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98 CHAPTER 3 CHARACTERISTICS OF PHOTOMULTIPLIER TUBES

(7) 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 1s 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
diserimination level. Figures 3-66 (a) and (b) show the typical plateau characteristic and pulse height
distribution when a Nal(TI) scintillator and “Fe radiation source are used.

With the diserimination level kept at a constant value, as the photomultiplier tube supply voltage is
mereased, 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
ag 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). photomul-
tiplier 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 diserimination level are
counted.
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Figure 3-66: Plateau characteristic (a)
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Figure 3-66: Plateau characteristic (b)

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 **'Cs radia-
tion source and a Nal(Tl) scintillator. Typical plateau characteristics are shown in Figure 3-67.
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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 opera-
tion 1s used. The plateau characteristic taken at 175°C 1s shown along with that obtained at 25°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 tempera-
ture, the count rate sharply mncreases (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 be-
comes narrow in comparison with that obtained at room temperatures (+25°C).
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CHAPTER 4
MCP-PMT

With the advent of the microchannel plate’ (abbreviated as MCP
hereafter), photomultiplier tubes have evolved as more versatile de-
vices. MCP-PMTs - photomultiplier tubes that incorporate an MCP in
place of the conventional discrete dynodes - offer wide-bandhidth mea-
surements up fo the picosecond region as well as low-light-level detec-
tion in the photon counting region. This chapter describes these ultra-
Jfast and high-sensitivity MCP-PMTs.?
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4.1 Structure

4.1.1 Structure of MCPs

Figure 4-1 illustrates the schematic structure of an MCP. The MCP consists of a two-dimensional array of
a great number of glass capillaries (channels) bundled in parallel and formed mto the shape of a 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, each channel acts as an indepen-
dent electron multiplier. The cross section of a channel and its prineiple of multiplication are illustrated in
Figure 4-1 (b). When a primary electron impinges on the inner wall of a channel. secondary electrons are
emitted. Being accelerated by the electric field created by the voltage Vp applied across both ends of the MCP,
these secondary electrons bombard the channel wall again to produce additional secondary electrons. This
process is repeated many times along the channel and as a result, a large number of electrons are released from
the output end.

CHANNEL WALL

OUTPUT
INPUT ELECTRODE
ELECTRON PO

s QUTPUT
INPUT ELECTRODE «] ELECTRONS

\J-D
TMCPCO002EB
(a) Schematic structure of an MCP {b) Principle of multiplication

Figure 4-1: Schematic structure of an MCP and its principle of multiplication

MCPs are quite different in structure and operation from conventional discrete dynodes and therefore offer
the following outstanding features:

1) High gain despite compact size

2) Fast time response

3) Two-dimensional detection with high spatial resolution

4) Stable operation even in high magnetic fields

5) Sensitive to charged particles, ultraviolet radiation, X rays. gamma rays, and neutrons
6) Low power consumption

There are various types of detectors that utilize the advantages offered by MCPs, for example image inten-
sifiers 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 pho-
ton counting imaging tubes for ultra-low light level imaging.

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



4.1 Strncture 105

4. 1. 2 Structure of MCP-PMT

Figure 4-2 shows the cross section of a typical MCP-PMT. This tube consists of an input window, photo-
cathode, MCP, and anode. The photoelectrons emitted from the photocathode enter the channels of the MCP
and impinge on the inner wall where 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 of 2 millimeters or less from the photocathode, forming a close-
proximity structure. A photograph of an actual MCP-PMT complete with housing is shown in Figure 4-3.
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Figure 4-2 Cross section of a typical MCP-PMT

Figure 4-3 External view of an MCP-PMT
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4.1. 3 Voltage -divider circuit and housing structure

Figure 4-4 shows a basic voltage-divider circuit used to operate an MCP-PMT (with a two-stage MCP) and
the configuration of the housing that contains the MCP-PMT with the voltage-divider circuit.

As shown in the figure, a negative high voltage is normally applied to the photocathode, and the voltage-
divider circuit gives a voltage gradient between the photocathode, MCP-in, MCP-out, and the anode by divid-
ing the high voltage with properly selected resistors. The voltage-divider circuit and housing are designed
with careful consideration given to prevent "ringing" which may be caused by high-frequency signals, so that
the output waveform distortion is suppressed to a minimum level.
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Figure 4-4: Housing configuration and operating circuit for MCP-PMT

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



4.2 Basic characteristics of MCP-PMTs 107

4.2 Basic characteristics of MCP-PMTs

4. 2. 1 Gain characteristics"

The gain 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 gain® (M) of an MCP is determined by the length-to-diameter ratio O (=L/d) of a channel. and approxi-
mated as follows:
U=EXP(G.d)

where G 1s the secondary emission characteristics called the gain factor. This gain factor is an inherent
characteristics of the channel wall material and presented by a function of the electric field intensity inside the
channel.
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Figure 4-5: Typical gain of an MCP-PMT (using a two-stage MCP of 6pm channel diameter)

In general, the gain rising point moves to the higher voltage side as d 1s made greater. This also allows
obtaining a higher gain. However, if the gain becomes higher than 10, noise begins to increase significantly
due to 1on feedback effects causing a serious problem. To avoid this, o 1s usually selected to be around 40 so
that a single MCP provides a gain of about 10 at 1kV supply voltage.

As shown in Figure 4-5 above, a higher gain can be obtained from a two-stage MCP-PMTs. This gain level

enables photon counting measurements.
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4.2. 2 Dead time"

When an MCP is irradiated by a pulsed electron current, a positive charge is generated at the MCP output
end in accordance with the released electron current. This phenomenon deforms the potential distribution and
enfeebles the electric fields so that the subsequent electron multiplication is suppressed. This charge is neu-
tralized by the strip current flowing through the channel wall. However, a certain amount of time is required
for neutralization because the strip current is small due to the high resistance of the MCP. The gain of signals
entering within this period is usually low. 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 tqis given by the following relation:

te= Qout / Is

The dead time can be shortened by using a low resistance MCP which allows the strip current Is to flow in
large quantities. This also improves saturation characteristics.

When an MCP-PMT is operated in such a way that the next electron enters the MCP within this dead time,
various types of output saturation occur as deseribed in 4.2.3. If the MCP-PMT is operated at saturated levels,
it cannot exhibit adequate performance, and also degrades the photocathode sensitivity and MCP gain.

4. 2.3 Saturation characteristics?

In general. the saturation of a photodetector 1s defined as the phenomenon i which the amount of output
signal 1s no longer proportional to the incident light intensity. In the case of MCP-PMTs, this saturation is
caused by the dead time as described in 4.2.2. disturbed potential distribution and space charge effects mside
the MCP, being different from those of normal photomultiplier tubes using multiple stages of discrete dyn-
odes.

(1) Saturation in DC operation

An MCP has a high resistance ranging from several tens to several hundreds of megohme. which limits
the output current from the MCP. Because of this. output current saturation occurs as the input current
inereases. as shown in Figure 4-6 (a) and (b). 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 which results from
large amounts of secondary electrons from the MCP.

The decrease in the electric field intensity is recovered by the strip current flowing through the channel
wall. Saturation in DC operation usually begins to occur when the output current reaches 5 or 6 percent of
the strip current.
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Figure 4-6 (a): Saturation characteristics of MCP-PMT in DC operation
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Figure 4-6 (b): Saturation characteristics of MCP-PMT (R3809U-05) in DC operation
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(2) Pulse gain saturation characteristics (pulse linearity)

When pulsed light in an extremely short duration enters the MCP-PMT, the output linearity can be
maintained to some extent. Figure 4-7 shows the linearity data of an MCP-PMT when it detects pulsed

light.
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Figure 4-7 (a): Block diagram for MCP-PMT pulse linearity measurement

Figure 4-7 (b): Typical pulse linearity of an MCP-PMT (R3809U-50)

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 mput 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 300Hz to 30kHz. Pulse currents up to 350
milliamperes can be extracted at a repetition rate of 300Hz or less. The maximum pulse current at a low
repetition rate 1s determined by the product of the number of electrons released from one channel governed
by space charge effects and the number of MCP channels. On the contrary, the maximum pulse current at
a high repetition rate is determined by the ratio of the strip current to the total amount of charge which 1s
the product of the charge per pulse and the repetition rate.

When the repetition rate is too high, the MCP gain begins to drop because the next pulse enters within
the dead time, causing the output saturation.
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(3) Saturation gain characteristics in photon counting mode

Figure 4-8 shows pulse height distributions of photoelectron signals and dark current pulses taken with
an MCP-PMT in the photon counting mode. Since the MCP 1s operated in the saturation range. a distinct
pulse height distribution for the signals is obtained.
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Figure 4-8: Typical pulse height distribution in single photon counting

Figure 4-9 illustrates a block diagram for measuring the count-rate pulse linearity in photon counting.
Light intensity 1s reduced by neutral density filters down to the single photoelectron level. The number of
single photoelectron pulses is counted by the counter eircuit connected to the MCP-PMT, and the count
rate is measured and plotted while changing the number of incident photons.
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Figure 4-9: Block diagram for measuring count-rate linearity in photon counting mode

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



112 CHAPTER 4 MCP-PMT

Figure 4-10 shows count-rate linearity data measured in photon counting mode. A good linearity is
maintained up to 10’ counts/second (cps).
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Figure 4-10: MCP-PMT (R3809U-50) count-rate linearity in photon counting mode

4. 2. 4 Time characteristics?

As discussed 1n the previous chapter on photomultiplier tube time characteristics, the signal pulse broadens
along time in the multiplication process from the photocathode to the anode. This is due to the emission-angle
distribution and imitial-veloeity distribution of photoelectrons and secondary electrons, as well as the effects
of the accelerating lens. Since MCP-PMT's employ an MCP in place of conventional dynodes, the electron
transit time in the secondary electron multiplication process is very short, thus resulting in a significant im-
provement in the transit time spread. In addition, because a nearly parallel electric field 1s applied between the
photocathode, MCP and anode, the emission-angle distribution and imitial-velocity distribution of photoelec-
trons can be virtually 1gnored.

(1) Rise/fall 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 width is sufficiently short compared to the time response of the MCP-PMT.
These parameters are especially important when observing the waveform of ultra-short pulsed light. For
the measurement method. refer to Section 3.3.1, "Time characteristics”. Figure 4-11 shows an actual wave-
form obtained with an MCP-PMT.
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Figure 4-11: Pulse response waveform of MCP-PMT (R3809U-50)

(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 Sec-
tion 3.3.1, "Time characteristics".

