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The magnetic recording of signals on the periphery of a wheel or drum, coated with a magnetic
material, has been known for some considerable time: it is used, for example, to delay acoustic
signals for producing reverberation effects (ambiophony), and for information storage in
certain electronic computers. The article below describes a systemv by which television signals
can be magnetically recorded on the rim of a wheel, and subsequently displayed as and when
required. The system is likely to find an important application in radiology.

Video tape recording

The first point to be noted about the magnetic
recording of television picture signals is that it
involves frequencies very much higher than are
encountered in sound recording. In the latter the
top frequency is about 20 ke/s, whereas for television
pictures (with 625 lines) it is necessary to go up
to about 5000 ke/s.

A sinusoidal electrical signal is impressed on to
the magnetic tape with a particular wavelength.
Between this wavelength 4, the frequency f and the
writing speed v (the speed of the tape relative to
the recording head) the following relation exists:

Vg = Z.‘f‘-

In order to keep down the writing speed the
minimum wavelength Ap;, must be chosen as short
as possible. A lower limit is set to Apui, by the
reproduction quality, which declines rapidly when
Amin drops below 5 . At Ay = 5 pand f= 5 Mec/s
the writing speed v is 25 metres per second. If the
recording head is stationary, as it always is in sound
recording, the writing speed is the linear speed of
the tape past the head. There are obvious objections
to atape speed of 25 m/sec. One method of video tape
recording 1) gets around this difficulty by making
the magnetic head rotate, thus allowing the tape

1) C. P. Ginsburg, Comprehensive description of the Ampex
video tape recorder, J. Soc. Mot. Pict. Telev. Engrs. 66,
177-182, 1957. :

speed to be reduced considerably below the writing
speed.

Recording on a magnetic wheel

‘Where the object is not to record a whole series of
television pictures (part of a television programme,
for example) but only to “store’ one or a few tele-
vision frames in a memory device, the latter can be
given a form that readily allows a high writing speed
to be used. We refer to the form of a wheel, anal-
ogous to the acoustic delay wheel used to produce
ambiophonic and other sound effects %). The peri-
phery of the wheel is provided with a coating of
magnetic material, and at a very short distance
from it a recording or “writing” head is mounted
which, for video purposes, also serves as the play-
back or “reading’® head. Such a wheel, which we
shall presently describe in extenso, can easily be
given a peripheral speed of some scores of metres
per second. This ensures a sufficiently faithful re-
production of the high frequencies. :

The trouble here arises at the other end of the
spectrum, at the low frequencies. For example, at
f=100 ¢fs and vg = 25 m/sec, the wavelength is
25 cm. This is much longer than the length [ of the
head, which is about 1 em (fig. I). The result is
that the magnetic flux of the magnetized layer — in

so far as it corresponds to the low frequencies — no
- " '

2) Philips tech. Rev. 17, 259, 1955/56, and 20, 325, 1958/59.
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longer passes through the head but around it. Thus,
as the signal frequency decreases, the output signal
not only shows the familiar gradual drop of 6 dB
per octave (because with increasing wavelength the
contained magnetic flux varies more slowly with
time) but also, when 1 is several times longer than
I, it begins to fall very rapidly to zero.

The difficulty, then, is that in video recording the
ratio of the highest to the lowest signal frequency
is particularly large, being about 105 — against 103
in the case of sound. The difficulty can be circum-
vented, however, by recording instead of the video
signal itself a “carrier wave” modulated by the
video signal.

Before describing this system we should point
out that direct (i.e. unmodulated) recording on a
magnetic wheel does produce useful results for
certain purposes. Visitors to the 1958 Photokina
Exhibition at Cologne who accepted the invitation
to be photographed in the Philips stand, saw them-
selves appear, at the moment the shot was taken
and lor some time after, on two television screens.
A magnetic wheel store played an essential part in
this stunt, as explained in the caption to fig. 23).

In 1959 the magnetic wheel was demonstrated at
the 9th Radiological Congress in Munich (see end

1590

Fig. 1. Form and general dimensions of a write-read head,
with schematically-represented winding 1. The core is of
ferroxcube IV. The magnetic layer travels in the direction
of the length dimension [.

of this article) and at the Radio and Television
Show in Brussels. At the latter the visitors saw
a moving picture of themselves on one television
screen and a stationary picture on another. The
first set was connected directly to a television
camera, the second via a magnetic wheel.

Frequency modulation system
To avoid the difficulties involved in recording a

signal having a frequency ratio of 105 : 1, the signal

3) The credit for this idea, and for part of its technical reali-
zation, goes to J.F. van Oort of the Philips Exhibition
Department.
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Fig. 2. Philips stand at the 1958 Photokina Exhibition in
Cologne. Members of the public were invited into the stand
to have a flash-photograph taken of themselves, the photo-
graph to be posted on to them later. Immediately after the
flash, a picture of the subject appeared simultaneously on
two television screens S, and remained there for some time
after the subject had left the stand.

How this television picture was produced was not disclosed,
and must have mystified many. It was done as follows. When
the subject took his seat in front of the photographer’s
cameri, he was at the same time within the field of view of
a concealed television camera. The light from the flash bulb
made a phototransistor conductive, which in turn actuated
a relay, leading successively to the erasure of the picture
already stored on a concealed magnetic wheel, and to the
recording and display of the new picture ®).

can be made to modulate a carricr wave. As we
shall see, the spectrum of the modulated carrier
then has a much smaller frequency ratio.

Frequency modulation is the most appropriate
system for the purpose %). In contrast to amplitude
modulation, it is possible in this system to suppress
modulation noise to a great extent, and morcover
the noise present is so distributed over the spectrum
as to cause much less interference in a television
picture. It will be useful to deal at greater length
with these two reasons for preferring frequency
modulation.

The output signal of a magnetic recording is
always modulated in amplitude by noise. This
modulation noise is partly due to the fact that the
distribution of the grains of the magnetic coating
Other

variations in the thickness of the coating, dust

is not perfectly uniform ?). causes are
particles between the coating and the head, and
— in the present case— imperfect roundness of the
wheel. All these imperfections, then, give rise to
undesired amplitude modulation. If the video signal

were also present as amplitude modulation on the

4) C. E. Anderson, The modulation system of the Ampex
video tape recorder, J. Soc. Mot. Pict. Telev. Engrs. 66,
182-184, 1957.

%) See e.g. D. A. Snel, Magnetic sound recording, Philips
Technical Library 1959.
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carrier, it would not be possible to separate these
two modulations from one another. When frequency
modulation is used, however, nearly all the ampli-
tude modulation can be removed by means of a
limiter, leaving an almost purely frequency-modu-
lated signal and eliminating the above-mentioned
noise contributions.

The second advantage of frequency modulation
again relates to noise. In fig. 3a the centre fre-
quency of the frequency-modulated -carrier is
denoted by f;, whilst Af denotes a small band of
the noise spectrum about an arbitrary frequency f;.
After detection, this band comes within the video
spectrum, as shown in fig. 3b, i.e. around the video
frequency fo—fn. Now, the noise power AP, in
this band is proportional to ( f,— f,)? (in contrast
to amplitude modulation, where AP, is independent
of fc—fu). This proportionality is a favourable
circumstance, experiments having shown that
noise in a television picture is more troublesome
the lower are the frequencies of the noise compo-
nents for the same 4P, %).

The frequency-modulation system should be
arranged such that the ratio of the highest to the
lowest frequency in the signal to be recorded is
very much smaller than in the video signal, without
the highest frequency appreciably exceeding the
highest video frequency. These requirements are
fulfilled if the instantaneous frequency of the re-
corded signal is, say, 7 Mc/s for the brightest white
in the picture, 5.5 Me/s for black, and 5 Mc/s for

af
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Fig. 3. a) Of the noise spectrum of a frequency-modulated
signal, with centre frequency f., the diagram shows a narrow
band Af about an arbitrary frequency f,. After detection, this
band appears in the video spectrum as illustrated in (b). The
noise contribution of 4f is proportional to (fc—fn)? and is
hence smaller for low video frequencies than for high.' As a
consequence, the noise in the picture is less troublesome.

%) Amongst the extensive literature on the noise nuisance in
television pictures, mention may be made of: L. Goussot,
Le brouillage des images de télévision par les signaux
parasites, Onde é¢lectr. 39, 352-361 and 690-700, 1959
(No. 386 and No. 388/389). This also quotes references to
other articles on the subject.
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the peak of the synchronizing signals (“blacker
than black”); see fig. 4.

What the frequency spectrum of a sinusoidally
frequency-modulated signal will look like depends
to a large extent, of course, on the modulation
index m, defined as the ratio of the frequency
deviation Af to the modulation frequency 7). As a’
rough approximation, let us assume that the video
signal is sinusoidal; given 5 and 7 Mc/s as the
extreme values of the instantaneous frequency the
centre frequency will then be 6 Mc/s and the
frequency deviation 1 Me/s. If m is greater than
about 25 (i.e. in our case fyiq < 40 ke/s) the spectrum

fn

[ Vid

—— 1, fyiq

3409

Fig. 4. Vid frequency range of the video signal for a television
picture with 625 lines. Fm frequency range of the signal to
be recorded, whose instantaneous frequency is 7 Mec/s in the
brightest thte, 5.5 Mc/s in the black, and 5 Mc/s in the
“blacker-than-black” (peak of sync SIgnals)

will then consist mainly of numerous weak lines
within the extremes 5 and 7 Mec/s (fig. 5a). For
m =3 (fviad = % Mc/s) the lines are much farther
apart, but those beyond 5 and 7 Mc/s are of little
consequence (fig. 5b). At m = 0.2, however, cor-
the highest video frequency
fvia = 5 Mc/s, the spectrum is made up virtually
of only three lines, at 6, 6 +5 and 6 — 5 Mc/s
(fig. 5¢), two of which are thus far outside the
5 and 7 Mc/s limits. ‘

The latter does not mean that, for recording, we
must reckon with 6 | 5 = 11 Mc/s as the highest
frequency. It is sufficient if we take the lower side-
band plus part of the upper sideband, up to about
8 Mc/s (curve Fm in fig. 4). The lower limit can

responding to

?) Seee.g. Th. J. Weijers, Frequency modulation, Philips tech.
Rev. 8, 42-50, 1946, in particular fig. 4.
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Fig. 5. Frequency spectra of a sinusoidally frequency-modulated signal, with centre
frequency 6 Mc/s, frequency deviation 1 M¢/s and modulation index m = 25, 3 and 0.20,

respectively.

usefully be chosen between 0.5 and 1 Me/s. The
frequency ratio of the modulated signal is then of
the order of 10:1, instead of the ratio of 10°:1
for the video signal. Expressed in octaves, the
frequency range to be recorded is thus reduced from
17 to 3 or 4 octaves. True, the highest frequency
for recording is now 8 Mc/s instead of 5 Mc/s, but
this presents no major difficulties for recording on
a wheel store.

The quality at present achieved with the aid of
frequency modulation appears from fig. 6, which
shows a photograph of a resolution chart obtained

on a monitor via a magnetic wheel. Further im-
provements in quality may be expected in the near
future.

Mechanical features of the magnetic wheel

To keep the wheel store as small as possible, it
was decided in the design stage to record one tele-
vision frame on the periphery; one frame lasts
/.o second, hence the wheel must turn at 3000
revolutions per minute.

As we have seen, the highest frequency in the
signal to be recorded is 8 Mc/s. The shortest useful

Fig. 6. Picture of a resolution chart picked up by a television camera, stored on a magnetic
wheel and displayed on a monitor. For this recording, use was made of frequency modula-
tion as in fig. 4. The raster consisted of over 300 lines.
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wavelength was taken to be 8 . It therefore follows
from vy = Af that the peripheral speed of the wheel
must be 64 m/sec. To achieve this at 3000 r.p.m.
the wheel must have a diameter of 40 cm.

One of the wheels used in numerous experiments
is shown in fig. 7. Two heads are disposed around
the rim: an erasing head and a head serving alter-
nately for writing and reading. Neither of the heads
must touch the wheel, otherwise rapid wear of the
heads and of the magnetic coating would result.
Provided the erasing current is strong enough, the
distance d between erasing-head and rim need not
be extremely small. The distance between the

MAGNETIC WHEEL STORE FOR TELEVISION SIGNALS 5

The mechanical construction therefore calls for
the highest precision. As can be seen in fig. 7, the
rim of the wheel has the form of a flange, 30 mm in
width; without this the wheel would suffer too much
deformation at high speeds. The magnetic layer is
applied over the whole width of the flange, thus
providing space for numerous tracks side by side.
The wheel is mounted on a thick shaft (to with-
stand bending moments) and is machined in its
bearings (journal bearings of exceptionally high
quality) to within a tolerance of better than 1 p ?).

Since temperature variations may easily cause a
change of a few microns in the radius, the write-

Fig. 7. 1 magnetic wheel. 2 write-read head. 3 erasing head. 4 motor. 5 knob for axially
displacing the heads (the 30 mm wide rim flange can accommodate a large number of
tracks side by side).

write-read head and the rim is critical, however,
and must not exceed about 1 p. In the reading
process the following relation exists between the
attenuation a of the signal, the distance d and the
wavelength 1 8):

d

a= 55— dB.

A
For 2 =8 pw and d =1 p, a is as much as 7 dB.
The writing process, which is difficult to express in
a formula, is even more critical in this respect.

8) Seee.g. H. G. M. Spratt, Magnetic tape recording, Heywood,
London 1958, p. 84.

read head cannot be rigidly mounted in a fixed
position, otherwise, with a change in temperature,
it would either touch the wheel or be too far away
from it. In the construction chosen the head is
arranged to ride on an air cushion when the wheel

is turning at the right speed. The head 2 ( fig. 8)

is attached to an arm 6 which pivots about the

point 7. The air dragged round with the wheel
pushes the head outwards against the pressure of
a spring 8, thus ensuring that a certain distance is
maintained between the head and the turning wheel.

?) This precision work was done very skilfully by L. M.
Leblans of this laboratory.
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Fig. 8. Illustrating the method of maintaining a constant
distance of about 1 . between the magnetic wheel I and the
writing-reading head 2. 6 arm with pivot 7. 8 compression
spring. 9 vane, with arm 10 and pivot 11. When the wheel is
stationary the coil spring 12 forces the vane against the
stop 13; the arm 10 then prevents the spring 8 from pressing
the head against the wheel. When the wheel is turning at
full speed the air stream around the wheel pushes the vane 9
outwards (to position of dashed line) against the action of
the coil spring 12; arm 10 then releases arm 6, and spring 8
pushes the head towards the wheel. The air film dragged
round by the wheel forms an air cushion on which the head
rides at a constant distance of about 1y from the wheel.
14 oil damping.

An optical test, made by passing light through the
gap, demonstrated with a high degree of probability
that the distance d remains roughly 1 . Oil damp-
ing 14 protects the head )

from vibrations, without 4 5
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arm 10, pivoting about point 11 (see fig. 8). If the
wheel stops or turns too slowly, a coil spring 12
holds the vane 9 against a stop 13, and the arm 10
prevents arm 6 from moving the head into contact
with the wheel. When the wheel comes up to full
speed, the dragged air current pushes the vane 9
back and arm 10 releases arm 6 (dashed line in
figure), thus restoring the above-mentioned equi-
librium between the force exerted on the head 2
by spring 8 and that exerted by. the air current.

Circuit for writing and reading a single frame

To write a single frame on the wheel, the writing.
head must be supplied with the frequency-modu-
lated television signal for the duration of one frame
(Y50 sec). This calls for a circuit that will keep
the recording amplifier preceding the write-read
head normally blocked but will unblock it during
the first frame to begin after the depression of a
push-button.

The block diagram of this arrangement is shown
in fig. 9. A, is the recording-head amplifier. F, and
F, are flip-flops, each with two stable states, I and
II. Both receive at their inputs, I, a continuous
train of (positive) frame-synchronizing pulses —sync
pulses — which are separated in the usual way from
the video signal in the circuit S. These sync pulses,
represented in fig. 10a, keep the two flip-flops in
state I, whilst F, delivers a biasing voltage which
blocks the amplifier 4,. When the button B is
depressed the discharge of capacitor C causes a
pulse (fig. 10b) to appear at the input 2 of F,; this
pulse brings F, into state II. The first sync pulse
now to arrive returns F, to state I (fig. 10c) which,
via the coupling between F, and input 2 of F,, has

preventing it from follow-

:_].:C é _07/'-/
— 1

e

ing slow changes due to

temperature variations.

Special measures
needed to prevent the
spring 8 from pressing
the head against the wheel

are

when the wheel is sta-
tionary, not turning fast

enough or slowing down
to a standstill 1%). For this
purpose, use is made of
a vane 9 connected to an

Fig. 9. Block diagram of the circuit for writing and reading a single frame. Vid video-
signal input. A4, video amplifier. Mod modulator, in which the video signal modulates

a carrier wave in frequency. 4, recording amplifier. Re write-read relay. K, write-read

10) The solution found for this
problem was devised by J.
F. van Oort of the Philips
Exhibition Department.

head. W wheel store. S circnit which separates picture-synchronizing signals — “sync
pulses” — from video signal. F, and F, bistable flip-flops, with inputs I and 2. B push-
button, which, by discharging capacitor C, produces the “display” pulse. 4, read amplifier.
Lim limiter. Dem demodulator (frequency detector). 4, video amplifier. Mon monitor.
K, erasing head. G erasing-current generator.
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the effect of causing F, to change from I to II
(fig. 10d); the next sync pulse to arrive returns F,
to state I. During exactly one frame, then, F, is in
state I, and the recording amplifier is opened. This
singlé frame, the first to follow the depression of
the button, is therefore recorded on the wheel.

] ’/50.5
R || IL
] —
b \ i
B
: i %tl
d v
1y ) 1595

Fig. 10. a) Pulse train at the inputs I of flip-flops F, and F, in
fig. 9. b) “Display’’ pulse at input 2 of F, produced when but-
ton B is depressed. ¢) During the interval 1;-t,, F, is in state II.
d) During the interval 1,-t, (= duration of one frame) F, is
in state I1. The recording amplifier 4, (fig. 9) is then unblocked
and the picture is recorded on the wheel.

Synchronizing the wheel with the video signal

An important application of the magnetic wheel
store is that in which the recorded picture originates
from a television camera at the same location. This
is the case in the radiological application presently
to be discussed. The frame frequency of the camera
and the monitor, and the speed of revolution of the
wheel, can then be governed by the frequency of
the local electricity mains. As far as the wheel is
concerned, this amounts to the use of a synchronous
motor.

Cases also arise, how-
ever, where the frame fre-
quency of the television
picture to be recorded is
not exactly equal to that
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Eddy-current coupling
Fig. 11 shows two cross-sections of the eddy-

current coupling, which consists of the following

components:

a) a flanged aluminium pulley 1, at the rim of
which is fitted a hollow steel cylinder 2 with
copper lining 3; :

b) a sectored rotor 4, keyed to the shaft 5 that
drives the magnetic wheel;

¢) a steel housing 6 containing a field coil 7.

In relation to the pulley I and the housing 6, the

- shaft 5 can rotate freely in ball-bearings. The pulley

is motor-driven by means of a belt; the housing and
the field coil are stationary. A variable direct current
is passed through the field coil. This excitation
current produces a magnetic flux through the com-
ponents 6, 4 and 2, which concentrates in the sectors
of 4. When the cylinder 2 rotates and the rotor 4 is
still stationary, eddy-currents are induced in the
copper lining 3. As a result, a torque is exerted on
the rotor, causing the rotor — and hence the magne-
tic wheel — to rotate in the same sense as the pulley,
but with a smaller angular velocity. When the
angular-velocity difference w, — w, is small, the
torque is proportional to w; — w, (fig. 12); for large
differences in angular velocity, a phase shift exists
between the pulsating magnetic field produced by
the sectors and the induced eddy currents, causing
the curve to bend over and a maximum to appear.
When the wheel is started up, w, is initially zero,
hence w; — w, = w,; if the maximum lies approxi-
mately at this value, the starting torque is high
and the wheel quickly reaches full speed.

of the local mains. Steps
must then be taken to
synchronize the wheel
with the

7.
S

N\

frequency. The system
which we have devised

given frame e /7NN
—. . 5

for this purpose consists

.'_ ............ té |

of a flexible eddy-current

coupling between the

(non-synchronous) motor

and the wheel, in com-
bination with an electrical
control system for gov-
erning the speed of
revolution of the wheel.

