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Foreword

The scope of research and development in nuclear physics has been in-
creasing enormously of recent years, and this has led to a need for measur-
ing techniques which are more and more precise and complex. The
measuring instruments have had to be improved at the same time, to
allow research workers to explore avenues which had been inaccessible
hitherto owing to the limitations on the accuracy of measurement.

Photomultipliers, which are among the best detection instruments for
research and experimentation in atomic physics today, have undergone
continual improvements since they were first developed, as our knowledge
of the underlying physical and technological processes improved. At the
present time the properties of photomultipliers are approaching their
theoretical limits; but progress in this field is still continuing.

A wide variety of photomultipliers has been developed to meet various
specialized needs. Among the new types developed recently are photo-
multipliers of very high stability for use in particle or electromagnetic
spectrometry, photomultipliers with very low noise specially designed for
microactivity measurements, reinforced photomultipliers for space
applications, and fast response photomultipliers with a very wide range
oflinearity which make it possible to measure phenomena that change very
rapidly in time, or recur at very frequent intervals, in the domain of high-
energy physics.

This book, which is devoted to fast response photomultipliers, illu-
strates the remarkable performance in terms of time and linearity which
can be obtained from these instruments. In this respect, a fast response
photomultiplier stimulated by a very short light pulse can give a current
pulse whose rise time is of the order of a nanosecond ; this property makes
the photomultiplier the best wideband amplifier there is.
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1 Introduction

Of recent years, physicists have felt the need to improve the response of
photomultipliers so as to take full advantage of the brevity of the light
pulses produced by scintillators. In certain substances, these light pulses
only last a few nanoseconds, while the pulses of Cerenkov light produced
by relativistic particles in transparent media are even shorter.

Such fast photomultipliers would make it possible to carry out a
number of important measurements in nuclear physics, in particular the
determination of the mean life of excited states in the nucleus by “fast
coincidence” methods, or the determination of the velocity of high-energy
particles by “time-of-flight” measurements.

Our laboratories have therefore developed new fast response photo-
multipliers with the following properties:

— very low fluctuation of the transit time of the electrons;

— high peak currents in low impedances (50 to 100 Q);

— high gain (bearing in mind the small amounts of light incident on the
photocathode);

— high quantum efficiency of the photocathode, which leads to less
random fluctuation of pulse heights.



2 Principal Properties of the Photomultiplier

Before studying fast response photomultipliers in detail, a brief survey of
the basic properties of photomultipliers is given here. A more detailed
general treatment of the subject will be found in our Application Book
“Photomultipliers”.

2.1 Construction of a Photomultiplier

Fig. 2.1 shows the principles of construction of a photomultiplier.
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Fig. 2.1. Principal constructional details of a photomultiplier.



Briefly, a photomultiplier consists of:

— a photocathode, generally semi-transparent, deposited on the inner
surface of an optically polished window. This photocathode converts
a luminous flux of photons falling within its spectral sensitivity range
into a flux of electrons emitted in vacuo.

— an electron-optical input system which concentrates the electrons
coming from the photocathode as accurately as possible on the first
dynode of the multiplier.

—a multiplier, consisting of a series of dynodes, which “multiplies” the
electrons (initially emitted by the photocathode) by the emission of
secondary electrons. The multiplier is terminated by a collector or
anode, which receives the electron flux coming from the last dynode.

The above parts are contained in a sealed envelope, which is evacuated

to obtain a pressure as low as possible. This is very important for the

proper functioning of the photomultiplier, since both the photoemissive
layer on the photocathode and the secondary-emission layers on the
dynodes are very sensitive to gaseous or other contamination.

2.2 Principal Properties
2.2.1 THE PHOTOCATHODE

The quality of a photomultiplier depends in the first place on its photo-
cathode. The principal characteristics of this electrode are its sensitivity,
spectral response, homogeneity, and the level of the parasitic electron flux
produced spontaneously (in the absence of any incident radiation).

For photometric applications, the sensitivity of the photocathode can
be given in amperes per lumen (for white light of a specified composition®)
or in amperes per watt (for monochromatic radiation). However, the
sensitivity can also be expressed as a quantum efficiency, defined as the
number of electrons emitted per 100 incident photons of given wavelength
received by the photocathode.

The sensitivity of a photocathode depends not only on the character-
istics of the photoemissive substance used, but also on the wavelength of
the incident light. The curve giving the variation of the sensitivity of a
photocathode with the wavelength of the incident photons is called the
spectral response curve. The spectral response curves of the most widely
used photocathodes are shown in Fig. 2.2, while Table 1 gives the principal
characteristics of all the photoemissive layers in current use.

! White light with a colour temperature of 2854°K.
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Fig. 2.2. (a) Spectral sensitivities of the main types of photocathodes used.
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No matter how high the amplification provided by the multiplier system
(and it is very high), it is important that the sensitivity of the photocathode
should be as high as possible. The emission of photoelectrons by the
cathode is basically a statistical process; one photon will on average
liberate a constant number of electrons from the cathode, but the actual
value fluctuates about this mean. This fluctuation becomes less as the
cathode sensitivity is increased. Any further amplification will also re-
produce these fluctuations, which will appear in the final anode pulse.
This is why the cathode should have as high a quantum efficiency as
possible.

Now the light produced by the scintillator is not always produced in
the same spot and will therefore affect different zones of the photocathode.
This gives another possible cause of variation in the height of the output
pulse, since the sensitivity of the photocathode may be expected to vary a
certain extent from point to point. The homogeneity of the cathode is,
therefore, another important characteristic which the manufacturer
continually tries to improve with the aid of new production methods.

The homogeneity of a photocathode can be studied in a relatively
simple manner with the aid of a very small spot of light which scans the
useful surface of the photocathode diametrically. The variation of the
photoelectric current as a function of the coordinates of the light spot can
be displayed on an oscilloscope screen, and photographed. Fig. 2.3 shows
records obtained in this way with different photocathodes.

Another important factor is the dark current, i.e. the signal obtained at
the anode of the photomultiplier when no light at all falls on the photo-
cathode.

A large part of this parasitic signal is due to the spontaneous emission of
electrons by the various electrodes of the tube. The current in question is
largely thermionic, emitted at the ambient temperature by the photo-
cathode or dynodes by reason of their low work function. A typical
photomultiplier type 56 AVP gives a dark current (expressed in terms of
the current of the photocathode) of between 10”7 and 10~ ' A/cm? at
room temperature. This means that, in addition to the useful signal, from
60 to 6000 electrons will always be emitted (in a random manner) per
square centimetre of photocathode surface per second. Cooling the photo-
multiplier reduces the dark current effectively, but to a variable extent.



Good homogeneity

Poor homogeneity (lack of sensitivity at edges)

Poor homogeneity (lack of sensitivity at middle)

Fig. 2.3. Oscillograms demonstrating the homogeneity of the photocathode



2.2.2 INrpUT OPTICS

The input optics comprises a system of electrodes which guides the

electrons emitted by the photocathode to the active zone of the first

dynode of the multiplier. Two requirements which tend to be incompatible
have to be satisfied:

— efficient collection of the electron beams emitted by all parts of the
photocathode;

— efficient transfer of the electrons from a region where the electrostatic
field has rotational symmetry to one where the field has cylindrical
symmetry.

The collection efficiency of the input optics, or the percentage of elec-

trons emitted by the photocathode which it allows to reach the multi-

plier, is thus an important characteristic and should be as near as possible
to 100 %,. A distinction is made here between the mean collection efficiency
for the cathode as a whole, and the local efficiency of limited regions of the

cathode. Type 56 AVP photomultipliers have a local efficiency of 809,

or more at all points on the photocathode.

For many years, the input optics consisted simply of the photocathode
and the first dynode of the multiplier, as this simplified control. However,
it has been found recently that it is quite essential to add one or two inter-
mediate electrodes to improve the accuracy of focusing of the electrons
in space, which determines the collection efficiency, and what we may call
the accuracy of focusing “in time” so as to avoid differences in transit time
of the electrons between various parts of the system. This problem is of
vital importance for fast response photomultipliers, as we shall see below.

2.2.3 THE MULTIPLIER

The multiplier, which is made up of a number of dynodes, starts off with
a transition zone that is one of the most critical spots of the whole photo-
multiplier.

This zone generally comprises two or three dynodes whose cross-
section differs from that of the rest of the dynodes in the “iterative” part
of the multiplier. These first dynodes, with their special geometry, are
there (apart from multiplication pure and simple) to adapt the form of the
electron beam reaching the first dynode to provide the mean angle of
incidence and the spread required by the iterative structure.

The total amplification provided by multiplier depends on the number
of dynodes and the gain per stage, i.e. the ratio of the number of secondary



electrons received by dynode number (Sn+ 1) and the number of electrons

received by dynode number Sn.

The gain of a stage (g;) can thus be written as the product of the secondary
emission coefficient (0;) of the ith dynode and the collection efficiency
(nc(;) between the ith stage and the next:

gi = 0; Ncg -

Since the secondary emission effect is statistical in nature, and the

number of electrons entering the multiplier is relatively small, it will be

clear that the collection efficiency of each stage should be as close to

1009, as possible and that the operating conditions should be chosen so

as to maximize the gain per stage.

At each stage of the multiplier, we also get a problem similar to that
mentioned above in connection with the input optics. This is to ensure
that the transit times of the different electron trajectories differ as little
as possible regardless of their point of departure and initial velocity. The
different electrons should take the same time moving from one dynode to
the next. This is a problem of electron optics, involving the profile of the
dynodes and the potentials applied to them.

Parasitic effects produced in the tube, can lead to instability of opera-
tion. These effects are important as the HT voltage applied to the tube is
higher. Apart from thermionic emission from the cathode and the dynodes,
these effects include:

— ionization of the residual gas by the electrons, followed by the emission
of secondary electrons from the cathode or the dynodes under the
influence of the ions produced;

— field-effect emission (Schottky effect, or tunnel effect) from sharp
points or cracks in the electrodes, soldered joints, etc;

- electroluminescence of various materials such as the dynodes themsel-
ves, the insulators, certain parts of the envelope, etc., under the influence
of the electrons from the main flux or those produced by cold emission.

Summing up, the number of dynodes, their geometry and the potentials

applied to them, should all be chosen so as to give the best possible

combination of high gain, low dark current, good stability and uniform
transit times for all electron trajectories.

To give the reader an idea of the quantities involved, if the overall gain
is 10°, the number of stages generally varies from 9 to 11, while with higher
gains of 10® to 10° the number of stages may be as high as 14. The second-
ary emission coefficient of the dynodes is of the order of 3 to5.

10



2.3 Limitations on Accuracy of Measurements

In nuclear physics, a photomultiplier is generally used, together with a
scintillator, for one of the following applications: determination of the
energy of a radiation, determination of the instant at which a particle is
produced, or measurement of the time interval between two nuclear events.

The amount of charge collected at the output of a scintillation counter is
proportional, to a first approximation, to the energy lost in the scin-
tillator by the incident radiation. The energy measurements thus come
down basically to measurement of a quantity of charge. However, the
events taking place in a detector of this type between the moment when
the particle enters the scintillator and the moment when the electric
charge reaches the anode are stochastic in nature, and set a natural limit
to the accuracy with which the energy can be measured. This limitation
is due to the statistical fluctuations in the number of elementary charges
received by the anode.

Statistical fluctuations limit the accuracy of time measurements in a
similar way. Such measurements are based on the time at which a charac-
teristic element of the anode pulse occurs (maximum amplitude, 50 9%,
point of rise time, centre of gravity of pulse, etc.). Now the time elapsing
between the entry of the particle into the scintillator and the appearance
of the characteristic element of the corresponding pulse is also subject to
statistical fluctuations, and exhibits a certain spread about the mean
response time of the tube. This spread thus limits the accuracy of time
measurements carried out with the system.

It follows that no study of the photomultiplier can be complete without
consideration of the statistical fluctuations encountered at various stages
of the transformation undergone by the incident light signal and the
amplification of the resulting electric signal. These fluctuations form the
main topic of the next two chapters.

11



3 Amplitude Fluctuations in a Photomultiplier

An experimental study of the signal fluctuations in a photomultiplier
cannot be based on separate measurement of basic parameters depending
on one another such as:

— the quantum efficiency of the photocathode;

— the collection efficiency of the input optics;

— the secondary emission coefficiency of the dynodes;

— the collection efficiency of the various stages of the multiplier.

But the factors which can be studied experimentally, independently of
one another, are:

— the quantum efficiency of the photocathode,

— the overall collection efficiency of the photomultiplier,

— the statistical behaviour of the multiplier as a whole.

In order to study, the statistical properties of the multiplier, we illumi-
nate the photomultiplier at a very low level, so that the photoelectrons
reach the multiplier one by one, at intervals of time which appreciably
exceed the resolving time of the associated electronic circuitry. This
allows us to determine the probability distribution of the numbers of
electrons received at the anode of the photomultiplier when a single
electron enters the multiplier. This distribution, which is known as the
“single-electron spectrum” characterizes the statistical properties of the
multiplier.

The overall collection efficiency of the photomultiplier is also a quantity
which is accessible to experiment, if we consider it as equal to the ratio
of the number of pulses counted at the anode to the number of electrons
leaving the photocathode. This method of evaluation allows the total
losses of the photomultiplier to be taken into account; the actual value
of these losses is not known, but is probably low (a few per cent).

The quantum efficiency can be measured quite accurately by spectro-
photometric methods.

3.1 Quantum Efficiency of the Photocathode

Workers in this field have long been avware, on the basis of experimental

12



studies, of the importance of the quantum efficiency of the photocathode.
Photoelectric emission is one of the statistical processes occurring in the
the photomultiplier. If 77, is the mean quantum efficiency of the photo-
cathode, it can be shown (equation 8, p. 97) that the variance of the
number of electrons emitted, with a constant luminous flux falling on the
cathode, is:

o= Npr_’q(1 _ﬁq) >

where N, is the number of photons striking the cathode, and N, 7, is
the mean number of photoelectrons emitted.
The relative variance in this case is:

_ 1=,
N, 1,
This relation shows that the value of #, should be made as high as
possible if we want to minimize the statistical fluctuations in the photo-
electric emission. It will also be seen that the number of photons striking
the photocathode should be made as high as possible, which means that
the transmittance of the input window should be as high as possible.

Considerable progress has been made in increasing the sensitivity of
photosensitive layers during the past decade. The T-type photocathode
(Sb-Na—K—-Cs), deposited on a window of B 40 glass, is the most sensitive
at present for applications covering the whole of the visible spectrum.
This photocathode has maximum sensitivity (65 mA/W) at 420 nm ; this
corresponds to a quantum efficiency of about 209,. The T-type photo-
cathode is very useful because of its high signal-to-noise ratio (see Chapter
7). The type-C photocathode (Ag—O-Cs), which is less sensitive than the
above, has the advantage of good sensitivity up to a limiting value of
1100 nm, with a maximum at about 800 nm. It is particularly suitable for
the detection of radiation in the red and the near infrared regions.

Recent progress made on the type-A photocathode (Sb-Cs-0O), which
is used in most fast photomultipliers, has made it possible to increase its
quantum efficiency to a level equivalent to that of the type-T photo-
cathode, at least in the blue region.

