photograph showing actual photomultiplier tubes. 

Table 6-1: Typical position-sensitive photomultiplier tubes and their specifications 

Conf~gurat~on 
- 

Type No. Number of Anodes 

3-inch Circular 

3-~nch Square 

5-inch C~rcular 

Photocathode Number of Dynodes 

R2486 

R2487 

R3292 

Bialkali ___u2- 
B~dlkali 1 12 

16(X) + 16(Y) 

16(X) + 18(Y) --Ii- - - -- - 

B~alkali 12 28(X) + 28(Y) 
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Figure 6-3: Photograph of typical position- 
sensitive photomultiplier tubes 

Next, let us discuss the spatial resolution of a position-sensitive photomultiplier tube measured by center- 
of-gravity processing. As shown in Figure 6-2, the emitted electrons spatially broaden between the photocathode 
and the first dynode and also betweer. successive grid dynndes. Thcse are designed to minimize the broading. 
Measurement of the spatial broadening of the emitted electrons with a focused light spot on a small area on 
the photocathode produces output profiles like those shown in Figures 6-4 and 6-5. Figure 6-4 indicates the 
broadening of photoelectrons between the photocathode and the first dynode at different photocathode-to-first 
dynode voltages giving a typical spatial resolution of approximately 1.5 millimeters (FWHM). Figure 6-5 
shows the broadening of the electrons after multiplication through 12 dynode stages. The spatial resolution 
becomes approximately 4 millimeters (FWHM). From these results it is estimated that the emitted electrons 
spatially broaden to 5 to 6 millimeters through the multiplication process from the photocathode to the anode. 

0.8 

0.6 

1.5 rnm FWHM 

POSITION (2.5rnrn / div.) 

TPMHB0137EA 

POSITION (I Omrn / div.) 
TPMHBO138EA 

)a 

0 

Figure 6-4: Spatial resolution between the Figure 6-5: Spatial resolution between the 
photocathode and the anode at first dynode through 12th 
different photocathode-to-first dynode 
dynode voltages 

INTERSTAGE 
VOLTAGE IOOV 

- r- 4mm FWHM 

- ,  - 

'I 

- 
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As mentioned, a common method for reading out 
the output signal from a position-sensitive photomul- 
tiplier tube is center-of-gravity detection using cross- 
wire anodes. Figure 6-6 illustrates the principle of 
this detection method in which the electron bunch 
emitted from the last dynode is collected by the anode 
wires linearly arranged in the X and Y directions. 
Since each anode wire in the same direction is 
connected by a resistor chain, the collected electrons 
are divided into four signal components of X I ,  X,, 
Y, and Y, in accordance with the anode position at 
which the electron bunch arrive. By inputting these 
signals to a suinlning (SUM) and divider (DIV) 
circuits, the center of gravity in the X and Y direction 
can be obtained as follows: 

X=X,/(X,+X,)  

PHOTON 

INPUT WINDOW 
- 

MESH DYNODE 

CHARGE-DIVIDING 1 rb 
READOUT CIRCUIT 

Y=Y,/(Y , + Y  ,) ........................ (Eq. 6-1) 

A schematic diagram for processing the output 
signals is shown in Figure 6-7. The output signals 

t L r t x y l  
x= X2 

X1 +X2 from the cross-wire anodes are amplified and undergo 
analog-to-digital ( A D )  conversion. Then these TPMHC0056EA 

signals are input to a Computer for digital processing Figure 6-6: Center-of-gravity detection method for 
to locate the center of gravity. position-sensitive photomultiplier 

tubes using cross-wire anodes 

POSITION. OUTPUT POSITION SIGNALS 
SENS~T~VE FROM VOLTAGE-DIVIDER RESISTORS 

- FLOPPY DISK 

$: PREAMP 

X-Y STAGE 

X-Y 
PLOTTER 

-HV 
x= -L 

XI CX2 
LED (GREEN) 

Figure 6-7: Schematic block diagram for position detection 

Figure 6-8 shows the broadening of the center of gravity (spatial resolution) of a position-sensitive 
photomultiplier tube with respect to the number of incident photons per pulse from a pulse-driven LED. It 
can be seen that the broadening is inversely proportional to the square root of the incident light level, which 
agrees with the statistical theory. Figure 6-9 shows the profiles of center of gravity when a light spot travels 
over the photocathode at intervals of 1 millimeter. The spatial resolution in the center provides 0.3 millimeters 
(FWHM) at 4000 photons per pulse, but a slight distortion occurs in the peripheral area because of the 
limited number of cross-wire anodes. Figure 6-10 shows the spatial-resolution linearity, with the abscissa 
representing the position of light spot and the ordinate indicating the position of center of gravity obtained. 
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LIGHT INTENSITY: 4000 photons / event 

0.3mm FWHM 

NUMBER OF INCIDENT PHOTONS (photons 1 event) 

TPMHB0139EA 

CHANNEL NUMBER 

TPMHB0140EA 

Figure 6-8: Spatial resolution vs. number of Figure 6-9: Profiles of center of gravity 
incident photons obtained with light spot traveling 

X AXIS (mm) Y AXIS (mm) 
TPMHBOII IEA 

Figure 6-10: Spatial-resolution linearity of a position-sensitive photomultiplier tube 

In the peripheral area of the photomultiplier tube, not all electrons are properly collected by the cross-wire 
anodes. This causes a distortion in the output such that the center of gravity is slightly shifted toward the 
center. However, this distortion is at levels that can be adequately compensated by use of a lookup table, etc. 

This position-sensitive photomultiplier tube can 
be effectively used in scintillation imaging. We Nal (TI) 76mm d~a.  X 5mm t 

evaluated this photomultiplier tube using a system ~ ~ ~ k " , ' ~ O N  
shown in Figure 6- 11. A NaI(T1) scintillator was 5 7 ~ 0  

coupled to the tube to detect gamma rays from a 
5 7 ~ o  radiation source. A lead block with 5 UTER 

2mm dla 
collimating apertures of 2 millimeter diameter was - - - 

placed in front of the scintillator. Scintillation 
flashes produced in the NaI(T1) scintillator by the 

TPMHCOO58EA 
gamma rays passing through the collimating 
apertures were detected by the photomultiplier tube Figure 6-11: Block diagram for spatial 

resolution measurement using and redisplayed with a computer. The result is Nal(TI) scintillator 
shown in Figure 6-12, A scintillation image with a 
spatial resolution of 4 millimeters (FWHM) was reproduced under these conditions. 
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Figure 6-12: Example of scintillation imaging 

6. I. 3 Applications 

of 51 lkeV uniformly irradiate the scintillators. This 
image proves that light flashes from individual 
scintillators are completely separated. 

In nuclear medicine, gamma cameras and PET 
(positron emission tomography) cameras have been 
developed as promising diagnostic equipment and 
put into practical use'". In most of such equipment, 
a large number of conventional photomultiplier tubes 
are used in conjunction with large-size scintillators; 
however, equipment with even higher resolution and 
compactness has been demanded. Theoretically, a 

Figure 6-13: Scintillation imaging using mosaic- 
like scintillators (BGO), measured by 
irradiation of gamma rays 

CROSS WIRE 
LAST DYNODE ANODE 

. . . . . . . . . . . . . . . . . . . . . . . .  
~,onipact paln~na c;lnic.ra can be coii\tructed u \~ng  ;I D Y ~ O D E  

-. . - - .- - ~o\itiorl->en\itivc' photo1nul~iplic1. tube ~.ornhinc.cl 
with a large scintillator as illustrated in Figure 6-14. 

Experimental applications for position-sensitive 
photolnultiplier tubes have also been attempted with 
the PET camera which has seen extensive technical 
development in recent years'4). Figure 6-15 shows a 
detector module designed for high-resolution PET 
cameras. It is constructed with a two-dimensional 
array of scintillators and light-guides coupled to a 
position-sensitive photomultiplier tube"). A set of 
these detector modules is arranged as in an actual 
application as shown in Figure 6-16"'. In combination 

LIGHT GUIDE 
,' ,-- --- 

Nal(TI) -- 

COLL IMATOR 
& - 

Figure 6-14: Schematic construction of a 
scintillation camera 
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with BGO scintillators measuring 3 X5 X 50 millimeters, this PET camera achieves a spatial resolution as 
high as 2.1 millimeters. 

\ \ 1 1  r / /  
TAPERED LIGHT GUIDE 

POSITION- 
'.-.- 

Figure 6-15: Detector module consisting of Figure 6-16: Application of position-sensitive 
scintillators, light-guides and a photomultiplier tubes to PET 
position-sensitive photomultiplier cameras 
tube, developed for PET cameras 

GSPCs (gas scintillation proportional counters) X-RAY 

utilizing normal photomultiplier tubes have been + 
used as conventional position detectors for solar 
radiation, cosmic rays and X rays emitted from a 
superno~a '~"~' .  To reduce the weight of the 
conventional equipment and enhance the spatial 
resolution, a detector that combines a GSPC with a COLLIMATOR --- 

position-sensitive photomultiplier tube has been 
devised, as illustrated in Figure 6-17. This detector 
has actually been launched and used in a scientific 
satellite19'. FOCAL PLANE 

GAS CELL 

POSITION-SENSITIVE 

- -- - - -- - - 

PREAMP 

Figure 6-17: X-ray position detector consisting of 
a GSPC and position-sensitive 
photomultiplier tube 
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In physics experiments involving radiation 
detection, the combination of a scintillator and a 
position-sensitive photomultiplier tube is an effective 
detector. Figure 6-18 shows an example of this 
combination intended specifically for neutron 
imaging applications20'. It has been reported that a 
spatial resolution of 1 millimeter was achieved 
through two-dimensional detection of neutrons using 
a ' ~ i  glass plate (1 millimeter thick) coupled to a 
position-sensitive photomultiplier tube. Therefore. 
this type of detector is expected to prove a promising 
detector in neutron scattering experiments. 

PHOTO 
CATHODE 

- 

'\ DYNODES CROSS WIRE ANODE 

SCINTILLATOR 
( 6 Li GLASS) 

Y 1 

Y2 RESISTIVE 
CIRCUIT 

Figure 6-18: Application to scintillation imaging 
of neutrons 

Recently, research into exploring the electron state 
z 

in a substance is being performed using the positron ( YI z ~ !  -, A 

annihilation method2"22)23'. When a positron, an 
antiparticle of an electron, is introduced into a @ +>-&* mc { ifpa,, 
substance, pair annihilation of a positron and an .L- .-CX 

electron occurs, emitting two gamma rays (51 lkeV I Y' 

each) in opposite directions to each other. Using the 
positron annihilation method enables measurement 

I 
DETECTOR PLANE 1 

DETECTOR PLANE 2 
of a small deviation in emission angle of the gamma 

TPMHCOO65EA 
rays from the opposite direction. This provides 
microscopic information such as the bonded state of Figure 6-19: Principle of angular correlation 

method for gamma-ray emission 
electrons and defective structures in the substance. accompanying positron annihilation 23' 
The principle of this method is shown in Figure 
6-19, in which P is the momentum of an electron-positron pair and mc is the momentum of each of the two 
gamma rays. As a result of a small deviation in emission angle from the X-axis direction, the two gamma 
rays emitted from a sample reach the point (Y,, Z,) on detector plane 1 and the point (Y,, Z,) on detector 
plane 2, respectively. In the positron annihilation method, the positions of these two points must be detected 
accurately. To carry out these kind of experiments, position-sensitive photomultiplier tubes are becoming 
widely used in some research facilities. 

In addition to the above applications, position-sensitive photomultiplier tubes are seeing trial use in high 
energy physics experiments utilizing accelerators, such as in scintillation fiber tracking systems, calorimeters, 
hodoscopes, Cherenkov radiation detectors and beam monitors24). 

6. 2 Position-Sensitive Photomultiplier Tubes Us- 
ing Fine-Mesh Dynodes 

Position-sensitive photomultiplier tubes using fine-mesh dynodes and a multianode have been developed 
and put onto the marketplace25)26). These photomultiplier tubes can be operated in the presence of large 
magnetic field, making them well suited for use in particle track detectors and calorimeters that are used in 
high energy physics experiments. 

6. 2. 1 Construction 
Figure 6-20 shows the sectional view of a photomultiplier tube using fine-mesh dynodes. This tube is 

constructed with an input window, a photocathode, fine-mesh dynodes and an anode. The details of a 
fine-mesh dynode are illustrated In Figure 6-21. When an electron impinges on the upper part of the mesh, 
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multiple secondary electrons are emitted from the secondary emissive surface deposited on the mesh. This 
process is repeated through the last dynode stage and finally electrons are multiplied up to lo6. 

FINE MESH 
DYNODE ANODE 
& /- 

INPUT 
WINDOW 
-- .--. 

ELECTRON 

B BELECTRoN 

\ PHOTOCATHODE 

TPMHCOOBBEA 

Figure 6-20: Construction of a photomultiplier Figure 6-21: Details of a fine-mesh dynode 
tube using fine-mesh dynodes 

Figure 6-22 is a photograph of this type of 
photomultiplier tube (R2490-05). It provides a gain 
of lo5 with 12 dynode stages and 2X lo6 with 16 
dynode stages. Table 6-2 shows typical photomulti- 
plier tubes using fine-mesh dynodes and their major 
characteristics. In addition to the listed types, a variety 
of tubes have been marketed, including I -inch, 2-inch, 
3-inch and 5-inch diameter tubes with 15 or 16 dynode 
stages. 

Figure 6-22: External view of R2490-05 

Table 6-2: Photomultiplier tubes using fine-mesh dynodes 

Tube 
Diameter 

1 Inch 
(25mm) 

2 Inches 

Type No. 

R3432-1 
(R4722 w ~ t h  UV glass) 

R2490-05 
(R3386 wlth quartz) 

t (52mm) (R472 1 w ~ t h  UV glasq) 

Effective 
Photocathode 

Diameter 

17.4mm 

36mm l6 

Of 

Electrodes 

l 5  

--- -- +-.- 

3 Inches R5064 1 
(78mm) / (RS065 w ~ t h  UV glass) 1 'Omrn 

(2500V) 

Rise 
Time 

1.5ns 
(2000V) 
- 

2 Ins 

----7 1 2.3ns 
16 1 (2500V) 

(2500V) 

l - r ~  

350pq 
(2000V) 

. 

400ps 
500mA 

Pulse 
Linearity 

180mA 
.. . - - -- 

- -- 

J80ps 
(25WV) 

----- - 
1000mA 

A 
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6. 2. 2 Characteristics 
The greatest advantage offered by fine-mesh 

dynodes is that they can be operated in a magnetic 
field. Figure 6-23 shows the relative output of a 
photomultiplier tube using fine-mesh dynodes with 
respect to magnetic flux density. Although the output 
decreases with increasing magnetic flux density, this 
tube can be used up to near one Tesla. This perfor- 
mance is due to the fine-mesh structure with its very 
minute diameter and also to the close-proximity 
spacing between dynodes, so that the electron 
trajectories of the secondary electrons emitted from 
the fine-mesh dynodes are resistant to external 
magnetic fields. 

Next, let us introduce a position-sensitive photo- 
multiplier tube that combines fine-mesh dynodes with 
a multianode. The configurations of this tube are 
illustrated in Figure 6-24. The number of fine-mesh 
dynodes is 16 stages, and the multianode consists 
of 256 independent anodes arranged in a 16X 16 
matrix array. These elements are incorporated in a 
square glass envelope of 3 X3  inches, achieving a 
current amplification of approximately 2X lo6. 
Figure 6-25 shows the spatial resolution of this tube 
when a light spot of 0.2 millimeters in diameter is 
scanned over the input window along the direction 
of a row of the anodes. This data was measured 
with the photomultiplier tube operated in a non- 
magnetic field and indicates a spatial resolution of 
approximately 6 millimeters (FWHM). 

(ANGLE IS THE DIRECTION OF MAGNETIC FIELD WITH 
RESPECT TO TUBE AXIS) 

MAGNETIC FLUX DENSITY (T) 
TPMHC0143EA 

Figure 6-23: Relative output vs. magnetic flux 
density 

" 48 UNIT mm 
p --4 

1 OUTSIDE DIAMETER 

/ ANODE CONFIGURATION / 
PITCH: 2.54 
SIZE: 2.34X2.34 
NUMBER OF CHANNELS: 256 

INPUT WINDOW 

i 
I 

Figure 6-24: Configurations of a position- 
sensitive photomultiplier tube using 
fine-mesh dynodes and multianode 
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Owing to the structural characteristics of fine-mesh 
dynodes, when the direction of magnetic field is 
along tube axis, as the external magnetic field strength 
increases, the spatial broadening of the output 
decreases due to the Lorentz effect. Figure 6-26 
dictates the spatial resolution (FWHM of the electron 
spread) and crosstalk between each anode as a 
function of magnetic flux density. 

As can be seen from Figure 6-26, when a magnetic 
flux density of 0.2 to 0.3 Tesla is applied to the 
photomultiplier tube, the spatial resolution and 
crosstalk can be improved up to 1.8 millimeters and 
5 percent, respectively. (These are 6 millimeters and 
60 percent respectively in the absence of a magnetic 
field.) This is because the spatial broadening associ- 
ated with the angular distributions of photoelectrons 
and secondary electrons is suppressed by the 
application of the magnetic field to the photomulti- 
plier tube. 

Figure 6-27 is a photograph showing position- 
sensitive photomultiplier tubes using fine-mesh 
dynodes and a multianode, discussed in this section. 
Figure 6-28 shows a photomultiplier tube assembly 
module using fine-mesh dynodes and a multianode. 

H1 POSITION (mm) H16 

SUPPLY VOLTAGE: -2000V 
WAVELENGTH: 480nm 
LIGHT SPOT: 0 2mm dia. 

Figure 6-25: Spatial resolution of a position- 
sensitive photomultiplier tube 
H4140-01 (R3384 ASSY) in non- 
magnetic field 

MAGNETIC FLUX DENSITY (T) 

Figure 6-26: Spatial resolution and crosstalk vs. 
magnetic flux density 
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Figure 6-27: Position-sensitive photomultiplier Figure 6-28: Photomultiplier tube assembly 
tubes using fine-mesh dynodes and using fine-mesh dynodes and 
multianode multianode 

Listed in Table 6-3 are major assembly modules of position-sensitive photomultiplier tubes using fine-mesh 
dynodes and a multianode. In addition to incorporating a voltage-divider circuit, these tubes are equipped 
with a multiconnector that facilitates connection of the multianode output to an external circuit. The anode 
configuration of each tube is also listed in this table, 8 X 8, 16X 16 and 10 X 10 multianodes are available for 
tubes with a 3-inch square faceplate or 5-inch square faceplate. 

Table 6-3: Photomultiplier tube assemblies using fine-mesh dynodes and a multianode 

6. 2. 3 Applications 

Remarks 

Number of anodes : 8 X8 (64) 
Anode size : 4.88 X4.88rnm2 
Anode pitch : 5.08mm 

Number of anodes : 16 X 16 (256) 
Anode size : 2.34 X2.34mm2 
Anode pitch : 2.54mm 

Number of anodes : 10 XI0 (100) 
Anode size : 9.5 X9.5mm2 

Anode pitch : 10mm 

Configuration 
- 

3-~nch Square 
(75mm) 

Main applications of the fine-mesh dynode 
photomultiplier tubes include calorimeters and 
particle track detectors used in conjunction with 
scintillators in high energy physics experiments. 
Figure 6-29 shows a schematic drawing of time 
resolution measurement using ir -mesons at 2GeV 
and the combination of a rectangular plastic 
scintillator (Pilot U of 2cm X 1 cm X lcm) with a pair 
of fine-mesh dynode photomultiplier tubes

z7). 

Type No. 

H4139 

START 

.ATOR 

3-inch Square H4140-01 

5-inch Square 
(1 25mm) (Developmental type) 

COUNTER 

DELAY CIRCUIT In this measurement, it is anticipated that several 6 
STOP COUNTER 

thousands of ohotoelectrons are oroduced at each 
photomultiplier tube. The output of each photomulti- TPMHC0071EA 

plier tube is fed into a CFD (constant fraction Figure 6-29: Schematic drawing for time resolution 

discriminator) circuit for measurement. measurement using n -mesons 
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Figure 6-30 shows the time resolution plot 
obtained with this measurement as a function of 
magnetic flux density. The time resolution is 
approximately 100 picoseconds without a magnetic 
field, and approximately 200 picoseconds in a 
magnetic field at 0.78 Tesla 

When the same measurement is made using fast 
response photomultiplier tubes in place of the fine- 
mesh dynode photomultiplier tubes, a time resolution 
of approximately 100 picoseconds is attained. This 
proves that fine-mesh dynode photomultiplier tubes 
can be used either in non-magnetic fields or in highly 
magnetic fields. But it should be noted that as the 
magnetic field intensity increases, the current 
amplification of the photomultiplier tube decreases, 
resulting in deterioration of the time resolution. 

Because of their high immunity to magnetic fields 
and position-detection capability, these photomulti- 
plier tubes find applications in particle track detectors 
and cal~rimeters. Figare 6-3 1 i!lus:ra:cs an exainple 
of a charged particle track detector consisting of a 
position-sensitive photomultiplier tube with a multi- 
anode in combination with a plastic scintillation fiber 
bundlezxi. 

This detector uses a fiber bundle measuring 
40mm(W) X 40mm(H) X 1 SOmm(L) comprised of 
individual scintillation fibers (1 millimeter diameter). 
Figure 6-32 shows the results when the track of 
cosmic rays is measured with this detector. In the 
figure, a) are the anode outputs obtained when the 
photomultiplier tube is operated at 2200 volts, while 
h )  are those at 0 volts. As shown in this figure, a 
multianode of an 88-matrix array is employed. Here, 
c) is the output profile of each row of the multianode, 
indicating the movement of the track. In this case, 
since no magnetic field is applied to the photomulti- 
plier tube, the electrons broaden to an area equal to 
three anodes (approximately 8 millimeters). On the 
other hand, Figure 6-33 shows the results obtained 
when a magnetic field of 0.05 Tesla is applied to 
the photomultiplier tube in the direction of the tube 
axis. Due to the focusing effects of the magnetic 
field, the electron spread is suppressed to a small 
area equal to one anode channel (approximately 2.6 
millimeters), thus assuring high resolution for the 
cosmic-ray track rneas~rernent~~'.  

0 0.5 1 .o 

MAGNETIC FLUX DENSITY (T) 

TPMHB0149EA 

Figure 6-30: Time resolution vs. magnetic 
flux density 

PLASTIC SCINTILLATION FIBER 

COSMIC RAY \ / 

ADC 

Figure 6-31: Schematic drawing for a 
particle track detector 
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Figure 6-32: Example of cosmic-ray track measurements with a position- 
sensitive ~hotomultiplier tube having fine-mesh dynodes and a 
multianode (in non-magnetic field) 

Figure 6-33: Example of cosmic-ray track measurements with a position- 
sensitive ~hotomultiplier tube having fine-mesh dynodes and 
a mu~tianbde (in magnetic field of 0.05 Tesla) 
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This chapter explains how to use basic circuits and accessories necessary to 
operate a photomultiplier tube properly'i. 
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Voltage Divider (Bleeder) Circuits 
7.  1. 1 Basic operation of bleeder circuits 

For photomultiplier tube operation, a high voltage 
LIGHT 

from 500 to 3000 volts is usually applied across the K/ F DYI D Y ~  D Y ~  D Y ~  D Y ~  P 

cathode (K) and anode (P), with a proper voltage 
gradient set up between the photoelectron focusing 
electrode (F), dynodes and, depending on tube type, 
an accelerating electrode (accelerator). This voltage VI v 2  v 3  v4 v5 v 6  v 7  

gradient can be set up using independent multiple 
INDEPENDENT POWER SUPPLIESX7 

power supplies as shown in Figure 7- 1, but this is 
TPMOCOOOSEA 

usually not practical. 
Figure 7-1: Schematic representation of 

In practice, as shown in Figure 7-2, the interstage photomultiplier tube operation 

voltage for each electrode is supplied by using voltage- 
dividing resistors (sometimes along with Zener diodes) connected between the anode and cathode. This 
circuit is known as a voltage divider circuit or bleeder circuit. 

(1)  Circuit using resistors only (2) Circuit using resistors and 
Zener diodes 

Figure 7-2: Bleeder circuits 

The current I, flowing through the bleeder circuits shown in Figures 7-2 (1) and (2) is called bleeder 
current, and closely related to the output linearity described later. The bleeder current I, is approximately the 
applied voltage V divided by the sum of resistor values as follows: 

The Zener diodes (Dz) shown in (2) are used to maintain the interstage voltages at constant values for 
stabilizing the photomultiplier tube operation regardless of the magnitude of the cathode-to-anode supply 
voltage. The capacitors C,, CZ, C3 and C, connected in parallel with the Zener diodes serve to minimize noise 
generated by the Zener diodes. This noise becomes significant when the current flowing through the Zener 
diodes is insufficient. Thus care is required at this point, as this noise can affect the signal-to-noise ratio of 
the photomultiplier tube output. 