I

- 1596

Fig, 11. Eddy-current coupling. a) axial cross-section, b) transverse section through 4-4
in (a). I flanged aluminium pulley with steel cylinder 2 and copper lining 3. 4 sectored
rotor, keyed to shaft 5 which, via a flexible coupling, drives the shaft (not shown) of the
magnetic wheel. 6 steel housing. 7 field coil. 8 driving belt.
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The control system

Synchronism between the speed of revolution of

the wheel and the frame frequency of .the video-

signal is obtained by causing any deviation from
synchronism to react on the excitation current of
the coupling. This is done by comparing the phase
of two pulse trains: the sync pulses and wheel pulses.

Iz

X

Iz

I

0

—> W~ Wy 4597

Fig. 12. Torque M, transmitted by eddy-current coupling, as
a function of the angular-velocity difference w,—w, between
the pulley I and the shaft 5 (in fig. 11), for three values of
exciting current (I;>I,>I).

As mentioned above, the sync pulses are derived
from the video signal; the wheel pulses are induced
in an appropriate pick-up head by a small magnet
of ferroxdure fixed to the wheel. Any phase differ-
ence arising between the two pulse trains changes the
excitation current, via a special circuit, in such a
way as to make the phase difference smaller.

The circuit diagram of the control system is
shown in fig. 13. The triodes T, and T, form part
of a bistable flip-flop with a common cathode
resistor R,. The grid of the cathode follower T,
is coupled to the anode of T,. When the flip-flop

VOLUME 22

is in state I (T, conducting, T, cut-off) the
anode potential of T, is high and so too, there-
fore, is the grid potential of T; with respect to

‘earth; Ty therefore passes current, and thus the

potential v} across the cathode resistor R, is high
(vk = V,). In state 2, on the other hand, vy is low
(= Vo < V;). When the potential vg; across C,
drops below a certain critical value V, ,, the flip-flop
changes from state 1 to state 2. For the change
from 2 to 1, vc, must exceed another critical value,
V1. The levels of V), and V,, in relation to ¥V,
and V, are indicated in fig. 14.

Roughly, the circuit functions as follows. When
synchronism is approximately achieved the flip-flop
is brought into state 1 by every (positive) wheel
pulse, and into state 2 by every (negative) sync
pulse. The potential vy of the cathode K is thus

W

—————————————————————— Va1
V2 _____________________ VI,Z
0

1599

Fig. 14. V, potential of point K (fig. 13) in stable state I;
V, idem in state 2. ¥, value which v¢, must reach to cause
state I to change to state 2; V,; idem for transition from 2 to 1.

alternately high and low, remaining longer high the
longer state I lasts, i.e. the more time it takes before
a wheel pulse follows a sync pulse.

The high voltage ¥, of K appears each time

4_

ﬂg‘“””ﬁ T":';“E = %

R g TO SR

capacitor discharges grad-
ually through the resistor
R,.Thelonger the interval
7 between a sync pulse
and a wheel pulse, the
lower is the final value
to which the voltage vc,
across C, decreases. This
final value is taken over
via an “overflow diode”
D, by capacitor C; and

across the capacitor G,
M
Rs

via the diode D,. This
Ca

T T

.||—o

Fig. 13. Circuit diagram of control system. I input for (positive) wheel pulses. II input
for (negative) sync pulses. M field coil of eddy-current coupling (7 in fig. 11). If the
wheel turns too slowly, the circuit energizes the electromagnet more strongly, and if the
wheel turns too fast, less strongly. For explanation, see text.

determines the current
that flows through the
triode T,. Between each
two decreases in v(, the
voltage vcy across Cj is

1598




1

.1960/61, No. 1

able to rise again slightly as C, is charged up
via R;.

Let us assume that the wheel is turning a little
too slowly. The interval 7 will then show a tendency
to increase. The potential vg,; therefore drops, the
current through T, decreases, and, since T, and T}
have a common cathode resistor, the decrease in the
the current through T, causes an increase in the
current through-T;. The latter current energizes the
electromagnet in the eddy-current coupling. In the
case under consideration, then, the excitation current
rises and so, too, does the torque exerted on the
rotor, causing the wheel to turn faster. Convei:sely,
if the wheel starts to turn too fast, the excitation
current is reduced, resulting in a drop in speed.

" The capacitor C, between the anode of T, and
the grid of T influences the frequency response of
‘the systcm in such a way as to prevent instability
occurring.

A difficulty in phase control systems is often the
starting-up process, when the phase relation between
the two pulse trains is completely irregular. The
usual practice is to switch-off the control system
before starting-up, and to work with maximum
torque until an electrical tachometer shows that
the right speed has been reached; only then is the
control system put into operation. This precaution
is unnecessary with the arrangement in fig. 13; the
control system can be switched on right from the
beginning and will always ensure that synchronism
is reached.

Each pulse from the wheel causes the voltage v¢g, to jump
by V; — V,, and each syne pulse causes an equal downward
drop. When the wheel is started up, the wheel pulses occur
at first much more slowly than the sync pulses. The waveform
of vc, is then as shown in fig. 15a. The flip-flop is in state 2
(T, cut-off, T, conducting) and remains for a while in that
state, because vc, cannot reach the critical value ¥, as long
as the wheel is turning much too slowly. In this state, vy
vcp and vg, have the low value ¥, which corresponds to strong
excitation of the eddy-current coupling.

When the wheel approaches the correct speed of revolution
the flip-flop will change its state now and then, but only when
a wheel pulse is followed very quickly by a synec pulse, as in
the intervals ¢-t, and ¢,-¢; in fig. 15b. During these intervals
state I predominates, and vx and vc, have the high value ¥V,
When vk jumps back to the low value ¥, capacitor C, begins
to discharge through R; and therefore v, starts gradually to
drop. In the case shown in fig. 15b, vr, again reaches the
value V,, so that vg; — which follows the lowest values of
vg, — still retains the value ¥, and thus the eddy-current
coupling remains strongly energized.

The wheel now begins to turn rather too fast. Consequently
the wheel pulses become somewhat more frequent than the

- sync pulses (fig. 15¢) and a state is soon reached where v¢;
and vk jump continuously to and fro between the values ¥
and ¥,. The voltage vc, continually jumps up again before
it can drop to V,, and vc; follows the successively somewhat
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Fig. 15. Waveform of voltages vcy, vk, vc, and vey in the control
circuit (fig. 13). The arrows J denote sync pulses, arrows 4
wheel pulses.

a) The wheel has just been started and is turning much too
slowly. The wheel pulses are consequently much less frequent
than the sync pulses. v¢; does not attain the critical value ¥, ;.
The flip-flop T;-T, therefore remains in state 2; vk, v, and vey
are constant (= V,), and the eddy-current coupling is strongly
energized.

b) The wheel still turns rather too slowly. At t = 1, v¢, reaches
the critical value ¥,;, so that T,-T, changes to state I, but
the syne pulse at ¢, restores state 2. The same happens at
ty-ty. From ¢; to ¢, and from ¢; to ¢y, vk = V), and vey = V7,
but vc; remains unchanged, and the coupling stays strongly
energized.

¢) The ‘wheel begins to turn rather too fast, and locks back
into synchronism. v¢; and vy jump to and fro between ¥, and
Vis vee no longer drops to the level Vy; ve, gradually rises
and the coupling becomes less strongly energized, until the
steady state is reached at synchronism.
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higher niinima of vgy (The charge needed to eflect this in-

crease in vc, is supplied to C; through R;.) As vey rises it in-
creases the current through T, and decreases the current
through T,. The eddy-current coupling is therefore less
strongly energized, the wheel turns more slowly and enters
into synchronism.

Another virtue of the system is its relative insensitivity to
changes in the frequency ol the sync pulses; this is a con-
sequence of the fact that a speed measurement (with an
electrical tachometer) is not necessary.

Application in radiology

In the system described, as in all other magnetic
recording systems, the recording can be preserved
indefinitely or it can be erased; after erasure the
magnetic layer can be immediately used again for
a {resh recording. Since there is no contact between
head and wheel, the recording can be reproduced
as often as required. As we have seen, the picture
quality 1is highly satisfactory when use is made of
frequency modulation.

These features have led to a promising application
fo the magnetic wheel store in radiology ). A
picture of the image on an X-ray screen is taken
with a television camera and one frame of the
picture is recorded on the magnetic wheel. The
X-ray image can then be displayed immediately

11) Th. G. Schut and W. J. Oosterkamp, The application of
electronic memories in radiology, Medicamundi 5, 85-88,
1959 (No. 3/4); Th. G. Schut and W. J. Oosterkamp, Die
Anwendung elektronischer Gedichtnisse in der Radiologie,
Elektron. Rdsch. 14, 19-20, 1960 (No. 1).
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Fig. 16. Equipment for
demonstrating the radio-
logical application of the
magnetic wheel store (as
yet without frequency
modulation). ¥rom right
to left, helow: X-ray tube,
subject (a skull), X-ray
image intensifier,television
camera, auxiliary appara-
tus for television systemn;
above: amplifying appara-
tus for recording and
reproduction,  magnetic
wheel, monitor.

on a monitor tube and viewed by the doctor as long
and as often as necessary. In this way no time is
lost in developing an X-ray filin, and precious
minutes can be saved during a surgical operation.
The X-ray dose required is extremely low — very
much lower than in a fluoroscopic examination of
a few seconds, and, if an X-ray image intensifier
is used, cven lower than that needed for a radio-
graph. A further important advantage is that an
unsatisfactory exposure can immediately be retaken.

Fig. 16 shows a photograph of the equipment
used to demonstrate this application (as vet without
frequency modulation) at the International Radio-
logical Congress at Munich.

Summary. A magnetic wheel store is described on which a
single television frame can be recorded. The picture quality
obtained by direct recording of the video signal is qnite
serviceable for some purposcs, in spite of the wide frequency
range (50 ¢/s to 5 Mc/s). Considerable improvement results
if the video signal is made to frequency-modulate a carrier
and this latter recorded. The signal then recorded can have
e.z. a frequency of 7 Mc/s in the white, 5.5 M¢/s in the black,
and 5 Mc/s at the peaks of the sync signals, giving a frequency
range {rom about 0.5 Mc/s to 8 Mc/s. In one experimental
version the minimum wavelength impressed on the wheel is
8  at 8 Mc/s, the peripheral speed is 64 m/sec, the speed of
revolution is 3000 r.p.m. and the wheel has a diameter of
40 cm. The rim of the wheel is 30 mm wide and can accom-
modate numerous tracks side by side. A device is described
in which the air film dragged round with the wheel keeps the
write-read head at a distance of about 1 p. from the magnetic
coating of the wheel, without any contact. Also discussed are
a circuit for writing and reading a single frame and a system
of synchronizing the wheel with the video signal. Finally,
mention is made of a promising application in radiology;
advantages over photography are that it dispenses with the
need for developing X-ray fihns, minimizes the X-ray dose
and allows the immediate retake of unsatislactory exposures.
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RESONANCE ISOLATORS FOR MILLIMETRE WAVES

by H. G. BELJERS.

In microwave equipment frequent use is made
nowadays of mnon-reciprocal devices. Principal
among these is the directional isolator, a device
that passes waves in the one direction without
significantly attenuating them, and attenuates
them very strongly in the other 1).

The so-called resonance isolator makes use of the
presence in a rectangular waveguide of a rotating
magnetic field at certain places. If a suitable mag-
netic material is fixed at these places, gyromagnetic
resonance occurs in the one direction of propagation
and not in the other. Since gyromagnetic resonance
— often referred to briefly as magnetic resonance —
is attended by losses, the waves propagated in the
first-mentioned direction are strongly attenuated.
By using material free or almost free of other kinds
of losses, it is possible in this way to make a direc-
tional isolator. The millimetre-band types discussed
in this article are all resonance isolators.

The operation of other kinds of directional isolator
depends on the Faraday effect or on so-called field-
displacement. These can also be employed in the
millimetre bands. Those based on the Faraday effect
involve a round section of waveguide and it is
necessary to fit transition sections if they are to be
incorporated in a system using rectangular wave-
guides.

Gyromagnetic resonance occurs when a static
magnetic field is applied perpendicular both to the
direction of propagation and to the magnetic field
of the microwaves. The required field H is roughly
proportional to the frequency f of the microwaves.
Expressing H in A/m and f in Mc/s, we can write:

Haf0035. ... ... 1)

The exact value of H is also governed by the
demagnetization, in other words by the shape of
the piece of material. This appears from Kittel’s
formula:

f=0.035 VH + M(Ny— Ny) X
VH + M(N,— Ny), . .. (2

where M is the saturation magnetization and Ny,
Ny and N, are the demagnetizing factors. (The
direction of propagation is the z direction, and the

1) H. G. Beljers, The application of ferroxcube in uni-
directional waveguides and its bearing on the principle of
reciprocity, Philips tech. Rev. 18, 158-166, 1956/57.

621.372.852.223:621.318.134

magnetic field is parallel to the y direction.) As
can be seen, formula (2) is equivalent to (1) if
Ny = Ny = N,, that is if the magnetic material is
spherical in shape.

A further consequence of demagnetization is that,

.to achieve minimum damping in the forward

direction, the microwave magnetic field should as
a rule be elliptically and not, as might be thought
at first sight, circularly polarized. We shall return
to this point presently.

From formula (1) we may deduce that to make
resonance isolators for wavelengths in the 8.6 and
4.3 mm bands (frequencies of 35 Gcfs and 70 Ge/s),
now coming increasingly into use, we should need
magnetic fields of about 10° A/m (12500 oersteds)
and 2108 A/m (25 000 oersteds) respectively. The
properties of the materials at present available for
permanent magnets do not, however, allow of
generating fields as high as 2x10° A/m, and
although a field of 10® A/m is possible, it entails an
unmanageably large and heavy magnet.

Nevertheless, a much weaker external field may
be used, or it may be dispensed with altogether,
if the resonance is produced in a hard magnetic
material like a crystal-oriented anisotropic ferrite,
that is a ferrite in which the preferred directions of
magnetization of the crystallites are aligned parallel
to each other. The anisotropic ferrites used in this
case all possess hexagonal crystal structure, with
the c-axis as the preferred direction of magnetiza-
tion. The electron spins take up their preferred
alignment parallel to this axis. It costs a great deal
more energy to magnetize such material in a direc-
tion other than that of the hexagonal axis. The
stiffness with which the spin orientation is bound
to this preferred direction is expressed in terms of
the magnetic field — the anisotropy field — that
would have to be applied to an isotropic material
in order to bind the spins with the same stiffness
to the direction of that field. It follows from this
definition that the field H, which, according to
eq. (1), gives rise to magnetic resonance at a certain
frequency, is simply equal to the sum of the aniso-
tropy field H, and the external field H,,.

Plainly, then, the external field can be dispensed
with entirely if H, has exactly the required value.
Although this is attractive from the design point of
view, it is not without its disadvantages. In the
first place, if there is no external field the material
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is not always completely saturated, that is a greater
number of Weiss domains have a “wrong” orien-
tation, and as a result the damping of the micro-
waves in the forward direction is increased, which
is obviously undesirable. In the second place, unless
pi‘ecautions are taken, the operation of such an
isolator can be ruined by an interfering external
magnetic field, which reduces the magnetization or
may even cause it to disappear altogether if the
interfering field is stronger than the coercivity of
the material (approximately 2Xx10* A/m for the
materials at present in use). :

o~

a
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the magnitude of the anisotropy field is thus, within ‘
certain limits, controllable, it is p}oposed to
designate this type of material by the collective
name controlled uniaxial anisotropy ferrites, abbre-
viated to c.u.a.f. The resistivity of the two materials
is very high (> 107 Qcm); the dielectric losses
are negligible. ‘ ‘

It should be noted that the permissible power
transmission of resonance isolators is limited by the
temperature increase caused by the energy absorbed
in the ferrite. If the temperature exceeds a certain
value, the damping in the inverse direction begins

Hu

/

9 1747

/

Fig. 1. Schematic representation of microwave resonance isolators in which the damping
is produced by gyromagnetic resonance in a ferrite.

a) Actual arrangement

b) Extreme case, with thin ferrite sliver parallel to the plane of the electric lines of force

(E plane).

¢) Other extreme, with ferrite parallel to plane of magnetic lines of force (H plane).
In all three figures Hy is the external magnetic field, and the arrow at the right
indicates the forward direction of propagation through the wavegnide.

In this article we shall describe isolators with
and without an external field.

A most suitable material in resonance isolators
for wavelengths in the 8.6 mm region (the Q band)
is topotactically oriented material %) of composition
Ba(Zng 3;Mng5sTig,5) (Fe.05Mng)05)11010-  This  has
an anisotropy field of more than 85X10% A/m,
which means that the external field need not exceed
about 18X 10? A/m. For wavelengths in the region
of 4.3 mm (the V band) a material having a much
higher anisotropy field is needed. Ferrites of this
kind have recently been developed in the Philips
Irvington Laboratory 3), and one of them, which
has an anisotropy field of about 188Xx10% A/m,
is eminently suited for use in a resonance isolator
for 4 mm waves. .

The anisotropy field is given the value required
for a particular application by substituting other
atoms for a certain fraction of the Fe atoms in the
base material — a barium-ferrite for the 8 mm band
and a strontium-ferrite for the 4 mm band. Because
mK. Lotgering, Topotactically crystal-oriented ferro-

magnetics, Philips tech. Rev. 20, 354-356, 1958/59.

3) F. K. du Pré, D. J. de Bitetto and F. G. Brockman,

Magnetic materials for use at high microwave frequencies
(50-90 Gefs), J. appl. Phys. 29, 1127-1128, 1958.

to drop appreciably. In the isolators for 8 mm waves

the energy dissipated should not exceed an average
of 1 W.

Isolators with weak external magnetic field

The construction of resonance isolators operating
with an external field is illustrated schematically in
fig. la. Fitted at a suitable place, side by side, on
the broad wall of a rectangular waveguide are a
square bar of c.u.a.f. material and a fused quartz
strip. This form and the location of the ferrite, lie
between two extreme cases where a very thin ferrite
sliver is located either in a plane parallel to the
electric lines of force (see fig. 2) or in a plane parallel
to the magnetic lines of force (fig. 15 and c). In the
first of these extreme cases the field in the waveguide
is considerably distorted owing to the presence of
the ferrite sliver, and measures are needed to mini-
mize the resultant reflection. This is often done by
making the ferrite sliver trapezium-shaped. Further-
more, the ratio of the attenuations (measured in
decibels) undergone by the waves in the forward
and inverse directions — this ratio may be regarded
as a kind of figure of merit — is usually not so
favourable as in an isolator in which the ferrite sliver
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Fig. 2. In the TE,, mode of vibration of a rectangular wave-
guide the electric lines of force (F) are perpendicular to
the broad side faces and the maguetic lines of force (H)
are parallel to these faces.

is parallel to the magnetic lines of force. Isolators
of the latter type, however (fig. 1¢), demand a some-
what stronger magnetic field — which is disadvanta-
and the
width of the sliver, that determines the maximum

geous only when a soft ferrite is used

attenuation that can be achieved per unit length 4),
is rather limited.

1477

Fig. 3. Isolator for 8.6 mm waveband, using controlled
uniaxial anisotropy ferrite material (anisotropy field 85 x 104
A/m) and a weak external magnetic field (18 x 10 A/m).