(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 technique® where the
measurement of timing is of prime consideration. For the measurement method, refer to Section 3.3.1,
"Time characteristics",

At Hamamatsu Photonics, TTS is evaluated with the measurement system shown in Figure 4-12. In this
system, the IRF (instrument response function) value is measured as the time characteristic for the entire
system including the MCP-PMT. This is because the measurement system uses a laser pulse with approxi-
mately 35 picosecond pulse width, which act as a time jitter equal to the TTS of the MCP-PMT. The
relation between the TTS and IRF is given by the following equation.

(IRF)’ = (TTS) + Tw’ + T}
TW : laser pulse width

Ti : other time jitter in the measurement system
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Figure 4-12: IRF measurement using MCP-PMT (R3809U-50)

To evaluate the TTS of an MCP-PMT more accurately, the measurement system shown in Figure 4-13
1s used and excellent data of 25.0 picoseconds has been obtained. This system uses a laser pulse with a 5
picosecond pulse width which is shorter than the TTS of the MCP-PMT, therefore enabling accurate mea-

surements.
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Figure 4-13: Accurate TTS measurement of MCP-PMT (R3809U-50)

(4) Cathode transit time difference

In most photomultiplier tubes, the electron transit time differs with the position of photocathode illumi-
nation. 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. 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, "Time characteristics".

(5) Time characteristics of various products

Time characteristics 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 time characteristics. Compared to conven-
tional MCP-PMTs using 12mm channel MCPs, the R3809U series using 6mm channel MCPs has im-
proved the rise time by 70 picoseconds and the IRF by 235 picoseconds. The fall time does not show a
correlation with the rise time. This is probably due to the difference in electrostatic capacity between the
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MCP and the anode. The gated MCP-PMT i slightly inferior in time characteristics compared to other
types. This is presumably because the electric field between the gate mesh and the cathode is weak so that
the photoelectron emission angle and initial veloeity distribution tend to affect the time characteristics
adversely to some extent.

MCP-PMT Type No Rise Time Fall Time Transit Time IRF (FWHM)
R3809U-50 (Bum/2-stages) 150ps 360ps 400ps 45ps
R5916U-50 (6um/2-stages) 180ps T00ps 350ps 95ps
R7024U (6pm/2-stages) 110ps 120ps 400ps -

Table 4-1: Comparison of MCP-PMT time characteristics

Here. let us introduce the R7024 MCP-PMT which offers significant improvements in rise and fall
times. The structure of the R7024 1s shown in Figure 4-14. This tube has been developed specifically for
use in ultra-fast photometry. A mesh electrode is provided between the MCP and the anode as shown in the
figure, and the signal output method differs from ordinary MCP-PMTs. The mesh between the MCP and
the anode cancels out the displacement current generated at the time that the secondary electrons emitted
from the MCP are accelerated towards the anode. Figure 4-15 shows a typical output waveform from the
R7024. Ultrafast time response with 110 picosecond rise time and 120 picosecond fall time is obtained.
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Figure 4-14: Structure of the R7024
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Figure 4-15: Time response waveform of the R7024U
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4. 2. 5 Magnetic characteristics?

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 4-16 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).
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Figure 4-16 (1): Typical magnetic characteristics of an MCP-PMT
(in magnetic fields parallel to tube axis)
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Figure 4-16 (2): Typical magnetic characteristics of an MCP-PMT
(in magnetic fields perpendicular to tube axis)
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4.3 Gated MCP-PMT?

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 func-
tion should have the following performance characteristics:

(1) Highest possible gating speed

(2) Large switching ratio (gate on/off ratio)

(3) Low switching noise

Figure 4-17 illustrates the structure of a gated MCP-PMT (R5916U-50). 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 Figure 4-17. Applying a 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.
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Figure 4-17: Structure of an MCP-PMT with gate mesh

Figure 4-18 shows the basic characteristic of the gate function for a typical switching 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 switching ratio is better than 10° (incident light wavelength: 500
nanometers).
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Figure 4-18: Switching ratio characteristic under static operating conditions
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Figure 4-19 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 nano-
second.

[
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GATE SIGNAL
| |

MCP-PMT GUTPUT VOLTAGE (10mV / Div.)
GATE SIGNAL OUTPUT VOLTAGE (5V /! Div.)

TIME (2ns / Div.)
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Figure 4-19: Dynamic gate characteristic

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

The previous sections mainly discussed MCP-PMTs having a single anode. A variety of MCP-PMTs with
independent multianodes have been developed and utilized in 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 structure of a typical multianode MCP-PMT is illustrated in Figure 4-20.
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Figure 4-20: Multianode MCP-PMT with 105 10 anode format

Figures 4-21 (a) to (c) show the spatial resolutions of various multianode MCP-PMTs. These consist of the
output profile of each anode when a light spot of approximately 20 4m diameter is scanned over the photocath-
ode.
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Figure 4-21 (a): Spatial resolution of 454 multianode MCP-PMT
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Figure 4-21 (b): Spatial resolution of 32-linear array multianode MCP-PMT
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Figure 4-21 (c): Spatial resolution of 858 multianode MCP-PMT
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The following applications are possible by making use of the advantages of multianode MCP-PMTs.

(1) Simultaneous. two-dimensional detection of a luminous body which is spatially spread at low light

levels
(2) Simultaneous, multichannel time-resolved spectroscopy using optical fibers

(3) Multichannel readout from scintillating fibers

As listed in Table 4-2, the family of multianode MCP-PMTs includes a 45 4 matrix anode type. 85 8 matrix
anode type, 105 10 matrix anode type, and a 32 linear anode type. Furthermore, multianode MCP-PMT as-
semblies 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.

Type No Anode Format Type No Anode Format
R4110U-XX-M016 | 454 matrix anode R4110U-XX-M100 | 10510 matrix anode
R4110U-XX-M064 | 858 matrix anode R4110U-XX-L032 32-linear anode

Table 4-2: Examples of multianode MCP-PMTs
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CHAPTER S

ELECTRON MULTIPLIER
TUBES

Electron multiplier tubes (EMT) are mainly used in various models
of mass spectrometers ! ?'¥ for detection of ions, electrons, soft X-rays,

and vacurm ultraviolet (VUV) radiation.
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5.1 Electron Multiplier Tubes

9. 1. 1 Electron multiplier tube structure

The structure of an electron multiplier tube 1s basically identical with the dynode assembly and anode used
in a photomultiplier tube. The actual details of the structure differ depending on the materials to be detected
and the equipment in which the electron multiplier tube is installed. (See Figure 5-1.)

R5150-10 R5150-30 R515

TEMCOD1SEA

Figure 5-1: Electron multiplier tube structure

An electron multiplier tube 1s operated in a vacuum, and the 1ons, electrons, VUV radiation, or soft X-rays
to be detected are guided so as to enter the first dynode. The first dynode excited by such particles or radiation
emits secondary electrons or photoelectrons, These generated electrons are multiplied in a cascade just as 1s
done in a photomultiplier tube and finally reach the anode. In most electron multiplier tubes. voltage-divider
resistors are incorporated to supply an optimum voltage between each dynode.
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5. 1. 2 Composition of the secondary emissive surface

The dynodes of electron multiplier tubes are made of copper containing several percent 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.

5. 1. 3 Dynode types

Three kinds of dynodes of box-and-grid, linear-focused and mesh types are commonly used for electron
multiplier tubes. (See 3.2.) The number of dynode stages 1s usually from 15 to 25 depending on the required
gain.

5.2 Characteristics of Electron Multiplier Tubes

5. 2. 1 First dynode sensitivity

Beryllium oxide (BeO) widely used in the first dynode of electron multiplier tubes is sensitive to soft X-ray
to ultraviolet radiation at nearly 300 nanometers. Electron multiplier tubes are effectively used in a wave-
length range shorter than the cutoff wavelength of the MgF2 window (approximately 115 nanometers). A
typical spectral response for beryllium oxide 1s shown in Figure 5-2, covering a range from 30 to 140 nanom-

eters.
100

QUANTUM EFFICIENCY (%)
=

1

20 40 60 80 100 120 140 160

WAVELENGTH (nm)
TEMBOMZEA

Figure 5-2: Spectral response characteristic of beryllium oxide
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Various spectral response characteristics are available by replacing the first dynode with another type evapo-
rated with a substance optimized for the target wavelength range and operating conditions. Figure 5-3 shows
typical spectral response characteristics of beryllium oxide (BeO), eesium iodide (CsI). rubidium bromide
(RbBr) and gold (Au) used for the first dynode.
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Figure 5-3: Spectral response characteristics of various evaporative substances

The first dynode of electron multiplier tubes is sensitive to electrons with energy, such as Auger electrons,
secondary electrons and reflected electrons. (See 2.3.) Since beryllium oxide has a high work function. the
high secondary electron emission ratio is much lower than that obtained with alkali-antimonide used for
photomultiplier tube dynodes. Figure 5-4 shows typical secondary emission ratio versus primary electron
accelerating voltage. The secondary emission ratio peaks at a primary electron accelerating voltage of about
400 volts.
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Figure 5-4: Secondary emission ratio vs. primary electron accelerating voltage for beryllium oxide
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The first dynode of electron multiplier tubes is also sensitive to ions. Typically, several electrons are emit-
ted in response to one ion, although this ratio depends slightly on the state of the secondary electron emissive
surface on the first dynode. The number of emitted electrons is also affected by the molecular weight (m/e)
and ion accelerating voltage. Figure 5-5 shows the relation between the electron emission ratio and the accel-
erating voltage for nitrogen ion. In Figure 5-6, typical electron emission ratios at an accelerating voltage of
200 volts are plotted along various kinds of ions.
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Figure 5-5: Electron emission ratio vs. accelerating voltage for nitrogen ion
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Figure 5-6: Electron emission ratios for various kinds of ions at 200V accelerating voltage
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5. 2.2 Gain

Ag in the case of photomultiplier tubes, the current amplification or gain (Y) of an electron multiplier tube
is theoretically expressed as follows. (See also 3.2.)