7.  I. 2 Anode grounding and cathode grounding 
As shown in Figure 7-2, the general technique used for bleeder circuits is to ground the anode and apply a 

large negative voltage to the cathode. This scheme eliminates the potential voltage difference between the 
external circuit and the anode, facilitating the connection of circuits such as ammeters and current-to-voltage 
conversion operational amplifiers to the photomultiplier tube. In this anode grounding scheme, however, 
bringing a grounded metal holder, housing or magnetic shield case near the bulb of the photomultiplier tube, 
or allowing it to make contact with the bulb can cause electrons in the photomultiplier tube to strike the inner 
bulb wall. This may possibly produce glass scintillation, resulting in a significant increase in noise. 
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Also, for head-on photomultiplier tubes, if the faceplate or bulb near the photocathode is grounded, the 
slight conductivity of the glass material causes a small current to flow between the photocathode and ground. 
This may cause electric damage to the cathode, possibly leading to considerable deterioration. For this 
reason, extreme care must be taken when designing the housing for a photomultiplier tube and when using an 
electromagnetic shield case. In addition, when wrapping the bulb of a photomultiplier tube with foam rubber 
or similar shock-absorbing materials before mounting the tube within its electromagnetic shield case at 
ground potential, it is very iniportant to ensure that the materials have sufficiently good insulation properties. 

The above problems concerning the anode - 
grounding scheme can be solved by coating the 
bulb surface with black conductive paint and 
connecting it to the cathode potential. This 
technique is called "HA coating" , and the 
conductive bulb ~urface is protected by a insulating 
cover for safety. In scintillation counting, however, 
because the grounded scintillator is usually coupled 

K F DY1 DY2 DY3 DY4 DY5 P 

C - SIGNAL 
OUTPUT 

+HV 

TACCC0006EA 

directly to the faceplate of a photomultiplier tube, Figure 7-3: Grounded-cathode bleeder circuit 
the cathode is grounded with a high positive voltage 
applied to the anode, as shown in Figure 7-3. With this grounded cathode scheme, a coupling capacitor (C,) 
must be used to separate the positive high voltage (+HV) applied to the anode frorn the signal, making it 
impossible to extract a DC signal. In actual scintillation counting using this bleeder circuit, a problem 
concerning base-line shift may occur if the counting efficiency increases too much, or noise may be generated 
if a leakage current is present in the coupling capacitor. Thus care should be taken regarding these points. 

7 .  1. 3 Bleeder current and output linearity 
In either the anode grounding or cathode grounding 

1 0 
scheme or either DC or pulse operation, when the 
light level incident on the photocathode is increased 
to raise the output current as shown in Figure 7-4, + 
the relationship between the incident light level and 5 
the anode current begins to deviate from the ideal 5 

1 3 0  
linearity at a certain current level (region B) and o K + Lu 
eventually, the photomultiplier tube output goes into 3 a o 1 

a 5 
saturation (region C). 5 5  

ollr 

INCIDENT LIGHT LEVEL (ARB. UNIT) 

Figure 7-4: Output linearity of a photomultiplier 
tube 
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(1) DC-operation output linearity and its countermeasures 

In deriving a DC output from 
a photomultiplier tube using the K F DYI DYZ D Y ~  D Y ~  D Y ~  P 

basic operating circuit shown in 
Figure 7-5, the current which 
actually flows through a bleeder 
resistor, for example the current 
flowing across resistor R,, equals 

-HV 
the difference between the bleeder TPMOC0006EA 

current I, and the anode current 
Figure 7-5: Basic operating circuit for a 

I, which flows in the opposite ~hotomultiolier tube 
direction through the circuit loop 
of P-Dy,-R,-P. Likewise, for other bleeder resistors, the actual current is the difference 
between the bleeder current I, and the dynode current by flowing in the opposite direction 
through the bleeder resistor. The anode current and dynode current flow act to reduce the 
bleeder current and the accompanying loss of the interstage voltage becomes more significant 
in the latter dynode stages which handle larger dynode currents. Although the dynode 
current includes current components flowing in the same direction as the bleeder current 
I,, they are of very small amounts and therefore not discussed here. 

The reduction of the bleeder 
current can be ignored if the anode 

0 

output current is small. However, 
when the incident light level is 
increased and the resultant anode 
and dynode currents are 
increased, the voltage distribution w 

for each dynode varies consider- 
'i 

ably as shown in Figure 7-6. 9 
Because the overall cathode-to- 
anode voltage is kept constant by 
the high-voltage power supply, 
the loss of the interstage voltage 
at the latter stages is redistributed 

-HV 
to the previous stages so that there 
will be an increase in the inter- 
stage voltage. 

ELECTRODE 

TACCBOOOIEA 

The loss of the interstage Figure 7-6: Influence of photocurrent on voltage 
age by the multiplied electron applied to each electrode 
current appears most significantly 
between the last dynode (Dy, in Figure 7-5) and the anode, but the voltage applied to this 
area does not contribute to the secondary emission ratio of the last dynode. Therefore, the 
shift in the voltage distribution to the earlier stages results in a collective increase in 
current amplification, as shown at region B in Figure 7-4. If the incident light level is 
increased further so that the anode current becomes quite large, the secondary-electron 
collection efficiency of the anode degrades as the voltage between the last dynode and the 
anode decreases. This leads to the saturation phenomenon like that shown at region C in 
Figure 7-4. 

While there are differences depending on the type of photomultiplier tube and bleeder 
circuit being used, the maximum practical anode current in a DC output is usually 1120th 
to 1150th of the bleeder current. If linearity better than +- 1 percent is required, the maximum 
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output must be held to less than 1/100th of the bleeder current. 

To increase the maximum linear output, there are two techniques: one is to lower the 
bleeder resistor values to increase the bleeder current and the other is to use a Zener diode 
between the last dynode and the anode as shown in Figure 7-2 (2) and, if necessary, 
between the next to last or second to last stage as well. However, with the former technique, 
if the bleeder resistors are located very close to the photomultiplier tube, the heat emanating 
from their resistance may raise the photomultiplier tube temperature, leading to an increase 
in the dark current and possible fluctuation in the output. Furthermore, since this technique 
requires a high-voltage power supply with a large capacity, it is inadvisable to increase the 
bleeder current more than necessary. To solve the above problems in applications where a 
high linear output is required, individual power supplies may be used in place of the 
bleeder resistors at the last few stages. With the Zener diode technique, if the bleeder 
current is insufficient, noise will be generated from the Zener diode, possibly causing 
detrimental effects on the output. Because of this, it is essential to increase the bleeder 
current to an adequate level and connect a ceramic capacitor having good frequency 
response in parallel with the Zener diode for absorbing the possible noise. It is also 
necessary to narrow the subsequent circuit bandwidth as much as possible, insofar as the 
response speed will permit''. 

(2) Pulse-operation output linearity and its countermeasures 

When a photomultiplier tube is pulse-operated using the bleeder circuit shown in Figure 
7-2 (1) or Figure 7-3, the maximum linear output is limited to a fraction of the bleeder 
current just as in the case of DC operation. To prevent this problem, decoupling capacitors 
can be connected to the last few stages, as shown in Figures 7-7 ( 1 )  and (2). These 
capacitors supply the photomultiplier tube with an electric charge during the pulse duration 
and restrain the voltage drop between the last dynode and the anode, thus resulting in a 
significant improvement in pulse linearity. If the pulse width is sufficiently short so that 
the duty cycle is small, this method makes it possible to derive an output current up to the 
saturation level which is caused by the space charge effects in the photomultiplier tube 
dynodes discussed in Section 3.2, (2) of Chapter 3. Consequently, a high peak output 
current, more than several thousand times as large as the bleeder current can be attained. 

There are two methods of using the decoupling capacitors: a serial connection method 
and a parallel connection method as illustrated in Figure 7-7 below. The serial connection 
is more commonly used because the parallel connection requires capacitors which can 
withstand a high voltage. 

The following explains the procedure for calculating the capacitor values, using the 
circuit shown in Figure ( I )  as an example. 

( 1 )  Serial-connected decoupling capacitors (2) Parallel-connected decoupling capacitors 

K F DY1 DY2 DY3 DY4 DY5 P PULSE 

Figure 7-7: Bleeder circuits with decoupling capacitors added 
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First of all, if we let the output-pulse peak voltage be Vo, and the pulse width be T, 
and the load resistance be R, the output pulse charge Qo per pulse is expressed by Eq. 
7-22), as follows: 

......................................................................................... Qo = Tw (Eq. 7-2) 
RL 

Next, let us find the capacitance values of the decoupling capacitors C, to C3, using Q,. 

If we let the charge stored in capacitor C, be Q, then to achieve good output linearity 
of better than $- 3 percent, the following relation should generally be established: 

From the common relation of Q=CV, C3 is given by Eqs. 7-4 and 7-5. 

Q 3 C3  2 100- ..................................................................................... (Eq. 7-4) 
v 3 

then 

Q 3 C 3 2 100 ---- .......................................................................... (Eq. 7-5) 
Ih R7 

Normally, the secondary emission ratio 6 per stage of a photomultiplier tube is 3 to 5 
at the interstage voltage of 100 volts. However, considering occasions in which the interstage 
voltage drops to about 70 or 80 voits, the charges Q, and Q, stored In C ,  and C ,  respectively 
are calculated by assuming that S between each dynode is 2, as follows: 

Then, the capacitance values of C, and C ,  can be obtained in the same way as in q. 

In cases where decoupling capacitors need to be placed in the dynode stages earlier 
than Dy, in order to derive an even larger current output, the same calculation can also be 
used. 

Here, as an example, with the output pulse peak voltage Vo=50mV, pulse width 
T*l p s, load resistance RL=50Q, interstage resistor values R5=R,=R,=100kR and bleeder 
current I,=lmA, each capacitor value can be calculated in the following steps: First, the 
amount of charge per output pulse is obtained as follows: 

The capacitance values required of the decoupling capacitors C,, C, and C, are calculated 
respectively as follows: 

C1 2 25 InC =0.25nF 
lOOk Q x ImA 

The above capacitance values are minimum values required for proper operation. 
Therefore it is usually suggested that the bleeder circuit be designed with a safety margin 
in the capacitance value, of about 10 times larger than the calculated values. If the output 
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current increases further, additional decoupling capacitors should be connected as necessary 
to the earlier stages, as well as increasing the capacitance values of C ,  to C,. As with the 
DC operation, it should be noted that in pulse operation, even with the above countermeasures 
provided, the output deviates from the linearity range when the average output current 
exceeds 1120th to 1150th of the bleeder current. In particular, care is required at high 
counting rates even if the output peak current is low. 

I. 4 Voltage distribution in bleeder circuits 
(1) Voltage distribution in the anode and latter stages 

Even under conditions where adequate countermeasures for pulse output linearity have 
been taken by use of decoupling capacitors, output saturation will occur at a certain level 
as the incident iight is increased while the interstage voltage is kept fixed. This is caused 
by an increase in the electron density between the electrodes, causing space charge effects 
which disturb the electron current. This saturated current level varies, depending on the 
electrode structures of the anode and last few stages of the photomultiplier tube and also 
on the voltage applied between each electrode. As a corrective action to overcome space 
charge effects, the voltage applied to the last few stages, where the electron density 
becomes high, should be set at a higher value than the standard voltage distribution so that 
the voltage gradient between those electrodes is enhanced. For this purpose, a so-called 
tapered bleeder circuit is often employed, in which the interstage voltage is increased in 
the latter stages. But, sufficient care must be taken with regard to the interelectrode 
voltage tolerance capacity. 

As an example, Figure 7-8 
K F D Y l  DY2 DY3 DY4 DY5 P 

shows a tapered bleeder circuit . . 
used for a 5-stage photomultiplier SIGNAL 

tube. In this bleeder circuit, the OUTPUT 

Dy,-to-anode voltage is set at a 
value lower than the Dy,-to-Dy, 1R 1R 1R 1R 2R 3R 2 5 R  

voltage. l l i s  is because the elec- 1 c t  c 2  c 3  

trode distance between the last 
-HV dynode and the anode is usually 

TACCC0008EA short so that an adequate voltage 
gradient can be obtained with a Figure 7-8: Pulse Output linearity countermeasures 

relatively low voltage. using decoupling capacitors and 
tapered bleeder circuit 

The voltage distribution ratio 
for a bleeder circuit that provides optimum pulse linearity depends on the type of 
photomultiplier tube. In high energy physics applications, a higher pulse output is usually 
required. Our catalog "Photomultiplier Tubes and Assemblies for Scintillation Counting 
and High Energy Physics" lists the recommended voltage distribution ratios of individual 
bleeder circuits intended for high pulse linearity (tapered bleeders) and their maximum 
output current values. Use of these recommended bleeder circuits improves pulse linearity 
5 to 10 times than that obtained with normal bleeder circuits (equally divided circuits). 
Figure 7-9 shows a comparison of pulse linearity characteristics measured with a tapered 
bleeder circuit and with a normal bleeder circuit. It is obvious that pulse linearity is 
improved about 10 times by using the tapered bleeder circuit. Note that when this type of 
tapered bleeder circuit is used, the anode output lowers to about 115th in comparison with 
the normal bleeder anode output. Therefore, adjustment is required to increase the supply 
voltage for the photomultiplier tube. 
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The above methods for im- 
proving pulse output linearity by l o  O 
use of decoupling capacitors and 
tapered bleeder circuits are also 

with an anode output current of ANODE OUTPUT CURRENT (rnA) 

I,=100 p A and RL=1M!2, the 

1 
TAPERED 

applications where a high output 
-20 

dutput voltage will be 10 volts PULSE WIDTH: 50 (ns) 

1 BLEEDER 
applicable for the bleeder circuits o , 

with the cathode at ground poten- 2 
tial and the anode at a high pos- 

NORMAL 
itive voltage. 5 BLEEDER 

n 
The tapered bleeder circuit 

will also prove effective in special 
\ I 

/ , , , / /  , , , 

ATE: 1 [kHz] 
ACE. renn r\!i 

voltage is required. For instance, 10' 102 

voltage must be sufficiently great- Figure 7-9: Linearity characteristic using a 
tapered bleeder circuit and a normal 

er than 10 volts in order to prevent bleeder circuit 
the output linearity from deviat- 
ing. Use of a tapered bleeder circuit can maintain the anode-to-last-dynode voltage at an 
adequate level and thus provides a higher output voltage compared to normal bleeder 
circuits. 

(2) Voltage distribution for the cathode and earlier stages 

As mentioned above, the voltage distribution ratio for the latter stages near the anode is 
an important factor that determines the output linearity of a photomultiplier tube. In 
contrast, the voltage distribution between the cathode, focusing electrode and first dynode 
has an influence on the photoelectron collection efficiency and the secondary emission 
ratio of the first dynode. These parameters are major factors in determinirlg the output 
signal-to-noise ratio, pulse height dispersion in the single and multiple photon regions, and 
also electron transit time spread (TTS). 

Furthermore, the voltage distribution at the earlier stages affects the cathode linearity, 
energy resolution in scintillation counting and magnetic characteristics of a photomultiplier 
tube, and therefore its setting requires care just as in the case of the latter stages. In 
general, the voltage distribution ratios for the earlier stages listed in our catalog are 
determined in consideration of the electron collection efficiency, time properties and 
signal-to-noise ratio. Note that since they are selected based on the recommended supply 
voltage, proper corrective actions may be required in cases in which the supply voltage 
becomes less than one-half that of the recommended voltage. For example, increasing the 
voltage distribution ratio at the earlier stages or using Zener diodes to hold the dynode 
voltage constant are necessary. For more information on the photoelectron collection 
efficiency, output signal-to-noise ratio and other characteristics, refer to Chapter 3. 

Figure 7-10 shows a variant of the bleeder circuit shown in Figure 7-10, which provides 
the above measures for the cathode to the first dynode. 
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It is quite essential to apply 
the correct voltage to the cathode, 
focusing electrode and the first 
dynode or earlier dynode stages 
with precision resistors. In appli- 
cations such as in a magnetic field, 
or in very low-light-level mea- 
surement where shot noise may 
create a problem, or in single 

SIGNAL 
OUTPUT 

photon counting and in TOF 
Figure 7-10: Bleeder circuit with tapered 

(time-of-flight) trigger counters configurations at both the earlier 
or hodoscopes requiring good and latter stages 

time properties 

The recommended voltage distribution ratios listed in our catalog are selected for 
general-purpose applications, with consideration primarily given to the gain. Accordingly, 
when the photomultiplier tube must be operated at a lower supply voltage or must provide 
a higher output current, selecting a proper voltage distribution ratio that matches the 
application is necessary. As to the resistance values actually used for the bleeder circuit, 
they should basically be selected in view of the photomultiplier tube supply voltage, 
output current level and required linearity. It should be noted that if the resistance values 
are unnecessarily small, the resulting heat generation may cause various problems, such as 
an increase in the dark current, temperature drift in the output and lack of capacity in the 
power supply. Therefore, avoid allowing excessive bleeder current to flow. 

7.  1. 5 Countermeasures for fast response circuits 

As shown in Figure 7-1 1, inserting a lowpass filter 
comprised of R, and C, into the high-voltage supply K F DYI DY2 D Y ~  DY4 D Y ~  P 

line is also effective in reducing noise pickup from 
the high-voltage line. The transistor R, is usually 
several tens of kilohms, and a ceramic capacitor of 
0.005 to 0.05 microfarads which withstands high 
voltage is frequently used as C ,. C2 C 3  C4 

In applications handling a fast pulsed output with 
~t---i---k 
-HV 

a rise time of less than 10 nanoseconds, inserting 
damping resistors R,, into the last dynode as shown TACCCOO~OEA 

in Figure 7-1 1 and if necessary, R, into the next to Figure 7-11: Bleeder circuit with corrective 
last dynode can reduce ringing in the output actions against pulse output 
waveform. As damping resistors, noninduction type linearity, ringing and noise in the 

high-voltage power supply 
resistors of about 10 to 100 ohms are used. If these 
values are too large, the time response will deteriorate. Minimum possible values should be selected in the 
necessary range while observing the actual output waveforms. Figure 7-12 shows typical waveforms as 
observed in a normal bleeder circuit with or without damping resistors. It is clear that use of the damping 
resistors effectively reduces ringing. 
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2 [ns I div] 2 [ns / div] 

Figure 7-12: Effect of damping resistors on ringing 

7 .  1. 6 Practical fast-response bleeder circuits 
The circuit diagrams of the Hamamatsu H2431 and H3284 photomultiplier tube assemblies are shown in 

Figure 7- 13 below as practical examples of fast-response bleeder circuits which have been designed based on 
the description in the preceding section. 

(a) H2431 circuit diagram 

K F ACC DYI DY2 DY3 DY4 DY5 DY6 DY7 DYE 

R2083 PMT 

(b) H3284 circuit diagram 

K F ACC DYl DY2 DY3 DY4 DY5DY6 DY7 DYE 

8 8 

C1 C2 C3 C4 C 
SIG 

Figure 7-13: Fast-response bleeder circuits 
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7.  1. 7 High output linearity bleeder circuit (1) 
In pulse applications such as scintillation counting, when a photomultiplier tube is operated at a high count 

rate, the output sometimes encounters linearity problems. In this case, use of transistors in place of the 
bleeder resistors at the latter stages can improve the output linearity degradation resulting from the bleeder 
current limitation. 

As an example, Figure 7-14 shows a bleeder circuit for the Hamamatsu R329 photomultiplier tube, 
devised by EXAL (Fermi Nat~onal Accelerator ~aboratories)~). 

TACCCOOl 1 EA 

Figure 7-14: Bleeder circuit using transistors 

In the circuit shown in Figure 7-14, a photoelectron current first flows into the first dynode, then secondary 
electrons flow through the successive dynodes and into the collector of each transistor. As a result, the 
emitter potential of each transistor increases while the collector current decreases along with a decrease in the 
base current. At this point, the decrease in the collector current is nearly equal to the current flowing through 
the photomultiplier tube and accordingly, the transistors supply the current for the photomultiplier tube. 

When using these transistors, the following points must be taken into consideration. 

Choose transistors having a large h, so that sufficient current can flow into the collector. 
Choose transistors having good frequency characteristics. 
Use capacitors having good frequency characteristics. 
The number of stages to which transistors are added should be determined in view of the operating 
conditions of the photomultiplier tube to be used. 

7. 1. 8 High output linearity bleeder circuit (2) 
As shown in Figure 7-15, this circuit utilizes a Cockcroft-Walton voltage multiplier circuit in which an 

array of diodes is connected in series. Along each side of the alternate connection pointa, capacitors are 
connected in series. If the reference voltage V is placed at the input, this circuit provides voltage potentials of 
2V, 3V and so on at each connection point. Therefore, this power supply circuit functions just like a 
conventional resistive bleeder circuit. In addition, this circuit achieves good linearity for both DC and pulsed 
currents yet with low power consumption, making it suitable for use in compact circuits. As Figure 7- 16 
shows, the Cockcroft-Walton circuit assures higher DC linearity than that obtained with a resistive bleeder 
circuit. 
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4) 
SIGNAL OUTPUT 

ANODE OUTPUT CURRENT (PA) 

Figure 7-15: Cockcroft-Walton circuit Figure 7-16: Output linearity 

7 .  I. 9 Gating circuit 
Next, let us introduce gating circuits as a variant of bleeder circuits. 

In general, in such applications as fluorescence measurement, plasma electron temperature measurement 
utilizing Thomson scattering, Raman spectroscopy and detection of defects in optical transmission paths, the 
signal light to be measured is extremely weak in comparison with primary light levels such as the excitation 
light. For this reason, the detector system is set up to have extremely high sensitivity. If even part of the 
primary light enters the detector system as stray light, it may cause saturation in the photomultiplier tube 
output and in the subsequent circuits, degrading their performance. This problem could be solved if only the 
excessive light was blocked by use of a ultra-fast shutter such as a liquid crystal. But this is not yet practical. 
A practical technique commonly used is "gating" by which a photomultiplier tube is electronically switched 
to eliminate the output during unnecessary periods when excess light may be present. 
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Figure 7-17: Circuit diagram of the C1392 socket assembly with a gating circuit 

Figure 7-17 shows the circuit diagram of the Hamamatsu C1392 socket assembly with a gating circuit4'. 
The C1392 is a "normally OFF" type which normally sets the photomultiplier tube output to OFF, and 
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when a gate signal is inputted, sets the photomultiplier output to ON. Also available are variant models with 
reverse operation, i.e., a " normally ON" type which sets the output to OFF by input of a gate signal. 

The following explains the basic operation of the C1392 socket assembly used in conjunction with a 
photornultiplier tube. 

If the photomultiplier tube output is OFF at a gate input of OV, a reverse bias of about 10 volts with respect 
to the focusing electrode and first dynode is supplied to the cathode, thereby preventing photoelectrons, if 
emitted from the cathode, from reaching the dynode section. Here, if a pulse signal of +3 to +4 volts is 
applied to the gate input terminal, the driver circuit gives a forward bias to the cathode via capacitance 
coupling, and sets the photomultiplier tube output to ON during the period determined by the gate pulse 
width and the time constant of the capacitance-coupled circuit. This gating circuit provides a switching ratio 
(or extinction ratio) of lo4 of more. The capacitors are connected from the first through the center dynode to 
absorb the switching noises often encountered wlth this type of gating circuit. 

7. 1. 10 Output control circuit 
The photomultiplier tube output is usually controlled by changing the supply voltage. In some applications, 

however, a single power supply is used to operate two or more photomultiplier tubes or an output control 
circuit is added to the bleeder circuit if the variable range of the high-voltage power supply and amplifier is 
narrow. The following explains how to provide an output control circuit, using the circuits shown in Figure 
7-18 as examples. 

With the circuits shown in Figure 7-18, there are three techniques for controlling the photomultiplier tube 
output. The first is, as shown in both (1) and (2) in the figure, to use a variable resistor connected between the 
cathode and the negative high-voltage power supply so that the overall voltage applied to the photomultiplier 
tube can be varied. With this technique, depending on the conditions, the photomultiplier tube gain can be 
varied within a considerably wide range (up to 10 times). The high voltage supplied from the power supply is 
divided across this variable resistor and each resistor in the bleeder circuit. If the resistance value of the 
variable resistor is known, the change in the voltage applied to the photomultiplier tube can also be found, 
thus the signal variation can be predicted. Therefore, this technique is frequently used in many applications. 
It should be borne in mind that the higher the bleeder resistance value, the higher the variable resistance 
value should be and, in some cases, it might be difficult to obtain a high-quality resistor with high resistance 
and large rated capacity. On the other hand, if the bleeder resistor value is too small, a variable resistor with 
high rated capacity is required, and problems with contact failure in the variable resistor tend to occur. 

Moreover, when a negative high voltage is applied to the cathode as shown in the figure, a high voltage is 
also impressed on the variable resistor. Thus the housing that contains the photomultiplier tube and associated 
circuits must also be designed to have sufficiently high dielectric resistance. 

(1)  Shorting the latter dynodes (2) Varying the potential of a middle-stage dynode 

Figure 7-18: Output control circuits 
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The second technique is to short the latter dynode stages and anode so that the signal is derived from a 
middle dynode. This is effective in cases in which the photomultiplier tube gain is so high that the supply 
voltage may drop considerably and the resultant decrease in the interstage voltage degrades the collection 
efficiency and secondary electron emission ratio. Shorting the latter dynode stages as shown in (I),  that is, 
essentially, reducing the number of dynode stages, assures a higher interstage voltage and results in an 
improvement in the signal-to-noise ratio. However, this is accompanied by a sacrifice in linearity characteristics 
because the output is fetched from an earlier dynode. Furthermore, since the number of stages being used is 
changed, the gain versus supply voltage characteristic also varies accordingly. The degree of this variation is 
different from tube to tube, and it is therefore best to select a photomultiplier tube with characteristics 
optimized for the particular application rather than using this technique. 