This field is generated by a permanent magnet consisting of

two blocks of ferroxdure in an iron yoke.

1) The fact that a stronger magnetic field is needed may be
deduced directly from formula (2). In the case of the
H plane strip we have N, ~~ 1 and Ny &~ N, ~ 0, whereas
for the E plane: Ny a 1 and N, ~ N, a 0.
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The intermediate form which we have chosen, and
which has proved entirely salisfactory in practice,
does not require oblique shaping of the ferrite.
Because of the fairly considerable thickness of the
ferrite bar, the attenuation per em length is high.
So, too, is the ratio of the attenuations in the
This favourable
property is partly due 1o the presence of the silica

forward and inverse directions.

strip. Since much of the microwave energy traverses
the waveguide via and close to the silica strip
(diclectric constant ~ 4, dielectric losses minimal),

the attenuation in the inverse dircction is sub-

stantially greater than in an isolator without
30 = : -
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Fig. 4. Transmission characteristics (attenuation A4 versus
frequency f') of the resonance isolator with external magnetic
field, for the 8.6 mm wave band. The scale values on the left
relate to the curve for the inverse direction (solid line), those
on the rigltt 10 the curve for the forward direction (broken
line). The maximum ralio between the attenuations (in
decibels) occurring in the two directions is approximately 30,
and is obtained at a frequency of about 34.3 Ge/s (A — 8.7 mm).

the attenuation in the forward

direction is not. The explanation of these eflects is

dielectric, but
complicated and not yet wholly clear.

In the isolator for the 8-9 mm wave band 3)
(fig. 3) two bars of c.u.a.f. material, having an
anisotropy field of 85x10* A/m, are mounted end
to end. Their dimensions are 12 % 0.80%0.40 mm
and 12 % 0.60 X 0.36 mm. The slight difference in
their widths makes it possible to obtain a broader
characteristic ( fig. 4), inasmuch as the resonance

5) See also H. G. Beljers, Ferrite isolators in the 8-9 mm
waveband, Commun. Congres int. Circuits et Antennes
Hyperfréquences, Paris 21-26 Oct. 1957, Part II (Suppl.
Onde électrique 38, No. 376 ter), pp. 647-648, 1958,
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frequencies differ somewhat for the two bars owing
to the slight disparity between their demagnetizing
factors. The external magnetic field is roughly
18X 10* A/m. It is provided by a permanent magnet
consisting of two blocks of ferroxdure held in an
iron yoke. An air gap, which can be bridged by a
shunt allows fine adjustment of the external field
strength; the latter is so adjusted that, together

1478

Fig. 5. Resonance isolator for 4.3 mm waves. Anisotropy field
of magnelic material approx. 188x10' A/m. External
magnetic field approx. 16 10* A/m. The movable shunt on
the fronl serves for adjusting the external field to the exact
value required.

with the anisotropy field, it yields exactly the value
required to produce gyromagnetic resonance at
35 Gefs.

The resonance isolator for the 4-5 mm waveband
(fig. 5) uses bars of c.u.a.f. material which are half
as large as in the 8.6 mm isolator and have an
anisotropy field of 188 10* A/m.

Resonance isolator without an external magnetic

field

The construction of the isolator about to be
described, which operates without an external
field, differs considerably from that of the other.
This isolator uses two c.u.a.f. ferrite sirips onc on
each side of a thin sliver of dielectric material (in
this case aluminium oxide with a dielectric constant
¢ of 9). The two ferrite strips, which, like the di-
electric, take up the whole height of the waveguide,
are magnetized in opposite directions. Together with

VOLUME 22
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Fig. 6. Schematic representation of a resonance isolator for
8.6 mm waves, which needs no external field. Two thin ferrite
strips (2.0 X 3.5 X 0.15 mm; anisotropy field 85x10* A/m)
are fixed to the sides of a plate of aluminium oxide (thickness
1.1 mm) mounted centrally in the waveguide. The ends of the
plate are cut obliguely to avoid reflections. The visible ferrite
strip is magnetized in the direction of the arrow, the other in
the opposite direction. The forward direction is that of the
positive z axis.

the walls of the waveguide, which are of iron to
give magnetic screening, they form a closed mag-
netic circuit, that is to say there is no demagneti-
zation. The plate with strips is mounted centrally
in the waveguide ( figs. 6 and 7).

Here, too, a large part of the microwave energy
passes through and near the diclectric. Calculations
show that the effect of the side walls of the wave-
guide is of secondary significance, and further that
the magnetic field of the microwaves in the side
faces of the dielectric plate is elliptically polarized.
The ellipticity (by which is meant the ratio Hy/H,,

- o
e
t" /
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Fig. 7. Resonance isolator for 8.6 mm waves, with no external
field, as schematically illustrated in fig. 6. In front of it can
be seen the alumininm-oxide plate with ferrite strips, used in
isolators of this type.
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cf. fig. 6) decreases asymptotically with increasing
plate thickness to the value ]/s/(s—l), that is in
our case to about 1.06. As mentioned earlier, to
obtain minimum damping in the forward direction,
elliptical polarization is precisely what is wanted.
Calculation shows that the ellipticity of the rotating
field must have the value

y

For very thin ferrite strips this expression approxi-
mates to

Ha+ M(Nx_ NY)
Hy, + M(N, — Ny) )

V(H, + M)/H,,

which in our case comes to about 1.12.

From the above we may infer that the thickness
of the aluminium-oxide plate is here of great
importance, and also that it is possible to choose
this thickness such that the imposed requirements
are fulfilled. Owing to the symmetrical arrangement
of the whole assembly it is obviously not possible,
as it was in the other two isolators discussed, to
choose the dimensions of the materials more or less
. freely and then to minimize the damping in the
forward direction by determining the most favour-
able position in the waveguide for the plate with
the ferrite strips.

The best result is obtained when the dielectric
and ferrite are given the dimensions indicated in
the caption to fig. 6, which are in good agreement
with the calculated values. To avoid reflections the
plate is again cut obliquely at the ends. The same
ferrite material can be used as in the isolator
operating with an external field, the correct reson-
ance frequency being obtained because of the
entirely different shape of the ferrite strips. Fig. 8
shows the characteristic of one of the first isolators
of this type made during the development stage.

The follwing calculation will serve to demonstrate the fact
that, in this isolator with no external field, the required
resonance frequency is nevertheless obtained with the same
c.u.a.f. material, For very thin ferrite samples Ny and IV,
are negligible and Nx & 1, so that formula (2) can be written:

f=0.035 V(H + MH .

.....
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Fig. 8. Transmission characteristics of the resonance isolator
without external field. The attenuation ratio here reaches a
maximum of 12,

For a material with M = 28X 10* A/m (3500 gauss) and -

for a resonance frequency of 35 Gefs, we obtain an H value
of 86x10* A/m. This is more¢ or less the strength of the
anisotropy field. For the isolator with external field, where
Nx =~ 45, Ny~ Y3 and N ~ 0, we have:

f=0.035) (Ha+ Hu + "/;;M) (Ha+ Ha— M), (4)

which, with H,, = 18x10¢ A/, yields an H, value of more
than 82 X 10* A/m. (The fact that Ny isYhere 4/; and not
%[5, as might be expected, is due to the fact that the image
of the ferrite in the wall must be taken into account.) In view
of the effect of the dielectric on the resonance frequency, the
agreement may be described as reasonably good.

Summary. The gyromagnetic resonance effect, which occurs
in magnetic materials in the presence of a suitable magnetic
field, can be utilized for making nonreciprocal microwave
transmission devices, such as directional isolators. In the
millimetre wave bands the magnetic field strength required
is extremely high (10 A/m for 8 mm waves and 2Xx 108
A/m for 4 mm waves) and could not normally be gener-
ated with a permanent magnet of manageable proportions.
Crystal-oriented anisotropic ferrites have now been developed,
however, which possess in one direction a very high anisotropy
field, and since the strength of this field can be deducted from
the total magnetic field required, it is possible to use these
materials for constructing isolators that need only a weak
external field or none at all. The article describes resonance
isolators of this type for wavelengths in the region of 8.6 mm
and 4.3 mm (35 and 70 Ge/s, respectively).
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APPLICATIONS OF MICROWAVE TRIODES

by J. P. M. GIELES.

621.385.3.029.6

In recent years various disc-seal triodes have been developed at Philips which are capable

of operating at wavelengths of 7.5 ¢cm, 5 cm and less. The article below discusses a number
of applications of these triodes that have already been realized, and others that are still in the

development stage. Most of the applications are in microwave radio links for telephony and

television.

Microwave triodes possess several attractive
features. In addition to favourable phase charac-
teristics, long life and easy replacement, they are
easy to construct compared with other microwave
tubes, they require no very high voltages and they
can give a high GX B product, i.e. a considerable
gain G even when the bandwidth B is large.

Another advantage of microwave triodes over

Table I.

other tubes used in the centimetre wavebands is
their flexibility: triodes are relatively simple circuit
elements and their simplicity makes them suitable
for many and various functions. In complicated
equipment containing many tubes, such as relay
stations in microwave radio links, it is important
for technical and economic reasons to limit the
number of tube types to a minimum. It is therefore

Summary of data on microwave triodes manufactured or in development at Philips. The last two tubes are designed

for a frequency of 6000 Mc/s, the others for 4000 Mc/s. For various purposes, however, the tubes can be operated np to frequencies

about a factor of 2 higher.

\ 522504
! i
1792

l i
1793 SN

o
——
.
1798

1794

EC 157 EC 59 0Z 92 22 EC 5em, 1 W  5Sem 10W
Literature references B=NENE) ) ) )'%) 2)
10y11)12)
Cathode diameter (mm) 3.2 4.5 35 4.5 4 3.1 4.5
Cathode-grid spacing (1) 40 60 40 40 25 40
Grid-anode spacing (1) 240 300 300 300 240 300 500
Grid-wire diameter () 7.5 30 15 12 TS 15
Grid pitch () 50 130 130 90 i) 40 90
Anode voltage (V) 180 500 500 220 180 300 600
Anode current (mA) 60 250 250 200 140 60 300
Current density (A/em?) 0.8 1.0 1.6 1.3 1.2 0.8 1.9
Transconductance (mA/V) 19 20 30 25 27 20
Low-level gain at
100 Me/s bandwidth
(3 dB below peak) («B) 13 10 12 12 10 10
Output power at )
8 dB gain (W) 1.5 12 6 5 1.2
AM-PM conversion at
8 dB gain (/dB) 0.8 1.2 1.2 1.0
Cooling air *) waler water or air air air *) air water

*) An awmplifier is in course of development in which cooling is effected by natural convection and radiation.
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not surprising that the triode really comes into its

own in such equipment, and has already found wide

application in various installations built by Philips.
Table I gives a survey of the microwave triodes

developed in recent years at Philips, or still in

course of development. In this article we shall

discuss in turn their apphcatlon as:

amplifiers,

frequency multipliers,

oscillators,

mixers,

limiters,

amplitude modulators,

frequency modulators, and

high-level detectors.

Most applications have been studied on the EC 157.

It is to be expected that the other types of micro-

wave triode will behave similarly in equivalent

‘circuits.

Amplification

Microwave triodes used for amplification purposes
can be classified, according to signal level, as pre-
amplifiers or as power amplifiers. Articles have
appeared in this journal on the EC 157 and the
5 cm, 1 W tube as pre-amplifiers, and on the EC 59
and OZ 92 triodes as power amplifiers. For parti-
culars, see the articles referred to in Table I. It
should be noted that, in view of the high Gx B
product, the gain can be raised far beyond the
tabulated values by reducing the bandwidth. For

1) G. Diemer, K. Rodenhuis and J. G. van Wl_]ngaarden The
EC 57, a disc-seal microwave triode with L cathode,
Phlllps tech. Rev. 18, 317-324, 1956/57. The EC 157 differs
from the older type, EC 57, in having a cathode of longer
life.

2) J. P. M. Gieles, A 4000 Mc/s wide-band amplifier using a
disc-seal triode, Philips tech. Rev. 19, 145-156, 1957/58.

%) V. V. Schwab and J. G. van Wl_]ngaarden, The EC 59, a
transmitting triode with 10 W output at 4000 Mc/s, Ph111ps
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example, the bandwidth of an amplifier fitted with
an EC 157 was reduced from 100 Me/s to about
40 Mc/s, giving ‘an increase in gain from 12 dB
(=16X) to 17 dB (= 50x). At a bandwidth of
40 Mc/s a cascade arrangement of three amplifiers
with EC 157 triodes gé.ve a total gain of 50 dB.
Not so well known is the application of the EC 157
as a low-noise input stage at frequencies below about
1000 Mc/s, used primarily in equipment for radio

astronomy. Although its disc-seal construction .

,(resulting in higher capacitances and limited switch-

ing possibilities) makes this tube less suitable as a
pre-amplifier at frequencies far below the design
frequency (4000 Mc/s), it is precisely there that the
noise properties of the electrode system are favour-
able compared with those of a crystal mixer used
as an input stage. The minimum noise figure, which
is a tube characteristic, can be determined at any
frequency by slightly varying the input matching.
Fig. 1 shows the average of the minimum noise
figures, expressed in dB, of 13 type EC 157 triodes,
measured as a function of frequency 13).

The strongest point of microwave triodes, which
is to produce simply and efficiently a high output
power at a large bandwidth, makes them especially
suited for use as power amplifiers. When used as
such in microwave radio links it is most important
that amplitude variations should not give rise to
disturbing phase variations, and hence to distortion.
The extent to which this occurs is called the

18dB

/

A/
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—_—f
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3413

Fig. 1. Average Fuiy of the minimum noise figures in dB of v

13 type EC 157 triodes, versus frequency.

13) These measurements were done by G. A. W. J. Spanhoff
and N. van Hurck. For the application of the EC 157 in
an amplifier for radio astronomy, see C. L. Seeger, F. L.

- H. M. Stumpers and N. van Hurck, A.75:cm receiver:for .

radio astronomy and some observational results, Ph111ps .

tech. Rev. 21, 317-333, 1959/60 (No 11).
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amplitude-modulation/phase-modulation (AM-PM)
conversion of the tube; it is expressed in degrees of
phase variation of the output voltage due to a
variation of 1 dB in the input signal. The AM-PM
conversion of triodes is of the order of —1°/dB,
which is much less than that of most other short-
wave tubes.

Special attention may be paid to the parallel
amplifier. It is possible to connect two amplifiers in
parallel such that, for the same gain, they deliver
twice the output power. Fig. 2 shows a parallel
output stage of this kind for operation at 4000 Mc/s,
equipped with two type 49 AL triodes. This stage
is capable of delivering an output of 10 W at an
anode voltage of 220 V, the gain being more than
8 dB. Both amplifiers, like a single amplifier, are
equipped with ferrite isolators. (Because of this
arrangement the data for fig. 2 differ somewhat
from those given in Table 1.)

In this way outputs up to 50 W at 4000 Mc/s
have been obtained from EC 59 triodes in the
laboratory. Microwave radio links generally require
no more than 10 or 20 W, which is ample to establish
a dependable link. Apart from doubling the output
power, the parallel output stage is more reliable
than a single stage since, with proper design, the
failure of one tube does not necessarily involve
interruption of the link.

The use of triodes as microwave amplifiers may
best be illustrated, perhaps, by their application in a
“straight-through” relay station in a microwave radio
link, i.e. a relay station in which the gain is obtained
without demodulating to an intermediate frequency.
This method of amplification stems from the fact
that the tricde as an amplifier of centimetre waves
is superior to the tubes normally used for amplifi-
cation in the 1F wavebands. In view of switching
and modulation problems a straight-through relay
station does not lend itself directly to general use,
but for long-distance links it has the great advant-
age of causing much less phase-distortion than
conventional IF amplifiers. A laboratory version
of such a straight-through relay station is shown in
fig. 3. The block diagram is given in fig. 4.

A six-cavity input filter F, is followed by four
pre-amplifier stages fitted with EC 157 triodes. All
amplifiers are coupled by isolators D. By means of
a frequency-shifiing stage M, which will be discussed
below under the head “Mixing”, the frequencies of
the input and output signal are separated suffi-
ciently to exclude the possibility of spurious
oscillations due to aerial feedback. On the re-
commendation of the Comité Consultatif Interna-
tional des Radiocommunications, the frequency
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Fig. 2. Parallel output stage, consisting of two amplifiers each
equipped with a type 49 AL triode.

Frequency 4000 Mc/s = Bandwidth 100 Mc/s
Anode voltage 220V Gain 8.2 dB
Anode current 2 X200 mA Output power 10 W

Cooling air: 27 1/min under pressure of 10 cm water.

shift is set at 213 Mc/s. After a three-cavity filter F,
for suppressing the unwanted frequencies of the
frequency-shifting stage, and three further ampli-
fying stages, a small portion of the signal is taken
off for automatic gain control. This feeds back
through a DC amplifier AVC on the field current
in the ferrite attenuator A¢, whose attenuation
depends on the magnetic field produced by this
current. This system ensures that the signal level
at the input of the last stage remuins constant
within 0.5 dB for a variation of up to 25 dB in the
input signal of the first stage. A single output stage
is used, fitted with an EC 157, so that the output
power of the whole installation is about 1.5 W.
The overall bandwidth is about 40 Me/s at 0.1 dB
below peak, and the group-delay variation over
20 Mc/s amounts, without compensalion, to about 1
millimicrosecond, which is less than 1/10th of the
value in normal TF amplifiers. The intermodulation
noise, which is due to the non-linearity of phase
characteristics, is accordingly very low. The weak
point of this relay station is the input noise factor,
which, owing to the attenuation caused by the input
isolator and the input filter, amounts to as much as
18 dB. This drawback can be overcome, however,
by increasing the input signal, that is to say by
raising the transmitted power of each relay station
in the chain. If, for example, the parallel output
stage shown in fig. 2, or a single output stage with
an EC 59, be connected at the end of the arrange-
ment described, an output power of 10 W can be
achieved.
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Finally, microwave triodes can also be used
successfully as output amplifiers at lower frequencies.
Wide use is made of the EC 157 in microwave links
at frequencies in the 2000 Mc/s band. An experi-
mental push-pull output stage with two EC 59
triodes in class C delivered an output of 76 W ai
900 Mec/s %), which roughly corresponds to the
performance of other tubes in that frequency band.

1) Experiment done by W. J. Smulders.
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Frequency multiplication

The usual practice in microwave radio links is
for the incoming radio-frequency signal 1o be
transposed to the intermediate frequency by mixing
it in a crystal mixer stage with the signal from a
local oscillator. After amplification the IF signal
is returned to the radio-frequency band by means
of a second local oscillator (see section on mixing).
The two RF local oscillators needed must be

Fig. 3. A complete “straight-through” relay station for a mierowave radio link operating

on 7.5 cm.

Fig. 4. Block diagram of “siraight-through” relay station, in which all amplification is
obtained in the 4000 Mc/s frequency band. F, six-cavity input filter. D ferrite isolators.
A amplifier stages equipped with EC 157 triodes. Mon monitors. At ferrite attenuator.
M mixer stage producing frequency shift between input and output signals. This frequency
shift (213 Mc/s) prevents spurious oscillation due to aerial feedback. LO local oscillator.
F, three-cavity filter for suppressing unwanted frequencies. AVC DC amplifier supplying
the signal for the automatic gain control. Overall output power, ~ 1.5 W; bandwidth at
0.1 dB below peak, ~ 40 Mc/s; group-delay variation over 20 Mc/s, without compensation,

~ 1 mysec.
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extremely stable in operation. Fig. 5 shows the
block diagram of a typical local oscillator of this
kind 1%). The first stage is a crystal oscillator (Cr)
whose frequency is in the region of 25 Mec/s, and
the required frequency, which may be, for example,

PHILIPS TECHNICAL REVIEW
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at the highest frequencies, is not large but is more
than enough to be used, for example, in frequency
standards. With the 5 cin, 1 W triode, excited at
say 8000 Mc/s, it may be possible to reach the

millimetre waveband.