Gain {I'I) =A'Ehhkn A S TR R TR P T R R FT R (Eq 5_1}

Ebb: supply voltage
k : constant determined by electrode structure and material
n :number of dynode stages
It is clear from this equation that the gain Y is proportional to the kn-th power of the supply voltage. Typical
gain versus supply voltage characteristics are plotted in Figure 5-7. Since this graph is on logarithmic scales,
the slope of each straight line indicates kn.
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Figure 5-7: Gain versus supply voltage characteristics
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5. 2. 3 Dark current and noise

The secondary electron emissive surface of the dynodes used for electron multiplier tubes has a high work
funetion and therefore exhibits exceptionally low dark current. Even so, small amounts of dark current may be
generated by the following factors:

1. Thermionic emission current from the secondary electron emissive surface
2. Leakage current from electrode support materials
3. Field emission current

The dark current of an electron multiplier tube 1s very low. It 1s usually less than one picoampere when
operated at a supply voltage providing a gain of 10°,

In ion detection, a sample is ionized by thermal electrons generated from the filament of a lamp such as
tungsten lamp. This filament also emits ultraviolet rays and X-rays which then enter the electron multiplier
tube along with sample ions. The signals generated by these extraneous rays do not originate from the electron
multiplier tube itself. However, they must be handled as noise just like noise of other detectors.

To reduce noise caused by ultraviolet rays and X-rays, some types of electron multipliers have a shield
plate above the first dynode, in order to allow only sample ions to enter the first dynode. This design is often
called the "off-axis structure”. Figure 5-8 shows noise measured with an electron multiplier tube with the off-
axis structure. The signal at a molecular weight of 5 (m/e), where no ions exist, appears as noise. This noise
level is nearly equal to the intrinsic noise of the electron multiplier tube.
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Figure 5-8 Filament noise measured with an electron multiplier tube with the off-axis structure

Because electron multiplier tubes are used in a vacuum, the noise level also depends on the vacuum level.
Generally, the higher the vacuum level (for example, 10Pa), the less the noise will be. In contrast, the noise
increases as the vacuum level degrades. Figure 5-9 shows the relation between the noise count and the vacuum

level at which an electron multiplier is operated.
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Figure 5-9: Noise count versus vacuum level for typical electron multiplier tube

9 .2. 4 Pulse counting

In applications where high sensitivity is required, the pulse counting technique which counts the number of
output pulses is frequently utilized. The principle and advantages of this technique are almost identical with
the photon counting technique. (Refer to Section 3.4.) Figure 5-10 shows typical pulse height distribution
measured with nitrogen single ions, etc.

As stated previously, the secondary surface of the dynodes used for electron multiplier tubes is made of
beryllium oxide (BeO) having a high work function. The dark count 1s therefore suppressed as low as 0.01
counts per second.
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Figure 5-10: Pulse height distribution measured by input of UV, electrons and nitrogen ions
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5. 2. 5 Linearity

Electron multiplier tubes usually incorporate voltage-divider resistors between each successive dynode.
This resistor is about 1 megohm per stage. so the total resistance comes to 20 megohms. The value of a linear
output current is limited by the voltage-divider current flowing through these voltage-divider resistors. (See
Section 7.1.)

Figure 5-11 shows a linearity plot of an electron multiplier tube operated in DC mode. As the output current
increases, the gain abruptly drops after increasing slightly. This is a typical pattern for linearity dependent on
the voltage-divider current. The linearity can be improved by applying a higher voltage or reducing the total
value of the voltage-divider resistors in order to increase the voltage-divider current. To suppress the undes-
ired increase in the gain which tends to occur when the output current becomes large. the resistor value
between the last stage and ground should be made smaller.

108

-
-
-
=

1074+ el

GAIN AT 2000V

108 ‘
108 107 10 10 104

OUTPUT CURRENT (A)
TEMBOUZGEA

Figure 5-11: Linearity of typical electron multiplier tube in DC operation
In general, the linearity in pulse counting mode is determined by the electron multiplier tube performance

and the pulse pair resolution of the signal processing circuit. (See 3.4.) To maintain high pulse count linearity.
it 13 necessary to use an electron multiplier tube having linear focused dynodes with high-speed response.

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



132 CHAPTER 5 ELECTRON MULTIPLIER TUBES

5.2.6 Life characteristics

The life of electron multiplier tubes is affected by the gain, output current and operating vacuum level. Two
factors that cause gain deterioration are:

1. Sensitivity deterioration in the first dynode by input ions
2. Dust deposition on the secondary electron emissive surface

Figure 5-12 shows typical life characteristics for an electron multiplier tube. This is the supply voltage
change required to maintain a preset gain measured with the amount of input ions and output current kept
constant. As can be seen, the supply voltage increases as the accumulated output charge increases.
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Figure 5-12: Typical life characteristics for gain of an electron multiplier tube
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CHAPTER 6

POSITION-SENSITIVE
PHOTOMULTIPLIER TUBES

Applicability of photomultiplier tubes to low-light-level measure-
ment greatly relies on the cirvent multiplication mechanism offered by
chnodes. As explained earlier; there are various tvpes of dynode struc-
tures available for different photometric purposes.

Popular dynode structures are the box-and-grid tvpe, linear-focused
type, circular-cage type and venetian-blind types. Furthermore, the
MCP (microchammel plate) is now in use as a dynode with high-speed

response.

Tive new dynode structures are infroduced in this chapter: the "metal
channel dvnode" ¥ and "fine mesh dynode”. ¥*'% These dynodes
provide wide dvnamic range, high gain and high position resolution,

and are currently used in position-sensitive photomultiplier tubes.

Common methods of reading out the output electron bunch fiom a
position-sensitive photomultiplier tube are illustrated in Figure 6-1. In
a multianode, the output signal is read out from independent mudtiple
aneodes. The resistive anode has a uniformly distributed resistive laver
that allows reading out the signal by means of center-of-gravity detec-
tion. The cross-wire (or plate) anode reads out the signal by means of
current or charge-dividing center-of-gravity detection.
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Figure 6-1: Anode output readout methods for position-sensitive photomultiplier tube

The following sections describe position-sensitive photomultiplier
tubes using "metal channel dynodes combinedwith a cross-plate an-
ode", "metal chanmel dvnodes combined with a multianode"” and "fine

mesh dynodes combined with a multianode™
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6.1
Metal Channel Dynodes

6. 1. 1 Structure and characteristics

Position-Sensitive Photomultiplier Tubes Using

Figure 6-2 shows the electrode structure and electron trajectories in metal channel dynodes. One of the

outstanding features offered by the metal channel dynode is very low crosstalk between multiple anodes.
After photoelectrons are emitted from the photocathode. they are directed onto the first dynode by the focus-
ing grid and then flow to the second dynode. third dynode. . . . last dynode and finally to the anode, while
being multiplied with a minimum spatial spread of the electron flow. Therefore, position data is precisely

maintained through the cascade multiplication process.

In addition, the overall length of the tube can be kept short because metal channel dynodes are very thin and

assembled m close-proximity to each other.
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Figure 6-2: Electrode structure of metal channel dynodes and electron frajectories

Figure 6-3 illustrates the center-of-gravity detection method for reading out the output signal from a posi-

X= X:J"(X1+X2)
b (= Yz)r(Yf"Yz)
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tion-sensitive photomultiplier tube using a cross plate anode. The electron bunch released from the last dyn-
ode is collected by anodes linearly arranged in the X and Y directions. Since each anode in the same direction
is connected by a resistor chain, the collected electrons are divided into four signal components of X1, X2.Y1
and Y2 corresponding to the anode position at which the electron bunch arrive. By inputting these signals to a
summing (SUM) and divider (DIV) circuits, the center of gravity in the X and Y directions can be obtained as
follows:
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X1
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X2
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X2
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Figure 6-3: Center-of-gravity detection method for position-sensitive photomultiplier tube
using cross plate anodes

Hamamatsu has developed the R5900 series position-sensitive photomultiplier tubes housed ina 1"5 1"
square metal package. The R5900 series uses 10 to 12 stages of metal channel dynodes and various types of
multianodes as shown in Table 6-4, allowing you to make a selection to meet the particular application.
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Table 6-4: R5900 series anode patterns

Type No. R5800-00-C8 | R6900-00-C12 [ R5900-00-M4 |R5800-00-M16 | R6900-00-L16 | R6900-00-M64
(HB568) (H7546)
I [ DOEOOOOD
O R ooooooono
anode || —|||[EBEU G580
Shape | |[|[| DDDD ooopoooo
R OOo0oc ooopoono
Number of A(X)+4(Y) B(X)+6(Y) 4 16 16 64
Anodes
Number of 11 11 10 12 10 12
Dynodes
Gain 5 5 6 6 5 5
(Supply voltage 7510 7510 2510 33510 2510 3510
800V)
TPMHAO43ZEA
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The R5900 series position-sensitive photomultiplier tube also includes an easy-to-use assembly type with
built-in voltage-divider resistors. (Figure 6-5)

Figure 6-5: R5900-00-M16 assembly (H6568)

As mentioned, when photoelectrons are emitted from the photocathode, they are directed onto the first
dynode by the focusing mesh. In this process, the photoelectron flow spreads spatially between the photocath-
ode and the focusing mesh and also between the focusing mesh and the first dynode. Metal channel dynodes
are developed to minimize this electron spread.

Figures 6-6 (1) and (2) show typical spatial resolution of the R5900-00-C8 (cross plate multianode type)
using the center-of-gravity detection method. This data 1s measured by irradiating the photocathode surface
with a 3mm diameter collimated light beam from a tungsten lamp and plotting the output distribution of each
anode. (The light beam is moved along each of the XY directions with the tube axis viewed as the center.)
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Figure 6-6 (1): Multianode spatial resolution in the X direction (R5900-00-C8)
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Figure 6-6 (2): Multianode spatial resolution in the Y direction (R5900-00-C8)
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As one sample application, Figure 6-7 (1) shows the measurement diagram for scintillation imaging of
511keV gamma-rays. usging the R5900-00-C8 coupled BGO scintillators (arranged in a mosaic pattern of
85 7=56 pieces). An actual image that was taken is shown in Figure 6-7 (2).
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T > [ INTEGRATION [ AD |
PX2 3
! X
PX3 2 o+XG [ XADDRESS
857 BGO ARRAY P
]&LM_DXI’ 1' INTEGRATION H ND—’—
— Ye |
= > | NTEGRATION [ AD |
R5900-00-C8 BY: = i~
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Figure 6-7(1): Scintillation imaging of gamma-rays entering a mosaic pattern of BGO scintillators
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Position data after calculation when gamma-rays at 511keV were
incident on the 85 7 BGO array (2.8mmb5 2 8mm&5 30mm)

Figure 6-7(2): Scintillation imaging of gamma-rays entering a mosaic pattern of BGO scintillators
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This scintillation imaging is now possible with position-gensitive photomultiplier tubes. Off-axis distortion
in the image can be corrected to some extent by an electronic circuit.