DYNODE SECTION 
DY6 DY7 DYE 
T T T 

-L 
0 o T  

STANDARD POTENTIAL 
POSITION 1 POSITION 2 

POTENTIAL - INTERMEDIATE POTENTIAL 
BETWEEN DYNODES 

Figure 7-19: Gain variation and energy resolution as a function of dynode potential 

The third technique is performed by varying the potential of a mid-stage dynode, as shown in Figure 7-18 
(2). This makes use of the fact that with a varying dynode potential, the number of secondary electrons 
released from the dynode decreases and also the collection efficiency between dynodes drops. There are two 
methods of adjusting the dynode potential. In one method a variable resistor is added between the front and 
rear adjacent dynodes. The other method is to use an external power supply directly connected to the central 
dynode. Although both are relatively easy to implement, there is a disadvantage that the signal-to-noise ratio 
may deteriorate if the dynode potential is varied too much. Figure 7-19 dictates the gain variation and energy 
resolution of a photomultiplier tube when the dynode potential is varied continuously. It can be seen that the 
energy resolution begins to deteriorate near the points at which the gain drops by more than 50 percent. This 
behavior is not constant but differs depending on individual photomultiplier tubes. In addition, the variable 
gain range is not so wide. 

As discussed above, it should be noted [hat using the bleeder circuit for controlling the photomultiplier 
tube output is not recommended. We advise using normal methods by which the power supply voltage is 
directly changed for controlling the photomultiplier tube output. 
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7 I. I I Precautions when fabricating a bleeder circuit 
In the previous sections, the functions of various bleeder circuits and their design consideration have been 

discussed. This section describes the precautions for actually fabricating a bleeder circuit. 

(1) Selecting the parts used for a bleeder circuit 

Since the bleeder circuit ha5 a direct influence on the photomultiplier tube operation, 
careful selection of parts is necessary. 

Resistors 

Because photomultiplier tubes are very susceptible to changes in the supply voltage 
and interstage voltage, metal-film resistors with a minimum temperature coefficient should 
be used. Preferably, use the same type of resistor for all stages, but if not available, select 
resistors with temperature coefficients which are close to each other. These resistors 
should also have good temperature characteristics, but their accuracy is not so critical. If 
non-uniformity between each resistor is held within - t5  percent, it will work sufficiently. 
This is because the photomultiplier tube gain varies to some degree from tube to tube and 
also because a voltage difference of several volts will not affect the electron trajectories 
very much. If possible, we recommend using resistors with sufficient rated power and 
dielectric resistance, for example, respectively at least 1.7 times and 1.5 times higher than 
necessary. As a rough guide, the resistance value per stage is typically from 100 kilohms 
to 1 megohm. For damping resistance and load resistance, use noninduction type resistors 
designed for use at high frequency. 

Decoupling capacitors 

In pulsed light applications where a fast response photomultiplier tube handles the 
output with a rise time of less than 10 nanoseconds, decoupling capacitors are connected 
between dynodes. For these decoupling capacitors, use ceramic capacitors with sufficiently 
high impedance at a high frequency range and adequate dielectric resistance at least 1.5 
times higher than the maximum voltage applied between dynodes. To prevent the actual 
capacitance from being lower than the designed value during operation, select capacitors 
with a minimum minus (-) tolerance. 

For the bypass capacitor used to eliminate noise from the power supply connected to 
the high-voltage input terminal of a photomultiplier tube, use a ceramic capacitor having 
high impedance at high frequencies and adequate dielectric resistance. 

Coupling capacitors 

For the coupling capacitor which separates the signal from a positive high voltage 
applied to the anode in a grounded-cathode bleeder circuit, use a ceramic capacitor having 
minimum leakage current (which may also be a source of noise) as well as having superior 
frequency response and sufficient dielectric resistance. 

PC boards for bleeder circuits 

When a bleeder circuit is assembled not on a photomultiplier tube socket but on a PC 
board, use a high-quality PC board made of glass epoxy or similar materials which exhibit 
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low leakage current even at a high voltage. If both sides of the PC board are used for 
assembly, select a board with adequate thickness. 

On a glass epoxy board, the wiring space between patterns necessary to hold a potential 
difference of 1 kilovolt is typically 1 millimeter or more. 

Leads 

For high voltage circuits, use teflon or silicone leads which can withstand a high 
voltage, or use coaxial cable such as RG-59B/U. In either case, take sufficient care with 
regard to the dielectric resistance of leads or conductor wires. 

For signal output lines, use of a coaxial cable such as RG-174lU and 3D-2V is 
recommended. For high-speed circuits, in particular, a 50-ohm coaxial cable is commonly 
used to provide the good impedance match with the measurement equipment. However, if 
the signal current to be derived is not very low (several microamperes or more) and the 
lead length is no longer than 20 centimeters, using normal leads does not create any 
problem in practice, as long as a noise source is not located near the photomultiplier tube. 

(2) Precautions for mounting components 

This section describes precautions to be observed when mounting components on a 
bleeder circuit. Refer to Figure 7-1 I while reading the following precautions. 

Bleeder resistors 

Considering heat dispersion, provide adequate space between bleeder resistors so as not 
to allow them to make contact with each other. When a low resistance is used or in 
low-light-level measurement where an increase in the dark current resulting from temperature 
rise may create a significant problem, avoid direct connections of bleeder resistors to the 
lead pins of the photomultiplier tube or to the socket so that Joule heat generated from the 
bleeder circuit is not directly conducted to the photomultiplier tube. Be sure to allow a 
distance between the photomultiplier tube and the bleeder circuit. 

Decoupling capacitors 

The lead length of decoupling capacitors used for fast pulse operation affects the 
photomultiplier tube time properties and also causes ringing due to the lead inductance. 
Therefore lead length should be kept as short as possible. Even when mounting bleeder 
resistors remote from a photomultiplier tube, the decoupling capacitors must be mounted 
directly to the lead pins of the photomultiplier tube or to the socket. 

Signal output line 

The wiring length of a signal output line including load resistance should be as short as 
possible. It must be wired away from the high voltage lines and the components to which 
a high voltage is applied. In particular, when handling fast pulse signals, grounding of the 
signal circuitry and power supply circuitry, as shown in Figure 7-1 1, is essential. If 
extra-low output currents are to be derived from a photomultiplier tube, attention must 
also be paid to shielding the signal line and to preventing ohmic leakage. 
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7.  2 Photomultiplier Tube Voltage Dependence 
and High-Voltage Power Supply 

electrode or accelerating electrode and impinge on 
the first dynode where several times this number of 
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Section 2.2 of Chapter 3, when a voltage V is applied a 
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10: photomultiplier tube having n dynode stages, the 
overall current amplification p is expressed in the 5 
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following relation. 

a photomultiplier tube are guided by the focusing 1 

Including drift, ripple, temperature dependence, input regulation and load regulation. the power supply 
must provide collective stability which is at least 10 times as stable as the output stability required of the 
photomultiplier tube. 

Typical photomultiplier tubes employ about 10 

Series-regulator types regulated high-voltage power supplies optimized for photomultiplier tubes, are 
extensively used and have gained a good reputation. Recently, a variety of switching-regulator types have 
been put on the market and are becoming widely used. Most of the switching-regulator type power supplies 
offer compactness and light weight, yet provide high voltage and high current. However, with some models, 
the switching noise is superimposed on the AC input and high voltage output or the noise is radiated. Thus, 
sufficient care is required when selecting this type of power supply, especially in low-light-level detection, 
measurement involving fast signal processing, and photon counting applications. 
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7 .  3 Connection to The External Circuit 
7. 3. 1 Observing an output signal 

stages of dynodes and as shown in Figure 7-20, the 
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current amplification is proportional to the 6th to 200 500 1000 2000 

10th power of the voltage applied between the SUPPLY VOLTAGE (V) 
cathode and the anode. This means that the photo- 

TPMOB0006EA 
multiplier tube output is extremely susceptible to 
variations in the applied voltage and that the power Figure 7-20: Current amplification vs. supply 

voltage 
supply used for photomultiplier tubes must be stable. 

To observe the output signal of a photomultiplier tube, various methods are used depending on the 
operating conditions as illustrated in Figures 7-21 to 7-23. 

As described in Section 7.1.2 in this chapter, there are two schemes for bleeder circuit operation: the anode 
grounding and the cathode grounding schemes. The anode grounding scheme permits both DC and pulse 
operation as shown in Figures 7-21 and 7-22. On the other hand, the cathode grounding scheme uses a 
coupling capacitor to separate the high voltage applied to the anode, so that only pulse operation is feasible. 
This scheme eliminates DC components produced by such factors as background light. 
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Figure 7-21: Anode grounding scheme in DC operation 
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Figure 7-22: Anode grounding scheme in pulse operation 
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Figure 7-23: Cathode grounding scheme in pulse operation 
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It should be noted that when wiring the photomultiplier tube output to an amplifier clrcuit, the amplifier 
circuit must be wired before turning on the high-voltage power supply. When a high voltage is applied to the 
bleeder circuit even in a dark state, the possible dark current creates a charge on the anode. If the bleeder 
circuit is wired to the amplifier circuit under this condition, the charge will instantaneously flow into the 
amplifier, thus probably leading to damage of the amplifier circuit. Care should particularly be taken when 
using high speed circuits, as they are more susceptible to damage. 

7. 3. 2 Influence of a coupling capacitor 
A coupling capacitor, required by the cathode grounding scheme, can also be used in the anode grounding 

scheme in order to eliminate the DC components. This section describes precautions for using a bleeder 
circuit to which a coupling capacitor is connected. 

Output waveform 

When a photomultiplier tube is operated with the circuit shown in Figure 7-24, if the 
anode output pulse width P, is sufficiently shorter than the time constant CR (R is parallel 
resistance of R, and R3,  the impedance of the coupling capacitor can be ignored and thus 
the signal pulse current is divided to flow into R, and R,. In this case, the input waveform 
is transmitted to the output waveform without distortion, regardless of the capacitance 
value of the coupling capacitor. However, if P, is close to or longer than CR, the output 
will have a differential waveform. 

Because the coupling capacitor is merely used as a coupling element between the 
bleeder circuit and the amplifier circuit, P, must be at least several tens of times shorter 
than CR so that the output waveform has good fidelity to the input waveform. If the output 
waveform is differentiated, the output pulse height is influenced by the capacitance value 
and temperature characteristic of the coupling capacitor. In particular, when a 50-ohm 
resistor is used for R, to optimize fast response operation, the time constant CR becomes 
small and thus care should be taken of this point. 

In the case of low frequency applications, the impedance of the coupling capacitor 

cannot be ignored. Since its impedance ZC =l, the output signal decays by 3dB 
2xfc 

(approximately to 7/10th of the pulse height) at a frequency f=1/2 ~r CR,. 

As stated above, the amount of the signal passing through the coupling capacitor is 
stored as a corresponding charge on the capacitor. This stored charge Q generates a 
voltage of E,=Q/C across both sides of the capacitor in the reverse direction of the signal. 
This voltage E, attenuates by a factor of V = E , ~ - ~ '  related to the time constant CR which 
is determined by the capacitance value C and the serial resistance value R of R, and R,. 
The voltage induced in the capacitor is divided by R, and R,, and the output voltage V, is 
given by the following equation: 

Here, if the signal repetition rate increases, the base line does not return to the true zero 
level. This is known as base-line shift, and can be minimized by reducing the time 
constant CR. In this case, reducing the capacitor value increases the initial voltage q,, but 
shortens the discharge time. Decreasing the resistor value also shortens the discharge time, 
but this is accompanied by a decrease in the ~ igna l  voltage, causing a problem with the 
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signal-to-noise ratio. In contrast, increasing the resistor value produces a larger output and 
results in an improvement in the signal-to-noise ratio, but a base-line shift tends to occur 
due to the long time constant. If R, is large, it lowers the anode potential, thus care is 
required when excessive current including DC current flows. 

C: COUPLING CAPACITOR 
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Figure 7-24: Base-line shift 

Eventually, when the amount of charge stored on the capacitor (portion A in Figure 
7-24) is discharged in a certain time period (portion a in Figure 7-24), the area of portion 
A is equal to the area of portion a, regardless of the discharge time constant. In general, 
the circuit time constant is longer than the signal pulse width, so this discharge time will 
have iess effect on the puise heignt. However, when the signal repetition rate is extremeiy 
high or accurate information on the output pulse height is needed, the discharge time 
cannot be neglected. If a base-line shift occurs, the signal is observed at an apparently 
lower level. Therefore, when designing the circuit it is necessary to select the optimum 
resistor and capacitor values such that the output pulse height exhibits no fluctuations 
even if the signal repetition rate is increased. 

Furthermore, when multiple pulses enter the measurement system including an amplifier, 
these pulses are added to create a large pulse, and a so-called "pile-up" problem occurs. 
Because of this, in applications where a pulse height discriminator is used to discern the 
height of individual pulses, it is important to take into account the time resolution of the 
measurement device. 

7. 3. 3 Current-to-voltage conversion for photomultiplier 
tube output 

The output of a photomultiplier tube is a current (charge), while the external signal processing circuit is 
usually designed to handle a voltage signal. Therefore, the current output must be converted into a voltage 
signal by some means, except when the output is measured with a high-sensitivity ammeter. The following 
describes how to perform the current-to-voltage conversion and major precautions to be observed. 

(1 1 Current-to-voltage conversion using load resistance 

One method for converting the current output of a photomultiplier tube into a voltage 
output is to use a load resistance. Since the photomultiplier tube may be thought of as an 
ideal constant-current source at low output current levels, a load resistance with a 
considerably large value can theoretically be used. In practice, however, the load resistance 
value is limited by such factors as the required frequency response and output linearity as 
discussed below. 
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If, in the circuit of Figure 7 -  
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itance be C,, then the cutoff 
frequency f, is given by the Figure 7-25: Photomultiplier tube and output circuit 

following equation: 

(Hz) .................................................................................. E .  7-7)  f, = ------ 
~TCCSRL 

From this relation, it can be seen that, even if the photomultiplier tube and amplifier 
have fast response, the response is limited to the cutoff frequency f, determined by the 
subsequent output circuits. In addition, as described in Section 7.1.4 in this chapter, if the 
load resistance is made unnecessarily large, the voltage drop by I, - RL at the anode potential 
is increased accordingly, causing the last-dynode-to-anode voltage to decrease. This will 
increase the space charge effect and result in degradation of output linearity. 

When selecting the optimum 
load resistance, it is also neces- (1) 

sary to take acco~lnt of the inter- 
nal input resistance of the SIGNAL 

OUTPUT 
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photomultiplier tube output 
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from the following relation: I 

m 
R "  = R , , .  R L  .... (Eq. 7-8) TACCC0017EA 

R," + R L  
This value of R,, less than Figure 7-26: Amplifier internal input resistance 

the R, value, is then the effective 
load resistance of the photomultiplier tube. The relation between the output voltage V, at 
R,,=mC2 and the output voltage V,' when the output was affected by R,, is expressed as 
follows: 

With R,,=R,, v,' is one-half the value of V,. This means that the upper limit of the 
load resistance is actually the input resistance R,, of the amplifier and that making the load 
resistance greater than this value does not have a significant effect. Particularly, when a 
coupling capacitor Cc is placed between the photomultiplier tube and the amplifier, as 
shown in Figure 7-26, an unnecessarily large load resistance may create a problem with 
the output level. 

While the above description assumed the load resistance and internal input resistance 
of the amplifier to he purely resistive. in practice, stray capacitance and stray inductance 
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are added. Therefore, these circuit elements must be considered as compound impedances, 
especially in high frequency operation. 

Summarizing the above discussions, the following guides should be used in determining 
the load resistance: 

When frequency and amplitude characteristics are important, make the load 
resistance value as small as possible. Also, minimize the stray capacitance such 
as cable capacitance which may be present in parallel with the load resistance. 

- When the linearity of output amplitude is important, select a load resistance value 

such that the output voltage developed across the load resistance is several percent 
of the last-dynode-to-anode voltage. 

Use a load resistance value equal to or less than the input impedance of the 
amplifier connected to the photomultiplier tube. 

(2) Current-to-voltage conversion using an operational amplifier 

The combination of a current- 
to-voltage conversion circuit us- 
ing an operational amplifier and % ,p - ;ffi 
an analog or digital voltmeter (ov) + VO=-10. ~f 

enables accurate measurement of 
the output current from a photo- 
multiplier tube, without having to TACCC0018EA 

use an high-sensitivit~ Figure 7-27: Current-to-voltage conversion circuit 
ammeter. A basic current-to- using an operational amplifier 

voltage conversion circuit using 
an operational amplifier is shown in Figure 7-27. 

With this circuit, the output voltage Vo is given by 

This relation can be understood as follows: 

Since the input impedance of the operational amplifier is extremely high, the output 
current of the photomultiplier tube is blocked from flowing into the inverting input terminal 
(-) of the operational amplifier at point A in Figure 7-27. Therefore, most of the output 
current flows through the feedback resistance R, and a voltage of $.R, is developed across 
R,. On the other hand, the operational amplifier gain (open loop gain) is as high as ld, 
and it always acts so as to maintain the potential of the inverting input terminal (point A) 
at a potential equal to that (ground potential) of the non-inverting input terminal (point B). 
(This effect is known as an imaginary short or virtual ground.) Because of this, the 
operational amplifier outputs voltage Vo which is equal to that developed across &. 
Theoretically, use of a preamplifier performs the current-to-voltage conversion with an 
accuracy as high as the reciprocal of the open loop gain. 

When a preamplifier is used, factors that determine the minimum measurable current 
are the preamplifier offset current (bs),  the quality of R, and insulating materials used, 
and wiring methods. 

To accurately measure a very low current on the order of picoamperes (10-''~),  the 
following points should be noted in addition to the above factors: 
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Connect the photomultiplier tube anode directly to the signal output cable without 
using any repeater. 

- Use a low-noise type coaxial cable with sufficiently high insulating properties for 

the signal output cable. 

Select a connector with adequate insulating properties, for example, a teflon 
connector. 

For connection of the photomultiplier tube anode to the input signal pin of the 
preamplifier, do not use a trace on the printed circuit board but use a teflon 
standoff instead. 

For the actual output V,=-(I,+Ios)R~V,,, if the R, value is large, Ios may cause a 
problem. Therefore, select a FET input preamplifier which has a small hs of less 
than 0.1 picoamperes and also exhibits minimum input conversion noise and 
temperature drift. 

Provide adequate output-offset adjustment and phase compensation for the 
preamplifier. 

Use a metal-film resistor with a minimum temperature coefficient and tolerance 
for the feedback resistance &. Use clean tweezers to handle the resistor so that no 
dirt or foreign material gets on its surface. In addition, when the resistance value 
must be 10' ohms or more, use a glass-sealed resistor that assures low leakage 
current. 

Carbon-film resistors are not suitable as a load resistance because of insufficient 
accuracy and temperature characteristics and, depending on the type, noise 
problems. When several feedback resistors are used to switch the current range, 
place a ceramic rotary switch with minimum leakage current or a high-quality 
reed relay between the feedback resistance and the preamplifier output. Also 
connect a low-leakage capacitor with good temperature characteristics, for example 
a styrene capacitor, in parallel with the feedback resistors so that the frequency 
range can be limited to a frequency permitted by the application. 

Use a glass-epoxy PC board or other boards with better insulating properties. 

On the other hand, since the maximum output voltage of a preamplifier is typically 1 to 
2 volts lower than the supply voltage, multiple feedback resistors are usually used for 
switching to extend the measurement current range. In this method, grounding the non- 
inverting input terminal of the preamplifier for each range, via a resistor with a resistance 
equal to the feedback resistance while observing the above precautions can balance the 
input bias current, so that the offset current I,, between the input terminals can be reduced. 

If high voltage is accidently 
emitted by the photomultiplier 
tube, a protective circuit consist- 
ing and of D, a as resistor shown F$ in and Figure diodes 7-28 Dl T~~~;~F vo 

0 2 

is effective in protecting the 
preamplifier from being damaged. 
In this case, these diodes should TACCC0019EA 

have minimum leakage current Figure 7-28: Protective circuit for preamplifier 
and junction capacitance. The B-E 
junction of a low-signal-amplification transistor or FlET is commonly used. If R, in Figure 
7-28 is too small, it will not effectively protect the circuit, but if too large, an error may 
occur when measuring a large current. It is suggested that R, be selected in a range from 
several kilohms to several tens of kilohms. 
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When a feedback resistance, 
Cs 

R,, and of as high as 1012 ohms is - - -1 t - -. 
I I 

used, if a stray capacitance, C,, 
exists in parallel with R, as shown 
in Figure 7-26, the circuit exhibits 
a time constant of Cs-R,. This vo 
limits the bandwidth. Depending 
on the application. This may cause 
a problem. As illustrated in the 
figure, passing R, through a hole TACCCOOZOEA 

in a plate can reduce Cs, Figure 7-29: Canceling the stray capacitance Cs 
resulting in an improvement of the 
response speed. 

The  output cable for a 
photomultiplier tube has an its 
equivalent capacitance C, when 
the cable is long, the C, and Rf 

o VOUT 
create a rolloff in the frequency 
response of the feedback loop. 
This rolloff may be the cause of TACCCOOZIEA 

oscillations. Connecting C, in 
parallel with R, is used in Figure 7-30: Zanceiing ihe signai cabie 

capacitance 
canceling out the rolloff and 
avoiding this oscillation, but degradation of the response speed is inevitable. 

(3) Charge-sensitive amplifier using an operational amplifier 

Figure 7-31 (1) shows the basic circuit of a charge-sensitive amplifier using an operational 
amplifier. The output charge Q, of a photomultiplier tube is stored in C ,  and the output 
voltage V, is expressed by the following equation: 

Vo=-  QP dt ................................................................................... ( E .  7-1 1) I' 
J 0 

Here, if the output current of the photomultiplier tube is I,, V, becomes 

v o =  -1 Ip dt .................................................................................. (Eq. 7- 12) I' c . 0  
When the output charge is accumulated continuously, V, finally increases up to a level 

near the supply voltage for the preamplifier, as shown in Figure 7-31 (2) and (3). 

SUPPLY VOLTAGE 
v% - _TO o_p_AM_p- 

Vo SUPPLY VOLTAGE 
TO OP AMP 

0 
T 

(1) BASIC CIRCUIT (2) DC INPUT (3) PULSE INPUT 

TACCCOOZZEA 

Figure 7-31: Charge-sensitive amplifier circuit and its operation 
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In Figure 7-31 (I),  acts as an integrator that stores the output charge during the 
measurement time, regardless of whether the photomultiplier tube output is DC or pulse. 
If a FET switch is added in parallel to C,, the charge stored in C, can be discharged at the 
beginning of a measurement. In scintillation counting or photon counting, the individual 
output pulses of a photomultiplier tube must be converted into corresponding voltage 
pulses. Therefore, R, is connected in parallel with C, as shown in Figure 7-32, so that a 
circuit having a discharge time constant r =Cf-R, is used5). 

PMT 

P Q p -  
DYn 
T 

OUTPUT 

T 
Th nL, 

TACCC0023EA 

Figure 7-32: Pulse input type charge-sensitive amplifier 

If the time constant r is made small, the output Vo is more dependent on the pulse 
height of the input current. Conversely, if r is made large, Vo will be more dependent on 
the input pulse charge and eventually approaches the value of -Q,/q. In scintillation 
counting, from the relation between the circuit time constant r =RC and the fluorescent 
decay constant of the scintillator r ,, the output-pulse voltage waveform V(t) is given bys) 

Z Q '  c 
V(t) = ----- ( e  - e l )  ............................................................ ( E .  7-13) 

Z - Z s  

when r )) r ,, V(t) becomes 

(t) l$ (e-"~ - e-t"s) .................................................................... ( E .  7-14) 

While, when r (( r ,, V(t) is 

Q v (t)=- . 2 (e-117~ - , - t / r  ) ........................................................... ( E .  7- 15) 
C Zs 

When the circuit time constant r is larger than the scintillator decay constant r ,, the 
rise of the output waveform depends on r ,, while the fall depends on r , with the 
maximum pulse height given by QIC. In contrast, when the circuit time constant r is 
smaller than r ,, the rise of the output waveform depends on r , while the fall depends on 
r ,, with the maximum pulse height given by QIC. r 17 ,. In most cases, the condition of 
r ) r is used since higher energy resolution can be expected. This is because the output 

pulse has a large amplitude so that it is less influenced by such factors as noise, temperature 
characteristics of the scintillator and variations of the load resistance. In this case, it 
should be noted that the pulse width becomes longer due to a larger r and, if the 
repetition rate is high, base-line shift and pile-up tend to occur. If measurement requires a 
high counting rate, reducing r is effective in creating an output waveform as fast as the 
scintillator decay time. However, the output pulse height becomes lower and tends to be 
affected by noise, resulting in a sacrifice of energy resolution. Under either condition, the 
output voltage V(t) is proportional to the output charge from the photomultiplier tube 
anode. Generally, the load capacitance is reduced to obtain higher pulse height as long as 
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the operation permits, and in most cases the resistor value is changed to alter the time 
constant. When a NaI(T1) scintillator is used, the time constant is usually selected to be 
from several microseconds to several tens of microseconds. 