However, the most progress has been made with the type-D photo-
cathode (Sb—K-Cs), which now has a quantum efficiency of more than
20% at 400 nm. This type has a higher photoelectric threshold and a
lower dark current than those mentioned above.

v
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Type-D photocathodes are used in photomultipliers of the 56 DVP
family; they allow signals as low as a single photon to be detected.

Caesium-antimonide (Sb—Cs-O) photocathodes. which so far have
been deposited almost exclusively on windows of glass or fused quartz,
can now be deposited on new supports such as sapphire, calcium fluoride
and lithium fluoride (see Fig. 3.1). These new techniques make it possible
to improve the sensitivity of photomultipliers towards the ultraviolet
end of the spectrum more and more.
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Fig. 3.1. The transmission factor as a function of the wavelength for various input windows
(window thickness I mm).

Curve 1: fluorine

Curve 2: sapphire

Curve 3: lithium fluoride

3.2 Overall Collection Efficiency

It can easily be shown that the amplitude fluctuations which limit the
performance of photomultipliers in certain respects, particularly energy
resolution, depends not only on the efficiency of the conversion of in-
formation at various levels - (photocathode, first dynodes) where the

14



number of photons or electrons involved is low, but also on the homo-
geneity of these efficiencies over the useful surface of the photocathodes
or the dynodes. Not only should the quantum efficiency of the photo-
cathode and the secondary emission coefficients of the first dynodes be
high and homogeneous, but also the collection of electrons in the input
optics and the first few stages of the multiplier should be equally homo-
geneous, and as close to 1009, as possible.

If we choose the experimental conditions so that each photoelectron is
emitted separately (single electron), we can define the overall collection
efficiency 7. of the photomultiplier as the ratio of the number of anode
pulses to the number of electrons leaving the photocathode.

This definition takes into account the overall losses in the first few
stages of the multiplier, due the non-emission or non-collection of
electrons in these dynodes in the avalanche resulting from a single
electron.

Now let N, be the number of single photoelectrons emitted per unit
time, and N the corresponding number of signal pulses at the anode.
The efficiency defined above can then be written:

ne= ncO(l ha) =

£}

NZH MZl

where 7, is the collection efficiency between the photocathode and the
first dynode and o is the total loss rate in the multiplier.

On the other hand, the anode sensitivity N,, (measured in amperes per
watt), which represents the anode current density obtained with a certain
uniform irradiation of the photocathode, can also be taken as an approxi-
mate measure of the overall collection efficiency of the photomultiplier.
The anode current density reflects not only the collection efficiency of
the input optics 7,4, but also the inter-dynode collection efficiencies in
the multiplier, viz:

% = ’700 ylcl Nep oo ncn(l —CX)(—; D
k
where G is the mean gain of the photomultiplier without collection losses.
This identity between the collection efficiency and the anode sensitivity
is of practical importance when we are looking for the operating conditions
giving maximum collection efficiency, since it is easier to find the maximum
anode current than to find the maximum collection by direct measurement.

15



Various methods can be used to evaluate the collection efficiency of a
photomultiplier. One relatively simple method is to illuminate the cathode
of the photomultiplier with light of a well-defined wavelength (obtained
with the aid of a monochromator, or interference filters) and of an intensity
high enough to allow sufficiently accurate measurements of the photo-
electric current I, (which is of the order of 10™ ! A in practice). A neutral
filter of known, adequate attenuation is now placed in the light beam, so
that a counter attached to the anode of the photomultiplier can separate
the pulses produced by the photoelectrons emitted. The number N, of
anode pulses is determined by subtracting the dark count rate (obtained
with the photomultiplier unilluminated) from the total count rate ob-
served. However, if this calculation is to be meaningful, the dark pulse
rate must be sufficiently low (less than 10* Hz) and stable. The collection
efficiency is now given by the relation:

AL
T,

where T is the total transmittance of the neutral filters in the light beam,
and e is the absolute value of the charge on the electron.

Another method, which is more difficult to put into execution, makes
use of coincidence techniques (resolving time of 25 ns) together with a
spark generator. This method allows the dark pulses (see Section 3.4) to
be eliminated, so that only the useful anode pulses are counted. The pulses
emitted by the spark generator are simultaneously sent to a reference
photomultiplier by a second light path, which is equivalent to the photo-
multiplier under study (Fig. 3.2). The detection efficiencies of the photo-
multipliers under study are then compared with the aid of the reference
photomultiplier. With the aid of optical filters placed in the light path,
the photoemission of the photomultipliers under examination are adjusted
to the same mean value of photoemission as the reference photomulti-
pliers by means of a standard incandescent lamp, which has a much higher
mean luminous intensity than the spark generator, and which can be
moved into the position normally occupied by the latter.

Using one or the other of these methods, the overall collection effi-
ciency has been measured at 420 nm for a number of photomultipliers
taken from series production and for a number of specially selected
reference tubes.

It may be seen from the results of these measurements (Fig. 3.3) that
the collection efficiency is generally improved when the photocathode is

Ne
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Fiy. 3.3. Collection efficiencies (1.) measured on various photomultipliers of type 56 AVP
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only illuminated in a central zone measuring a few square centimetres,
where the collection is more complete. This is particulary true of the
reference tube, whose collection efficiency has been estimated as nearly
1009, for a circle 16 mm in diameter on the photocathode, while the
corresponding value for illumination of the whole photocathode is only
75%.

A study of the variation of the collection efficiency with the wavelength
of the incident light has shown (Fig. 3.4) that this efficiency increases
steadily as the photon energy approaches the photoelectric threshold.

However, the main result of the measurements has been to show the
decisive influence of the potentials applied to the focusing electrodes and
the dynodes in the transition zone, and of the geometry of these electrodes.
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Fig. 3.4. Effect of the wavelength of the incident light on the collection efficiency . of photo-
multipliers of the types (Curve 1) XP 1020 and 56 AVP (new model) (Curve 2) 56 AVP
(old model).
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Let us consider the case of photomultipliers of the 56 AVP series, the
input optics and multiplier transition zone of which are shown in Fig.
3.5. These tubes have two control electrodes: the focusing electrode gl
in the input optics and the second dynode S2 for the transition zone. The
adjustment of the potential of gl is critical : the electrons emitted by all
points of the photocathode are only collected at a certain well defined
value of this potential, the marginal electrons cannot leave the photo-
cathode (being “blocked” by the electric field), or if they do leave this
electrode they are not usefully collected and focused on the first dynode of
the multiplier.
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Fig. 3.5. Input optics and transition zone of the 56 AVP photomultiplier.

The form of the dynodes determines the optimum electric field used to
guide the electrons from dynode to dynode, but only a part of their
surface contributes to the electric current by secondary emission. It
follows that electrons emitted by a point outside this useful zone do not
reach the useful zone of the next dynode. The influence of the second dynode
S2 on the collection efficiency is due to its position very near the first
dynode.

In older models! of the photomultipliers types 56 AVP and 58 AVP,
a special electrode g2 was provided to correct for any errors in mounting
of the electrodes of the input optics and the transition zone of the multi-
plier. This electrode is not found in the present models of these types.

! Before No. 24310, as far as type 56 AVP is concerned.
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Fig. 3.6 shows the relative collection efficiency #, and the relative anode
sensitivity N, of a 56 AVP photomultiplier as functions of the poten-
tial of the focusing electrode gl. With optimum adjustement of the
potentials of gl and S2 illumination of the entire photocathode, photo-
multipliers of the 56 AVP type can give a collection efficiency between
80 and 859, at 240 nm (as compared with only 65 to 759 for the old
models, prior to serial No. 24310).

0 t + + t +—t —>
02 01 0 01 02 03 04 V/vg

Fig. 3.6. Influence of the potential of the focusing electrode on the anode sensitivity N, and the
collection efficiency n. of a photomultiplier of type 56 AV P. The curves were determined with
overall illumination of the photocathode and are relative values.

The importance of the focusing of the electrons in the input optics and
the transition zone of the multiplier has naturally led to research into
the optimum form of the focusing and coupling electrodes. The modifica-
tions in the electrodes arrived at in this way has led to the development of
the XP 1020-series of photomultipliers. The input optics of these tubes
are quite different from those of the 56 AVP tubes (see Fig. 3.7).

The XP 1020 tubes also have two control electrodes, the focusing elec-
trode gl and the second dynode S2. Figures 3.8 and 3.9 show the influence
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of the potentials of these electrodes on the anode sensitivity N, and the
collection efficiency 7,.
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Fig. 3.7. Input optics and transition zone of the X P 1020 photomultiplier.
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Fig. 3.8. Influence of the potential of the focusing electrode on the anode sensitivity N, and the
collection efficiency n, of a photomultiplier of type X P 1020. Only relative values are shown.
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Fig. 3.9. Influence of the potential of the second dynode on the anode sensitivity N, and the

collection efficiency n. of a photomultiplier of type X P 1020. The curve shows relative values
only.

3.3 Statistical Behaviour of the Multiplier

The only way we can characterize the behaviour of the multiplier is by
study of the form of the anode pulse produced when a single electron
enters the multiplier. In this way, we eliminate all contributions of the
photocathode and the input optics to fluctuations of the output pulse.

On the other hand, it can be shown that the relative variance of the
amplitude of the anode pulse, and hence of the multiplier gain, is in-
versely proportional to the number of electrons entering the multiplier.
The highest relative variance is thus obtained in experiments with a single
incident electron.

A study of statistical properties of the multiplier based on determination
of the probability distribution of the amplitude of the anode pulses in
single-electron experiments will thus allow us to make deductions about
the statistical fluctuations in the gain of the multiplier.
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3.3.1 THE SINGLE-ELECTRON SPECTRUM

When an electron enters the multiplier, it gives an anode pulse whose form

depends on two random variables which can be considered to be in-

dependent :

— the multiplier gain, determined by the secondary emission coefficients
of the dynodes and the inter-stage collection efficiency ;

— the duration of the pulse, due to the spread in the transit times of the
electrons in the multiplier.

The spread in transit times of the electrons influences the width of the

pulse (though it is not equal to the latter), and thus affects the signal

amplitude. Under these conditions, only the integrated amplitude of the

anode pulse is proportional to the total quantity of charge in the pulse,

and hence to the gain of the multiplier in response to a single incident

electron.

Integration of the anode pulse thus gives a pulse of well defined form,
the amplitude V' of which is directly proportional to the gain. Determina-
tion of the number of pulses in each amplitude interval (from Vto V;+ AV)
in the time interval At thus gives the required probability distribution,
known as the “single-electron spectrum”, which can be written as the
function dN,/dV =f (V).

The centre of gravity of the area under the curve defines the mean gain
G of the multiplier under experimental conditions (Fig. 3.10).

The form of the distribution obtained can vary considerably, depending
on the operating conditions of the photomultiplier. In order to make

dN A
dx
!
]
1
1
1
1
1
i
1
1
}
! e
1 x=G/G
Fig. 3.10. Definition of the mean gain G, of a multiplier system in a single electron spectrum.
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various distributions comparable, they are normalized so as to correspond
to the same integral number of pulses (same area under the curve) and
the same mean gain of unity. This means that the spectrum is plotted as
a function of the reduced gain G/G and eliminates the inevitable variations
in amplification from one experiment to another.

When the photocathode is not illuminated at all, a number of pulses
(whose amplitudes are distributed at random) may still be counted at the
anode of the photomultiplier; the mean amplitude of these pulses re-
presents part of the dark current (see Section 3.4). This current varies
in time, and is a function not only of the temperature and the voltages
applied to the photomultiplier, but also of the history of operation or
storage of the tube.

The single-electron spectrum must thus be corrected for the dark
current in each amplitude interval separately.

Experimental Methods and Conditions for Obtaining a Single-electron
Spectrum

An electron entering the multiplier will give rise to a certain amount of
charge at the output. Time At is required for the measurement of this
quantity. The output pulse will only correspond to a single electron if no
other electron is emitted by the photocathode during the time Art.

We can conveniently illuminate the photocathode with a incandescent
lamp. A narrow frequency band is selected from the emission spectrum
of this lamp by placing interference filters or colour filters in the light
beam. The luminous intensity can be attenuated with the aid of neutral
filters, if required.

The light source emits a very large number N, of photons each second ;
we shall call this event A. The attenuation of the luminous flux by a
factor k can be designated event B (a stochastic process, like event A).
The conversion of the photons into electrons is realized with a certain
quantum efficiency #, (event C); and finally, the photoelectrons have a
probability #, of reaching the multiplier (event D).

Events B, C and D thus form a chain, at each link of which there is only
one alterantive. If we suppose that the emission of the N, photons has a
Poisson distribution, it follows that this emission process followed by the
chain of three events, each with only one alternative, will give a Poisson
distribution for the number of photoelectrons entering the multiplier.
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The distribution is characterized by the mean value:

N, = Nkn,n.
and by the relative variance:
B 1
o= Nkngn.

The probability distribution of the number N, of electrons entering the
multiplier in time At may thus be written:
e——Ne Ar(NeAT)NE

N,! '

The proportion of the output signal caused by more than one electron
is given by:

P(N,, A7) =

P(N,>1,At) 1—P(0, At)—P(l, A7)

P(N,=1, A7) P(1, A1)
1—e Ne2%(1 4 N,A7) _ NAc
- NAte Nedt = 2
if
NAt<l1.

Now we are able to calculate the extent to which the luminous flux should
be attenuated in order to ensure that as many anode pulses as possible
are produced due to a single electron entering the multiplier.

Two methods can be used to give single-electron spectra. The first
method (see Fig. 3.11) makes use of a continuous light source such as an
incandescent lamp. We now determine the spectrum of the dark pulses
(see Section 3.4), and the spectrum of the pulses produced by the photo-
multiplier when it is illuminated at a very low level by the light source.
The difference between these two spectra is the single electron spectrum.
However, this method is only applicable to photomultipliers with a
sufficiently low cathode dark current (less than about 107!° A/cm”.
Having regard to the time available for the analysis of a pulse in the
electronic equipment (generally of the order of 10 to 20 us), it will be clear
that the photoelectric current when the light source is on will often not be
larger than the dark current.
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Fig. 3.11. Principle of determination of single-electron spectrum with a continuous light source.

The second method (see Fig. 3.12) uses a source of pulses of light with
a duration of some nanoseconds and a repetition frequency of the order
of 5 to 10 kHz. This gives a synchronous electrical pulse which can be
used to open the gate of a multichannel spectrum analyser. A large part of
the dark pulses will thus be eliminated in a simple way. A few noise pulses
will still get through the gate, but the subtraction of the two spectra will
be carried out under much more favourable circumstances than in the
preceding method. Unfortunately, this second method is very time-
consuming, since the light still has to be attenuated to such an extent that
the probability of counting more than one photoelectron per pulse is
negligible ; this means that in general only a very small proportion of the
light pulses reaching the photocathode will actually give rise to a photo-
electron.
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Fig. 3.12. Principle of determination of single-electron spectrum with a pulsed light source and
a coincidence technique.

Calculation of the Relative Variance of the Gain

Determination of the single-electron spectrum under the experimental
conditions described above allows us, as we have seen, to evaluate the
fluctuations of the gain, and hence to calculate the relative variance of the
gain, vg.

