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THE LINEAR ELECTRON ACCELERATOR

by D. W. FRY *).

621.384.622.2

Much of the work of contemporary nuclear physicists depends on the use of beams of high
energy particles which are available from the particle accelerators constructed during the past
two decades. Further development of techniques for producing such beams is directed towards
higher particle energies as well as towards larger particle beam currents: higher energies are
essential for discovering new types of reactions or elementary particles hitherto unknown, large
currents are indispensable for certain investigations involving rather weak interaction ef-

Sects, as for example neutron scattering.

The production. of high energy electrons, in the millions of volts range, is of great importance
also in another realm, medicine. The very pencirating X-rays emitted from targets under such
electron bombardment give rise to dose distributions inside the human body which from a
Physical point of view should be much more favourable for effective therapeutic treatment than
can be obtained with the 200 or 400 kV X-rays commonly used. Again, high X-ray intensities
and, therefore, large electron beam currents are of prime importance for successful medical

applications.

A very efficient means of meeting the demand for intense beams of electrons of several millions
of volts energy, has been found in the lincar electron accelerator. A series of articles on this
development will be published in this Review within the next couple of years. The editors are

. greatly indebted to Mr. Fry, one of the most eminent authorities in the world in this field, for
his permission to publish the following paper as the first in the projected series. Mr. Fry,
who is at present Head of the General Physics Division of the British Atomic Energy Research
Establishment, was at the head of the group of workers who built the very first travelling wave

type linear electron accelerator.

This paper is a slightly altered and shortened version of a lecture delivered at a symposium
on Particle Accelerators at Delft in February 1951 **) and gives a brief account of the funda-
mentals of the linear electron accelerator. The following articles of the series will describe i.a.
the accelerators for 4 and 15 MeV respectively that were built by the Mullard Research
Laboratory at Salfords (Surrey, England) under the direction of Dr. Bareford, in close
collaboration with Mr. Fry’s groups at Harwell and Malvern.

Introduction

Since about the time Cockeroft and Walton 1)
disintegrated the lithium nucleus by bombarding
it with alpha particles accelerated in a cascade
generator to 800 keV, many ways have been. pro-
posed for accelerating particles to high energies.
Some, such as the resonant transformer, the elec-
trostatic generator, and the cascade generator,
establish the full accelerating field between an in-
sulated electrode and earth. They may be designed
to have extremely useful properties such as high
beam intensities and in the case of the electrostatic

*) Atomic Energy Research Establishment, Harwell, England.
**)The complete lecture has been published in De Ingenieur,
64, O. 51, 1952 (No. 14). .

and cascade generator a very narrow energy spec-
trum, but very formidable engineering problems
are encountered if an attempt is made to design
them for more than a few million volts energy.

To overcome the high potential insulation dif-
ficulty several alternatives were proposed, all of
which in one form or another made use of the
repeated action of quite low voltage fields upon the
particles to be accelerated. Accelerators like the
cyclotron, the betatron, the synchrotron and the.
synchrocyclotron which accelerate particles in
cyclic paths under the action of magnetic and
oscillating electric fields and which use frequencies
up to a few tens of Mc/s form one broad group,
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whilst the methods in which the particles are
accelerated in a straight line by either the
continuous or intermittent action of (ultra) high
frequency fields form another group. The latter
principle was used successfully by Widerde ?)
in 1928 to accelerate potassium ions to 50 kV with
a maximum applied voltage of 25 kV and a few
years later by Sloan working first with E. O.
Lawrence ®) and then with Coates %) to accelerate
mercury ions to 1.26 and 2.85 MeV respectively.
Beams working with Snoddy % and with
Trotter ¢) also accelerated particles in a straight
line using a different technique from Sloan et al. In
their method co-linear electrodes were connected to
the appropriate points of loaded transmission lines
along which were transmitted voltage impulses.
Protons and electrons were accelerated to energies
of a few million volts by this method.

However, because of the success of the cyclotron.
for accelerating heavy particles, and the betatron
for electrons, together with the lack of high powers
at microwavelengths, which are essential for
convenient configurations of linear accelerators,
their development stopped until about 1945. By
that time great advances had been made in the
deyelopment of pulsed ultra high frequency power
sources, due to the importance of.such sources
for radar and similar devices. Mean pulse powers
of up to 2 MW’s for several microseconds at re-

petition rates up to 500 pulses per second were -

available in the frequency range 150-3000 Mc/s.
These high peak powers together with their associ-
ated new circuit techniques offered the possibility
of the linear accelerator comparing favourably on
technical and economic grounds with other methods
of particle acceleration. The design of microwave
linear accelerators using high powers and new tech-
niques was started in several different laboratories.

Principle of travelling wave accelerator

The basic aim of all forms of linear accelerators is
to establish suitably phased components of electric
field along an axis down which the particles are
to be accelerated, in such a way that the particle
energy steadily increases. This will take place if
the phase velocity of a progressive electromagnetic
wave with a component of electric field in the
direction of wave propagation can be controlled
in a way which keeps the wave in phase with the
particles being accelerated.

It may be seen that acceleration is possible in
this way by reference to fig. 1. Let this represent
the local variation, at any given instant in time, of
the axial electric field of a wave progressing from
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left to right, with peak field E. A charged particle
at B (or D) is subject momentarily to the accelera-
ting field En. If the particle at that instant moves
to the right with a velocity much less (or greater)
than that of the wave, it will continuously shift its
position. relative to the field distribution indicated,
the force to which it is subject will rapidly change
from accelerating to decelerating and vice versa,’
so that the mean energy imparted to the particle
by the wave will be zero. If, however, the particle
velocity at that instant is equal to the phase
velocity of the wave, the particle will retain
its relative position in the wave and it will be
subject to the constant accelerating field
En = E sin @, as represented by the -dotted’

_horizontal line, @5 being the phase of the particle

relative to point O (zero field) in fig. 1. As the
particle velocity will increase due to the accelera-
ting force, its position in the wave can be main-
tained only if the phase velocity of the wave is
made to increase likewise and at the same rate.
The energy gained by a particle of charge e, after
travelling a distance z in the constant accelerating
field E,, is ezE sin @s. Denoting the total energy
(rest and kinetic) of the particle by € and its rest
mass by my, its velocity vy, is given by the relativistic
formula:

mgc?

V-t
c
(c being the velocity of light). Hence, this is the
required dependence of the phase velocity v = vp
of the wave on the distance z along the axis.
Under this condition, particles displaced from
B (or D) find themselves in a field which produces
either too much acceleration or too little, thus

restoring them to the phase stable point B,
around which the particles will oscillate. Likewise

= ezE sin O5 + const. (1)

e 72782
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Fig. 1. Instantaneous values of electric field in z-direction,
of wave travelling in this direction. The phase velocity of the
wave increases in z-direction in such a way as to maintain a
particle at B (or D etc.) in a constant accelerating field (Em).
Particles at B or D are in stable equilibrium, at 4 or C in
unstable equilibrium.
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particles at 4 (or C) are in unstable equilibrium.
Mathematical analyses of the motion of particles
trapped in a wave in this way have been carried
out ?) 8) and have shown there is damping of the
amplitude of these phase oscillations with increasing
energy- both for slow and relativistic speeds and
that generally the phase oscillations have a frequen-
cy much lower than that of the wave, almost
ceasing to exist in the relativistic region. If particles
are injected continuously into the wave with a
velocity close to its initial phase velocity only
those in the region from A to, say, P will be trap-
ped in resonance with it and become bunched
around B. Those starting with too large an initial
displacement, i.e. from P to C in advance of the
stable phase, will fall back beyond 4 and be lost.

The value of the phase Og of the position of
stable equilibrium and, hence, the mean accelerating
field acting on the particles oscillating around this
position may be influenced by a suitable choice of
the local variation of the phase velocity of the wave.
With increasing mean accelerating field the trap-
ping region decreases and it ceases to exist when
this field equals the peak field. In the initial stages
of an accelerator in order to trap a large number
of particles it is advisable for the position of stable
equilibrium to be well in advance of the wave crest.
After trapping and bunching has been accomplished
the equilibrium -position, again by altering the
phase velocity of the wave, may be moved nearer
to the wave crest to obtain an increased rate of
acceleration.

This description has ignored any radial motion
of the particle. However, several workers 7)?) have
shown wusing Maxwell’s electromagnetic field
equations for an axially symmetrical travelling
wave, that in general there must be radial forces
as well as an axial force acting upon the particles.
In the region where phase stability exists the net
radial force is defocusing, although as the particle
velocity becomes close to the velocity of light the
radial focusing force due to the circular component
of the magnetic field becomes almost equal to the
defocusing force due to the radial component of the
electric field and the defocusing is only slight.
Fortunately, radial stability may be restored by
the application of a paraxial magnetic field of
strength proportional to 1/JV where V is the
kinetic energy of the particle.

The corrugéted waveguide

To accelerate particles in this way it was neces-

sary to produce a progressive waveé with an axial

component of electric field and a phase velocity

LINEAR ELECTRON ACCELERATOR l 3

equal to the particle velocity and therefore less
than the velocity of light. ' )

No well recognised method for producing a guided
wave with these particular characteristics existed
in 1945, although guided waves with a longitudinal
component of electric field and a phase velocity
greater than the velocity of light were well known
by workers in the microwave field as one of many
possible modes of wave propagation in a wave-
guide.

That waves may be propagated with other
electric and magnetic field configurations than those
which are set up on a two wire transmission line,
i.e. the electric and magnetic field components
mutually at right angles to each other and to the
direction of propagation, may be illustrated by
reference to a rectangular waveguide. This may be
considered to be made up of two strips 4B forming
a twin wire transmission line continuously- stub
supported along both of its edges (fig. 2a). Such a

72783
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*Fig. 2. a) A rectangular waveguide propagating a H,, wave,
with currents flowing in the walls as shown in the righthand
picture, may be considered to be made up of a continuously
stub supported twin wire transmission line 4B (lefthand
picture).

b) Equivalent circuit of this transmission line.

¢) Pattern of electric field E (full lines) and magnetic field H
(dotted lines) in the rectangular waveguide (a). The electric
field has-no component in the direction of wave propagation.

stub loaded transmission line may be fepresented
by the equivalent circuit shown in;fig. 2b,
which may be regarded as a highpass filter
whose cut-off frequency is the resonant frequency
of the parallel tuned circuits, i.e. the frequency
at which the stubs are 1/4 long. When the
stubs occur very closely spaced, together they
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form what is substantially a rectangular tube
and the currents flowing in the transmission lines
correspond to the currents in the top and bottom
walls of a rectangular waveguide. These longitudinal
currents fall to zero at the edges of the walls and

“there are no longitudinal currents in the side walls.

The currents flowing in the stubs correspond to the
transverse currents set up in the side walls when a
H,, wave travels down the rectangular tube *).
The electric and magnetic field patterns which are
set up within the guide due to these currents flowing
in the walls are shown in fig. 2¢c. The electric com-
ponent of the field (full lines) is normal to the wide
faces of the guide and at right angles to the direction
of wave propagation, while there are both longitu-
dinal and transverse components of the magnetic
field (broken lines). This mode of propagation is
of no interest for particle acceleration, since it has
no axial component of electric field. However,
there are others, the E modes, which are of interest.

VOL. 14, No. 1

light in cm/s and b the tube radius in. cin. This is
the cut-off frequency for the tube, which behaveslike
a conventional highpass filter. The phase velocity
of these waves when propagated in a smooth-
walled cylindrical tube may be shown to be greater
than the velocity of light. To make them suitable
for accelerating particles a means of controlling
their phase velocity and reducing it to be less in-
stead of greater than ¢ has to be found. Several
methods were proposed. The one which was adopted
in the A.E.R.E. Laboratory and in the Microwave
Laboratory of Stanford University uses metal

.irises, shown diagrammatically in fig. 3b. These

irises form deep corrugations protruding from the
wall of the cylindrical guide. For close spacings each
corrugation. may be regarded as a radial parallel
plate transmission line. When their depth is less
than a quarter of a wave they provide an inductive
loading in the guide wall and by analogy with
an inductively loaded transmission line it is to be

72784. .

Fig. 3. a) Field pattern of E; wave in circular waveguide of diameter b. Full lines electric
field. The lines of magnetic force are circles around the axis.
b) Field pattern of Ey wave in corrugated circular waveguide. e = typical position of

particle experiencing acceleration.

Stratton?®) for instance shows that in a smooth-
walled guide of circular cross-section electromag-
netic waves having the field patterns shown in
fig. 3a may be propagated if their frequency (in ¢/s)
is greater than 0.38 c/b, where ¢ is the velocity of

*) Readers may refer to the articles by W. Opechowski,
Philips techn. Rev. 10, 13-25 and 46-54, 1948, which
contain a somewhat more elaborate discussion of waves
in waveguides of different shapes. Ed.

expected that the velocity of propagation of the

. waves passing along the tube will be decreased.

A careful study of the equations governing the
field existing within such a structure was first made
by Cutler), who obtained solutions of them
which were satisfactory for many purposes by
assuming that the corrugations were thin and
closely spaced compared with a wavelength. These
solutions confirmed that wave propagation in such
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a structure could take place and that by suitable
control of the corrugation depth the phase velocity vy
for a given frequency could be made equal to or less
than the velocity of light; in fact, a specific value
could, within limits, be obtained at any given
point of the guide. They also showed that the fields
exhibit some rather special characteristics when
vp = c¢. In particular the accelerating field is uni-
form over the open part of the tube and (in Giorgi
units) is at any cross-section given by

E= @80 W) (Wma®), . ... ()
where W is the power flowing through the cross
section, a is the radius of the iris aperture and A
the wavelength. For the same input power to
guides of different radii the accelerating field is
inversely proportional to the square of the inner
radii, and as the inner radius decreases the fields
inside the corrugations tend to those in a cavity re-
sonator supporting an Ey, mode.

As the power travels along the guide it is attenua-
ted by copper loss in the plane dividing walls of the
corrugations. The number of irises should therefore
be made as few as possible without seriously redu-
cing the efficiency of the guide for accelerating
particles. Walkinshaw %) has shown that for a
travelling wave accelerator the best performance
is obtained when there are 3-4 corrugations per
wavelength. With a larger number the copper loss
is unnecessarily high, with fewer, i.e. as the corruga-
tion spacing increases, the accelerating field for a
given power flux decreases. This decrease occurs
because the field between corrugations becomes
less uniform so that higher harmonic components of
the wave are set up. These carry a proportion of
the power which is no longer available for accelera-
tion.

With two corrugations per guide wavelength the travelling
wave form of accelerator is no longer possible. The irises
occur at half wavelength spacings and each corrugation is
then in resonance with the frequency of the radio frequency
power being fed into it. A standing wave instead of a travel-
ling wave pattern builds up in the guide and it becomes a
multiple resonator with a phase change of 180° between
successive corrugations. This is the s -mode of resonance often
used in magnetrons. When the periodic structure is resonant
it is no longer possible to transmit power through it.

A resonant structure such as this with a standing wave
field pattern set up in it provides an alternative form of
linear accelerator, for the standing wave pattern may be
regarded as being made up of two travelling waves moving in
opposite directions. Particles injected into such a field with a
velocity equal to that of one of the component waves would
experience similar forces acting upon them to particles in a
tiavelling wave accelerator for the effect of the reverse wave
upon them must on a time average be zero. It has been
claimed ?) that the standing wave method has an’important

LINEAR ELECTRON ACCELERATOR S

technical advantage over the travelling wave method despite
the wastage of power in the reverse wave. This is its ability
to act as the frequency stabilising cavity for the radio fre-
quency oscillator driving it. However, this has never yet been
demonstrated experimentally to be an important advantage.

Use of corrugated waveguide for travelling wave
accelerator

Several papers have now been published 8) 9) 13)
on the properties of corrugated guides suitable for
travelling wave accelerators. They give theoretical
data of the axial fields obtainable in metal corru-
gated guides when the phase velocity is made equal
to ¢ for different iris apertures and taking into
account attenuation of power in the guide. Actually
particles are injected into the waveguide at a
velocity much less than ¢: in fact for electrons an
initial velocity of about 0.4 ¢ is chosen, but after
“surf-riding” on the wave over only a short distance,
velocities very near ¢ are attained, further accelera-
tion. virtually causes only an increase in mass of the
electron (at 2 MeV energy, the electron velocity
is already about 0.98 c).

Because of the attenuation of the power, the
accelerating field E according to formula (2)
decreases along the guide. The total energy of a
particle at the end of the guide is given by the
integral of E over the given length (cf. form. 1).
Harvie?) has published graphs
integrated field (particle energy) in a series of guides
of differing inner radii fed with 2 MW’s peak power
on a wavelength of 10 cm for guides with 10
corrugations per wavelength. This is shown in fig. 4a.
The independent parameter is the inner radius
expressed as afl where 1 is the free space wave-
length of the radio frequency power being fed into
the waveguide. The envelope of the family of
curves, the top chain line, shows the maximum

showing the

attainable energy (i.e., assuming the particles to
travel at Og = 90°) for any given length of acceler-
ating tube, each length corresponding to a definite -
value of a/A. The limitation imposed on each curve
where it flattens off is entirely due to attenuation.
However, other more serious limitations to the
maximum energy attainable in an accelerator may
often be present, such as those imposed by frequency
and temperature variations and also by dimensional
errors arising in manufacture.

The importance of the frequency stability of the
radio frequency source is to be seen from the
remaining dotted curves in this figure. They show
the limit of energy attainable with a guide of given
af/A when it is assumed that the maximuin permis-
sible phase error of the particles in the wave is
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2710 radians. In an ideal accelerator the wave and
particles would remain in step along the whole
length of the accelerator irrespective of the radio
frequency. In a corrugated waveguide this does not
happen because the energy stored in the corruga-
tions is a rapidly varying function -of frequency
which gives it the characteristics of a highly disper-
sive medium. If the waveguide is designed to have

8
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the figures are sufficient to show that the wave-
guide dimensions must be determined with a high
degree of precision. In fact with an intolerably high
degree for long accelerators. Fortunately it is
possible to construct a long guide of a number of

sections joined together by short sections which may
be used for phase correction. In practice it has been
found that a guide 2 metres long with a/A = 0.2
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Fig. 4. ¢) Maximum particle energy 7 obtainable in a corrugated waveguide of given
length Z, for different inner radii e of the irises. The curves are calculated for a guide
containing 10 irises per wavelength, a phase velocity vp = ¢ (the stable position of the
particles — electrons — being located at the wave crest, ®@; = 90°), wavelength 2 = 10
cm, input power 2 X 10° W. The flattening off of the curves is due to the attenuation of
the wave travelling in the guide. The intersection of each full line with one of the broken
lines indicates the guide length Z at which with a given frequency stability di/4, the
phase error attains the assumed limit of 36°.

b) Constant “‘efficiency” contours (V?/WL = const., see below) graphed together with
the frequency tolerance curves (dA/1 = const.) from (e). With a given frequency stability
high efficiencies can be obtained by using a short length Z = L and a small a/2 value.

the correct phase velocity at a given frequency,
then at any other frequency the particles being
accelerated will no longer be in the correct phase
relationship with the wave. It may be seen that
frequency variations of a few parts in 104, i.e. about
" the best stability that can be obtained in practical
cases, impose severe limitations on the permissible
length of guide.