As explained above, noise generated in the charge-sensitive amplifier degrades the 
energy resolution. This noise mainly originates from the amplifier circuit elements, but 
care should also be taken of the cable capacitance C, indicated in Figure 7-33 because the 
output charge of the photomultiplier tube is divided and stored in C, and C,. The C, makes 
the charge of C, smaller as compared to the amount of charge without Cs. Thus, it is 
necessary to increase the value of A. CdC, in order to improve the signal-to-noise ratio. In 
actual operation, however, since A -  C, cannot be made larger than a certain value due to 
various limiting conditions, the value of C, is usually made as small as possible to 
improve the signal-to-noise ratio. 

In scintillation counting measurements, a common method of reducing the cable 
capacitance is to place the preamplifier in the vicinity of the photomultiplier tube, remote 
from the main amplifier. 

Q p n  -.+ A ' C f  - 
c s  T 

TACCC0024EA 

Figure 7-33: Influence of input distribution capacitance 

7.  3. 4 Output circuit for a fast response photomultiplier 
tube 

For the detection of light pulses with fast rise and fall times, a coaxial cable with 50-ohm impedance is 
used to make connection between the photomultiplier tube and the subsequent circuits. 

To transmit and receive the signal output wave- 
50 R 

form with good fidelity, the output end must be CONNECTOR CONNECTOR 

terminated in a pure resistance equal to the charac- $F 50 R COAXIAL OUTPUT 

teristic impedance of the coaxial cable. This allows RL =50R 
CABLE 

the impedance seen from the photomultiplier tube 
to remain constant, independent of the cable length, MATCHING RESISTOR (500)  

thus making it possible to reduce "ringingn which ON PMT SIDE 
-- - 

may be observed in the output waveform. However, 
TACCC0025EA 

when using an MCP-PMT for the detection of ultra- 
fast phenomena, if the cable length is made Figure 7-34: Output circuit impedance match 

unnecessarily long, distortion may occur in signal 
waveforms due to a signal loss in the coaxial cable. 

If a proper impedance match is not provided at the output end, the impedance seen from the photomultiplier 
tube varies with frequency, and further the impedance value is also affected by the coaxial cable length, as a 
result, ringing appears in the output. Such a mismatch may be caused not only by the terminated resistance 
and the coaxial cable but also by the connectors or the termination method of the coaxial cable. Thus, 
sufficient care must be taken to select a proper connector and also to avoid creating impedance discontinuity 
when connecting the coaxial cable to the photomultiplier tube or the connector. 
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When a mismatch occurs at the coaxial cable ends, all of the output signal energy is not dissipated at the 
output end, but is partially reflected back to the photomultiplier tube. If a matching resistor is not provided on 
the photomultiplier tube side, the photomultiplier tube anode is viewed as an open end, thus the signal will be 
reflected from the anode and returned to the output end again. This reflected signal is observed as a pulse 
which appears after the main pulse with a time delay equal to the round trip through the coaxial cable. This 
signal repeats its round trip until its total energy is dissipated, as a result, ringing occurs at the output end. To 
prevent this, providing an impedance match not only at the outp~it end but also at the photomultiplier tube 
side is effective to some extent, although the output voltage will be reduced to one-half in comparison with 
that obtained when impedance match is done only at the output end. When using a photomultiplier tube 
which is not a fast response type or using a coaxial cable with a short length, an impedance matching resistor 
is not necessarily required on the photomultiplier tube side. Whether or not to connect this resistor to the 
photomultiplier tube can be determined by doing trial-and-error impedance matching. Anlong photomultiplier 
tubes, there are special types having a 50-ohm matched output impedance. These tubes do not require any 
matching resistor. 

Next, let us consider waveform observation of fast pulses using an oscilloscope. 

A coaxial cable terminated with a matching resistor 
offers the advantage that the cable length will not 
greatly affect the pulse shape. Since the matching ,, - - - - - - -  

_ r - - - - - - -  

resistance is usually as low as 50 to 100 ohms, the . ?  ?.  
OSCILLOSCOPE 

output voltage is reduced. While this situation can 
be corrected by use of a wide-band amplifier with 
high gain, the inherent noise of such an amplifier rn - W IR ING SHOULD BE 

makes it difficult to measure low-level signals. In AS SHORT AS POSSIBLE 

this case, to achieve the desired output voltage, it is TACCC0026EA 

more advantageous, as shown in Figure 7-35, to bnng ~i~~~~ 7-35: waveform o,,servation using an 
the photomultiplier tube as close as possible to the oscilloscope 

amplifier to reduce the stray capacitance and also to 
use as a large load resistance as a possible without effecting the frequency response. 

It is relatively simple to operate a fast amplifier with a wide bandwidth using a video IC or pulse type IC. 
However, in exchange for such design convenience, these ICs tends to reduce performance, such as introducting 
noise. For optimum operation, it is therefore necessary to know their performance limits and take corrective 
action. 

As the pulse repetition rate increases, a phenomenon called "base-line shift" creates another reason for 
concern. This base-line shift occurs when the DC signal component has been eliminated from the signal 
circuit by use of a coupling capacitor. If this occurs, the zero reference level shifts from ground to an 
apparent zero level equal to the average of the output pulses. Furthermore, when multiple pulses enter within 
the time resolution of the measuring system including the amplifier, they are integrated so that a large output 
pulse appears. This is known as "pile-up" . Special care should be taken in cases where a pulse height 
discriminator is used to discern the amplitude of individual pulses. 

7 .  3. 5 Photon counting circuits 
Because the basic operating principles of photon counting have already been detailed in Section 3.4 of 

Chapter 3, this section briefly explains how to connect a photomultiplier tube to the photon counting circuits 
available from Hamamatsu Photonics. The block diagram of the photon counting circuits connected between 
the photomultiplier tube anode and a TTL counter is shown in Figure 7-36. 
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I 
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CIRCUIT I  

-HV GND 1 

AMP. COMPA- 
RATOR 
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I 

I DIVIDER I I 

(HAMAMATSU: C3589) 
I I 
I 
I 

I  _ _ _ _ - - _ _ _ _ - _ _ _ _ _ _ _ - - - - - - I  
(HAMAMATSU: C3866) 

TACCC0027EA 

Figure 7-36: Photon counting circuits 

After passing through the comparator and pulse shaper, the output signals become ECL output pulses. 
These are then fed to the ECL line receiver and the pulse width is extended by the pulse stretcher so that the 
bignaib aie corr~patible with a TTL coonter. If a high-speed connter is no: availablc, use of a prescaler efiables 
photon counting operation without impairing the lineanty. 

7.  4 Housing 
A photomultiplier tube housing is primarily used to contain and secure in place a photomultiplier tube, but 

it also provides the following functions: 

To shield extraneous light 
To eliminate the effect of external electrostatic fields 

- To reduce the effect of external magnetic fields 

The following sections explains each of these functions 

7. 4. 1 Light shield 
Since a photomultiplier tube is an extremely high-sensitivity photodetector, the signal light level to be 

detected is very low and therefore particular care must be exercised in shielding extraneous light. For 
instance, when a connector is used for signal inputloutput, there is a possibility of light leakage through the 
connector itself or through its mounting holes and screw holes. Furthermore, light leakage may occur through 
seams in the housing. 

As a corrective action. when mounting connectors or other components in the housing, use black silicone 
rubber at any location where light leakage may occur. It is also important to use black soft tape or an O-ring 
so as to fill in any gaps around the components attached to the housing. In addition, it is necessary to coat the 
inside of the housing with black mat paint in order to prevent reflection of scattered light. 

7. 4. 2 Electrostatic shield 
Since photomultiplier tube housings are made of metal such as aluminum, maintaining the housing at 

ground potential provides an effective shield with respect to external electrostatic fields. The inside of the 
housing is usually coated with black paint to prevent diffuse reflection of light, so care is required to be 
certain that the point does not interfere with the contact of the ground line. As stated previously, if any object 
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at ground potential is brought close to the bulb of a photoniultiplier tube, noise increases, so that the housing 
should have sufficient separation from the photomultiplier tube. 

7. 4. 3 Magnetic shield 
As will be described in Section 3.3 of Chapter 8, photomultiplier tubes are very sensitike to a magnetic 

field. Even terrestrial magnetism will have a detrimental effect on the photomultiplier tube performance". 
Therefore, in precision photometry or in applications where the photomultiplier tube must be used in a highly 
magnetic field, the use of a magnetic shield case is essential. However, unlike the electrostatic shield, there 
exists no conductors that carry the magnetic flux. It is not possible to shield a magnetlc field completely. One 
common technique for reducing the effect of an external magnetic field is to wrap a metal shield having high 
permeability around the photomultiplier tube bulb, but such a metal shield cannot completely block the 
magnetic field. It is also necessary to select an optimum shielding material and method, based on both the 
strength and frequency of the magnetic fields. 

In general applications, it is not necessary to fabricate the entire housing from high-permeability materials. 
Instead, a photomultiplier tube can be wrapped into a cylindrical shield case. Among shielding materials, " 

Permalloy" is the best and is widely used. The effect of a magnetic shield is described below. 

Shielding factor of magnetic shield case and orientation 
magnetic field 

Photomultiplier tubes are very 
sensitive to an external magnetic 
field, especially for head-on types, 
the output varies significantly 
even with terrestrial magnetism. 
To eliminate the effect of the 
terrestrial magnetism or to operate 
a photomultiplier tube more stably 
in a magnetic field, a magnetic 
shield case must be used. (Also 
refer to Section 3.3 of Chapter 8.) 

TACCC0028EA 
Utilizing the fact that a magnetic 
field is shunted through an object Figure 7-37: Shielding effect of a magnetic 

shield case 
with high permeability, it is 
possible to reduce the influence of an external magnetic field by placing the photomultiplier 
tube within a magnetic shield case, as illustrated in Figure 7-37. 

Let us consider the shielding effect of a magnetic shield case illustrated in Figure 7-37. 
As stated, the magnetic shield case is commonly fabricated from metal with high-permeability 
such as Permalloy. The shielding factor S of such a magnetic shield case is expressed as 
follows: 

q - Hout - 3 t ~  ................................................................................ Eq.  7- 1 6) 
Hi, 4r 

where H,, and H,,, are the magnetic field strength inside and outside the shield case 
respectikely, t is the thickness of the case, r is the radius of the case and u is the 
permeability. When two or more magnetic shield cases with different radii are used in 
combination, the resultant shielding factor S' will be the product of the shielding factor of 
each case, as expressed in the following equation: 
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When a magnetic shield case is used, the magnetic field strength inside the case H , ,  
which is actually imposed on the photomultiplier tube, is reduced to a level of H,JS. For 
example, if a magnetic shield case with a shielding factor of 10 is employed for a 
photomultiplier tube operated in an external magnetic field of 30 milliteslas, this means 
that the photomultiplier tube is operated in a magnetic field of 3 milliteslas. In practice, 
the edge effect of the shield case, as will be described later, creates a loss of the shielding 
effect. But this approach is basically correct. 

Figure 7-38 shows the output variations of a photomultiplier tube with and without a 
magnetic shield case which is made of "PC" materials with a 0.6 millimeter thickness. It 
is obvious that the shielding is effective for both X and Y axes. For these axes the 
shielding factor of the magnetic shield case must be equal. However, the Y axis exhibits 
better magnetic characteristics than the X axis when not using a magnetic shield case, so 
that the Y axis provides a slightly better performance when used with the magnetic shield 
case. In the case of the Z axis which is parallel to the tube axis, the photomultiplier tube 
used with the magnetic shield case shows larger output variations. It is thought that, as 
described in the section on the edge effect, this is probably due to the direction of the 
magnetic field which is bent near the edge of the shield case. 
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Figure 7-38: Magnetic characteristics of a photomultiplier tube 
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(2) Saturation characteristics 

When plotting a B-H curve which represents the relationship between the external 
magnetic field strength (H) and the magnetic flux density (B) traveling through a magnetic 
material, a saturation characteristrc 1s seen as shown In Figure 7-39. 

MAGNETIC STRENGTH (Oe) MAGNETIC STRENGTH (Oe) 

H: MAGNETIC STRENGTH (A I rn) H: MAGNETIC STRENGTH (A I rn) 

Figure 7-39: DC magnetization curve (B-H curve) Figure 7-40: Permeability and external magnetic 
field 

Since the permeability ,u of a magnetic material is given by the B/H ratio, varies 
with H as shown in Figure 7-40 with a peak at a certain H level and above it, both ,u and 
the shielding factor degrade sharply. Data shown in Figures 7-39 and 7-40 are measured 
using a magnetic shield case E989 (0.8 millimeter thick) manufactured by Hamamatsu 
Photonics when a magnetic field is applied in the direction perpendicular to the shield case 
axis. 

The Hamamatsu E989 series magnetic shield cases are made of a "PC" material 
which contains large quantities of nickel. This material assures very high permeability, but 
exhibits a rather low saturation level of magnetic flux density. In a weak magnetic field 
such as from terrestrial magnetism, the "PC" material provides good shielding factor as 
high as 10' and thus proves effective in shielding out terrestrial magnetism. In contrast, " 

PB" material which contains small quantities of nickel offers high saturation levels of 
magnetic flux density, though the permeability is lower than that of the 

"PC" 
material. 

Figure 7-41 shows the anode output variations of a photomultiplier tube used with a 
magnetic shield case made of "PC" or "PB" material. As the magnetic flux density is 
increased, the anode output of the photomultiplier tube used with the "PC" material 
shield case drops sharply while that used with the "PB" material shield case drops 
slowly. Therefore, in a highly magnetic field, it is necessary to use a "PC" material 
shield case in conjunction with a shield case made of high-permeability metal such as 
soft-iron, with a thickness of 3 to 10 millimeters. 
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Figure 7-41: Magnetic characteristics of a photomultiplier tube used 
with magnetic shield cases 

(3) Frequency characteristics 
The above description concerning the effect of magnetic shield cases, refers entirely to 

DC magnetic fields. In AC magnetic fields, the shielding effect of a magnetic shield case 
decreases with increasing frequency as shown in Figure 7-42. This is particularly noticeable 
for thick materials, so it will be preferable to use a thin shield case of 0.05 to 0.1 
millimeter thickness when a photomultiplier tube is operated in a magnetic field at frequencies 
from lkHz to 10kHz. The thickness of a magnetic shield case must be carefully determined 
to find the ovtimum compromise between the saturated magnetic flux density and frequency 
characteristics. 
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E989 (0.8mm THICKNESS) 
105 

FREQUENCY (Hz) 

Figure 7-42: Frequency characteristic of a 
magnetic shield case 

(4) Edge effect 
The shielding effect given by EDGE EFFECT 

3 t p I 4 r  applies to the case in IONGER THAN r OR 2r 

which the magnetic shield case --------- 
is sufficiently long with respect 
to the overall length of the photo- -=- F FF- , - - - - - - 
multiplier tube. Actual magnetic E 
shield cases have a finite length CT 1000 

which is typically only several B 100 2 
millimeters to several centimeters u z 10 
longer than the photomultiplier '3 
tube, and their shielding effects 

W m 1 LU D LL 
deteriorate near both ends as 
shown in Figure 7-43. Since the TPMOBOOllEA 

photocathode to the first dynode Figure 7-43: Edge effect of a magnetic shield case 
region is most affected by a 
magnetic field, this region must be carefully shielded. For example, in the case of a 
head-on photomultiplier tube, the tube should be positioned deep inside the magnetic 
shield case so that the photocathode surface is hidden from the shield case edge by a 
length equal to the shield case radius. 

Figure 7-44 shows the output variations of a head-on photomultiplier tube operated in 
magnetic fields in the respective directions of X, Y and Z axes. Also shown in this figure 
are the output variations measured using a magnetic shield wrapping and a magnetic 
shield case while moving the photomultiplier tube along the shield case axis at positions a, 
b and c. When used with the magnetic shield case, in either axis of the magnetic field, the 
longer the distance from the edge of the shield case to the photocathode, the more the 
output variations improve. For the Y axis, however, since the photomultiplier tube originally 
exhibits better magnetic characteristics, no output variations occur, as seen from (2), up to 
3 milliteslas even if the photocathode is positioned near the edge of the magnetic shield 
case. For the Z axis, on the other hand, if the photocathode is positioned at the open edge 
of the magnetic shield case, the output variations are increased. This is often larger than 
the case even witho~it using a magnetic shield case, as shown in (3).  The reason for this is 
thought to be that the magnetic field applied along the shield case axis is bent near the 



158 Chapter 7 How to Use Photomultiplier Tubes and Associated Circuits 
-- 

open edge, and this bent magnetic field adversely affects the photoelectron collection 
efficiency from the photocathode to the first dynode. In addition, as shown in (I) ,  the 
photomultiplier tube output is significantly affected by the magnetic field along the X 
axis. Therefore, even if the magnetic field along the Z axis is reduced, the resultant 
magnetic field which is generated along the X axis can cause output variations. This 
problem will be solved by positioning the photomultiplier tube deeper than the open edge 
of the magnetic shield case. 
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Figure 7-44: Magnetic characteristics of a head-on photomultiplier tube 
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(5)  Photomultiplier tube magnetic characteristics and shielding 
effect 

Figures 7-45 (a) to (e) show magnetic characteristics of typical photomultiplier tubes 
(anode output variations versus magnetic flux density characteristics) and the shield~ng 
effects7' of magnetic shield cases (Hamamatsu E989 series). It can be seen from these 
figures that use of a shield case can greatly reduce the influence of magnetic fields of less 
than one hundred millitesias. 
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Figure 7-45: Effects of magnetic shield cases 
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(6) Handling the magnetic shield case 

Magnetic shield cases are subject to deterioration in performance due to mechanical 
shock and deformation therefore sufficient care must be exercised during handling. Once 
the performance has deteriorated, a special annealing process is required to effect a recovery. 
In particular, since the permeability characteristics are more susceptible to external shock 
and stress, avoid any alteration, for example such as drilling and machining the shield 
case. 

As stated in Chapter 3, if any object at ground potential is brought close to the bulb of a 
photomultiplier tube, the photomultiplier tube noise increases considerably. Therefore, it 
is advisable to use a magnetic shield case larger than the photomultiplier tube diameter. In 
this case, positioning the photomultiplier tube in the center of the shield case is important, 
otherwise an electrical problem may occur. Foam rubber or similar materials with good 
buffering and insulating properties can be used to hold the photomultiplier tube in the 
shield case. 

It is recommended for safety and also for noise suppression measures that the magnetic 
shield case be grounded via a resistor of 5 to 10 megohms, although this is not mandatory 
when a HA-coating photomultiplier tube or a photomultiplier tube with the cathode at 
ground potential and the anode at a positive high voltage is used. In this case, sufficient 
care must be taken with regards to the insulation of the magnetic shield case. 

7.  5 Cooling 
As described in Section 3.6 of Chapter 3, thermionic emission of electrons is a major cause of dark 

current. lt is especially predominant when the photomultiplier tube is operated in a normal supply voltage 
range. Because of this, cooling the photomultiplier tube can effectively reduce the dark current and the 
resulting noise pulses, thus improving the signal-to-noise ratio and enhancing the lower detection limit. 
However, the following precautions are required for cooling a photomultiplier tube. 

Photomultiplier tube cooling is usually performed in the range from O0c to -3O0C according to the 
temperature characteristic of the dark current. When a photomultiplier tube is cooled to such a temperature 
level, moisture condensation may occur at the input window, bulb stem or bleeder circuit. This condensation 
may cause a loss of light at the input window and an increase in the leakage current at the bulb stem or 
bleeder circuit. To prevent this condensation, circulating dry nitrogen gas is recommended, but the equipment 
configuration or application often limits the use of liquid nitrogen gas. For efficient cooling, Hamamatsu 
provides thermoelectric coolers having an evacuated double-pane quartz window with a defogger and also 
air-tight socket assemblies8'. An example of thermoelectric coolers is shown in Figure 7-46, along with a 
suitable socket assembly. 



- 7,  5 Cooling 
-- - -- .- 

163 
-. 

COOLED 
HOUSING 21 

d 

POWER SUPPLY 

REARVIEW *I----)/ 

6-M3 THREADS 

r - -  
0 0 

WINDOW FLANGE -- 

FLANGEI 4\, INPUT WINDOW 

\ FRONT PANEL OF 
\COOLED HOUSING 

SOCKET ASSEMBLY -- - 
i 

Figure 7-46: Thermoelectric cooler (manufactured by Hamamatsu Photonics) 

The cooler shown in Figure 7-46 is identical with the Hamamatsu C2761 and C2773 coolers. The C2762 is 
designed for 2-inch or 1.5-inch diameter head-on photomultiplier tubes, while the C2773 is for MCP-PMTs. 
Either model can be cooled down to -30C by thermoelectric cooling. 

If a socket made by other manufacturers is used with a Hamamatsu photomultiplier tube, the bulb stem of 
the photomultiplier tube may possibly crack during cooling. This is due to the difference in the thermal 
expansion coefficient between the socket and the bulb stem. Be sure to use the mating socket available from 
Hamamatsu. Stem cracks may also occur from other causes, for example, a distortion of the stem. When the 
bulb stem is to be cooled below -50°C, the socket should not be used, instead, the lead pins of the photomultiplier 
tube should be directly connected to wiring leads. To fac~litate this, use of socket contacts, as illustrated in 
Figure 7-47, will prove helpful. (The socket contact shown in the figure is Winchester 100-2520s.) 
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Figure 7-47: Connecting the lead pins to socket contacts 

Thermionic electrons are emitted not only from the photocathode but also from the dynodes. Of these, 
thermionic emissions that actually affect the dark current are those from the photocathode, Dy, and Dy,, 
because the latter-stage dynodes contribute less to the current amplification. Therefore cooling the photocathode, 
Dy,, and Dy, proves effective in reducing dark current and besides, this is advantageous in view of possible 
leakage currents which may occur due to moisture condensation on the bulb stem, base or socket. 

The interior of a photomult~plier tube is a vacuum and thus heat is conducted through it very slowly. 
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Therefore, it is recommended that the photomultiplier tube be left for one hour or longer after the ambient 
temperature has reached a constant level, so that the dark current and noise pulses will become constant. 
Another point to be observed is that, since heat generated from the bleeder resistors may heat the dynodes, 
the bleeder resistor values should not be made any smaller than necessary. 

References in Chapter 7 
1) Hamamatsu Photonics Catalog: Accessories for Photomultiplier Tubes. 

2) McGRAW-HILL: Electronic Circuits Discrete and Integrated, International Student Edition. 

3) Ref. to "Kerns-type PM base" Produced by R.L. McCarthy. 

4) Hamamatsu Photonics Catalog: Accessories for Photomultiplier Tubes. 

5 )  Hamamatsu Photonics Technical Information: Photomultiplier Tubes for Use in Scintillation Counting. 

6) Hamamatsu Photonics Catalog: Accessories for Photomultiplier Tubes. 
Ref. to i'Improvement of 20-inch diameter photomultiplier tubes" published by A. Suzuki (KEK, Tsukuba) 

and others. 

7) Hamamatsu Photonics Catalog: Accessories for Photomultiplier Tubes. 

8) Hamamatsu Photonics Catalog: Accessories for Photomultiplier Tubes. 



Photomultiplier tube characteristics, for example, sensitivity and dark currpnt, 
are susceptible to environmental conditions such as ambient temperature, 
humidity and magnetic fields". To obtain the fullest capabilities from a 
photomultiplier tube, it is necessary to know how environmental conditions 
affect the photomultiplier tube and to take corrective actiol. This chapter 
discusses these points and also describes operating stability over time and 
relinbility. 
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Effects of Ambient Temperature 
8. 1. 1 Temperature characteristics 

The photomultiplier tube is more susceptible to ambient temperature than electronic components (such as 
resistors and capacitors). In precision measurement therefore, the photomultiplier tube must be operated with 
temperature control or comparative photometric techniques so that the effects of ambient temperature are 
minimized. When performing temperature control, it should be noted that the interior of a photomultiplier 
tube is a vacuum and thereby heat is conducted through it very slowly. The photomultiplier tube should be 
left for one hour or longer until the photomultiplier tube reaches the same level as the ambient temperature 
and its characteristics become stable. 

(1) Sensitivity 

Temperature characteristics of anode sensitivity can be divided into those for cathode 
sensitivity (photocathode) and current amplification (dynode). Temperature charactersstics 
for cathode sensitivity are dependent on the wavelength. In general, near the long wavelength 
limit, the temperature coefficient of cathode sensitivity varies significantly from a negative 
value to a positive value. In contrast, current amplification has virtually no dependence on 
wavelength or on supply voltage. Figure 8-1 shows temperature coefficients of major 
photomultiplier tuhe.: ac a function of wavelength. with the abscisqa representing wavelength 
and the ordinate expressing temperature coefficients of anode sensitivity. 
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Figure 8-1: Photocathode types and temperature coefficients 

When a photomultiplier tube with a transmission mode photocathode is used at very 
low temperatures, the subsequent increase in the photocathode surface resistance may 
cause a cathode current saturation effect, resulting in a loss of output linearity with respect 
to the incident light level. This effect appears drastically with certain types of bialkali 
photocathodes and thus care is required when using such photomultiplier tubes. 
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Typical cathode saturation 
currents for bialkali and multial- 
kali photocathodes are shown in 
Figure 8-2. 