Figure 6-8 shows the external dimensions of the R5900-00-M64 (85 8 multianode®), and Figure 6-9 the
anode pattern.
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Figure 6-8: R5900-00-M64 external dimensions
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Figure 6-9: R5900-00-M64 anode pattern

Multianode photomultiplier tubes are mainly developed for applications requiring multipoint measure-
ments. Before they are put into practical use, multiple small diameter photomultiplier tubes were used in close
arrangement, so that the total cost for using many of these tubes could not be ignored (particularly in huge
equipment used m high energy physics experiments and for nuclear medical imaging systems). Simply speak-
ing, one anode of a multianode corresponds to one photomultiplier tube, so using multianode photomultiplier
tubes will contribute to a significant reduction in the total cost.

The following paragraphs explain basic characteristics of the R5900-00-M64, such as crosstalk, magnetic
immunity and uniformity.”

Crosstalk is a measure to indicate how accurately the light (signal) incident on a certain position of the
photocathode is detected with the position information still retained. In photomultiplier tube operation. crosstalk

is mainly caused by the broadening of electron flow when light is converted into electrons and those electrons
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are multiplied in the dynode section. The incident light spread within the faceplate is another probable cause
of crosstalk. A typical setup for measuring crosstalk is shown in Figure 6-10 and the measurement data in
Figure 6-11.
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Figure 6-10: Crosstalk measurement method
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Figure 6-11: Crosstalk measurement examples

Data shown in Figure 6-11 is measured by irradiating a light spot (signal) on the photomultiplier tube
faceplate, through a 1mm diameter optical fiber placed in close contact with the faceplate. The output of each
anode is expressed as a relative value, with 100% being equal to the peak anode output produced from the
incident light spot. The results show that crosstalk is "0.2% to 1.4% when the Imm diameter scintillating fiber
is positioned in tight contact with the photomultiplier tube faceplate. However. the crosstalk degrades by 0.3%
to 2.6% when the scintillating fiber is placed 0.5mm away from the faceplate. This is of course due to light
spread at the scintillating fiber exit. Bringing the optical fiber into tight contact with the photomultiplier tube
faceplate is therefore recommended to make accurate measurements using scintillation fibers.

Next, let's discuss magnetic characteristics. The R5900 series photomultiplier tubes have excellent immu-
nity to magnetic fields. This 1s because all parts except the photocathode are housed in a metal package and
also because the distance between dynode electrodes is very short. Figure 6-12 shows how the anode output is
adversely affected by external magnetic fields applied to the R5900-00-M16 along the three directions (X. Y.
Z). Each data 1s plotted as a relative output value. with 100% corresponding to an output with no magnetic
field applied. It 1 clear that the output is still maintained as high as 60% versus 13mT of the magnetic field in
the X direction.
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Figure 6-12: Effects of external magnetic fields on anode output (anode channel No. 29)

Figure 6-13 shows typical uniformity data obtained from each anode when uniform light is illuminated
over the entire photocathode of the R5900-00-M64. The non-uniformity observed here probably originates
from gain variations in the secondary electron multiplier because the photocathode itself has good uniformity.

At the current stage. non-uniformity between each anode is about "1:3" on average.

@
o
RELATIVE ANODE OUTPUT

PIXEL NUMBER

TPMHEBEQI480EA
Figure 6-13: R5900-00-M64 anode output uniformity

Uniformity of one anode {one pixel) is shown in Figure 6-14. This data is measured by input of weak DC
light to an anode of 25 2mm per pixel through a lmm diameter optical fiber, while scanning the optical fiber
every 0.1mm on the photocathode. There are two output peaks as graphically represented. This means that the
electrons (signals) extracted from one anode (one pixel) arrive at the anode through the two adjacent paths in
the metal channel dynode.
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Figure 6-14: Anode output uniformity per pixel

6. 1. 2 Applications

As stated earlier, position-sensitive photomultiplier tubes delivers accurate position information about light
falling on the photocathode by center-of-gravity processing. These photomultiplier tubes can be used for
scintillation imaging in combination with scintillators. Some recent applications are explamed below.

(1) Biometabolic activity imaging using PET (Positron Emission Tomography)!® 1112

Nuclear medical instruments Osuch as gamma cameras and PET systems have been developed and are
now used in hospital facilities. Ordinary gamma cameras use a detector composed of a large scintillator
and a number of photomultiplier tubes. To achieve even higher resolution and a smaller instrument, re-
search and development of compact gamma cameras is now under way, using a flat-shaped Nal(Tl), mo-
saic arrangement of YAP and CsI(Na) scintillators.

PET uses a number of small position detectors arranged to surround the subject and creates tomo-
graphic images by detecting gamma rays generated from positron annihilation using the coincidence tech-
nique. Recently. scintillation detectors made up of a scintillator coupled to a pesition-sensitive photomul-
tiplier tube are becoming used as detectors in PET. Major characteristics required of these photomultiplier
tubes are high sensitivity, good energy resolution and excellent time resolution. By utilizing position-
sensitive photomultiplier tubes having these characteristics. more compact PET systems with better spatial
and time resolutions will be available.

As a specific example, Figure 6-15 shows the PET system (Hamamatsu SHR-7700) designed for labo-
ratory animals, which has been already put on the market. This PET system 1s used for animal studies in
pharmacodynamics which are difficult to conduct with the human body, and also for development of new
medicines and evaluation of pharmaceutical effects of general medicines. Laboratory animals often used

with PET are mice, rats, monkeys and baboons.
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Because these animal organs are relatively small, PET for animal studies must provide high resolution.
The SHR-7700 uses scintillation detectors each of which consists of 32 BGO scintillators coupled to a
R5900-00-08 position-sensitive photomultiplier (cross-wire anode type). Since 240 photomultiplier tubes
are installed in the SHR-7700, a total of 7680 BGO scintillators are required The SHR-7700 provides
unprecedented performance with a center resolution of 2.6mm and effective field-of-view of 330mm

diameter5 114mm. Fig. 6-15 shows the external view of the SHR-7700.

Figure 6-15: External view of the SHR-7700 (PET system for laboratory animals)

The detector ring and detector unit of the SHR-7700 are shown in Figures 6-16 and 6-17. As a typical
example taken with the SHR-7700, Fig. 6-18 shows oxygen metabolic activity images of a monkey brain.
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Figure 6-16: Cross section of the SHR-7700 detector ring
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Figure 6-17: Detector unit

Figure 6-18: Oxygen metabolic activity images of monkey brain (positron imaging system)
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As one application for position-sensitive photomultiplier tubes using grid dynodes, let's take a brief
look at a planar detector system for positron imaging developed for studies on metabolism activity inside
living plants. The detectors used in this system consists of a BGO scintillator array coupled to a 3-inch
square envelope position-sensitive photomultiplier tube. The BGO scintillator array is made up of 275 23
independent scintillators each of which has a prismatic shape measuring 2mm5 2mm5 20mm. As shown
in Figure 6-19, a pair of detectors are placed so that they face each other at the front and back of a planar
sample such as a plant leaf. To measure real-time images of biological fimctions within the sample, a
positron-emitting tracer is injected into the sample and annihilation gamma-rays emitted from it are cap-
tured with the two detectors by coincidence counting technique. Two-dimensional images can be produced
by projecting the obtained data onto the same plane (focal plane imaging method).

BGO scintillator mosaic array
(BGO: 2525 20mm’, 2.2mm pitch, 235 27)

Annihilation gamma-ray (511keV)

Mesh dynodes

Multi-wire anode

Resisitive chain

Square envelope -
2-D position-sensitive
PMT (R3941-02)

(
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Figure 6-19: Planar detector system for positron imaging of metabolic functions inside plant
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Figure 6-20: Image of metabolic functions inside Figure 6-21: Visualization of "water" flow inside
a plant a plantflow inside a plant
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6.2 Position-Sensitive Photomultiplier Tubes
Using Fine-Mesh Dynodes

Position-sensitive photomultiplier tubes using fine-mesh dynodes and a multianode have been developed
and put on the market.””"" These photomultiplier tubes can be operated near large magnetic field, making
them well suited for use in particle track detectors and calorimeters in high energy physies experiments.

6. 2. 1 Structure

Figure 6-22 shows the sectional view of a photomultiplier tube using fine-mesh dynodes. This tube is
constructed with an mput window, a photocathode, fine-mesh dynodes and an anode. The details of a fine-
mesh dynode are illustrated in Figure 6-23. When an electron impinges on the upper part of the mesh, 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 a million times.
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Figure 6-22: Structure of a photomultiplier tube using fine-mesh dynodes
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Figure 6-23: Details of a fine-mesh dynode
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Figure 6-24 is a photograph of this type of photomultiplier tube. It provides a gain of 10° with 16 dynode
stages and 10’ with 19 dynode stages. Table 6-1 shows typical photomultiplier tubes using fine-mesh dynodes
and their major characteristics. A variety of tubes have been marketed. including 1-inch, 1.5-inch, 2-inch, 2.5-
inch, 3-inch and 5-inch diameter tubes with 15, 16 or 19 dynode stages.

o

Figure 6-24: External view of R5924

Effective Number
Size Type No. Photo- of Rise Time s SR
yp Ssiiia Diynodss Pulse Lineanty
25mm Dia R5505 1.5ns 350ps
(1inchdia) | (UVRasos) | 17-9mm Dia. 19 (2000v) | (2000V) Ll
_ R5946
38mm Dia. i ! g 1.9ns 350ps g
peimsae) GhRAT L |@mmBea| 99 (2000v) | (2000v) |~ 3°0mA
_ R5924
52mm Dia. - y 2.5ns 440ps
& it (?SsaR%ggg?) 39mm Dia 19 ©2000v) | (2000%) 500mA
64mm Dia. RE6504 : 2.7ns 470ps
@25inchdia)  (UV R6505) S1mm Dia. 19 (2000v) | (2000v) 700mA
78mm Dia. R5542 : 2.9ns 500ps
(3inchdia) |  (UVR5543) 64mm Dia. 19 (2000V) | (2000V) $.000mA

Table 6-1: Photomultiplier tubes using fine-mesh dynodes
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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 6-25 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 1.5 Tesla. This performance 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 elec-
trons emitted from the fine-mesh dynodes are resistant to external magnetic fields,
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Figure 6-25: Gain vs. magnetic flux density

Next, let us introduce a position-sensitive photomultiplier tube that combines fine-mesh dynodes with a
multianode. The configurations of this tube are illustrated in Figure 6-26. The number of fine-mesh dynodes
1s 19 stages, the multianode consists of 80 independent anodes and these elements are incorporated in a 3-inch
diameter cylindrical envelope. A gain of approximately 55 10° can be obtained with this tube. Figure 6-27
shows the spatial resolution of this tube when a 2mm light spot is scanned over the mput 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 4mm (FWHM).
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Figure 6-26: Dimensions and internal structure of a multianode photomultiplier tube
using fine-mesh dynodes

Figure 6-28 is the photograph of the multianode photomultiplier tube using fine-mesh dynodes desecribed
in this section. Figure 6-29 shows the external view of a modular type of photomultiplier tube using fine-mesh
dynodes and multianode.
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Figure 6-27: Spatial resolution of H5828 (R5635 Assembly) in non-magnetic field
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Figure 6-28: Multianode photomultiplier tube using fine-mesh dynodes

Figure 6-29: Modular type of multianode photomuitiplier tube using fine-mesh

Table 6-2 shows a list of 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 allows easy connection of the multianode output to an external eircuit. The anode
configuration of each tube is also listed in this table, 85 8, 165 16 and 80 multianodes are available for tubes
with a 3-inch circular and square faceplate.