A similar effect is to be expected due to tempera-
ture variations of the waveguide. For the coefficient
of expansion of copper is about 1.65x107°, thus a
change of 1 °C in guide temperature (changing
the radius b) corresponds to a di/A = 1.65x10;
or a temperature variation of 410 °C is equivalent
to a wavelength tolerance curve of dA/A = 1.65X
107*. The effects of temperature variations are easier
to overcome than frequency changes for they occur
more slowly and may be compensated by small
changes in the operating frequency. Nonetheless,

and ten corrugations per wavelength may be con-
structed to have a phase error within approx. 18°
of that predicted by theory. For a guide with this
value of inner radius this seems to be approximately
the right section length.

It will be seen in fig. 4a that for a given power
input the acceleration per unit length increases
rapidly and the maximum usable length decreases
with decreasing inner radius. When it is required
to accelerate particles to a given energy it is relevant
to consider whether a long guide of large inner
radius or a shorter guide of smaller inner radius
should be used.

In deciding this it is convenient to consider the
relative waveguide“‘efficiency’ as defined by the ratio

(energy)?

V2 megohms
peak input power X guidelength WL metre

when Vis in MeV, Win megawatts and L in metres.
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Since this is a function both of power and length
it is an indication of economy. Also it is almost
the same as the effective series impedance of a unit
length of accelerator and so may be used to make
a rapid assessment of the characteristics of any
high energy accelerator, which may be considered

731y
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The power attenuation measured in guides made in
this way was approximately twice the theoretical
value for pure copper. Later guides made for a
10 MeV accelerator using a silver soldering method
have had considerably greater mechanical strength
than the A.E.R.E. ones and the copper loss was
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Fig. 5. a) 40 cm section of corrugated circular waveguide, made at A.E.R.E.

b) Construction of the guide shown in (a). To the left a single machined element, to
the right several assembled elements (partly sectionalised). The push fitting elements
are clamped together and the 0.010” gap G is filled with soft solder.

to be made up of a number of component accelera-
tors. Constant “efficiency’ contours may also be
graphed together with the frequency tolerance
curves as has been done in fig. 4b. These contours
are straight lines of equal slopes, with the “efficien-
cy”” proportional to the square of the intercept on
the
tolerance curves in a similar way to that in which

ordinate. They are cut by the frequency
the a// curves are cut in fig. 4a. It may be seen from
figs. 4a and b that for high “efficiencies’” it is
necessary to use small a/1 ’s and short lengths.

Waveguide construction and performance

Mullett and Loach '*) have described in detail
the methods of feeding, and measured charac-
teristics of corrugated guides made at A.E.R.E.
Fig. 5a shows a photograph of a section 40 cms long
with an a/1 = 0.2 and 10 corrugations per wave-
length, and its method of construction is shown
in fig. 5b. Each corrugated element was machined
from pure H.C. copper and made self locating with
its adjacent elements by spigots. Gaps of 0.010"
were left on the outside of the guide between
elements, which were later filled with soft solder to
provide some mechanical strength, but the obtaining
of good conductivity across the joint at the bottom

of the corrugations relied upon pressure contact.

only approximately 259, greater than that predicted
by theory.

To investigate the accuracy of the theory relating
phase velocity with the various guide parameters
such as inner radius, depth of corrugation, pitch of
corrugation, etc. a number of guides were made up
in which these parameters had been suitably varied.

16¢cm

Ag i

P /
12 i /

N
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Fig. 6. Wavelength J, in corrugated circular guides as a func-
tion of frequency (wavelength 7 in free space). The dots
indicate values measured for guides with 2 cm pitch, a/i =
0.2 and outer iris radius b calculated on the elementary
theory to give g = 10 cm for 4= 10 em (< ). The dotted line
is calculated from a more refined theory by Walkinshaw 5).

10.2.cm



The phase velocity in each guide was measured as
a function of frequency by shorting it at one end,
feeding power into it, and measuring the standing
wave pattern set up in accordance with the rela-
tionship vp = ¢Aguide/Aair- A typical measurement
of Aguide versus Ay is shown in fig. 6 together with
the agreement obtained with the approximate
theory, and also a more refined one by Walkin-
shaw 8) which took account of the field distribution
at the mouth of the corrugations.

Two methods were developed for feeding both
the radio frequency power and the particles into
cylindrical corrugated guides. The first used a
tapered coaxial line of suitable dimensions for the
magnetic field component in it and in the first
cavity of the corrugated guide to be impedance
matched. The second method, described as a door-
knob feed, was developed by Mullett. It is shown
diagrammatically in fig. 7. This design is empirical,
but it has considerable advantages over the first
method both as regards compactness and ease
with which it is matched into the waveguide.

In the above, the principle of the travelling wave
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Fig. 7. “Door-knob” feed for the corrugated waveguide. The
radio frequency power W is fed through a rectangular wave-
guide 3 X 1}”, the opposite section of rectangular guide
closed by an adjustable piston S enabling the exact matching
of impedances. Particles (electrons) are injected from e.

linear accelerator and its mode of operation were
outlined with consistent reference to ‘“particles”
in general. It must now be stated that considerable
practical difficulties are encountered in applying
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Fig. 8, Block schematic diagram of the 3.5 MeV linear electron accelerator built at A.E.R.E.
C tapered corrugated waveguide in vacuum envelope E, El electron gun, I radio frequency
input, D; door-knob feed, D, door-knob exit, O radio frequency output; L steel load taking
up remainder of wave power; M magnetron with modulator Mod; T and Q line lengthener
and probe for adjusting the magnetron operating frequency, 4 synchronising, pulse
monitoring, safety interlock, remote control; Foc one of 15 focusing coils, H focusing
current controls; P oil diffusion pumps, B mechanical rotary backing pump, vacuum
pressure monitoring equipment and automatic control; S electron spectrometer with
deflection coils and Faraday chamber, G spectrum analyser control and display unit.
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the principle to heavy particle acceleration, so that
the remaining part of the article in which a specific
machine is to be described only deals with the

acceleration of electrons.

The A.E.R.E. 3.5 MeV electron accelerator

The principal characteristics of this accelerator
have been described by Fry et al. %), Fig. 8 is a
block schematic diagram of it. It is designed to

g g
work with a peak input power of 2 MW’s in 2 psec
pulses obtained from a magnetron. The power is
:;// \)<, 1717//
to the input door-knob feed and then into 2 metres

fed through a rectangular waveguide
of corrugated guide. Unused power, reaching the
end of the corrugated guide again passes via a
second door-knob feed into a rectangular waveguide
and is absorbed in a dummy load. The accelerating
tube is mounted inside a vacuum envelope. This
envelope is in turn surrounded by focusing coils to
provide the steady axial magnetic field necessary

for neutralizing the radial defocusing forces acting

LINEAR ELECTRON ACCELERATOR 9

on the electron beam as mentioned above. Electrons
are injected from a diode gun of the Pierce type *)
which is pulsed to 45 kV by the modulator which
also drives the magnetron. The electrons are in-
jected with a velocity of 0.4¢ into a wave of the same
initial phase velocity. By a slight tapering of the
first part of the corrugated wave guide, the phase
velocity of the wave is matched to the increasing
velocity of the electrons. The equilibrium position
for accelerated electrons is at first 45° behind the
field zero but in the first 40 ems length, by suitably
adapting the tapering of the guide, this position
is shifted up 10°, to 55°, to take advantage of a
higher accelerating field after the electrons have
become well bunched. The residual gas pressure
measured by ionisation gauges mounted on the
vacuum envelope above the pumping ports is 2 < 107°
mm Hg under normal running conditions. The

electrons arriving at the end of the corrugated guide

*) Cf. Philips techn. Rev. 13, 216, 1951 (No. 8).
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are allowed to strike a lead target, their energy
being converted into X-rays. A photograph of the
output end of the accelerator is shown in fig. 9.
. This particular guide was designed for no (or
very small) beam loading. When a beam of electrons

is fed into the guide for acceleration the effective:

attenuation in the corrugated waveguide increases
since appreciable energy is nmow being transferred
to the electrons. Hence, except at the input end,
the radio frequency power flow and consequently
the field diminish with increasing beam loading.
This effect is partially compensated in the bunching
region by the electrons tending to move closer

to the peak of the wave, i.e. into a region of higher

field. Over the main portion of the accelerator,
however, the electrons remain at a constant phase
with respect to the wave with the net result that
the electron energy attained decreases with in-
creasing gun filament (or emission) current.
Preliminary operating data as a function of the
gun filament current were published but later and
rather more reliable curves obtained with improved
measuring techniques are shown in fig. 10. Taken at
an operating frequency of 2997.6 Mc/s with a peak
input power of 2.1 MW’s and a pulse repetition rate
of 50 pulses per second the curves show electron
energy and mean beam intensity, the mean power
in the beam, and the X-ray intensity in roentgens/
min measured at a distance of 1 metre from the
target. With the operating conditions specified the
mean input radio frequency power to the system
was 210 watts and the highest mean power measured

Ty (uA) 10MV
D(r/min) v 3.6 T
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Tao \\ 3.2
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Fig. 10. Operating characteristics of the 3.5 MeV electron
accelerator. It gun filament current, V energy of the electrons,
To mean beam current, P beam power (dissipated in target),
D X-ray dose rate in réntgens/min at 1 metre distance from
lead Larget. Frequency 2997.6 Me/s, peak input power 2.1 MW,
pulse length 2 psec, repetition rate 50 pulses per second (mean
input radio frequency power 210 W),
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in the beam 76 watts, i.e. an efficiency of 36%, at a
beam energy of 2.6 MeV. The highest mean current
measured was 20 wA’s, which with the duty cycle
of 10000:1 corresponds to a mean current in the
pulse of 300 mA. Typical operating conditions for
the machine are: energy 3.25 MeV, 10 pA’s mean
current and an output of 31 rt')‘ntgens/mi.n at 1 metre
at 50 pulses per second, although the repetition rate
is often increased up to 250 pulses per second. The
energy spectrum when the operating conditions are
correctly adjusted is a clean one about the mean
energy with a full width at half intensity of approxi-
mately 5%,

Linear accelerators with feedback

The discussion of fig. 4 may be summarized in the
statement that the most “efficient” corrugated
waveguides are those with small a/A and that the
maximum “efficiency” for a guide of a given inner
radius occurs when it is long enough for most of
the radio frequency power not transferred to the
electron beam to be dissipated in the walls with
little passing out into the dummy load. These two
conditions are also those which demand a very
high degree of frequency stability from the radio
frequency source if particle acceleration is to be
maintained along the whole guide length. The
designer of a linear accelerator of the type described
may therefore find himself presented with the choice
of making a short efficient accelerator which is
critical to adjust and operate, or a longer one which
is less efficient and correspondingly less critical to
set up. This problem is of particular importance
when considering the application of the linear
accelerator for clinical use. In such an application,
the beam intensity must be adequate to allow the
treatment times to be kept short even after heavy
filtration and collimation. of the X-ray beam, while
on the other hand the instrument must be engineered
in a form which makes the setting up of a patient’
easy, thus a long and clumsy accelerator would be
most undesirable.

A method of improving the “efficiency” of
corrugated guides of length short compared with
the attenuation length and thus avoiding the need
to make the choice described, has been worked out
by Harvie and Mullett 16). It consists of applying
radio frequency power feedback in the manner
shown diagrammatically in fig. 11. The directions
of power flow are shown by the arrows, power from
the output end of the accelerator being fed back
into a suitable bridge circuit where it is combined
with the incoming power from the magnetron.
It will be noted that the power at the beginning
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Fig. 11. Schematic diagram of radio frequency feedback
circuit. C corrugated guide,” B bridge circuit, M/ magnetron
. with output power W, D absorbing load (thls is necessary only
for the build-up period of the power in the guide during
every pulse).

of the corrugated waveguide (usually called the
circulating power) is then greater than that enter-
ing from the magnetron. The novel feature of this
system is the radio frequency bridge which is
required to have two special characteristics. It must
be designed in such a way that all the power is made
to flow through the bridge in the proper direction,
and the input impedance as seen by the magnetron
must be independent of the amount of power fed
back from the end of the accelerator. This is neces-
sary in order that the input impedance shall remain
constant while the power is building up in the sys-
tem. The design of such a bridge for the special case
when (in the steady state) the power entering the
bridge from the feedback arm is equal to the power
entering from the radio frequency source has been
studied extensively on microwavelengths, the
bridges being known as “Magic T’s” and “Rat
Races” 17). Calculations of the “efficiency” V2/WL
of a fed back accelerator have been made and it
is found to increase as the length of the accelerator
is decreased from the length for maximum <“effi-
ciency” without feedback. The relative “efficiency”
in terms of the accelerator length expressed as a
fraction of the optimum length is shown in fig. 12
for the case of no feedback and feedback applied
with and without loss in the return path. It may be
seen clearly that accelerators short compared with
the attenuation. limited length may be constructed
without loss of “efficiency”. This enables increased
dimensional tolerances to be permitted on the wave-

LINEAR ELECTRON ACCELERATOR S ' 11

guides and a lower frequency stability from the
radio frequency source to be accepted.

Advantage has been taken of this advance in
technique in the two different forms of linear
accelerator now being developed in Great Britain
for clinical use. They are to give 4 and 10 MeV
respectively. A number of the lower energy machines
are to be built for distribution and use at large
medical centres but at present only one is being
constructed at the higher energy. Basically both

designs are similar to the one described above, but
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Fig. 12. “Efficiency” V?/WL of accelerator with feedback’

(full lines) and without feedback (dotted line) in terms of
the accelerator length cxpressed as a fraction of the optimum
length L, derived from fig. 4. Curve I: no loss in return path;
curve II: loss in return path equal to 5% of that in corrugated
guide of length L.

they differ markedly in many of their physical
characteristics and particularly in the ways in
which they are mounted.

Important contributions to the work reviewed
in this paper have been made by R. B. R-S-Harvie,
L. B. Mullett and W. Walkinshaw of the
AER.E. Linear Accelerator Group. Acknowled-
gement is also made to the Director of the
A.E.R.E. for permission to publish this article.
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Summary. When particles are injected into an electromagnetic
wave of phase velocity equal to the particle velocity and
with a component of electric field in the direction of wave
propagation, the particles will gain energy from the wave.

Electromagnetic waves of the characteristics required may
be obtained in a cylindrical waveguide loaded by irises
(corrugated waveguide). By a slight tapering of the guide
diameter the phase velocity may be controlled in such a way
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as to keep the waves in step with the particles being acceler-
ated. Under these conditions the particles take up posi-
tions of stable equilibrium in the wave and may be acceler-
ated to very high energies, depending on the power of the
wave entering the guide, the attenuation of the wave progress-
ing in the guide, and the ratio of inner radius of the corru-
gations to wavelength. This method of accelerating particles,
while known before 1939, became of great interest with the
advent of radio frequency sources yielding very laige pulse
powers on microwavelengths, allowing very high particle ener-
gies to be attained with convenient accelerating guide con-
figurations.

In this article the conditions for acceleration are des-
cribed and some of the fundamental properties of this form
of travelling wave particle accelerator outlined. Theoretical
and practical limits imposed on the attainable energy aie dis-
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cussed and the “‘efficiency” is considered. The possibilities
of the linear accelerator are illustrated by reference to the
characteristics of a 2 metre long electron accelerator now in
operation at the Atomic Energy Research Establishment,
Harwell, England. In this instrument electrons are accelerated
from 45 keV to approximately 3.5 MeV. The operating wave-
length is 10 em. The radio frequency power is obtained from a
magnetron in pulses of 2 MW mean value and 2 microseconds
pulse length, the maximum pulse recurrence frequency being
250 pulses per second. Mean pulse currents of the beam of
accelerated electrons as high as 300 mA have been measured.
In machines of more recent design the principle of feedback
of the unused radio frequency power has been applied,
enabling the acceleration of electrons to high energies in
short guides without the inconvenience of too strict frequency
stability requirements.

THE PHILIPS BULB

BLOWING MACHINE

Glass bulbs form part of the “food” devoured

daily in great quantities by incandescent lamp and
radio valve factories. They were blown originally,
as were so many other glass articles, by means of
the human breath, and even up to a few years ago
this very old process played its part in the mass
production of standardised lamp and valve bulbs 1).

1) See Philips Techn. Rev. 6. 74, 1941.

Nowadays such bulbs are entirely mechanically
of bulb
Philips

has its

produced. The photograph shows a number
blowing machines, standing in a bay of the
Glass Factory in Eindhoven. Each machine
own glass furnace, located on the gallery, and fed
from the rear with the raw materials for the glass.
Below the front portion of each furnace is an opening
down through which the glass flows. There is, how-

ever, no continuous stream of glass, since immediate-
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ly below the opening is a kind of scissors which cuts
the stream of glass into portions of a pre-determined
weight. Periodically, therefore, a portion of glass
falls down and is caught by a continuously rotating
turntable, some of which are to be seen in the photo-
graph. The glass is blown on the turntable into a
bulb, which is just completed after one revolution of
the turntable. The bulb is then ejected and carried
by means of a conveyor belt (not visible in the photo-
graph) through an annealing oven to remove strain;
via a second conveyor belt, on which it cools, the

BULB BLOWING MACHINE 13

bulb reaches the inspector who sorts the bulbs
according to quality.

The difficulties encountered in developing such
an automatic machine lie principally in the achieve-
ment of a uniform product, i.e. in keeping constant
the weight of the glass portions, this being dependent
on many different factors. That these difficulties
have been overcome is demonstrated by the fact
that the duties of the turntable-man are limited to
the occasional adjustment of a tap, checking the
weight of a sample bulb, ete.

THE ROLE OF THE ELECTRON MICROSCOPE IN THE INVESTIGATION
OF PLANT DISEASES

by E. van SLOGTEREN *).

632.3:581.23: 621.385.833

To emphasize the usefulness of the electron microscope in the realm of biology, would be
curryving coals to Newcastle. Nevertheless, it may well be worth while to consider the role this
modern tool of research is playing in a specialized field of biology, phytopathology. The Labora-
tory for Flowerbulb Research at Lisse, which under the direction of Prof. Dr. E.van Slogteren
has for a long time held a prominent place in this field, is one of the institutes availing them-
selves of the new possibilities offered by electron microscopy. The following invited paper, while
providing the readers with a very succinct picture of phytopathological research, will chiefly
illustrate the potentialities of the electron microscope by presenting a number of excellent
electron micrographs obtained by the workers at Lisse.

Among the numerous varieties of tulips occurring
in the standard collections of our florists a number
of varieties of the so-called “broken” type are
encountered. These are characterized by the petals
containing differently coloured parts, which may
exhibit various combinations of colours as well as
various patterns (flamed, streaked, pinnated, speck-
led, spotted, etc.). In fig. I a beautiful broken tulip,
of the variety Cottage Tulp Perseus, is shown.

These types of tulips are by no means new.
The earliest known description of broken tulips
was given in 1576 (Clusius). When, in the early
seventeenth century, tulips came into vogue,
in the Netherlands,
broken tulips had their share in it. This is testified

inter alia by the flower paintings made in those

especially in France and

years, as for instance the numerous pictures by
the members of the Bosschaert family (father
and three sons): one of these pictures is illustra-
ted in fig. 2. Broken tulips even were the chief

object of the famous tulipomania of the years’

1634 to 1637.