-60 -40 -20 0 20 40 60 80 

TEMPERATURE [%I 

Figure 8-2: Cathode saturation current vs. 
temperature 

Dark current 

A photocathode consists of 
materials having small energy gap 
and electron affinity so that 
photoelectrons can be released 
efficiently. This means that dark 
current is very sensitive to the 
ambient temperature. It greatly 
increases with temperature as 
shown in Figure 8-3. In low-light- 
level detection, this effect of the 
ambient temperature on the dark 
current is an important factor to 
consider. 

Cooling a photomultiplier tube 
is most effective in reducing the 
dark current and improving the 
signal-to-noise ratio. especially 
for photomultiplier tubes with 
high sensitivity in the red to near 
infrared region. Conversely, using 
a photomultiplier tube at a high 
temperature invites signal-to- 
noise ratio deterioration. If a pho- 
tomultiplier tube must be operated 
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Figure 8-3: Temperature characteristics of 
anode dark current 
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at a high temperature, use of a special photocathode (Sb-Na-K) is recommended. Figure 
8-3 shows dark current versus temperature characteristics of photomultiplier tubes having 
major photocathodes. 

8. I. 2 Storage temperature 
Photomultiplier tube sensitivity varies somewhat during storage, even at room temperatures. This is probably 

due to the movement of alkali elements activating the photocathode and dynode surfaces. If a photomultiplier 
tube is left at a high temperature, this sensitivity variation will be accelerated. It is therefore recommended 
that the photomultiplier tube be stored at or below room temperatures. 

Photomultiplier tubes using a photocathode with high sensitivity in the red to near infrared range such as 
multialkali, GaAs(Cs), InGaAs and Ag-0-Cs are frequently cooled during operation to take advantage of the 
temperature dependence of the dark current, as shown in Figure 8-3,. When cooling, the following precautions 
should be observed, otherwise the difference in thermal expansion coefficient between the photomultiplier 
tabe bulb, socket and adhesive (epoxy resin) may cause bulb rupture. 

Avoid using a photomultiplier tube with a plastic base when cooling to -30°C or below. 
Avoid using a socket at a temperature of -5O0C or below. Use contact pins instead. 
When assembling bleeder resistors into a socket, insert a dummy tube into the socket. 
Avoid direct soldering of resistors onto a socket. Assemble a bleeder circuit on a PC board and 
connect it to the socket using tbin, soft wires. 
Avoid subjecting a photomultiplier tube to drastic temperature changes. 

8. 2 Effects of Humidity 
8. 2. 1 Operating humidity 

Since the photomultiplier tube is operated at high voltages and handles very low current in the order of 
micro to picoamperes, leakage current between the lead pins may create a significant problem. This leakage 
current sometimes increases by several orders of magnitnde due to a rise in the ambient humidity. It is 
advisable that the photomultiplier tube be operated at a humidity below 60 percent. 

8. 2. 2 Storage humidity 
If a photomultiplier tube is left at a high humidity for a long period of time, the following problerrrs may 

occur: an increase in the leakage current on the bulb stem surface, contact failure due to rust formed on the 
lead pin surface and, for UV glass, a loss of transmittance. Therefore, the photomultiplier tube must be stored 
in locations of low humidity. In addition, since dirt on the photomultiplier tube surface may be a cause of 
increased leaitage current and rust formation on the leads, a v ~ i d  touching the bulb stem, lead pins and 
especially around the anode pin of a plastic base with bare hands. These portions must be kept clean but, if 
they become contaminated, use anhydrous alcohol for cleaning. 
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8. 3 Effects of External Magnetic Fields 
8. 3. 1 Magnetic characteristics2' 

In photomultiplier tube operation, because low- 
energy electrons travel along a long path in a vacuum, 
their trajectories are affected by even a slight magnetic 
fieid such as terrestrral magnetism, causing an anode 
sensitivity variation. 

A prime reason for this sensitivity variation is 
that the electron trajectories influenced by the 
magnetic fields cannot pr

e
cisely focus the photoelec- 

trons onto the first dynode. This means that 
photomultiplier tubes having a long distance between 
the photocathode and the first dynode or a small 
first-dynode opening in comparison with the 
photocathode area are more vulnerable to effects of 
a magnetic field. 

For most head-on photomultiplier tubes, the anode 
sensitivity will be reduced by as much as 50 percent 
by a magnetic flux density of below one to several 
milliteslas. The sensitivity is most vulnerable to a 
magnetic flux in the direction parallel to the 
photocathode surface (X axis). Side-.on photomulti- 
plier tubes exhibit less sensitivity variations since 
the distance from the photocathode to the first dynode 
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is short. The magnetic flux density at which the Figure 8-4: Magnetic characteristics of typical 
anode sensitivity reduces 50 percent is approximately photomultiplier tubes 
3.5 milliteslas for 1-118 inch types. Figure 8-4 shows 
the effects of magnetic fields on typical photomultiplier tubes'). Note that the higher the supply voltage to a 
photomultiplier tube, the less the effects of magnetic fields. 

As can be seen from Figure 8-4, photomultiplier tubes are susceptible to magnetic fields. It is advisable 
that the photomultiplier tube be used in locations where no magnetic source is present. In particular, avoid 
using the photomultiplier tube near such devices as transformers and magnets. If the photomultiplier tube 
must be operated in a magnetic field, be sure to use a magnetic shield case. Refer to Section 7.4 of Chapter 7 
for more details and specific usage of magnetic shield cases. 

8. 3. 2 Photomultiplier tubes for use in highly magnetic fields 
As stated previously, normal photomultiplier tubes exhibit a large variation in a magnetic field, for 

example, sensitivity reduces at least one order of magn~tude in a magnetic field of 10 rnilliteslas. In high-energy 
physics applications, however. photomultiplier tubes capable of operating in a magnetic field of more than 
one tesla are demanded. To meet these demands, special photomultiplier tubes with fine-mesh dynodes have 
been developed and put into use. These photomultiplier tubes include a "triode" type using a single stage 
dynode, a I' tetrode" type using a two-stage dynode and a high-gain type using multiple dynode stages (8 to 
16  stage^)^). The structure of this photomultiplier tube is illustrated in F~gure 8-5, and current amplification 
characteristics as a function of magnetic fields perpendicular to the photocathode (tube axis) are shown in 
Figure 8-6. 
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Figure 8-5: Structure of a photomultiplier tube designed for use in highly magnetic fields 
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Figure 8-6: Magnetic characteristics of photomultiplier tubes for highly magnetic fields 

8. 3. 3 Magnetization 
The dynode substrate is commonly made from nickel with magnetic properties, and the photomultiplier 

tube leads and electrodes are also made from similar metals which can be magnetized. There will be no 
problem as long as the photomultiplier tube is operated in a weak magnetic field such as from terrestrial 
magnetism. If the magnetic field strength increases and exceeds the initial permeability of the dynode 
substrate and electrode materials, they will remain magnetized even after the magnetic field has been 
removed (residual magnetism). Thus the current amplification after the magnetic field has once been applied 
will differ from that before the magnetic field is applied. If magnetized, they can be demagnetized by 
applying an AC magnetic field to the photomultiplier tube and gradually attenuating it. 



8.4  Vibratio~l and Shock 171 

8. 3. 4 Photomultiplier tubes made of nonmagnetic materials 
In applications where a photomultiplier tube must be used in a highly magnetic field or magnetization of 

the tube is unwanted, photomultiplier tubes made of nonmagnetic materials are sometimes required. Hamamatsu 
Photonics offers photomultiplier tubes assembled using nonmagnetic materials for the dynode substrate. 
However, the stem pins and hermetically-sealed portions still must be made from magnetic materials. 
Fortunately, stems made of a nonmagnetic material has been developed recently for use in special applications. 
It will soon become possible to manufacture a whole photomultiplier tube with nonmagnetic materials. 

8. 4 Vibration and Shock 
Resistance to vibration and shock can be categorized into two conditions: one is under non-operating 

conditions, for example, during transportation or storage and the other is under conditions when the tube is 
actually installed and operated in equipment. Except for special tubes designed for such applications as 
rocket-borne space research and geological surveys, photomultiplier tubes should not be exposed to vibration 
and shock during operation. 

8. 4. I Resistance to vibration and shock during non- 
operation 

Most photomultiplier tubes are designed to withstand several G of vibration and several hundred G of 
shock. However, if excessive vibration and shock are applied to a photomultiplier tube, its characteristics 
may vary and the bulb envelope may break. 

In general, photomultiplier tubes with a smaller size, lighter weight and shorter overall length exhibit 
better resistance to vibration and shock. Even so, sufficient care must be exercised when handling. The 
following table shows the maximum vibration and shock values which photomultiplier tubes can withstand. 

PMT Type Maximum Vibration 

112 inch side-on 15G (10 to 2000Hz) 

1-118 inch side-on 10G (10 to 500Hz) 

112 inch head-on I OG (1 0 to 500Hz) 

1 - 118 inch head-on 5G (10 to 500Hz) 

2 inch head-on type 5G (10 to 500Hz) 

3 inch head-on type 5G (10 to 500Hz) 

Maximum Shock 

200G (6ms) 

IOOG (1 lms) 

IOOG ( l lms)  

lOOG ( l lms)  

75G (1 lms) 

75G (I  lms) 

The photomultiplier tube envelope is made of glass, so it ic vulnerable to direct mechanical shock. 
Envelopes with silica windows are especially vulnerable to shock on the bulb side because of a graded glass 
seal. Sufficient care must be taken in handling this type of tube. Furthermore, photomultiplier tubes designed 
for liquid scintillation counting use a very thin faceplate of 0.5 millimeters thick. Some of them may be 
broken even by a slight shock. Furthermore, since the photomultiplier tube is a vacuum tube, if the envelope 
is broken, implosion may cause it to fly apart in fragments. Thus care is required, especially in handling a 
large diameter tube of more than 8 inches. 
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8. 4. 2 Resistance to vibration and shock during operation 
(resonance) 

The photomultiplier tube is not normally designed to receive vibration and shocks during operation, except 
for specially-designed ruggedized tubes. If a photomultiplier tube suffers vibration or shocks during operation, 
problems such as variations of the signal level and an increase in the microphonic noise may occur. Attention 
should be given to the mounting method and arrangement of the tube. Moreover, the photomultiplier tube 
may have a resonance at a certain frequency, but this resonant frequency differs from tube to tube. If 
vibration is increased at this resonance, the above problems will be more noticeable, leading to the breakage 
of the envelope. Figure 8-7 shows the variations in the frequency spectrum of photomultiplier tube output 
subjected to vibration, along with the measurement block diagram. 
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ER 

Figure 8-7: Resonance noise of photomultiplier tube output subjected to 
vibration 



8. 4 Vibration and Shock 173 

In this experiment, the photomultiptier tube is subjected to random vibration (1.4G RMS) from 20Hz to 
2000Hz and itr output signal ir frequency-analyzed uslng a FFT (fast fourrer tranrform). It 1s obviou? from 
Figure 8-7 that the nolse sharply increases at frequencies near O.SHL, 1.45Hz and 1.6kHz. 

When measuremeilt ia made at extremely low light levels, even a slight vibration caused by the table on 
which the equipment is placed may be a source of noise. Precautions should be taken to ensure the equipment 
is installed securely and also the cable length to the preamplifier should be checked. 

8. 4. 3 Testing methods and conditions 
There are two vibration test methods": sinusoidal-wave and random-wave application tests. The sinusoidal 

wave used for vibration tests is determined by the frequency range, displacement (amplitude), acceleration, 
vibration duration and sweep time. The frequency sweep method comn-ionly employed is a logarithmic 
sweep method. The random wave is determined by the acceleration, power spectmm density (G2/13z), and the 
vibration duration, and is expressed in terms of the RMS value. This method allows tests to be performed 
under the conditions close to the actual environment. In Figure 8-8 (A) and (R), vibration waveform examples 
created by sinusoidal wave and random wave are shown. 

(A) SINE WAVE VIBRATION CURVE (B) RANDOM WAVE VIBRATION CURVE 
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(C) SHOCK CURVE (HALF SlNE WAVE CURVE) 

ACTIVE TIME 

TPMOB0020EA 

Figure 8-8: Vibration and shock curves 

Various methods are used in shock tests such as half-wave sinusoidal pulses, sawtooth wave pulses, and 
trapezoidal wave pulses. Hamamatsu Photonics performs shock tests using half-wave sinusoidal pulses. The 
test conditions are determined by the peak acceleration, shock duration, and the number of shocks applied. A 
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typical shock-application curve is shown in Figure 8-8 (C). 

Official standards for vibration and shock test methods include IEC Pub. 68, JIS-COO40 (vibration), 
JIS-COO41 (shock), MIL STD-810D and MIL S T D - ~ O ~ F ~ ) .  Hamamatsu Photonics performs the vibration and 
shock tests in conformance to these official standards. The above data for vibration and shock tests were 
measured under these official conditions. For instance, the shock tests were carried out along three orthogonal 
axes for a shock duration period of 11 milliseconds, three times each in the plus and minus directions, and 
thus shocks were applied a total of 18 times. Accordingly, even if the test proves that a photomultiplier tube 
withstands a shock of 100G, this does not mean that it will survive such shocks dozens or hundreds of times. 

8. 4. 4 Ruggedized photomultiplier tubes7' 
In geological surveys such as oil well logging or in space research in which photomultiplier tubes are 

launched in a rocket, extremely high resistance to vibration and shock is requireda). To meet these applications, 
ruggedized photomultiplier tubes have been developed, which can operate reliably during periods of 20G to 
50G vibration and lOOG to lOOOG shock. A variety of ruggedized types are available ranging in diameter 
from 112 to 2 inches and are also available with different dynode structures. Most ruggedized photomultiplier 
tubes have been devised based on conventional glass-envelope photomultiplier tubes by improving their 
electrode supports, lead pins and dynode structure so that they will withstand severe shock and vibration. 
These ruggedized photomultiplier tubes with a diameter of 2 inches or less can withstand vibrations up to 
20G. If even higher performance is required, specially-designed ruggedized photomultiplier tubes having a 
stacked ceramic b ~ ~ l b  are used. Figure 8-9 shows the cross section of this type of ruggedized photomultiplier 
tube. 
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Figure 8-9: Cross section of a ruggedized photomultiplier tube using 
a stacked ceramic bulb 

As illustrated in Figure 8-9, each dynode electrode of this ruggedized photomultiplier tube is securely 
welded to a ceramic ring. This structure resists electrical discontinuity, contact failure and envelope rupture 
even under severe vibration and shock. This is because the dynodes resist deformation and peeling. No lead 
wires, ceramic spacers or cathode contacts are required, and few fragile glass parts need to be used. The 
bleeder resistors can be soldered on the outside of the metal rings which are f ~ ~ s e d  to the ceramic rings, 
assuring high ruggedness even after the bleeder circuit has been assembled on the tube. The typical maximum 
vibration and shock for a stacked-ceramic photomultiplier tube using a high-temperature bialkali photocathode 
and a 12-stage dynode multiplier is as follows: 

Resistance to vibration 50G (50 to 2000Hz) 
Resistance to shock 1 OOOG (0.5ms) 
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8. 5 Effects of Helium Gas 
It is well known that helium gas permeates through glass9'. The extent of helium permeation through glass 

depends on the glass materials, their composition and ambient temperature. Photomultiplier tubes designed 
for UV light detection usually employ silica glass for the input window. Helium gas permeates through silica 
glass more than through other window materials. So if such a photomultiplier tube is stored or operated in 
environments where helium gas is present, a gas increase occurs inside the tube, leading to an increase in 
dark current and promoting a degradation of the breakdown voltage level. This eventually results in breakdown 
and end of the tube service life. For example, if a photom~tltiplier tube with a silica bulb is placed in helium 
gas at one atmosphere, a drastic increase of afterpulse due to helium gas will be seen in about 30 minutes, 
thus making the tube unusable. Thus this must be avoided. To reduce the effects of helium gas, it is best to 
store the tube in helium-free environments such as argon gas and nitrogen gas. 

Helium gas exists on the earth at a partial pressure 
of about 0.5 pascals. As stated above. the permeability 
of helium through silica glass is extremely high, as 
much as 1 ~ - ' ~ c m ~ / s  (at a pressure difference of 1 .013 
X 10' pascals) at room temperatures:Because of 
this, the helium pressure inside the photomultiplier 
tube gradually increases and finally reaches a level 
close to the helium partial-pressure in the atmosphere. 
The time needed to reach that level depends on the 
surface area and thickness of the silica glass. For 
instance, if a side-on photomultiplier tube (1-118 inch 
diameter type) with a silica bulb is left in the 
atmosphere, the helium partial-pressure inside the 
tube will increase to 9X pascals after one year. 
(Refer to Figure 8-10.) In practice however, if the 
helium partial-pressure inside the tube increases to a 
level equal to the helium partial-pressure in the 
atmosphere, no significant problem will immediately 
occur and the tube is still usable. 
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Figure 8-10: Bulb materials and variations in 
helium partial-pressure inside a tube 

8. 6 Effects of Radiation 
Photomultiplier tube applications are constantly expanding, as stated previously, to such fields as high 

energy physics, nuclear medicine, X-ray applied instmmentation, and space research. In these environments, 
photomultiplier tubes are usually exposed to radiation (X-rays, alpha rays, beta rays, gainma rays, neutrons, 
etc.) which somewhat affect the performance characteristics of photomultiplier tubes"). Such radiation is 
detected by the photomultiplier tube photocathode and converted into useful signals, but it also causes 
deterioration of the glass envelope, metals, insulators, and materials used to construct the photomultiplier 
tube. The following sections describe the effects of radiation. 

8. 6. 1 Deterioration of window transmittance 
Even when a photomultiplier tube is exposed to radiation, the cathode sensitivity and secondary emission 

ratio exhibit very little variation. Sensitivity variation chiefly results from a loss of transmittance through the 
window due to coloring of the glass, which is an essential part of the photodetector"'. Figures 8- 11 to 8-13 
show variations in the window transmittance when photomultiplier tubes are irradiated by gamma rays from 
a 6 0 ~ o  radiation source and also by neutrons ( I  4MeVI. 
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Figure 8-12: Transmittance variations of a UV glass window when irradiated by 
gamma rays and neutrons 
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Figure 8-13: Transmittance variations of a borosilicate glass window when irradiated by 
gamma rays and neutrons 
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Figure 8-11: Transmittance variations of a synthetic silica window when irradiated by 
gamma rays and neutrons 
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As can be seen from these figures showing the data on a synthetic silica, UV glass and borosilicate glass 
respectively, a loss of the transmittance occurs more noticeably in the UV region. The synthetic silica glass is 
least affected by radiation and virtually no variation is seen after irradiation of gamma rays of 4.4 X lo7 
roentgens and neutrons of 1.4X 10'~n/cm'. There are two types of silica glass: synthetic silica and fused 
silica. The synthetic silica exhibits a higher resistance to radiation than the fused silica. A loss of transmittance 
begins to occur from near 5 >: lo4 roentgens for the UV glass, and near 1 X 1 o4 roentgens for the borosilicate 
glass. However, this tendency is not constant even for the same type of glass, because the composition differs 
depending on the fabrication method. In general, the radiation-resistance characteristic decreases in the order 
of silica, UV glass and borosilicate glass. When the transmittance has dropped due to exposure to radiation, it 
will recover to some extent after storage. This recovery is more effective when the tube is stored at higher 
temperatures. 

8. 6. 2 Glass scintillation 
The photomultiplier tube is sligl-itly serlsitive to 

radiation and produces a resultant noise. This is 
primarily due to unwanted scintillation of the glass 7 

PMT: R1508 (TA0019) 
window caused by beta and alpha rays or scintillation SUPPLY VOLTAGE: 800v - 
of the glass window and electron emission from the 2 DOSE RATE = 90 RIH (7 minutes) 

DOSE = 10.5 R 
photocathode and dynodes caused by gamma rays $ 

CC 
and neutronsE2). 3 4 

0 

Of these, the scintillation of the glass window $ 
likely has the largest contribution to noise, but, as 2 

described in Section 3.1 1 of Chapter 3, the amount 
1 

of scintillation differs depending on the type of glass. 
Glass scintillation further causes a continual flu- 10 20 30 40 50 60 70 80 90 100 110 120 

orescence or phosphorescence to occur even after TIME [minutes] 
radiation has been removed, resulting in yet another TPMOBOOZ~EA 

source of noise. Figure 8-14 shows a variation in Figure Dark after 
the dark current when a tube is irradiated by gamma gamma-ray irradiation 
rays, indicating that it takes 40 to 60 minutes to 
reach a steady level. In the case of neutron irradiation, it has been confirmed that the dynode materials are 
made radioactive through nuclear reaction (n,p) (n,n,p). 

Effects of Atmosphere 
The photomultiplier tube may be used in environments not only at one atmosphere but also at very low 

pressures or in depressurized areas such as in aircraft and scientific satellite. 

When there is a pressure drop from the atmospheric pressure down to a near vacuum, there is a possibility 
of a discharge occurring in the photomultiplier tube. This phenomenon is known as the Paschen's law. The 
law states that the minimum sparking potential between two electrodes in a gas is a function of the product of 
the distance between the electrodes and the gas pressure, if the electric field is uniform and the ambient 
temperature is constant. 

The distance between the leads on the outside base and on the socket is set to an interval so that no 
discharge occurs in environments at one atmosphere or in vacuum. However, these structures tend to discharge 
most frequently at pressures from 100 to 1000 pascals*. If the tube is to be operated in this pressure range, 
sufficient precautions must be taken in the designing and wiring of the parts to which a high voltage is 
applied. 

(* 133 pascals equals one torr.) 
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In high-energy physics applications such as proton decay experiments and cosmic ray detection, 
photomultiplier tubes are sometimes operated while underwater or in the sea. In this case, a pressure higher 
than one atmosphere is applied to the photomultiplier tube. The breaking pressure depends on the configuration, 
size and bulb material of the photomultiplier tube. In most cases, smaller tubes can withstand a higher 
pressure. However, large diameter (8 to 20 inches) photomultiplier tubes, specifically developed for high 
energy physics experiments, have a hemispherical shape capable of withstanding a high pressure. For example, 
8-inch diameter tubes can withstand up to 7 atmospheres and 20-inch diameter tubes up to 6 atmospheres. 

As for the bulb materials, photomultiplier tubes using a silica bulb provide lower pressure-resistance due 
to the graded seal. There are various shapes of input windows used for head-on photomultiplier tubes, 
including a plano-plano type (both the faceplate and photocathode are flat), a plano-concave type (the 
faceplate is flat but the photocathode is concave) and a convex-concave type (the faceplate is convex but the 
photocathode is concave). Compared to the plano-plano type, the plano-concave and convex-concave types 
offer higher pressure-resistance. 

8. 8 Effects of External Electric Potential 
Class scintillation occurs upon exposure to radioactive rays or UV light, as explained in Section 8.6.2 of 

Chapter 8. It also occurs when a strong electric field is inside the glass. These glass scintillations cause the 
dark current to incrcase. 

8. 8. 1 Experiment 
Figure 8-15 shows the dark current variations of a photomultiplier tube whose side bulb is coated with 

conductive paint, measured while changing the electric potential of this coating with respect to the cathode 
potential. 

CONDUCTIVE PAINT 

POWER COMPUTER 

EXTERNAL POTENTIAL WITH RESPECT 
TO CATHODE POTENTIAL [kV] 

Figure 8-15: Dark current vs. external electric potential 

It is clear that the larger the potential difference with respect to the cathode, the higher the dark current. 
The reason for this effect 1s that the inner surface of the bulb near the cathode is aluminum-coated and 
maintained at the cathode potential as explained in Chapter 2, and if the outside of the bulb has a large 
potential difference with respect to the cathode, glass scintillation occurs there. This scintillation light is 
reflected into the photocathode, causing an increase in the dark current. 
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The housing in which the photomultiplier tube is installed is usually grounded. If the photomult~plier tube 
is operated in the anode grounding scheme with the cathode at a negative high voltage and is installed close 
to the wall of the housing, the dark current may increase for the same reason. This problem can be solved by 
allowing an adequate distance between the photomultiplier tube and the inside of the housing. Figure 8-16 
shows the dark current variations while the distance between the photomultiplier tube and the grounded case 
is changed, proving that there 1s no increase in the dark current when the separation 2 4 millimeters. 

DARK CURRENT 

RMS NOISE 

0 2 4 6 8 10 12 

DISTANCE BETWEEN METAL CASE AND GLASS BULB (mrn) 
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Figure 8-16: Dark current vs. distance to the grounded case 
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8. 8. 2 Taking corrective action 
The above effects of external electric potential can be eliminated by use of the cathode grounding scheme 

with the anode at a positive high voltage, but photomultiplier tubes are frequently operated in the anode 
grounding scheme with the cathode at a negative high voltage. In this case, a technique of applying a 
conductive paint around the outside of the bulb and connecting it to the cathode potential can be used , as 
illustrated in Figure 8-17''). 