This quantity can be calculated from a number of experimental points
(one per channel), making use of the definitions of ¢* and v given in the
list of symbols at the front of the book.

However, we know that when an electron enters the multiplier, there
is a probability P(«) that no bunch of electrons will arrive at the anode (see
Section 3.2), and in certain cases o may be far from negligible.
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The relative variance of the gain derived from the single-electron striking
spectrum we may denote by v,, will thus be less than the real value v; of
this variance.

Under the conditions described above, it is possible to correct for the
error due to the total losses in the multiplier. For this purpose, let us
define the overall collection efficiency of the multiplier (17,) as the ratio
of the number of anode pulses to the corresponding number of electrons
striking the first dynode’, so that:

no=1—a.

The amplification process can thus be considered as equivalent to the
combination of two events in cascade: the collection of the electrons
(with certain loss), and the multiplication of these electrons without any
further losses.

Since the collection is a stochastic process, its relative variance may be
written (see Appendix 1, equations 3 and 4):

1—n
e
It now follows (see equations 10 and 11 of Appendix 1, relating to a
series of events in cascade) that the real mean gain G, can be expressed as:

G, =1n.G,
and the relative variance of this gain as:
1—n, v
Vg, = _,m + =
fe e

where G, and v, are the mean gain and its relative variance as calculated
from the experimental single electron spectrum.

3.3.2 MATHEMATICAL EXPRESSION OF GAIN FLUCTUATIONS

The influence of the various basic parameters of the multiplier on the
fluctuations of the gain, and the means which can be used to reduce these
fluctuations, follow from the results of the mathematical discussion given
in Appendix 1. We shall summarize these results briefly here.

! The quantities 7. and 7, should not be confused. They are related by the equation
#.="." 1. The value of 5., should be made as near to unity as possible by illuminating
only a small part of the photocathode.
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The multiplication of electrons in the multiplier is assumed to be a
stochastic process, leading (on receipt of a single electron at the input of
the multiplier) to a certain distribution of electrons at the anode, charac-
terized by:

a mean value G, of the multiplier gain, and

a relative variance vg,.
G, represents the true mean gain of the multiplier. Now the overall gain
of the multiplier can be expressed in terms of the secondary emission
coefficients ¢, of the various dynodes and the various inter-stage collection
efficiencies #,;, as follows:

G, = n Mei 0; (1)
i=1
where n is the total number of dynodes.
The relative variance of the multiplier can be written as follows in
terms of the same parameters (see Appendix 1 equation 14):

Vg2 Vy3 Ugn
— + — 4.+ . . )

Ne1Or  Me1017e205 Me101Me20s - Men— 10—y

where v ; represents the relative variance of the gain of the i'" stage:

UG,- == Ugl

g: =1 (i=1,2, ... n).

Now it will be clear from equation (2) that the dynodes of the transition
zone play the major part in determining the relative variance of the multi-
plier again. This means that if we want to minimize this variance, we
should choose the distribution of the gain between the stages so that the
gain per stage is highest in the transition zone.

If we assume that the first stage of the multiplier has a gain g,, and that
all other stages have the same (lower) gain g, the overall gain of the multi-
plier and its variance may be represented by simplier expressions (for
n>1and g > 1), viz:

"Gy = gyt
and
Y Y
g, = Oy, =R (3)
. gt g1 (g—1)

where v, is the relative variance of the gain per stage.



Assuming that the secondary electrons emitted by the dynodes have
a Poisson distribution, we find that the relative variance of the gain per
stage is equal to 1/g. In this case, equation (3) may be written in the
form:

~

(4)

D 6.

k
<Q
—

1
91

3.3.3 INFLUENCE OF SECONDARY EMISSION COEFFICIENTS AND COLLECTION
EFFICIENCY ON THE SINGLE-ELECTRON SPECTRUM

Equation (4), which is based on the assumption that the secondary emis-
sion has a Poisson distribution, shows that increasing the secondary
emission coefficient of the first dynode is very effective in reducing the
relative variance of the electron distribution at the anode. For this reason,
photomultipliers like the XP 1020, for example, have been designed for a
voltage of 500 V between the cathode and the first dynode under normal
operation conditions (see Fig. 3.7).

However, while equation (2) shows that the first stage of the multiplier
is mainly responsible for the fluctuations in the anode pulses due to the
random nature of the secondary emission process, the stages which follow
also contribute to this fluctuation. Under conditions which render the
coupling between successive stages close to unity (collection efficiency
100%), an increase in the secondary emission coefficient of the dynodes
in the transition zone will act in the same sense as the increase in the first
stage, and will thus also help to reduce the variance of the single-electron
spectrum. In general, therefore, it i$ thus advisable to make the supply
voltages of the dynodes of the transition zone decrease gradually. This will
not have an adverse effect on the focusing properties of the multiplier as a
whole, but will have the effect of increasing the secondary emission coeffi-
cients of these dynodes. Fig. 3.13 shows how the single-clectron spectrum
varies when the potentials of the first few dynodes of a photomultiplier
are varied.

Similarly, equation (2) shows the importance of the collection efficiency
of the various stages of the multiplier—particulary the first ones, since it is
here that the main electron losses are produced.
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Fig. 3.13. Influence of the distribution of the potential between the first few stages of a photo-
multiplier on the single-electron spectrum.

Voltage distributions and corresponding relative variance of single-electron spectrum:

voltage
between curve 1 curve 2 curve 3 curve 4
electrodes
k and S1 L2V, 3V, 5 V, 4 V.
S1 and S2 1V, 1V, 1V, 28V,
S2 and S3 1.1V, L1V, L1V, 24V,
S3 and S4 09V, 09V, 0.9V, 1V,
S4 and S5 1V, 1V, 1V, 1 V,
relative
variance v, 0.37 0.28 0.26 023
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3.4 Dark Current Noise Pulses

In the absence of all light incident on the photocathode, a number of weak
pulses will still be observed at the anode of the photomultiplier; the
distribution of these pulses in amplitude and in time is completely
random. The mean amplitude of these current pulses represents part of
the anode dark current. In this book, we shall simply refer to these pulses
as dark pulses.

These dark pulses are a particular nuisance when the level of the useful
signal to be detected is low, as is the case of soft X-rays, low-energy beta
radiation (like that from tritium or carbon-14), or high-energy particles
which only produce a few photons per pulse (by the Cerenkov effect).

The amplitude distribution of the dark pulses thus forms a limit to the
detection of phenomena which only produce a very small number of
electrons at the photocathode. Disregarding the noise of the photomulti-
plier, the detection limit will be reached when the phenomenon under
study only gives rise to one photoelectron per pulse at the cathode.

Dark pulses may be divided into two classes, depending on their source.
One part of the dark pulses is produced in the input optics. These pulses
have high or medium relative amplitudes, and since they come from indi-
vidual electrons above the multiplier their distribution is that of the
single-electron spectrum.

The second part consists of pulses of low relative amplitude; these
pulses are generally much more in number. It will be clear, therefore, that
they arise in the multiplier.

The cause of the dark pulses is difficult to define with certainty. Many
of them are doubtless due the thermionic or field-effect emission from the
photocathode and the other electrodes. However, there are a number of
other causes which may be cited, in particular the bombardment of the
photocathode by ions from the residual gas, emission from the photo-
cathode under the influence of scintillations in the glass envelope of the
tube produced by radioactive nuclei in the glass (potassium-40) or by
bombardment with electrons, luminescence in the later stages of the
multiplier, and breakdowns between the electrodes.

Fig. 3.14 shows the noise spectrum of a 56 DVP photomultiplier provi-
ded with the type-D photocathode. The right-hand part of this curve
represents the distribution of the pulses produced by single electrons
from the photocathode, while on the left we see the curve corresponding
to the high-density, low-energy pulses from the multiplier.
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Fig. 3.14. Noise spectrum of a 56 DV P photomultiplier.
Ordinate: dN/dX = counting density in pulse per minute per channel;
Abscissa: X =number of channel.
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3.5 Energy Resolution

When a scintillation counter is used for the measurement of the energy of
a particle or electromagnetic radiation, the most important characteristic
of the counter is its resolution, i.e. its ability to separate two radiations of
neighbouring energies.

The charge Q collected at the output of the scintillation counter (the
anode of the photomultiplier) is proportional to the energy of the incident
radiation. However, we have seen that the number of elementary charges
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arriving at the anode is subject to random fluctuations due to the sto-
chastic nature of the various conversion processes undergone by the
electric signal. With a monoenergetic radiation of energy W, we would
get a constant charge Q, at the anode if the detector were completely free
of sources of fluctuation; the energy spectrum, corresponding to the
amplitude distribution of the pulses, would then consist of a single line
of energy W,. However, since random fluctuations do occur. both in the
scintillator and in the photomultiplier, the line will have a certain width,
as indicated in Fig. 3.15.

This width of the spectral lines makes it difficult for two radiations
whose energies are very close together to be separated. Before the two
lines can be distinguished they must be separated by an energy distance
of at least AW (see Fig. 3.15). This leads us to define the resolution of a
scintillation counter by the ratio:

_Aw
AW,

R

This is a dimensionless number which is generally expressed as a per-
centage. The resolution varies with the energy of the incident radiation
and, of course, depends on the intrinsic statistical properties of the scin-
tillation counter.
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Fig. 3.15. Definition of energy resolution.
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In calculating this expression it can be assumed that if the number of
photons striking the photocathode due to scintillation is high, the ampli-
tude distribution of the pulses at the output of the photomultiplier is
little different from a Gaussian distribution. Consequently, the peak value,
relative to the mean height of the spectral curve, is given by the expression :

AW

i, = 236 )

where v, represents the relative variance of the electron distribution at
the output of the photomultiplier. Using the same value of vy, derived
from Appendix 2, equation (18), the expression for the resolving power,
in terms of the parameters of the scintillator, can be expressed in the
form:

;- 3
R = 2.36<UN + _’7’““)

5
Nynen, ®

where N, is the mean number of photons striking the photocathode at
each scintillation, and vy is the relative variance of this number.

These quantities are not therefore directly concerned with the beha-
viour of the photomultiplier, but are dependent upon the type of scintilla-
tor with which the photomultiplier is used, and on the optical coupling
between the scintillator and the input window of the photomultiplier.

The other quantities », and 7., are the quantum efficiency and overall
collection efficiency of the photomultiplier. Equation (5) thus confirms
the need for obtaining maximum quantum yield and collection efficiency.
The term v, represents the multiplier system; it is the relative variance of a
single-electron spectrum (see Section 3.3.1).

The spectrometric characteristics of a photomultiplier are taken in
association with a Nal (T1) scintillator. The resolving power is measured
by means of 662 keV gamma radiation of caesium 137.

At the present time, the highest energy resolving power that can be
obtained is in the neighbourhood of 7%, whereas other forms of detector
have resolutions of 9 9/, this value varying slightly from one detector to
another.
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4 Time Fluctuations in a Photomultiplier
4.1 Speed of Response

When a photomultiplier receives luminous information at its photo-
cathode, a very short period of time elapses between the moment that the
electrical pulse is received at the anode. This time is related to the time
taken for the electron avalanche to pass through the tube, and it depends
on the voltage distribution between the various stages of the photomulti-
plier. In other words, there is a certain delay between the production of
the luminous phenomenon in question and its detection. However, this
delay only matters when the electrical signal from the photomultiplier
has to be synchronized with the observed light source (e.g. for triggering
a camera).

On the other hand, this delay time is subject to random fluctuations
due to the random differences in the transit time of electrons between two
electrodes, and these flucuations become very important when the photo-
multiplier is used for the measurement of very short intervals of time
(e.g. less than a nanosecond).

The spread in the transit times of the electrons also has another conse-
quence ; it widens the response function of the photomultiplier to a very
short light pulse, thus introducing a limitation on the observation of very
rapid variations of the luminous intensity.

The term “speed of response” can thus have a number of different
meanings when applied to photomultipliers, corresponding to quite
distinct characteristics of these tubes:

— if the electrical pulse has to be synchronized with the luminous pheno-
menon under investigation, it is the overall transit time of the bunch of
electrons through the tube which characterizes its speed ;

— if the photomultiplier is used for the precise measurement of short
intervals of time between two pulses (the time being measured from the
passage of an arbitrarily chosen characteristic point such as the centre
of gravity of the pulse, the point of maximum amplitude, 50 9; of rise time,
etc.), then the speed of the tube is characterized by the maximum varia-
tion in the overall transit time of the bunch of electrons through the
tube—in other words by the uncertainty about the exact moment at
which the anode pulse will occur (Fig. 4.1);
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Fig. 4.1. Characteristics of the anode pulse of a photomultiplier.

F.W.H.M.: full width half maximum
At overall transit-time spread.
T,: rise time
T4 fall time

— the most usual meaning of the “speed” of a photomultiplier is its
ability to separate pulses occurring very close together in time, i.e. its
temperoal resolving power.

The resolving power of a photomultiplier will be higher as the anode

current pulse produced in response to a very brief light pulse is shorter.

An ideal photomultiplier would thus give an anode current pulse in the

form of a  Dirac pulse when stimulated by a light pulse of the same form.

In fact, as we shall see, the pulse transmitted by the photomultiplier is

broadened ; the rise time and the half-height width of the pulse response

are thus the best measures of the speed of the tube in this sense.

The distinction between these last two definitions is very important,
even though the measures which reduce the fluctuations in transit time
are, in principle, precisly the same as those which improve the resolving
power. However, we shall see that those measures do not apply equally to
all stages of the photomultiplier, and that they are more difficult to apply
in the second case.

At present, a photomultiplier is said to be “fast” when it can give a
current pulse the rise time and half-height width of which do not exceed
a few nanoseconds, in response to a light pulse of very short duration
(less than 10719 s).
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4.2 Effects of Statistical Fluctuations on Response Time

We shall now consider how the different parts of the photomultiplier
contribute to the fluctuations which lead to changes in the response time
of the tube. It should be remembered that the various parts of the tube
do not all contribute in the same proportion to the variations in the
overall transit time of the electron bunch, or to the broadening of the
output pulse produced in response to a very brief light pulse. The mean
form of the anode pulse depends on variations in the transit time of the
electrons produced at all stages of the photomultiplier, including the
input optics. The rise time and the width of the pulse can thus be deter-
mined by summing the variances in transit time produced by the disper-
sion phenomena at the various points of the tube. Since what we are doing
in this case is in fact summing squares, the influence of the input optics,
considered separately, on the width of the anode pulse will be almost
negligible; it only represents one source of dispersion among the many
(one per stage) found in the tube. On the other hand, the fluctuations
in the overall transit time of the electron bunch in the tube (due, as we
shall see, to the statistical variations in the gain and the spread in the
transit time of the electrons) are caused almost entirely by the input
optics and the first few stages of the multiplier.

In the next section we shall describe the mechanism of the fluctuations
in the transit time of the electrons in the tube, due the differences between
the various electron trajectories which affect the form and the delay of the
response of the photomultiplier.

4.2.1 FLUCTUATIONS IN THE TRANSIT TIME OF THE ELECTRONS

The transit time of the electrons in the tube is subject to statistical

variations depending on the initial conditions of motions of the indivi-

dual electrons. Two electrons, emitted simultaneously or in succession,

may follow different paths between two successive electrodes, for two

distinct reasons:

a. they start from different points, or

b. they start from the same point, but with different initial velocities (in
magnitude and direction).