*) Laboratory for Flowerbulb Research, Lisse (Netherlands).

Fig. 1. Broken tulip of the variety Cottage Tulp Perseus.
(From: E. van Slogteren and Maria P. de Bruyn
Ouboter, Mededelingen Landbouwhogeschool Wageningen 45.
No. 4, 1941.)
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Compa'l:atively new, howevgr; is the knowledge
that broken tulips in fact are no varieties of their
own, but specimens of common varieties, befallen
by a disease,” one of whose symptoms is the
beautiful spotting or flaming of the petals. :

Although in the broken tulip itself the disease
aPpareﬁtly does’ not do .much harm and in
particular does not seem to affect greatly its repro-

ductive power, the same will in general not apply

to other crops (or even other varieties of tulips)
. to which the disease may be transferred in various
ways, e:g. by aphides. ,

This statement should be amplified. The broken
tulip is one of the rare though spectacular cases in
which a plant disease may be economically useful.
In the vast majority of cases, evidently the con-
trary is true. In fact, the importance of plant
diseases as a virtual threat to human subsistence
can scarcely be overestimated. Practically every
crop is liable to infection not by one but by a variety
of diseases, and the investigation of such diseases
may safely be labelled as an objective of major
importance of our scientific efforts. Many practical
measures have already sprung from such an investi-
gation, ranging from the precautions imposed
on the cultivating and marketing of broken tulips
to the routine testing of seed-potatoes as to the
presence of inter alia the potato X-virus. This test
is now compulsory in the Netherlands for all
seed-potatoes selected for export.

The potato X-virus: it will be known that many
infectious plant diseases, may be ascribed to
viruses. Viruses are now known to be responsible
for the breaking of tulips. Other diseases are
caused by fungi, or by bacteria, as e.g. the Yellow
disease of hyacinths (caused by Xanthomonas
hyacinthi (Wakker) Dowson).

A virus is a parasitical agent found in living
tissues and capable of reproduction and of transfer
to other tissues. In these respects viruses are similar
to bacteria. One of the main characteristics of a
virus, however, distinguishing it from bacteria,
is its extreme smallness. It was found that
virus particles pass through all usual bacterial
filters — a fact which in those years when the notion
of a virus was only beginning to crystallize 1)
provided a means for concentrating the “agent”
and which initially was thought to constitute one
of its essential properties. At present some mnon
filter-passing viruses are known, but most viruses
are extremely small indeed, too small for observation

1) D. Iwanowski, Ueber die Mosaikkrankheit der Tabaks-
pflanze, Bull. Acad. Imp. Sci. St. Petersb. N.S. III, 35,
67-70, 1892,
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under the most powerful optical microscope.

" One of the smallest, the virus of the foot-and-mouth

disease, is now known to consist of particles of size
about 10 millimicrons. ‘

To-day, more differences existing between viruses
and bacteria are known. The most fundamental
one is the fact that viruses are capable of repro-
duction only in living cells, while bacteria form
colonies on dead matter, e.g. in broth. This gives
evidence that bacteria must be living organisms,
whereas for viruses this is still a question open
to doubt: by many investigators the opinion is
upheld that a virus is mnot'an organism but
must be considered simply as a gigantic protein

" molecule.

By the very smallness of the viruses (from a .

macroscopic point of view!) frustrating all efforts
to make them visible under the microscope, research
in this field for many years was curiously handi-
capped: the effects of the “parasitical agent” could
clearly be traced, it could be transferred to other
plants, its reaction to chemicals or to other
“agents” could be studied — but nobody had ever
set eyes on it. Diagnosis, which in the practical
fight against plant diseases is all-important, had
chiefly to be based on the study of symptoms. In
later years it was in some cases greatly aided by
the use of a serological reaction, that was devel-
oped at (among other laboratories) the Laboratory
for Flowerbulb Research at Lisse ?). This reaction
is based on the fact that plant viruses on being
brought into animal blood, e.g. of rabbits, provoke
the formation of specific antibodies. The serum
containing these antibodies
added to a sample of plant juice containing the

(antiserum), when

original virus, will cause an agglutination or
precipitation, visible to the eye, of virus particles
or plastids that have adsorbed the virus at their
surfaces. Only in a limited number of cases, however,
antisera could hitherto be obtained, while, on the
other hand, even with a positive serological re-
action, the diagnosis should not be considered
complete as long as, in accordance with one of
Robert Koch’s postulates, the parasitical agent
has not actually been shown in the host.

In these circumstances it is not surprising that,
when the electron microscope became of age
(and even earlier than that), phytopathologists

~

eagerly seized the possibility offered by this in-

strument of discerning particles of submicroscopical
size, down to 100 my or less. As early as in 1939,

2) E. van Slogteren, De betekenis van de serologie voor
het virusonderzoek, T. Plantenziekten 49, 1-21, 1943
(in Dutch).




JULY 1952 INVESTIGATION OF PLANT DISEASES

Fig. 2. Painting made by Ambrosius Bosschaert Jr in 1635. Among the flowers two
broken tulips are to be seen. (Courtesy of the Director of the Centraal Museum, Utrecht.
The reproduction was made by N.V. Wereldbibliotheek, Amsterdam.)
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3. a) Electron micrograph of the potato X-virus. Enlargement 30000 .
arnation Yellow mosaic virus. Enlargement 50 000 . (This photograph and those
of figs. 4, 5 and 6 were published in the article quoted in footnote *).)

All electron micrographs reproduced in this paper were made with the Philips 100 k
electron microscope (cf. Philips techn. Rev. 12, 33-51, 1950). The samples of plant juice
were put on a thin film of ,,Formvar” (polyvinylformal dissolved in !/,9 solution of pure
chloroform) covering the tiny slit of the object holders. All the samples shown were shadow-
cast with palladium. The distance between the blocks at the edge is in all cases 1 p.

14, No. 1
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Kausche, Pfankuch and Ruska 3), using the
electron microscope succeeded in rendering plant
virus “particles’ visible to the eye. '

In recent years the electron microscope has been

used in many laboratories for the investigation

. of plant diseases, and it has revealed quite a number
of particulars concerning many kinds of viruses.
The shape and size of virus particles has been studied
(figs. 3a and b) the character of the serological
reaction already mentioned has been investigated,
the “crystallization” of some types of wvirus

(e.g. the “bushy stunt” virus of tomato) has been -

clarified, etc.

Evidently the electron microscope was predestined
to assume an important role in-diagnostics. By this
means, in many cases a contamination could
conclusively be proved to be present in suspected
plants and the virus involved could be identified 4).
A typical case, encountered in an examination of
infected tobacco plants, may be described as follows.
Among the different known tobacco diseases, there
are two of special importance: tobacco necrosis,
associated with a virus consisting of round par-
ticles (fig. 4a), and the famous tobacco mosaic
disease®), caused by a rod-shaped virus (fig. 5a).
Some of the tobacco plants under investigation
gave a positive serological reaction with the anti-
serum of tobacco necrosis and not with the specific
tobacco mosaic antiserum; these plants showed in
their juice the round virus particles of tobacco
necrosis. Other plants reacted positively with to-
bacco mosaic antiserum and not with tobacco
necrosis antiserum; in the juice of these plants
the rod-shaped particles of tobacco mosaic virus
were found. Still other plants, while not exhib-
iting the typical symptoms of the disease, reacted
positively with both antisera, and indeed an
electronmicrograph of their juice revealed the
presence of both the round and the rod-shaped
virus particles.

The nature of the agglutination observed in these
serological reactions is clearly shown by the
micrographs fig. 4b and 5b. ,

The electron microscope proved quite useful also
for recognizing and identifying bacteria causing
plant diseases. These relatively.large objects can

3) G. A. Kausche, E. Pfankuch and H. Ruska, Die
Sichtbarmachung von pflanzlichem Virns im Ubermi-
kroskop, Naturwiss. 27, 292-299, 1939.

1) Maria P. de Bruyn Ouboter, J.J. Beijer and
E. van Slogteren, Diagnosis of plant diseases by elec-
tron microscopy, Antonie van Leecuwenhoek 17, 189-208,

- March 1951.

5) Cf. footnote *) and a great number of papers published by
W. M. Stanley in the years between 1930 and 1940 -in
Science, J. biol. Chem. and other journals.
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easily be made visible, the only difficulty being
to get them in full dress in the picture, with their
characteristic cilia (fig. 6). When from a preliminary
investigation with the ordinary microscope the
presence of a specific kind of bacteria is expected,
it may well be possible with the electron microscope
to identify these bacteria amidst the multitude
of ever-present innocuous bacteria, thus saving
time by avoiding the necessity of isolating and
cultivating the expected bacteria.

Of course, the identification of the agent, es-
pecially in the case of a virus disease, will not _al-
ways be so simple. Too often particles found in the
juice of a diseased plant and suspected of being the
virus causing the disease are found also in the juice
of apparently healthy plants. Thus, if the particles
belong to a parasitic agent, it must be an innocuous
one, carried by both diseased and healthy plants.
In that case some other, undetected, particle may
be the cause of the disease. The possibility of the
agent proper escaping detection can by no means
be ruled out, as in quite a number of cases it has
not been possible to find anything even faintly
resembling a virus particle in the samples made of
the juice of severely diseased:plants. The real
problem, then, resides in prep;ring the samples:
in the course of the different treatments, such as
ultracentrifugation or precipitation with different

chemicals, applied to the plant: juice in order to

enrich its virus content by rémoving undesired
components (plant protoplasm e‘tc.), it'may happen
that the virus is lost, as for instance it may not
easily part with the protoplasm. Moreover, the
possibility should not be excluded that the different
treatments might change the size and shape of

the virus particles or might produce “artéfacts”

in the picture, which in comparing these particles
with other types, known before, obviously may
give rise to serious misinterpretations.

To conclude and summarize these remarks it
should be stated that the power of the electron
microscope can only be put to good use in plant
virology when combined with all other methods of

approaching the many-sided problems in this

field. Experience of different laboratories in the
preparation of samples should be exchanged, and
no electron. micrograph of particles supposed to
belong to a new type of virus should be given
without a short indication as to how the material
has been treated. When such precautions will
have eliminated all possible doubt concerning the
identity between the original object and the picture
obtained, the electron microscope, besides providing

a valuable assistance in routine examinations,
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Fig. 4. a) Tobacco necrosis virus, obtained from tobacco plants (this virus is also known as causing the
Augusta-ziek of tulips). Enlargement 28 000 As an example, the complete procedure of purification
is indicated in this case: the foliages were minced, frozen for a night, squeezed, the juice centrifuged
for 30 minutes at 3500 rev/min, purified with ammonium sulphate, centrifuged for 30 min at
3500 rev/min, 5 concentrated by centrifuging for 40 min at 40 000 rev/min, and dialysed one night.
b) Same virus as (a), showing positive serological reaction with tobacco mnecrosis antiserum.

Enlargement 18 000 X.
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Enlargement 18 000 x<.

b) Same virus

as (a), showing positive serological reaction with tobacco mosaic antiserum.
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of normal serum (c
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a

Fig. 6. Xanthomonas hyacinthi (Wakker) Dowson, the bacteria causing the
Yellow disease of hyacinths. Plant tissue with bacteria in distilled water.

a) Enlargement 14 000 x.

b) Other part of sample, enlargement 23 000

may well allow man to venture farther than ever

down the fascinating road which at its end is
bordered by withering crops and strangely coloured
flowers, while its origin is covered by the nebulae

of the problem of the nature of life itself.

Summary. Although a considerable amount of knowledge of
plant viruses had already been gathered since their discovery
in 1892, it was only in 1939 that for the first time virus particles

were made visible to the eye. This was achieved by using the
electron microscope. Ever since then. electron microscopy
has been applied in phytopathology and important results
have been obtained. Problems investigated with the electron
microscope were, for instance: the shape and size of different
kinds of viruses, the reaction of viruses with their specific
antisera, the apparent crystalline form of some viruses. In
this paper stress is laid on the usefulness of the electron
microscope for the diagnosis of plant diseases, while at the
same time essential conditions and limitations in this appli-
cation are put forth. The paper is illustrated by a number of
electron micrographs obtained at the Laboratory for Flower-
bulb Research at Lisse with the aid of the Philips 100 kV

electron microscope.
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HIGH- TENSION GENERATORS FOR LARGE- PICTURE PROJECTION
TELEVISION -

by J. J. P. VALETON.

621.397.62:621.314.5:621.396.615.12.072.2

For the projection of television pictures which are not only large but also of high definition and
brightnessthe cathode-ray tube requires a high voltage, of 25 to 50 kV. Generators for supplying
such high voltages must conform to a number of very special requirements which have led to
the development of other methods of producing such voltages than the more obvious system of
stepping up and rectifying the mains supply. A few methods of achieving this purpose are
outlined and one of these is described in detail.

The potentials employed for the acceleration of the
electrons in television tubes have in the course
of time become higher and higher. Whereas 5 kV
was normal for a direct-vision tube in 1945, this
was soon increased to 7 or 9 kV. Nowadays 12 kV
or 14 kV is more usual and there are indications
that this might be increased to even 16 or 17 kV.

This tendency towards higher potentials is the
outcome of the constant demand for increased
brightness, definition and dimensions in television
pictures; to produce a brighter'picture the cathode
ray must deliver more energy to the fluorescent
coating on the screen per unit of time, so that either
the beam current or the acceleration voltage, or
both, must be increased. A higher beam current,
however, has an adverse effect on the definition,
whereas a higher potential facilitates focusing,
a factor which is particularly important when it is
a question of tubes of the shortest possible length
with a large screen. In such cases the deflection
angles are wider and, in order to ensure good
definition at the edges, a very slender beam must
be employed; this is made possible to an increasing
degree by reducing the current and increasing the
acceleration voltage.

The use of a tube with a large screen is not the
only means of obtaining large pictures, however. A
very bright, clear picture can be produced in a tube
of quite small size, and this can be reproduced on
a separate screen by means of a highly efficient
optical system. This is the method employed in a
projection television system developed by Philips,
of which a description has already appeared in this

Review?). To be able to meet the high requirements

imposed on it as regards brightness and definition,
the tube in question, the MW 6-22), has to operate

1) Projection-television receiver, I. The optical system for
the projection,.by P. M. van Alphen and H. Rinia,
Philips techn. Review 10, 69-78, 1948.

2) Projection-television receiver, II. The cathode-ray tube,
by J. de Giér, Philips techn. Review 10, 97-104, 1948.

with an acceleration voltage of 25 kV, the average
current being at most 200 yA. The brightmess and
definition of the picture on the screen, which is
are sufficient to admit of
optical enlargement to give a projected picture
having a diagonal of 50 cm.

In recent years the Philips Laboratories at Eind-’
hoven have evolved a projector along these lines
which is capable of giving a picture measuring 3m
by 4 m. The tube emplgyed in this equipment has
a screen 12 cm in diameter and the current on
which it operates is consxderably higher than that
of the MW 6-2; an' acceleratlon voltage of 50 kV
was found necessary to secure adequate focusmg of

6 cm in diameter,

e

the beam. TR A

- The above introdfiéfofy remarks sufficiently
illustrate the reason: .,,‘for ‘the upward ‘trend  of
acceleration voltages. On the other hand, however,
certain inhibiting factors are encountered; according
as the velocity of the electrons is increased, more
power is required to deflect the beam through a
given angle, and this means more expensive- deflec-
tion equipment. Then again, when the acceleratlon
potential is raised it becomes mcreasmgly difficult
to manufacture tubes that will withstand such
potentials and to devise generators to supply the
required voltage. Such generators form the subject
of the present article.

Methods of generating high tension

Let us now review the various possibilities of

. developing the high potentials required for television

receivers.

Rectification of A.C. voltage at mains frequency

In early television receivers the required direct
voltage of 5 kV was obtained by rectifying a high
alternating voltage taken from a transformer opera-
ting on the mains supply, but this has numerous
disadvantages.

To secure from the low- frequency mains a rectified

5w
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voltage with a sufficiently small ripple, high-value
smoothing capacitors are essential and these are
not only costly'components, but their large store of
energy may prove to be a cause of damage in the
event of a breakdown in the circuit. Another
drawback of the low frequency is the large number

. of turns required for the power transformer, made,

pecessary by the low value of the induced voltage
per turn. The heater winding for the rectifier valve,
“further, necessitates high-tension insulation and this,
together with the H.T. winding itself, takes up a
great deal of space.

Almost universally, therefore, this method of
producing the required voltage was discarded as it
became apparent that the high tension could be
produced fairly simply as a “by-product” of the
equipment serving for the magnetic deflection of
the electron beam.

_High tension as by-product of the deflection sysiem

_Deflection of the electron beam, both vertically
and horizontally, is usually effected by means of
magnetic fields generated by saw-tooth currents
flowing in the deflection coils. The rapid flyback of
the luminous spot from the right-hand side of the
screen (end of line) to the left-hand side (start of
next line) is the result of a sudden jump in the
current flowing in the line-deflection coil. This
simultaneously produces a voltage peak across the
coil in question which may be more than 10 times
higher in value than the voltage across the coil during
the scanning of the line. To match the coil to the
generator of the saw-tooth current a step-down
transformer is connected between the two. On
the primary side the peaks reach as muchas5kV
and, by extending this winding in the form of an
- auto-transformer, it is a simple matter to obtain
still higher direct voltages after rectification, say
roughly 8 kV. A rectifier circuit for voltage-doubling
(cascade) then offers the possibilities of obtaining
voltages up to 10 or even 14 kV.

The great advantage of this arrangement is to
be fouxid in the high frequency at which the voltage
peaks occur in the horizontal deflection; with 625
(405) lines and 25 frames per second, for instance,
the repetition frequency will be 625 X 25 =
15,625 ¢fs (405 X 25 = 10,125 ¢/s). Small capacitors
will therefore effectively smooth the rectified
voltage 3) and such capacitors are not only inex-
pensive but, because of their relatively low charge,
they involve no hazards. .

3) Moreover, the ripple voltage (if not too high) interferes
very little with the picture since it is synchronous with
the horizontal motion of the spot.
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This method is particularly suitable when the
power required for the electron acceleration is small
compared with the reactive power used for deflec-
tion purposes, that is, so long as the first can be
justifiably qualified as being a by-product of the
deflection system. With direct-vision tubes this
is indeed the case and where these tubes are used
the method in. question is therefore almost universal-
ly employed.

Recn;ﬂcation of separately generated pulses

The problem as applicable to tubes for projec-
tion television is rather different. Here the power
required for acceleration is no longer small compared
with the reactive power required for the deflection.
Should it nevertheless be required to adopt the
method described, the deflection equipment will
have to be larger than would otherwise be necessary.
Furthermore, care must be taken that fluctuations
in. the average beam current — which corresponds to
the average brightness of the picture — cannot
cause the high tension or the deflection amplitude
to vary. For these reasons preference is usually
given to other systems.

One such system, suitable for domestic projection
television has already been described in detail in this.
Review 4). In this particular instance the direct
voltage is 25 kV, this being obtained from three
stages in cascade. Pulses having a peak value of about
8.5 kV are fed to the first stage, these being obtained
by passing a saw-tooth current through a coil. With
each current pulse in the coil, which with its self-
capacitance constitutes an oscillatory circuit, a
damped oscillation is set up, both half eycles of which
are rectified. The resonant frequency of the circuit
is about 32,000 c/s, the repetition frequency with
which the circuit is excited being roughly 1000 c/s.