This technique is called "HA coating" by 
Hamamatsu Photonics and, since a negative high 
voltage is applied to the outside of the bulb, the 
whole bulb is covered with an insulating cover (heat- 
shrinkable tube) for safety. The noise problem caused 
by the external electric potential can be minimized 
by use of an HA coating. Even so, in cases where a 
rnetal foil at ground potential is wrapped around the 
tube, minute amounts of noise may still occur. This 
effect can be observed using a setup like that shown 
in Figure 8-1 8. This noise is probably caused by a 
small discharge which may sometimes occur due to 
dielectric breakdown in the insulating cover, which 
then produces a glass scintiiiation reaching the 
photocathode. This problem can be reduced by 
shifting the metal foil wrapped around the HA coating 

CONDUCTIVE PAINT ... -~ 

n- GLASS BULB 

CONDUCTIVE PAINT 
(SAME POTENTIAL 

, ASCATHODE! 

INSULATING 
PROTECTIVE COVER 

CONNECTED TO 
CATHODE PIN 
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Figure 8-17: HA coating 

away from the photocathode toward the bulb stem. 

- - - - - - - - - CONNECTED TO 
------------- OSCILLOSCOPE 

/ INSULATING ALUMINUM 
COVER / i . _ _ . . _ 

L-- --- - \ BULB STEM 

Figure 8-18: Observing the effect of external electric potential on HA coating 

As mentioned above, the HA coating can be effectively used to eliminate the effects of external potential 
on the side of the bulb. However, if a grounded conductive object is located on the photocathode faceplate, 
there are no effective countermeasures and what is worse, scintillation occurring in the faceplate has a larger 
influence on the noise. Therefore, any grounded object, even insulating materials, should not make contact 
with the faceplate. If such a object must make contact with the faceplate, it is necessary to select one with a 
high insulating properties such as tetlon. Another point to be observed is that a grounded object located on 
the faceplate can cause not only a noise increase but also deterioration of the photocathode sensitivity. Once 
deteriorated, the sensitivity will never recover to the original level. Thus, particular care must be exercised 
with regard to the mounting method of the photomultiplier tube. 

Taking account of the above effects of external electric potential it is recommended, if po$sible, that the 
photomultiplier tube be operated in the cathode grounding scheme with the anode at a positive high voltage. 
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8. 9 Reliability 
8. 9. 1 Stability over time (life characteristic) 

Stability over time of a phototnultiplier tube 
exhibits a somewhat specific pattern according to 
the type of photocathode and the dynode materials, 
but greatly depends on the operating conditions 
(especially on the output current) and the fabrication 
process. Also, stability over time widely varies from 
tube to tube even among the same tube family. 

In normal operation, the cathode current flowing 
through the photocathode is on the order of 
picoamperes, and the photocathode fatigue can 
virtually be ignored. Accordingly, the operating 
stability of the dynodes is an important factor that 
largely affects the stability over time of the photo- 
multiplier tube. Figure 8-19 shows typical data for 
time stability when photomultiplier tubes are 
operated at their maximum rated currents. 
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Figure 8-19: Typical time stability of 
photomultiplier tubes 

8. 9. 2 Current stress and stability 
As mentioned in the preceding section, time stability of a photomultiplier tube varies with the operating 

conditions. In general, the larger the current stress, the earlier and more significant the variation that occurs. 
Figure 8-20 shows typical time stability of photomultiplier tubes when their operating anode currents Ip are 
set to 1, 10 and 100 microamperes, indicating both increasing and decreasing patterns. 

Figure 8-21 shows a typical acceleration factor over time with respect to the anode current. 

(1) EXAMPLES OF INCREASE PATTERNS 

lp= lOp~, /  - 

(2) EXAMPLES OF DECREASE PATTERNS 

TEST CONDITIONS 
SUPPLY VOLTAGE: RECOMMENDED SUPPLY VOLTAGE 
AMBIENT TEMP : ROOM TEMP. 
LIGHT SOURCE: TUNGSTEN LAMP 

TPMOB0028EA 

Figure 8-20: Typical time stability of photomultiplier tubes 
tat different anode currents) 
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Stability over time can be improved to some extent 
by aging the tube. Figure 8-22 shows the initial output 
variations when a photomultiplier tube is intermit- 
tently operated. It is obvious from the figure that a 
large variation during the initial operation can be 
reduced to nearly half, during the second or later 
operations. 

It should be borne in mind that if the photomulti- 
plier tube is left for long periods of time, stability 
will return to its original values. In applications where 
high stability is prerequisite, we recommend the tube 
be aged before use. 

TEST CONDITIONS 
SUPPLY VOLTAGE: RECOMMENDED SUPPLY VOLTAGE 
AMBIENT TEMP.: 25'C 
LIGHT SOURCE: TUNGSTEN LAMP 

0.1 1 .0 10 100 1000 
(MAXIMUM RATED CURRENT) 

ANODE CURRENT (PA)  
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Figure 8-21: Typical acceleration factor over time 
with respect to anode current 
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Figure 8-22: Effects of intermittent operation (aging effect) 

8. 9. 3 Reliability 
Photomultiplier tube applications are constantly expanding to such fields as scintillation counting, high 

energy physics, nuclear medicine, X-ray applied instrumentation, and aerospace fields. In these application 
fields, a large number of photomultiplier tubes (sometimes hundreds or occasionally even thousands of 
tubes) are used in one instrument. It is therefore extremely important in these applications to predict and 
verify the reliability of the photomultiplier tubes. 
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(1) Failure mode 

Failure mode for photomultiplier tubes is roughly classified into gradual failure and 
breakdown failure. The main failure mode is gradual failure, w h ~ c h  includes cathode 
sensitivity degradation, a loss of current amplification, an Increase in dark current and a 
decrease in dielectric resistance. Breakdown failure includes cracks in the faceplate, bulb 
envelope and stem portion, and also air leakage through microscopic cracks. Breakdown 
failure fatally damages the photomultiplier tube, making it permanently unusable. 

Since Hamamatsu photomultiplier tubes undergo stringent screening both in the 
manufacturing and inspection process, most possible failures and their causes are eliminated 
before shipping. As a result of in-house reliability tests, we have found most of the failure 
mode causes lie in a loss (or variation) of current amplification. This means that the 
photomultiplier tube can still be properly used by adjusting the operating voltage. 

(2) Failure rate 

Failure rate15"6' is defined as the probability of failure per unit time. Failure rate is 
generally estimated by using the following two kinds of data: 

1. In-house reliability test data 
2. Field data 

Actual results obtained from field data prove that the photon~ultiplier tube failure rate 
is at a level of 2 X to 2 X  failures/hour with operating conditions at room 
temperatures, a rated supply voltage and an anode output current of 100 nanoamperes. In 
particular, it is predicted that those tubes which have undergone screening provide a 
failure rate as small as 5 X failureshour. 

(3) Mean life 

There is a measure of reliability which is commonly referred to as MTBF'~)'" (mean 
time between failure) or MTTF (mean time to failure). Stated simply, this is the average 
hours of time until any failure occurs, in other words, mean life. 

Since the definition and fundamental calculation of these terms are described in detail 
in various papers, this section only briefly explains these terms. 

The relation between the failure rate ( 1 ) and the mean life ( 8  ) can be expressed on 
the assumption that it has failure distribution in accordance with exponential distribution, 
as fol~ows")'~': 

Therefore, the reciprocal of the failure rate is the mean life. 

As an example, when a photomultiplier tube is operated in room environments with the 
anode output current of about 100 nanoamperes, a mean life of 5 X lo5 to 5 X 10' hours 
can be predicted based on the failure rate explained above. For those tube which have 
passed screening, the mean life would be more than 2 X lo6 hours. 
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(4) Reliability 

Based on the fundamental calculation for stability data, reliability R is defined as 
f0 l l0ws~~"~) :  

~ ( t ) = e - ' ~  (t: operating time in hours) 

Therefore, using a typical failure rate of photomultiplier tubes of 2X to 2 X 

failuresltime, reliability R becomes as follows: 

Elapsed time in operation Reliability R(t) 
at ~ = 2 X 1 0 - ~  at ~=2X10-' 

One year (8760 hours) 98.3% 99.8% 
2 years (17520 hours) 96.6% 99.7% 
3 years (26280 hours) 94.9% 99.5% 
4 years (35040 hours) 93.2% 99.3% 
5 years (43800 hours) 91.6% 99.1% 

The above results can be used as a reference in determining reliability levels of 
photomultiplier tubes, and prove that the photomultiplier tube provides considerably high 
reliability levels tube when operated under favorable conditions. 

8. 9. 4 Reliability tests and criteria used in Hamamatsu Pho- 
tonics 

Hamamatsu Photonics performs in-house reliability tests by setting the following test conditions and 
failure criteria to obtain the failure rate. 

Reliability test conditions 

1) Environmental stress conditions 
Room temperature ( 2 5 c )  and high temperature (60°C) (10'Y: above the maximum 
rating) 

2) Test procedures 
Storage and operating life 

3) Operating conditions (photomultiplier tubes) 
Supply voltage: catalog-listed standard operating voltage 
1000 to 1250V 
Anode output current: catalog-listed maximum rating 
10 to l o o p  A 

Failure criteria 

1) Anode sensitivity judged as the end of !ife 
+ 50% variation 

2) Anode sensitivity during non-operation (storage) 
+ 25% variation 

3) Cathode sensitivity 
f 25% variation 
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4) Anode dark current (DC) 
More than 500 times increase, faulty dielectric-resistance 

5 )  Breakdown failure 
Discharge, crack, anode leakage current, etc. 

Notice that the above criteria are specified by Hamamatsu Photonics for evaluation and do not necessarily 
indicate that a tube outside these standards is unusable. 

Hamamatsu Photonics has continually performed reliability tests under the above conditions over extended 
periods of time and has collected large amounts of data. Our evaluation results show that the failure rate of 
photomultiplier tubes ranges from 1 X to 1 X 10.' failureslhour and thus the mean time is from 1000 up to 
10000 hours. Based on these results, the ratio of the failure rate at room temperatures and an anode output 
current of 100 nanoamperes, to the failure rate under operating conditions at a maximum rating (10 to 100 
microamperes) will be approximately 500 times. This means that our in-house test conditions have an 
acceleration factor approximately 500 times that of the field data. 
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NOTES 



Photomultiplier tubes (PMTs) are extensively used as photodetectors in various 
measuring equipment in fields such as chenzical analysis, medical diagnosis, 
scientz5c research and industrial measurement. This chapter introduces major 
applications of photomultiplier tubes and describes the principle and detection 
methods of each application. 

This chapter also explains the fypes of photomultiplier tubes which are most 
suited for each application as well as the major performance characteristics 
required of the photomultiplier tubes and their measurement methods. 
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9. I Spectrophotometry 
9. 1. 1 Overview 

Spectrophotometry is a study of the transmission and reflection properties of material samples as a 
function of wavelength, but the term commonly means chemical analysis of various substances utilizing 
photometry. Photometric instruments used in this field are broadly divided into two methods: one utilizes 
light absorption, reflection or polarization at specific wavelengths and the other uses external energy to excite 
a sample and measures the subsequent light emission. Photomultiplier tubes have been most widely used in 
this field for years. Major principles used in spectrophotometry are classified as illustrated in Figure 9-1 
below. 

TPMOC0017EB 

Figure 9-1: Major principles of spectrophotometry 

(a) Absorption or Transmission 
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(b) Reflection ( A 1 - lo') 
and Fluorescence (A 2 - lo" )i 
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(d) Flame 

PUMP t 
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( f )  Chemiluminescence 

1) Visible to UV spectrophotometers (absorption, reflection) 
2) Infrared spectrophotometers (absorption, reflection) 
3) Far UV spectrophotometers (absorption, reflection) 
4) Emission spectrophotometers 
5 )  Fluorescence spectrophotometers 
6) Atomic absorption spectrophotometers 
7) Azimuthal, circular dichroism meters 
8) Raman spectrophotometers 
9) Densitometers, calorimeters and color analyzers 
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9. I. 2 Specific applications 
The following paragraphs explain major, specific applications of spectrophotometers, div~ded into two 

methods utilizing absorption or emission. 

(1) Utilizing Absorption 

A. UV, visible and infrared spectrophotometers 

When light passes through a substance, the light energy causes changes in the electronic 
state of the substance (electron transition) or induces characteristic vibration of the molecules, 
resulting in a loss of partial energy. This is referred to as absorption, and quantitative 
analysis can be performed by measuring the extent of absorption. 

The prlnc~ple and s~mpllfied block dlagraml' of an absorption speclrophotometer are 
shown In Figure 9-2 

a) Principle of absorption b) Simplified block diagram of an absorption 
photometry spectrophotometer 

CELL 

- -  - 
LAMP MONOCHRO- SAMPLE & 

MATOR RECORDER 

Figure 9-2: Principle and block diagram of a absorption spectrophotometer 

There are various optical 
systems in use today for spectro- 
photometers. Figure 9-3 illus- 
trates the optical system2' of a 
spectrophotometer using sequen- 
tial plasma emission as the light 
source for covering from the 
ultraviolet to visible and infrared 

PLASMA range. 

Hg LAMP 

MIRROR 
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Figure 9-3: Optical system of a UV to visible 
spectrophotometer 

6. Atomic absorption spectrophotometers 

The atomic absorption spectrophotometer employs special light sources (hollow cathode 
lamps) constructed for the respective elements to be analyzed. A sample IS dissolved in 
solvent and burned for atomlzatlon, and light from the specific hollow cathode lamp is 
passed through the tlame. The amount of light that is absorbed is proportional to the 
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concentration of the sample material. Therefore, by comparing the extent of absorption 
between the sample to be analyzed and a standard sample measured in advance, it is 
possible to know the concentration of the specific element contained in the sample. 

A typical optical system3) used for atomic absorption spectrophotometers is shown in 
Figure 9-4. 

HOLLOW CATHODE 
LAMPS 

I 
/ GRATING 

SPLITTER BURNER 

DzLAMP 

Figure 9-4: Optical system used for atomic absorption spectrophotometers 

(2) Utilizing Emission 

A. Photoelectric emission spectrophotometers (direct readers) 

When external energy is applied to a sample, light emission occurs from the sample. 
Dispersing this emission using a monochromator, into characteristic spectral lines of elements 
and measuring their presence and intensity simultaneously, enables rapid qualitative and 
quantitative analysis of the elements contained in the sample. Figure 9-5 illustrates the 
block diagram4' of a photoelectric emission spectrophotometer in which multiple 
photomultiplier tubes are used. 

PMT 

ENTRANCE 

Figure 9-5: Block diagram illustrating a photoelectric emission 
spectrophotometer 



B. Fluorospectrophotometers 

The fluorospectrophotometer is mainly used for chemical analysis in biochemistry. 
especially in molecular biology. When a substance is illuminated and excited by visible or 
ultraviolet light, it may emit light with a wavelength longer than that of the excitation 
light. This light emission is known as fluorescence and its emission process5' is shown in 
Figure 9-6. Measuring the fluorescent intensity and spectra allows quantitative and qualitative 
analysis of the elements contained in the substance. 

the detectors. This instrument TRIPET EXCITED STATE I 1 llr - - 11 1 A kil 
roughly consists of a light source, 
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Figure 9-7 shows the construc- 3 
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continuous spectrum output over 
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use the same diffraction Figure 9-6: Fluorescent molecular energy levels 
grating or prism, as are used in 
general-purpose monochromators. 
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Figure 9-7: Fluorospectrophotometer structure 
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9. I. 3 Characteristics required of photomultiplier tubes 
Major characteristics required of photomultiplier tubes in these applications are as follows: 

a) High stability 
b) Low dark current 
c) I-Iigh signal-to-noise ratio 
d) Wide spectral response (ultraviolet to infrared) 
e) Low hysteresis 
f) Excellent polarization properties 

Side-on and head-on photomultiplier tubes having a multialkali photocathode and silica window are most 
frequently used in these applications. 

9. 2 Gamma Cameras 
9. 2. 1 Overview 

This equipment has made progress as an imaging system utilizing a radioactive isotope (RI), starting 
historically from a scintillation scanner and being gradually improved to the present gamma camera developed 
hy Anger (W.-4.). Recent!y, even m9re sophisticated equipment ca!!cd SPECT (single photon emission 
computed tomography) utilizing the principle of the gamma camera, has been developed and is now coming 
into wide use. The external view of a gamma camera is illustrated in Figure 9-8. 

POSITION PROCESSOR P" 

TPMHC0017EA 

Figure 9-8: External view of a gamma camera 
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Figure 9-9 shows sectional views of a detector used Y 
in gamma cameras, in which dozens of photomultiplier 
tubes are installed in a honeycomb arrangement. Each 
photomultiplier tube is coupled, via a light-guide, to a 
large-diameter scintillator made from a thalium- X 
activated sodium-iodide (NaI(T1) scintillator), serving 
as a gamma-ray detector. 

Three prime features of gamma cameras are: 

1. High sensitivity 
. X-SIGNAL 

2. Broad, static field-of-view - Y-SIGNAL 
- Z-SIGNAL 

3. High spatial resolution 

These features lead to advantages such that rapid -- PMT 

changes in the RI distribution can be measured and - LIGHT GUIDE 
- Nal (TI) 

the length of diagnostic time can be shortened. To COLLIMATOR 

make more effective use of these advantages, a variety 
of gamma-ray nuclide drugs have been developed for & PATIENT 

use with the gamma cameras. In addition, improve- TPMHCOO~SEA 

ments in the position proce$sing circuit achieves higher Figure 9-9: Sectional views of a detector used 

resolution, making gamma cameras more popular in in gamma cameras 

medical diagnosis. Major nuclides used for nuclear medical imaging are listed in Table 9-1 and the principle 
of SPECT equipment utilizing gamma cameras is shown in Figure 9-10. 

( ) Internal emission rate 

Table 9-1: Major nuclides used for nuclear medical imaging 

Nuclide 

' 20 Te 
-- 

133 Xe -- 

- 69 Ga 

GAMMA CAMERA 

ROTATING 
AROUND SUBJECT 

Gamma Ray Energy (keV) 1 Half-life 
1 

RECONSTRUCTED 
IMAGE 

140 (without ,? ) 

81 (,3:340) 

93 (40%), 184 (24%), 296 (22%) 

2 0 1 ~ 1  ip-- 70 

I 
__L_ 

PROJECTED RI IMAGE 
IN EVERY DIRECTION 

6.04h 
- 

5.27d 

78h 

73'h 

TPMHC0019EA 

Figure 9-10: Principle of SPECT 

131 1 364 (82%) ( ,9 :608) 
127 160 
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9. 2. 2 Major characteristics required of photomultiplier 
tubes 

The following characteristics are required particularly for photomultiplier tubes used in gamma cameras 
and SPECT equipment. 

a) High energy resolution or pulse height resolution (PHR) 
b) Excellent uniformity (especially azimuth uniformity; refer to Section 3.5.2) 
c) High level of stability 
d) Uniform RPH (relative pulse height) and current amplification between each tube 

Energy resolution is one of the most important ,,, I 

characteristics required of photomultiplier tubes used 1 1 
in gamma camera, because energy resolution affects 11 1 
spatial resolution. Photomultiplier tube uniformity 
also has an effect on the position data taken by a - 
gamma camera. If uniformity is poor, the distortion k j  
of the gamma camera will increase. For details on 
azimuth uniformity, which is a more practical 

SOURCE: '3'Cs 
parameter to evaluate photomultiplier tubes used in SCINTILLATOR: Nal (TI) 

COUNT: 1000cps 
gamma cameras, refer to Section 3.5.2. Photomulti- TEMPERATURE: 25% 

plier tube stability also has a large effect on gamma I d 
camera performance because the position data is 

01 " " " "  ' " ' "  ' ' ' ' & ' I  
10 100 1000 

obtained from the pulse height of photomultiplier OPERATING TIME (hours) 

tube output. If the output pulse height varies due to 
TPMHBOOEEEA 

the amount of radiation or with operating time, this 
Figure 9-1 1: Typical long-term stability of a 

may cause problems with output pulse height photomultiplier tube 
measurement. (Refer to Section 3.3.4, "Stability" ) 

Figure 9-1 1 shows typical long-term stability characteristics for the Hamamatsu R1306 photomultiplier tube, 
specifically developed for gamma cameras. 

9. 3 Positron CT 
9. 3. 1 Overview 

Much attention has recently been focused on ECT (emission computed tomography) as an application of 
nuclear medical diagnosis using photomultiplier tubes. ECT can be broadly divided into SPECT (See Figure 
9-2 in Section 9.2.) and positron CT (positron computed tomography). This section explains specific examples 
of positron CT. 

Positron CT is also called PET (positron emission tomography) and the schematic diagram7' of this system 
is illustrated in Figure 9-12. Figure 9-13 shows the external view of a positron CT system developed for head 
diagnosis and Figure 9- 14 illustrates the internal view of the detector section. 
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Figure 9-12: Schematic diagram of a positron CT system 

A pair of gamma-ray emissions of 51 lkev, which are released in opposite 
directions as a result of the annihilation of a positron emitted from a tracer RI 
in the body, are measured by coincidence technique. 

Figure 9-13: External view of a positron CT system 
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PMT 

TPMHCOOZIEA 

Figure 9-14: Internal view of a positron CT system 

A prime feature of positron CT is that real-time tomographic images, for example, images mapping the 
actlual hlnnd flow into the brain, can be c!eiir!y cbtained. From these i ~ a g e s ,  the exact position at which a 
blood vessel is broken or blocked can be checked, making this system ideally suited for diagnosis of diseases 
related to blood vessels, such as brain blood vessel diseases and cardiac diseases. This system is also 
becoming useful in the diagnosis of malignant tumors. Furthermore, because the active state of a brain can be 
examined, the positron CT system is now opening the way to elucidation of complex disorders such as 
schizophrenia, epilepsy and aging of the brain8). 

When pos~tron-emissive RI (radioactive isotope) 
produced by a cyclotron 1s introduced into the body, 
the positrons emitted from the positron RI combine 
with the electrons within the body, releasing a pair 
of photons called "annihilation gamma rays

1

' in 
opposite directions. The positron CT system detects 
and measures these gamma rays by coincidence 
measurement to create an Image of RI distribution 
within the body. Each photomultiplier tube is coupled 
to a scintillator (See  Table 9-2) for detection of gamma 
rays. There is another type of Positron CT system9) 
that utillzes TOF (time-of-flight) measurement, as 
shown in Figure 15 b). The TOF measurement 
requires photomultiplier tubes with excellent time 
properties. 

a) Positron 

y -RAY 

COINCIDENCE 
MEASUREMENT 

b) TOF: Time of Flight 

SCAN 

Figure 9-15: Principles of measurement for 
Positron CT 



Table 9-2: Characteristics of major scintillators 

9. 3. 2 Major characteristics required of photomultiplier tubes 
The following characteristics are required of photomultiplier t~tbes used for the detectors of positron CT. 

a) High energy resolut~on or pulrc he~ght resnlutron (PI-IR) 
b) High currcnt amplrficdtlon and mlnlnldl bdndtion5 between ~ndntdual  tubes 
L) Excellent CRT (cotncldence resolvmg tlmc) 
d) High level of stab~lity 
e) Compact sire 

(1) Photomultiplier tubes coupled to BGO (Bi,Ge,O,,) scintillators 

This application requires high energy resolution of the photom~~ltiplier tube. For this 
purpose, the photomultiplier tube must have high photocathode quantum efficiency at the 
emission wavelength (480 nanometers) of the BGO scintillator (See Figure 9-16), high 
secondary emission ratio ( c" ) of the first dynode and excellent photoelectron collection 
efficiency ( a ). Moreover, because many photomultiplier tubes are used at the same time 
in one system, it is also important that the photomultiplier tubes be compact and have 
adequate gain in order to improve position resolution. 

WAVELENGTH (nrn) 

Figure 9-16: Scintillator emission spectra and photocathode spectral 
response of photomultiplier tubes 
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Figure 9- 17 shows the con- 
struction of a rectangular photo- 22 920 3 

I--- 

multiplier tube (R3309) specifi- 
cally developed for the positron 

0 

CT. This tube has a unique 
structure of four segments in a 
single compact envelope. Because 
one tube serves as four indepen- 
dent tubes, position resolution can 
be significantly improved. 

Figure 9-17: Four-segmented, rectangular 
vhotomultivlier tube (I333091 
developed for positron CT 

Photomultiplier tubes coupled to barium fluoride (BaF,) scin- 
tillators 

Barium fluoride (BaF,) scintillators offer a faster emission speed compared to BGO 
scintillators and are often used for TOF type positron CT. Equivalent characteristics are 
required of photomultiplier tubes as in the case of photomultiplier tubes used with BGO 
scintillators. In addition, a high photocathode quantum efficiency at the peak wavelength 
of fast emission components (220 nanometers) of BaF, scintillators is necessary. (See 
Figure 9-1 6.) Another factor for concern is fast CRT (coincidence resolving time) properties. 
Better CRT properties provide more accurate TOF information and enable high-quality 
tomographic imaging, making it possible to perform dynamic studies. The amount of 
fast-component emission of a BaF, scintillator is one-forth that of the BGO scintillator. 
An amplifier can be used to obtain an output equivalent to that from a BGO scintillator, 
but this adversely affects CRT properties. Consequently, photomultiplier tubes with high 
current amplification are required. 
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Figure 9-18: CRT spectrum of R2496 obtained at energy equivalent to l4OkeV 

9. 4 In-vitro Assay 
The analysis and inspection of blood or urine samples collected out of a living body is referred to as 

in-vitro assay. It is used for physical checkups, diagnosis, and evaluation of drug potency. The in-vitro assay 
can be classified as shown in Table 9-3. Of these, the concentrations of most tumor markers, hormones, 
drugs and viruses which are classified under immunological assay are exceedingly low. This requires extremely 
high-sensitivity inspection equipment for frequently requiring use of photomultiplier tubes. 