Let us consider, by way of example, two successive dynodes (Fig. 4.2),

and examine the effects produced by the differences in transit time between

these two electrodes.
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electrons

Fig. 4.2. Model for fluctuations in transit time of electrons between two successive dynodes,
Sn and Sn+1.

(a)

T=Tr*AT

Fig. 4.3. Formation of a current pulse by summation of elementary responses shifted in time
by the differences in transit time between the different zones of the photocathode or of a dynode.
Ordinate: pulse amplitude
Abscissa: time.
a. electrical pulse at dynode Sn;
T, =rise time
ta=fall time
b. electrical pulse at dynode Sn+1;
Curve 1 overall response
Curve 2 elementary non-isochronous responses
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We start considering the case where the whole useful surface of the
dynode Sn is excited simultaneously by a flux of primary electrons. A
uniform emission of secondary electrons is provided, all of which move
perpendicular to the surface of the dynode, with the same initial velocity.
If all the electron trajectories between the two electrodes were strictly
equivalent, the electron flux arriving at the dynode Sn+ 1 would have the
same distribution in time as the electrical signal transported by the inci-
dent electron flux.

However, the trajectories followed by the electrons emitted by the
different parts of the dynode Sn are different. This means that the electrical
signal transmitted will be distorted by the superposition of the various
responses, all of which have the same form but are displaced in time with
respect to one another by intervals which reflect faithfully the differences
in the paths travelled by the electrons. This “non-isochronism” is illus-
trated in Fig. 4.3.

Let us now suppose that the arrival of a single primary electron at the
dynode Sn gives rise to the production of a single secondary electron, the
normal tangential components of whose initial velocity vary from one
experiment to another by virtue of the stochastic nature of the secondary-
emission process. This electron may thus follow a number of different
paths; in this case the non-isochronism will not result in distortion of the
corresponding charge pulse, but will introduce an uncertainty as to its
moment of appearance. This is illustrated in Fig. 4.4.

Now the real case lies somewhere between the emission of a single
electron by the dynode Sn and the simultaneous emission of a bunch of
electrons by the whole surface of the dynode. It will be clear that if the
various electron trajectories are not isochronous, the arrival of the
secondary electrons at the dynode Sn+ 1 will be spread out over a time
interval At, equal to the difference between the longest and the shortest
transit times.

This effect of the non-isochronism of the electron trajectories will be
repeated at every single stage of the photomultiplier, including the input
optics. The total effect produced at the anode of the photomultiplier may
be found by summing the squares of the standard deviations (i.e. summing
the variances) of the transit time found at the various stages.

It follows that excitation of the photocathode by a luminous signal in
the form of a unit pulse will give rise at the anode to a current pulse with
finite rise and fall times. The form of the leading and trailing edges of the
anode pulse depends on the way in which the photoelectrons or the
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secondary electrons are distributed between the various possible trajec-
tories according to their point of emission and their initial velocity. This
distribution generally varies from one pulse to another: the non-iso-
chronism thus causes a unit pulse to be transformed into a pulse with
sloping edges and, moreover, causes this signal to be variable in form and
in position. This is illustrated in Fig. 4.5, which may be regarded as a
generalization of Fig. 4.4.

ﬁl

>
b 4

Fig. 4.4. Timing diagram of pulses received by the dynode Sn+1 when the dynode Sn only
emits a single electron at a time, the transit time of which varies from one experiment to another.
1. signal corresponding to the emission of a single electron by the dynode Sn;

2. Possible instants at which the pulse can reach Sn+ 1.
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Fig. 4.5. Timing diagram of pulses obtained when the cathode emits a bunch of electrons. Under
the influence of the differences in transit time, this bunch spreads out more or less, and its
mean delay time fluctuates.

Ordinate: &= luminous flux

I =pulse current

Abscissa: time
1. Luminous signal falling on photocathode.
2. Various possible forms and times of arrival of electrical pulses at the anode of the photo-
multiplier.

4.2.2 MATHEMATICAL FORMULATION OF TIME FLUCTUATIONS

In this section we shall summarize certain results of a mathematical
theory developed by E. Gatti (see Appendix 3), concerning time fluctua-
tions in a photomultiplier.

Since the information received by the photocathode is itself subject to
statistical variations, in order to study the distribution of the anode
pulse resulting from incident photons, the emission of a single photo-
electron from the photocathode is now considered.

We have seen that fluctuations in the transit time of electrons between

42



the electrodes and the inhomogeneity of the electrode materials lead to a
broadening of the response of the photomultiplier. Further, the moment
of appearance of a pulse (taken as the moment of passage of a characteris-
tic element of the pulse, generally its centre of gravity) also exhibits random
variations about a mean value from one experiment to another.

We may thus characterize, in accordance with the theory of E. Gatti (2),
the anode pulse by abscissa of its centre of gravity on the time axis on the
one hand, and by its width on the other hand; the pulse can thus be defi-
ned by a function f{¢, Y, y), where  is a measure of the width of the anode
pulse and y is a statistical variable having time dimensions with an average
value of zero and a variance ¢7. This variable accounts for the device time
spread and is the variance of the time interval between the instant of
emission of one photoelectron and the instant at which the centre of
gravity of the pulse arrives as the output.

Y and y are parameters which vary statistically from one photoelec-
tron to the next. If we normalize the response function with respect to
unity, we may write:

ft, g, ) de = 1.

JO
W is defined as the 2nd-order moment of the function f{t, ¥, %) by:

(f00

V= | =bF Al ) dr,

Jo

where b is the abscissa of the centre of gravity of the output pulse on the
time axis.

It may be proved, only taking account of the stochastic nature of the
secondary-emission process (Appendix 3, equation 26), that the relative
variance of ¥ may be written:

%:G%W@+§Q, G

where g is the gain per stage (supposed to be the same for all dynodes),
v, is the relative variance of this gain (normally equal to 1/g) and n is
the number of dynodes.
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Similarly, the variance of y may be written (Appendix 3, equation 30):

2

0 = adsy + 2% (1+20,), (7)

where ¢Z, is the variance of the transit time of the electrons between the
cathode and the first dynode, and o3 is the variance of the transit time
between successive dynodes. These two terms are thus linked with the
non-isochronism of the electron trajectories in the input optics of the
photomultiplier.

The above equations have been derived on the assumption that all
stages of the multiplier have the same characteristics (iterative structure).
In practice, the geometry of the first two dynodes (S1 and S2) differs from
that of the other dynodes. Moreover, since the first stages of the multiplier
have more influence on the amplitude fluctuations of the output pulses,
the gain of these dynodes is chosen higher than that of the dynodes which
follow (see Section 3.2). Equation (7) should thus be modified, to read:

Bt (10, + 8 (140) ®
91 91 gilg—1) ’

2. . -2
UX_UCSI +

where o3, is the variance of the transit time between the first two dyno-
des, g, is the gain of the first stage and v,, is its relative variance.

Finally, we assume that the mean value ¥ of i/ (Appendix 3, equation
25) is given by:

Y? = nol . 9)

Equation (9) thus shows that the width of the anode pulse, for a given
structure of the multiplier, only depends on the variance of the transit
time of the electrons between successive dynodes. The input optics (which
we have not considered here, since we are dealing with the emission of a
single photoelectron) would actually have a negligible influence on the
width ¥ of the pulse.

Concerning the centre of gravity of the pulse, however, equation (8)
shows that the fluctuations of the moment of arrival of the output pulse
depend on two factors:

— the variance of the transit time of the electrons in the input optics and
between the dynodes of the multiplier;
— the variance of the gain of each stage.
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Moreover, equation (8) confirms that the fluctuations in the moment
of arrival of the output pulse (the fluctuations in the overall transit time)
are mainly determined by the input optics and by the first couple of stages
of the multiplier.

Finally, we see that in order to reduce the variance ¢, of the overall
transit time and to improve the resolving power (lower value of /), we
need to reduce the standard deviations of the transit times o.g; and
0152 1.€. to correct for transit-time spread and transit-time difference in
the input optics and in the first few stages of the multiplier as far as possible.
Increasing the gain per stage within the permissible limits, especially for
the first few stages, will have a similar effect.

4.3 Transit-time Spread and Transit-time Difference

We have seen that when an electron leaves an electrode (the photocathode
or a dynode) for the next, it may do so from different points, or from the
same point with different initial velocities, in successive experiments.
Both effects can give rise to transit-time errors.

By analogy with light optics, we might call the first type of transit-time
error geometric aberration and the second type chromatic aberration.
However, we shall from now on use the terms transit-time difference and
transit-time spread. (See Application. Book “Photomultipliers” p. 17.).

In the following sections, we shall analyse the causes of the transit-time
errors occurring in the various parts of the photomultiplier, and indicate
the steps which could be or have been taken to improve its performance in
this respect.

4.3.1 InruT OPTICS

Causes of transit-time errors

Although transit-time spread and transit-time differences in fact occur
together, it is convenient to consider them separately and to consider
values for these two effects taken from the three fast photomultipliers
56 AVP, 58 AVP, XP 1020.

Transit-time difference is purely geometrical in nature. It may be defined
as the difference in transit time between an electron trajectory starting
from the centre of the photocathode and other trajectories starting from
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other points on the surface of the cathode, it being assumed that all
electrons have zero initial velocity.

Let us consider two electrons, emitted with zero initial velocity and
following two different trajectories L whose lengths differ by a small
amount AL in a uniform electric field E. It can be shown that the transit-
time difference between these two trajectories may be written:

m 1 AL
2e V/E V/L
With normal settings of the photomultiplier, typical values of the
transit-time difference are about 5x 10~ 1% s at 20 mm from the centre for
a 56 AVP photomultiplier, 15 x 10~ 1% s at 52 mm from the centre for a
58 AVP and 2x107'° s at 20 mm from the centre for an XP 1020.

These values refer to a delay of the peripheral trajectory with respect to
the central trajectory. The curves of Fig. 4.6 show experimentally determ-
ined transit-time differences, measured on three tubes of type 56 AVP.
The transit-time difference should theoretically show rotational symmetry;
in practice however, it normally deviated from this. In fact, the inclination
which the first dynode S1 must have with respect to the axis of the input
optics means that all principal electron rays would have to converge on
the same point of S1 to give the transit-time difference perfect rotational
symmetry (see Fig. 4.7).

The slightest difference between the real and theoretical geometries
can thus alter conditions appreciably in this respect. The oblique section
of the electron beam by S1 thus introduces extra transit-time differences of
the order of 10~ 19 s per millimetre of diameter of the focal spot produced
by the main rays on S1.

A change in the voltages applied to the electrodes of the input optics
from their nominal values will also affect the diameter of the focal spot,
and may aggravate the above mentioned effect (but may equally well
correct it, in part).

Finally, a magnetic field can cause deformation of the electron traject-
ories and alteration of the distribution of the transit times. It should be
borne in mind that the magnetic field of the earth can also have this effect.

At (in SI units). (10)
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Fig. 4.6. Characteristics showing transit-time differences as a function of the point of emission -
considered on the cathode, for three 56 AV P tubes scanned parallel (full lines) and at right
angles (broken lines) to the axes of the dynodes.
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Fig. 4.7. Possible positions of the focus of the principal rays and the first dynode relative to

one another. The tube considered is a 56 AV P (old model), and the faults are greatly exagger-

ated.
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The transit-time spread

Here again, it is convenient to separate the variables and to assume that
the component of the initial velocity normal to the cathode only alters
the transit time and not the form of the trajectory, while the tangential
component only alters the form of the trajectory without changing the
time required for the electron to reach the first dynode S1. This is only a
first approximation in the case of tangential initial velocity, which only
involves a slight perturbation in the principal trajectory issuing from the
same point on the cathode. Measurements on tubes 56 AVP, 58 AVP and
XP 1020 have led to the following results:

1. The effect of an initial velocity normal to the cathode corresponding
to an energy W, of 0.4 eV does not change the point of impact on S1 ap-
preciably, but reduces the transit time by a time At,, equal to about
6x 10~ 1% s for the 56 AVP, 5x 107 1% s for the 58 AVP and 2x 107 1%
for the XP 1020. The value of At,, is practically independent of the point
of emission of the electron from the cathode.

o Ver7a
Az,;-,/%VTW" (11)

(in ST units, apart from W, which is in eV), where m is the mass of the
electron and e its charge, W, is the energy corresponding to the initial
velocity and E is the electric field at the cathode.

2. A tangential initial velocity corresponding to an energy of 0.4 eV
shifts the point of impact by a certain distance (see Fig. 4.8) and changes
the transit time, (generally negligible). The shift of the point of impact
also depends to a certain extent on the point on the cathode from which
the electron is emitted. Both define the radius of what we may call the
“diffusion spot”, i.e. the cross-section being taken at right angles to the
beam at about the point where it impinges on Sl (see Fig. 4.8).

The shift of the impact point is 2.2 mm for the 56 AVP, 4 mm for the
58 AVP and 1.5 mm for the XP 1020, about the central principal ray.
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Fig. 4.8. (a) Broadening of the electron beams due to the tangential component of the initial
velocity of the electrons in the 56 AV P (old model).
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Fig. 4.8. (b) Broadening of the electron beams due to the tangential velocity of the electrons in
the 58 AV P. The potentials of the electrodes are indicated on the drawing. The initial tangen-
tial velocity is taken as equivalent to 0.4 eV.
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Fast response photomultiplier type X P1020
(approx. half full size)



Remedies for transit-time errors
Transit-time spread

Equation (11) shows that the effect of the initial velocities can be minimized
by making the field at the cathode, E, as high as possible. This equation
also shows that when the field E is uniform, the transit-time spread will
be the same for all beams, no matter what their point of emission from the
cathode.

The transit-time difference

The only way to correct for the transit-time difference is adjust the field
distribution in the input optics successively until the desired result is
obtained. When it is desired to make all the rays emitied by the cathode
pass through a single focal point, one chooses the potential distribution
approximately the same as that found between two concentric spheres.
This explains why the surface of the cathode is generally spherical.
Moreover, such a distribution satisfies the condition E is constant at all
parts of the cathode, as we have mentioned above. Unfortunately, since
the cathode is the outer sphere, E tends to have a low value on this slightly
curved surface. This difficulty is overcome by the use of intermediate
electrodes, which make it possible to keep the distribution of the lines
of force more or less radial and the electron trajectories as linear as
possible.

It is worth while stressing again here that the main object of improving
the isochronism in the input optics (reducing the variance o¢g; of the
transit times between the photocathode and the first dynode) is to reduce
the variance o of the overall transit time of the electrons in the photo-
multiplier (see equation (8)).

Description of the different input optics

Types derived from the photomultiplier 56 AV P*

The photomultipliers of the 56 AVP series have “triode” input optics
consisting of three electrodes:

— the photocathode, k..

— the accelerating electrode, acc,

— the focusing electrode, gl, arranged as shown in Fig. 4.9 (a).

! See Table 3.
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The photocathode is spherical, for the reasons we have just given- The
mean extraction field E of the electrons from the photocathode is defined
by the potential of the accelerating electrode; as this electrode is electric-
ally connected to the first dynode S1 of the multiplier, its potential also
defines the energy of impact of the electrons on SI.