Size Type No. Remarks

o No. of Anodes . 80
75mm, Circuilar H5828 Anode Size . f4.5mm
(3 inch dia.) Anode Pitch . f5.5mm

No. of Anodes . 165 16 (256)

755 7%";" Sﬁuﬂ"& H4140-20 Anode Size - f1.8mm
(353 inch) Anade Pitch . 2.54mm

No. of Anodes . 64
75575mm, Square H4139-20 Anode Size . f4.2mm
(353 inch) Anode Pitch . 5.08mm

Table 6-2: Multianode photomuitiplier tube using fine-mesh dynodes
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6. 2. 3 Applications

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 6-30 shows a
drawing of time resolution measurement using T-mesons at 2GeV and the combination of a rectangular plas-
tic scintillator (Pilot U of 2em5 lem5 lem) with a pair of fine-mesh dynode photomultiplier tubes.'”

In this measurement, it is anticipated that several thousands of photoelectrons are produced at each photo-
multiplier tube. The output of each photomultiplier tube is fed into a CFD (constant fraction discriminator)

circuit for measurement.

A START COUNTER
PMT1

2GeV TT-MESON

a—— 1 [ ——PLASTIC SCINTILLATOR

PMT2

DELAY CIRCUIT

8 TTTTT LJUWSTOP COUNTER

TPMHCOOT1EA

Figure 6-30: Schematic drawing for time resolution measurement using T-mesons

Figure 6-31 shows the time resolution plot obtained with this measurement as a function of magnetie 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.
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Figure 6-31: Time resolution vs. magnetic flux density
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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 photomultiplier
tubes find applications in particle track detectors and calorimeters. Figure 6-32 gives an example of a charged

particle track detector consisting of a position-sensitive photomultiplier tube with a multianode in combina-
16)

tion with a plastic scintillation fiber bundle.

PLASTIC SCINTILLATION FIBER

/
/

\
COSMIC RAY | /
Ri635 7 ANODE SIGNAL

MULTIANODE
PMT

GATE
SIGNAL

ADC

TPMHCOOT3EA
Figure 6-32: Drawing of a particle track detector

This detector uses a fiber bundle measuring 40mm(W)5 40mm(H)5 150mm(L) comprised of individual
seintillation fibers (1 millimeter diameter). Figure 6-33 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 b) are those at 0 volts. As shown in this figure, a multianode of an 88-matrix
array is employed. Here, ¢) is the output profile of each row of the multianode, indicating the movement of the
track. In thig case, since no magnetic field is applied to the photomultiplier tube, the electrons broaden to an
area equal to three anodes (approximately 8 millimeters). On the other hand, Figure 6-34 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 agsuring high resolution for the cosmic-ray track
measurement.'®
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Figure 6-33: Cosmic-ray track measurements with a position-sensitive PMT
having fine-mesh dynodes and a multianode (in no magnetic field)
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Figure 6-34: Cosmic-ray track measurements with a position-sensitive PMT
having fine-mesh dynodes and a multianode (in magnetic field of 0.05 Tesla)
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CHAPTER 7

HOW TO USE PHOTOMULTIPLIER TUBES
AND ASSOCIATED CIRCUITS

This chapter explains how to use basic circuits and accessories nec-

essary to operate a photomultiplier tube properih.”
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7.1 \Voltage-Divider Circuits

7.1. 1 Basic operation of voltage-divider circuits

For photomultiplier tube operation. a high voltage from 500 to 3000 volts is usually applied across the
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 gradient can
be set up using independent multiple power supplies as shown in Figure 7-1, but this 1s usually not practical.

LIGHT
K/ F DYt DY2 DYl DY4 DYs P

+ ANODE
CURRENT Ip

INDEPENDENT POWER SUPPLIESE 7

TPMOCOO00SEA
Figure 7-1: Schematic diagram of photomultiplier tube operation

In practice, as shown in Figure 7-2. the interstage voltage for each electrode is supplied by using voltage-
dividing resistors (sometimes along with Zener diodes) connected between the anode and cathode. This cir-

cuit is known as a voltage-divider circuit or bleeder circuit.

K F DY1DY2DY3DY4DYS P K F DY1DY2DY3DY4DY3 P
{( T ¥ ¥ 3 ¥ ¥ }
Ri Rz R3 Rs Rs Rs B9 &I311 (I:;z (:33 (.;1.4
— e Dnt Dz Ri Rz Ri Dis D
—HV F4 122 1.|, _2_ ” 3 z3 x4
—HV il
{1) Circuit using resistors only (2) Circuit using resistors and Zener diodes

TACCCODO05EB
Figure 7-2: Voltage-divider circuits

The current Ib flowing through the voltage-divider circuits shown in Figures 7-2 (1) and (2) is called
divider current, and closely related to the output linearity described later, The divider current Ib is approxi-
mately the applied voltage V divided by the sum of resistor values as follows:

Vi

= (m) .................................................................. (Eq‘ 7_1)

b

The Zener diodes (D;) 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 C1, Cy, Cs and Cs 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.
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7. 1. 2 Anode grounding and cathode grounding

As shown in Figure 7-2, the general technique used for voltage-divider 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 eircuit 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, how-
ever, 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 seintillation. resulting in a significant increase in noise.

Also. for head-on photomultiplier tubes, if the faceplate or bulb near the photocathode is grounded, the
slight conduetivity 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 electro-
magnetic 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 important 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 surface is protected by a insulating cover for safety. In scintillation counting, how-
ever, because the grounded scintillator is usually coupled directly to the faceplate of a photomultiplier tube,
the cathode is grounded with a high positive voltage applied to the anode, as shown in Figure 7-3. With thig
grounded cathode scheme, a coupling capacitor (Cc) must be used to separate the positive high voltage (+HV)
applied to the anode from the signal. making it impossible to extract a DC signal. In actual scintillation
counting using this voltage-divider 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.

K F DY1 DY2 DY2 DY4 DY5 P

r Cc
SIGNAL
‘ ( output
s T T T T T
| | o E N

R1 Rz Ra Rs Rz Re R?j
ik --A =

+HV

TACCCOO0GEA

Figure 7-3: Grounded-cathode voltage-divider circuit

7. 1. 3 Voltage-divider current and output linearity

In either the anode grounding or cathode grounding scheme or either DC or pulse operation, when the light
level incident on the photocathode 1s increased to raise the output current as shown in Figure 7-4, the relation-
ship between the incident light level and the anode current begins to deviate from the ideal linearity at a certain
current level (region B) and eventually, the photomultiplier tube output goes into saturation (region C).
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Figure 7-4: Output linearity of a photomuitiplier tube

(1) DC-operation output linearity and its countermeasures

In deriving a DC output from a photomultiplier tube using the basic operating circuit shown in Figure 7-
5, the current which actually flows through a voltage-divider resistor, for example the current flowing
across resistor Ry, equals the difference between the divider current In and the anode current I which flows
in the opposite direction through the eireuit loop of P-Dy+-R-P. Likewise, for other voltage-divider resis-
tors. the actual current is the difference between the divider current Ib and the dynode current Ipy flowing
i the opposite direction through the voltage-divider resistor. The anode current and dynode current flow
act to reduce the divider current and the accompanying loss of the interstage voltage becomes more signifi-
cant in the latter dynode stages which handle larger dynode currents. Although the dynode current includes
current components flowing in the same direction as the divider current Ib, they are of very small amounts
and therefore not discussed here.

K F Dyl Dy2 DY3 Dva DYS P

TPMOCODOEEA
Figure 7-5: Basic operating circuit for a photomultiplier tube

The reduction of the divider current can be ignored if the anode output current is small. However, when the
incident light level is increased and the resultant anode and dynode currents are inereased. the voltage distri-
bution for each dynode varies considerably as shown in Figure 7-6. 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 to the previous stages so that there will be an increase in the interstage voltage.
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Figure 7-6: Influence of photocurrent on voltage applied to each electrode

The loss of the interstage voltage by the multiplied electron current appears most significantly between
the last dynode (Dys 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 firther 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 divider circuit being
used, the maximum practical anode current in a DC output is usually 1/20th to 1/50th of the divider cur-
rent. If linearity better than 1 percent is required, the maximum output must be held to less than 1/100th
of the divider current.

To increase the maximum linear output, there are two techniques: one 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, and the other is to lower the voltage-divider resistor values to increase the
divider current. However, with the former technique, if the divider 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 divider 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.
With the latter technique. if the voltage-divider resistors are located very close to the photomultiplier tube,
the heat emanating from their resistance may raise the photomultiplier tube temperature, leading to an
inerease in the dark current and possible fluctuation in the output. Furthermore, since this technique re-
quires a high-voltage power supply with a large capacity, it is inadvisable to increase the divider 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 voltage-divider resistors at the last few stages.
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(2) Pulse-operation output linearity and its countermeasures

When a photomultiplier tube is pulse-operated using the voltage-divider circuit shown in Figure 7-2 (1) or
Figure 7-3, the maximum linear output is limited to a fraction of the divider 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 signifi-
cant improvement in pulse linearity. If the pulse width is sufficiently short so that the duty eycle 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 divider current can be attained.