25Mcls 75Mcls 225Mcls  225Mcjs  675Mcfs  4050Mcls
| ! I ! i 20mW
cr | M L M LA F MM I A
! § | |
\ E.";l i x| 3 e D e X b & ] D 4338%{/5
E180F EISOF QQEO02/5 QQE02/5 ECI57 ECI57 ECI57 3415

Fig. 5. Block diagram of a local oscillator 13) for microwave radio-link relay station.

Cr erystal oscillator. M frequency multipliers, the

A amplifiers.

last two fitted with EC 157 triodes.

Fig. 6. A complete local oscillator, as in fig. 5,
ment.

in the region of 4000 Mc/s, is obtained by means
of a series of frequency multipliers (M). The last
stages use EC 157 tubes, the final multiplication
being six-fold. A complete local oscillator designed
on this principle for use in Philips microwave radio
links can be seen in fig. 6. The output power is of
the order of 200 mW, which is sufficient both for the
receiving and transmitting ends of a relay station.

The above-mentioned frequency of 4000 Mc/s is
l)y no means an upper limit; the EC 157 can be used
as a frequency multiplier at frequencies far higher.
In an experimental set-up an EC 157 was driven at
4000 Mc/s by an input power of approximately 1 W.
With the anode surrounded by a circuit tuned at
the required frequency, all harmonics were obtained
up to 24 000 Mc/s. One of the multiplier stages used
is shown in fig. 7. The available power, particularly

18) This design, like the mixer cireuit in fig. 11, was developed
by H. J. Kramer in the microwave radio-link laboratory
of the N.V. Philips’ Telecommunicatie-Industrie at 1Tuizen.
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used in Philips microwave radio-link equip-

Applications in oscillators

The local oscillator described above contains, as
frequency multipliers, many electron tubes, which

may be regarded as so many potenliul sources of

-

1767

Fig. 7. Frequency multiplier stage equipped with an EC 157
triode, capable of producing 20 000 Me/s by multiplying
4000 Mc/s. A anode. C nozzle for cooling-air supply. Z knob
for adjusting tuning plunger. Driven by about 1 W at 4000 M¢/s
the available power at the output is approx. 0.1 mW at
20 000 Me/s.




1960/61, No. 1

F
E T # al
a = —l—JD

S . - -
T

b ,

4 2
3

breakdown. Attempts have therefore been made to
design an oscillator which, with only one tube, will
oscillate directly at the required frequency just as
stably as a crystal oscillator. The components for
such a local oscillator were available: the EC 157

1708
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Fig. 8. a) Diagram of a 4000 Mc/s oscillator with an EC 157
triode. A4 amplifier. C cylindrical cavity resonator of “Invar’,
filed with dry air. T magic-tce (see b) as output coupler.
D, Eisolators. The phase of the signal returning via the curved
section I’ to A4 is adjusted by means of spacer sections G.
b) Magic-tee form of hybrid junection. Branches I and 3 have
no corresponding dimensions parallel. In a magic-tee
an electromagnetic wave entering one of the four branches
1, 2, 3 or 4 will divide equally between only tiwo of the
other three branches: paths 13, 3=/, 254 and 42 are
not possible. (See for example G. C. Southworth, Principles and
applications of waveguide transmission, Van Nostrand, New
York 1950, pp. 339-340.)

triode can compete in every respect with tubes for
lower frequencies, and with the aid of a cavity
resonator the same high  for high frequencies can
be achieved as with the crystal. As the material for
this resonator we can use “Invar” which, like
quartz, possesses a very low thermal coefficient of
expansion (both about 1078 per °C). If the same care
is paid to the filling of the resonator as to the
envelope around the erystal, similar results may be
expected.

Fig. 8a shows a diagram, and fig. 9a a photograph,
of a 4000 Mc/s oscillator built on these lines. The
amplifier 4 and the ecylindrical cavity C are in-
corporated in a closed loop of waveguides. They are
both terminated by an isolator (D and E, respec-
tively). The circuit further contains a magic-tee T as
the output coupler. In this junction the output
power of the amplifier is split in two (see caption
to fig. 8b): one half is fed to the output waveguide,

1709

b

Fig. 9. a) Oscillator for 4000 Mc/s fitted with an EC 157, built on the principle of fig. 8a.
b) Similar oscillator, but for 6000 Mc/s and fitted with a 5 cm, 1 W triode. Both oscillators,

« and b, are reproduced on the same scale.



22 PHILIPS TECHNICAL REVIEW

the other half returns via the cavity to the input
of the amplifier. A matched termination of the
fourth branch of T absorbs any waves reflected
from the cavity or the load.

Calculation has shown that the oscillator reaches optimum
stability when the anode bandwidth of the amplifier is about
130 Mc/s and the attenuation of the resonant cavity 4.6 dB.
The attenuation introduced by the output coupler amounts to
3 dB, and that due to each of the two ferrite isolators is
about 1 dB. Since the loop gain must be unity, the operating
point of the tube should be such that the gain is 9.6 dB; at
this gain, and at the bandwidth of 130 Mc/s, its output power
is 950 mW. The isolator D reduces this to 750 mW, half of
which, i.e. 375 mW, is the available power at the output.

The Invar cavity has very smoothly finished interior walls.
It s excited in the TEg,, mode and is so designed as to give
a loaded Q of 22 000. The cavity contains dry air, and is sealed
by thin sheets of mica at the waveguide flanges and a synthetic-
resin seal along the edges of the lids.

The oscillator is aligned as follows. First of all the cathode
side of the amplifier is matched at the required frequency, and
at the anode side the bandwidth is adjusted to about 130 Mc/s.
The anode voltage is 200 V, the anode current 60 mA. After
the complete oscillator loop has heen assembled, the bent
waveguide F (fig. 8¢) is removed and a signal of the desired
frequency is applied to the amplifier input. A detector is
connected to the isolator F, and the amplifier and resonant
cavity are then tuned exactly. Finally the curved section F
is replaced and the phase of the returning signal is regulated
by varying the loop-length by means of spacers G until the
output power is maximum. If necessary the {requency can be
finely adjnsted with a trimming screw in the resonator.

The stability of the frequency during variation of
the various parameters is measured by a beat-
frequency method. Some results at 4000 Mc/s are
given in Table I1. The heater voltage proves to be
the most critical of the parameters; the anode
voltage has only a very minor influence. After ex-
changing the tube, only the anode side being retuned
to maximum output power, it was found that the
frequency had moved only 10 ke/s {rom the original
value.

Fig. 9b shows a similar oscillator for the frequency
band around 6000 Me/s, equipped with a 5 cm, 1 W

Table II. Stahility at 4000 Mc/s of the oscillator in fig. 9a.

Variation of frequency with

Varying increasing parameter
parameler — —
Absolute Relative
Temperature
(25-65 °C) +1.4ke/s per °C +0.35x 107 per °C

~ 0.06 ke/spermV ~ —1x107¢ per Y,
+0.05ke/sper V. | +0.025 %1078 per 9,
+1ke/s permA‘ +0.15 % 10-% per 9,

Ileater voltage
Anode voltage
Anode current
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type triode. Since the internal feedback in this tube
is much lower than in the EC 157, isolators are not
needed here.

A triode can be used successfully as an oscillator
not only at the design frequency and below, but also
at far higher frequencies. Up to the design frequency
the 1/ mode of the anode resonant cavity will be
used; at much higher frequencies this is no longer
possible because the resonant cavity would have to
be smaller than is compatible with the tube dimens-
ions. Nevertheless, the tube can be tuned to thees
high frequencies by shifting the short-circuiting wall
of the resonator half a wavelength outwards, thus
using the 32 mode. Fig. 10 shows an experimental
oscillator with an EC 157, which, on the principle
described, is capable of generating frequencies up

to about 8000 Mec/s.

-

A

=
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Iig. 10. Experimental oscillator with an 1C 157 triode, with
which frequencies up to about 8000 Mc/s are reached by using
the 7 mode of oscillation of the anode resonant cavity.

Mixing

If we apply to the input waveguide of an EC 157
amplifier the high-frequency signal from a local
oscillator (LO signal) and apply to the cathode an
IF signal, sum and difference frequencies appear at
the anode. By tuning the anode circuit to one of
these, e.g. the sum frequency, we obtain a mixer
stage. A mixer of this kind is used in Philips micro-
wave radio-link equipment for the purpose of trans-
posing the signal from the intermediate frequency
(70 Mc/s) to one of the radio-frequency bands at
4000 Mc/s. The circuit diagram is shown in fig. 11 19),
and the data are given in the caption. The anode
circuit is followed by a three-cavity filter, which
suppresses the LO signal and the unwanted side-
band (difference frequency).
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The anode current of the EC 157 is fairly small,
being only 25 mA, at which value considerable
AM-PM conversion (see p. 18) occurs. This is almost
however, by the AM-PM
Since AM-PM

mainly due to variation of the input

entirely compensated,
conversion of the driving tube.
conversion is
capacitance with the magnitude of the driving
signal, its sign in an earthed-grid arrangement will
be opposite to that in an carthed-cathode arrange-
ment. The AM-PM conversion of the driving tube is
positive and that of the triode negative, and both
are about 2°/dB, so that by suitable design of the
circuit we can build a mixer stage capable of
handling fairly strong signals and nevertheless
virtually free of AM-PM conversion (< 0.2°/dB).

The triode as a mixer is also used in a straight-
through relay station in microwave radio links for
imparting to the signal the earlier-mentioned fre-
quency shift of 213 Mec/s (see fig. 4). The RF signal
is applied to the input of an EC 157 amplifier, and
a sufficiently strong LO signal of the desired shift
frequency is applied to the cathode (fig. 12). The
amplitude-modulated RF signal is thus mixed with
the shift frequency, which again gives rise to two
sidebands. The sideband required is then selected
by suitable filters.

F
D
= I = LT L
— —> fith
A 4095,5Mcs)

f, —=
(4025.5Mcfs)

= 3468
Fig. 11. Circuit ') for an EC 157 used as a mixer for trans-
ferring the modulation of an IF signal (f,) to an RF signal ( ).
A amplifier. D isolator. F three-stage filter. k cathode lead of
EC 157.

Conversion gain . . 3 dB
Bandwidth at 0.1 dB below peak : . . . 25 Mc/s
Input power of EC157 . . . . — = . 200 mW
1F signal on grid of E 80 L (r m.s. ) y . 035V
AM-PM conversion . . . . . <0.2 °/dB
Anode voltage of EC 157 .. 180V
Anode current of EC 157 (vdrlable hy means of R) . 25 mA
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" F
2 1o o .
A } —b_fr}fz

A 1(4095,5Mc|s)

fl 3469
( 3882,5Mc/s)!
7 £cis7
T h21Mce/s)

Fig. 12. Circuit for an EC 157 used as a mixer 10 produce a
frequency shift of the RF signal in the straight-through relay
station shown in fig. 3. LO local oscillator. Other symbols as
in fig. 11.

Conversion gain . . ; . v ow 1dB
Bandwidth at 0.1 dB below peal\ . 50 Mc/s
LO power . . . ¢ ek . 500 mW
Anode voliage of EC 157 o 180 V
Anode current of EC 157 . . 20 mA

Limiting

If a microwave triode is biased to operate at a
low anode current and the input power increases,
a situation is soon reached where the output power
can rise no further. In this saturation region the
tube may thus be expected to function as a limiter.

We can put this to the test by measuring the
output power P, as a function of the input power Pi;
for the EC 157 this results in curve A in fig. I
With increasing P; this curve does not become ﬂdt,
as we should wish for a limiter, but, at a larger
driving signal, exhibits a very sharp dip. This eflect
is due to the passive feedback admittance between
the cathode and anode circuits 1%). What in fact
happens? The output power may be regarded as
consisting of two parts. One part comes {rom the

100mW,

—» 3D

0

7
0,01 o7 7

now

T 1695

Fig. 13. The EC 157 as a liiniter: output power P, as a function
of input power P;. Anode voltage 200 V, anode current 10 mA.
Curve A: amplifier not ueutrahzed curve B: partly neutralized,
and curve C: completely neutralized.

18) G. Diemer, Passive feedback admittance of disc-seal triodes,
Philips Res. Repts. 5, 423-434, 1950. See also the articles
referred to under footnote 1), p. 323, and 2) pp. 152-154.
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amplifying action of the triode. This part, which
predominates in the case of small driving signals,
approaches a constant value as the signal increases.
The other part arises from the passive feed-
back admittance and has no saturation value, but
continues to increase linearly with the input power.
A point is reached, therefore, where these two parts
are equal, and what happens then depends only on
the phase relationship. Evidently in our case the
two parts are virtually in antiphase, resulting in
almost complete cancellation.

To avoid this undesirable effect we have tried to
introduce between the anode and cathode cavities
additional feedback, just sufficient to neutralize the
existing feedback (internal neutralization). This is
done, as shown in fig. 14, by passing a double
coupling loop L of suitable dimensions through the
partition between the two resonant cavities. In this
way it proved possible to neutralize an amplifier
completely. The result is curve C in fig. 13. It can
be seen that the neutralization also results in a drop
in gain for small P;. The effect of partial neutrali-
zation will be to shift the dip towards a higher P;.
We then obtain curve B.

For use as a limiter the optimum curve lies some-
where between B and C. A drawback is that, with
stronger neutralization, the flat region also shifts
towards a higher P;. In that region, then, the triode
functions well as a limiter. The output power can
remain constant within 0.4 dB for an input-power
variation of 10 dB 17).

Amplitude modulation

Even in microwave telecommunications, where
amplitude modulation is not usual, it may be
necessary in certain circuits to modulate a signal in
amplitude, as for example in the circuit described
in the next section. An amplitude modulator is also
often indispensable in laboratory test equipment.
Its operation is actually the same as that of the
mixer discussed above, but in accordance with
general usage we shall confine the term “modulat-
ion”” to those cases where the modulating signal is
an audio or video signal.

Depending on the strength of the RF signal,
different circuits have to be used to minimize
distortion. For weak signals it is sufficient to in-
troduce the signal as a voltage source of low internal
resistance in series with the cathode resistor, as
shown in fig. 15. As long as the driving signal is not
too strong, this voltage modulaton can be applied
up to a modulation depth of 809,

'7) The AM-PM conversion of these and similar limiters has
not yet been investigated.

VOLUME 22

S

Fig. 14. Neutralization of an EC 157 amplifier by means of a
double coupling loop L through the partition between anode
and cathode resonant cavities.

1696

Where a tube is operated close to the saturation
level, however, current modulation is found to give
the best results. For this purpose the signal source
should be a current source of high internal resistance
connected in series with the cathode resistor. The
circuit adopted in practice is shown in fig. 16. The
modulating voltage is applied between grid and
cathode of a power pentode, type EL 86, connected
in series with the amplifying tube. With this circuit
an EC 157 almost to saturation can be
modulated to a depth of about 909%,.

In both cases the variation of the output power,

driven

and not of the output voltage, is proportional to
the modulating voltage. This means that the
detector must have a square-law characteristic.

Frequency modulation

Frequency-modulated microwaves are difficult to
obtain with only one microwave triode used as an

. B

1697 =

o

Fig. 15. Amplitude modulator with an EC 157 for modulating
small signals. 4 amplifier. %k cathode lead. V, = 200 V,
I, = 20 mA (variable by means of R).
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oscillator. The oscillator frequency is then almost
entirely determined by the tuned circuits, and
although the frequency can be varied to some extent
by varying the anode voltage and anode current,
the circuit is not attractive for frequency modulation
because the frequency deviation attainable is small
and because of the large amplitude modulation
which it involves.

The situation is different, however, if fico tubes
are used in a special circuit, the principle of which
1s illustrated in fig. 17. Two EC 157 amplifiers 4
and B are interconnected by waveguides (bold lines
in the figure) via two magic tees T, and T,. The path
T,AT, is made a quarter wavelength longer than
the path T BT,. Furthermore, T, and T, are directly
interconnected via PQ.

—t
-
G e T i)

“iov
+

__t 1698

Fig. 16. Amplitude modulator with an EC 157 for modulating
strong signals. Symbols as in fig. 15. ¥, = 200, I, — 60 mA.

To explain the operation of the circuit we shall
imagine that the connection between T and T, is
broken for a moment at P and . An electromag-
netic wave entering () divides in T, into two waves
of the same power and the same phase, one travelling
to the left and the other to the right. These two
waves are equally amplified in identical amplifiers
A and B, and thus arrive in T, with equal ampli-
tudes and, owing to the }-wavelength extra path-
length via A4, with a phase difference of 90°. They
can therefore be represented by the complex
quantities ¢ and fin fig. 18. In T, the waves « and
combine in such a way that a wave « + f travels
towards P and a wave «— f along S.

Now suppose the waves « and f are not only
amplified in A and B but also modulated in ampli-
tude in push-pull, as represented diagrammatically
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Fig. 17. Hlustrating the principle of a frequency modulator
with two EC 157 triodes. The thick lines represent waveguides.
A, B amplifiers. T, T, magic-tees. The branch R has a matched
termination, the branch S functions as output. Tr centre-
tapped transformer (input).

by the centre-tapped transformer Tr in fig. 17. In
practice this amplitude modulation can be effected
by one of the methods described under the previous
heading; the instantaneous output powers of the
the
(1 + msinpt) : (1 — msin pt), where m is the modula-

amplifiers then become varied in ratio

tion depth and p the angular frequency of the modu-

Pl = — X3
1
I
T e e »;——— avp’
B=pV I-msin pt :
I
! |
] 1
il |
1 |
- 2l
o oEal/T+m sin pt
1868 o-p

Fig. 18. Vector diagram illustrating the occurrence of phase
modulation when the amplifiers 4 and B in fig. 17 are push-
pull amplitude-modulated.
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lating signal. The amplitudes of the waves arriving
in T, are thus given by o = aj1 + m sin pt and
B’ = Pyl — m sin pt, and those at the output
of T, by ' + B and o’ — p'.

It is easy to show that the moduli of both these
output waves are equal and constant, and that the
arguments vary with time. The output waves from
T, are therefore not modulated in amplitude but
only in phase: the vector points of «' + ' and
o' — B’ thus move, during a modulation period of
the amplifiers, along arcs of the same circle in fig. 18.

If we now connect P again with @, the circuit will
start to oscillate, and it will do so at a frequency
such that the total phase shift in the feedback loop
is exactly a whole multiple of 27. Since the modulat-
ing voltage causes the “phase length” of the circuit
to vary, the frequency at any given moment will
be such as to satisfy the just-mentioned phase
condition. In this way, then, we have obtained a
frequency-modulated oscillator. The branch Sof T,
functions as the output, and the branch R of T,
has a matched termination.

To produce a large frequency deviation it is
necessary that the phase variation introduced should
constitute as large a part as possible of the total
phase shift in the loop. This amounts to keeping the
whole feedback path as short as possible. A compact
assembly is achieved by combining the two magic-
tees and their connection PQ in a single block
(fig- 19). The two amplifiers are normal amplifier
units, except that input and output are at the sume
side. The ampliliers are fitted to the lefl and right

im

Tig. 19. Magic-tees T, and T, and their connecting waveguide
(see fig. 17) combined in a single block, giving a compact
consiruction of the frequency modulator.
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Fig. 20. Complete frequency modulator, built on the prineiple
of fig. 17, using the block shown in fig. 19. The feedback paths
of the two triodes are unequal in length and in part common.
When the waves in the triodes are amplitude-modulated in
push-pull, the output signal will be frequency-modulated.

of the block in fig. 19 (see fig. 20), and the difference
in path length is obtained by means of spacer
sections. The bottom opening at the front of the
central block (R in fig. 17) has a matched termina-
tion, and the upper opening (S in fig. 17) is the
output of the modulator.