The electrode gl makes the electric field at the surface of the photo-
cathode uniform, so as to reduce the influence of the initial velocities of
the electrons to the minimum. This makes the trajectories of the electrons
much straighter, and concentrates them better on the first dynode. The
potential of gl is positive with respect to the photocathode, and is made
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Fig. 4.9. (a) Equipotential lines in the input optics of the photomultiplier 56 AV P.
k = photocathode
gl =first focusing electrode
g2 =second focusing electrode
acc=accelerating electrode
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adjustable so that the conditions of maximum efficiency or uniformity of
collection (maximum anode signal for a given luminous flux) can be
found. The value about which the potential should be adjusted is about
0.15 times the inter-dynode voltage V.

The accelerating electrode (in the form of a truncated cone) accelerates
the electrons and concentrates them on the first dynode. In order to
reduce the influence of the initial velocities as much as possible, the
potential of this electrode (and hence of $1) should be greater than or
equal to 300 V.

Fig. 4.9. (b) Equipotential lines in the input optics of the photomultiplier 58 AV P.
k =photocathode
gl =first focusing electrode
g2 =second focusing electrode
acc=accelerating electrode
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Types derived from the 58 AV P

These tubes have a much larger photocathode than those of the 56 AVP
series, namely 110 mm in diameter compared with 42 mm. Now, since
the values of the potentials applied to the electrodes clearly depend on the
dimensions of the input optics we would have to multiply all potentials
by about 2.5. The potential applied to the first dynode would then be of
the order of 1000 V, which is above the value corresponding to maximum
secondary-emission coefficient of this dynode; (magnesium on oxidized
silver) see Fig. 4.10. Moreover, this would make the supply voltage
required for the photomultiplier excessively high. This means that we
must look for a new geometry for the input optics.

The tubes have therefore been given tetrode-type input optics, (Fig.
4.9 (b)), a second focusing electrode g2 having been added. With this
arrangement, the potential of the first dynode need only be raised to 500
V, while the accelerating electrode is given a potential of 1500 V (taken
from the tenth dynode of the multiplier). The second focusing electrode
g2, the rear part of which is flat, is placed behind the accelerating electrode.
It thus plays the role of a braking electrode, reducing the energy of impact
of the electrons on the first dynode to a suitable value. This electrode is

7258041
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Fig.4.10. T he secondary-emission coef-
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Fig. 4.11. Equipotential lines in the input
optics of the photomultiplier X P 1020.
k = photocathode
gl =first focusing electrode =4
g2 =second focusing electrode I
acc=accelerating electrode W

electrically connected to the first dynode. The focusing electrode also
helps to improve the collection efficiency in the space in front of the
accelerating electrode.

The potential of g1 should be adjusted by trial and error to the optimum
value (about 2V}), according to the same criteria as for the triode optics.

Photomultipliers of the XP 1020 series have a photocathode the same
size as that of the 56 AVP series, but they have tetrode input optics (see
Fig. 4.11). This has made it possible to give these tubes a smaller spread in
overall transit-time than the 56 AVP tubes, thanks to the higher electric
field at the surface on the photocathode and a smaller spread of transit
times between the dynodes S1 and S2. In other words the XP 1020 tubes
are faster.

Fig. 4.9 and 4.11 show, apart from the form of the input optics for the
56 AVP, 58 AVP and XP 1020, some equipotential lines and principal
trajectories of some electrons (i.e. trajectories followed by electrons with
zero initial velocity).
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4.3.2 MULTIPLIER SYSTEM
The causes of transit-time errors, and some possible remedies

Most of the spread in the transit times of electrons passing through the
photomultiplier is produced by the multiplier. There are two main causes
for this spread:

— the differences in the time required to cover the different electron
trajectories possible between a given pair of dynodes;

— the variation in initial velocity, which increases still further the number
of possible trajectories and changes the velocity with which the electrons
travel along them.

The same problem occurs here as in the input optics, but in an even more

serious form, because:

— the determination of a geometry giving isochronous principal rays
(and compatible with all the other properties demanded of this
structure) is a much more difficult matter than for the input optics;

— the initial velocities with which the secondary electrons are emitted are
considerably higher than those for the photoelectrons;

— repetition of the effects involved over a large number of stages (14 in
current models) increases the spread in transit times and in the geometry
of the electron trajectories even more;

— finally, the induction current which precedes the actual inpact of the
electrons from the last dynode on the anode serves to widen the pulse
response even further.

The remedies applied to the input optics are clearly applicable to the

multiplier too; in particular, it is valuable to look for a dynode geometry

which leads to equal transit times for all trajectories, and produces the
maximum (uniform) electric field at the surface of each dynode for a given
potential difference.

However, apart from looking for improved dynode geometry, in-
creasing the inter-dynode voltage ¥, also helps to reduce the spread in
transit time between the dynodes. It may be seen from equations (10) and
(11) that:

1. for a given dynode geometry, the transit time of electrons emitted with
zero initial velocity varies as V 2.

2. in the beam created round a principal trajectory by the esistence of
various possible initial velocities, the differences in transit time vary as
the inverse of the electric field at the point of emission, ie. as ¥, '.
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3. the width of these beams at any given point along their line of travel,
and in particular at their point of impact on a dynode, varies as V, *
to a first approximation.

It follows that increasing the voltage V, leads to a reduction in the

variance ogg of the transit time of the electrons between two successive

dynodes and hence, in accordance with equation (9), to a reduction in the

“broadening” in time which the current pulse undergoes on passing from

one dynode to the next.

However, increasing the inter-stage voltage also has other advantages:

1. The amplification is a stochastic effect, i.e. the width () of the output
pulse corresponding to a given input signal is not fixed, but fluctuated
about a certain mean value from experiment to experiment. The relative
variance of the pulse width v, decreases when the inter-stage voltage
(and hence also the gain per stage) increases, as may be seen from
equation(6).

2. Increasing V, i.e. the gain per stage, allows us to reduce the number of
stages required for a given overall gain G. Reducing the number of
stages automatically reduces the width of the output pulse,in accordance
with equation (9).

Finally, it should not be forgotten that while the dimensions of the

output pulse are affected by all stages of the photomultiplier, the fluctua-

tions of the transit time of these pulses only depend on the first few stages
of the multiplier together with the input optics.

The most effective way of reducing the variance of the overall transit
time is thus to get rid of transit-time errors in the first few stages of the
photomultiplier and to ensure high gains in these stages.

Description of the multiplier

We shall now consider in more detail the three main parts of the multiplier ;
the transition zone, the iterative structure and the collection space.

The transition zone

The coupling between the input optics and the multiplier is realized by
the first few dynodes. These dynodes are given a special shape, the main
function of which is to adapt the electron beam from the input optics to
the new geometry of the multiplier, while losing as few electrons as
possible in the process.
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Fig. 4.12 shows the equipotential lines and principal electron trajector-
ies in the transition zones of the 56 AVP (old model) and the XP 1020. In
the new 56 AVP tubes, the dynodes of the transition zone are identical
with those of the XP 1020.

T

Fig.4.12. (a) Equipotential lines and electron trajectories in the transition zone of the multiplier
of the 56 AV P (old models, before No. 24310).
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Fig.4.12. (b) Equipotential lines and electron trajectories in the transition zone of the multiplier
of the XP 1020.
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The iterative structure

Fig. 4.13 (a) shows a cross-section through the dynodes in the iterative
part of the multiplier of the 56 AVP or the XP 1020, together with the net
of electron trajectories. This figure also shows the straight wire electrodes
used between the dynodes to increase the extraction field at the surface of
the dynodes and to improve the focusing of the electrons.

The focusing properties of this structure have been illustrated in
Fig. 4.13 (b). We see there that the bundle of electron rays is gradually
concentrated as it passes through the multiplier from the first dynode to
the last. This focusing limits the transit-time errors by successively
bringing all electron trajectories closer to a certain mean path, the
fluctuations about which are finally very slight.

Finally, on going from the 56 AVP to the XP 1020, the number of
dynodes is reduced from 14 to 12, while the average inter-stage voltage is
increased from 120 V to 200 V. It should also be remembered that the
voltage applied between the photocathode and the first dynode is larger
than that between the dynodes, being about 350 V for the 56 AVP and
500 for the XP 1020.

The collection space

Towards the end of the multiplier, the geometry of the electrodes is

deliberately made different from that of the recurrent structure. This is

because the form of the electrodes in this region must allow them to:

— collect all the charge;

— reduce the space charge there to well below the level corresponding
to the maximum pulse amplitude to be expected ;

— reduce, and equalize as far as possible, the transit times of the electrons
during the last part of their journey;

— reduce the electromagnetic coupling between the anode and the neight-
bouring electrodes, and between the anode and the electron beams other
than those producing the useful signal.

These aims are partially compatible, so the choice of the geometry of
the terminal zone is actually a compromise.

The collector proper consists of a grid placed as close as possible to the
last dynode, so as to reduce the transit times of the electrons in this last
stage to the minimum. However, once the geometry of the collection space
has been defined, the distribution of the voltages applied may be left to
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Fig. 4.13. Construction of the multiplier of a fast photomultiplier:
(a) detail of dynodes,
(b) overall view.
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the discretion of the user to a certain extent, since there is in fact no solution
which completely meets all requirements simultaneously.

Fig. 4.14 shows in detail the geometry of the collection space photo-
multipliers 56 AVP and 58 AVP. These two types both have 14 dynodes;
the last one, S14, provides a measure of electrostatic screening around

the collector.

Fig. 4.14. Geometry of the terminal collection region in photomultipliers of the types 56 AV P
and 58 AV P (the values of the potentials given were measured relative to S11).

Fig. 4.15 shows the current pulses obtained at the anode of a photo-
multiplier type 56 DVP with two different methods of wiring the last
dynode. In the first case, the dynode S14 is decoupled by means of a
1 nF capacitor. It may be seen from Fig. 4.15 (a) that in this case, even when
the tube is wired very carefully, oscillation occurs at the end of the pulse.
This oscillation is due to the inductance of the connection to the last
dynode. This difficulty can be avoided by inserting a 50 Q demping
resistance into the circuit of this dynode. As may be seen from Fig. 4.15(b)?
this effectively suppresses the oscillation.
Photomultipliers of the XP 1020 family have two major advantages
over those of the 56 AVP family:
— the fluctuations in transit time in the last stage of the multiplier have
been reduced ;
— the anode impedance of the tube has been better matched to the associa-
ted electronic circuits.

?) This resistance is built into the base of the tube starting from No. 31000 of type 56 AVP,
No. 5677 of types 58 AVP and XP 1040 and No. 144 of type 60 AVP.
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Fig. 4.15. Anode pulses of a photomultiplier of type 56 DV P, obtained by illuminating a point
on the photocathode by the spark generator SL 109%, with voltage distribution B’ and
HT voltage 2500 V :

(a) circuit of dynode S14 decoupled by a I-nF capacitor;

(b) 50-Q series resistance in the circuit of dynode S14.

Ordinate scale: 100 mA per main division

Abscissa scale: 5 ns per main division

Fig. 4.16. Anode pulses of a photomultiplier of type XP 1021, obtained by illuminating a
point on the photocathode by the spark generator SL 109", with voltage distribution B' %
and HT voltage 2500 V.

Ordinate scale: 100 mA per principal division
Abscissa scale: 5 ns per principal division

! See Appendix 4.
2 For the definition of distribution B’, see Section 5.1.

65



We shall consider the second point first. The photomultiplier is normally
followed by a coaxial cable which has to carry the output pulses without
attenuation or distortion over distances which may be quite large. It is an
obvious idea under such circumstances to equip the photomultiplier with
a coaxial connector so that the cable can be connected without any trouble.
It is also necessary to design the last few electrodes so that they are
gradually adapted to the coaxial line. The photomultipliers XP 1020 and
XP 1021 have been equipped with 100 Q and 50 Q coaxial outputs respec-
tively.

Concerning the first point mentioned above, photomultipliers type
XP 1020 have a supplementary grid parallel to the collector grid, the
wires of the two grids being made parallel to one another, on order to
improve the pulse response. However, part of the improvement in transit
time and in pulse form is due to the coaxial structure used.

This supplementary electrode g3 is given a voltage near that of the last
dynode. The form of the anode pulses produced by photomultipliers
types 56 AVP and XP 1020 may be compared by inspection of Fig. 4.15
and Fig. 4.16 respectively. This supplementary electrode can also be
used as a control electrode, allowing the amplitude of the anode pulses to
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Fig. 4.17. Anode sensitivity characteristic of an X P 1020 photomultiplier as a function of the
potential of the screen grid g3.
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be adjusted without it being necessary for the incident luminous flux or
the HT supply to be altered. The control characteristic of this grid is
shown in Fig. 4.17.

The development from the 56 AVP to the XP 1020 series, involving a
reduction in the number of stages, changes in the last stage, and adaptation
of the collector for use with a coaxial line, has made it possible to reduce
the rise time of the anode pulses from 2 ns to less than 1.9 ns, with a mean
gain of 10°.

However, all types of photomultipliers are still undergoing further
development, and it may be expected that later models will all have very
wideband matching of the anode to the coaxial cable, together with a
drastic cut in the inductances of the connections, at least in the last few
stages, giving the kind of improvement seen between Fig. 4.15 (a) and
4.16.

In Section 4.5, we shall discuss a new photomultiplier type XP 1210
which embodies many of the above-mentioned advantages.

4.4 Performance of some Fast Response Photomultipliers

The modifications and improvements made in both the input optics and
the multiplier systems of recent years have led to present performances,
summarized in Table 2.

Table 2. Summary of Principal Characteristics.

type rise time half-height transit-time supply
(ns) width difference voltage
(ns) (ns) v)
) 1) 2)
56 AVP 2 <4 <05 2500
58 AVP 2 <4 1 3000
XP 1020 <1.8 <3 <0.2 2500
XP 1210 1 1.5 <0.2 5000

) When the whole photocathode is illuminated by a very brief light pulse from an SL 109
spark generator (see Appendix 4).

2) Difference between the transit time of an electron from the centre of the photocathode to
the anode and from the edge of the photocathode to the anode.
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4.5 Photomultiplier XP 1210

The photomultiplier XP 1210 marks a new step forward in improved
speed of response; this type has a rise time of only 1 ns. Its most striking
characteristic is the novel technology used for its envelope, and the way
in which the electrodes are mounted inside this envelope.

The XP 1210 is made by the technique of sealed stacked discs, and it
has a coaxial output similar to that of the XP 1021. The two main aims
of this special design are:

— improvement of the accuracy of the positioning of the electrodes
relative to one another;

— improved protection against ions and light travelling back down the
tube, and against cold emission.

This new technology also gives a considerable reduction in the parasitic

inductance of the dynode connections. At the same time, a fair degree of

decoupling is automatically introduced petween the stages.

Fig. 4.18 shows a sectional view of the XP 1210; details of the input
optics, the multiplier and the output system may be clearly seen.

| égs =
bl

Fig. 4.18. Basic construction of the photomultiplier XP 1210.