For further details the reader is referred to the
article mentioned in note %).

Rectification of a high sinusoidal voltage of high
Jfrequency

A fourth method consists in rectifying a high
sinusoidal alternating voltage as provided by an
oscillator (with or without cascade circuit). This
arrangement is also sometimes met with in projec-
tion. television receivers. Since the coils used are
generally of the air-cored type, there is no alter-
native but to operate the oscillator at a frequency
which is higher than required for effective smoothing,
for example 300 ke/s, the size of the coils being

1) Projection-television receiver, III. The 25 kV anode
voltage supply unit, by G. J. Siezen and F. Kerkhof,
Philips techn. Review 10, 125-134, 1948,
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nevertheless such that very close coupling cannot
be secured; the efficiency of the oscillator is therefore
fairly low and the internal resistance (on the D.C.
side) high. As we shall see presently, however, a low
internal resistance is essential; the higher the in-
herent resistance proves to be, the greater the
amount of trouble involved in reducing it.

Considerable improvement can be obtained in
this respect by employing Ferroxcube magnetic
materials 3) for the oscillator coils. In this way it
_ is possible to operate with relatively low frequencies
(some tens of ke/s) without the need for coils of
large dimensions ), at the same time ensuring low
magnetic losses in the core and low dielectric losses
in the insulation. From the point of view of smooth-
ing, there is no object in employing a highér
frequency, since a certain amount of reserve capa-
citance is in any case essential to meet the fluctua-
tions in the load.

In the following this method of producing high
tension is discussed in greater detail, this being
followed by a description of two existing designs
for the supply of 50 kV high tension. First, however,
let us review the electrical requirements to be
imposed on H.T. generators for television receivers.

Electrical requirements to be met by a T.V. high-
tension generator

In the first place the generator must naturally
be capable of delivering the required amount of
current at the voltage desired. As far as the current
is concerned, it is usual to base this on the highest
mean value of the beam current for which the tube
is rated; the peaks may be several times higher.
It is often stipulated that the generator must be
able to supply this mean current (Iymax) at the
nominal value of the acceleration voltage (¥ nom);
further that the voltage shall drop rapidly in the
event of the current assuming a constant higher
level (so that the short-circuit current will not
largely exceed Iymax), and that the no-load voltage
shall be little greater than Vynom. Fig. 1 illustrates
the required relation between the voltage ¥, and
the current Ij. A characteristic of thiskind provides
as it were a safety precaution against overloading
of the screen of the cathode-ray tube.

For so far as the instantaneous value of the
current, relating to the high lights of the picture,

5) J. L. Snoek, Non-metallic magnetic material for high
frequencies, Philips Techn. Review 8, 353-360, 1946, and
W. Six, Some applications of Ferroxcube, Philips techn.
Review 13, 301-311, 1952 (No. 11).

%) The possibilities in this direction were indicated by
P.J. H. Janssen of the Television Development Labo-
ratory, Eindhoven. -
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exceeds the average, the current is supplied by a
reservoir capacitor. Sometimes the usual capacitors
in the rectifier circuit will provide sufficient reserve
capacitance, or the anode capacitance of the tube
itself may fulfil this function, but, if not, extra
capacitance must be provided, as will be shown
presently.

In the second place, -the internal resistance is
very important. It has already been mentioned that
this resistance should be low, i.e. that the character-
istic (fig. 1) should be roughly horizontal from

o= 0to Iy = I max. Thereason for thisis two-fold.

To max — I

Fig. 1. Desired ¥V-I, characteristic for an H.T. generator
for television receivers. The no-load voltage should be but little
more than the voltage Fynom relating to the highest average
current Jjmax of the tube, and should drop rapidly when more
current than that is taken.

In television tubes the ¢lectron beam is generally
focused by means of a magnetic “lens”. The power
of this lens is dependent on the acceleration voltage;
if this voltage varies, for example as a result of a_
change in the average brightness of the picture,
adjustment must also be effected to keep the defini-
tion as high as possible. Hence, if the internal
resistance is too high, the focus must be constantly
readjusted.

The other consideration concerned is that, in the
magnetic deflection employed with most tubes
today, the deflection angle is also dependent on the
acceleration voltage. (This angle is inversely
proportional to the square root of the acceleration
voltage). If this voltage varies, the picture size will
fluctuate and this is quite as unpleasant as a
varying focus. '

To obviate these defects care should be taken. to
ensure that the acceleration voltage varies as little
as possible with the current or, in other words, that
the internal resistance of the generator shall be as
low as possible.

Some further aspects of an H.T. generator comprising
an oscillator and a rectifier

Let us now look a little more closely at the last
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o
mentioned method of producing an H.T. voltage,
taking first the rectifier, then the oscillator and,
finally, measurés to ensure low internal resistance.

The rectifier N

As starting point we will take the simplified
circuit depicted in fig. 2a, in which L-C is the
oscillatory circuit, D is a diode and C, is a smoothing
capacitor. This oscillatory circuit is regarded at
the same time as part of the rectifier circuit,
because a conclusion will be drawn about the values
of L and C from the following considerations.

The time ¢ is taken to be zero at the instant
"when the voltage v across the oscillatory circuit
is zero and on the verge of becoming positive (i.e.
when the side of C that is connected to the anode
becomes positive with respect to the other side).
The voltage v is thus represented in the first in-
stance by: v = V sin wt (fig. 2b) and, disregarding
the losses in the circuit, the current i will be: i =
I cos wt (fig. 2¢). In this, Vis the peak value which
the voltage would attain in the absence of the
rectifier; I denotes the peak value of the current
and o the natural angular frequency of the oscilla-
tory circuit.

As soon as v becomes equal to the potential
across the smoothing capacitor, the diode passes
current. For the sake of convenience we will regard
the capacitor C; as being so large that the current
pulses from the diode do not substantially alter the
voltage across Cj; in other words, that a direct
voltage (V,), the ripple of which may be disregarded,
occurs across C;. We shall also disregard the voltage
drop across the diode when current is passing. As
long as current flows in the diode, th: voltage
across C and L will therefore be the direct voltage V.

The fact that the voltage across C is constant
means that no current passes through this capaci-
tor, that is, that the current ¢ flowing in L passes
in its entirety through the diode. The constant
voltage across L implies that this current i (whichis
equal to the diode current ig, fig. 2d) decreases
linearly with time.

The phase angle wt at which the diode begins to
_pass current will be denoted by 7/2—¢; then:

' Vo= Vcos g, (1a)

the initial value I3 of the diode current being

Ij=1TIsing . (1b)

When t = 0, only magnetic energy exists in the
oscillatory circuit, namely: .  LI2. A part of this,
viz. § CV,%, appears as electric energy in the
capacitor C, whilst the remainder, § LI4?, is applied

VOL. 14, No. 1

to the smoothing capacitor by way of the diode.
Hence:

L2 = 3CVy + 3LI2.

63089
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Fig. 2. a) Circuit of an H.T. generator. L-C = oscillatory
circuit forming also part of the oscillator. D = diode; C;, =
smoothing capacitor.

The following quantities are shown as functions of wt: b) the
the voltage v across the L-C cireuit; ¢) the corrent i flowing in
inductance L: d) the current ig passing through the diode. The
curves are not continued beyond the point where iy becomes
zZero. .

In conjunction with (1b) this gives:
C
Id2=tan2(p'T | 5 )

Lect f denote the frequency with which the cycle
is repeated; the capacitor C; then receives f times
the energy % LI4% per second and, in the same
interval, the energy IV, is withdrawn from it (I, .
js the mean value of the direct current). In the
stationary condition, then:

I =IV,.. . . . . (3)

If @ is small, i.e. as long as C, is in parallel with

C only for a small fraction of the cycle, we may say
as an approximation that

f=of2n = 1/@ajLC).
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From (3) it then follows that:

C
I,f:m]/z LVy. . ... (4
Elimination of V| from (4) and (2) gives:
I
tan g =4n -2 , (5)
Ia

and subsequent elimination of I4? gives:

]/%:t“::”-i. . ()

These equations will serve as a guidein the design.
For I, and ¥V, we take the highest mean current
Iy max and acceleration voltage Vynom required for
the cathode-ray tube; we first decide upon tan @max,
that is, the value of tan ¢ which corresponds to
Iy= I max, taking into consideration the following.

Under the no-load conditions the direct voltage
is equal to the peak value ¥ of the alternating
voltage, whilst on full load it is equal to ¥ cos g.
Now, in order to keep the internal resistance of the
generator as low as possible without resorting to
special measures, gmax should be made as small
as possible, for the difference between V and
V cos gmax will then be at a minimum. A lower limit
for gmax may be derived from (5) by taking for Iy
the maximum permissible peak current for the par-
ticular diode used; at lower values of ®max the
diode would be overloaded.

Another consideration, however, prompts us not
to take @max to the lower limit; the efficiency 1s
impaired when @ ax is reduced, as will be seen from
the following. In contrast with what has been
assumed, the oscillatory circuit is in actual fact
subject to certain losses. For a given (finite) quality,
a certain part of the energy 4 LI2, which is available
when t = 0, is lost every cycle. The smaller the
value of pmax,the smaller also the fraction of 3 LI?
delivered per cycle by the diode, and the more un-
favourable the ratio of this fraction to the losses.
From the point of view of efficiency, the indicated
procedure is therefore to employ a high value of
Pmax- .

A compromise must therefore be sought, and a
suitable value for tan gmax will usually lie some-
where between 0.2 and 0.5.

When tan gmax has been -fixed, equation (6)
~ gives the value of JL/C. By fixing a value for f as
“well, JLC is determined and hence L and C are

known individually. With regard to the choice of
f> the following should be noted. )
In the foregoing if has already been said that a
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high frequency is favourable from the point of
view of smoothing. L and C, or at any rate LC, will
then be small. But a disadvantage of a high
frequency is that the losses in coils usually
increase with frequency. By way of example, fig. 3

‘n%{ 68890
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Fig. 3. Ratio of the loss resistance r to the inductance L as
a function of the frequency fin a disc type of coil with Ferrox-
cube core.

illustrates the measured ratio of the loss resistance
r to the inductance L of a disc type of coil, as a func-
tion of frequency. In order to keep the losses within
bounds, then, the frequency should not be too high,
but should preferably be above the highest audible
frequency, so that whistles may be avoided in the
possible event of mechanical vibration of any of the
components.

The value of C as derived from YL/C and }LC
should of course not be less than the sum of the self-
capacitance of the coil and the input capacitance of *
the rectifier. The last-mentioned contribution may be.
appreciable in the case of a cascade circuit using a
large number of diodes. In the H.T. generators
constructed in the laboratory we have endeavoured
to arrange matters so that the input capacitance
of the rectifier and the self-capacitance of the coil
together just equal the computed value of C, thus
dispensing with the need for an extra capacitor.
This is worth doing, seeing that a capacitor suitable
for the high voltages and high frequency in question
is a costly item 7). '
7) It would of course be possible to connect a low-voltage

capacitor of higher value across a part of the-coil, but,
owing the fact that the coupling between the coil sections

is never perfect, this might give rise to parasitic oscillations.
In view of this such a solution is bétter avoided.
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The preferred frequency is between 20 and 30 ke/s,
in which range the use of Ferroxcube for the cores
has many advantages 8). Compared with air-cored
coils, fewer turns of wire are required in order to
secure the desired inductance, whilst coupling
between sections of the coil mutually and between
the coil and other windings (which we shall discuss
presently) is much closer. The eddy currents in
Ferroxcube are negligible, moreover, so that in the
frequency range concerned it is only necessary to
take into consideration the hysteresis losses and
dielectric losses in the insulation. In view of the

hysteresis losses in particular, the flux density’

should not be too high, say, 0.10 to 0.15 Wb/m?.
The insulating material should have only a small
loss angle. )

So much then for the circuit employing a single
stage of rectification (fig. 2a). The required direct
voltage may, however, be so high that equation (6)
will yield an impracticably high value of L/C, in
which case the solution lies in the use of a cascade
circuit, in which the total direct voltage is a
multiple of the voltage ¥V in equation (6).

For details of the cascade arrangement the reader
is referred to the article mentioned in note 4), having
regard to the fact that in the instance in question
the alternating voltage applied to the input is a
damped oscillation; in the present case we are
concerned with an undamped oscillation.

The oscillator

In our discussion of the kind of rectifier depicted
in fig. 2a, we have assumed that, at a time t=0, a
current I flows in the coil, without considering the
manner in which this current originates. In the
half-cycle during which the voltage v is positive
— and if a cascade circuit is used, in the other half-
"+ cycle as well — the oscillatory circuit delivers energy

Rs

— 11—+

69891

Fig. 4. Oscillator circuit. P = pentode with anode and control
grid circuits coupled by means of the coils L, and Lg to the
oscillator circuit L-C (cf. fig. 2a). C; = grid capacitor. R; =
grid leak. R, = resistor in series with the screen grid.

8) See article by W. Six referred to in note °).
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to the rectifier, but energy is also lost through the
losses in the network. If this were not replaced, the
current, after one cycle, would be less than the
original value I. :

It is the function of the oscillator to supply to
the circuit just so much energy per cycle as is
delivered and lost, so that the current in the coil
will return to the value I at the commencement of
every cycle. . ‘

A simple oscillator circuit is depicted in fig. 4.

_ Both the anode and control grid circuits of a pentode

are coupled inductively to the L-C circuit in such
a way as to ensure positive feedback. The circuit
operates on the class C principle, that is, anode
current flows for less than half a cycle. During the
time that current flows, the anode voltage V, is
lower than the supply voltage VB (fig. 5) and energy
is then supplied to the circuit.

To improve efficiency it is useful to limit the
passage of current to a mere fraction of a half-cycle.

4

£9892
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Fig. 5. Anode voltage v, and pulsatory anode current i, of
the pentode P (fig. 4) as functions of time ¢ (class C operation).
The pulse iq as shown in the diagram is exaggeratedly narrow.

That this does favour the efficiency may be seen from the
following. Suppose that the anode-current pulses are so narrow
that during these periods the current as well as the voltage
may be regarded as constant, as in fig. 5. It is then a question
of the ratio of the energy delivered to the oscillatory circuit
per cycle, to the energy dissipated at the anode in the same
period. From the above premise it follows that this ratio is
the same as the ratio of the voltages vL, (across the coupling
coil L) to v, both as regarded at the instant of the pulse.
This ratio and accordingly also the efficiency is greatest when
vL, is at its maximum, and v, at a minimum, that is to say,
when the anode current pulse occurs at the time when vg is
lowest. If the pulse be made any wider, so that v, and v,
can no longer be regarded as constant during the period of
the pulse, v, and v, in the above-mentioned energy ratio
must be replaced by an average in respect of the duration
of the pulse. This average will be less than the maximum
for vr, and above the minimum for vg, so that the ratio is
then mnot so favourable. )
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Class C operating conditions are ensured by
seeing that the alternating voltage across the coil
L, is several times greater than the grid base of
the pentode.

A variable load on the H.T. generator will
mean variable damping in the oscillator circuit
or, generally speaking, variations in the amplitude
of the alternating voltage, manifested as a
fluctuating direct voltage. Apart from special
measures to ensure a constant direct voltage, as
discussed in the next section, precautions can be
taken in the design of the oscillator itself to make
the alternating voltage as independent as possible
of the damping by suitably limiting the
amplitude.

iagy

mA
500

400 vg =0

vgy =170V

Vga =
3001~ 93

L)

400V

— Yy

Yoy

]

fl 69893

Fig. 6. Anode current i, and screen grid current igy of the
pentode PL 81 as functions of the anode voltage v,, with
constant screen voltage ng = 170 V and zero volts on control
and suppressor grids.

In the oscillator, v, varies with the time ¢ sinusoidally about
the value Vp. The amplitude as shown is so large that the
minimum of v, lies just at the bend in the is-z, characteristic
(Vay). In this way the amplitude of v, is limited.

When an oscillator is switched on, the voltage
amplitude rapidly increases up to the point where
it is limited by one factor or another. For our
particular purpose this limitation can best take place
by the bend in the anode current i, versus anode
voltage v, characteristic of the pentode, the grid
potentials being constant (fig. 6). Limitation is
established by reason of the fact that when the
amplitude of the alternating anode voltage ‘in-
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creases, the minimum of v, ultimately becomes so .
small that it lies at the bend in the i;-v, curve. Any
further increase in the amplitude is checked because
vq would enter the zone in which i, drops rapidly
with decreasing v,,. '

The limiting effect can be increased taking
advantages of fact that, below the bend in the
curve, the screen-grid current iz, rises sharply at the
expense of i, when v, drops. If the screen grid is
fed through a resistor (R, fig. 4), the screen voltage
will drop when amplitudes greater than that shown
in fig. 6 occur. In consequence, the i,-v, characteris-
tic is displaced to a lower level and i, decreases to
a greater extent than if the screen voltage were
constant.

If the coils L and L, (fig. 4) are very closely
coupled — and this is quite possible when Ferroxcube
cores are used —the amplitude ¥ of the alternating
voltage across the L-C circuit, and therefore also the
direct voltage, will be nearly enough proportional
to the amplitude of the alternating anode voltage.
In the event of small variations in the last-mentioned
voltage, V¥, will also vary but slightly.

The circuit can best be so constituted that when
the direct current withdrawn from it is at a maxi-
mum (that is, with maximum damping of the
oscillatory circuit), the minimum value of v, will
lie just at the bend in the i4-v, curve. On smaller
loads the amplitude of the alternating anode voltage
will tend to increase, since, per cycle, more energy
is then supplied to the oscillatory circuit than is
being taken from it. This would result in an undesir-
able increase in the rectified high tension, but the
limiting devices described above ensure that the’
slightest increase in the amplitude of the alternating
anode voltage results in a decrease in anode current,
sufficient to restore equilibrium between the energies
received and delivered per cycle. The curve
representing i, as a function of time then reveals
a dip which is so much the deeper according as
the direct current is lower (fig. 7).

d

Iﬂ max

20

b2 s
Fig. 7. Anode current i, of the ‘pentode referred to in fig. 4
as a function of time: a on full load, b on half load and ¢ with-
out load. ) . :
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In the circuit under review the pentode used
should preferably be one that will pass a heavy
anode current at quite a low anode potential. At
the same time, the bend in the ig-v, characteristic
should be as sharp as possible and should occur at
a low value of v,. The pentode PL 81 satisfies these
conditions. :

In order to facilitate computation of the oscillator circuit
we replace the form of the anode current on full load by a
rectangle (dotted lines in fig. 7) whose height is equal to
the maximum value of I;max of the anode current and the
width such that the area of the rectangle is the same as that
of the actual wave-form of the current. This width is taken to
be k times the duration of a cycle, k being usually 0.20 to 0.25.