There are two methods of using the decoupling capacitors: a serial connection method and a parallel con-
nection 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
7-7 (1) as an example.

(1) Serial-connected decoupling capacitors
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(2) Parallel-connected decoupling capacitors
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Figure 7-7: Voltage-divider circuits with decoupling capacitors added

First of all, if we let the output-pulse peak voltage be Vo, and the pulse width be Tw and the load
resistance be Ri. the output pulse charge Qo per pulse is expressed by Eq. 7-22), as follows:
= Vo
Qp=Tw E ..................................................................................... (Eq. 7-2)

L
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Next, let us find the capacitance values of the decoupling eapacitors C1 to C3. using Qo. If we let the
charge stored in capacitor C3 be Q3. then to achieve good output linearity of better than 3 percent, the
following relation should generally be established:

Qiz e LR SR S (Eq. 7_3)
From the common relation of Q=CV, Cs is given by Egs. 7-4 and 7-5.
= Qs
Gy 10073 ..................................................................................... (Eq. 7-4)
then
Qs
Cgé'fUU:Ib_—R; ................................................................................... (Eq. 7-5)

Normally. the secondary emission ratio 8 per stage of a photomultiplier tube is 3 to 5 at the interstage
voltage of 100 volts. However, considering oceasions in which the interstage voltage drops to about 70 or
80 volts, the charges Q2 and Q1 stored in C2 and C1 respectively are calculated by assuming that 8 between
each dynode is 2. as follows:

=% - _Q
&=7 X=3 =3
Then, the capacitance values of C2 and Ci can be obtained in the same way as in Cs.
C,Z 50 Q _ g9 Qo
Ve Is-Ra
225 & =5 X
Vi ls'Rs

In cases where decoupling capacitors need to be placed in the dynode stages earlier than Dys 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 Vi=50mV, pulse width Tw=1}s, load resistance
R1=500, interstage resistor values Rs=Rs=R7=100k( and divider current Iv=1mA., each capacitor value
can be calculated in the following steps: First, the amount of charge per output pulse is obtained as follows:

50mV
QvZ —251mA=1nC
“=TBog 0™

The capacitance values required of the decoupling capacitors Cs, C2 and C1 are caleulated respectively

as follows:
C:2100—1"C___ _4nF
100kQ5 1mA
i 1nC _
250 — N~ - 5nF
C=30 Tookas A,
C225 — € ____gosnF
100kQ5 1MA

The above capacitance values are minimum values required for proper operation. Therefore it is usually
suggested that the voltage-divider circuit be designed with a safety margin in the capacitance value, of
about 10 times larger than the calculated values. If the output current inereases further, additional decoupling
capacitors should be connected as necessary to the earlier stages, as well as increasing the capacitance
values of C1 to Cs, 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 1/20th to 1/50th of the divider current. In particular, care is required at high counting rates even if
the output peak cwrrent is low.
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7. 1. 4 Voltage distribution in voltage-divider 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 oceur at a certain level as the incident light 1s 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
1s enhanced. For this purpose, a so-called tapered voltage-divider 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 shows a tapered voltage-divider circuit used for a 5-stage photomultiplier
tube. In this voltage-divider circuit, the Dys-to-anode voltage is set at a value lower than the Dyas-to-Dys
voltage. This 1s because the electrode distance between the last dynode and the anode is usually short so
that an adequate voltage gradient can be obtained with a relatively low voltage.
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Figure 7-8: Pulse output linearity countermeasures using decoupling capacitors
and tapered voltage-divider circuit

The voltage distribution ratio for a voltage-divider circuit that provides optimum pulse linearity de-
pends 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 voltage-divider cireuits
mtended for high pulse linearity (tapered voltage-dividers) and their maximum output current values. Use
of these recommended voltage-divider circuits improves pulse linearity 5 to 10 times than that obtained
with normal voltage-divider circuits (equally divided circuits). Figure 7-9 shows a comparison of pulse
linearity characteristics measured with a tapered voltage-divider circuit and with a normal voltage-divider
circuit. It is obvious that pulse linearity is improved about 10 times by using the tapered voltage-divider
circuit. Note that when this type of tapered voltage-divider circuit is used. the anode output lowers to about
1/5th in comparison with the normal voltage-divider anode output. Therefore, adjustment is required to
merease the supply voltage for the photomultiplier tube.
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Figure 7-9: Linearity characteristic using a tapered and a normal voltage-divider circuit

The above methods for improving pulse output linearity by use of decoupling capacitors and tapered
voltage-divider circuits are also applicable for the voltage-divider circuits with the cathode at ground po-
tential and the anode at a high positive voltage.

The tapered voltage-divider circuit will also prove effective in special applications where a high output
voltage is required. For instance. with an anode output current of I;=100pA and Ri=1M{Q. the output
voltage will be 10 volts and the anode potential will drop 10 volts accordingly. This means that the anode-
to-last-dynode voltage must be sufficiently greater than 10 volts in order to prevent the output linearity
from deviating. Use of a tapered voltage-divider circuit can maintain the anode-to-last-dynode voltage at
an adequate level and thus provides a higher output voltage compared to normal voltage-divider 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
determining 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 prop-
erties and signal-to-noise ratio. Note that sinee they are selected based on the recommended supply volt-
age, 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
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Figure 7-10 shows a variant of the voltage-divider circuit shown in Figure 7-10, which provides the
above measures for the cathode to the first dynode.

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 applications such as in a magnetic field. or in very low-
light-level measurement where shot noise may create a problem. or in single photon counting and in TOF
(time-of-flight) trigger counters or hodoscopes requiring good time properties.

K F DY1 DY2 DY2 DY4 DYS P

-
SIGNAL QUTPUT
T T T T T T
RL
—AAA— AV
4R 2R 1R 1R |[15R| 3R 25R
—+—! |t
C1 Cz2 Cs3
N
777
—HV
TACCCOO09EA

Figure 7-10: Voltage-divider circuit with tapered configurations at both the earlier and latter stages

The recommended voltage distribution ratios listed m our catalog are selected for general-purpose ap-
plications, 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 voltage-divider 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 divider current to flow.

7.1. 5 Countermeasures for fast response circuits

As shown in Figure 7-11, inserting a lowpass filter comprised of Ry and C into the high-voltage supply 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 Cy.
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Figure 7-11: Voltage-divider circuit with countermeasure against pulse output
linearity, ringing and high-voltage power supply noise

In applications handling a fast pulsed output with a rise time of less than 10 nanoseconds, inserting damp-
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ing resistors Rig into the last dynode as shown in Figure 7-11 and if necessary, Ry into the next to last dynode
can reduce ringing in the output waveform. As damping resistors, noninduction type 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 voltage-divider circuit with or without damping resistors. It is

clear that use of the damping resistors effectively reduces ringing.
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Figure 7-12: Effect of damping resistors on ringing

7. 1. 6 Practical fast-response voltage-divider circuits
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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 voltage-divider circuits which have been designed
based on the deseription in the preceding section.

(a) H2431 circuit diagram
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(b) H3284 circuit diagram

K F ACC D¥1 DY2 DY3 DY4 DYS5 DY6 DY7 DY8
— =< P
. R3091 PMT
T I I T % £ = 3

«-/vaw
R1 Rz

Fi R4 Rs Re R7 Rs R»s

|
i
1
0
1
|
i
1
|
1
|
i
1
|
1
|
i
1
|
1
|
i

S ©
-HV SIG
TPMHCO016EA

Figure 7-13: Fast-response voltage-divider circuits
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7. 1. 7 High output linearity voltage-divider 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 volt-
age-divider resistors at the latter stages can improve the output linearity degradation resulting from the divider
current limitation,

As an example, Figure 7-14 shows a voltage-divider circuit for the Hamamatsu R329 photomultiplier tube,
devised by FNAL (Fermi National Accelerator Laboratories)”.
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Figure 7-14: Voltage-divider 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 eurrent 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.
1. Choose transistors having a large hyg so that sufficient current can flow into the collector.
2. Choose transistors having good frequency characteristics.
3. Use capacitors having good frequency characteristics.

4. 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.
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7. 1. 8 High output linearity voltage-divider circuit (2)

As shown in Figure 7-15, this circuit utilizes a Cockeroft-Walton voltage multiplier circuit in which an
array of diodes is connected in series. Along each side of the alternate connection points, 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 conven-
tional resistive voltage-divider cireuit. In addition. this cireuit 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 Cockeroft-Walton circuit assures higher DC linearity than that obtained with a resistive voltage-
divider cireuit,
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Figure 7-15: Cockcroft-Walton circuit
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Figure 7-16: Output linearity
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7. 1.9 Gating circuit
Next, let us introduce gating circuits as a variant of voltage-divider 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.

PMT
(R1333)

i

| | SHIELD |

| 'GRID SIGNAL
: IDYNODES (512) 1] OUTPUT
i =] g PPl sy

TV L SR W PO W S L. L

o N |

——— | ——

’1- ™
W—1 L
7‘];‘ wr Tir
+HV
il
GATE PULSE

INPUT
TACCCOO14EA

Figure 7-17: Circuit diagram of the C1392 socket assembly with a gating circuit

Figure 7-17 shows the cireuit diagram of the Hamamatsu C1392 socket assembly with a gating circuit,”
The C1392 is a "normally OFF" type which normally sets the photomultiplier tube output to OFF, and 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 gets 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 pho-
tomultiplier tube.

If the photomultiplier tube output is OFF at a gate input of 0V, 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 1s 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 10* of more. The capacitors are connected from the first through the center dynode to absorb the switching
noises often encountered with this type of gating circuit.
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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 voltage-divider circuit if the variable range of the high-voltage power supply and ampli-
fier 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 voltage-divider 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 techmique is frequently used in many applications. It
should be borne in mind that the higher the voltage-divider 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 voltage-divider resistor value 1s 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 iz applied to the cathode as shown in the figure, a high voltage is
also impressed on the variable resistor. Thus the housing that containg the photomultiplier tube and associated
circuits must also be designed to have sufficiently high dielectric resistance.

(1) Shorting the latter dynodes
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(2) Varying the potential of a central-stage dynode
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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 (1), that is,
essentially, reducing the number of dynode stages. assures a higher interstage voltage and results in an im-
provement 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 opti-
mized for the particular application rather than using this technique.