Sample Inspection 

T 
Biochemistry 

Enzyme, protein, sugar, lipid 

t Immunology 
Tumor marker, serum protein. hormone, Reagent, virus 

/- Hematology 

(L:ukos! te. red corpu>clr., hei~~oglohin. plalclct) 
cornputallon, ila\.ll'i~utlon. ~.~~agulnt~crll 

Microbiology 

Bacteria identification, susceptibility 

Table 9-3: Classification of in-vitro inspection 

Immunoassay, a measurement technique making use of specificity of the antigen-antibody reaction, is 
widely used. The principles of i m m u n o a s ~ a ~ ' ~ )  are illustrated in Figure 9-19 below, and the procedures of 
each method are explained in the subsequent paragraphs. 
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(a) Sandwitch Method 

a Solid-phase antibody+sample @ Removing liquid layer @ Adding labeled antibody 
after ant~gen-antibody reaction _, LABEL 

RADIO 

ANTIGEN- 

VIRUS.ETC 
ANTIBODY 
REACTION 

ANTIBVODY FIXED IN 
VESSEL 

$1 Removing upper layer Cs: Measuring number of labels 
after antigen-antibody reactlon 

MEASURING NUMBER OF LABELS 

w j  WITCHING 

(b) Competitive Method 

C? Solid-phase antibody 21 Introducin3 sample and (3 Remclving liquid !ayer 
labeled antigen after antigen-antibody reaction 

COMPETITIVE BOND 
ANTIBODY FIXED IN VESSEL sample antlgen and labeled 

antigen combine respect~vely 
:4> Measuring number of labels with antibody according to their 

quantities 

MEASURING NUMBER OF LABELS 
~nversely proportional to 
quantity of object antigen 

Figure 9-19: Principles of immunoassay 

Figure 9-19 (a) is a technique known as the sandwich method. Step a: Samples are introduced into a 
vessel in which antibodies responding to object antigens (hormones, tumor markers, etc.) are fixed (solid-phase 
antibody). Step @: Antigen-antibody reaction occurs, and each object antigen combines with a solid-phase 
antibody. This reaction has an extremely high singularity and hardly ever occurs with a different antigen. 
After antigen-antibody reaction, the liquid layer is removed leaving the combined antigen and antibody. Step 
@: Labcled antibodies are added, which combine with object antigens. Step @: Antigen-antibody reaction 
occurs again so that the object antigen is sandwiched between the antibodies. Then the liquid layer is 
removed. Step @: The quantity of labels is optically measured using a photomultiplier tube. 

Figure 9-19 (b) is another technique called the competitive method. Step @: Antibodies responding to 
object antigens are fixed on the bottom of a vessel. Step @: Samples are added along with the labeled object 
antigens. Step @: Competitive reaction in which object antigens and labeled antigens combine with labeled 
antibodies in proportional to their concentration, reaching a state of equilibrium. After the antigen-antibody 
reaction, the unnecessary upper layer is removed. Step @: The quantity of labels as measured using a 



photomultiplier tube. In the sandwich method, the higher the concentration of object antigens. the larger the 
signal. Conversely, in the competitive method, the higher the concentration of the object antigens, the lower 
the signal. 

Immunoassay can be further categonzed accordmg to the material used for labelmg as follows 

a Using radioactive isotopes for labeling 
. . RIA (Radioimmunoassay) 

'3 Using enzymes for labeling 
. . EIA (Enzymeimmunoassay) 

9. 4. 1 RIA (Radioimmunoassay) method 
(1) Overview 

Radioactive isotope (RI) is used for the labeling as was explained above, and radiation 
(gamma or beta rays) emitting from the RI labels is detected by the combination of a 
scintillator and a photomultiplier tube, so that the object antigen can be quantitatively 
measured. Radioactive isotopes most frequently used for labeling are %, I4c, 5 7 ~ ~ ,  7 5 ~ e ,  
' 2 5 ~  and "'I. (See Table 9-4.)") Of these, I2'l offers useful characteristics for labeling and 
is very widely used. Because radioactive isotopes other than % and I4c emit gamma rays, 
sodium iodide crystals are used as a scintillator, providing a high conversion efficiency. 

Table 9-4: Radioactive isotopes used for labeling in radioimmunoassay 

Recently, for in-vitro assays, the quantity of samples and the number of items to be 
measured are rapidly increasing. To meet this trend, the equipment for radioimmunoassay 
has been automated. A typical piece of automated equipment in use today is the well 
scintillation counter12) that makes use of sodium iodide scintillators having a well-like 
hole to enhance the conversion efficiency of the radiation into light. Measurements are 
made by automatically inserting test tubes, which contain a mixture of antigens and 
antibodies including labels, into each hole In the scintillator. (See Figure 9-20.) Each 
detector section including a scintillator is covered by lead shield to block extraneous 
radiation. 

Radioisotope 

3~ 

l 4  C 

57 co 
75 Se 

125 1 

131 1 

Isotopes 3~ and 14c can be used for labeling; however, because they emit extremely 
low-energy beta rays, a liquid scintillation counter explained in Section 9.5, is used to 
make measurements with these two isotopes. 

Energy 

9 

19 

Y 

Y 

Y 

3 y 

Half-life 

12.26 years 

5730 years 

270 days 

120.4 days 

60 days 

8 days 

Detection Method 

Liquid scintillation counting 

Liquid scintillation counting 

Scintillation crystal 

Scintillation crystal 

Scintillation crystal 

Scintillation crystal 
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(ENLARGED VIEW) 
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Figure 9-20: Schematic block diagram illustrating a well scintillation counter 

(2) Major characteristics required of photomultiplier tubes 

Major characteristics required of photomultiplier tubes used for RIA are as follows: 

a) High energy resolution or pulse height resolution (PHR) 
b) High level of stability 
C) Low noise 

To obtain high energy resolution, the photomultiplier tube should have high quantum 
efficiency at the peak emission wavelength (410 nanometers) of the sodium iodide (NaI(T1)) 
scintillator. (See Figure 9-16.) In addition, because this application field deals with quite a 
few samples that emit extremely small amounts of radiation, it is also very important that 
the photomultiplier tube exhibits sufficiently low noise. 

9. 4. 2 EIA (Enzymeimmunoassay) method 
(1) Overview 

An e n q m e  is used as a label utilizing the antigen-antibody reaction. As Figure 9-21 13) 

shows, RIA offers exceptionally high sensitivity among various immunoassay techniques. 
However, because it uses radioactive isotopes, various restrictions are imposed on its use. 
On the other hand, though its sensitivity is inferior to RIA, EIA is more popular because 
of its easy use. EIA sensitivity is gradually increasing due to improvements in reagents 
and detection method. 
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Figure 9-21: Comparison of various immunoassay techniques and 
measurable concentration range 
(Use this comparison data just for a general guide.) 

In the EIA ~rocedure .  an 
enzyme used as a label in the 
antigen-antibody mixture in the - - - - - - - - - - - - - - - - - - - - - PRODUCT 

last step in Figure 9-1 9 is activated 
COLORLESS EMMlSlON or 

to create a product. Then, color FLUORESCENCE 

or fluorescence emitted from the 
product is detected by a photo- 
multiplier tube. (See Figure 9- 
22.)14' The extent of color or TPMHCOOZGEA 

fluorescent intensity is propor- Figure 9-22: Label enzyme reaction 
tional to the quantity of enzyme 
(enzyme concentration). 

(2) Major characteristics required of photomultiplier tubes 

a) High sensitivity at the wavelength of color or fluorescence emitted from the 
product of the enzyme reaction 

b) Low dark current 
c) High signal-to-noise ratio 
d) Compact size 
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9. 4. 3 Other immunoassay methods 
(1) Overview 

Besides EIA, several non radioactive immunoassay techniques not using radioisotopes 
are under research and development. 

One of these is fluoroimmunoassay in which a fluorescent substance is used for labeling. 
The final remaining mixture of antigens and antibodies is irradiated by an excitation light 
and the resulting fluorescence is measured with regard to the intensity, wavelength shift 
and polarization. This techniclue offers slightly higher sensitivity than that of EIA. Figure 
9-23 shows the schematic of a fluorescence-polarization photometeri5', which is used for 
fl~~oroimmunoassay . 

I-) '? 

PMT 
(OUTPUT) 

?nlIt/, 
- 1 ? , I 2  -COMPUTER 

FILTER or PRISM 
(FOR A emlt) 

FILTER or PRISM 
(FOR A exc~t) 

PRIMARY POLARIZER 
POLARIZER (ROTATING) 
(FIXED) 

SAMPLE CELL 

Figure 9-23: Schematic presentation of a fluorescence-polarization photometer 

To achieve high sensitivity equal to RIA by using non-radioactive immunoassay, intensive 
research and development of emission-immunoassay has been carried out. This imrnunoassay 
uses a chemiluminous substance or bioluminous substance for labeling and allows the 
final remaining mixture of antigens and antibodies to emit light, which is detected by a 
photomultiplier tube. There are three types of emission-immunoassay methods, as follows: 

@ Use of a chemilun~inous substance such as luminol and acridinium for labeling 
@ Use of chemiluminescence or bioluminescence for activation of the label enzyme 

used in EIA 
@ Use of a catalyst for the bioluminescence reaction 

Methods @ and @ can be thought of as kinds of EIA techniques. As shown in Figure 
9-21 previously, emission-immunoassay is a high sensitivity equivalent to RIA. 
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(2) Major characteristics required of photomultiplier tubes 

Fluoroimmunoassay 

a) High sensitivity at fluorescent wzvelengths 
b) High level of stdbility 
c) Low dark current 
d) High signal-to-noise ratio 
e) Compact size 

a) High secsitivity at emission wavelengths 
b) Excellent single-photoelectron pulse height distribution 
c) Low dark current pulse 
d) High current amplification 
e) Compact \iae 

9. 5 Liquid Scintillation Counting Systems 
9. 5. 1 Overview 

Among the various radiation detecting methods, the liquid scintillation counting system is primarily used 
for detection of alpha and beta rays. This is because this system provides higher sensitivity to alpha and beta 
rays compared to other methods and also offers low background, enabling highly accurate measurement. 
Photon~ultiplier tubes are essential for detecting exceptionally low level light resulting from low-energy 
alpha and beta rays. 

Liquid scintillation counting systems are used in 
diverse applications. One of their major applications 
is in tracer analysis using radioactive isotopes such 
as 3~ and '9 as a label, which is refened to in 
Section 9.4.1, "RIA (Radioimmun~assa~)" . This 
tracer analysis is effectively used for diagnosis of 
biofunctions and diseases. The schematic block di- 
agram of a liquid scintillation counting system is 
shown in Figure 9-24. 

There are many other applications of liquid 
scintillation counting, including Cherenkov radiation 
detection, age measurement and rock analysis. Beta 
energy released from 3~ or 14C is very low and, 
moreover, the corresponding emission from the 

LIVING BODY 

s 

AN 

liquid scintillator is also extremely low in comparison Figure 9-24: Schematic block diagram of the tracer 
with those from crystal scintillators. For this reason, analysis (liquid scintillation counting 
photomultiplier tube background noise has a large system) 

influence on the measurement accuracy. A coinci- 
dence counting circuit is used to eliminate this background noise. As Figure 9-25'" shows, the coincident 
outputs from a pair of photomultiplier tubes are counted as a signal from the sample. Because the possibility 
that noise from individual photomultiplier tubes will simultaneously enter the coincidence counting circuit is 
extremely low, the signal can be separated from the noise with a high degree of accuracy. 
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Figure 9-25: Basic construction of a liquid scintillation counting system 

t t I / 

9. 5. 2 Major characteristics required of photomultiplier tubes 

PULSE HEIGHT AND CIRCUIT ANALYZER 

The following characteristics are required of photomultiplier tubes used for liquid scintillation counting 

000000 
SCALER 

systems. 

a) Low thermionic emission noise 
b) Low scintillation of the faceplate or side bulb of a photomultiplier tube 
C) High-speed time response 
d) High quantum efficiency 
e) Excellent linearity 
f) High current amplification 

Liquid scintillation counting places even more stringent demands on photomultiplier tube characteristics in 
comparison with other applications. For instance, item b) above, is not so severe in other applications but is 
extremely important for liquid scintillation counting as it determines the system performance. As shown in 
Figure 9-25, the pulse counting technique known as the coincidence counting is effectively used to reduce 
noise to as low a level as 15cpm (counts per minute). Even so, if glass scintillation occurs and a resulting 
noise of several cpm is generated, the signal-to-noise ratio will significantly deteriorate. Therefore, glass 
bulbs causing minimum scintillation are selected. Because such scintillation from the glass is mainly caused 
by radioisotope elements contained in the glass, these glass bulbs must contain very small amounts of such 
elements. For this purpose, silica glass bulbs which basically contain no impurities are often used. 
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9. 6 Biotechnology 
In life science applications, photomultiplier tubes are mainly used for detect~on of fluorescence and 

scattered light. Major equipment used for life science includes cell sorters, fluorometers and DNA sequencers. 

9. 6. 1 Overview 
(1 ) Cell sorters 

When light is irradiated onto a rapidly flowing solution which contains cells or 
chromosornes, a scattered light or fluorescence is released from the cells or chromosomes. 
By analyzing this scattered light or fluorescence, it is possible to elucidate cell properties 
and structures and separate the cells based on these properties. This field is known as flow 
cytometry. A cell sorter like the one illustrated in Figure 9-26 is most frequently used. The 
cell sorter is an instrument that selects and collects only specific cells labeled by a fluorescent 
substance from a mixture of cells in a solution. 

CELL 

4 AIR PRESSURE -- 

CELL COLLECTOR 

CELL COLLECTOR 

TPMOCOOZ5EA 

Figure 9-26: Major components for a cell sorter 

In a cell sorter, a fluorescent probe is first attached to the cells. The cells pass through a 
thin tube at a fixed velocity. When each cell passes through a small area onto which an 
intense laser beam is focused, the fluorescence is emitted from the cell and is detected by 
a photomultiplier tube. The photomultjplier tube outputs an electrical signal in proportion 
to the number of fluorescent molecules attached to each cell. At the same time, the laser 
beam light is scattered forward by the cell, and detecting this scattered light gives information 
on the cell volume. After processing these two signals, the cell sorter creates an electrical 
pulse that deflects a drop of liquid, containing the desired cell into one of the collection 
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Fluorometers 

While the ultimate purpose of the cell sorter explained above is to separate cells, the 
fluorometer17) is used to analyze cells and chemical substances by measuring the fluorescence 
or scattered light from a cell or chromosome with regard to such factors as the fluorescence 
spectrum, fluorescence quantum efficiency, fluorescence anisotropy (polarization) and 
fluorescence lifetime. (See Figure 9-27.) 

WAVELENGTH 
CONTROLLER 

FROM PMT-B or PMT-C 

COMPUTING 

PRINTER 

Figure 9-27: Automatic fluorescence-depolarization photometer 

The basic configuration of the fluorometer is nearly identical with that of the 
fluorospectrophotometer and thus a description is omitted here. There are a variety of 
models of fluorometers which are roughly categorized into: filtering fluorescence 
photometers, spectrofluorescence photometers, compensated-spectrofluorescence photome- 
ters, fluoroanisotropy analyzers, and phase fluorescence lifetime measurement systems. Of 
these, the fluoroanisotropy analyzer is an instrument specially dedicated to measurement 
of fluorescence-depolarization. 

When performing research on biological samples such as proteins, nucleic acid and 
lipid membranes, rotational relaxation of a fluorescent molecule takes place only slowly 
and the fluorescence is polarized in most cases. It is still necessary to compensate for the 
effect of fluorescence depolarization when measuring quantum efficiency and spectrum. 
For this purpose, the automatic fluorescence-depolarization photometer uses a pair of 
photomultiplier tubes which detect the two polarized components at the same time. 
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(3) DNA sequencers 

This is an instrument used to decode the base arrangement of DNA extracted from a 
cell. The principle of a DNA sequencer is shown in Figure 9-28. An extracted DNA 
segment is injected onto gel electrophoresis plate along with a fluorescent label which 
combines with the DNA. When an electric potential is appiied across the gel, the DNA 
begins to migrate and separate based on size and charge. When the DNA segment reaches 
the position of the scanning line, it is excited by a laser, causing only the portion with the 
labeling pigment to give off fluorescence. This fluorescent light is passed through 
monochromatic filters and detected by photomultiplier tubes. Computer-processing of the 
pcsition at which the fluorescence has occurred gives information on where the specific 
bases are located. The DNA sequencer is used for the genetic study of living organisms, 
research into the cause and treatment of genetic diseases and decoding of hurnan genes. 

PIGMENT LABELED 
DNA 

1 
MONOCHROMATIC ' \ 

TIME , 
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Figure 9-28: Principle of a DNA sequencer 

9. 6. 2 Major characteristics required of photomultiplier 
tubes 

Because the photomultiplier tube detects very-low fluorescence emitted from a cell or DNA, the following 
characteristics are required of photomultiplier tubes as in the case of qpectrophotometry. 

a) High stability 
b) Low dark current 
c) High signal-to-noise ratio 
d) Wide spectral response 
e) Low hysteresis 
f) Excellent polarization properties 
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9. 7 High-energy physics experiments 
Photomultiplier tubes are widely used as detectors in high-energy physics experiments. 

When a charged particle passes through a scintillator, a light flash is given off in accordance with the 
particle energy. Detecting this light flash makes it possible to measure the energy, speed and direction of the 
charged particle. This technique is absolutely essential in high-energy physics research which is constantly 
aiming for the ultimate in scientific technology. 

9. 7. 1 Overview 
For high-energy particle detection, photomultiplier 

PMT 
tubes are used in a variety of equipment, such as a 
hodoscope, TOF counter, Cherenkov counter and 
calorimeter. Photomultiplier tubes are also used in 
proton decay and neutrino detections where a great 
number of large-diameter tubes are required. INCIDENT 

PARTICLE 

Figure 9-29 shows the schematic diagrarnI8) of a 
hodoscope. Plastic scintillators are arrayed in two 
orthogonal layers followed by photomultiplier tubes. 
The position and time at which a charged pariicle iC SCINTILLATOR 

passes through certain scintillators are detected by 
the corresponding photomultiplier tubes. 

Figure 9-30 illustrates the construction of a gas 
TPMHC0030EA 

Cherenkov counteri9). When a particle passes through 
the gas, Cherenkov radiation is produced and detected Figure 9-29: diagram Of a hOdOscope 

by a photomultiplier tube. 

INCIDENT _ 
PARTICLE 

Figure 9-30: Construction of a gas Cherenkov counter 

Figure 9-31 shows the schematic diagram of a scintillator lamination calorimeterz0). When a particle beam 
passes through the scintillators, a series of scintillations are produced and detected by the respective 
photomultiplier tubes. 

Figure 9-32 shows the construction of a lead glass calorimeter and shower counte?'). The total energy of 
an incident particle is measured by detecting Cherenkov radiation produced in the lead glass. 
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Figure 9-31: Schematic diagram of a scintillator Figure 9-32: Lead glass calorimeter 
lamination calorimeter 

Figure 9-33 illustrates the schematic construction of proton decay experiment presently being performed in 
Kamioka, Japan. A 50,000-ton tank of super-purified water has been surrounded by more than ten-thousand, 
20-inch diameter, hemispherical photomultiplier tubes. The photomultiplier tubes are used to constantly 
detect Cherenkov radiation that is supposed to be emitted when proton decay occurs in the water. With this 
experiment, neutrinos released from the sun or a supernova as it bursts have been successively detected. 

Figure 9-33: Proton decay experiment KAMIOKANDE I I ,  Japan 
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9. 7. 2 Major characteristics required of photomultiplier tubes 
The following characteristics are required of photomultiplier tubes used in the vicinity of an accelerator. 

a) High energy resolution or pulse height resolution (PHR) 
b) Good pulse linearity 
c) Excellent time properties 
d) High magnetic immunity 
e) Long life and high stability 

For photomultiplier tubes used in proton decay and neutrino detection, the following characteristics are 
required: 

f) Large diameter (wide effective field-of-view) 
g) Low noise 

To obtain high energy resolution, it is important that the photomultiplier tube must have high absolute 
sensitivity in the emission wavelength range of the scintillator to be used. Moreover, because a wide range of 
light levels need to be measured at the same time in high-energy physics experiments, pulse linearity 
characteristics are also important. (Refer to Section 3.3.2, "~inearity" and Section 7.1.3, "Bleeder current 
and output linearity" .) 

In TOF counters in which the traveling time of a particle is measured, time properties are very important 
f.xtor9 to ~ o n s i d e r ~  (Refer to Section 3.3.1, "Timing pr~perties" .) In genera!, pho:omu!tip!ier t h e s  using a 
hnear-focused dynode structure are frequently used in TOF counters because of superior time properties as 
compared to photomultiplier tubes using other dynodes. 

When photomultiplier tubes are used in the vicinity of an accelerator, their magnetic characteristics are 
significant because stray magnetic fields may be generated there. As discussed in the section on magnetic 
characteristics, photomultiplier tubes using fine-mesh dynodes display high immunity to magnetic fields, 
thus making them suitable for use in environments where magnetic fields are present. 

In proton decay and neutrino detection, because the frequency of signal occurrence is very low, exceptionally 
low noise qualities are required of photomultiplier tubes. Furthermore, each photomultiplier tube should 
cover a wide detection area, so large-diameter tubes with a wide field-of-view are required. Hemispherical 
photomultiplier tubes with a large diameter from 5, 8, 15 up to 20 inches are available from Hamamatsu 
Photonics. 

Cherenkov radiation provides higher intensity at short wavelengths, thus photomultiplier tubes used for 
this application must have high ultraviolet sensitivity. Also, since Cherenkov radiation is very low, a photon 
counting technique is usually used. 

9. 8 Oil Well Logging 
9. 8. 1 Overview 

Special photomultiplier tubes capable of operating reliably in harsh environments including high temperature 
and severe vibration and shock have been developed. This section explains oil well exploration (oil well 
logging) as a sample application of these special tubes. 

To locate an oil deposit and to determine its size, oil well logging is used. This technique makes use of 
photomultiplier tubes as detectors for density well logging using radiation, neutron well logging and natural 
gamma-ray-spectrum well logging. In these well loggings. A probe containing a neutron or gamma ray 
source is lowered into a well as it is being drilled. The radiation or the neutrons that are scattered by the rock 
surrounding the well are detected by a scintillator/photomultiplier. The amount of scattered radiation detected 
is indicative of the density of the rock that surrounds the well. The scattered neutrons indicate the porosity of 
the rock which is required to ascertain if the oil can be removed. Naturally occurring gamma rays are 
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detected to locate shale which indicates the presence of oil or gas. Figure 9-34 shows the measurement 
method2" for oil well logging using radiation, and Figure 9-35 sho.ws the cross sectional view2" of the strata 
layers around an oil well site. 

Figure 9-34: Measurement method for oil well Figure 9-35: Cross sectional view of strata layers 
logging using radiation around an oil well 

9. 8. 2 Major characteristics required of photomultiplier tubes 
The depth of a trial hole may be as deep as several thousand meters where the ambient temperature reaches 

as high as 150 to ?0O0c. In addition, shock and vibration are also applied to the photomultiplier tubes, 
imposing an extremely severe environment on the photomultiplier tubes. Normal photomultiplier tubes 
cannot survive under these conditions and therefore specially designed photomultiplier tubes are required. 

To meet these requirements, various types of ruggedized, high-temperature photomultiplier tubes have 
been developed which ensure adequate performance even under these severe environments. These 
photomultiplier tubes have a special photocathode that exhibits a minimal increase in dark current even at 
high temperatures and, in the multiplier section, cupper-beryllium (Cu-Be) dynodes capable of withstanding 
high temperatures are employed. Furthermore, the electrode structures are designed with careful consideration 
given to the effects of thermal expansion and vibration. 

As typical characteristics, current amplification and energy resolution (pulse height res~lution)'~) with 
respect to temperature are plotted in Figure 9-36 and plateau characteristics2" at different temperatures are 
shown in Figure 9-37. Also, typical time stability data

z6' of anode output current at different temperatures is 
shown in Figure 9-38. 
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Figure 9-36: Current amplification and energy resolution with respect to temperature 

Figure 9-37: Comparison of plateau characteristics at different temperatures 
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Figure 9-38: Time stability of anode current at different temperatures 
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9. 9 Mass Spectroscopy/Solid Surface Analysis 
By irradiating a thin beam of electrons, ions, photons or X-rays onto the surface of a substance and 

measuring the resultant secondary electrons, reflected electrons, Auger electrons, photoelectrons, secondary 
ions or X-rays, it is possible to study the composition and makeup of the surface molecules. With the 
expansion of semiconductor industry, these techniques have become essential for detection of defects, surface 
analysis, and measurements of absorption and concentration profiles of semiconductors. 

9. 9. 1 Mass spectrometers 
(1) Overview 

Mass spectrometers are widely used in qualitative and structural analyses of sample 
molecules. A mass spectrometer consists of three sections: an ionizer chamber, mass 
separator and ion detector. Its schematic construction is shown in Figure 9-39. 