4.5.1 IMPROVING THE RISE TIME

As we have indicated above, the rise time can be reduced by decreasing

— the transit time spread of the photoelectrons and the secondary
electrons in the various stages of the photomultiplier;

— the duration of the induction current produced at the collector by the
arrival of the electrons emitted by the last dynode.
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Increasing the inter-stage voltage

The input optics of the XP 1020 gives transit-time errors of the order of
2x1071% s, ie. quite low enough to the justify using these input optics
with a faster multiplier than that found in the XP 1020.

In the multiplier, the electrons pass through one region in which they
are accelerated and one in which they are decelerated on travelling from
any dynode to the next. The differences in transit time are always produced
when the velocity of the electrons is lowest, i.e. at the start of the accelera-
tion period. The transit-time errors could thus be appreciably reduced by
increasing this acceleration, i.c. by increasing the extraction field at the
surface of the dynode.

The solution chosen for the XP 1210 was thus simply to increase the
voltages applied to the multiplier, which has the same basic structure as
that of the XP 1020. We have seen that this increase in voltage will
always improve the focusing of the multiplier, and at the same time
increase the secondary-emission coefficient so that the number of dynodes
can be reduced. With 10 dynodes, a gain of 107 corresponds to a second-
ary-emission coefficient ¢ of the order of 5 (5'°=107). Now, with the
dynodes used in the 56 AVP and the XP 1020, this value of  corresponds
to inter-stage voltages V; of the order of 200 V. It is therefore to be expected
that a multiplier with 10 stages and inter-stage voltages of the order of
250 V will have rise time of about 1 ns. Because of difficulties which may
arise in connection with the activation of the dynodes, it is advisable to
choose the value of V; even higher (up to a maximum of 300 V); this means
that a very high supply voltage (4 to 5kV) is required.

Regarding the coupling between the input optics and the multiplier,
the largest transit-time errors are produced in the first stage, between the
dynodes S1 and S2. The rise time of this stage is about 1 ns in the 56 AVP,
but less than 0.5 ns in the XP 1020. In the latter case, the overall rise time
of a 10-stage multiplier, associated with the input optics of the XP 1020,
should be of the order of I ns.

The disadvantage of increasing the HT voltage is that there is a tendency
towards higher dark currents due to the luminescence effects. However, if
the voltage is distributed uniformly along the tube, so that very high
voltage gradients are avoided, and if the interior of the tube is divided up
by screens so that ions and light cannot travel backwards along the tube
to the cathode, the dark current can be kept down to a reasonable value
(107 1% A.em ™ %, with reference to the cathode).
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The collection space

The anode of photomultiplers for use in nuclear physics is generally
made as a grid, situated very near the last dynode. In the XP 1020, on the
other hand, the collector is made in the form of a disc.

It will be obvious that a collector of this type cannot be placed very
close to the last dynode. It must therefore be screened, i.e. given a low
capacitance with respect to the last dynode, so that the electrons emitted
from the last dynode do not give rise to an appreciable induced current
before they arrive. The screening placed round the anode should form,
together with the anode, the start of a matched line for the transmission
of the signal. This means that the capacitance between the screening and
the collector should also be low.

These conditions have been satisfied in the XP 1210 by means of a
comprise between the various requirements involved: the collector has
been made big enough to capture all the electrons, and close enough to the
screening to reduce the transit time of the electrons from the one to the
other.

The disadvantage of a collector of this type is that it does not give as
high an extraction field as that from the grid at the last dynode, which
limits the range of linearity to 75-100 mA. However, with a gain of 10’
such currents correspond to pulses containing as many as 100 electrons at
the photocathode.

The inductance of the connections

The inductance of the connections between the anode and its screening
should be such as to give a matched line with a characteristic impedance
of 50 Q. This value, which is standard in high-frequency electronics, has
been chosen to reduce the influence of parasitic capacitances to the
minimum.

Concerning the other connections, their impedance should be as low
as possible; in other words, the capacitance between neighbouring
dynodes, or between dynodes and earth, should be as high as possible
with respect to the inductance of the connections. The XP 1210 is
constructed so as to meet this requirement ; the capacitance between two
successive screens supporting the dynodes is of the order of 20 pF, and
the inductance has been reduced basically to that of the few soldered joints
involved.
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4.5.2 DESCRIPTION OF THE XP 1210

The photomultiplier XP 1210 thus comprises:
— the input optics and transistion zone of the XP 1020;
— a multiplier with 10 dynodes similar to those of the XP 1020;
— a collector formed of a solid disc surrounded by screening.
The envelope is formed by a stack of glass and metal discs, sealed to-
gether in three units which are finally joined by argon-arc welding after
assembly of the tube.
All the electrodes of the input optics (apart from the accelerating elec-
trode) and of the multiplier are supported by the metal rings which form
part of the envelope. The tube is protected against ions and light travelling
backwards towards the cathode by means of screens soldered on the rings;
the dynodes are in fact fixed to these screens. For technological reasons,
the wire-shaped focusing electrodes in the multiplier have been omitted,
without this having much effect on the focusing of the electrons. Only the
focusing electrode between dynodes S1 and S2 has been retained; but
this is connected to dynode S4.

The anode output is in the form of a standard 50 Q coaxial socket.
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Fast response photomultiplier type X P1210 with its socket type 56 040
(approx. half full size)



5 Achievement of High Peak Currents in Pulses
5.1 Improving the Linearity of the Current

One of the most important properties demanded of modern photomulti-
pliers is that they should be able to deliver very high current peaks for
short periods of time. This goes hand in hand with the high speed of these
tubes, since it allows the production of signals which can be used directly
(without preliminary amplification) in low-impedance circuits.

For along time, the photomultiplier only gave a linear, reliable response
up to currents well below one milliampere. During the past decade, the
range has been extended to some tens of milliamperes, and is now tending
towards one ampere. This tendency towards higher current levels has
been dictated by the developments in high-energy physics. At present,
certain photomultipliers even give peak currents of several amperes (3 to
5 A) in the anode pulse.

It is a fortunate fact that those features which give a high speed of
response, also give high anode currents; these two requirements are thus
quite compatible. At present, the main factor limiting the linearity of the
current is the space charge. If possible, the useful surface area of ‘the
dynodes should be increased, while still retaining the good transit-time
properties and speed of response ; but above all the electric field should be
increased which means that higher voltages should be used.

On the other hand, excessive voltage variations between successive
stages should be avoided. The inter-dynode voltage V, should be succes-
sively multiplied by a factor k, (between 1 and 2), starting from the dynode
at which the current reaches its limiting value (100 mA for fast photo-
multipliers). If this increase starts at the ith stage, the voltage between the
last dynode and the one before it will be V, x k"™, where n is the total
number of dynodes. The larger k is, the later the stage at which the voltage
increase should be started so as to ensure that the maximum permissible
inter-dynode voltage (500 V for fast photomultiplier) is not exceeded.
The value of n is thus defined by the relation

Vo ki< Y,

smax *

For example, if V,=100 V, V;,.,=500 V and k=2, we find n > 12 for a
photomultiplier with 14 dynodes.
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With k= 1.2, the increase in the voltage can be started at the sixth stage.
Voltage distribution B, quoted in the data sheets of the 56 AVP, is an
example of this. This allows the linearity range of the tube to be extended
to 300 mA. However, distribution B’ (k= 1.5, n=12) gives a better pulse
response.

In photomultipliers which have been specially designed for high peak
currents (up to 5 A), the voltage distribution between the dynodes is
modified so as to reduce the space charge as much as possible. In these
tubes, not only is the inter-stage potential difference increased, but the
electron beam is also made less concentrated in the last few stages, which
naturally leads to much less regular voltage distributions. In the next
section, we shall consider a photomultiplier designed to give both very
fast response and excellent linearity up to high currents. This tube has the
type number XP 1 143.

5.2 Photomultiplier type XP 1143

This tube has been developed to reproduce without distortion extremely
short light pulses (with durations of the order of one nanosecond) of
high intensities of illumination.

The 56 AVP already gave good linearity in pulse operation (up to
300 mA, in a classical set-up). However, the linearity range of this tube is
limited, mainly by reason of its high gain. We therefore had to design a
new photosensitive element, intermediate between that of the 56 AVP
and a photoelectric cell, with a gain of 1 and linearity up to several tens
of amperes. This development led to the XP 1143 photomultiplier, the
principal characteristics of which are:

linearity (5%)* up to 5 A in pulse operation
gain 10* to 10°

rise time <1ns

transit time 10 ns

half-height width <2 ns.

The linearity (59%) is defined as the anode current in amperes up to which the curve of
anode current as a function of luminous intensity at the photocathode does not depart
from a straight line by more than 59%,.
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In order to get these high performances, we had to reconsider the entire
construction of the photomultiplier. We shall now go through the various
parts of the tube in turn, showing how the demands made led to modifica-
tions.

The photocathode

We have already mentioned the advantages of widening the electron beam
in the multiplier in the interests of better current linearity. This widening
can be obtained by modifying the focusing of the tube.

The focusing at right angles to the axes of the dynodes can be modified
by slight adjustments to the profile of these electrodes. The focusing in
the plane of the axes is produced by the input optics, which is difficult to
modify.

In the XP 1143, we have widened the electron beam, particularly in the
first few stages, by the use of an opaque photocathode deposited on a
conducting support with the form of the first dynode and, in fact, replacing
it (the input optics being omitted). This solution also improves the speed
of the tube; since the input optics are not there, the overall transit-time is
considerably less.

The photocathode is formed by a thin film of Sb—Cs deposited on a
metallic support; it is inclined at 45 to the input window of the tube. Its
spectral response is of the type S4 (see Fig. 2.2).

The multiplier

After the omission of the input optics, another radical change in the
photomultiplier in the interests of a higher current linearity consists of a
delibrate reduction in the number of dynodes and an increase in the useful
surface area of each dynode. Most of the structural characteristics of the
multiplier of the XP 1143 are identical with those of the 56 AVP, for
example dynode profile, choice of material for the secondary-emission
layer; but the number of dynodes has been reduced from 14 to 6, and the
axial length of the dynodes has been doubled, being 50 mm in the XP
1143 compared to 25 mm in the 56 AVP and the XP 1020. We may also
mention the presence of wire-shaped accelerating electrodes in the
multiplier, which are connected to the inner wall of the tube so as to
reduce space-charge effects to a great extent.
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The increase in the dimensions of the electrodes and the great rigidity
required for their supporting rods have led to a complete rearrangement
of the electrodes within the tube, which now has a side-window.

The output stage

The last big improvement made in the XP 1143 consists of a complete
remodelling of the output stage.

As we have mentioned, conventional tubes (with the exception of the
XP 1210) have their anode in the form of a grid, which allows the primary
electrons emitted by the last dynode but one to pass through, while
capturing the secondary electrons emitted back down the tube by the
last dynode (Fig. 4.14). This form of anode gives rise to a parastic signal
superimposed on the useful signal at high currents, which thus stands in
the way of both fast operation and good linearity.

This effect is due to the collector grid being too transparent to the
secondary electrons emitted by the last dynode. Some of these electrons
can thus pass through the grid without being collected and travel in the

Anode ?
) w
< N,

Fig. 5.1. Output stage of an X P 1143 photomultiplier.
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direction of the last dynode but one until they are stopped by the electric
field ; the dynamic accelerating field present at high current levels can now
send these electrons back through the grid, so that they fall again on the
last dynode, giving rise to a fresh emission of secondary electrons.
This led us to try to make the collector grid of the XP 1143 practically
non-transparent in the direction from the last dynode to the anode. We
have achieved this by using an opaque anode with a slit in it (Fig. 5.1).

RELY. AN
B A

Fig. 5.2. Response of an X P 1143 to very brief light pulses of different intensities.

The primary electrons emitted by the last dynode but one (S5) are focused
on this slit, so that they can pass through freely, while the form of the last
dynode (S6) has been chosen so as to ensure practically total collection of
the secondary electrons it emits. The output stage has also been matched
to a 50 Q coaxial line, terminated in a socket.

These various improvements made in the XP 1143 have led to re-
markable performances in terms of speed and linearity. Fig. 5.2 shows the
output pulses produced by the tube in reponse to very brief light pulses of
different amplitudes, while Fig. 5.3 shows the linearity characteristic of
the tube measured with respect to a reference photomultiplier operating
in its linear range.
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Fig. 5.3. Linearity characteristic of the X P 1143 photomultiplier. The linearity is investigated
by comparing, on an X'Y oscilloscope with identical channels, the anode pulse from the photo-
multiplier under investigation and the anode pulse from a reference photomultiplier, known
to be working in its linear range.

Ordinate: reference pulse amplitude (channel Y )

Abscissa: measured pulse amplitude (channel X )
The characteristic given here shows that the range of linearity (5%) extends to a peak

current of about 7 A.
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6 Fast Response Photomultipliers in Nuclear Physics
6.1 Measurement of High-energy Particle Velocity

Large particle accelerators produce high-energy particles which may
have to be detected, identified or separated. The two detector types most
widely used are Cerenkov counters and scintillation counters, as these
both have the very fast response required.

The identification of the particles in a secondary beam is based on the
determination of their charge and their mass. At present, the mass m of the
particles is derived from measurement of their momentum p and their
velocity which are related by the expression:

p=mpyc

where f/ = u/c is the ratio of the velocity of the particles u to the velocity ¢ of
light in vacuo, and

1
Y= —,
/ /ﬁ _ﬁz
For charged particles, the momentum p is measured by magnetic analysis

of the particle beam, and the velocity u is deduced from the time the
particles take to cover a fixed distance [.

6.1.1 MEASURING VELOCITY FROM THE TIME OF FLIGHT

The velocity of the particles may be measured with the aid of two scintil-
lation counters or Cerenkov counters placed in the beam a distance s
apart, this distance being known as the flight path.

The velocity of each particle is measured with respect to that of light,
ie. as:

where t is the time between the pulses from the two counters.
If we denote the root mean square error involved in the measurement
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of the time of flight ¢ by g,, then the minimum time which can be measured
(the resolution time) is:

At = 20,

The value of g, will be a function of the fluctuation of the registration
times ¢, and t, of the particles in the counters 1 and 2 which define the
flight path.

In general, the registration time of a particle in a counter is defined as
the time of appearance of the centre of gravity of the output pulse produced
by the first N, photoelectrons. This definition avoids errors due to
fluctuations in the amplitude of the pulse and reduces the resolution time
to the minimum which is defined by unavoidable errors in the detector
and the photomultiplier.

Fast response photomultipliers are particularly suited to measurements
of this type, because of their high speed of response, the brevity of their
output pulses and the low fluctuation of their transit times.

