

































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 14
APPLICATIONS

Photomultiplier tubes (PMTs) are extensively used as photodetec-
tors in fields such as chemical analysis, medical diagnosis, scientific
research and industrial measurement. This chapter introduces major
applications cf photomultiplier tubes and describes the principle and
detection methods for each application.
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(2) Atomic absorption spectrophotometers

The atomic absorption spectrophotometer employs special light sources (hollow cathode lamps) con-
structed for the particular target elements to be analyzed. A sample is dissolved in solvent and burned to
atomize it, and light from a specific hollow cathode lamp is passed through the flame. The amount of light
that is absorbed is proportional to the 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 find the concentration of a specific element in the sample. A typical optical system® used for
atomic absorption spectrophotometers is shown in Figure 14-4.
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Figure 14-4: Optical system used in atomic absorption spectrophotometers

(3) Atomic emission spectrophotometers

When external energy is applied to a sample, light is emitted from the sample. Dispersing this emission
using a monochromator, into characteristic spectral lines of elements and measuring their presence and
intensity simultaneously, allows rapid qualitative and quantitative analysis of the elements contained in the
sample. Figure 14-5 illustrates the schematic diagram® of a photoelectric emission spectrophotometer in
which multiple photomultiplier tubes are used.
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Figure 14-5: Block diagram illustrating a photoelectric emission spectrophotometer
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14.2.5 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 14-3. Among these, the concentrations of most tumor markers, hormones, drugs
and viruses classified under immunological assay are exceedingly low. Detecting these items requires ex-
tremely high-sensitivity inspection equipment that mostly must use photomultiplier tubes.

Sample Inspection —1— Biochemistry
Enzyme, protein, sugar, lipid

— Immunology
Tumor marker, serum protein, hormone, reagent, virus
— Hematology

(Leukocyte, red corpuscle, hemoglobin, platelet)
computation, classification, coagulation

— Microbiology
Bacteria identification, susceptibility

Table 14-3: Classification of in-vitro inspection

Immunoassay, a measurement technique that relies on the specificity of the antigen-antibody reaction is
widely used. The principles of immunoassay® are illustrated in Figure 14-18 and the procedures of each
method are explained in the subsequent paragraphs.
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(a) Sandwich Method

(1) Solid-phase antibody+sample (2) Removing liquid layer after (3) Adding labeled antibody
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(b) Competitive Method
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labeled antigen antigen-antibody reaction

LABELED
OBJECT ANTIGEN
ANTIGEN % 8

ANTIBODY FIXED IN VESSEL

LIQUID LAYER

COMPETITIVE BOND

Sample antigen and labeled
antigen combine respectively
with antibody according to their
. antit

(4) Measuring number of labels quantiies

MEASURING NUMBER OF LABELS

Inversely proportional to
quantity of object antigen

TNBV3_1418EA

Figure 14-18: Principles of immunoassay

Figure 14-18 (a) is a technique known as the sandwich method. Step (1): Samples are introduced into a
vessel in which antibodies responding to object antigens (hormones, tumor markers, etc.) are fixed (solid-
phase antibody). Step (2): 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 anti-
gen. After antigen-antibody reaction, the liquid layer is removed leaving the combined antigen and antibody.
Step (3): Labeled antibodies are added, which combine with object antigens. Step (4): Antigen-antibody
reaction occurs again so that the object antigen is sandwiched between the antibodies. The liquid layer is then
removed. Step (5): The quantity of labels is optically measured using a photomultiplier tube.
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Figure 14-18 (b) shows another technique called the competitive method. Step (1): Antibodies responding
to object antigens are fixed on the bottom of a vessel. Step (2): Samples are added along with the labeled
object antigens. Step (3): Competitive reaction occurs in which object antigens and labeled antigens combine
with labeled antibodies in proportional to their concentration, reaching a state of equilibrium. After the anti-
gen-antibody reaction, the unnecessary upper layer is removed. Step (4): The quantity of labels is 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 categorized according to the material used for labeling as follows

(1) Using radioactive isotopes for labeling
...... RIA (Radioimmunoassay)

(2) Using enzymes for labeling

....... EIA (Enzymeimmunoassay)

(1) RIA (Radioimmunoassay) method

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 3H, ¢, Co, Se, 1257 and "L (See Table 14-4.)7) Of these, 12] offers useful characteristics
for labeling and is very widely used. Because radioactive isotopes other than *H and '*C emit gamma rays,
sodium iodide crystals are used as a scintillator to provide a high conversion efficiency.