To help shorten the feedback path, no isolators
are fitted at the anode side of the amplitiers. This
makes it necessary to neutralize the amplifier blocks,
whieh is done by the method described above
(fig. 14).

As a resull of this special circuit arrangement, the
output power of the frequency modulator is tairly
high. As we have seen, the moduli of the output
waves of T, are identical, so that the sum of the
output powers of the amplifiers divides into two
equal parts in T,. Of these, one part is again split in
T, into two equal parts, and the other is immediately
available as output power. We may therelore expecl
the output power to be equal to that of asingle tube
driven by a signal strong enough to produce a gain
of 3 dB. What the actual power will be depends on
the setting of the modulator. The above reasoning
was based on a phase difference of 90° between «
and B. Plainly, by varying this angle we can play
off the output power against the frequency devia-
tion. If we make the angle larger we immediately

increase the deviation, but from fig. 18 we see that
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@+ B then becomes smaller, that is to say, less
power is fed back and the tubes will oscillate at a
lower level. Conversely, a smaller angle gives a
smaller deviation, but a + f is then larger, more
power is fed back and the amplifiers oscillate more
strongly.

We can make this process more effective if, at
the same time, we vary the anode-circuit bandwidth
of the amplifiers, depending on whether we want a
large deviation or a large output power. Table I11
gives some results of measurements made at two
settings representing roughly the extremes of
deviation and output power.

Table ITL. Data on the frequency modulator in fig. 20, equipped
with two EC 157 triodes, in two different settings.

For large For high

frequency output

deviation power
Anode voltage 200 V 200V
Anode current 60 mA 60 mA
Anode-circuit bandwidth 150 Mc/s 60 Mc/s
Centre frequency 4000 Mc/s 4000 Mc/s
Maximum frequency deviation 60 Mc/s 15 Mc/s
Linear frequency deviation 20 Mc/s 5 Mc/s
Output power 0.6 W 3.6 W

High-level detection

In millimetre radar, where pulses of extremely
short duration are used (about 5 mysec), a very
large bandwidth (about 200 Me/s) is required in the
IF section and video amplifiers in the receiver 18).
A bandwidth as large as this is very difficult, if not
impossible, to achieve with conventional tubes. As
far as the IF amplifier is concerned, the difficulty is
solved by using a travelling-wave tube, operating
at a frequency of 4000 Mc/s. A normal crystal
detector cannot, however, handle anything like the
maximum output power of the travelling-wave tube
without becoming overloaded. Considerable video
amplification is therefore needed behind the detector
in order to drive the cathode-ray tube.

This video amplification, which is very difficult
to realize for such a large bandwidth, can be dis-
pensed with entirely if the detection is done by an
EC 157 triode, used as an anode-bend detector. The
travelling-wave amplifier can boost the IF signal to
about 1 W, and the triode detector, driven by this
signal, delivers over the whole bandwidth video
signals of about 10 V, which can be used for driving

18) See R. J. Heijboer, Millimeterradar, Ingenieur 71, E. 41-
E. 48, 1959 (No. 14) (in Dutch).
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ECI157

4000Mcfs
24000Mcfs S

Fig. 21. The EC 157 used as an anode-bend detector for
strong signals in millimetre radar. The IF amplifier 4 is a
travelling-wave tube, which supplies a signal of about 1 W
at 4000 Mc/s to the triode detector Det. The detector output
signal is strong enough, at the required bandwidth, to
drive the cathode-ray tube P directly, i.e. without video
amplification. Ant antenna. M mixer. LO local oscillator
(24 000 Mc/s).

the cathode-ray tube directly. This arrangement is
shown schematically in fig. 21.

An ordinary amplifier block can be used for such .
a detector; the top cover is removed and also the
inner conductor and plunger, in order to minimize
stray capacitances. The circuit used is shown in
fig. 22. The tube is biased by a fixed positive

—P

10nF

\
N

27

Fig. 22. Arrangement of EC 157 as anode-bend detector at
4000 Mc/s in a slightly modified amplifier-block: The tube is
biased to cut-off by a fixed voltage of +7 V on the cathode.
The cathode-ray tube is connected at P (see fig. 21).
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Fig. 23. Detection characteristic of the EC 157 used as an
anode-bend detector in the arrangement shown in fig. 21: the
video voltage Eyiq on the anode is plotted as a function of the
IF power P; at the input.

v
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potential of 7V on the cathode, which corresponds
roughly to the cut-off point. Fig. 23 shows the video
voltage on the anode as a function of the IF power

-~ at the 1nput

'

Summary. Because of such features as simplicity, favourable
phase characteristics and large product of gain and bandwidth,
disc-seal triodes for centimetre waves are suitable and attrac-
tive for many and various applications, especially in microwave
radio links. Tabulated details are given of the microwave
triodes developed or in development at Philips, and their uses

~ are discussed as amplifiers, frequency multipliers, local oscil-

lators of extremely' stable frequency (4000 and 6000 Mc/s),
mixers, limiters, amplitude and frequency modulators and
h1gh-level detectors for millimetre radar.
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2736: W. Kwestroo and H. A. M. Paping: The
systems Ba0-SrO-TiO,, BaO-CaO-TiO0, and
Sr0-Ca0-TiO, (J. Amer. Ceram. Soc. 42,
292-299, 1959, No. 6).

The solid phases formed at 1400 °C in air in the
three-component systems Ba0-SrO-TiO,, Ba0O-CaO-
TiO, and Sr0-Ca0O-TiO, are described. Besides solid
solutions of components with known structures,
some new ternary compounds have been studied.
The dielectric constants and loss factors of a number
of specimens are given. Crystallographic data of the
compounds BaCaTiO,, Ba;Ca,Ti,04 and Ca;Ti,0,
and of the solid solution series (Ba,Sr),TiO, are

presented. The preparation of the new compounds
is described in detail.

2737: K. van Duuren, A. J. M. Jaspers and J.
Hermsen: G-M counters (Nucleonics 17,
No. 6, 86-94, 1959).

The article describes some modern designs of
Geiger-Miiller tubes. Diversity of design provides
G-M tubes for many uses: hollow anodes for 4n
and liquid-flow counting, compact coincidence units
and integrator tubes for inexpensive, reliable moni-
tors and alarm devices.
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A HIGH-SPEED SCANNING RADAR ANTENNA

by F. VALSTER.

621.396.677.7:621.396.965.

The considerable mass of conventional radar antennae and the wind forces acting on their
large surface arca, are a hindrance to the rapid scanning desirable for certain purposes. In
the design discussed below, based on a principle due to Rinchart, only one small part of the
antenna system rotates, making it possible to achieve very high speeds of revolution.

In plan-position radar it is frequently desirable
to have a rapidly rotating heam. With conventional
antenna constructions, however, this meets with
difficulties due to the high moment of inertia of
the rotating mass, which consists of a primary
radiator (dipole or horn) combined with a reflector
or lens. Further difficulties are occasioned by the
varying wind forces on the large revolving sur-
faces.

Attempts have therefore been madc to design
radar antenna which dispense with the need for
large rotating systems. The various methods devised
to overcome this problem are all based on the Lune-
burg lens, which we shall presently discuss. An
experimental antenna of this kind has also been
built at Philips, with the object of studying the
effect of the scanning speed on the radar picture.

In the following we shall first discuss some
theoretical considerations relating to the speed
of revolution of a radar beam, after which we shall
describe the design of the present antenna and
some results achieved.

Reasons for a high scanning speeﬂ

A high scanning speed in radar may be desirable
for two reasons: firstly, to obtain a clear display of
fast-moving objects, and secondly, for the sake of
a bright radar picture. We shall examine these
reasons in more detail.

Clear display of fast-moving objects

If the beam rotates slowly, a fast-moving object

travels so far in the time taken by the antenna to
complete one revolution that the radar echo on the
P.P.I. screen is seen to move in a series of jumps. A
jerky echo is difficult to distinguish from the irre-
gular brightness variations due to noise, which are
always present on the screem, and is also difficult
to follow if there are a lot of permanent echoes. The
latter was the case, for example, with one of our
short-range radar sets, where the echoes of cars
moving along a street were very hard to follow be-
tween the numerous permanent echoes from the
street itself.

The optimum speed of revolution depends on the -
speed v of the observed object, on the radius R
of the area covered on the radar screen, and on the
radius r of the screen (possibly also on the diameter
of the luminous spot). If d be the distance over
which the echo of the object moves during one
revolution of the beam and N the speed of revolu-
tion, the following relation holds:

rv

N=_2
R d

e ()

The maximum value of d at which the irregular
displacement of the echo is not yet troublesome is
about 0.25 mm. If the screen has the usual diameter
of 30 ¢m, it follows from (1) that:

N=61Rr;p.s., R 3]

where R is expressed in km and v in km/h. This

~
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relation is shown graphically in fig. 1 for various

values of R. _ .

2557
20

N
15]

10

| !
500 km[h

1
400

—_V 1584

Fig. 1. The speed-of revolution IV of the beam for which the
echo on a radar screen of 30 cm diameter moves 0.25 mm per
revolution, is plotted as a function of the speed v of the object,
for various values of the radius R of the area covered. -

Brigl.n radar picture

In some cases the radar picture is required to be
bright enough to make it unnecessary to darken the
room. Phosphors giving this brightness — and which
are used in television picture tubes, for example —
have a very short afterglow, however, and there-
fore the radar pattern must be traced many more
times per second, i.e. fast scanning is necessary.
The use of a television picture tube for radar would
call for a minimum scanning speed of 20 r.p.s.

Operational consequences of high scanning speeds

A high scanning speed is not without its effects
on the operation of the radar system. The faster
the beam is rotated the more pulses must strike the
objects per second if weak echoes are to be clearly
distinguished from random noise fluctuations.
In other words, a high scanning speed implies a
high pulse-repetition frequency, and this involves
difficulties with the modulator. Moreover, a high
pulse repetition frequency f limits the radius R of
the area covered, since a fresh pulse must not be sent
out before the echioes of the last pulse have been
received from objects at a distance R. This restricts
the radius R to ¢/2f, where ¢ is the speed of light.

'The Luneburg: lens

Scanning speeds of, say, 10 r.p.s. for small radar
sets and 1 1.p.s. for large installations are evidently
impracticable with conventional antenna systems —
quite apart from the high power they would entail
for the drive.

The solution of this problem is to be found — in
principle at‘least — in a lens possessing rotational
symmetry and which focusses the energy emitted
by the primary radiator into the required beam.
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All that need then revolve (around the lens) is the
primary radiator. _

A familiar example of such a lens is the Lune-
burg lens !). This is spherical in shape and its re-
fractive index n depends only on the distance r to
the centre point, according to the following function:

n(r) = l/Z —-(—)2 for r=a

r
a )
n(ry=1

(3)

for r=a

where a is the radius of the lens. The refractive index
thus changes continuously from }2 in the centre
of the lens to 1 at the surface (r = a). A property
of this lens is that every point O of its surface is
imaged at infinity in the direction diametrically
opposed to O (fig. 2). Rays entering the lens from O
thus emerge as a parallel beam.’

1

-

1585

Fig. 2. The Luneburg lens has the property that every point O
on its surface is imaged at infinity in the direction diamet-
rically opposite to O.:

A lens having a refractive index in accordance
with (3) is obviously very difficult to make and, as
far as we know, never has been made. The difficulty
can be circumvented, however, with a two-dimen-
sional analogue of the lens (i.e. one which forms
a beam in one plane) such as described by Rine-
hart 2) and later calculated as one of a family of
lenses of revolution by Toralda di Francia 3). Our
lens, too, is an analogue of this type.

Let us take another look at fig. 2. In order to
produce plane wave fronts I (perpendicular to the
projection of the radius OM) from the spherical
wave fronts issuing from O, the rays from O to the

1) R.K. Luneburg, Mathematical theory of optics, Brown
University Press, Providence (Rhode Island, U.S.A.) 1944,
p. 213,

2) R. F. Rinehart, A solution of the problem of rapid scan-
ning for radar antennae, J. appl. Phys. 19, 860-862, 1948.
J. S. Hollis and M. W. Long, A Luneburg lens scanning
system, Trans. Inst. Radio Engrs. AP-5,21-25, 1957 (No. 1).
For another solution, see G. D. M. Peeler and D. H. Archer,
A two-dimensional microwave Luneburg lens, Trans.
Inst. Radio Engrs. AP-1, 12-23, 1953 (No. 1).

3) G. Toralda di Francia, A family of perfect configuration
lenses of revolution, Optica Acta 1, 157-163, 1954/55.
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straight line ! must all, according to geometrical
optics, have the same optical length. This is the
case in the Luneburg lens, the rays passing through
a medium of higher refractive index the shorter
their geometrical length. The rays OP, OQ and OR
thus have the same optical length, in other words

the optical length
!

‘/'nds

/]

is independent of the path followed.

Paths of equal optical length between the point
O and the line [ are also produced if the rays can be
given equal geometrical length and made to pass
entirely through a medium with n = 1; in that case
a medium with a refractive index varying accor-
ding to (3) is not necessary. Thus, instead of letting
the rays 0Q and OR, for example, travel partly
through an optically denser medium than OP, we let
each of them make a detour such that OQ and OR
get the same geometrical length as OP. If n=1
along all rays, they have the same optical as well
as the same geometrical length, and thcrefore I
again forms a wave front. This is only possible, how-
ever, for beaming in two dimensions, the third
dimension being required for the detour.

Form of the antenna

In the foregoing we have tacitly assumed that the
energy can indeed be propagated along a curved
surface. Assuming that this is possible (we shall
return to this presently), we see that the lens from
which we started becomes a sort of waveguide,
which has the special property of converting cir-
cular wave fronts from a point source into linear
wave fronts and has the advantage above the lens
that it does not require a medium of varying
refractive index.

The surface of the waveguide must meet the fol-
lowing requirements:

a) It must possess rotational symmetry.
b) All geodesics from a point on the circumference
must have the same length from that point to

a straight line perpendicular to the projection

of the radius vector of the point; we can regard

this line as the aperture of the antenna.

(A geodesic is the shortest superficial line between

two points on any specified surface, and, accord-

ing to Fermat’s principle of least-time, this is
the path along which the energy will propagate
between those two points.)

The surfaces that satisfy these conditions can be
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found by the methods of differential geometry. Fig.3a
gives a sketch of such a surface, and fig. 3b a meridian
cross-section of the surface. The equation for the
meridian curve is expressed most simply by the
coordinates ¢ and s, where o is the direct distance

Fig. 3. @) In the hat-shaped surface illustrated, all geodesics
g connecting the point O to the straight line I (perpendicular
to OM) are of equal length. The surface also possesses rotational
symmetry. :
b) Meridian cross-section of the surface shown in (a).

from a point P to the axis of symmeiry, and s is
its distance along the meridian curve to the point
A (fig. 3b). The equation is then (see the article by
Rinehart, footnote 2)):

s(0) = (o0 + @ arc sin g/a) for 0 < p < a. 4y

For ¢ > a the surface defined by (4) gives way to a
contiguous horizontal edge.

A model demonstrating the generation of the surface

Before going into the practical version of the
antenna we shall discuss a model which demonstrates
how a surface fulfilling the above-mcntioned con-
ditions can be generated. This model also helps to-
elucidate the points discussed above.

Fig. 4a shows a rectangular board 1 in which a
circular hole is cut, of radius a. Fitted in this hole
is an inflatable balloon 2. A number of cords 3,
of equal length, are knotted together at one side,
and the knot is fixed to a point O on the circum-
ference of the hole. The free ends are then secured
to the board in such a way that they lie on a straight
line [ which is perpendicular to the radius vector of’
point O (while this is done the balloon is not yet
inflated and the cords are still slack). Fitted around
the hole is a ring 4, mounted in such a way that the
cords can slide freely under it and at the same time:
are made to pass along the board from the balloon.
to the straight line L

When the balloon is inflated, the cords are ten-
sioned, and they slip into positions over the sur-
face of the balloon such as to allow the balloon to.
expand as much as possible; in other words, each
delineates its shortest path (the geodesic path)
over the balloon. When this state has been reached,




32 PHILIPS TECHNICAL REVIEW

the balloon and the board together form a surface
on which all geodesics from the point O to the straight
line I are of equal length.

The circular hole by itself is insufficient to guaran-
tee that the surface thus produced will possess
rotational symmetry. To make it fulfil this con-
dition, more than simply the one set of cords issuing
from point Ois required; other sets must be applied
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surface. In order to compel the energy to propagate
along the required lens surface, we use two metal
plates which have virtually the same form as this
surface, but are separated from it at either side by a
distance d (measured perpendicular to the surface).
If we again choose the distance 2d between the plates
smaller than 14, the deviation in our curved wave-

guide from the mode of vibration occurring in

a

b

Fig. 4. «) A model illustrating the generation of a surface on which all geodesics hetween a
point O and a straight line [ (perpendicular to the radius vector of 0) are of equal tength.
1 board with circular hole. 2 inflated balloon. 3 cords passing partly over the balloon and
partly along the board, and which all have the same length from the point O to the straight
line I. 4 ring, under which the cords pass freely and which holds the cords to the board sur-

face between the balloon periphery and line /.

b) Three seis of cords are used here, producing a surface that better approaches rotational

symmetry.

at peints distributed around the circumference of

the hole. Fig. 4b shows an arrangement using three

sets of cords.

Construction of the antenna

We have still been working on the assumption
that the energy can be propagated along a curved
surface such as that in fig. 3. We shall now consider
how this can be achieved, in other words, how a
curved waveguide with the required profile can be
constructed.

We shall consider first the familiar case of wave
propagation between two parallel, flat plates of a
material that is a good conductor. If we choose the
distance 2d between the plates smaller than 14,
where 1 represents the wavelength in free space,
the encrgy has only one possible mode of propa-
gation, viz. the TEM mode, in which the electrical
field strength is perpendicular to the plates, and the
velocity of propagation is equal to that in free space
(n = 1, which is what we wanted).

We now apply the same principle to the curved

the flat
of curvature is evervwhere large in relation to 2.

case is negligible, provided the radius

This condition is easily fulfilled.

The question now is how the two metal plates
can be given the correct shape. The first step is to
caleulate exactly the meridian curve of the geo-
metrical surface possessing the above-mentioned
properties (rotational symmetry, geodesics of equal
length). For this purpose it is convenient to change
from the coordinates g and s in eq. (4) to rectan-
gular coordinates. On the outside of the meridian
thus found we now construct the curve that remains
a constant distance d away from it (perpendicular
to the meridian), and on the inside a curve which
remains a constant distance d + ¢ therefrom, ¢
being the thickness of the sheet metal to be used,
e.g. 1.5 mm. The curves produced are then the
meridians (profiles) of the two dies in which two
sheet metal plates can be forced into the correct
shape (fig. 5).

To achieve reasonable accuracy with this graphic
construction of the die profiles (deviation from the
ideal profile nowhere more than e.g. 1%, of the diam-
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cter 2a) it is necessary to use meridian curves
several times larger than the required dies. From
a number of points on this enlarged meridian we

then draw perpendiculars to the curve, and mark

1587

Fig. 5. Curve 0 is the calculated meridian curve of the geo-
metrical surface possessing the required properties. Curves I
and 2, at a distance d (< }1) at either side of 0, are meridians
of the metal surfaces 1o be made. Curve 3 lies at a further
distance 9, equal to the thickness of the sheet metal used.
I and 3 are the meridians of the jigs in which the metal sheet-
ing will be stamped into the appropriate shape. (For clarity,
the distances d and 9 are exaggeraled in comparison with the
other dimensions.)

on each a distance d on the one side and a distance
d + 0 on the other. In this way we find the profiles
of the dies. The coordinates of these profiles can
also be computed by carrying out the above process
analytically. This involves complicated caleulations,
which, without the help of an clectronic computer,
would be far too time-consuming .