Scintillation counters

When a charged particle enters a scintillator, a flash of light is produced
the intensity of which is approximately given by the expression:

—_ L 3
Loy=1,-e

where 7 is the characteristic decay time of the scintillator. For polystyrene
scintillators (type SPF), this time constant amounts to a few nanoseconds
(about 4 x 10~ s). This light forms the input signal for a photomultiplier.
Now we have seen, the form of the output pulse produced by the photo-
multiplier varies from one particle to the next. This is due to the finite
number of photons emitted and the fluctuations in the transit times of the
electrons in the photomultiplier. The output information must thus be
processed so as to obtain the maximum possible accuracy for the measure-
ment of ¢, and ¢,. For this reason, the times ¢, and ¢, are defined as the
mean times of arrival at the anode of the photomultiplier of the N, first
photoelectrons, N, being chosen in such a way as to minimize the fluc-
tuations in the measured time.
The emission of the photoelectrons follows the law:
Ne i —tlT
e([) - T e ’
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where N, is the mean number of photoelectrons emitted per scintillation
and  is the decay time of the scintillator. It may be shown that if we want
to reduce the variance of the measured time (mean time of collection of
the first N, electrons), we must reduce the value of the ratio t/N,. This
means that we must choose a scintillator with the best ratio of the number
of photons emitted to the decay time. On the other hand, we must ensure
that the transfer of light from the scintillator to the photomultiplier is as

efficient as possible, so as to increase N,.
The photomultiplier plays a role here by virtue firstly of the sensitivity
of its photocathode and secondly of the factor o, the value of which is

given (see p. 44 and Appendix 3) by:

2
5 o 2
02 = odgy + —2 (1 + —).

g—1 g

This factor represents the variance of the time at which the centre of
gravity of the photomultiplier output pulse occurs. The first term,
sy, the variance of the transit time between the photocathode and the
firstdynode, is the most important. However, the second term, representing
the inter-dynode fluctuations, is not negligible. This term is due mainly to
the first few stages of the multiplier, since the relative variance of the
transit time at a given stage is inversely proportional to the square root
of the number of electrons involved.

As we have seen, minimization of the above fluctuations leads to the
minimum variance in the overall transit time (¢;) and hence to the maxi-
mum relative accuracy of the measurements. When a fast response photo-
multiplier is used together with an SPF scintillator it has proved possible
to obtain a resolution time of the order of 5x 10710 s.

Cerenkov counter

Cerenkov light is emitted in all transparent media, no matter what their
nature, by any charged particle with a velocity u exceeding ¢/n, where :

¢ is the velocity of light in vacuo, and

n is the refractive index of the medium.
The light emitted in this way has the character of a shock wave; it is
therefore emitted at a constant angle to the trajectory of the particle, the
value of this angle being given by:

¢ 1 1

COSPp =— x —=—
¢ nou pn
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The light emitted is polarized. Its chromatic intensity I per unit band-
width AZ only depends on the charge Q of the particle and the angle of
emission, ie. on the incident velocity. The number of photons emitted
per unit wavelength by a radiator 1 cm thick is given by:
dN 4 2,22 )
p_dmeQ 2y

d/. hes?

where h is Planck’s constant.

This equation shows that, apart from the sensitivity of the photocathode
and the transparence, the photoelectric current is larger as the wavelength
transmitted is shorter. This shows that it is advantageous to use photo-
multipliers with a window of fused quartz, which is transparent to ultra-
violet. A glass window of the same thickness would give an appreciable
lower current, because of the absorption in the near ultra-violet (see
Section 3.1).

The light emitted by a Cerenkov radiator is of low intensity (about 20
times less than that emitted by a plastic scintillator of the same dimensions)
but its rise time is extremely short ; indeed, the duration of the light pulses
is almost entirely due to the effects inevitably associated with the propaga-
tion of light in the radiator. This allows very high counting rates to be
obtained when dealing with pulsed beams.

Using a set-up comprising two Cerenkov counters for the separation
and identification of 7* mesons and protons and of 7~ mesons and
antiprotons in a secondary beam, a resolution of better than a nano-
second (7 x 10719 s) has been obtained.

6.1.2 MEASURING VELOCITY BY CERENKOV EFFECT

Threshold counters

The light emitted by the Cerenkov effect can be used in a number of ways
for the measurement of the velocity of a particle. It follows from the
angular relation given above that the threshold for the emission of the
light is reached at = 1/n. This property can be made use of for selection
of particles in a certain velocity range, since a photomultiplier will only
give a pulse when the particle velocity exceeds a limiting value determined
by the refractive index chosen. In principle, a similar counter set to another
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threshold allows us to determine whether the velocity of the particle lies
within two fixed limits.

However, this method has disadvantages. The emission near the thresh-
old (ie. for ¢ near to zero) is very low in intensity. Depending on the
experimental conditions and the sensitivity of the photomultiplier,
the counter will only start to deliver pulses when the velocity of the
particle exceeds the threshold velocity u = ¢/n by a small amount (which is
basically variable and ill-defined).

During experiments on the capture of 4~ mesons by carbon, a threshold
counter formed by a water radiator and a fast response photomultiplier
was used to eliminate 7~ mesons from the beam of ¢~ mesons.

Differential velocity-selection counters

Another way of measuring the velocity of a particle is provided by the
fact that the Cerenkov light emitted is distributed in a cone, at a constant
angle to the trajectory of the particle in question. If particles of the same
velocity, following paths which were parallel or slightly divergent, pass
through a transparent medium, then an observer looking in the direction
of the incident particles would be able to see a ring of light each time a
particle passes. This ring appears in a fixed direction, which does not
depend on the position of the particle or on that of the eye of the observer.
The low intensities involved, and in particular the rapidity of the effect,
in fact make this phenomenon invisible to the human eye, but it can be
detected by a photomultiplier.

A camera focused to infinity and pointed at the radiator will focus all
the rays making a certain angle with the initial trajectory in an annular
image, the radius of which depends on the velocity of the incident particle
as follows:

R=Ftan¢$=F/n’pf>-1,

where F is the focal length of the camera.

If a photocathode fitted with an annular diaphragm of suitable
diameter is placed in the focal plane, only the particles with a given
velocity will produce a pulse in the photomultiplier. This principle is
made use of in differential velocity-selection counters based on the
Cerenkov effect.
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6.2 Studies on Heavy High-energy Particles

Certain problems of nuclear physics for which a linear detector with a
very low resolution time (a few nanoseconds) seems indispensable can be
solved with the aid of a scintillator consisting of a sample of rare gas,
together with a fast response photomultiplier. Rare gases are characterized
as scintillators by the very short life of the luminescence and by the great
linearity of their response as a function of the total energy given up the
gas by the incident particle.

For example, the luminescence of xenon is characterized by a very low
time constant (about 2.2 ns), equal to the life of the excited states of the
gas. Measurement of this life is a straight forward application of a fast
response photomultiplier.

The study of nuclear reactions involves a certain number of heavy
particles, which have very large specific energy losses. This is the case,
in particular, with the fission ions, for which dE/dX can reach 70 MeV
per cm in argon. The response of the scintillator used must thus be linear
over a very wide energy range. Since, moreover, the ions are often accom-
panied by an intense flux of lighter particles (electrons or alpha particles),
the life of the luminescence produced by the scintillator should be as
short as possible if we are to avoid a pile-up of pulses at the output of the
photomultiplier.

Gaseous scintillators, with their very linear response over a wide energy
range and the low time constant of their luminescence, are thus invaluable
for the detection of heavy ions and neutrons in nuclear physics.

Use of a gaseous scintillator with a fast response photomultiplier
allows resolution times of the order of

1=510""s

to be obtained; this is about 100 times less than that given by a classical
fission chambers.

Such combinations have made it possible to study the spontaneous
fission of the transuric elements, the half-lives of which are very brief
(for example, americium 241 emits 10® particles per second per mg).
Resonances in the effective nuclear cross-section of the transuranides has
also been studied in this way, with increased precision.

A study on the fission of plutonium 239, by L. Bollinger in which the
fission fragments were detected by scintillation in an argon-nitrogen
mixture is of interest. A resolution time of 5x 10~ ? s obtained in this
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way allowed him to use 120 mg of plutonium in the scintillation chamber ;
this corresponds to an emission of 3 x 10® a-particles per second. The use
of a fast response photomultiplier giving high instantaneous anode
currents made it unnecessary to use an amplifier : the discriminator could
be connected directly to the output of the photomultiplier.

Other examples of applications of fast response photomultipliers can
also be mentioned: the measurement of the neutron flux in critical
assemblies and in nuclear reactors which are at the point of going critical;
kinetic studies on nuclear reactors by the method of sinusoidal oscillation
in an absorbing sample placed in the control-rod system. Finally, mention
may be made of y detection and the study of y correlation in large acceler-
ators.
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7 Detection of Modulated Light by Photomultipliers

The transmission of information by optical carrier waves is the subject of
renewed interest at present, largely owing to the appearance of sources of
coherent light such as lasers.

The use of light as the carrier wave for information has the following

advantages:

— the very high frequencies involved would permit the use of very wide
modulation bands, so that information could be transmitted on a large
number of channels simultaneously. The range of optical frequencies,
from 4=400 nm to A=800 nm, corresponds to a frequency range of
about 4 x 10'* Hz, which is more than enough for all the telecommuni-
cation needs which can be though of at the moment.

— for transmission over long distances, the great directivity which can
be given to beams of light would also prove very useful. For example,
the use of lasers, which are light sources with a high luminance and a
very high directivity, has enabled information to be transmitted over
distances of several thousand kilometres.

7.1 Optical Receivers

The high directivity of light makes it possible for optical links to be realiz-
ed over very large distances. However, the maximum range does depend
on the sensitivity of the receiver used and on the bandwidth of the signal
to be transmitted.

At present, photomultipliers are the most sensitive detectors of light
in the visible range. They have the advantage of possessing their own
built-in amplifier with a very low noise level, while the sensitivity of a
simple photodiode is masked by the noise of the amplifier which follows it.

Photomultipliers as now used for physics applications would make
excellent quadratic detectors for modulated light at wavelengths below
650 nm (Sb—Cs cathode, 800 nm (Sb—Na—-K-Cs cathode) or 1100 nm
(Ag—0O-Cs), with modulation frequencies between 0 and about 150 MHz.

A photomultiplier intended for the detection of amplitude-modulated
light in a very wide frequency band does not in fact have to meet all the
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requirements made on photomultipliers in nuclear physics applications
(high gain, large cathode surface area); but it does have to have its own
special characteristics, mainly in connection with the need for as wide a
passband as possible.

7.2 Sensitivity Limit of Photomultipliers for Modulated Light

In general, the sensitivity of a receiver is limited by noise. In optical

receivers such as photomultipliers, the sensitivity is limited simultane-

ously by:

— the noise (dark current) of the receiver itself;

— the noise due to the quantized nature of the light emitted (Schottky
effect).

We have seen that the dark current in phototipliers is partly due to
thermionic emission from the photocathode and the dynodes. This
thermionic emission can be much reduced by cooling the photomultiplier
to such a low temperature that the energy possessed by the thermal elec-
trons is less than the work function of the material.

The quantum noise, on the other hand, cannot possibly be eliminated.
It is due to the fluctuations in the mean number of photons reaching the
photocathode in a given time. We shall now calculate the ultimate limit
of the sensitivity of the detector, i.e. that due the quantized nature of light
only.

Let us consider a signal occupying a frequency band of width Af, which
modulates the amplitude of a light wave of frequency v. The integration
time 7 of the signal between two consecutive independent values is of the
order of:

1
T—m.

This time should be less than or equal to the resolution time of the recei-
ver if the information contained in the signal is to be deétected without
distortion.

The mean number of photons reaching the photomultiplier during the
time 7 is equal to:

_ Pz
N, =—,
Py

where P is the light power applied to the photocathode, in watts.

(12)
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If n, is the quantum efficiency of the photocathode, the mean number
. of useful photons, N, is equal to:

N Pz

p:’/’qﬁ‘j' (13)

If we assume that the real number of photons emitted has a normal dis-
tribution, then the standard deviation of the above number is:

— | Pt
\/N‘p: nqm' (14)

With the aid of equation (12), we find for the corresponding noise power :

py/ N, _ [2Phvaf
N, Mg

At the output of a detector with a quadratic characteristic, the power of
the electrical signal is proportional to P? (with 100 % modulation), and
the noise power is proportional to:

2 PhvAf
g

: (15)

This noise is shot noise (Schottky noise) associated with the continuous
component 7 of the photoelectric current produced by the modulated
light. Now since:

N ¥ , N, v \?
I = ("Tm’e> is proportional to P? = < 2 v) ,
A T

whence

2 Phvaf
—ﬂviz k (2 IeAf),
q

where k is a constant of proportionality.
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With the aid of equation (15), we can now write for the signal-to-noise
ratio:
P

2 hvAf -
1y

This ratio has been calculated on the assumption that the light wave is

100 9%, modulated. In the more frequently occurring case where the modu-
lation percentage m is less than 100, the signal-to-noise ratio becomes::

2
m
(1os)
100 (17)
2 hvAf
Mg
With the aid of this expression, we can calculate the minimum light
power reaching the receiver needed to give a given signal-to-noise ratio;

the intrinsic noise of the receiver has not been taken into consideration
here.

(16)

7.3 Passband

The passband of a photomultiplier extends from d.c up to a certain cut-
off frequency determined by the fluctuations in the transit time of the
electrons at the various stages of the tube, by the duration of the currents
induced by the electrons in the last few stages of the multiplier and by the
time constants of the various inter-electrode connections. For most of the
photomultipliers, the 3 dB cut-off frequency lies at about 100 MHz. The
type 1210, on the other hand, has a cut-off frequency of about 200 MHz.

The passband can be calculated in a fairly simple manner. Let us
suppose that the pulse response of a photomultiplier is represented by a
normal distribution of standard deviation o:

R(t) = exp (—t*/20?)

The frequency response will then be:

G(w) = J”J R(t) exp (—jwt)dt
= /27 ¢ exp (—w?c?/2)
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Under these conditions, calculation shows that the 3 dB passband is
equal to (0.13)/g, which comes to 130 MHz for the XP 1020, for which

oc=1 ns.
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Table 3. Principal Characteristics of Fast Response Photomultipliers

type diameter of no. of spectral mean sensitivity anode sensitivity
photocathode stages response of photocathode
(mm)
to white to monochromatic gain at HT voltage
light light \%)
(nA/1m) (mA/W)
Y %) %) ) 3)

56 AVP 14 A(S11) 65 55 10® 2200
56 CVP 10 C(S1) 25 2 100 %) 2750
56 DVP 14 D - 75 108 2300
56 DUVP 42 14 DU e 75 10® 2300
56 TVP 14 T (S 20) 115 65 108 2500
56 TUVP 14 TU 115 65 108 2500
56 UVP 14 U (S 13) 65 55 108 2200
58 AVP 14 A (S 11) 70 60 108 2400
58 DVP - 14 D - - 60 108 2400
58 UVP 110 14 U (S 13) 70 60 108 2400
XP 1040 14 A(S11) 70 60 10® 2400
XP 1041 14 D - 60 108 2400
XP 1020 12 A(S11) 65 55 108 2500
XP 1021 12 A (S 11) 65 55 10® 2500
XP 1023 42 12 U (S 13) 65 55 108 2500
XP 1210 10 A(S11) 50 40 107 4000
XP 1143 opaque cathode 6 S4 45 40 10* 3500

') The XP 1020 and XP 1021 only differ in their output impedances, which are 100 Q for the XP 1020 and 50 Q for the XP 1021.
%) For the XP 1143, the minimum useful area of the photocathode is 7 x 40 mm?.

%) See the corresponding spectral response curves of Fig. 2.2.

#) Measured with the aid of a tungsten-ribbon lamp with a colour temperature of 2854°K.