Radioisotope Half-life Energy Detection Method
°H 12.26 years B Liquid scintillation
"c 5730 years B Liquid scintillation
¥Co 270 days Y Scintillation crystal
"Se 120.4 days Y Scintillation crystal
125 60 days Y Scintillation crystal
137 8 days B, v Scintillation crystal

Table 14-4: Radioactive isotopes used for labeling in radioimmunoassay

Recently, in in-vitro assays, the quantity of samples and the number of items to be measured are rapidly
increasing. To keep pace with this trend, equipment for radioimmunoassay has been automated. A typical
piece of automated equipment in use today is the well scintillation counter® 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 14-19.) Each detector section
including a scintillator is covered by lead shield to block extraneous radiation.
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14.4.3 Proton decay, neutrino observation experiments

Proton decay observation is an experiment that attempts to capture the Cherenkov light emitted by high-
energy charged particles that are supposedly produced when protons decay. Photomultiplier tubes are used
to detect the Cherenkov light.

Kamiokande

In 1983, the Kamiokande (KAMIOKA Nucleon Decay Experiment) detector was installed in an under-
ground mine in Hida City, (formerly Kamioka Town) in Gifu Prefecture, Japan, under the guidance of the
Institute for Cosmic Ray Research (ICRR) and the High Energy Physics Research Laboratory, Faculty of
Science, University of Tokyo. The Kamiokande detector was constructed with a huge tank filled with pure
water installed 1 kilometer underground. On the side walls, bottom and roof of this tank, 1,050 photomul-
tiplier tubes, each 20 inches in diameter making them the largest of their class in the world, were installed
to wait quietly to catch the instant of photon decay. These photomultiplier tubes were manufactured to
exacting specifications, for example, a large diameter glass bulb with a spherical photosensitive surface
that allows catching the faint Cherenkov light traveling from a variety of angles and helps withstand the
water pressure. High sensitivity, fast time response, and high photoelectron collection efficiency are also
important factors.

In January 1987, besides proton decay, the Kamiokande detector was modified to allow observing solar
neutrinos generated by nuclear fusion within the Sun. This modified detector catches the Cherenkov light
that is rarely emitted when neutrinos flying away from the Sun pass through 3,000 tons of ultra-pure water
in the tank. The 20-inch diameter photomultiplier tubes are used to detect this Cherenkov light. While
waiting for the instant of proton decay, Kamiokande also detects solar neutrinos at the rate of about once
every 9 days.

Since then the Kamiokande neutrino detection facility has yielded big news. At 4:35 AM on February
23rd, 1987, Kamiokande was the first facility in the world to detect neutrinos from the supernova 1987A
that appeared in a corner of the Large Magellanic Cloud some 170,000 light years away. This is relatively
close to the Earth and the blast from a supernova is said to occur only once every several hundred years.
The last actual sighting was observed by the naked eye in 1604. A significant deficit in atmospheric neutri-
nos was reported from observation results with only about 46 percent of the expected number being de-
tected.

Super-Kamiokande

In 1986, new plans for a "Super-Kamiokande" were unveiled by the University of Tokyo. Mainstream
thought in the Grand Unified Theory is that proton lifetime may extend to 10** years. To probe predictions
in current Grand Unified Theories, plans were drawn up for a neutrino detection facility with 10 to 100
times the performance of Kamiokande. The new facility, called Super-Kamiokande, was constructed in a
Kamioka mine 1 kilometer underground and about 200 meters away from Kamiokande. A huge water tank
of 39.2 meters in diameter and 41.4 meters in height was constructed and filled with 50,000 tons of ultra-
pure water. This is about 16 times the size of the Kamiokande tank. The 11,200 photomultiplier tubes each
20 inches in diameter are a further improvement on the Kamiokande tubes. Observation begun in April
1996 at the Super-Kamiokande.

In 1998, atmospheric neutrino oscillation was discovered indicating that neutrinos have mass. Precision
testing of neutrino oscillation was made by means of artificial neutrinos and oscillation of these artificial
neutrinos was also verified and observation currently continues.

KamLAND

In January 2002, experiments commenced with the "KamLAND" (Kamioka Liquid-scintillator Anti-
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14.6 Environmental Measurement

14.6.1 Overview

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.

14.6.2 Application examples

(1) Dust counters

A dust counter measures the concentration of floating dust in the atmosphere or inside a room by mak-
ing use of principles such as light scattering and absorption of beta rays. Figure 14-34'" shows the prin-
ciple of a dust counter using light scattering. If dust is present in the light path, light is scattered by the dust.
The quantity of this scattered light is proportional to the quantity of 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 particle concentration. This method offers an advantage that the output signal can
immediately follow up on changes in the concentration, making it ideal for continuous monitor 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.
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Figure 14-34: Block diagram of a dust counter using light scattering

Dust counters utilizing scattered light have a drawback in that the amount of scattered light varies
depending on the size and refractive index of particles even if the particle concentrations are constant.
Another type of dust counters make 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 is compared to deter-
mine the mass of the suspended particles.

(2) Laser radar (LIDAR)'?