The two plates, shaped like hats, can be seen in
Jig. 6; the upper plate is marked with geodesics and
wave fronts.
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Further constructional details are illustrated
schematically in fig 7. The two aluminium “hats”
are kept at the right separation 2d by spacer blocks
of “Polyfoam™, a material whose dielectric con-
stant differs very little from unity and thus hehaves
almost like air for the purposes of wave propaga-
tion. The brims of the two hats are not flat and
parallel, but slightly tapered, giving a certain beam-
ing effect in the vertical plane.

The whole assembly is supported from below by
a central bushing 8 and from above by a tubular
structure ( fig. 8a and b). The rectangular waveguide

4 (fig. 7) isrotated by a small motor; the mouth of the

| 1588

Fig. 7. Cross-section of the antenna system. I and 2 are the
two hat-shaped plates, with spacers 3 of “Polvioam”. 4
rotating waveguide. 5 wedge-shaped block, preventing hack
radiation. 6 rotary joint between the rotating waveguide 4
and the fixed waveguide 7, which connects the system to the
transmitter and receiver. 8 bushing supporting the consiruc-
tion.

waveguide constitutes the point source and re-
volves in the gap between the brims of the two hats.

The fixed waveguide 7 connects the waveguide 4

1508

Fig. 6. The two hat-shaped surfaces, made from sheet aluminium. Geodesics and wave

fronts are drawn on the upper surface.
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Fig. 8. @) Mounting of the antenna on the housing containing
the radar transmitter and receiver.
b) Close-up view of antenna.

to the radar transmitter and receiver via the rotary
coupling 6. Back radiation is prevented by a wedge-
shaped block 5 lixed around the mouth of wave-
guide 4. It consists partly of aluminium with one or
more grooves one uarter wavelength deep, fune-
tioning as a “choke”, and partly of graphite-
filled “Philite”, which absorbs any residual radia-
tion.

Performance

The antenna shown in fig. 8 forms part of an
experimental radar installation operating on a
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wavelength of 1.25 cm. The pulses have a duration
of 1/30 us and a repetition frequency of 12 500 c/s.
The diameter of the antenna (i.e. without the brim)
is 50 ¢m; the distance 2d between the two “hats™ is
0.5 cm, i.e. smaller than }A.

The directional pattern in the horizontal plane
shows a main lobe whose beam width &} between
the 3 dB directions, according to a rule of thumb,
should be 4/D radians (D is the length of the antenna,
in this case the length 2a of the antenna aperture);
this rule of thumb, then, gives @y = 1.25/50 radians
— 1.43°, Since the hats show slight deviations from
rotational symmetry, the directional pattern was
found in fact to be somewhat dependent on the
position of the energy feed. The average value of
Oy, was found by experiment to be 1.5°, which is
thus in good agreement with the expected result.

The size of the side lobes depends on the radiation
pattern of the primary radiator, which determines
the amplitude distribution of the field in the antenna
aperture. With the design chosen the level of the
largest side lobes proved to be 18 dB below that of
the main lobe, which is a sufficient difference for
the purpose in view.

Fig. 9. Experimental radar installation with fast-scanning
antenna system of the type described, on the roof of Philips
Research Laboratories at Eindhoven.




1960/61, No. 2

The angle between the tapered brims of the hats
is so chosen as to give the beam in the vertical plane
an angular width @, ~ 25°.

The scanning speed of the antenna is variable
up to a maximum of 10 revolutions per second. At
the maximum speed the motor draws a power of

only 200 W.

RADAR ANTENNA . ' 35

The radar system (fig. 9) using this antenna
gives a display of an area in which streets with
fairly heavy traffic can be seen. When the beam
rotates at 10 r.p.s. the moving vehicles are indeed
much more clearly distinguishable between the
numerous permanent echoes than when the beam
is rotated at the more usual speed of 1 or 2 r.p.s.

Summary. A high scanning speed (e.g. 10 r.p.s.) is desirable
in plan-position radar when 1) the echo of fast-moving objects
is to be followed clearly against a background of noise and
numerous permanent echoes and 2) when a very bright radar
picture is wanted, which is only realizable with short-per-
sistence screens. Conventional radar antennae are not adapted
to high-speed scanning. A rapidly revolving beam is obtain-
able, however, by using an analogue of the two-dimensional
Luneburg lens, as described by Rinehart. This analogue is
based on a geometrical property of a rotationally-symmetric
hat-shaped surface whereby circular wave fronts in a given
plane emanating from a point source are converted into linear
wave fronts. The practical form of this idea consists of two

metallic “hats”’, situated at a distance of less than one quarter
wavelength on either side of the surface in question. The two
hats constitute a'waveguide. The point source is the mouth
of a rectangular waveguide which revolves in the gap between
the two brims; at the opposite side the radiation emerges in
the form of a narrow beam. Some constructional details of an
antenna of this type are given. In one version, for a wave-
length of 1.25 cm, the main lobe has an average 3 dB beam
width in the horizontal plane of 1.5°, and in the vertical plane
of about 25°. A motor power of 200 W is sufficient for a speed
of revolution of 10 r.p.s. The expectation that fast-moving
objects are better observable at this speed than at e.g.
1 r.p.s., is confirmed. .
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In October 1959, [Professor
Dr. Balthasar van der Pol died
at Wassenaar at the age of 70.
In the years from 1922 to 1949,
during which he acquired inter-
national repute in the field of
radio science and engineering,
he directed the work done in that
field in Philips Research Labo-
ratory at Eindhoven. In the
same period he also played a
prominent part in international
organizational  activities con-
cerned with radio communica-
tions. Afier his retirement from
industry he continued in these
activities, principally as Director
of the C.C.I.R. (Comité Consul-
tatif International des Radio-
communications) at Geneva, an
office he held until a few years
before his death. Amongst the
numerous distinctions conferred
upon him were the Medal of
Honor of the Institute of Radio
Engineers, of which he was for
some time vice-president, the
Valdemar Poulsen Gold Medal,
several honorary doctorates, and
the honorary presidency of ihe
U.R.S.I. (Union Radio Scien-
tifique Internationale).

The
appeared in journals both in
the Netherlands
were obviously unable to go fur

obitwary notices that

and  abroad

into the details of his scientific work. It gives the editors pleasure io be able to publish here « more comprehensive appreciation,

written by Prof. Bremmer, one of Van der Pol’s former and closest colluborators and probably the most familiar with his work. In

onr view such an appreciation is a fitting way of paying tribute to the memory of this remarkable man, and at the same time it

gives the reader « glimpse of many important aspects of the evolution of radio science.

The title photograph shows Van der Pol (right) in conversation witl Prof. Holst, the founder and first director of this luboratory.

THE SCIENTIFIC WORK OF BALTHASAR VAN DER POL

by H. BREMMER.

In this article we shall try to review the many-
sided scientific work done by the late Prof. Dr.
Balthasar van der Pol, former member of the Philips
Research Laboratories, Eindhoven, who died on the
0th October 1959. His numerous investigations
were concerned primarily with problems of radio
science and associated fields. The international name
he soon acquired was due no doubt in the first place

538.56.001.5:621.37.001.5

to his pioneering work on the propagation of radie
waves and on non-linear oscillations. We shall sce
later how his study of these subjects led him to
take an interest in many other problems, including
problems of pure mathematics.

Van der Pol was one of those rare men who are
equally at home in physics, engineering and mathe-
matics. This enabled him to deal personally with
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the theoretical-mathematical treatment of tech-
nical problems, and also to meet professional mathe-
maticians on their own ground and persuade them
of the importance of a rigorous mathematical
approach to such problems. He saw how dlfﬁcult
it often is to bring together the practitioners in
these three fields. His success in this respect was a
valuable facet of his life’s work.

As a mathematician, Van der Pol showed a strong

preference for heuristic methods, by which, along
partly intuitive lines, results are readily arrived
at that can only be verified later. To this extent
he resembled Heaviside. This brilliant man, who
lived from 1850 to 1925, used mathematical methods
which proved to be very fruitful, but generally left
it to others to demonstrate their validity. Heaviside
was nevertheless the first to get to the bottom of
such technical problems as the role of inductances
in long-distance telephone cables. Van der Pol was
a great admirer of this self-made scientific genius,
as testified by his inaugural address on 8th December
1938 as extra-mural professor at Delft 1). The address
was entirely devoted to Heaviside, and underlined
the significance of his work at a time when the
application of Maxwell’s equations was not yet a
‘commonplace. The following sentence from Van der
Pol’s address will serve to illustrate the part played
by Heaviside in the development of electrotech-
nical concepts that are now thoroughly familiar:

“Electrotechnology and physms are also indebted

to Heaviside for the concept and the word

“impedance”, not merely as understood in pre-

sent-day alternating-current theory, but in a very

much wider sense which includes on-off switching
effects, a form which even today has still not
been dealt with exhaustively.”

In all his work Van der Pol owed much to the
inspiration of Heaviside. This appears directly from
his preoccupation with the methods of operational
calculus, which were created by Heaviside for
application to electrical networks. No one has
explained better than Van der Pol the merits of
operator methods. In particular he demonstrated
their value for the discovery of numerous relations
in widely diverse fields of mathematics. In one
respect, however, there was a marked constrast
between Heaviside and Van der Pol. The former
suffered all his life from the difficulty of getting his
ideas accepted, not least because of the almost
illegible form of his writings. The latter’s publi-
cations, on the other hand, were models of careful
exposition and clarity of thought.

1) B. van der Pol, Oliver Heaviside (1850-1925), Ned. T.
Natuurk. 5, 269-285, 1938.
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Van der Pol’s lucidity was also much in evidence
in the lectures he gave and in the innumerable
meetings and discussions over which he presided.
In this connection, mention must be made of his
considerable talents as an organizer. The ease with
which he could present a matter, and his complete
familiarity with the whole field of radio, soon made
him a leading figure in international organizations
concerned with radio science and engineering,
espec1ally in the U.R.SJ. and the C.C.I.R. It
was no surprise when, after retiring from Philips
Research Laboratory, he was invited to be the first
director of the C.C.I.R. upon the establishment of
its permanent secretariat. In the time that he held
this office (from 1949 to 1956) he worked with
devotion to ensure that justice was done to pure
scientific research in the advice issued on the pre-
paration of technical regulations for international
radio communications. It is scarcely believable
that, with all his activities on international com-
mittees, he should still have found the time for
abstract investigations. He succeeded in this only

‘because his zest for work was quite out of the or-

dinary, and remained with him to the end of his life.

Van der Pol maintained that only a few great men
have had a decisive bearing on the development
of physics. He used to say that, faced with the enor-
mous number of scientific investigations, it was
easy to forget that the really fundamental work is
contained in a mere handful of publications. He
himself was therefore strongly drawn towards per-
sonal contact with the leading figures in the world
of science. In that respect he was fortunate at the
very beginning of his career. After taking his degree
cum laude at Utrecht in 1916, he did experimental
research in England until 1919. At first he worked
in London under Fleming, the man who, in 1904,
was granted the first patent on a diode. There fol-
lowed a period of two years at Cambridge, where
he worked under Sir J. J. Thomson. On his return
to the Netherlands he was attached for three years
to the Teyler Foundation at Haarlem, where he
worked under Lorentz. Thus, Van der Pol was in
close association.with two scientists, one of whom
he himself wittily described as the “discoverer’”
of the electron (in 1897 Thomson had determined
the ratio e/m from electron orbits in a combined
electrical and magnetic field) and the other as the
“inventor” of the electron (in 1896 Lorentz had.
calculated e/m from the Zeeman effect). In the years
that followed, Van der Pol was in close contact with.

other distinguished scientists, including Appleton, -

who was awarded the Nobel prize in 1947 for his
pioneering research on the ionosphere.

’
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Propagation of radio waves

In England Van der Pol soon came up against a
problem which was to remain one of his great life-
long interests. We refer to the effect of the earth on
the propagation of radio waves. In 1909 Sommer-
feld 2) had put forward a theory which explained
the observed phenomena on the assumption that the
earth’s surface could be regarded as flat. As early
as 1901, however, Marconi had succeeded in sending
radio signals across the Atlantic Ocean. In 1915,
after experience had been gained in the use of un-
damped waves, it had even proved possible to
establish telephonic communication by radio across
the Atlantic. It was evident that the curvature of
the earth must have some effect on the propagation
of the waves, because linear propagation straight
through the highly absorbent earth would attenuate
the signal beyond possibility of detection. It was
conceivable that, as a result of diffraction, the waves
might follow the surface of the earth far beyond the
horizon as optically observed from the transmitting
aerial. The existing theory on this idea was criti-
cized by Poincaré, who showed in 1910 %) that, in the
case of diffraction, the field over great distances
must decrease proportionally to exp (—pBD[A}),
where 1 is the wavelength and D the distance from
the transmitter to the receiver measured over the
carth’s surface. Unfortunately, it was not at that
time possible to test this theory, since there was no
vay of deriving a reliable numerical value for the
constant f.

This was roughly the situation when Van der Pol
first came into touch with the propagation problem.
Unless the value of B was extremely small, the field
upon diffraction would be so strongly attenuated
that there could only be one other explanation for
the long range of the radio waves: the presence
of the ionosphere. The existance of conducting
layers at high altitudes in the atmosphere, known
as the ionosphere, was postulated in 1902 by Ken-
nelly and Heaviside to account for the propagation
of waves over great distances. The radio waves would
then follow a zig-zag path, being reflected succes-
sively from the ionosphere and from the surface of
the earth.

The mathematical difficulties of the pure dif-
fraction problem, assuming the absence of the
icnosphere, were bound up with the numerous
Bessel functions occurring in the solution. This
induced Van der Pol to encourage the mathema-
tician Watson to study this problem, at a time when

2) A. Sommerfeld, Ann. Physik 28, 665, 1909.
3) H. Poincaré, Jahrb. drahtl. Telegr. Teleph. 3, 445, 1910.
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the latter was wdrkin.g on his well-known book on
Bessel functions, which appeared in 1922, Watson’s
results, which were published in 1918 ¢), proved
beyond doubt that the value of § was too large
(it would be 0.00376 km-% if the earth were a per-
fect conductor and the atmosphere completely
homogeneous) to explain the long range of radio
waves without invoking the help of the ionos‘phere.
The implications of Watson’s calculations were
discussed by Van der Pol in a paper published in
1919 9). . L

This did not mean, however, that further study
of the pure diffraction problem, leaving the iono-
sphere out of account, was no longer necessary.
In the first place the wave propagated along the
earth, the “ground wave”, makes an important
contribution - over short distances, particularly
during the day, compared with the contribution
from the “sky wave” which is propagated via the
ionosphere. Moreover, the ionosphere has little
effect on the extremely short waves used in tele-
vision, frequency-modulated transmissions and
radar. The further study of the ground wave was
therefore still of importance. In cooperation with
K. F. Niessen, Van der Pol elaborated on Sommer-
feld’s theory %), which could still be used for short
distances, and made a special study of the influence
of the height of the transmitting and receiving
aerials above the ground. In later years the ground-
wave theory was worked out by Van der Pol and
the present author for distances at which the earth’s
curvature plays an essential part 7). A mathematical
method was developed for computing the fields
of the ground wave for all topographical conditions.
It was found that, even in the case of very short
waves, the decrease of the field strength beyond
the transmitter horizon was very much more gradual
than had formerly been thought. This is illustrated
in fig. 1, where the ratio of the actual field strength
E on the earth’s surface to the field strength E;
in free space is plotted as a function of the distance
from transmitter to receiver for a given case, viz.
a transmitter at a height of 100 metres above the
earth’s surface and surface conditions corresponding
to dry ground. The various curves show this ratio
for four different wavelengths (differing succes-
sively from the other by a factor of 10) and for
the limiting case 4 — 0. A distinct shadow effect,
whereby the field strength is reduced by a factor

4) G. N. Watson, Proc. Roy. Soc. A 95, 83, 1918.

%) B. van der Pol, Phil. Mag. 38, 365, 1919.

6) B. van der Pol and K. F. Niessen, T. Ned. Radiogen. 7,
1, 1935.

7) B. van der Pol and H. Bremmer, Phil. Mag. 24, 141 and
825, 1937.
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of at least 4 within a distancé of 5 km heyond the
horizon, does not appear until the wavelength has
dropped to about 7 mm.

The numerical results of the ground-wave pro-
pagation theory are of particular importance at
wavelengths smaller than about 10 m, in which case
the heights of the transmitting and receiving aerials
above the earth’s surface have a considerable
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The rigorous theory on which such data are ‘
based is applicable to all problems of waves meeting
a spherical obstacle. This situation also arises when
light rays refracted in spherical drops of water
give rise to rainbow effects. These considerations
accordingly led to a new treatment of the rainbow
in terms of wave theory 7) *). '

We shall now return to those cases in which the
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Fig. 1. Attenuation of a radio wave propagated along the curved surface of the earth
(ground wave) for various wavelengths 2, calculated for dry ground and transmitter height
h, = 100 m, recciver height h, = 0 m. The ratio of the field strength E on the earth to the
field strength Ep; at the same distance in free space is plotted as a function of the distance
D. A distinct shadow effect at the optical horizon (in this case at D = 35.7 km) appears

only in the case of millimetre waves.

nfluence. During Van der Pol’s term of office with
the C.C.LR. a wide programme of computations
was decided upon in order to get numerical data
on ground-wave propagation, including the effect
of refraction in the lowest layer of the atmosphere.
The results were published in the form of graphs 8),
an example of which is shown in fig. 2; this refers
to a wavelength of 5 m, again for representative
ground conditions (conductivity of 0.01 mho/m
and a relative dielectric constant of 10). The graph
indicates, for example, the extent to which the
field increases with increasing height h, of the
receiver for a fixed transmitter height h, of 10 m.
The results are the same if the transmitter and
receiver heights are interchanged.

8) Atlas of ground-wave propagation curves for frequencies
between 30 Mc/s and 300 Mc/s, C.C.L.R. Resolution No. 11,
Geneva 1955.

sky wave conducted via the ionosphere is more
important than the ground wave. As shown by
‘Watson’s calculations, mentioned above, this is the
normal state in short-wave transmissions over great
distances. The important role played by the iono-
sphere, established beyond all doubt by Watson’s
results, was later emphasized by Van der Pol in
the following sentence from his above-mentioned
inaugural speech:
“You know of that conductive layer, high in
the atmosphere, which makes radio communi-
cation over long distances possible, and whose
existence is just as important to radio tech-
nology as the existence of iron in the earth is to
electrical engineering as a whole™.

*

~

Editorial note: By coincidence, a part of this wave treatment
of the rainbow is to be seen scribbled on the blackboard
in the title photograph.
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Although the existence of the ionosphere was not
definitely established until 1925, when direct re-
flection measurements placed it beyond all doubt,
Eccles and Larmor had worked out a theory as
early as 1912 for wave propagation through a con-
ductive gas, which could be immediately applied
to the ionosphere. It was found that a conductive
gas behaves formally like a medium possessing a

100
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time an apparent dielectric constant smaller than
unity. This represented experimental confirmation
of the now generally accepted propagation mecha-
nism for radio waves that are refracted in the iono-
sphere. This" whole subject was clearly dealt with
in Van der Pol’s thesis in 1920, entitled “The in-
fluence of an ionized gas on the propagation of
electromagnetic waves, and its applications in the
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Fig. 2. Vertical component of the field strength of the ground wave (in dB and in ©V/m)
of a transmitter at height /2, = 10 m, computed for various distances D and receiver heights
h,, for 2 = 5 m and over slightly moist ground. The dashed curve would be obtained in the
absence of the carth. The point on each curve indicates the horizon distance when the
line connecting the transmitter and receiver touches the carth.

certain conductivity and a relative dielectric con-
stant smaller than unity. This means that the phase
velocity of radio waves in the ionosphere exceeds
the speed of light ¢ in a vacuum. However, the
corresponding propagation velocity of disconti-
nuities (group velocity) is smaller than ¢, as it
must be to accord with the principles of the theory
of relativity. By means of resonance measurements
on lecher lines, Van der Pol determined, during his
period in the Cavendish Laboratory at Cambridge,
the conductivity and dielectric constant of the
plasma in glow - discharges; these experiments
closely simulated the conditions in the ionosphere.
After experimental difficulties had been overcome,
it was possible in this way to measure for the first

field of wireless telegraphy and in measurements
on glow discharges”.