TEMCW17EA 

Figure 9-39: Schematic construction of a mass spectrometer 

ANALYZING 

IONIZATION 
CHAMBER 

Gas molecules or heat-vaporized molecules to be analyzed are sent to the ionization 
chamber where they are bombarded by electrons of about lOOeV energy. These ionized 
samples are separated by the mass separator in decreasing order of the M/e ratio, the ratio 
of the mass (M) to the charge (e). The separated ion current is detected by the ion detector 
(electron multiplier) and the output is derived as a rnass spectrum. A Faraday cup can be 
used in place of the electron multiplier, however, electron multipliers are more commonly 
used to achieve a higher detection limit and signal-to-noise ratio. The mass separator can 
be classified by the mass separating principle into magnetic field dispersion type, quadrupole 
type, or time-of-flight type. Each method has both merits and demerits. Another method 
called the double-focusing type provides higher resolution by prefocusing the ion beam in 
the electrical field and then focusing it in the magnetic field. Figure 9-40 illustrates the 
schematic diagram of a double-focusing mass analyzer coupled to a gas chromatograph"". 
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Figure 9-40: Schematic diagram a double-focusing mass analyzer 
coupled to a gas chromatograph 

Mass spectroscopy offers the following advantages: 

( I )  Molecular weight can be determined even with small amounts of sample. 
(2) Sample can be identified from the molecular weight and reference spectrum 

pattern, if the sample is predictable. 
(3) When a high molecular weight polymer is electron-bombarded in the ionizaton 

chamber, it fragments. The molecular structure can then be estimated by analyzing 
the fragmentation pattern. 

(4) Isotopes can also be separated and detected. 

In the case of a mixed sample, the mass spectrum would be complicated. So gas 
chromatography is often used to separate the sample according to the type of gas before 
analyzing the mass. The setup shown in Figure 9-40 above is intended for this purpose. 

In addition, the mass spectrometer coupled to an emission spectrophotometer referred 
to in Section 9.1 is now in use. 

(2) Major characteristics required of electron multiplier tubes 

a) Long-term stability, long service life 
b) High gain 
c) Replaceable first dynode 
d) Low outgasing 

9. 9. 2 Solid surface analyzers 
(1) Overview 

When a solid surface is irradiated with electrons, ions or X-rays, secondary electrons, 
ions or X-rays are emitted from the surface. Detecting and analyzing these secondary 
particles or electromagnetic waves gives information on the solid surface. There are various 
analysis techniques available, including Auger electron spectroscopy (AES), electron 
spectroscopy for chemical analysis (ESCA), secondary ion mass spectroscopy (SIMS), 
ion-microprobe mass analysis (IMA) and so on. 

The AES uses an electron beam to excite a solid sample and detects the resulting Auger 
electrons emitted from the surface. The ESCA uses an X-ray beam to excite a sample and 
similarly detects the resultant photoelectrons emitted from the surface. Measuring the 
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energy distribution of these Auger electrons or photoelectrons gives information on the 
types of elements on the solid surface and their chemical bonds. The secondary ion mass 
~ ~ e c t r o m e t e ? ~ )  used in SIMS utilizes argon ions as primary particles to irradiate a solid 
sample and detects the sputtered ions from the sample for analyzing the elements on the 
surface. 

ION SOURCE 

EXTRACTION 
ELECTRODE 
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SECTOR 
ELECTRIC 

ION DETECTOR 

DISPLAY UNIT CONTROL & PROCESSING UNIT 

TEMC0006EA 

Figure 9-41: Principle of a secondary ion mass spectrometer 

Since these methods provide information on the sample surface up to several nanometers 
deep, use of a sputter ion gun enables accurate analysis below the surface. 
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(2) Major characteristics required of electron multiplier tubes 

a) High detection efficiency 
b) Low noise 
c) High gain 
d) Excellent uniformity 

Because solid surface analysis systems usually deal with extremely small signal amounts 
in comparison with gas analyzers, the photon counting technique is often employed. This 
requires high resolution in single-ion or single-photoelectron pulse height distribution 
from the electron multiplier tube being used. Therefore the following factors are important 
for the electron multiplier tube: high sensitivity of the first dynode with respect to the 
incident particles, and high secondary-electron collection efficiency. These characteristics 
should be independent of the position of the input beam on the first dynode (good uniformity). 
It is also advisable that the incident particles be focused onto a position of the first dynode 
where collection efficiency is maximum. 

9. 10 Environmental Measurement 
Photomultiplier tubes are also used as detectors in environmental measurement equipment, for example, in 

dust counters used to detect dust contained in air or liquids, and radiation survey monitors used in nuclear 
power plants. This section explains some of these applications. 

9. 10. I Dust counters 
(1) Overview 

A dust counter measures the 
concentration of floating dust in 

DARK 
CHEMBER 

tT-'a 
the atmosphere or inside a room A \  1- FILTER 

by making use of principles such ,L,","icE 
PHOTODIODE 

as light scattering and absorption 
of beta rays. Figure 9-4229' shows 
the principle of a dust counter 
using light scattering. If dust is REGULATED 

POWER 

present in the light path, light is SUPPLY 

scattered by the dust. The TPMSC0002EA 

quantity of this scattered light is Figure 9-42: Block diagram iilustrating a dust 

proportional to the quantity of counter using light scattering 

dust. The scattered light is detected by a photomultiplier tube and after being integrated, 
the output signal is converted into a pulse signal, which then corresponds to the mass 
concentration. This method offers an advantage that the output signal can immediately 
follow changes in the concentration, making it suitable for continuous operation to monitor 
the change over time. However, this method has a disadvantage in that even if the mass 
concentration is constant, the quantity of scattered light varies with such factors as particle 
shape and the refractive index. 

Another dust counter makes use of the absorption of beta rays which is proportional to 
the mass of a substance through which the beta rays are transmitted. A filter paper is used 
to collect the dust, and the difference in the amount of beta-ray absorption before and after 
collecting the dust are compared to determine the mass. 
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(2) Major characteristics required of photomultiplier tubes 

Since dust counters measure low levels of light, the following characteristics are required 
of photomultiplier tubes. 

a) Less spike noise 
b) High quantum efficiency 
c) High current amplification 

9. 10. 2 NOx analyzers 
(1) Overview 

These instruments are used to measure nitrogen oxide (NOx), an air-polluting gas 
contained in exhaust gases from automobiles and other internal combustion engines. NOx 
is a general term indicating nitrogen monoxide (NO) and nitrogen dioxide (NO,) and, in 
many countries, the concentration of NOx is limited by air pollution regulations so that it 
shall not exceed a certain level. 

Figure 9-43 shows the config- 
uration of an NOx analyzer 
making use of chemilumines- 
cence3O). When NO gas reacts with 
ozone (0,) to become NO, gas, 
chemiluminescence is released. 
The intensity of this chemilumi- 
nescence is proportional to the 
concentration of NOx. Since other 
gases contained in the exhaust gas 
do not produce such lumines- 
cence, the NOx concentration can 
be selectively measured by 
detecting the intensity of this 
chemiluminescence. 
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Figure 9-43: NOx analyzer utilizing 
chemilurninescence 

(2) Major characteristics required of photomultiplier tubes 

The following characteristics are required because this chemiluminescence increases at 
600 nanometers and extends into the infrared region. 

a) High quantum efficiency in the infrared region 
b) Low noise 

9. 10. 3 Turbidimeters 
(1) Overview 

When floating particles are contained in a liquid, light incident on the liquid is absorbed, 
scattered or refracted by these particles. It looks cloudy or hazy to the human eye. To 
express the clarity of such liquid, the term "turbidity" is used. A turbidimeter is a device 
that numerically measures the turbidity by using light transmission or scattering. There are 
various methods as explained below: 

a Transmitted-light method a) Transmitted-light method 
b) Transmittedlscattered-light method 
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@ Scattered-light method a) Forward scattered-light method 
b) Backward scattered-light method 
c) Surface scattered-light method 

The principles of the surface scattered-light method3'' and the transmittedscattered-light 
method3') are shown in Figures 9-44 and 9-45, respectively. Either method uses a 
photomultiplier tube as the photodetector. In the surface scattered-light method, a light 
beam illuminates the surface of the liquid and the intensity of the light scattered from near 
the surface is measured. This method facilitates a wide range of measurement points by 
changing the position at which the light beam is incident. Since the light beam directly 
strikes the liquid surface, there will be less measurement errors which may otherwise be 
caused by reflective objects such as a window. However, errors may occur when measuring 
a colored liquid. The transmittedlscattered-light method measures the ratio between the 
transmitied and scattered light. No error occurs even when measuring a colored liquid, but 
dirt or stains on the window may affect the measurement accuracy. 
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Figure 9-44: Turbidimeter using the surface Figure 9-45: Turbidimeter using the transmitted1 
scattered-light method scattered-light method 

(2) Major characteristics required of photomultiplier tubes 

Major characteristics required of the photomultiplier tubes used for turbidimeters are as 
follows: 

a) Low noise 
b) High quantum efficiency 
c) High current amplification 

9. 10. 4 Door monitors 
(1) Overview 

As the name implies, the door monitor is installed near the exit door in the monitored 
area of a nuclear power plant, in order to check the personnels going out of this area for 
contamination by radioactive material. A photomultiplier tube is used in conjunction with 
a scintillator to detect radiation released from the radioactive material. An example33) of a 
door monitor is shown in Figure 5-46. The detector section consists of an array of scintillators 
coupled to photomultiplier tubes, enabling simultaneous measurement of the location and 
extent of contamination. Since the number of signals to be detected is usually very low, a 
coincidence counting circuit is used as in the case of scintillation counting to miriimize 
erroneous signal counting. 
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Figure 9-46: Block diagram of a door monitor 

(2) Major characteristics required of photomultiplier tubes 

Because the number of signals to be detected is very low and, further, the amount of 
light detected by one photomultiplier tube is small, the following characteristics are required 
of each photomultiplier tube: 

a) High quantum efficiency 
b) Idow noise 
c) High energy resolution or pulse height resolution (PHR) 
d) High current amplification 

9 I I Applications to Laser Measurement 
Recently, lasers are being applied to a wide range of measurement and processing applications owing to 

their superior advantages such as spatial or temporal coherency and high optical power. 

Applications utilizing lasers can be classified as follows: 

a Measurement 
Rangefinder, laser radar, holography, laser chemistry, medical measurement 

@ Data processing 
Optical communications, optical data processing 

@ Energy sources 
Laser processing, laser fusion, laser scalpel 

This section explains typical applications of photomultiplier tubes used in laser measurements and major 
characteristics required of the photomultiplier tubes. 
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9. 11. 1 Overview 
Laser measurement applications using photomultiplier tubes include laser radars for rangefinding and 

atmospheric observation and laser spectroscopy such as fluorescence lifetime measurement. For signal 
processing in these measurements, the photon counting mode is widely used rather than analog mode, in 
order to improve the signal-to-noise ratio and enhance the detection limit. Furthermore, time correlated 
photon counting (TCPC) technique is employed in picosecond measurements such as fluorescence lifetime 
determination. Figure 9-47 illustrates the block diagram of a laser radar used for atmospheric ob~ervat ion~~' ,  
installed at the National Environmental Pollution Laboratory, Tsukuba, Japan. 

Figure 9-47: Block diagram of a laser radar for atmospheric observation 
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9. 11. 2 Major characteristics required of photomultiplier 
tubes 

The following characteristics are required of photomultiplier tubes used in this field: 

a) Fast time response 
b) Low noise 
c) High current amplification 

Of these, time response is the most important factor. With the development of lascr technology, 
photomultiplier tubes with faster time response are in greater demand. In particular, electron transit time 
spread (TTS) is important for picosecond resolution in measuring fluorescence lifetime. 

The TTS property is greatly affected by CTTD and wavelength effects (Refer to Section 3.3.1, " Timing 
properties" .) These effects sometimes cause significant problems in normal photomultiplier tubes using 
discrete dynodes, but create very few problems with an MCP-PMT, Normally, noise should be as low as 
possible to achieve a high signal-to-noise ratio and especially, the dark count must be small. 

The current amplification should be high enough to obtain a good pulse height distribution in single 
photon events, in other words, a distinct valley should exist in the single-photoelectron pulse height distribution. 
Typically, current amplification of 5 X lo6 is necessary. 

Figures 9-4g3') and 9-49j6' show a system setup for fluorescence lifetime measurement and typical results 
that were measured. The photomultiplier tube used for this measurement is a high-speed MCT-PMT (Hamamatsu 
R3809U). 
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Figure 9-48: TCPC system for fluorescence Figure 9-49: Fluorescence lifetime data of stiff- 
lifetime measurement stilbene 

(courtesy of Prof. Yamazaki, 
Hokkaido University, Japan) 
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9. 12 Plasma Applications 
Photomultiplier tubes and MCPs (microchannel plates) are used in plasma measurements, such as plasma 

electron-density and electron-temperature measurement applications utilizing Thomson scattering or the 
Doppler effect, plasma spatial-distribution observation and plasma impurity measurements intended for 
controlling impurities and ions in plasma. 

9. 12. I Overview 
Figure 9-50 shows the construction of a plasma electron-density and electron-temperature measuring 

system37', actually used in a Japanese tokamak-type nuclear fusion reactor "JFT-2" . The detector and 
signal processing units used in this system are also shown in Figure 9-513'), example of a scattered-light 
measuring system39) using a high-power ruby laser designed for plasma diagnosis is shown in Figure 9-52. In 
both systems, photomultiplier tubes are used as detectors in the ultraviolet to visible region, while multichannel 
spectrophotometry using an MCP is performed in the soft X-ray region. 
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Figure 9-50: Construction of a plasma electron-density and electron- 
temperature measuring system 
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Figure 9-51: Block diagram of the detector and signal 
processing units used in the above system 
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Figure 9-52: Example of a scattered-light measuring system using a ruby laser 

9. 12. 2 Major characteristics required of photomultiplier 
tubes 

a) High photocathode sensitivity 
b) Gate operation 

Photomultiplier tubes used in this field must provide gate operation to avoid damage caused by input of 
intense light from the excitation laser, as well as high sensitivity for detecting low light levels. 

9. 13 Color Scanners 
Photomultiplier tubes are used in color scanners in photographic printing applications. The color scanner is 

a high-precision instrument designed to produce color-analyzed film by photoelectrically scanning an original 
color film or reflective print and analyzing its color balance. 

9. 13. 1 Overview 
Figure 9-53 shows the block diagram of a color PRISM EXPOSURE 

scanner using a photomultiplier tube for each of 
three primary (red, green, blue) colors and black. 
There is another type of color scanner that uses a 
single photomultiplier tube for analyzing and 
controlling RGB colors by rotating the drum 3 times 
faster. 
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Figure 9-53: Block diagram of a color scanner 



226 Chapter 9 Applications 

9. 13. 2 Major characteristics required of photomultiplier 
tubes 

The following characteristics are required of photomultiplier tubes used in these applications. 

a) High quantum efficiency at each wavelength of RGB 
b) Low noise, especially no microphonic noise 
c) Fast signal-waveform fall time 
d) Good reproducibility with respect to changes in input signal 
e) High stability 

Among these, fall time and reproducibility are very important factors that affect color shading and resolution 
of color scanners. 

9. 14 Industrial Measurement Applications 
For non-contact measurement on a production line and other industrial measurement applications where 

rapid measurement with a high degree of accuracy and quality is essential, extensive use is made of various 
devices having photomultiplier tubes as detectors. These devices include thickness gauges, laser scanners and 
flying spot scanners, which are briefly discussed in the following paragraphs. 

9. 14. 1 Thickness gauges 
(1) Overview 

To measure the thickness of paper, plastics and steel plates on a production line, 
non-contact measurement techniques that use radiation such as beta rays, X rays or gamma 
rays are favored. 

These techniques can be roughly divided into two methods: one measures the amount 
of beta or gamma rays transmitted through an object4'' (Figure 9-54) and the other measures 
the amount of fluorescent x-rays4" (Figure 9-55). 
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Figure 9-54: Principle of a transmission-mode Figure 9-55: Principle of a fluorescent X-ray 
thickness gauge thickness gauge 



--A 

9. 14 Industrial Measurement Application5 227 

When the intensity of radiation incident on a material is I,, the transmitted radiation 
intensity I can be expressed in the follow~ng relation: 

I = I ~ ~ ( - P P ~ )  where t : thickness (m) 

p : density (g/m3) 

,U : mass absorption coefficient (m21g) 

Since the transmitted radiation intensity is proportional to the count rate, the thickness 
of the material can be obta~ned by calculating the count rate. In general, beta rays are used 
to measure rubber, plastics and paper which have a small surface density (thickness X 

density), while gamma rays are used to measure material with a large density such as 
metals. In addition, infrared radiation is also used for measurement of films, plastics and 
other similar materials. 

Fluorescent X-rays are used to measure the film thickness of plating and deposition 
layers. Fluorescent X-rays are secondary X-rays generated when a material is excited by 
radiation and have characteristic energy of the material. By detecting and discriminating 
this energy, the quantitative measurement of the object material can be made. 

There are a variety of detectors used in these applications, such as proportional counter 
tubes, GM counter tubes, photomultiplier tubes and semiconductor detectors. Photomultiplier 
tubes are used in conjunction with scintillators, mainly for detection of gamma rays and 
X-rays. 

(2) Characteristics required of photomultiplier tubes 

Major characteristics required of photomultiplier tubes in these applications are as 
follows: 

a) Superior linearity characteristics 
b) Low hysteresis 
c) High energy resolution or pulse height resolution (PHR) 
d) Stability 

9. 14.  2 Laser scanners 
(1) Overview 

Laser scanners are widely used in pattern recognition such as defect inspection and 
mask alignment of semiconductor wafers. 

In semiconductor wafer inspection systems4'), a laser beam is scanned over the wafer 
surface or the wafer itself is scanned while a laser beam is focused onto a fixed point. In 
either case, photomultiplier tubes are commonly used to detect scattered light caused by 
dirt, stain and defects on the wafer surface. (See Figure 9-56.) 
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Figure 9-56: Construction of the optical system for a semiconductor 
wafer inspection system 

(2) Characteristics required of photomultiplier tubes 

The following characteristics are required of photomultiplier tubes used in laser scanners. 

a) Low dark current and spike noise 
b) High quantum efficiency at wavelengths to be measured 
C) Superior uniformity 
d) Superior linearity 
e) Resistance to relatively large current and good stability 

9. 14. 3 Flying spot scanners 
(1) Overview 

There are several methods for converting the information recorded on photographic 
film into electrical signals, for example, methods using a camera tube, CCD linear image 
sensor or flying spot scanning. Of these, flying spot scanning using photomultiplier tubes 
as detectors has been extensively used thanks to its advantages in processing speed, 
sensitivity and image quality including resolution and signal-to-noise ratio. 

In a typical flying spot scanner, a special low-lag CRT (cathode-ray tube) called a 
flying spot tube provides a small light spot to form a raster. The raster is focused onto the 
film, and the transmitted or reflected light is detected by photomultiplier tubes. The block 
diagram43) of a typical flying spot scanner is shown in Figure 9-57. The flying spot 
scanner is used not only in image processing but also inspection of photolithographic 
masks used for fabrication of semiconductor devices. Figure 9-58 shows an example of 
this application44'. 
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Figure 9-57: Block diagram of a flying spot scanner 
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Figure 9-58: Semiconductor mask inspection system utilizing a flying spot scanner 



230 Chapter 9 Applications 

(2) Characteristics required of photomultiplier tubes 

The following characteristics are required of photomultiplier tubes used in flying spot 
scanners. 

a) Low dark current and spike noise 
b) High quantum efficiency (at RGB wavelengths in the case of color operation) 
c) Wide dynamic range 

Spike noise may be a cause of a spot-like noise, and low quantum efficiency may result 
in an increase in shot noise, leading to deterioration of the signal-to-noise ratio. 

9. 15 Aerospace Applications 
Photomultiplier tubes are used in aerospace applications, for example, X-ray detection from space, planetary 

observation, solar observation, environmental measurement in inner or outer space and aurora observation. In 
addition, photomultiplier tubes are also used for spectral measurements of various radiation in the atmosphere 
or outer space and measurement of X-rays from a supernova. 

9. 15. 1 Overview 
Figure 9-59 illustrates the external view45) of the X-ray observation satellite "Tenma (Pegasus)" developed 

by a group of the ISAS (Institute of Space and Astronomical Science), Japan. A gas-scintillation proportional 
counter is used as the detector, which is coupled to a photomultiplier tube (Hamamatsu R1307) as shown in 
Figure 9-60~~ ' .  

SPIN-AXIS 

\ S-BAND ANTENNA 

VHF ANTENN 

NETlC ---- 

Figure 9-59: X-ray observation satellite "Tenma (Pegasus)" 
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Figure 9-60: X-ray detector mounted in the "Tenma" 

As practical examples of radiation measurement from within the atmosphere of a planet, photomultiplier 
tubes are applied to the measurement of solar spectrum47) and absolute photometry in the southern region of 
the Orion (Hunter) conste~lation~~). Figures 9-61 and 9-62 show each of these examples. 
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Figure 9-61: Measurement of the solar spectrum Figure 9-62: Optical path of the S520-3CN 
equipment 

9. 15. 2 Characteristics required of photomultiplier tubes 
The following characteristics are required of photomultiplier tubes used in these applications. 

a) High energy resolution 
b) Resistance to vibration and shock 
c) Solar blind response (in the case of vacuum UV to UV detection) 

As discussed in Chapter 8, photomultiplier tube resistance to vibration and shock differs depending on the 
tube size and dynode structure. Normal photomultiplier tubes are resistant to a vibration of 5 to 10G, while 
ruggedized tubes can endure up to 15 to 30G. Table 9-5 classifies the grades of measurement conditions. 
Note that these grades are based on the sinusoidal vibration test, so random vibration tests should also be 
taken into account as well. Hamamatsu Photonics performs vibration tests according to the user's needs in 
order to design and manufacture vibration-proof, ruggedized photomultiplier tubes. 
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Grade 

A 

B 

C 

D 

E 

Table 9-5: Vibration test conditions 

-- F 

G 

H 

In the measurement of radiation traveling from space, photomultiplier tubes must have high sensitivity in 
the vacuum UV to UV range but also have a solar blind response. Since the detection limit on the short 
wavelength side is determined by the transmittance of the window material used for the photomultiplier tube, 
proper selection of window material is also important. Figure 9-63 shows transmittance characteristics of 
various window materials and Figure 9-63 shows spectral response characteristics of solar blind photocathodes 
specifically intended for UV detection. 
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Figure 9-63: Transmittance characteristics of Figure 9-64: Spectral response characteristics of 
various window materials solar blind photocathodes 
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9. 16 Low-Light-Level Detection 
Lately, low-light-level detection is becoming increasingly important in various scientific fields. 

In particular, low-light-level detection techniques are in greater demand in such studies as Raman scattering, 
Rayleigh scattering, biology, analytical chemistry, astronomy and fluorescence analysis, The detection 
techniques using photomultiplier tubes include the analog DC method, analog pulse method and digital 
method (photon counting). Of these, the photon counting is extremely effective in low-light-level detection. 
The excellent characteristics of photomultiplier tubes such as high current amplification and low noise can be 
fully utilized in this field. 

9. 16. 1 Overview 
Low-light-level detection utilizing the superior signal-to-noise ratio of photomultiplier tubes is being 

applied to diverse fields including Raman scattering, biology, chemical analysis and astronomy. 

Figure 9-65 shows the block diagram of a laser Raman spectrophotometer49) 
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TPMOC0037EA 

Figure 9-65: Block diagram of a laser Raman spectrophotometer 

With recent advancements in laser technology, life science research such as a study of local protein 
structures utilizing Raman scattering is rapidly progressing. Because Raman scattering has an extremely low 
light level as compared to Rayleigh scattering (with the same wavelength as that of the excitation light), a 
high-quality monochromator with minimum stray light and a high-sensitivity detector must be used to 
separate the Raman scattering from extraneous light. A common monochromator used in Raman spectropho- 
tometry is a double-monochromator equipped with a holographic grating or, in some cases a triple- 
monochromator with filter mechanism. Raman spectrophotometry requires such a complicated optical system 
that the incident light on the photomultiplier tube will be exceptionally low. For this reason, the photon 
counting method which ensures excellent signal-to-noise ratio and stability is frequently used. The 
monochromator and optical system used in Raman spectrophotometry must provide "minimum stray light" 
, "high resolution" and "good light-collection efficiency" Figure 9-66 shows the optical layout50) of a 
laser Raman spectrophotometer. This instrument usually uses a photomultiplier tube specially selected for 
photon counting. 
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Figure 9-66: Optical layout of a laser Raman spectrophotometer 

9. 16. 2 Characteristics required of photomultiplier tubes 
The following characteristics are required of photomultiplier tubes used in photon counting. 

a) Less broadening of pulse height distribution, in other words, superior single photoelectron resolution 
(a sharp valley should exist so that the effects of photomultiplier tube sensitivity drift and supply 
voltage fluctuation can be reduced when the tube is operated over extended time periods. 

b) Less dark current pulse 
c) High amplification 
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If linear counting is essential up to a high light level, a fast-response photomultiplier tube must be used. In 
this case, it is recommended that photomultiplier tubes with a linear-focused dynode or circular-cage dynode 
be used. 
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