%) Measured at 420 nm (for the C(S,) types, at 800 nm).
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Appendix 1
Mathematical Treatment of Gain Fluctuations

In the problems related to the gain fluctuations in the multiplier, with
which we are concerned here, the statistical variables to be dealt with
can only assume values equal to positive whole numbers or zero, since
the variables in question represent numbers of electrons.

Let us therefore consider a statistical variable s, which may assume a
value equal to a positive whole number or zero, with the probability
distribution P(s).

We shall define the generating function of this distribution as a function
of the auxiliary variable u given by the relation:

Gu)= Y P(s)u'.
s=0
The mean value of the statistical variable (first-order moment) § and its
variance (second-order moment) ¢* are given by:
§ = G'(u), where u=1 (1)
> =G"(u) + G (u) — [G'(u)]>, where u=1. (2)

Let us now consider a random event with only one alternative, between

s=0and s=1. This is the case in photoelectric emission, where a photon

has a probability #, of liberating an electron, and a probability (1 —n,)

of not doing so. For this case, the generating function may be written:
G(u) = (1—n,) + nyu.

It follows from equations (1) and (2) that the mean value and the variance
in this case are:

§ =1, (3)
62 = nq (1_}74]) (4)
We shall now show that the generating function for the electron distribu-
tion at the output of a photomultiplier can easily be calculated from the

generating functions of the successive statistical events involved in the
operation of the detector. The mean number of electrons at the output, and
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the variance of this value, can thus be related to the moments characteriz-
ing these elementary statistical events.

We shall now go through the various stages of conversion and amplifi-
cation occurring in a photomultiplier, with this aim in view.

Photoelectron conversion

If only one basic event out of a certain set of random events A, B, ... can
occur in a given experiment, and if the probability of occurrence of the
different events in successive experiments is given by P(A4), P(B), ...
respectively, then the generating function of the composite event is given
by the weighted mean of the generating functions A(u), B(u), ... of the
component events:

G(u) = P(A) A(u) + P(B) B(u) + ... (5)

Let us consider the photoelectron conversion produced by the cathode
as an example. The photocathode will not in general have exactly the
same photoelectric sensitivity at all points on its surface. We may thus
divide the heterogeneous surface of the photocathode into a sufficient
number n of elementary zones of equal area, zone i being associated with
a probability of photoelectric emission #,,. The arrival of a photon in zone
i (with a probability P(i)) thus constitutes and elementary event, represen-
ted by the generating function:

Ai(u) = (1 S nqi) + ']qiu'
The generating function for the cathode as a whole will thus be:

Gl) = 3 PO =) + 1]

If the illumination is uniform, i.e. if the photon has the same probability
of falling on any of the elementary zones, then we have:

i [(1 _’741') + qu“]-

The mean number of electrons emitted by an arbitrary point on the catho-
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de struck by a single photon and the variance ¢* of this value, can thus be
calculated from equations (1) and (2). This gives:
= I

Nei = ’; Z Ngi = ﬁq (6)
1i=0
and
0(2’ = qu(]_ﬁq)’ (7)

where 77, is the mean quantum efficiency of the photocathode.

Conversion of NN, photons

When a number of random events, from a set of independent events A4,
B, ... occur simultaneously, the generating function of the new statistical
variable is:

G(u) = A(u) B(u) ...

It follows that if N, photons arrive simultaneously at the photocathode,
the generating function associated with the sum of these N, independent
events is:

G(u) = [(1—7,) + fu]™ .

The mean number of electrons emitted, and the variance of this value, are
thus:

N,= N,j, and ¢* = N,j,(1-7,). (8)

Note: Strictly speaking, we should have written:

9115 t0mrg e ng]”

ni-o

but this leads to the same result.

Electron multiplication

The electron multiplication occurring from dynode to dynode in the
multiplier can be considered to a first approximation as a series of events
“in cascade”. Let us consider two successive dynodes (S1) and (S2) of the
multiplier. If dynode (S1) emits a group of N, electrons (event 1), the
secondary emission of dynode (S2) (event 2) on receipt of these N

e
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“primary” electrons may be regarded as the sum of N, identical, indepen-
dent events; this is what we mean when we say that events (1) and (2) are
in cascade.

In this case, if B(u) is the generating function associated with the statis-
tical distribution of the secondary electrons emitted by dynode (S2)
when struck by a single “primary” electron, and A(u) is the corresponding
generating function for dynode (S1), then it can be shown that the gene-
rating function associated with the total number of electrons emitted by
dynode (S2) is:

G(u) = A[Bu)] . ©)

The mean value of the statistical variable s may now be calculated with
the aid of equation (1). This gives:

§:§A.‘§B’ (10)

where 5, and 5 are the mean values of the statistical variables associated
with events 4 and B.
The variance can now be calculated with the aid of equation (2):
6> = 5305 + 5,405 .
In general, it is more useful to consider the relative variance v=g?/5%
In the present case, we find for this:
v
0=, + —. (11)
S4
If the multiplier has a total of n dynodes, then by repeating the above
process we arrive at the following expression for the mean number of
electrons N, produced at the output of the multiplier when a single
photoelectron enters the input:

N,=N,-N,,...N,, (12)
while the corresponding relative variance may be written:
Ve2 Ve Uen
V, = U, + — + 2 -4 . (13)

Nel NelN_eZ N21N82"'N_en71
Now the mean values N,;, N, ... are in fact the interstage gains of the

multiplier, and therefore, we may write:

Nei = ﬁci'éi

98



where &, is the mean secondary-emission coefficient of the i dynode and
fl.; is the mean collection efficiency between this dynode and the next.
The relative variance of the real gain of the multiplier thus becomes:
v 0)

Bg, = B F—To b __ (14)
" ! Ne104 Ne101 1205

L

gn

’]L‘151.'76252 ”('nflén—l .
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Appendix 2

Calculation of Relative Variance of Electron Distribution at the Output of a
Scintillation Detector

(after the theory developed by E. Breitenberger)

When radiation strikes a scintillation detector, it is only the mean quanti-
ty O of charge appearing at the output of the detector which is proportio-
nal to the energy of the incident radiation. The value of Q is subject to
statistical variations of which we now propose to calculate the relative
variance vg.

We start making the simplifying assumption that each particle of the
incident radiation gives up the same amount of energy to the scintillator,
and this constant amount of energy yields a variable number of photons
(event X). We assume further that each photon emitted has a certain
probability of reaching the photocathode (event T).

The emission of the photons by the scintillator (X), their transfer (T)
to the photocathode and the conversion of the photons into output elec-
trons (event M) may thus be regarded as a series of events in cascade.

Let us denote the generating functions associated with these three events
by X (u), T(u) and M (u) respectively.

Analogous to equations (12) and (13), the mean value of the variable
associated with the resulting generating function G(Q) is:

5y = SBpby
and the relative variance
Ur | Uy

Vp = Dy + — + — 15

o=t % T o7 (15)
where vy, vy and v,, are the relative variances associated with the gene-
rating functions X (u), T(u) and M(u) and:

Ny=X~T
is the mean number of photons arriving at the photocathode. If v, is the

relative variance of this number we can simplify (15) very appreciably
with the aid of (11)

- Um
Vg = Up + N, (16)
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where:

0)

vp = Uy + % (17)
On the other hand, the relative variance v,, associated with the photon-
electron conversion in the photomultiplier may be written in terms of the
three main measurable parameters of the photomultiplier, viz. the
quantum efficiency #, of the photocathode, the overall collection effi-
ciency 7, and the relative variance v, of the multiplier, calculated from
the single-electron spectrum (see 3.3.1).

Detection, collection and multiplication can also be considered as
three events 4, Band C in cascade. The overall relative variance associated
with these three events can thus be written (with equation (13)):

v )
Byg = B0 e+ —,
M e
where v, and v,_are:
2 { 2 1—
”q I’Iq ’/]c > nc
It follows that:
1+
Uy = w BN
Metyg
and substituting this expression in (16), we find:
1 1 1+ v,
U = Dp — —= —
¢ 7 N, N,
or
1- ﬂcﬂq + Ug
Vg = by + —=——. (18)
e " Nynen,
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Appendix 3

Calculations Concerning Time Fluctuations
(after the theory developed by E. Gatti)

Relative variance of the width of the anode pulse
Consider two successive dynodes of the multiplier; and let us suppose
that a group of N, electrons leaves the first of these dynodes at the same
moment. (We may imagine, if we wish, that these N, electrons all come
from the secondary emission produced when one single electron falls
on the first dynode.)

These N, electrons will reach the second dynode at different moments.
If 7, is the difference between the time of arrival of the i electron and the
mean time of arrival, the width i , of the pulse formed by the N, electrons
on arrival at the second dynode is defined as:

Ne
2 T
=1

2=l = 19
Y= ass N, (19)
Differentiating with respect to 7, we find:
Ne
Y sy
=1
dy, = ———
Vadis = —
or, bearing in mind the general relation:
; o VP, f \ , Y ,
P =l = 20
o7 <611> oz, + (50(2) G T+ vue F 5%) o5, (20)
where fis a function of the independent variables o, «,, ... o, we find

for the variance of the width of the pulse produced by the arrival of the N,
electrons at the second dynode:

A
2 _ id 2 _ 21
T ,-:ZI (O‘E,-) %% =N (21)

e

where g3 is the variance of the difference in transit times 7; between the
two dynodes in question.

102



After these N, electrons have been multiplied by secondary emission,
the pulse width becomes:

=
L)
=
A
o

]
—

<

&
Il

2z

(22)

°

<

I

where g, represents the gain of the stage for the i'" electron (g; and t; un-
correlated variables). We may consider, on the average, that multiplication
does not broaden the pulse, i.e.:

Vi=ys.

Differentiating (22) with respect to g; and t; and bearing the general rela-
tion (20) in mind, we find for the variance of the pulse width after multipli-
cation of the electrons:

Ne Ne
> (i —vg) Y. gitl
5 i=1 B i=1 5
Oyp = 4YINZg? o, + E,%N;f gz“ Tss (23)

where g, is the variance of the gain of the stage and :

Ne
Nig= ), &

=1

We now assume that the inter-dynode transit-time differences t; have a
Gaussian distribution, normalized so that the total area under the curve
1§ N, 1.€::

N =
dP(z) = ~_— exp <— I'7 >dr,».

Jss

We can now calculate the first term on the right-hand side of (23), making
use of the approximation:

o+ o0

T? dP(t;) =3 Neag.S'
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In the second term on the right-hand side of (23), we have:

Ne
Y. giti = N,oss (9°+0,) . Equation (23) then becomes

i=1

5 0% 342 o2 3
- | = 72) ) 1 =
O-WB Ne < + 2 g._ s N() + 2 U (24)
where v, is the relative variance of the gain of the stage.

As the multiplication of the electrons does not, on the average, change
the width of the pulse (5 = y/3), we can simply calculate the width of the
pulse after n multiplications in cascade from:

n+1

? = _;? '//.2 = 'Wés (25)

Let us now calculate the variance gy, of 1. For this purpose, we differen-
tiate (25):

n+1
‘//dw = Z ‘//idl//i
whence:
n+1 n+1

Vo =Y, Vi =i 3, .
1=4 1=4

With the aid of (24), this becomes:
>, ) 3 \ n+1 1
Yoy = 6545(]+ — ug>

On the average, we may take:
NcZ =4, Ne3:g2» ete.

This gives (since g > 1):

o 3
(1 +=

lffo'w—g )

v,) -
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Combining this with (25), we find for the relative variance of the pulse
width:

(i, B 1 3
Ly = 1//2 = r—l)nz (1+§Ug) . (26)

Putting v,= 1/g, we can also write the relative variance of i in the form:

v, = (g_ll)n <1 + ;g) (27)

Variance of the position of the centre of gravity of the pulse on the time axis

We shall now calculate the variance of the time between the emission
of a photoelectron and the arrival of the centre of gravity of the corresp-
onding pulse in the anode circuit, by a method similar to that used above.

The centre of gravity of a pulse starting from one dynode is defined by:

Ne

Z gt
=1
Ne .
Z gi

i=1

1B = (28)

Differentiating with respect to t; and g,, and considering that the mean
value of the numerator of (28) is zero, we find:

Ne
Z (gidfi"‘fidgi)
i=1

Ne
Z gi
i=1

d =

Lg

from which we deduce the variance o, , with the aid of the general
. B
relation

5 Ne [(573)2 <5XB>2 :|
0"‘ = 2 02 he 0_2 ,
IB i;1 0% 53 og; ‘
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whence
N,

= ) [gioss+1i0;]

i=1
Z gi

i=1

We now make use of the approximations:

Ne
Z gi eg and Z gl (g +G)
i=i1 i=1
and, with the aid of (19), we find:
2 2
Oss 20, ass
J)Z(B :Ne<1 +—g—zg—>4 N, (1+2v,) (29)

where v, is the relative variance of the gain per stage:
o;/9* .
The variance of the time at which the centre of gravity of the pulse occurs,

for the photomultiplier as a whole, is thus:
n+1 2

G _UCSI+Z 1+2U)

i=2 el

Again taking:

Nf.’Z:g and Ne3:g29
we find
o; = 0¢sy + T 1(1+21)) (30)

where g, is the variance of the transit time between the cathode and the
first dynode, and o2 is the variance in transit time between two successive
dynodes.

If we again put ;=g and v,=1/g, as above, we can finally write
equation (30) in the form:

2 2 0-2 2
a;zagm—i—g_“l(l—kg). (31)
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Fast response photomultiplier type 58AV P
(approx. 1/3 full size)
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Appendix 4
Spark Generator type SL 109

Spark generator type SL 109 is a source of light pulses of extremely
short duration. It is intended for investigation of the speed of photo-
multipliers and associated circuitry. The half-height width of the light
pulses is less than one nanosecond, and these pulses can be produced
either one at a time or at regular intervals at frequencies of up to 150
pulses per second. The light pulses are produced by discharge of a
capacitor between a point electrode and a spherical electrode in air.

The capacitor is charged to a variable voltage between 3500 and 5000
V and is discharged via the spark gap and a thyratron which is made
temporarily conducting by a triggering pulse applied to the cathode.
Normally, this tube is kept cut off by a positive voltage of 50-150 V
applied to the cathode.

Fig. A4.1. The light pulse emitted by the spark generator SL 109, as detected by an AVHC 41
diode and observed on a sampling oscilloscope.
Ordinate scale: 70 mV per main division.
Abscissa scale: 1 ns per main division.
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The light pulse produced between the electrodes of the spark gap is
intense enough to be observed by a photoelectric cell with plane parallel
electrodes (type AVHC 40 or AHVC 41, for example), the relatively short
rise time of which (of the order of a few tenths of a nanosecond) allows the
form of the pulse to be faithfully reproduced. The oscillogram in Fig.
A4.1 shows the form of the light pulse, determined in this way.
An electrical synchronization signal may be taken from the ends of a
50 Q matched load inserted in the discharge circuit of the capacitor.
The triggering pulse comes from a relay with mercury-wetted electrodes,
and is given the desired form by a coaxial line. The amplitude of this
pulse may vary from 100 to 500 V.
The pulse generator SL 109 is built in two units:
— one contains the light-pulse source proper, with the triggering circuit
and the photoelectric cell for checking the pulse;
— the other contains the HT supply and the circuits which supply the
triggering signal.
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