As a further approximation we assume that, when current is
flowing, the average anode voltage is equal to the voltage
Vay at which the bend in the curve occurs. The oscillatory
circuit thus receives an amount of energy klymax (VB—Vay)
per cycle or, expressed in power, fklsmax(VB—Vay). The power
delivered by the oscillator is Iymax Vynom. The efficiency will
be denoted by 74, disregarding the heater and screen-grid-
current; hence:

ﬂakaamnx (VB _— Vak) = Iomnx Vo nom-

This equation may be employed to estimate I, max for the
purposes of the design when Iy mox, Vgnom and Vg, are known,
values for Vp and f are decided upon and 7, and k can be
evaluated in accordance with experience. Practical values
of k& have already been indicated; 74 usually lics between 0.3
and 0.6, dependent on the value of tan ¢ and the quality
factor of the coil (see above).

The value of Iz max obtained in this manner may exceed the
rated value for the valve in question, but in this case two or
more valves can be employed, either in parallel or, if an even
number, in push-pull.

Reducing the internal resistance

Although the above-mentioned methods of limit-
ing the amplitude of the alternating voltage al-
ready considerably assist in keeping down the
internal resistance of the generator, they are not
generally adequate if requirements as laid down
are very stringent.

In such cases automatic voltage control is
applied. The H.T. voltage is then regulated by a
control voltage which is varied automatically in
such a way that the high tension remains reasonably
constant on varying loads.

Voltage control of this kind in no way minimizes
the usefulness of the methods of avoiding variations
in the output already referred to (choice of gmax,
limitation circuit in the oscillator), for, if such
precautions are neglected, a possible defect in the
automatic control might cause the voltage to
exceed the safe limits. .

There is a choice of methods of obtaining the
necessary control voltage, viz. this voltage may be:
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a) proportional to the high temsion or to the
difference between this and a constant reference
voltage; ' ’

b) proportional to the output current of the genera-
tor;

c) made up of the sum of two voltages, one of
which is obtained as in (a), the other as in (b).

Method (a) has the advantage that it ensures
high stability, but it does not admit of making
the internal resistance zero or negative. This is
possible with method (b), but here there is some
risk of instability. The combined method (c)
frequently affords a satisfactory combination of
the advantages of (a) and (b).

Similarly, the control voltage can be made to
operate on the high tension in different ways, and
examples will now be given of two such methods as
applied to 50 kV generators made at the Philips
Laboratories at Eindhoven.

1) The first of the control circuits described in the

following refers to a 50 kV generator giving a

b
<| i) I,
_]_ . P

o 4
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v R TIo =0

-

Fig. 8. Circuit of H.T. generator in which the voltage ¥ is
maintained at a constant level by a “damper” valve Ty. ,

R = resistor across which the control voltage ¥V, = IjRr
occurs. G, = smoothing capacitor. Ry = bias resistor.
For meanings of the remaining symbols see figs. 2 and 4.
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maximum mean current of 0.45 mA. The control
voltage is obtained by passing the current I,
through a resistor (R, fig. 8), that is, in accordance
with method (b) above. This voltage is part of the
grid potential of a triode, the anode circuit of
which is coupled to the oscillatory circuit L-C of
the H.T. generator. The triode, or “damper” valve,
exercises control on the voltage by reason of the
amount of damping which it affords, dependent on
whether the grid voltage is high or low. When the
load is reduced, and with it the corresponding part
of the total damping of the oscillator, |Vy| is so
reduced that the valve in question provides an
equivalent amount of damping, the overall damping
thus remaining constant.
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An advantage of this arrangement is that the
power taken by the oscillator from the source of
supply is constant. Should the internal resistance
of this source be on the high side, it would have no
effect on theinternal resistance of the H.T. generator.
It is of course a drawback that the extra valve must
be capable of dissipating considerable power,
namely Vjnom X Iymax (in our example 22.5 W),
for which reason this method is suitable only in
cases where the power generated is not very high.

69896
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Fig. 9. Curves representing Vy; = £(I,) of an H.T. generator:
1 without, 2 with automatic voltage control.

The adjustment of the circuit is quite simple. In fig. 9 (1)
shows the curve ¥V, = f(I;) without voltage control; the curve
is such that the nominal voltage Pnom is available (point 4)
when the maximum current Jjmax flows. Let us now see what
happens when the control becomes operative. Under no-load
conditions no current passes through the resistor R, (fig. 8),
in which case the voltage between grid and cathode of the
damper valve is only as provided by the biasing resistor Rj.
This resistor ensures a bias that will make the no-load voltage
of the generator equal to Vynom; the triode used for the damping
then introduces just as much damping in the oscillatory
circuit as the rectifier does on full load. The curve showing
V, = f(I,) with control operating (2), thus passes through
the point B (fig. 9), which is level with 4.

When the generator is placed under load, current flows
through R;, the bias is increased and the damping effect of
the triode is reduced. The value of R; should be so adjusted,
that the triode just fails to pass current and therefore affords
no damping when the generator is fully loaded. Curve 2,
then, also passes through the point A.

In the ideal case, the characteristic would be the straight
line BA. However, since not all effects in the circuit are
linear functions of the control voltage V:, the characteristic
is usually \somewhat curved, as in 2, fig. 9. On small loads
the interndl resistance of the generator is then negative
(increasing Voltage with increasing current). So long as the
absolute value of this resistance is not too high, there will be
no instability, owing to the positive resistance of the load.

Let us for a moment suppose that the triode is replaced
by a resistance equal to the average internal resistance R;
of the triode, at the grid bias that occurs when the generator
is not under load (¥r = 0). Taking into account the fact that
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the triode passes current every other half cycle only, the power
dissipated will be:

where ¥, rms is the r.m.s. value of the alternating voltage in
the anode circuit. Since W, is known (= Vjnom X Iy max), we
thus also know the appropriate value of Vo rms to meet our
requirements.

In order to avoid dissipating the whole of the power by
the triode, a resistor may be placed in series with this valve to
absorb some of the power. Nevertheless, it may be found
necessary to use two or more valves in parallel or push-pull.

2) The second method of providing automatic
control, which we shall now discuss®), was incorpor-
ated in a generator for 50 kV, 1.5 mA. Owing to
the amount of power involved (75 W), the use of
a damper valve is no longer suitable.

The control voltage obtained by the above-
mentioned combined method (c) operates on the
control grid of the oscillator valve. The circuit is
reproduced in fig. 10.

The current I, is passed through a resistor Ry;
the higher the current, the greater the grid bias
applied to a small triode~T,. The potential of the
anode (point x) reproduces in an amplified form the
fluctuations in the voltage I R, with the correct
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Fig. 10. Circuit of H.T. generator with stabilised voltage,
with control voltage V: applied to the grid of the oscillator
valve P,

Vr consists in part of V,’, which depends on the current
Iy, and in part of V;”, which is proportional to the voltage V.

T, = auxiliary triode. D,, D; = auxiliary diodes. R, =
load resistor. Ry = resistor across which the voltage V;”
produced by the rectified current from D,. R, = resistor for
flattening the positive peaks of the alternating voltage at
the grid of P. Of the cascade rectifier only the first capacitor
(G,) and first diode (D,) are shown. For the remaining
symbols see figs. 2 and 4.

%) Developed by L. J. van de Polder of the Research
Laboratory, Eindhoven.
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sign for the voltage V" between x and earth to be used
as control voltage for the grid of the oscillator valve.
The level of the potential at x is too high, however,
and a second potential, of opposite polarity, is
used in conjunction with the first. This latter
potential is obtained by rectifying (diode D,) the
alternating voltage induced in a winding L, which is
coupled to the coil L. The direct voltage component
V:" then occuring across Ry is of a value and polarity
that will give the point y (fig. 10) a negative
potential with respect to the cathode of P (earth).

The action of the circuit is as follows. On in-
creasing loads, I R, rises, the anode current of T\,

drops, the potential at point x increases and,

assuming };"” to be constant, that of y rises to an

equal extent. As a result, the oscillatory circuit

receives more power to meet the increased load.
Actually, V" is

proportional to the alternating voltage across L,

not constant, however, but is

that is, to the alternating voltage across the L-C
circuit, and, therefore, also to the voltage V| to
be controlled. This proportionality is to our ad-
vantage, since negative feedback occurs by way
of V", which counteracts variations in V/, and thus
promotes stability.

The circuit is so adjusted that on full load the point y is
just at earth potential (it must not be at a higher potential as
this precludes any controlling action), and that on full load
the potential of y will have dropped to the extent that the
L-C circuit receives just enough power to produce the same
high tension F,om as on full load. This is easily arranged by
employing suitable values of R.. R, and R, (fig. 10).

To mention one or two details of the circuit shown in fig. 10,
the diode Dy, in conjunction with resistors R, and R, ensures
that the control grid assumes the potential of point z when the
positive peaks of the alternating voltage occur at the point
z. This potential will then determine the amount of power
applied to the L-C circuit.

Resistor R, ensures that the alternating voltage component
at the control grid shall not be sinusoidal (as at x), but that it
takes the form of flattened peaks, thus improving the wave-
form of the anode current of the pentode.

Two practical examples

In conclusion, particulars will now be given of the
two 50 kV generators constructed in the laboratory
for the purpose of carrying out tests with large-

screen projection television (approx. 3 m % 4 m).

50 kV, 0.45 mA
This

which employs the principle of constant damping,

generator, which has air-insulation and
is depicted in fig. 11. The rectifier (on the right in
the photograph) consists of four stages in cascade,

each using a DY 30 diode.

holders in the rectifier is enclosed in a well rounded-off

FEach of the wvalve
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brass ring to avoid corona. The valves and capacitors
of the rectifier are enclosed between plates of
polystyrene.

The filaments of the diodes, which consume only
0.25 W each, are fed with high-frequency current
supplied by the oscillator; the filaments of the first
and second diode are each fed from a specially
insulated winding coupled direct to the main coil,
but the feed of the third and fourth diodes is taken
from a separate insulating transformer in order to

Fig. 11. Experimental 50 kV, 0.45 mA H.T. generator. From
left to right the two damping valves in parallel, the three
oscillator valves in parallel, the oscillator coil and, between
polystyrene plates, the rectifier (four diodes DY 30 in cascade),

divide the wide difference in potential between
these filaments and earth. The transformer consists
of a closed magnetic circuit of Ferroxcube carrying
a primary and two secondary windings, each of
which comprises only a few turns of insulated wire.
The oscillator frequency is 24 ke/s.

Fig. 12 shows the measured characteristic V, —
f(I,); with no load, ¥V is only 29, above the nominal
value of 50 kV. The figure also shows the total direct
anode current I, taken from a 500 V source;
because of the automatic control on the damping,
this current — of roughly 120 mA —is practically
independent of I
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The efficiency on full load is found to be:
50 000 % 0.45 < 10°*
500120 % 107°

50 kV, 1.5 mA
Fig. 13

Of — 17 B 0f
X 100 9, = 37.5 %,

Na —

shows the 50 kV, 1.5 mA generator,

| | | |
0 100 200 300 400 500
69898 -l

600 LuA

fig. 12. D.C. voltage V,. input and total anode current I,
l‘ L=} (-} 0

drawn from a 500 V source, as functions of the load current*/,
of the generator shown in fig. 11.
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this case the

oscillator coil and cascade circuit are immersed in

also in experimental form. In

transformer oil, thus making it possible to employ

smaller components (paper capacitors; EY 51
diodes); the complete unit accordingly gains in
compactness.

The cascade circuit comprises six stages mounted
in a circle around the coil, the voltage increasing in a
clockwise direction. This arrangement was adopted
in order to ensure that the leads to the diodes,
the heaters of which are again fed from the oscillator,
would be as short as possible. The oscillator coil
is of a conventional type with oiled-paper insulation
and Ferroxcube core; the frequency is about 30 ke/s.

On the chassis in the upper left-hand corner of
the photograph will be seen the four oscillator valves
PL 81, connected in push-pull and parallel, together
with the triode, diodes and other components of
the control circuit, the basic diagram of which is
reproduced in fig. 10.

Fig. 13. Experimental H.T. generator to deliver 50 kV, 1.5 mA. Left-hand top: chassis
with oscillator valves (PL 81) and voltage control circuit. Centre: oil-filled container

with oscillator

coil L (and Ferroxcube core Fc¢) and the six cascade stages of the

rectifier (with diodes EY 51), mounted round the coil; reservoir capacitor C,, protecting

resistors R, and R,. H is the H.T. cable for connection to the

cathode-ray tube.

The container is made of “Perspex”, so that the internal components can be observed,
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Fig. 14 shows the characteristics of the output

voltage ¥V, and the total anode current I, derived.

from a 1000 volt direct-voltage source, as functions
of the load current I,. In contrast with the first
example, the current I, rises on an increasing load.
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Fig. 14. Direct voltage ¥, and total input anode current I,

drawn from a 1000 V source, as functions of the load current,

I, of the generator shown in fig. 13.

On full load I, =
then:

135 mA, and the efficiency is

50000 1.5% 1072
1000x135% 1073

x 100% ~ 56%.

The voltage control circuit already described
ensures that the internal resistance (measured
statically) will be sufficiently low. In television
pictures, however, fairly large bright areas may
occur in which the beam current would greatly
exceed the value of Ijmax and,in order to prevent
the acceleration voltage from dropping to too low
a level, it is advisable to connect a reservoir
capacitor to the output terminals. Seeing that
exceptionally high standards were set for the picture
quality of the projector for which this H.T. gene-
rator was designed, the actual reservoir capacitor
69900

:

=0 k3

Fig. 15. Circuit of the reservoir capacitor C, and safety
resistors R, and R, in the generator depicted in fig. 13. L, =
self-inductance of the resistor R,. On theleft: part of the cascade
circuit.
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used had a fairly large value (10,000 pF), but in
many cases a smaller capacitance would suffice.

The large quantity of energy stored in this capaci-

tor would prove detrimental in the event of break-
down in the cathode-ray tube which, albeit sporad-
ically, is liable to happen. To prevent possible
damage, a resistor R, is provided (figs. 13 and 15).
This is a wire-wound resistor the self-inductance of
which (0.5 mH) is sufficient to limit the current from
the reservoir capacitor to some tenths of an ampere
in the event of a flashover of very short duration
(107 %sec). If the duration is longer its resistance of
50,000 Q limits the current to 1 A. A second resistor
(R; = 0.5 MQ) serves to limit the charging current
of the capacitor C; when the circuit is switched on,
thus protecting the diodes. The combination of R,
and C, moreover acts as a smoothing filter.
_ The effect of the resistor R, can best be demon-
strated by connecting a spark-gap to the generator;
with-out the resistor R, each flashover produces a
sharp crack, whereas with the resistor only a faint
click is heard. The experimental generator proved
well able to withstand such tests.

In view of the efforts made to keep the internal
resistance as low as possible it may appear strange to
increase the resistance by as much as 0.5 MQ, but
this value is virtually low in comparison with the
internal resistance that would be encountered in
the absence of any voltage control (about 10 MQ).
The extra resistance R, therefore has little effect on
the final result.

The development of this immersed generator has
been a source of valuable experience against the
time when units for even higher voltages may be
required.

Summary. Television pictures of large dimensions having at
the same time high brightness and definition can be obtained
only by means of tubes operating with very high acceleration
voltages. Present-day receivers working on the projection
principle employ 25 kV, but equipment developed in the
Philips Laboratories at Eindhoven producing a picture of
3 m X 4 m uses 50 kV. Four methods of generating such
high voltages are reviewed and one of these is described in
detail, namely one in which an oscillator, preferably having a
coil with Ferroxcube core, delivers an alternating voltage of
20 to 30 kefs, this being rectified by a cascade circuit. This
proves to be the best arrangement to meet the conditions
imposed on an H.T. generator for the purpose in question,
namely constant direct voltage from mno-load to full-load
conditions, with a rapid fall in potential when full load is
exceeded. The rectifier and oscillator in such systems are
discussed, as also methods of ensuring a Iow internal resistance.
Examples are given in relation to two experlmental generators
(50 kV, 0.45 mA and 50 kV, 1.5 mA).
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ELECTRONIC INTENSIFICATION OF FLUOROSCOPIC IMAGES

by M. C. TEVES and T. TOL.

621.386.8 : 616-073.75: 621.383.8

In essence, the generation of X-rays, which entails the production of a beam of electrons in
‘a vacuum tube, falls within the technique of electronics. It is anoteworthy point that in X-ray
diagnostics the subsequent stage, that is, the conversion to a visible picture of the X-rays which
have passed through the object to be examined, is now also tending to become dependent on
electronics for a satisfactory solution. In this context it is found that the number of X-ray
quanta available virtually sets a limit to the amount of detail in the information that can be

derived from fluoroscopy.

The problem of screen brighiness in fluoroscopy

X-rays have the capacity to damage or destroy
human tissue. In X-ray therapy, use is made of
this fact by exposing morbid tissue to these rays
for such periods and at such intensities that in
total it 'will receive a certain, heavy, dose. In X-ray
diagnostics, on. the other hand, care must be taken
that patients receive the smallest po'ssible dose
during examination so that they will not suffer
any injurious consequences, even as a result of
repeated examinations.

Using the conventional method of fluoroscopy,
therefore, the radiologist must do the best he can
with an X-ray image of very low brightness. In
fact, for a given duration of an examination (a

few minutes at the most), limitation. of the total -

dosage means limitation of the dosage rate to
which the patient may be subjected and, accord-
ingly — dependent upon the absorption of the rays
by the patient — limitation of the brightness that
can be obtained from the screen. In gastric fluoro-
scopy, for example, with the X-ray tube operating
on a voltage of, say, 90 kV and a current of 2 mA,
the image obtained on a high-quality screen has an
average brightness of about 0.003 cd/m2. For com-
parative purposes it may be said that the average
brightness of a landscape by the light of the full
moon is 0.0l cd/m?

In order to be able to make a good visual assess-
ment at such low brightness values, the radiologist

must first remain in darkness for at least 15 minutes,
so that his eyes may be adapted to the low
brightness level. Even so, his visual acuity and
contrast sensitivity ') are then' fairly low. Hence,
for the diagnosis of conditions involving slight
abnormalities which often reveal only a low con-
trast, this is a very inconvenient limitation. It will
therefore be easily appreciated that, since the in-
ception of X-ray diagnostics, higher image bright-
nesses have been an ever-present need.

If more information is to be obtained from the
fluoroscopic screen and at the same time a solution
found for the problem of the necessity for dark
adaptation of the eyes, an increase in image bright-
ness to the extent of at least a factor of 100 to 1000
is needed, as pointed out by Chamberlain in
1942 2). It would not be possible to achieve this
simply by increasing the efficacy of existing types
of screen; these convert roughly 59, of the X-rays
falling on them to visible radiation, and this radia-
tion has approximately the most advantageous
wavelength (i.e. in the yellow-green part of the
spectrum, where, for a given strength of the radia-

1) Visual acuity is defined as 1/, where a is the angle sub-
tended by the finest distinguishable detail. Contrast sen-
sitivity is defined as 1/c, where c is the lowest distinguish-
able contrast 4B/B; in this, Bis the brightness of the back-
ground and B 4- AB the brightness of an object seen
against that background.

%) W. E.’Chaimberlain, Fluoroscopes and ﬂuoroscopy,
Radiology 38, 383-413, 1942. .
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tion, the strongest impression of brightness is
received by the eyes). Thus, the gain that is
theoretically possible in this way would not exceed
a factor of 20.