Non-linear circuits: relaxation oscillations

We shall now consider another field of research in
which Van der Pol was particularly active, that of
non-linéar oscillations. It was understandable that
in the ’twenties his attention should be drawn to
this subject, since the advances already made in the
application of triode circuits made necessary a
deeper understanding of oscillation phenomena in
order to round off the theory and to discern further
possibilities. The simple linear theory of oscillatory
effects is arrived at when the i,-v, characteristic
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of the triode (anode current versus grid voltage) is
approximated by a straight line. The unsatisfactory
point is that the amplitude of the excited oscillations
then remains undetermined. The limitation of the
amplitude is due to the decrease of the slope of the
characteristic at either side of the operating point.

Fig. 3. Circuit for investigating oscillations of a triode circuit,
in particular for studying the limitation of the amphtude
(leading to Van der Pol’s differential equation).

Fig. 3 shows a representative circuit for investigat-
ing these effects, in which M is the mutual in-
ductance between the grid circuit and the LC circuit
(with shunt resistance R) in the anode lead. We
take the triode characteristic to be given by:

i, = D(v,

.....

+ g’vg)a

where g is the amplification factor of the triode.
The non-linear function @ of the variable u =

neighbourhood of the point u = E,:
_Ea
h

S

D(u) = B(E,) + (“

+ 8 (2)

The coefficients are normalized by the introduction
of the parameter k = g(M/L) — 1. This circuit leads
to the following differential equation for the time
variation of the voltage v (see figure):

d%
dt2

+3(——a>+2ﬁv+3yv2+... %%’+

+—-v=0. (3)

=

Van der Pol showed in the first place that the
coefficient f, which determines the first non-linear
term of the characteristic, so important for detec-
tion, does not in itself establish a finite value of the
amplitude. The effect of this term will merely be
to cause the angular frequency of the LC circuit to
differ slightly from its value (LC)-* in the linear

va + gvg can be represented by a Taylor series in the -
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theory. The term with the coefficient y is the first
term to influence the amplitude. The following
terms determine less essential propertiés. For
example the fifth-order term in (2) is necessary in -
order to understand certain hysteresis effects, also
studied by Van der Pol ?). In his amplitude inves-
tigations he therefore confined himself mainly to
study the influence of the y term, taking f = 0.
By neglecting all higher terms in the expansion of
the characteristic, eq. (2), he obtained from (3)
a differential equation which, after introducing
reduced variables both for the voltage v and the
time ¢, assumed the form:

where ¢ = VL/C (a— 1/R).

This differential equation is known as “Van der
Pol’s equation”. Initial investigation of this equation
for small values of the dimensionless parameter ¢
showed that the solution, after a preliminary
“time” x, of the order of 1/e, approximates to a
normal sinusoidal oscillation of amplitude equal
t0 2. Van der Pol wondered what the corresponding
solution would look like for larger values of &, at
least of the order of unity. The mathematical dif-
ficulties involved led him to apply a graphical
procedure, the method of isoclines 1%). In the case
under consideration this amounts to reducing
equation (4) with the aid of the new variable
dy/dx = z to the following first-order differential
equation:

(5)

Plotting z against y, this equation determines at
every point a slope dz/dy, which can be indicated
by ashort dash. Drawing a continuous curve through
a series of these dashes produces a curve which
represents a possible solution in the variables y and z.
A start can be made at various points, and in this
way solutions constructed that satisfy the relevant
initial conditions. Further numerical integration
produces from each curve a solution for y as a func-
tion of x.

This procedure is illustrated in fig. 4, where various
solutions are given for the relation between y and
dy/dx, when e=1. Fig. 5 shows the solution for y
itself, corresponding to one of these, and alsosolutions
for y for the cases ¢ = 0.1 and & = 10, similarly

%) B. van der Pol,:Phil. Mag 43, 700 1922,
10) B. van der Pol, Phil. Mag, 2, 978 1926.
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Tig. 4. Illustrating the isocline method of solving the dif-
ferential equation (5), for ¢ = 1.

obtained. It follows from fig. 5 that, as the time
increases, the solution approaches asymptotically
to a non-sinusoidal periodic function, which differs
more from a sinusoidal oscillation the larger ¢ is;
the larger the value of ¢ the sooner is the asym-
ptotic end state reached. Furthermore, the period
in this end state for large values of ¢ is seen to
approach a value 4x which is of the order of &; it
thus differs appreciably from the corresponding
period for very small values of ¢, which, in terms
of the reduced time unit x, approaches 2x. Return-
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ing to the original variables v and ¢ in eq. (3), this
means that the period for large values of ¢ is of the
order of magnitude of L(a— 1/R). This is a relax-
ation time, i.e. a time that determines the decay
of an aperiodic process. (Better known is the case
occurring in other circuits where a relaxation time
is determined by an RC product, see e.g. fig. 6.)
For this reason, Van der Pol gave the name relax-
ation oscillations to these oscillatory effects which,
at large values of ¢, constitute the end state of pro-
cesses defined by the differential equation (4).
Van der Pol first described these oscillations in
1926, after which he continued to investigate them,
theoretically and experimentally, in cooperation
with J. van der Mark ). A particular study was
made of forced oscillations !2), produced when an
external alternating voltage is applied to a system
like that in fig. 3. In the simplest cases the situation

can be described by substituting for the right-hand

side of Van der Pol’s equation a term proportional
to cos wt. For small values of ¢ this provided a better
understanding of already known properties of
oscillator circuits. This applied particularly to the
suppression of the free oscillation of a system that
occurs when its frequency is close to that of the
imposed external oscillation. The resultant syn-
chronism with'the latter oscillation was found to be
particularly pronounced when, with increasing ¢,
the first, approximately sinusoidal, free oscillation

- gradually changes into a free relaxation oscillation.

Another way of putting this is that the relaxation
oscillations very readily assume the frequency of a
superposed alternating voltage if the latter does

1) B, van der Pol and J. van der Mark, Onde &lectrique 6,
461, 1927.
12) B, van der Pol, Phil. Mag. 3, 65, 1927.
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Fig. 5. Solutions of the differential equation (4), obtained by integration from solutions of
eq. (5), for ¢ = 0.1, ¢ = 1 and ¢ = 10. (The variable along the abscissa, wrongly denoted
. A

by't, is the reduced quantity x.)




1960/61, No. 2

not differ too much from the frequency, determined
by a relaxation time, of the natural free relaxation
oscillations. If the circuit be modified so as to reduce
this relaxation time to about half its original value,
fairly abrupt synchronization will occur with half
the frequency of the external oscillation, and after a
further change with a third of this frequency, and
so on. In other words, it is possible to generate

relaxation oscillations that can successively be

synchronized with an external oscillation and its
sub-harmonics. These synchronization effects oceur
the more readily the larger the value of ¢, or more
generally, the more numerically important are the
higher terms in eq. (2). Whilst the frequency of a
relaxation oscillation can thus very easily be in-
fluenced, the amplitude is not nearly so readily
controlled.

This synchronization with sub-harmonics later
proved to be of great practical importance in the
early development of television 13). A relaxation
oscillation is used in television for the scanning of
successive lines of the picture. With suitable cir-
cuitry a succession of sub-harmonics can be formed,
finally producing a relaxation oscillation with a
synchronized frequency of 25 (or 30) ¢/s. This is
then used to effect the return to the first line after
the complete scanning of each frame. A simple
circuit for demonstrating the frequency division
of relaxation oscillations is shown in fig. 6, where

ruuuummﬁmui

=
CD B L7 ';'E

NI
1

2
© I
E,sin2mhyt 1766

Fig. 6. Circuit for demonstrating the frequency division pro-
duced by the synchronization of relaxation oscillations with
the sub-harmonics of an imposed voltage E,sin2nfy.

the battery voltage E must be higher than the
ignition potential V, of the discharge tube B. In
the absence of the alternating voltage E;sin2xft,
the capacitor C charges up via the high resistance
R until its voltage V reaches V,; it then discharges
through the low resistance r of the ignited gas
discharge. The discharge is extinguished when the
capacitor voltage has dropped to a value V,, after
which the charging and discharging process is
repeated. Applying now the alternating voltage
E, sin27fyt, and continuously reduéing the fre-

13) J.vander Mark, An experimental television tfansmittelr and
receiver, Philips tech. Rev. 1, 16-21, 1936.

»
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quency of the free relaxation oscillations (which is
proportional to 1/RC) by gradually increasing the
capacitance C, it is easy to demonstrate the sudden
occurrence of synchronization with the successive
subbharmonics having frequencies f,/2, f,/3, f,/4
and so on. This is further illustrated in fig. 7, where

0,005s
0,004
Vi
0,003

0,002

0,001

/=
0 ; 1

3nF

—C 1767

Fig. 7. Synchronization with sub-harmonics. The graph repre-
sents the period 1/f of the forced relaxation oscillation of the
circuit in fig. 6 excited at a constant frequency f, while the
capacitance C is gradually varied.

the variable capacitance C is set out along the.
abscissa. The stepwise changes in the period of the
forced oscillation can be read from the ordinate.

Subsequently, in collaboration with C. C. J.
Addink, Van der Pol entered upon the study of more
general synchronization phenomena. It proved
possible to obtain synchronization not only with
frequencies fy/2, .fo/3, fo/4 etc., but also with fre-
quencies (n/m)fy, where n and m are arbitrary
integers (n may even be > m). For these experi-
ments the frequency of the imposed oscillation was
varied instead of one of the parameters of the.
relaxation oscillator 14).

Characteristic of the operation of the circuit in
fig. 6 is the occurrence of an essentially aperiodic
process (in this case the exponential charge and
discharge of the capacitor) which is periodically
interrupted and restarted at certain critical values
of a relevant parameter. Such situations are fre-
quently found in nature, and they always give rise
to relaxation oscillations. Van der Pol was struck
by their very number and variety. He drew up a
long list of examples, which included: the aeolian
harp, the scratching of a knife on a plate, the peri-
odic recurrence of epidemics and economic crises,
the periodic density variation of two (or another
even number) types of animals that live together

14) B. van der Pol, Actualités scientifiques et industrielles
No. 718, published by Hermann, Paris 1938, p. 69-80.
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and of which one serves as food for the other, the
sleep of flowers, phenomena associated with peri-
odic rain showers after the passing of a meteoro-
logical depression, and finally the beat of the heart.

The latter example led Van der Pol to a very
interesting and instructive practical application
of relaxation oscillations, namely an electrical model
for simulating all the rhythmic movements of the
human heart 1%). With this system it was a simple
matter to record “electrocardiograms™, and to
study the normal heart beat as well as cardiac dis-
orders. The importance of the system to medical

YOLUME 22

The development of the heart model out of the
work on relaxation oscillators was a side-track
similar to that which led from considerations of
radio-wave propagation to a new wave-theoretical
treatment of the rainbow. Van der Pol liked to
point out how radio problems were apt to draw
attention to fields which, at first sight, seem to have
very little connection with radio %)

Transient phenomena and operational calculus

Operational calculus was introduced by Heaviside
with the original object of providing a simple means

O
é +180v

UL

—00
1768

Fig. 8. Circuit simulating the functioning of the heart. Resistance values in k{2, capacitances
in wF. The three circuits S, A and V, each of which can enter into relaxation oscillations
and which are coupled i1 a special way, represent respectively the sinus venosus, the auricles
and the ventricles. R is a delay system which simulates the transit time of a stimulus
through the bundle of His. The ignition of each of the neon lamps in S, 4 aud V corresponds
to a systole of that part of the heart. The coupling hetween auricles and ventricles can he
varied with the potentiometer I/ (Erlanger’s experiment). Electrocardiograms can be made
by recording the current in one of the leads from point I’ or ().

science will be obvious. The heart may be regarded
as consisting of three systems: the sinus venosus, the
two auricles and the two ventricles. The operation
of each system can be simulated by a circuit of the
type in fig. 6. The unilateral eftect of the sinus on the
auricles, and of the auricles on the venitricles, was
represented by non-amplifying triodes. After other
details of the operation of the heart had been taken
into account the model illustrated in figs. 8 and 9
'was finally produced. The ignition of the gas dis-
charges in the circuits simulating the auricles and
ventricles represents respectively an auricular and a
ventricular systole. The synchronizations in this
model with subharmonics of the resultant domi-
nant heart beat can be recognized in the human
heart in certain cases.

15) B. van der Pol and J. van der Mark, Phil. Mag. 6, 763, 1928.

Fig. 9. Photograph of the hearl simulator. The three neon
lamps of the circuits S, 4 and ¥ (sec fig. 8) are mounted on the
three corresponding parts of the anatomical representation of
the heart.

18) The examples mentioned and various others will he found
in: B. van der Pol, Proc. World Radio Convention, Sydney
1938.
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of studying switching transients in electrical net-
works. The methods devised were later developed
into a system of calculus which has proved to be
extremely useful in mathematics as a whole. No
one saw this more clearly than Van der Pol, who
demonstrated by numerous examples the possible
applications of operational methods to widely diverse
fields of study.

To illustrate the starting point of opcrational
calculus we shall briefly discuss an aspect of the
historical development of alternating current cir:
cuit theory, often examined by Van der Pol. At
first the aim was to determine how a certain system
responds to an externally applied harmonic vibra-
tion cos wt, or, more generally, exp jwt, where
cos ot is the real component. Investigations were
made to ascertain in what way the properties of the
system depend on the frequency f= w/27. As a
case in point we shall consider an amplifier. The
ratio G(jw) between the output voltage and input
voltage were studied in the case where both were
proportional to exp jwt. If the function G(jw) is
known, we can calculate with the aid of Fourier
analysis the output voltage for any arbitrary time
function of the input voltage. The case of the
response to a discontinuous input voltage can also
be treated in this way. In applying this procedure
it was often overlooked, however, that the complex
function G(jw) depends on two real (though mutually
related) functions, and that it is consequently not
enough to take account only, for example, of the
modulus |G(Jw) | This was discussed some consider-
able time ago in this journal by J. Haantjes 7).
On the other hand, all properties can equally be
derived from the knowledge of a single real function,
such as the unit step function response Gy(t). This
is defined as the output voltage rcsulting from the
application at a given moment t = 0 of a direct
voltage of unit magnitude to the input side, when
no voltage was present for ¢t < 0. (By giving the
input function unit voltage, G, is a dimensionless
function of time.) All characteristics of the amplifier
can be described in terms of this unit function.
It can be shown that for a given arbitrary primary
voltage v, (t) at the input, the output voltage of
the amplifier will be

+00
d
v(t) = / Gs(t— 1) i vpr(7) d7 =
-0 +o0
d
= /Gs('r)avpr (t—=z)dz. . . (6)

17) J. Haantjes, Philips tech. Rev. 6, 193, 1941.
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This representation is simpler than that where the
system is described in terms of the above-mentioned
complex function G(jw), which defines the behaviour
of the system in the case of a continuous, harmonic
input voltage. If the latter function is used, the
effect of an arbitrary input voltage vp(t) is given

by the expression:

o(2) =%z ]OZ(jw) [ﬁl(,) D gy J_dw’ )

which is generally more difficult to handle for a non-
periodic v,(t) than eq. (6).

The above shows that it is sometimes simpler to study the
behaviour of a system with reference to a discontinuous process
(here the sudden application of a unit step voltage, giving the
step-function response Gy(t)), than with reference to a continu-
ous process (the continuous application of an alternating vol-
tage exp jwt, from ¢t = —o0 to ¢t = + o). An objection to
working with the unit-step function might be that, although
mathematically easier to handle in such cases, true discon-
tinuity cannot in reality be achieved. It should be remembered,
however, that any discontinuous process can be regarded as the
limit of a physically realizable process, and that, strictly speak-
ing, there are in fact no perfectly continuous processes either.
Van der Pol once remarked that therelseemed to have been a
long-standing aversion to the'study of discontinuous phenom-
ena. He! described) this {aversion! wittily as a}“horror discon-
tinuitatis”, resembling the “horror vacui’] assumed by 17th
century physicists.

We have discussed these preliminaries to show
how useful Heaviside’s operational methods can
be for the study of electrical systems. This appears
from the fact that eq. (6) — a so-called composition
product or convolution integral, in this case of the
two functions G¢(t) and vy, '(tf) — is particularly
suitable for treatment by the methods of operational
calculus. In the version of operational calculus
adopted by Van der Pol and the author 18), to any
arbitrary function h(t) (the “original”) one may
allot a new function, the operational “image” f(p),
defined by the following Laplace integral:

+oo

f(p)=pfe-P'h(z)dz. ()

-0

18) B. van der Pol and H. Bremmer, Operational calculus,
based on the two-sided Laplace integral, Cambridge Univ.
Press 1950. — The version of the operational calculus
developed in this book is characterized by the fact that the
integral in eq. (8) has the lower limit — o0, as opposed to
the more conventional definition used by Carson, Doetsch,
Wagner et al., where the lower limit is always 0. The advan-
tages of using — o0 as the lower limit are explained in tl;‘e

book. S
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The image of a convolution integral is simply the
product of the images of the individual factors. In
the case of eq. (6) we therefore find the opcrational
image of the function v(f) as the product of the
images of G4(t) and vp,/(t). By finding the original
of this operational image we then have -a complete
solution of the problem. ‘ ’

The other expression for v(t), eq. (7), which must

obviously be equivalent to eq. (6), has a form which -

- does not lend itself so well to an operational solu-
tion. Since eq. (7) is precisely the form most suited
for the treatment of periodic processes, we can see
why the operational calculus is less useful for dealing
with such processes than with transients. Never-
theless, eq. (7) must evidently also have some relat-
ion to operational calculus; this relation becomes
clear if we recall that (7) represents a Fourier inte-
gral which, after appropriate substitutions, can be
put in the form of the Laplace integral (8). It is
precisely the linking of operational methods to an
exponential integral of this kind (which is related
to the familiar Fourier integrals) that has made this
calculus into a rigourously grounded mathematical
tool.

In order to apply operational methods to the
solution of all kinds of concrete problems, such as
determining the above-mentioned integral (6) with
given explicit functions, it is evidently useful to
have a list of images available that correspond to
originals given by elementary functions. Van der
Pol called such a list his “dictionary”, whilst the
rules of operational calculus were the “grammar”.
One of these rules, for example, is the foregoing
theorem concerning the convolution integral.

Armed with such a grammar and dictionary Van
der Pol studied numerous properties of electrical
networks, and of filters in particular., He arrived
at theorems, often of very general application,
which concerned for instance the relation between
the unit function response of a given filter and that
of a new filter derived from it; the latter was pro-
duced from the original by replacing all inductances
by capacitances, and vice versa. General theorems
of this kind sometimes led to interesting special
cases. One notable example was the discovery that
the charging of a system of capacitors from a D.C.
source always takes place with an efficiency of
50%, irrespective of the number of resistances and
inductances in the circuit ). This is to say that
the final energy of the charged capacitors amounts
to half the’ energy which the source, after being
suddenly switched on, must deliver in order to

19) B. van der Pol, Physica 4, 585, 1937.
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sustain the currents which must flow until the system
reaches its final state. ’ ”

Many of the mathematical relations discovered
by Van der Pol were arrived at quickly by the
skilful manipulation of the methods of operational
calculus. An example of such a relation in the case
of continuous functions is the remarkable and
previously unknown identity;

T (2n)!