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.
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Figure 7-19: Gain variation and energy resolution as a function of dynode potential

As discussed above, it should be noted that using the voltage-divider circuit for controlling the photomul-
tiplier tube output is not recommended. We advise using normal methods by which the power supply voltage
1s directly changed for controlling the photomultiplier tube output.
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7.1.11 Precautions when fabricating a voltage-divider circuit

In the previous sections, the functions of various voltage-divider circuits and their design consideration
have been discussed. This section describes the precautions for actually fabricating a voltage-divider circuit.

(1) Selecting the parts used for a voltage-divider circuit

Since the voltage-divider circuit has 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 accu-
racy is not so critical. If non-uniformity between each resistor is held within £5 percent, it will work
sufficiently. This 1s 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. respec-
tively at least 1.7 times and 1.5 times higher than necessary. As a rough guide, the resistance value per
stage 1s 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
mput terminal of a photomultiplier tube, use a ceramic capacitor having high impedance at high frequen-
cies 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 voltage-divider 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 dielec-
tric resistance.

PC boards for voltage-divider circuits

‘When a voltage-divider circuit 1s 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 exlubit low leakage current even
at a high voltage. If both sides of the PC board are used for assembly, select a board with adequate thick-
ness.

On a glass epoxy board, the wiring space between patterns necessary to hold a potential difference of 1
kilovolt 1s typically 1 millimeter or more.
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Leads

For high voltage cireuits, 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-174/U 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 deseribes precautions to be observed when mounting components on a voltage-divider
circuit. Refer to Figure 7-11 while reading the following precautions.

Voltage-divider resistors

Considering heat dispersion, provide adequate space between voltage-divider resistors so as not to al-
low 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 voltage-divider resistors to the lead pins of the photomultiplier tube or to the
socket so that Joule heat generated from the voltage-divider circuit is not directly conducted to the photo-
multiplier tube, Be sure to allow a distance between the photomultiplier tube and the voltage-divider cir-
cuit.

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 veltage-divider 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 meluding load resistance should be as short as possible. Tt 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 7-11, 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

Photoelectrons emitted from the photocathode of a photomultiplier tube are guided by the focusing elec-
trode or accelerating electrode and impinge on the first dynode where several times this number of electrons
are released as secondary electrons. These secondary electrons are further multiplied in the suecessive dyn-
odes and finally a large number of electrons, 0.1 to 10 million times the initial number of photoelectrons,
reach the anode. As detailed i Section 2.2 of Chapter 3, when a voltage V is applied between the eathode and
the anode of a photomultiplier tube having n dynode stages, the overall current gain [ is expressed in the
following relation.

H= AV

Typical photomultiplier tubes employ about 10 stages of dynodes and as shown in Figure 7-20, the current
amplification is proportional to the 6th to 10th power of the voltage applied between the cathode and the
anode. This means that the photomultiplier tube output is extremely susceptible to variations in the applied
voltage and that the power supply used for photomultiplier tubes must be stable.
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Figure 7-20: Current amplification vs. supply voltage

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.

Series-regulator types regulated high-voltage power supplies optimized for photomultiplier tubes, are ex-
tensively 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

To observe the output signal of a photomultiplier tube. various methods are used depending on the operat-

ing conditions as illustrated in Figures 7-21 to 7-23.

As described n Section 7.1.2 in this chapter, there are two schemes for voltage-divider 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 1s 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

It should be noted that when wiring the photomultiplier tube output to an amplifier circuit, the amplifier

circuit must be wired before tuming on the high-voltage power supply. When a hugh voltage is applied to the
voltage-divider circuit even in a dark state, the possible dark current creates a charge on the anode. If the
voltage-divider circuit 1s wired to the amplhifier 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 usmg 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 voltage-

divider circuit to which a coupling capacitor is connected.

Output waveform

When a photomultiplier tube 1s operated with the circuit shown in Figure 7-24, if the anode output pulse
width Pw is sufficiently shorter than the time constant CR (R is parallel resistance of Ra and Ry). the
mmpedance of the coupling capacitor can be ignored and thus the signal pulse current is divided to flow into
Ry and Ra. In this case, the mput waveform is transmitted to the output waveform without distortion,
regardless of the capacitance value of the coupling capacitor. However. if Pw is close to or longer than CR,
the output will have a differential waveform.

Because the coupling capacitor 1s merely used as a coupling element between the voltage-divider cirewt
and the amplifier circuit, Pw 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 capaci-
tor. In particular, when a 50-ohm resistor 1s used for Ra 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.

I
Since its impedance Zc= PTE the output signal decays by 3dB (approximately to 7/10th of the pulse
height) at a frequency £=1/2pCRa.
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Base-line shift

As stated above, the amount of the signal passing through the coupling capacitor is stored as a corre-
sponding charge on the capacitor. This stored charge Q generates a voltage of Ev=Q/C across both sides of
the capacitor in the reverse direction of the signal. This voltage Eu attenuates by a factor of V=Eve™¢
related to the time constant Cx which is determined by the capacitance value C and the serial resistance
value R of Ra and Ri. The voltage induced in the capacitor is divided by Ra and Ry, and the output voltage
Va is given by the following equation:

3 R
Va=Epe WROE. Minnpsn ps pe e (Eq. 7-6)

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 E0, but shortens the discharge time. Decreasing the resistor
value also shortens the discharge time, but this is accompanied by a decrease in the signal voltage, causing
a problem with the 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 Ra is large, it lowers the anode potential, thus care is required when excessive current
including DC current flows.

> Eo—n‘

= c
Va
1SR 3R
VH VB'
Va

C: COUPLING CAPACITOR

Por—3| L. A CR TIME CONSTANT: LARGE

TRUE ZERO LEVEL
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N 1A A
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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, regard-

less of the discharge time constant. In general, the circuit time constant is longer than the signal pulse width,

so this discharge time will have less effect on the pulse height. However, when the signal repetition rate is

extremely 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 1if the signal repetition rate is increased.

Furthermore, when multiple pulses enter the measurement system mncluding 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.
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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) 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 prac-
tice, however, the load resistance value is limited by such factors as the required frequency response and

output linearity as discussed below,

K F Dy1 DY2 DY3 Dvy4 DYs P

QUTFUT SIGNAL

TACCCOOT6EA

Figure 7-25: Photomultiplier tube and output circuit

If, in the circuit of Figure 7-25, we let the load resistance be R1 and the total electrostatic capacitance of
the photomultiplier tube anode to all other electrodes including stray capacitance such as wiring capaci-
tance be Cs, then the cutoff frequency fc is given by the following equation:

1
QPCSRL

From this relation, it can be seen that, even if the photomultiplier tube and amplifier have fast response,
the response 1s limited to the cutoff frequency fc determined by the subsequent output circuits. In addition,
as deseribed in Section 7.1.4 in this chapter, if the load resistance is made unnecessarily large, the voltage
drop by Ip+Ru at the anode potential is inereased accordingly, causing the last-dynode-to-anode voltage to
decrease. This will increase the space charge effect and result in degradation of output linearity.

(1)
{2)
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Figure 7-26: Amplifier internal input resistance
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When selecting the optimum load resistance, it is also necessary to take account of the internal input
resistance of the amplifier connected to the photomultiplier tube. Figure 7-26 shows equivalent cireuits of
the photomultiplier tube output when connected to an amplifier. In this figure, if the load resistance is Ry
and the input resistance is Ru, the resultant parallel output resistance Ry is ealculated from the following
relation:

_ RinRL

Ra= B A i A 3OS (Eq. 7-8)

This value of R, less than the Rr value. is then the effective load resistance of the photomultiplier tube.
The relation between the output voltage Vo at Rin==0Q and the output voltage Vo when the output was
affected by Rin is expressed as follows:

o in
Vo' =Vob s SR SR R SR (Eq. 7-9)

With Rw=Ry, Vi is one-half the value of Vo. This means that the upper limit of the load resistance is
actually the input resistance Rin of the amplifier and that making the load resistance greater than this value
does not have a significant effect. Particularly, when a coupling capacitor Ce is placed between the photo-
multiplier 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
be purely resistive, i practice, stray capacitance and stray inductance are added. Therefore, these cirewmt
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 resis-
tance:

1. 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.

2. 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.

3. 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 using an operational amplifier and an analog
or digital voltmeter enables accurate measurement of the output current from a photomultiplier tube, with-
out having to use an expensive. high-sensitivity ammeter. A basic current-to-voltage conversion cireuit
using an operational amplifier is shown in Figure 7-27.

PMT
Efﬂ/ b — Vo =-Ip-Rf
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Figure 7-27: Current-to-voltage conversion circuit using an operational amplifier
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With this eirenit, the output veoltage Vo is given by

This relation can be understood as follows:

Since the input impedance of the operational amplifier 1s extremely high, the output current of the
photomultiplier tube 1s blocked from flowing into the inverting input terminal (-) of the operational ampli-
fier at pomnt A in Figure 7-27. Therefore, most of the output current flows through the feedback resistance
Rrand a voltage of I[pRr 1s developed across Re. On the other hand, the operational amplifier gain (open
loop gain) is as high as 10°, 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 Rr. 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 preampli-
fier offset current (Ios). the quality of Rf and insulating materials used. and wiring methods,

To accurately measure a very low current on the order of picoamperes (102A), the following points
should be noted in addition to the above factors:

1. Connect the photomultiplier tube anode directly to the signal output cable without using any repeater.

2. Use a low-noise type coaxial cable with sufficiently high insulating properties for the signal output
cable.

3. Select a connector with adequate insulating properties, for example, a teflon connector.

4. 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.

5. For the actual output Vo=—(I;+us)Re+Vos, if the Rs value is large, [us may cause a problem. There-
fore, select a FET input preamplifier which has a small Ios of less than 0.1 picoamperes and also
exhibits mimimum input conversion noise and temperature drift.

6. Provide adequate output-offset adjustment and phase compensation for the preamplifier.

7. Use a metal-film resistor with a minimum temperature coefficient and tolerance for the feedback
resistance Rf. Use clean tweezers to handle the resistor so that no dirt or foreign matenal gets on 1ts
surface. In addition, when the resistance value must be 10° ohms or more, use a glass-sealed resistor
that assures low leakage current.

8. Carbon-film resistors are not suitable as a load resistance because of insufficient accuracy and tem-
perature 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 permit-
ted by the application.