In recent years several methods, using elec-
tronic aids, have in fact been devised for inten-
sifying the brightness of the fluoroscopic image to a
considerable degree 3). In the present article we
shall describe an image intensifier designed in the
Philips Laboratories at Eindhoven. This equipment
is based on the well-known principle of the image
converter, another development of this labora-
tory, a description of which was given as early
as in 1934 ¢). The fluoroscopic images obtained with
the aid of this instrument are roughly 1000 times
brighter than those produced on the ordinary
fluoroscopic screen.

Description of the intensifier

The more important details of the unit are illus-
trated in fig. I. A fluoroscopic screen on a support
of thin aluminium is mounted in an evacuated
glass tube. A photocathode lies in contact with the
screen. When X-rays pass through the glass wall of
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Fig. 1. Diagrammatic cross-section of the image intensifier.
R = fluoroscopic screen on which the X-rays are received after
passing through the object to be examined O, and the glass
wall of the tube. D = support of fluoroscopic screen and
photocathode K. The fluorescent radiations produced in R
release electrons from the photocathode K. The “electronic
image” is reproduced on a reduced scale by the electric field
between K and the perforated anode A, on a viewing screen
_FL; this image is observed through a simple microscope M.
W is a conductive layer on the inside of the tube.

3) J. W. Coltman, Fluoroscopic image brightening by elec-
tronic means, Radiology 51, 359-367, 1948.

R. J. Moon, Amplifying and intensifying fluoroscopic
images by means of a scanning X-ray tube, Science 112,
389-395, 1950.

R. H. Morgan and R. E. Sturm, The John Hopkins
fluoroscopic screen intensifier, Radiology 57, 556-560, 1951.
P. C. Hodges and L. Staggs, Electronic amplification
of the rontgenoscopic image, Amer. J. Rontgenology Rad.
Ther., 66, 705-710, 1951.

4) G. Holst, J. H. de Boer, M. C. Teves and C. F.
Veenemans, An apparatus for the transformation of
light of long wavelength into light of short wavelength,
Physica 1, 297-305, 1934.
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the tube to the screen, this fluoresces. The fluorescent
light sets electrons free from the photocathode;,
at any point on the photocathode the number
of photo-electrons released per second is propor-
tional to the luminous intensity of the fluoroscopic
screen at that point. The luminous image with
all its variations in brightness is thus transformed
into an “electronic image” with corresponding varia-
tions in current density. By means of an electric
field of a certain configuration (electrostatic’
“electronic lens™) this electronic image is repro-
duced on a second fluorescent screen, the viewing
screen, reduced 9 times in size. The energy of the
electrons falling on this screen is in part converted
to fluorescent light, and a reproduction of the image
on the fluoroscopic screen is thus seen on the
viewing screen reduced 9 times. This reduced image
is viewed through a simple microscope of about
9 X magnification, and finally the fluoroscopic
image is thus seen erect and in its original size
(both the electronic lens and the microscope pro-
duce inverted images).

The image seen through the microscope is thus
identical with that seen on an ordinary fluoroscopic
screen; it is, however, about 1000 times brighter,
assuming that the image intensifier and the
fluoroscopic screen both receive X-rays of the
same intensity.

How is the brightness intensification obtained ?

Two factors (which are not in fact independent
of each other) contribute towards the intensifi-
cation of the image brightness.

The first and more readily understood factor is
an increase in the total luminous flux. The
electrons emitted by the photocathode are not only
focused on the viewing screen by the electrical
field, they are also accelerated by it; in the par-
ticular instrument under review a potential of 25
kV is applied between the viewing screen and the
photocathode. The more energy possessed by an
electron on arrival at the screen, the more
fluorescent light it will produce. Notwithstanding
the fact that only about Lin 10 of the light quanta
from the fluoroscopic screen liberates a photo-
electron and that only some 109, of the elec-
tronic energy is converted to light by the viewing
screen, the last mentioned screen — owing to the
energy imparted to the electrons — is able to yield a
total of 10 to 15 times as much luminous flux (in
lumens) as an ordinary fluoroscopic screen, for the
same object viewed.

The second, more important factor is the gain

“produced by the above-mentioned electron-optical
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reduction of the size of the image. All the
electrons coming from the photocathode contribute
towards the final image, and the energy that each
electron is capable of converting to light after
passing through the electron-optical system is inde-
pendent of whether the electrons are distributed
over a large or over a small area. By employing
a reduction. of 9 times we concentrate the elec-
trons in an area 92 times smaller, and the total
luminous flux is thus emitted from an area that is
about 80 times smaller than would be the casé in
reproduction. on a scale of 1 : 1. This, by definition,
represents an increase in brightness ®) by a factor
of 80.

The total gain in brightness is equal to the pro-
duct of the “lumen gain” and the gain due to the
reduction in size, i.e. in the tube in question, 10 to
15 times 92 = 800 to 1200.

It is perhaps not superfluous to add that the
gain brought about by the electron-optical reduc-
tion cannot be obtained by the ordinary methods
of optical reduction. According to Abbe’s law,
the apparent brightness of an object does not
vary as a result of the introduction of any kind of
optical instrument between the object and the eye
of the observer, that is, if such an instrument can be
regarded as ideal, without the absorption and re-
: and
mirrors (and assuming the exit pupil of the instru-

flection losses that normally occur in lenses

ment to be at least as large as the pupil of the eye).

This will readily be appreciated on reference to fig. 2a. Let
the brightness of the object be B, and the solid angle sub-
tended by the lens when seen from the object w. The lens
then receives from a surface element df a luminous flux of
@ = Bwdf. This luminous flux is concentrated in a smaller
area df’ in the image space. This area thus again emits the
luminous flux @, this time, however, within the greater solid
angle @’ (or, with diffusion, in an even larger angle). The
brightness of df’ is B = ®/w’df’ and, since we know from
the laws of optics that w'df’ = wdf (the sine law), B’ is
equal to B.

The difference that is seen to exist in this case by no means
implies that the analogy between electron-optics and light-
optics is no longer valid. Abbe’s law as stated in the
above simplified form holds good only when the object and
the image are located in media having the same refractive
index, and in ordinary optical instruments this is usually
the case. If the refractive index of the medium containing
the image is higher than that of the object, the brightness of
the image can certainly be greater than that of the object
itself. This is exactly what happens in electron-optics. Thc
potential field in which the electrons arc moving may be re-
garded as a medium the refractive .index of which is céntin-
uously variable; in fact, the index is at any point propor-

. 5) .According to a recent standardisation decision’.on. hghtmv
technology terms, we should speak here -of Yuminance.
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tional to the velocity of the electrons. The refractive index
at the site of the viewing screen is therefore about 100 times
higher than that at the photocathode.

The analogy is thus not only restored formally, but may
again be illustrated in a simple way. Owing to the continuous
variability of the refractive index, the “rays” are now not
straight, but curved. The path of the rays in the electrostatic
electron-lens therefore takes the form shown in fig. 2b, in
contrast with fig. 2a; it will be seen that the flux radiated
from the surface element df within a solid angle almost equal
to 27 is employed and is concentrated in a much smaller
solid angle at the surface df”.

By reason of the influence of the velocity of the electrons,
it is seen that the “lumen intensification” and the brightness

gain due to the reduction in size virtually spring from the same

cause, i.e. the presence of the accelerating field.

VAN

X\
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Fig. 2. a) Path of rays on optical reproduction of a surface
df, at df’ (illustrating Abbe’s law).

b) The same, as applicable to electron-optical reproduction |
with an electrostatic lens, as in the image intensifier.

In the light of Abbe’s law it will now be
understood why in the last stage of the image inten-
sifier, viz. the optical enlargement by the microscope
of the image on the viewing screen, the gain
in brightness arising from the electron-optical
reduction is not neutralised (provided that the
microscope meets the condition as regards the exit
pupil to which reference has already been made).

It may possibly strike the reader thatin the fore-
going, particularly in our explanation of the lumen
gain, the luminous flux of the viewing screen is
each time compared with that of an ordinary
fluoroscopic screen and not, as might appear more
obvious, with the luminous flux of the fluoroscopic
screen in the image intensifier itself. The reason
is that the last-mientioned screen need not be ob--
served and that the luminosity curve' of the
fluorescent light emitted by it may therefore be
such as to be quite unsuitable from the point of

-view of direct observation; in fact the fluoréscent

\
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radiation might even be entirely invisible, for in-
stance ultra-violet or infra-red, provided only that
the photocathode be sensitive to such radiation.
Our image intensifier is equipped with a photo-
cathode the quantum efficiency of which is highest
(about 109,) when it is exposed to blue light. A
phosphor giving blue fluorescence was accordingly
chosen for the fluoroscopic screen. For the viewing
screen, on the contrary, if a choice from different
materials of the same luminous efficiency is avail-
able, that colour should be employed of which the
fluorescent spectrum coincides as nearly as possible
with the maximum in the spectral sensitivity curve
of the eye. This would be a phosphor emitting
yellow-green light. Clearly, if we compared the
brightness of such a viewing screen with that of
the blue emission of the fluoroscopic screen in the
image intensifier, we would calculate a much greater
brightness intensification value than 1000 times,
but at the same time one that would have no prac-
tical significance.

For this reason it would be as well to dwell for a moment
on the precise meaning of the name “image intensifier” or
“brightness intensifier”’. In effect the instrument is animage
converter, which converts the “image” of the invisible X-rays
to a visible image, by analogy with the well-known instru-
ments for transforming infra-red radiations into visible
images (see the article referred to in note #)) which are em-
ployed in numerous different forms. The fact that this con-
version. in our case involves as intermediate stage a visible
fluorescent image (as in normal flucroscopy) is attributable
only to the impossibility of liberating photo-electrons direct
from a photocathode with any degree of efficiency (and with
not too high an initial velocity) by means of the X-rays them-
selves. Reasonable efficiency in this release of electrons is
naturally of the highest importance in the fluoroscopic image
intensifier, as otherwise the effect of the subsequent gain
would be lost and we might then just as well employ only
the “image conversion” as obtained from the ordinary fluoro-
scopic screen.

Details of construction

The blue fluorescence of the fluoroscopic screen

-as matched tothe photocathode is obtained from zinc

sulphide activated with silver, and the yellow-
green fluorescing viewing screen is prepared from
very finely divided zinc sulphide-zinc sélenide.
The effective diameter of the cathode face is 13.5

cm, this thus representing the maximum size of the -

object to be examined. The image on the viewing
screen is only 1/9th of this size, viz. 1.5 cm across.

The electrical field producing the electron-
optical image is generated basically by means of
only two electrodes, one of which (the cathode)
is formed by the concave spherical surface of the
combined fluoroscopic screen and photocathode, as
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well as by a conductive layer on the inside wall of
the glass tube. The other electrode (the anode)
is also spherically curved and is concentric with
the photocathode; it has in it an aperture to allow
the electrons to pass to the viewing screen behind
it §). Between the cathode and the anode a poten-
tial of 25 kV is applied.

This simple design, employing only two elec-
trodes, has proved to be very effective. Definition
in the image is ample and the field strength on the
only slightly curved photocathode is very low, this
being an asset for a reason which is given in another
paragraph. When the tube was still in the experi-
mental stage, the configuration offered sufficient
latitude, viz, in the radii of curvature of cathode and
anode, allowing for example a variation in the
amount of reduction of the image. For practical
purposes it was later found to be better for the
inner lining of the tube to function as a separate
electrode and to maintain it at a slightly positive
potential with respect to the photocathode. Without
this, only the electrons emitted from the central
part of the photocathode pass through the opening
in the anode, the peripheral parts thus not being
reproduced. With the auxiliary potential applied
the peripheral electrons also pass through the anode,
the effective image area of the fluoroscopic screen
being thus almost doubled. At the same time, the
slight “pin-cushion” distortion of the image that
occurs without the auxiliary voltage is in this way
almost entirely eliminated. Another important
advantage of the auxiliary potential — which is
variable — is that by means of it the image on the
viewing screen. can be adjusted for maximum defi-
nition whilst the tube is in use. Consequently, the
tolerances in the electrode spacing, during the manu-
facture of the glass tube, can be relatively wide.

The 25 kV applied between cathode and anode
may be obtained for instance from the well-known
small high-tension generator developedin this Labo-
ratory for projection television 7). This generator
also supplies the necessary voltage for the inner
tube coating. The cathode is earthed, so that only
one of the three poles of the image intensifier need be
suitable for carrying high voltage. Only a very small
amount of power is required to operate the tube,
the photo-current for normal fluoroscopy being in
the order of 10~ A. For this reason and also in
view of the fact that in this case no stringent con-

%) F¥or a more detailed description of the principle of this
two-electrode lens the reader is referred to an article by
P. Schagen, H. Bruining and J. C. Francken,
Philips Research Reports 7, 119-130, 1952 (No. 2).

7) G.J.Siezen and F. Kerkhof, Philips Techn. Rev. 10,
125-134,1948.
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ditions need be imposed as regards voltage stability
(a basic advantage in purely electrostatic electron-
optical systems), an even simpler high-tension
unit would suffice.

Fig. 3 depicts the complete image amplifier tube.
It is cylindrical, the diameter being 17.5 c¢m; the
over-all length, including the small microscope,
is 45 cm. To protect the tube against jarring and to
afford local protection from stray X-rays, the tube
proper is contained in a lead-lined aluminium
jacket which can be mounted quite simply on a
stand; see fig. 4. Tube and jacket together weigh

7.5 kg approx.

INTENSIFICATION OF FLUOROSCOPIC IMAGES 37

intensifier itself, as by any other form of optical
instrument, shall be kept within certain limits.

Definition

In normal fluoroscopy the definition of the image
will be determined by the finite dimensions of the
focus of the X-ray tube (half-shadow width or
geometrical blurring) as well as by the thickness
and grain size of the fluoroscopic screen (intrinsic
or screen blurring). Screen blurring is usually
about 0.7 mm, sometimes less, down to 0.4 mm;
the geometrical blurring is generally slightly less.
The resulting definition in the fluoroscopic image

Fig. 3. The Philips X-ray image intensifier, producing an image that is approximately
1000 times brighter than that of the ordinary fluoroscopic screen. The tube is 45 cm inlength,
17.5 em in diameter. The effective area of the screen is a circle 13.5 em in diameter. On
the right will be seen the viewing end into which the microscope shown alongside is fitted.

Definition and contrast in the image

When the image intensifier is in use it is not neces-
sary for the radiologist to allow time for his eyes
to adapt themselves; examinations can be made in a
room with almost normal illumination. This is in
itself a great practical advantage that will almost
certainly outweigh the drawback that the image
cannot be surveyed with the naked eye, but only
through an optical system. Moreover, it may be
expected, as explained in the introduction, that the
radiologist will be in a position to perceive smaller
details than is possible with the ordinary fluoro-
scopic screen because of the higher visual acuity
and contrast sensitivity of the eye at the increased
brightness level. In order that this expectation
— which we shall enlarge upon presently — may
be realised, it is an essential condition that the
blurring and loss of contrast introduced by the image

is thus somewhat less than 1 mm (the total blurring
being equal, approximately, to the square root
of the sum of the squares of the geometric blurring
and the screen blurring 8)).

Screen blurring can be reduced considerably by
using thinner screens (and finer grain). This is not
done in the case of ordinary fluoroscopy, as such
screens would transmit a larger amount of X-rays,
which are thus ineffective, resulting inreduced screen
efficiency ?). Moreover, better definition would be

8) See H. A. Klasens, The blurring of X-ray images,
Philips Techn. Rev. 9, 364-369, 1948.

9) As far as efficiency is concerned there is an optimum
thickness, for in screens that are too thick, apparently
too much absorption of the emitted light will take place
in the screen itself. (This conflict between useful absorption
of the incident radiation and wasteful absorption of the
rays emitted in the image intensifier again occurs in the
photocathode and in the viewing screen.)
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of little use, since, at the low brightness levels of
normal fluoroscopic screens, visual acuity is in
any case too low for the perception of finer detail.

In the image intensifier the position is very
different. Here, too, there is a primary lack of
definition in the image owing to the intrinsic
blurring in the fluoroscopic screen employed.
However, there is now no objection to the use of a
relatively thin screen, thus sacrificing some of

the gain in brightness to benefit the definition.
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The grain size of the viewing screen used is very
fine and the screen itself very thin (the penetration
depth of electrons at 25 kV is about 12 1), so that
the intrinsic blurring in this screen, referred to
natural image size, is less than that of the fluoro-
scopic screen. Blurring by the electron-optical
reproduction system is at least one order of size less
(see formula (26) in the article referred to in note %))
and can therefore be ignored, as can, also, the limi-

tation in the resolving power of the microscope

Fig. 4. The complete equipment for fluoroscopy by means of the image intensifier. The
tube is housed in a lead-lined aluminium jacket and the whole can be conveniently mounted
on a stand. Left: the small high-tension unit for supplying the necessary 25 kV. D.C.

A real advantage is obtained by so doing, for the
visual acuity at the brightness level of the image
intensifier is so high that the eye can reap the
benefit of the increased definition.

For this reason a thinner fluoroscopic screen is
used in the image intensifier than is provided for
ordinary fluoroscopy. On the other hand the reduc-
tion in the screen thickness cannot be carried too
far, for a reason other than that connected with
efficiency, as will be seen presently.

In the case of the image intensifier there are
also other possible causes of blurring. These must
of course not detract from the available gain in
definition, and in fact, in our model, they do not.

through which the screen is viewed. No appreciable
blurring occurs in the photocathode either, since
this is in direct contact with the fluoroscopic
screen, and, in order to avoid too much absorption
of the liberated photo-electrons, is extremely thin.

Owing to these favourable properties, the over-all
blurring effect produced by the image intensifier
is not more than 0.4 mm. In order that the advan-
tage of this low “intrinsic” blurring may not be
lost, the previously mentioned geometrical blurring
must also be limited as much as possible. It is
therefore desirable to use in conjunction with the
intensifier an X-ray tube having a very small focus
(fine focus tube).
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Contrast :

On passing through the subject to be examined,
the X-rays are attenuated to an extent that varies
from one point to another, and it is the resultant
“radiation contrast” that supplies. the required
information regarding the subject, i.e. the image.
The processes involved in the conversion of the
X-rays to fluorescent light, then into photo-
electrons and finally into light again, are wholly
linear, owing to the very small electronic current
occurring in the image intensifier. In principle,
therefore, the contrasts in the image are unchanged
(gamma = 1), in contradistinction to, for example,
photographic reproduction (in which case gamma
may be as much as 2.5 to 3).

- For various reasons, however, the image inten-
sifier does occasion a certain amount of fogging,
i.e. a brightness contribution more or less uniformly
distributed over the whole image, which results in a
loss of contrast. The glass window of the tube
through which the X-rays enter partly ‘scatters
the rays and thus delivers diffuse radiation to the
fluoroscopic screen; similarly those.X-rays which
are not absorbed by the fluoroscopic screen but
which fall on the wall of the tube are in part re-

diffused towards the screen. Again, a fraction of the

blue fluorescent light which the very thin photo-
cathode is not capable of absorbing is reflected from
the inner wall of the tube, back to the photocathode,
where it liberates electrons in the wrong places;
up to a point this also applies to the persistence of
the fluoroscopic screen. Furthermore, the photo-
cathode exhibits a certain amount of thermionic
emission. which is independent of the intensity of
illumination received by it; field-emission is also
liable to occur at the photocathode. Both these
effects contribute additional light uniformly spread
over the whole of the viewing screen. A proportion
of the total number of electrons arriving at the view-
ing screen is reflected there and tends to liberate
positive ions from the walls of the anode space
(as well as from possible residual gases), and these
ions may be diffused in the direction of the anode
aperture where they are accelerated by the field
in the direction of the photocathode; here they may
liberate more electrons and this will also produce
additional diffuse light. Finally, at the viewing
screen there is also some diffusion of the light gen-
erated by the screen itself, resulting in a kind of
halo which is intensified by repeated reflection in
the glass support of the screen, whose granules
are in contact with it. ' ;

Very severe fogging would occur if a ‘part of the
light from the viewing screen were to return t6 the

photocathode (a kind of “feedback™), but this is
prevented by coating the rear of the viewing screen
with a thin layer of aluminium which transmits
practically all the high-velocity electrons, but com-
pletely intercepts light that would be reflected
back 10).