Laser radar (LIDAR) transmits pulsed laser light into atmospheric space and receives the light
backscattered from scatterers such as suspended matter in the atmosphere (atmospheric molecules, aero-
sols, clouds, etc.) and flying objects, in order to measure the distance to the scatterers as well as their
concentrations, shapes and speeds. The laser transmitter and receiver are installed in the same place and
the laser beam is scanned across the target area to obtain a three-dimensional spatial distribution. Optical
signals detected by the receiver is converted into electrical signals, which are then converted into digital
signals and processed by a computer.
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Figure 14-35: Schematic diagram of a laser radar for atmospheric observation

(3) NOx analyzers

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 14-36 shows the configuration of an NOx analyzer making use of chemiluminescence.'” When
NO gas reacts with ozone (O3) to become NO; gas, chemiluminescence is released. The intensity of this
chemiluminescence is proportional to the concentration of NO gas. Since other gases contained in the
exhaust gas do not produce such luminescence, the NO gas concentration can be selectively measured by
detecting the intensity of this chemiluminescence.
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Figure 14-36: NOx analyzer utilizing chemiluminescence
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(2) Door monitors

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 personnel going out of this area for contamination by radioactive mate-
rial. A photomultiplier tube is used in conjunction with a scintillator to detect radiation released from the
radioactive material. An example
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 minimize erroneous signal
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Figure 14-39: Block diagram of a door monitor

of a door monitor is shown in Figure 14-39. The detector section



296 CHAPTER 14 APPLICATIONS

14.8 Industrial Measurement

14.8.1 Overview

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 and laser scanners,
which are briefly discussed in the following paragraphs.

14.8.2 Application examples

(1) Thickness gauges

To measure the thickness of paper, plastics and steel plates on a production line, non-contact measure-
ment 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 object'® (Figure 14-40) and the other measures the amount of fluorescent X-
rays'” (Figure 14-41)
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Figure 14-40: Principle of a transmission-mode Figure 14-41: Principle of a fluorescent X-ray
thickness gauge thickness gauge

When the intensity of radiation incident on a material is Io, the transmitted radiation intensity I can be
expressed by the following relation:
t : thickness (m)

p : density (g/m")
WL : mass absorption coefficient (mz/g)

| = _|0e(-up')

Since the transmitted radiation intensity is proportional to the count rate, the thickness of the material
can be obtained by calculating the count rate. In general, beta rays are used to measure rubber, plastics and
paper which have a small surface density (thicknessXdensity), 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, a quantitative measurement of the
object material can be made.
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14.10 Mass Spectrometry / Solid Surface Analysis

Mass spectrometry is a technique used to identify and analyze the mass, makeup and minute quantity of a
sample through the measurement of the difference in mass and movement of ions by exerting electric or
magnetic energy on the sample which is ionized.

Solid state surface analysis is used to examine the surface state of a sample through the measurement of
photoelectrons, secondary electrons, reflected electrons, transmitting electrons, Auger electrons or X-rays
generated as a result of interactions of incident electrons with atoms composing the sample, which take place
when an electron beam or X-ray irradiates the sample. Ion detectors are used as detectors in these applica-
tions.

14.10.1 Mass spectrometers'® 1%

Mass spectrometers are broadly classified into two groups: one using magnetic force (magnet) and one not
using magnetic force. Currently used mass spectrometers fall under one of the following four types.

« Time of flight (TOF) type

 Quadrupole (Q-Pole) or ion trap type

« Magnetic field type

« Jon cyclotron (FTICR) type

Mass spectrometers are often combined with a gas chromatograph or liquid chromatograph to build a
gas chromatograph mass spectrometer (GC-MS) or liquid chromatograph mass spectrometer (LC-MS).
Mass spectrometers are used to identify, measure and analyze the composition of various samples such as
petrochemicals, fragrance materials, medicines, biogenic components and substances causing environ-

mental pollution. Figure 14-47 shows the schematic drawing of a quadrupole type gas chromatograph
mass spectrometer.
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Figure 14-47: Schematic drawing of a gas chromatograph mass spectrometer.
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An electron beam emitted from the electron gun is accelerated at a voltage of 0.5 to 30 kV. This accel-
erated electron beam is then condensed by the electromagnetic lens action of the focusing lens and objec-
tive lens, and finally formed into a very narrow beam of 3 to 100 nm in diameter, irradiating on the surface
of a sample. Secondary electrons are then produced from the surface of the sample where the electron
beam landed, and are detected with a secondary electron detector. The electron beam can be scanned in the
XY directions across the predetermined area on the surface of the sample by scanning the electromagnetic
lens. A magnified secondary electron image can be displayed on the CRT in synchronization with the

signals of the secondary electron detector. Figure 14-49 shows the structure and operation of the secondary
electron detector.
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Figure14-49: Structure and operation of a secondary electron detector

A typical secondary electron detector consists of a collector electrode, scintillator, light pipe, photomul-
tiplier tube and preamplifier. Voltage is applied to the collector electrode and scintillator at a level required
to collect secondary electrons efficiently. Most of the secondary electrons produced from the sample enter
the scintillator and are converted into light. This converted light then passes through the light pipe and is
detected with the photomultiplier tube.
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