9. 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 measure-
ment 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 precau-
tions can balance the mput bias current, so that the offset current Ios between the input terminals can be
reduced.
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If high veltage is accidentally emitted by the photomultiplier tube, a protective circuit consisting of a
resistor Ry and diodes D1 and D2 as shown in Figure 7-28 is effective in protecting the preamplifier from
being damaged. In this case, these diodes should have minimum leakage current and junction capacitance.
The B-E junction of a low-signal-amplification transistor or FET is commeonly used. If Ry 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 Rp be selected in a range from several kilohms to several tens of kilohms.

PMT
PE—w
Rp A i
D1|D2
|
7

TACCCOOMSEBR
Figure 7-28: Protective circuit for preamplifier

When a feedback resistance, R, and of as high as 10'2 ohms is used, if a stray capacitance, Cs, exists in
parallel with Re as shown in Figure 7-26. the circuit exhibits a time constant of Cs‘Ry, This limits the
bandwidth. Depending on the application. This may cause a problem. As illustrated m the figure, passing
Rf through a hole in a shield plate can reduce Cs, resulting in an improvement of the response speed.
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Figure 7-29: Canceling the stray capacitance Cs

The output cable for a photomultiplier tube has an its equivalent capacitance Cc when the cable is long.
the Cc and R create a rolloff in the frequency response of the feedback loop. This rolloff may be the cause
of oscillations. Connecting Cs in parallel with R 1s used in canceling out the rolloff and avoiding this

oscillation, but degradation of the response speed is inevitable.
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Figure 7-30: Canceling the signal cable capacitance
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(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 Qy of a photomultiplier tube is stored in Ct, and the output voltage Vi is expressed by the

1
Vo = .Efglp-dt ................................................................................ (Eq. 7-12)

When the output charge is accumulated continuously, VO finally increases up to a level near the supply
voltage for the preamplifier, as shown in Figure 7-31 (2) and (3).
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Figure 7-31: Charge-sensitive amplifier circuit and its operation

In Figure 7-31 (1), 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
Cr, the charge stored in Cf 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 corre-
sponding voltage pulses. Therefore, Rris connected in parallel with Cr as shown in Figure 7-32, so thata
circuit having a discharge time constant T=CrRr is used.”
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Figure 7-32: Pulse input type charge-sensitive amplifier
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If the time constant T is made small, the output Vo is more dependent on the pulse height of the input
current. Conversely, if T is made large, VO will be more dependent on the input pulse charge and eventually
approaches the value of -Qp/Ct. In scintillation counting, from the relation between the circuit time con-
stant T=RC and the fluorescent decay constant of the seintillator Ts. the output-pulse voltage waveform
V(t) is given by”

Q i

Ol

V(n — (e-tl't_e-t.l'is) ...................................................................... (Eq ?_13)

t-ts

when T >> Ts, V(t) becomes
= Qs
V() = = (g s S T R R . (Eq. 7-14)
While, when T << Tg, V(1) is
=Q t s
V(t) _C-i; (B P o v e e SR K S KRR (Eq. 7-15)

When the circuit time constant T 18 larger than the scintillator decay constant Ts. the rise of the output
waveform depends on Ts, while the fall depends on T, with the maximum pulse height given by Q/C. In
contrast, when the circuit time constant T 1s smaller than Tg, the rise of the output waveform depends on T.
while the fall depends on Ts, with the maximum pulse height given by Q/C-T/Ts. In most cases, the condi-
tion of T >> Tg 1s used since higher energy resolution can be expected. This is because the output pulse hag
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 be-
comes longer due to a larger T and, if the repetition rate is high, base-line shift and pile-up tend to occur, If
measurement requires a high counting rate, reducing T 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 pro-
portional to the output charge from the photomultiplier tube anode. Generally. the load capacitance is
reduced to obtain higher pulse height as long as the operation permits. and in most cases the resistor value
is changed to alter the time constant. When a Nal(Tl) scintillator is used, the time constant 1s 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 Cs indicated in Figure 7-33 because the output charge of the photomultiplier tube is divided
and stored in Crand Cs. The Cs makes the charge of Cr smaller as compared to the amount of charge
without Cs. Thus, it is necessary to increase the value of A:C#/Cs in order to improve the signal-to-noise
ratio. In actual operation, however, since A*Ct cannot be made larger than a certain value due to various
limiting conditions. the value of Cs is usually made as small as possible to improve the signal-to-noise
ratio.

In seintillation 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.
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Figure 7-33: Influence of input distribution capacitance
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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 waveform with good fidelity, the output end must be terminated in
a pure resistance equal to the characteristic impedance of the coaxial cable. This allows the impedance seen
from the photomultiplier tube to remain constant. independent of the cable length. thus making it possible to
reduce "ringing” which may be observed in the output waveform. However, when using an MCP-PMT for the
detection of ultra-fast phenomena, if the cable length is made 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 photomulti-
plier 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 resis-
tance 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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Figure 7-34: Output circuit impedance match

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 1s 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 1s dissipated, as a result. ringing occurs at the output end. To
prevent this. providing an impedance match not only at the output 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 1s not
necessarily required on the photomultiplier tube side. Whether or not to connect this resistor to the photomul-
tiplier tube can be determined by doing trial-and-error impedance matching. Among 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 eable terminated
with a matching resistor offers the advantage that the cable length will not greatly affect the pulse shape. Since
the matching resistance is usually as low as 50 to 100 ohms, the 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 makes
it difficult to measure low-level signals. In this case, to achieve the desired output voltage, it is more advanta-
geous, as shown in Figure 7-35, to bring the photomultiplier tube as close as possible to the amplifier to
reduce the stray capacitance and also to use as a large load resistance as a possible without effecting the
frequency response.
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Figure 7-35: Waveform observation using an oscilloscope

It 1s 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 introduc-
ing noise. For optimum operation, it is therefore necessary to know their performance limits and take correc-
tive 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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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
signals are compatible with a TTL counter. If a high-speed counter is not available, use of a prescaler enables
photon counting operation without impairing the linearity.

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



188 CHAPTER 7 HOW TO USE PHOTOMULTIPLIER TUBES AND ASSOCIATED CIRCUITS

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:

1. To shield extrancous light
2. To eliminate the effect of external electrostatic fields
3. 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 in-
stance, when a connector is used for signal input/output, there is a possibility of light leakage through the
connector itself or through its mounting holes and serew holes. Furthermore. light leakage may oceur through
seams in the housing.

Ag a cotrective action, when mounting connectors or other components in the housing, use black silicone
rubber at any location where light leakage may oceur. 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 1s usually coated with black paint to prevent diffuse reflection of light, so care 1s required to be certain
that the point does not interfere with the contact of the ground line. As stated previously, if any object at
ground potential is brought close to the bulb of a photomultiplier 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 sensitive to a magnetic
field. Even terrestrial magnetism will have a detrimental effect on the photomultiplier tube pcrfonnanceﬁ).
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 1s not possible to shield a magnetic 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 mag-
netic 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:.
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(1) Shielding factor of magnetic shield case and orientation of 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 magne-
tism 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.) Utilizing the fact that a magnetic field is shunted through an
object 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.

TACCCO028EA

Figure 7-37: Shielding effect of a magnetic shield case

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:

Huul 3t_m

S:H_in = i e PSSR (Eq. 7-16)

where Hin and Hout are the magnetic field strength inside and outside the shield case respectively. t is the
thickness of the case. r is the radius of the case and Y 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 prod-
uet of the shielding factor of each case, as expressed in the following equation:

S'= 815525838,

= 3-14115 3‘2”25 3';'3“35 ol 3tnpn ............................................ (Eq_ 7_17)
4r, 4r, 4Arg 4y

When a magnetic shield case is used. the magnetic field strength inside the case Hin, which is actually
imposed on the photomultiplier tube, is reduced to a level of How/S. For example. if a magnetic shield case
with a shielding factor of 10 is employed for a photomultiplier tube operated in an external magnetic ficld
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 shicld case, as will be described later, creates a loss of the shiclding 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 1s
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 characteristies than the X axis when not using a mag-
netic 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 1s thought that, as deseribed 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 characteristie is

seen as shown in Figure 7-39.

1
S
(5]
& o1
i .
=
|
-
[T
Q
=
L
=
g
= 001
0.001
0.1 1 10 100
MAGNETIC STRENGTH (A/m)
TPMOBOO0EER
Figure 7-39: DC magnetization curve (B-H curve)

108
E
E 104
-
3
=
x
L
o

108

102

01 1 10 100

MAGNETIC STRENGTH (A/m)

TPMOEBD0OSER

Figure 7-40: Permeability and external magnetic field
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Since the permeability [ of a magnetic material is given by the B/H ratio, H varies with H as shown in
Figure 7-40 with a peak at a certain H level and above it, both [ 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 perpen-
dicular 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 magne-
tism. 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 conjune-
tion 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 case (1)
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Figure 7-41: Magnetic characteristics of a photomuitiplier tube used with magnetic shield case (2)

(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 ig particularly noticeable for thick materials. so it will be prefer-
able 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 1kHz to 10kHz. The thickness of a magnetic shield case must be
carefully determined to find the optimum compromise between the saturated magnetic flux density and
frequency characteristics.
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Figure 7-42: Frequency characteristics of a magnetic shield case
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(4) Edge effect

The shielding effect given by 3t p/4r applies to the case in which the magnetic shield case is sufficiently
long with respect to the overall length of the photomultiplier tube. Actual magnetic shield cases have a
finite length which is typically only several millimeters to several centimeters longer than the photomulti-
plier tube. and their shielding effects deteriorate near both ends as shown in Figure 7-43. Since the photo-
cathode to the first dynode 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
mside 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.
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Figure 7-43: Edge effect of a magnetic shield case

Figures 7-44 (1) to (4) show the output variations of a head-on photomultiplier tube operated in mag-
netic fields in the respective directions of X. Y and Z axes. Also shown in these figures are the output
variations measured using a magnetic shield wrapping and a magnetic shield case while moving the pho-
tomultiplier tube along the shield case axis at positions a, b and ¢. 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 mulliteslas even if the photocathode 1s 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 mncreased. This is often larger than the case even without 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 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 (1), the photomul-
tiplier 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 (1): Photomultiplier tube shield conditions for magnetic characteristic measurements
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Figure 7-44 (2): Magnetic characteristics of a photomultiplier tube
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