Suitable precautions have also been taken to
reduce to a minimum all the other sources of fogging
summarised above. As a result the loss in contrast
is kept within reasonable limits. We will mention
only one or two of these precautions. For example,
the inner lining of the tube is of a kind that does not
reflect blue light too well. The shape of the elec-
trodes is such that high field strengths do not occur
at the photocathode, and field emission is accord-
ingly low. For the same purpose and also in order
to limit thermionic emission, the threshold poten-
tial of the cathode should be fairly high. *

Accurate data regarding the degree of fogging cannot be
given at this time, but for orientation purposes we may assume
that this represents 109, of the total luminous flux which the
viewing screen would emit- w}};lgout the fogging. (This value
is probably not very far froi'the actual figure.) From the
aspect of contrast this means that where we would have had to
observe contrast between a brightness of 105 and an average
of 100 for example, we will now have a contrast of 115 : 110.
The loss is thus of little impérpance. ‘When contrast is very
pronounced the depreciation ig‘;'fg'i':eater (10as again;t 100 would
become 20 to 110), but such -contrasts are generally easily
distinguished in any case. ° w;‘ o
Principle limitation of minimum perceptible subject
detail .

Let us now ascertain in how far the radiologist,
using the image intensifier, really will be able to
perceive more detail, that is, details of smaller
dimensions and lower contrasts, than with the
ordinary fluoroscopic screen. The ultimate answer
to this question can be obtained only with the inten-
sifier in actual use. While, however, insufficient
medical experience has been gained as yet with the
instrument to enable one to express in numerical
values the advance which the introduction of the
intensifier undoubtedly represents, it is possible’
to show theoretically that the minimum detail to be
perceived cannot decrease below a certain limit.
This is attributable to the circumstance that
X-rays are in the of  quanta;
attention was first drawn to this consequence by
the scientists Sturm and Morgan ).

The' energy quamnta, or photons, of magnitude

form

" 10) See J. de Gier, Philips Techn. Rev. 10, 97-104, 1948.

1) R. E. Sturm and R. H. Moxgan, Screen intensification
systems and their limitation, Amer: J. Réntgenology Rad.
Ther. 62, 617-634, 1949.
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hyv, of which all rddiations consist (b = Planck’s
constant and » = frequency of oscillation), are not
emitted by the source perfectly regularly, nor are
“they absorbed regularly by a medium such as
the fluoroscopic screen or the retina of the eye. It
is possible to speak of an average number N of
quanta per given interval of time, on a given sur-
face, and this determines the intensity of the radia-
tion. emitted or absorbed. In the case of a number
of such time intervals, however, the number of
quanta within each interval will not be equal to
N; random fluctuations about this average
occur, whose order of magnitude, computed on the
basis of probability, is given by the so-called stan-
dard deviation V. The order of magnitude of the
relative fluctuations in the radiation is
defined by the coefficient of variation, which is
equal to YN/N=1/yN.
These natural fluctuations, the “noise” in the
radiation, set a fundamental limitation on the detail
* which the radiation is capable of conveying, or,
ip. more concrete terms, on the minimum radiation
contrasts which can be communicated by means
of the quanta absorbed.
This argument is immediately applicable to the

human eye. Let us take as starting point a surface

element of a given object, with a size of 0.1 mm?2.
Those quanta will contribute towards the per-
ception of brightness which travel from this
surface element to the pupil of the eye within
the “accumulation time” T of the eye. Only a
fraction of these is effectively absorbed in the retina,
i.e. produce the stimulus conveyed to the brain
by the optic nerve. The fluctuations in this number
of quanta can be regarded as fluctuations, in effect,
in the observed brightness of the surface in question,
and it is found that the difference in brightness
between this surface and its background definitely
cannot’ be perceived if the contrast is not at
least 3 to 5 times as great as the relative fluctuation
already mentioned. The lower limit of perceptible
contrast is thus expressed in terms of the “noise”
in. the light quanta effectively absorbed. It will now
be seen at once that as the size of the surface ob-
served is increased (i.e. more quanta are permitted
to contribute to the sensation of brightness), so
also does it become possible to appreciate lower
contrasts; see for instance the well-known contrast-
detail diagrams obtained in the fluoroscopic
examination of phantoms (artificial test-objects),
Jig- 5%). It will also be clear that when the bright-
ness level is raised, contrast sensitivity increases.

- 12) See G. C. E. Burgex, Phantom tests with X-rays, Philips
Techn. Rev. 11, 296, 1950. .

’
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"However, this takes place more slowly than might

be concluded from the decrease in the relative
fluctuations, since, when the brightness increases,
the percentage of light quanta effectively absorbed
drops (owing amongst other things to a saturation
effect in the optic nerve), as also does the accumu-
lation time T.
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Fig. 5. Example of a contrast-detail diagram as obtained with
the aid of an X-ray “phantom”. The “phantom” consists of a
number of plates of *‘Philite”, one of which has in it a number
of holes of different diameters and depths. The full line
represents as a function of the hole diameter, the depth of a
hole (contrast!) necessary to make it just visible in mormal
fluoroscopy. (The dotted line shows the results of provi-
sional tests with the image intensifier under the same
conditions.)

Let us now turn to X-ray diagnostics, again
taking a surface of 0.1 sq. mm of the fluoroscopic
screen. In chest examinations 100000 X-ray quanta
fall on such an area per second. Of this the fluoro-
scopic screen absorbs 659%,. The accumulation time
T of the eye in normal fluoroscopy is about 0.1 sec.
The number of X-ray quanta involved in providing
information about details of the above-mentioned
size of the lungs under examination is therefore
about 6500. One X-ray quantum of 70 kV absorbed
liberates an average of 5000 light quanta in the
screen. Thus we have more than 3 X 107 effective
quanta; these occur in “packets” of 5000 quanta at a
time, however, Consequently — and this is the car-
dinal point of the whole argument — the large
number of quanta that would yield the low relative
fluctuation of 1/5600 (if all the quanta occurred
individually) canunot furnish any more information
than the original 6500 X-ray quanta were capable
of doing, with the much greater fluctuation of 1/80.
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In normal fluoroscopy this is not really important.
In fact, of the light quanta obtained, only a very
small proportion falls on the pupil of the eye
(see fig. 6): in the retina only 120 quanta are
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Fig. 6. Number of quanta occurring at different stages during
a chest examination by means of X-rays, within a beam cor-
responding to an area of 0.1 sq.mm on the fluoroscopic sereen.
Voltage on X-ray tube 70 kV, current 2.5 mA, distance from
X-ray focus to screen 70 cm. .

Dotted line: ordinary fluoroscopy; accumulation time
0.1 sec.

Full line: with image intensifier; the accumulation time
is now slightly shorter.

effectively absorbed, which is much less than the
"available number of X-ray quanta. In X-ray images
of objects 0.1 sq. mm in size, therefore, the eye
will not perceive contrasts of less than 3 to 5 times
1/11 and a large part of the information contained
in the X-ray quanta is thus not used.

The image intensifier, however, has entirely
altered this state of affairs. Inmitially the situation
is rather less favourable, since, out of the above

mentioned 100000 X-ray quanta falling per second

on 0.1sq. mm of the thinner fluoroscopic screen,
fewer are absorbed by the thinner screen and,
moreover, the accumulation time T of the eye is
shorter at the higher brightness level of the
intensifier. We may take the number of effectively

INTENSIFICATION OF FLUOROSCOPIC IMAGES . 41

absorbed quanta to be about 1750. The light
quanta produced by them in the fluoroscopic
screen, however, are now put to better use
(see fig. 6); it may be estimated that the area
observed mnow yields roughly 20000 actively
absorbed light quanta, which is considerably more
than the number of active X-ray quanta. This
means that contrast sensitivity is then high enough
for the eye to register the whole of the information
contained in the X-ray quanta — but, obviously,
not more. :

This bears a direct analogy with optical enlarge-
ments. For example, in the image produced by a
microscope objective, the fine details of the object
are resolved only up to a certain limit; the “infor-
niation” regarding the object is limited by the '
resolving power of the objective (which is in turn
determined by the lens aberrations and ultimately
by the wavelength of the light). The resolving
power of the eye is much lower and the image is
therefore observed through a high-magnification
eye-piece. Now the greatest effective magnification.
of the eye-piece is that at which the details as
separated by the objective can be seen as separate
by the eye. If the eye-piece is any stronger, the
details are certainly seen at larger angles, but the
wealth of detail is not increased, the information.
contained in the image being by then already
exhausted. It may be said that the extra enlarge-
ment is “ineffective”. Similarly it may be said of the
image intensifier that the part of the brightness inten-
sification. which corresponds to the factor by which
the number of effective light quanta in the eye ex-
ceeds the number of effective X-ray quanta in the
fluoroscopic screen, may be regarded as ineffective.

The conclusions to be drawn from the above
argument are as follows:

1) Of the brightness intensification factor of
1000 which our instrument yields, a maximum
factor of about 20 is “effective” 13); the
remaining factor of 50 plays no part in reducing
the smallest perceptible contrast, but is of great
practical significance as it makes vision easier
(no adaptation necessary).

2) Should it be found desirable to make use of the
properties of the image intensifier to reduce the
X-ray dosage to the patient (for the same dura-

tion of observation), this will be unavoidably

13) This factor is greater than the ratio 1750/120 to be derived
from the example in fig. 6 since, owing to the decrease in
the accumulation time T, as also in the percentage of
quanta producing stimuli in the optic nerve, a relatively
higher brightness is required to ensure that the eye absorbs
as many effective light quanta as there are effectively
absorbed X-ray quanta.

-
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" accompanied by a loss of “information” which
" is, after all, determined by the number of X-ray
quanta. If the same amount of information as
that obtained from the ordinary fluoroscopic
screen is considered adequate, the dosage for
the purpose of a chest examination could,
" theoretically, be reduced at most to about
1/15th; this would still leave in hand a gain in

brightness to a factor of about 60, which would -

represent a marked decrease in adaptation time.
For thicker subjects the permissible reduction
factor would be smaller.

The image' intensifier and radiography

Similar considerations to those outlined above

will make it clear that the use of the image inten-

sifier can never provide the same high quality of
image ‘as’ that obtained in X-ray photography
(radiography). The photograph owes its superiority
to the fact that the accumulation time of the
photographic emulsion is not limited, as is that of
the human eye, added to which the emulsion re-
tains” what it has accumulated, the dosage time
being thus no longer than the accumulation time.
Unless a series of exposures is to be made, the dosage
is therefore not usually dangerous and the intensity
of ‘the X-rays and/or the exposure time can he
adjusted for each subject so as to yield the best
average density. For a representative grade of
film it will be found that to this end 20000 X-ray
quanta per 0.1 sgmm (about 0.001 ergs of
energy) must be effectively absorbed. The exposed
film is examined with the aid of a viewing
lantern; the illumination level can be raised as
desired and matters so arranged that the light
quanta received by the retina are in any case

" sufficient for perception of all the information

the photograph has to offer (fig. 7). Now
the difference in image quality between normal
fluoroscopy, image intensifier and radiography is
immediately expressed by the difference in number
of useful quanta, i.e. for a chest examination 120 :

1750 : 20000. With subjects that entail a higher
degree of absorption (e.g. gastric fluoroscopy),

* the supremacy of the photograph is still more pro-

nounced; it remains at 20000 quanta, whereas
in the two other cases the numbers of quanta
are much lower. v
Under these circumstances it will be obvious that
the principle of the electronic image intensifier has
no advantage over conventional X-ray photogra-
phy. It can be employed to advantage, however, in
fluorography. In this Review, on several occasions,
the fact has been discussed that in this technique,
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whereby a reduced X-ray image is obtained with

‘the aid of a camera, it is a difficult matter to

obtain sufficient light to expose the film, and this
is the reason why extremely fast lenses have been
developed for this class of work 4). The image
intensifier, which furnishes a very bright, reduced
image that is capable of being photographed quite
easily on a 1 : 1 scale, provides a very convenient
solution to the problem. Apart from this, the image
intensifier may possibly prove to be the answer
to the old problem of X-ray cinematography.
As far as the mechanical aspect is concerned, X-ray
fluorography has already brought a solution within
sight, but the next step towards successful X-ray
cinematography, although apparently ouly a small
one, calls for some caution, since a very large
number of photographs taken in succession means
that the total X-ray dosage to the patient will
again be fairly high. A reduction in the X-ray
intensity with a view to limiting the total dosage
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Fig. 7. Same as in fig. 6 but for normal radiography
(dotted line). Full line; with image intensifier, as repro-
duced from fig. 6.

1y W. Hondius Boldingh, Fluorography with the aid
of a mirror system, Philips Techn., Rev. 13, 269-281,
1952 (No. 10).
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during the taking of the film is possible only up to a
certain point, seeing that even with very fast lenses

too little light is otherwise obtained to ensure

sufficient density of the film. This difficulty is
overcome by the extra brightness provided by the
image intensifier; even at appreciably lower X-ray
intensities than those usually employed in fluoro-
graphy, the image on the viewing screen. will ensure
a well-exposed film without necessitating particu-
larly fast lenses. The fact that a reduction in the
X-ray intensity detracts from the image quality
(available information) has already been explained.
It is a well-known phenomenon, however, that
some slight sacrifice in image quality can safely
be made in cinematography, since the summation
of the impressions received from the successive
pictures provides additional information.

Summary. In order to reduce to a minimum the risk of injury
to the patient as a result of X-ray examination, the X-ray
dosage that the patient receives must be limited as far as is
practicable. Therefore, the attainable brightness of the image
on a standard fluoroscopic screen is so low that long visual
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’

adaptation periods are required before such images can be
studied; even then, visual acuity and the contrast sensitivity
of the eye are both fairly low at such low brightness levels.
Improvement can be brought by increasing the brightness of
the fluoroscopic image (“intensifying”). The electronic tube
by means of which this is now made possible functions on the
principle of the image converter. The X-rays produce on a
fluoroscopic screen an image whose radiation liberates electrons
from a photocathode in contact with the screen. The electrons
are focussed by an electrostatic electronic lens system working
at a potential of 25 kV, to produce ancother image, reduced
9 times in size, on a second fluorescent screen, the viewing
screen, which is observed through a simple microscope of 9 X
magnification. The gain in brightness, to a factor of 800-1200
with respect to normal fluoroscopy, is produced partly by the
accelerating field which imparts energy to the electrons, and
partly by the electron-optical reduction of the fluoroscopic
image. The resolving power of the image intensifier is higher
than that of the best fluoroscopic screen. Owing to a number of
causes the ultimate image is subject to a certain -amount of
fogging, which does reduce the contrast, although not to a
serious degree. From a discussion of the lower limit of percep-
tible detail as based on spontaneous fluctuation in the number
of X-ray and light quanta it is seen that the brightness can be
intensified up to a factor of about 20 with a corresponding
increase in the amount of “information” to be derived from the
image. Beyond that point the information is restricted by the
number of contributing X-ray quanta, but the much higher
gain factor of the image intensifier offers the advantage that
the image can be viewed without preliminary dark adaptation
of the eyes, in a room with practically normal illumination. In
conjunction with film cameras the intensifier paves the way
to X-ray cinematography without the necessity for increasing
the X-ray dosage to a hazardous extent.
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MAGNETRONS

by J. VERWEEL.

621.385.16: 621.396.615.141.2

Split-anode magnetrons have already been in use for a number of years for generating
decimetric and centimetric waves. In 1937 a radio telephone link between Eindhoven and Nij-
megen (Holland) employing magnetrons and operaliné on a wavelength of 25 ¢cm was estab-
lishéd. During the period 1940-1945 great sirides were made in the development of magne-
trons; output power was increased by more than 1000 times and generation of waves of 1
centimetre became a practical possibility. In this way the magnetron came to assume the main
role in radar, and that this has had an important effect on war-time as well as peace-time
activities is sufficiently well-known. In this article the working and construction of modern

magnetrons are discussed.

Some 30 years ago Hull?) published an article
on, the effect of an uniform axial magnetic field on
the motion of electrons between coaxial cylinders
(fig. 1a). Although Hull spoke neither of oscil-
lations, nor used the word magnetron, his work laid
the foundations for the use of the magnetron as an
oscillator. Since 1921 a varying but none the less
steadily increasing amount of interest was shown
in the magnetron. Up to 1930 the oscillations pro-
duced by these tubes were of little practical value,
but from that time onwards there was a wide-
spread increase in interest, as it was found that split
anodes (fig. 1b) with resonators or transmission
lines between them were capable of generating
frequencies with a high degree of efficiency. Post-
humus?) has contributed much towards the
development of valves designed on this principle
and his theory of the oscillations produced by
them is regarded as of pioneer value. In the four
.years following his publication more than 100 articles
were written on the subject of the magnetron, in
all parts of the world. ‘

In the period up to 1940 interest waned slightly,
but in that year Boot and Randall3) carried out
experiments with magnetrons provided with cavity
resonators (fig. lc), and these experiments led to
the successful use of the magnetron as a transmitting
tube for radar. Feverish activity ensued; output
power was increased once more and some very
short waves were produced. Important theoretical
work was also submitted. To give some idea of what
has been achieved with these tubes, we may mention

1) A. W. Hull, Phys. Rev. 18, 31-57, 1921.

2) K. Posthumus, Principles underlying the generation
of oscillations by means of a split anode magnetron,
Philips Transm. News 1, 11-25, Dec. 19343 Oscillations in
a split anode magnetron, Wireless Eng. 12, 126-132, 1935.

3) H.A.H.Bootand J. T. Randall, The cavity magnetron,
J. Inst. Elec. Engrs. 93, 3a, 928-938, 1946.

that in recent years magnetrons have been made
which operate at a wavelength of 3 cm, delivering
more than 1000 kW peak output, and that others
operate at a wavelength of 3 mm, supplying an
output of several kilowatts ¢). This power is trans-
mitted in pulses varying in duration from a few
tenths of a microsecond to several microseconds,
the repetition frequency being usually between

500 c¢/s and 4000 c/s. Fig. 2 illustrates a modern

magnetron for 8.5 cm waves, delivering a power

of 400 kW peak.

By far the most important field of application
of the magnetron to date is radar, after which
comes diathermy, where centimetric waves are
in some cases particularly beneficial. Another
special field is to be found in the linear accelera-
tor, an appliance for imparting enormous velocities
to electrons for the purposes of nuclear physical
research °). '

In 1939 this Review contained an outline of the
development of magnetrons up to that time 6); the
present article is intended to provide a general
review of modern magnetrons which will at the
same time pave the way for later articles dealing
with special designs in this sphere. In the present
paper we shall endeavour to answer the following
questions.

1) In what manner is the energy derived by the
electrons in the magnetron from the direct
voltage source converted to H.F. energy?

2) To what conditions must the resonators conform ?

3) What kind of output system can be used to
draw from the magnetron the energy developed
by it? |

1) J..R. Pierce, Millimeter waves, Electronics 24, 66-69,
1951 (No. 1)

5) Philips Techn. Rev. 14, 1-12, 1952 (No. 1).

8) G. Heller, Philips Techn. Rev. 4, 189-197, 1939.
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Fig. 1. Various forms of magnetrons in cross section. K = cathode; 4 = anode. The flux

density B is perpendicular to the plane of the drawing and is uniform within the whole of
the anode space. a) Hull magnetron. b) Magnetron with split anode, comprising four
segments (A4,, 4, A, and A,). Such magnetrons can have a very high efficiency.
¢) Magnetron by Boot and Randall. The anode is a solid block of copper with cavity

resonators T cut in it.

This will be followed by a few details regarding
construction.

It will be necessary to restrict ourselves to the
main essentials and to refer the reader to existing
publications 7) for a more detailed study.

70413

Fig. 2. Experimental magnetron for a wavelength of 8.5 cm,
400 kW peak output, with one of the covers removed. Behind
the magnetron will be seen the associated permanent magnet.

7) See e.g. G. B. Collins, Microwave magnetrons, Radiation
Lab. Series 6, McGraw Hill, New York 1947, and J. B.
Fisk, H. D. Hagstrum and P. L. Hartman, The
magnetron as a generator of centimeter waves, Bell Syst.

Techn. J. 25, 167-348, 1946.

Motion of an electron in mutually perpendicular
electric and magnetic fields

In a cylindrical magnetron the electric field is
mainly perpendicular to the magnetic field. When
the magnetron is oscillating, the electric field has
not only a radial, but also a tangential component
and, moreover, the space charge of the electrons
has a very marked effect on the motion; in con-
sequence the theory is rather complicated. As the
various computations that have been made are
very lengthy, they fall outside the scope of this
article and we shall therefore confine ourselves to a
general outline of the electronic motion.

Let us first call to mind the theory relating to the
motion of electrons in a uniform magnetic field, the
flux density of which is denoted by B (in the z-
direction of a rectangular system of co-ordinates),
and a uniform electric field E perpendicular thereto
(in the negative y-direction). We are then con-
cerned with the electric and the Lorentz forces.
Analytically this is represented in our system of

co-ordinates by:

m dvy/dt = evyB,
m dvy/dt = eE — ev,B,
m dv;/dt = 0,

where m is the mass of the electron, ¢ is the time
and vy, vy and v; are the velocity components along
the axis.

It is easy to verify the general solution of these
expressions, viz:

eB E
vy = —acos— (t—1p) + —,
m B
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eB

vy = asin? (t—1),
vy = b.

a, b and t; are integration constants. Further

integration gives us the equations for the electron -

paths. If we assume that all co-ordinates and
velocities are zero at t == 0, we have:

E mE | eB

x;Et—;§51n;l—t, ‘

;E£(1—005§t> SRR
. e B2 m

z = 0. '

These equations represeﬁt a cycloid, as described
by a point on the periphery of a circle rolling along
the x-axis with constant velocity E/B (fig. 3). The
diameter of the circle is (2m/,) (E/p:), and this
represents the maximum distance of the electron
from the x-axis. The general movement of the
electron is perpendicular to the lines of electric
and maguetic force (i.e. in an equipotential surface
. of the electric field) and the electron thus describes
arcs to a height of (2m/,) (E/pe).

Now let us take the case of a plane magnetron,
the cathode of which is formed by the plane y = 0
and the anode by 'y = d (fig. 4). As long as the
magnetron does not oscillate and, disregarding the

70448

Fig. 3. Under the combined influence of a uniform electric
field E and a perpendicular uniform magnetic field (flux
density B), an electron emitted with zero velocity at the
x-axis follows a cycloidal path. The average velocity in the
x-direction is E/B.

space charge, the field between the cathode the
anode. will indeed be uniform. If, as assumed, the
electrons leave the cathode with zero velocity, they
will move along the cycleidal paths mentioned
previously. If (2m/,) (E/p:) > d, they describe only
the first part of the cycloid shown in fig. 3 and are
_then absorbed by the anode. As soon as (2m/,) (E/ge)
<< d, however, the cycloidal path is completed and
the electrons do not reach the anode. The magnetic
field whereby the path just touches the anode is

" known as the critical field, the flux density of which
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‘

is denoted by B¢, Hence:

2mE
d’

|/2m 1478 '

Be? =

\

where V is the anode voltage.

For a cylindrical magnetron, in which per-
fectly cycloidal paths are obviously mo longer
possible, a_similar equation applies, viz:

cr_Vsm 9

ra (1l — rk2/r 2y’
where r, is the radius of the anode and ry, that of
the cathode. In a non-oscillating magnetron the
anode current is therefore zero when B>B,..

l”/f\f\
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(2)

Fig. 4. Electron paths in a non-oscillating magnetron with
distance d between cathode K and anode 4 (both plane):

a) (*m/,) (E/p?) > d: paths end at the anode;
b) (*m/,) (E/p%) = d: paths touch the anode;

¢) (3n/.) (E/B*) < d: electrons no longer able to reach the
anode.

When the electric field is no longer uniform, but
nevertheless still perpendicular to the magnetic
field, as in an oscillating magnetron, the motion
is more complex. Assuming the magnetic field to be
strong enough, so that the radius of curvature of the
cycloidal path is small compared with that of the
equipotential lines, the electric field in small
areas can be regarded as uniform. In that case, too,
the electron, on an average, follows an equipotential
line. It is true that in the actual magnetron the
radius of the circular motion is not usually small
in comparison. with that of the equipotential lines,
but the approximation is close enough to justify a
qualitative representation. of the mechanism.

Qualitative explanation of the occurrence of oscil-
lations

In the event that B< Bg, the magnetron be-
haves as an ordinary diode and oscillation is not
possible. It will therefore be investigated what
happens when B> B,;. In the absence of oscillation
no anode current flows and the electrons follow
cycloidal paths, their general movement being
parallel to the cathode and anode. When oscillation
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occurs the conditions are different; the electrons
are then able to follow paths which do terminate
at the anode; anode current flows and the magne-
tron consumes energy. Let us now assume that the
condition of oscillation has been established in one
way or another, and investigate how such oscilla-
tions are sustained.

Let the number of anode segments be 2n and
assume the potentials between two adjacent seg-
ments to be constantly varying in counterphase, as
is usually the case. Fig. 5 shows the lines of electric
force of the alternating field at a given moment, in the
event of four segments. According to Posthumus,
this stationary alternating field is equivalent to
fields rotating in opposite directions; the two
fundamental components of these fields rotate
with an angular velocity w/n or —w/n, where w
is the angular frequency of the oscillation. Now, it
is essential to the mechanism that the electrons be
synchronised with one of these fields. The mean
tangential velocity of the electrons, as we have
seen, is E/B, An approximate expression for the
synchronisation can be based on the velocity of
the electrons half-way between anode and cathode,
disregarding the fact that the electric field is
dependent on the radius r. The angular velocity is
then:

v E/B

. Vi(ta—1p)B o 2V
‘%(ra‘*‘rk) - (ratrr)

$(ra-trr) - ("az—"kz)B.

Equating this with the angular velocity w/n, we

then have: i
: 2
_o 8 (Y
V—anaB31 ()5 (3)

Ta

We shall refer to this equation again presently, but
assume for the moment that it is satisfied by a
suitable selection of the parameters.

Let us now examine the interaction between the
electron and the synchronous field, assuming that
both rotate in, say, a clockwise direction. The
other rotating field passes the electrons very
quickly; as this is an alternating field it will have
alternately an accelerating and a decelerating ef-
fect. The electrons will, therefore, perform small
oscillations about the average path, but these will
be disregarded. Let us first see how the electron
behaves in an area where the tangential field has
a decelerating effect (at A4 in fig. 6). As the condi-
tion of synchronisation has been met, the electron
will remain in this zone. It is true that the alter-
nating field is usually smaller than the steady
field, but the effect may nevertheless not be ignored.

MAGNETRONS -4

Fig. 5. The alternating electric field in a magnetron with four
plates is a standing wave in the space between anode and
cathode. This wave may be resolved into opposed rotating
waves, or rotating fields. The electrons interact mainly with
one of these fields.

The resultant E of the two thus forms a certain
angle with the radial direction and, since the
average motion of the electron is in the direction
perpendicular to E, it will be seen that it is de-
flected towards, and ultimately reaches, the anode.
Disregarding the fact that the electric field strength
is dependent on the radius, the average velocity
E/B of the electron, and therefore also the kinetic
energy, will be constant. The potential energy
dissipated by the electron in passing to the anode
is thus not converted to kinetic emergy as in the
case of normal motion in an electric field, but is
imparted to the alternating field as H. I. energy.

Fig. 6. The resultant E of the steady field E, and the alter-
nating field Ey, at two points, 4 and B. The mean electron
velocity v is perpendicular to E. In a decelerating field E,,
v receives an outward-directed component, in an accelerating
field E,, an inward-directed component.
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An electron in an area where a tangential
accelerating field prevails (at B in.fig. 6) will
follow a path towards the cathode, since the field
vector points in the other direction. The electron

is accelerated by the H.F. field and is thrown .

back to the cathode after describing one arc of
the cycloid. The paths of two such electrons are
depicted in fig. 7; it will be seen that the first
of the two describes a number of arcs (a), but
that the second completes less than a single arc (b).
The time required to describe one complete arc

Fig. 7. Interaction of an electron with (a) a decelerating field
and (b) an accelerating field. Electrons (a) are in the field
longer than electrons (b), so that, averaging over all the
electrons, energy is supplied to the field.

is constant and is, according to equation (1), equal
to (™/eB) + 27v. Seeing that the electrons a are in the
field longer than the electrons b and therefore
cede more energy than is absorbed by the electrons
b, there remains a surplus, so that oscillation can
be sustained and energy can be delivered to an
external system.

It is, furthermore, a fortunate circumstance that
electrons in a magnetron are driven towards a zone
where a field of maximum deceleration exists and
where the energy transfer is as favourable as pos-
sible; in effect, phase focusing occurs, as will
be seen from fig. 8, in which the resultant E of the
steady field E; and the alternating field E,, are
shown at the points 4 as well as at the points C
and D, on either side of it. An electron situated at
C for example, because it lags, will be in a stronger
field than an electron at 4. The mean velocity E/B
of such an electron will thus be higher until the
other field is overtaken. At D the electrons are
in a weaker over-all field E; they therefore move
more slowly until the field catches up with them.

-VOL. 14, No. 2

In consequence of this, electron bunches occur at
the most advantageous point and impart H.F.
energy to the field.

At this juncture we may point out the difference that exists
between a magnetron, and an “inverted” cyeclotron. In a .
cyclotron the charged particles move under the influence of
a magnetic field and are accelerated twice per revolution by a
tangential electric field whose H.F. oscillations are synchro-
nised with the circular motion. It would be possible to imagine
this process inverted, that is to say, a process of shooting
high-velocity electrons inwards; they would then yield energy
to an H.F. field at the slots and would thus be decelerated.
This is certainly possible in the magnetron, but the mechanism
is rather different from that just described; if the oscillations
were promoted by means of a suitable combination of potential
and magnetic field, this would result in oscillations of very low
efficiency. The angular frequency of the oscillations corres-
ponds to that with which the cycloidal arcs are traversed in the
magnetron: w = e¢B/m. In the oscillatory mechanism of the
magnetron this frequency is of minor importance, however;
in this case it is the mean velocity E/B that is important,
where E contains particularly the constant-field component,
which is entirely absent in the cyclotron.

The electronic motion can be computed quantita-
tively by iteration; the electron paths are calculated
numerically for given values of the direct and
alternating anode voltages and of the magnetic
field. From a sufficiently large number of paths the
space-charge distribution in the magnetron is then
obtained, ‘and from this follows a new potential
field, which, in general, is different from the original.
Further electron paths are next computed from
this new field; these in turn give rise to a third field
and so on. With a judicious choice of the original
field, these successive approximations converge
upon the correct solution. In 1928 Hartree 8)
employed this method to quantum-mechanical
path computations in atomic theory and, during
the last war, the electronic paths in magnetrons

70453

Fig. 8. The resultant field vector E at a point 4, and at two
other points C and D on either side of 4. Owing to the in,
fluence of the radial alternating field, E is greater at C and
smaller at D than at 4.

8) D. R. Hartree, Proc. Cambridge Phil. Soc. 24, 111-132-
1928.




AUGUST 1952

were computed in this manner under his guidance?).

The result of such an iteration procedure as
applied to a magnetron having eight anode seg-
ments is seen in fig. 9. The paths of four elec-
trons emitted by the cathode in different phases of
the H.F. oscillation are depicted in a system of
co-ordinates which rotates with the field. An elec-
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co-ordinates, describes the same path within the
system. The envelope embracing all these paths,
shown by the broken line in fig. 9, represents the
boundary of the space-charge cloud. This consists
of four “spokes”, each of which lies roughly at the
location. of the maximum deceleration field. They
rotate together with an angular velocity w/4, and

Fig. 9. Paths of four electrons (a, b, ¢ and d) emitted by the cathode K in different phases
with respect to the rotating field, plotted in a system of co-ordinates that rotates with the
field. The actual field is constant with time. From a point on the cathode which rotates
with the system of co-ordinates, the same path is traced each time. The envelope of all the
paths is shown by the broken lines; this is the boundary of the space charge. The areas of
the tangential field of maximum deceleration are shown by the lines M. The radial distance
between the dotted circle and the curve fluctuating around it represents the rotating alter-
nating field. (From an article by J. B. Fisk, H. D. Hagstrum and P. C. Hartman, Bell

Syst. Techn. J. 25, 195, 1946).

tron a emitted at an unfavourable instant returns
to the cathode; the three other, favourably emitted
electrons b, ¢ and d proceed to the anode and, in so
doing describe a number of loops. Since the system
of co-ordinates is rotating, the field is constant.with
time; hence every electron emerging from™the
cathode surface at a point which rotates with the

#) C. V. D. Report, Mag. 36 and 41.

constantly pass those parts of the anode that are
just about to become positive, intensifying the
charge by reason of the induction. In this way the
oscillation is sustained in much the same way as
that of a pendulum to which a pulse is applied
each time at the correct moment. It is thus clearly
seen that the potential energy dissipated by the '
electron. and not converted to kinetic energy,
becomes available as H.F. energy.
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Characteristics of the magnetron

In this section we shall trace the relationships
 that exist between current, voltage, magnetic
field, flux density, ete. e

We have already mentioned the cut-off condition
indicating the smallest flux density necessary for
‘ oscilla‘tion., viz:
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Further, we have derived the approximate

condition for synchronism.
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A more accurately defined condition for syn-
chronism (which will not be discussed here) is as
follows:
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Hartree formulated a condition that has to
be met if the electrons are to reach the anode in

the case of an infinitely small H.F. field. This
states that:
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In fig. 10 all these lines are shown diagrammat-
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Fig. 10. The curve (2) representing the critical flux density
and the Hartree line (5) divide the V-B plane into three
zones a, b and c. In (a) the magnetron passes no current and
no oscillation occurs. (b) is the oscillation zone; here the
current rises steeply with the voltage. In (c¢) the magnetron
is no longer cut off so that no oscillation occurs.

Lines (3) and (4) represent the simple and the more accurate
conditions for synchronism respectively.

For the equations oflines (2), (3), (4) and (5) see the formulae
of the same numbers.
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ic\ally, with the flux density B as abscissa and the
voltage V as ordinate. The .cut-off curve (2) is a
parabola; the ¢“simple” condition for synchronism
(3) is a straight line through the origin, and
Hartree’s condition (5) produces another straight
line, parallel to the other and tangent to the para-
bola. The more accurate condition for synchronism
(4) is represented by a line located between the-
other two straight lines and also lying parallel to
them. - .
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Fig. 11. Electron paths in a plane magnetron with cathode
K and anode A4. )

a) B slightly higher than Be;. The electron describes a large
arc. As its velocity is zero at P, and as it can cede only little
energy to the field on its way to the anode, a large propor-
tion of the potential energy which it possesses at P is converted
to heat. The efficiency is therefore only low.

b) B much greater than Be. The eclectron describes a small
arc. Only that potential energy which the electron still possesses
at P’ can be converted to heat. The efficiency is now high.

Lines (2) and (5) divide the V-B plane into three
zones a, b and c; if the voltage be increased for a
given value B, of the flux density, each of these zones
will be traversed in turn. At low potentials zone
a is involved; the magnetron is then cut off, but
oscillation is not possible, for the voltage does not
conform to condition (5). When the voltage is
raised so that zome b is entered, oscillation can
occur. With further increases in potential the anode
current rises rapidly and, with it, the amplitude
of the oscillation. Usually a limit is then encoun-
tered owing to the fact that the cathode is unable
to deliver more current. The oscillations, which are
at a maximum in the region of line (4), decrease
when the voltage is raised, seeing that the condi-
tion for synchronism is then not met. In zone ¢
current may flow without H.F. voltage, the magne-
tron is no longer cut off and no further oscillation
occurs.

The efficiency of the oscillation is found to rise
when the flux density is increased (hence with
increasing voltage in order to remain on line (4)
which represents the condition for synchronism).
This will be readily appreciated from the figure. If
the flux density B is but slightly higher than the
critical value By, the conditions will be as shown
in fig. 11a. As is seen from equation (1), the height
of the arc of the cycloid is not much less than the
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distance from anode, to cathode. An electron
leaving point P roughly at zero velocity still
possesses much of its potential energy and can
impart only a small proportion of it to the H.F.
field;* a large proportion is thus dissipated on
collision with the anode. The efficiency is then
relatively low. -

However, if B is much greater than B, we see
from fig. 11b that the electron cannot lose more
potential energy than it still possesses at the point P’
and as this is much less, less is dissipated and the
efficiency is higher.

A magnetron for a wavelength of 3 cm may in
this way yield efficiencies of 509, which is much
higher than is the case with klystrons or travelling-
wave tubes. Electron bunching takes place in
magnetrons in the same way as in these other
types of tube and, moreover, the bunching is syn-
chronised with the wave in magnetrons as in
travelling-wave tubes. The difference, however, is
that in the magnetron the magnetic field has
a phase focusing effect. As with an ordinary top, a
force in the one direction, in this case tangential,
is converted to a displacement in the perpendicular
direction, i.e. radial. The velocity in the direction
of the field remains the same; there is no dissolution
of the bunches, but the potential energy lost by the
electron on its way to the anode is imparted, in
the form of H.F. energy, to the alternating field, as
already stated above. Accordingly, almost the
whole of the D.C. energy is effectively used.

The characteristics which are usually plotted for
magnetrons are combined to form what is known as
a performance chart; the anode current is plotted
horizontally and the anode voltage vertically. By
varying the voltage and the magnetic field the
various points in the diagram are obtained. The
output power and efficiency are measured, and