3 —at _+_ 2n —
“fesm‘““wuwﬂﬁwwuw%wf
0

for Rea>0. . ... (9

Van der Pol liked in particular to work on rela-
tions for discontinuous functions. A representative
example is the function A,(t), which indicates the
number of pairs of integers (m,n) for which
m? 4+ n? < t; operational methods led at once to
the surprising relation:

t t t t
H0 =1 =[] =[5+ =[5+ - a0
where the symbol [] here represents the largest
integer < the number within the brackets.

As a last typical example of the application of
operational calculus we mention the “moving
average” or “sliding mean” theory, which was
extensively studied by Van der Pol. Starting from
an arbitrary function g(t), the sliding mean is
defined by the new function

t4-4

0= [ s .

t—4

(11)

In many cases we want to know the function g(t)
when g*(t) has been measured. Take, for example,
the intensity g(w) as a function of frequency w in
a spectrogram recorded with a spectrograph. Owing
to the necessarily finite width of the slit in the spec-
trograph, the actual intensity g(w) is smeared out
into a generally less-rapidly varying function g*(w).
The operational solution of this problem lcads to
many ways in which g can be expressed by a series
in g*, suitable for numerical use. '

Other subjects

In the foregoing we have discussed the most
important general subjects on which Van der Pol
was engaged. We shall now touch briefly on various
other, more specialized problems on which hé worked
for shorter or longer periods — on some all his life —
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and which will be found in the bibliography of his
numerous publications 20).

Amongst the earliest researches of Van der Pol
were special subjects concerned with the theory
of electrical networks, including current distribu-
tions in an arbitrary number of coupled circuits.
His interest in antenna theory was first aroused by
investigations into the radiation and natural fre-
quency of antennae possessing end capacitance,
during which the inadequacy of the concept of
radiation resistance was discussed. In England he
carried out experimental research on the conduc-
tivity of seawater, in connection with its bearing
on the propagation of radio waves. When he joined
the Philips laboratory his interest extended to
virtually all problems of radio technology, then
still in its early stages. Partly in cooperation with
K. Posthumus, Y. B. F. J. Groeneveld, T. J. Weijers,
G. de Vries, C. J. Bakker, W. Nijenhuis, C. J. Bouw-
kamp and others (mentioned elsewhere in this
article) he investigated the general properties of
triode characteristics, the distribution of the elec-
trical field and electron paths inside a triode, the
theory of grid detection, general properties of
oscillators and filters (including the equivalent cir-
cuit of a quartz oscillator, and the non-linear theory
of hysteresis effects in two coupled circuits, one
of which is part of a triode generator), noise in radio
valves, radiation patterns of beam antennae, and
many other subjects.

Van der Pol had an important share in the pre-
paratory work leading to the introduction of radio
broadcasting in the Netherlands. Together with
R. Veldhuyzen, M. Ziegler and J. J. Zaalberg van
Zelst he did extensive research into the field-strength
distribution of broadcast waves over the Nether-
lands. The results were plotted on charts, showing
contours of constant field strength. The deviation
of these contours from a circular shape indicated
the influence of the type of ground traversed be-
tween transmitter and receiver. In the chart for
the Hilversum transmitter on 298.8 m wavelength,
for example, the absorbent effect of the city of
Amsterdam and of the dry sandy ground of the
chain of hills east of Utrecht could be clearly seen.
This chart led Van der Pol to point out that the
field-strength distribution in the Northern provinces
would change after the damming of the Zuiderzee,
since the conductivity of this large expanse of

water would decrease as it became progressively

20) A complete bibliography of Van der Pol’s publications,
compiled by C. J. Bouwkamp, will appear shortly in Philips
Res. Repts. ST

BALTHASAR VAN DER POL . 47

less salty. This was confirmed by later measure-
ments. )

When "a new transmitter was planned to replace
the old one at Hilversum, the reciprocity theorem
was applied to determine its most favourable
location: instead of starting with a transmitter in a
central (though not yet determined) point, meas-
urements were made of the fields due to two auxil-
iarytransmitters in two distant points in the coun-
try, where reception from a centrally-situated
transmitter would have been weakest. The most
favourable site for the new transmitter was found
by determining, in the central region of the country,
at what point the received field was strongest on
the line connecting the points of intersection of
corresponding contours charted for both auxiliary
transmitters (fig. 10e, b and fig. 11).

Long before there was any question of the prac-
tical exploitation of frequency modulation, which
has since become so important in broadcasting,
Van der Pol had investigated the theory of this
system of modulation. Fundamental insight here
requires much more mathematical knowledge than
the simpler system of amplitude modulation, since
the differential equations involved can no longer be
solved by time functions proportional to exp jwt.
In the first place, Van der Pol gave a suitable defi-
nition for the vague concept “instantaneous fre-
quency”, winst- Writing the general frequency-
modulated signal as:

t

A cos p(t) = A cos [woi + mwo/g(t)dt + @], (12)
0

this definition reads:

o) = = p(0) = @y (L + mg@). - (13)
Together with F. L. H. M. Stumpers he then inves-
tigated the so-called quasi-stationary approximation
whereby the currents and voltages assume values
at any given instant that conform to the then -
existing value of the instantaneous frequency as
defined by (13). It was found that the current pro-
duced in an impedance as a result of a frequency-
modulated voltage is then solely determined by the
phase characteristic of the impedance 21). In the
forties Van der Pol also carried out experimental
research on frequency modulation, but lack of space
must preclude its discussion here.

In the theoretical investigation of frequency

"modulation an important part was played by

21) B. van der Pol, J. Instn. Electr. Engrs. 93 IIT, 153, 1946.
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Fig. 10. Field-strength measurements carried out in 1934 in the
central region of the Netherlands for determining the most
favourable site for the new broadcasting station, planned at
that time. In two remote parts of the country, where the poor-
est reception might be expected from a central transmitter,
two identical auxiliary transmitters were erected, one at the
Dollard estuary (wavelength 325 m), and the other at Maas-

tricht (wavelength 317 m).

a) The field distribution of the Dollard transmitter repre-
sented by contours of constant field strength. The long arrow
points to the transmitter. ’

b) The same for the Maastricht transmitter. (Note the shadow
effect due to Rotterdam.)
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Mathieu’s differential equation. More generally,
Van der Pol applied himself to the study of differen-
tial and difference equations related to radio
problems. These studies again led to many and
various investigations that had a less direct con-
nection with physical or technical questions, or
were even of a purely methematical nature. They
included theta functions, elliptic functions, the
gamma function, the theory of numbers, the prop-
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the distribution of Gaussian prime numbers. In
the system of all complex numbers with integral
real and imaginary parts, these are the numbers
that cannot be obtained as the product of two of
them. When all these two-dimensional prime num-
bers are drawn in the complex plane, a curious pat-
tern is produced (fig. 12). This was used as a table-
cloth .pattern which had particular success in
America.
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Fig. 11. The bold lines connect the places where the two auxiliary transmitters are received
with equal strength (thick central line, 1 : 1) or with an intensity ratio of 2:1 and 1: 2.
As can be seen, the highest field strength is found on the thick line at the point 18 near
the village of Lopik (where in fact the station was subsequently built). The numbers at
other places indicate the relative value of the field which, if the transmitter of the station
had been sited there, would have been obtained in the more unfavourable of the two poor-
reception areas (Dollard or Maastricht). (Fig. 10a, b and fig. 11 are taken from B. van der
Pol, Rapport van de veldmetingen van twee bij de Dollard en bij Maastricht opgestelde
proefzenders, T. Ned. Radiogen. 7, 173-195, 1935.)

erties of prime numbers, and so on. Neverthcless,
these problems cannot be seen as entirely distinct
from radio technology. Theta functions, for exam-
ple, are related to the theory of potential functions,
and Van der Pol’s interest in the theory of numbers
was inspired by the part it plays, for instance, in
the above-mentioned synchronization effects in
relaxation oscillators. Incidentally, these abstract
researches also led to a quite unexpected “industrial
by-product™, as a result of Van der Pol’s study of

The association of mathematics and radio technology
sometimes worked in the opposite direction. We refer to an
investigation whereby Van der Pol, in cooperation with C. C. J.
Addink, used electrical techniques for studying a mathematical
function 2?). The investigation concerned the determination
of the zero points of Riemann’s { function, normally defined
by the series:

1 1

an=%+§+§+m.....u®

-

22) B. van der Pol, Bull. Amer. Math. Soc. 53, 976, 1947,
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Although this series can be used only for Re z > 1, the function
can nevertheless be defined for the whole complex plane by
means of an analytic continuation. Riemann had conjectured
that the function thus defined would possess an infinite number
of zero points, all of which would lie on the line Re z = 4.
By means of a relation derived by Van der Pol, the functional
values along this line can be associated with the simple func-

tion:

on a photocell placed behind it. The photo-current thus ob-
tained, varying with time, was mixed with a sinusoidal current
of frequency f. The resultant signal, containing the difference
tones between f and all harmonics of the periodic function
derived from (15), was used to excite a mechanical resonator
of very sharp resonance. When the frequency fwas now slowly
raised from zero, each successive harmonic of the above func-
tion excited the resonator in turn with its difference tone, and

e_x/2 [ex] — ex/2 ...... (15) with an intensity corresponding tq the relevant Fourier coef-
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Fig. 12. The black squares represent in the complex plane (with origin in the centre)
the complex prime numbers of Gauss, i.e. the numbers (m + jn) that cannot be written as
m + jn = (a + jb) (¢ + jd), where m, n, a, b, ¢, d are integers. This pattern was woven into

a fabric marketed by an Eindhoven textile factory.

(the symbol [] has the same meaning as in eq. (10)). In fact,
when the function (15) is cut off after a convenient large value
of x, and then periodically continued, the coefficients of the
Fourier series of the new function obtained in this way repre-
sent approximations to a series of values of the function
{(z)/z along the line Re z = }. The problem of determining the
zero points conjectured by Riemann was thus reduced to a
Fourier analysis of the said function derived from (15). This
Fourjer analysis was carried out in an elegant experiment in
which the sawtooth pattern of one period of the function in
question was cut along the edge of a dise (fig. 13). The disc
was rotated at a highly constant speed and light was passed
through a radial slit and caused to fall on the serrated edge and

ficient. By recording the excitation (as a function of f) a spee-
trum was obtained in which the required zero points of the
¢ function could immediately be seen as minima; see fig. 14.

Musical theory

We shall now turn from Van der Pol’s scientific
and technical investigations and in conclusion
touch briefly on his interest in music. Although
deeply interested in analysing the structure of a
musical work, he realized that this could never be
an approach to the creative aesthetic element —
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1617
Fig. 13. Disc with edge serrations representing part of the
function (15), for experimentally determining the zero
points of Riemann’s { funetion.
an element for which, as a competent musician

himself, he had a deep understanding. It was his
preoccupation with the theory of numbers that

led him to look for mathematical laws in harmonie

i
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intervals 23), or, for example, to find numerical
definitions for concepts such as dissonance. In
particular he discovered that the fractions presen-
ted by the successive intervals in the diatonic scale
could be contained in a Farey series. In this case it
is the series of all irreducible fractions whose denom-
inators and numerators never exceed the number 5.
Only two tones from the diatonic sequence (the b
and the d, with ¢ as the fundamental) do not fit
into the Farey series, and the remarkable thing is
that it is precisely these tones about which there
is most uncertainty in tuning (if one is not hound
to the equal-temperament scale).

It will not be surprising after the foregoing that
Van der Pol emphasised that the sub-harmonics
of a given note can be produced with the aid of
synchronization effects on relaxation oscillations.
In this way it was possible to confirm experimen-
tally a postulate put forward by the music theorist
Hugo Riemann, namely that the minor triad can
be regarded as the combination of the 4th, 5th and
0th sub-harmonics of a given tone, just as applies
to the major triad in respect of the 4th, 5th and 6th

upper harmonics of another tone.

#3) B. van der Pol, Muziek en elementaire getallentheorie,
Arch. Mus. Teyler 9, 507-540, 1942 (in Dutch).
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Fig. 14. Recording obtained with the aid of the disc in fig. 13, giving the Fourier coefficients
of the function cut into the disc. The minima in the recording are the zero points of the

{ function on the line Re 3

4. The first 29 zero points, denoted by dashes and Roman

figures, were already known from calculations. (The imaginary part of z is set out along

the top edge.)




52 . PHILIPS TECHNICAL REVIEW

Van der Pol possessed absolute pitch, and was
able, for example, to tune his violin to the right
pitch without a tuning fork. He enjoyed exercising
this gift and it was typical of the man that he should
develop from it yet another interesting investiga-
tion. Together with Addink he devised an apparatus
using an oscilloscope to check the tuning of an
orchestra during a performance 2%). From hundreds
of observations, both on permanently tuned in-
struments and on orchestras, they found that the
middle a varied from 430 to 447 c¢/s, and also that

there were quite distinct, more or less systematic -

variations of this frequency during a performance.

Van der Pol’s enquiring mind led him to apply
the principles of science to music. For him, however,
there existed a much profounder relation between
these fields. There is perhaps no meore fitting way
to end this review of the many-sided work of the
great man of science that Van der Pol undoubtedly
was, than to quote his own words, from a lecture
given at the Teyler Foundation in Haarlem:

" 24) B. van der Pol and C. C. J. Addink, Philips tech. Rev. 4,
217, 1939.
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“Is there really any difference between the inspi-
ration that leads to the conceptionl of a beauti-
- fully flowing melody, a rich theme or a brilliant
modulation, and that which leads to the concep-
tion of a new, elegant, unexpected mathematical
_relation or postulate? Are not both born in the
same mysterious way and do they not both often.
demand laborious development? Art connotes
skill, and skill too is the handmaid of science.”

Summary. The review given deals principally with the work
done by the late Van der Pol in the years from 1922 to 1949,
when he was with the Philips Research Laboratories at Eind-
hoven. The main subjects discussed are the propagation of
radio waves, especially the influence of the ground conditions
on ground-wave propagation; non-linear circuit phenomena
(in particular relaxation oscillations described by the “Van der
Pol equation’, and their synchronization); transients and
operational calculus, which (following Heaviside, whom he
greatly admired) Van der Pol used as a fruitful heuristic and
later rigorously founded method. A brief discussion is devoted.
to various other subjects treated by Van der Polin his numerous
publications, including mathematical investigations promp-
ted by problems of radio technology, such as the application
of Mathieu’s equation to frequency-modulation problems,
and also studies relating to subjects of pure mathematics, such.
as elliptic functions and the theory of numbers (especially the
properties of prime-numbers). Finally some examples are given
of Van der Pol’s interest in music and the theory of music.
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DEMOUNTABLE SEALS FOR GLASS HIGH-VACUUM EQUIPMENT

by B. JONAS *) and G. SEITZ *).

666.1.037.4

An interesting variant is described of known methods of sealing glass components. The crux
of the method is the inclusion of a metal ring in the seal. This makes it possible to disconnect
the sealed parts in a matter of seconds, without causing damage.

There are many industrial products in which
replacements or modifications have to be made after
assembly. For this purpose it must be possible to
dismantle the product without causing significant
damage. In the case of products made partly of
glass, this reversal of the fabrication process may
present difficulties. For conventional electron tubes
and gas-discharge tubes the vacuum envelope and
the seals are therefore constructed without a view to
dismantling. Nevertheless, glass vacuum vessels
that can be dismantled are quite important in
certain products that are expensive and made
only in small quantities and in laboratory work
(experimental apparatus with interchangeable com-
ponents) and development work ). The ways and
means that have been devised to circumvent these
difficulties are many and various, and include
ground-glass joints of diverse kinds, rubber gaskets
and wax seals, etc. The drawback of such devices
is that they do not allow degassing at a sufficiently
high temperature; as a rule, therefore, they can be
used only if the glass tubes to which they are fitted
are kept continuously connected to a pump during
operation.

We shall describe here a method based on a tech-
nique which has been used for certain radio tubes,
and which has now been developed to meet more
stringent requirements. First a few words about
the older technique.

In order to be able to dismantle a vacuum vessel
(of hard or soft glass) the glass envelope can be
made in two parts that meet in a circular seam. If
this seam is filled with a glaze which has a low melt-
ing point (fig. 1) the joint can later be opened again
by melting the glaze — without exceeding the soften-
ing point of the glass envelope — in exactly the
same way as two metal parts soldered together are
disconnected by melting the soldered joint. As
stated, a “glazing” technique of this kind was used

*) Zentrallaboratorium Allgemeine Deutsche Philips Industrie
GmbH, Aachen Laboratory.

1) For detmls of vacuum-tight seals in metal vacuum equip-
ment, see N. Warmoltz and E. Bouwmeester, Philips tech
Rev. 21 173, 1959/60 (No. 6).

for a time in the manufacture of radio tubes. In the
“Rimlock” range of tubes %), for example, the glass
parts were not fused directly together, but bonded
by means of a glaze seal, as in fig. 1. This technique
was used here to prevent damage to the cathode,
not with a view to the possibility of dismantling
the tube.

|
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Fig. 1. Schematic representation of a glass seal using a glaze.
a cylindrical glass envelope, b base, ¢ melted glaze.

Having regard to the widely different properties
of the types of glass used in tube manufacture (see
Table I) the question arises whether such a method
could find “general application or would only be
feasible in special cases. To effect a bond as des-
cribed above, the following COndlthIlS must be
fulfilled: '

1) In the interval from room temperature to the
temperature at which the tube glass begins to
soften, the thermal expansion of the glaze must
match that of the tube glass (to a first approxi-
mation they should be equal).

2) The flow point of the glaze must be sufficiently
low so that softening and consequent defor-
mation of the glass envelope cannot oct::ur.“

2) See e.g. G. Alma and F. Prakke, Philips tech. Rev. 8,
289, 1946.
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Table 1. Data relating to the sealing of glass parts using a glaze (and suitable metals

for sealing in these glasses). ax 107 denotes

the thermal expansion between room tem-

perature and the anncaling temperature of the glass; T\ is the highest temperature
which the various kinds of glass can withstand without deforming (corresponding to a
viscosity of approx. 2.5X 10! poise); T'y is the flow point of the glazes (corresponding to

approx. 104 poise) 3).

Glasses

Normal hard
glass (boro-
silicate glasses).
Suitable metals:
tungsten, fernico
“and molybdenum

Fused silica and
glasses of
extremely high
Si0, (or Al,05)

content

Suitable metals:

and chrome-iron

Soft glass types
with high thermal
expansion coefficient
(lime and lead
‘glass with high
alkali content).
Snitable metals:
nickel and iron

Normal soft
glass (lime
or lead glasses).

platinum,
" nickel-iron

35 - 55
750 - 520

6-40
1300 - 700

ax 107 (°C-1)

Tw (°C)
T, (°C)

115 - 130 36 - 80 - 140

500 - 400

85-110
600 - 450

60

750 - 550 | 500 - 300

Now it is possible to prepare glazes — on a basis
of lead or zinc borate — possessing any desired
coefficient of expansion, provided it is not unduly
low. In most cases, then, the first condition can be
met. A circumstance favourable to the fulfilment of
the second condition is that the kinds of silicate glass
used for tubes are “long”, i.e. they all exhibit a
relatively slow drop in viscosity with rising tempe-
rature, as required in the usual working procedures,
whereas the glazes referred to, not only soften at
relatively low temperature, but are “short”, i.e.
the drop in viscosity with rising temperature is
fairly steep.

It becomes difficult to meet both the above

“conditions for the glaze only when the tube glass
combines a low softening point with a low coefficient
of expansion (¢ = 40 to 45X 1077), as required for
sealing-in tungsten leads, for example. (No suitable
glazes are known for types of glass whose thermal
expansion coefficient is smaller than this.) _

We have tacitly assumed in the forégoing that it
is possible, during the sealing or unsealing, process,
to heat the whole envelope evenly. This is no problem
if the tubes are small. The largei' the objeéj:s, how-
ever, and with them the diménsiqps of the fur-
nace, the more difficult it becomes to apply the
process. Moreover, protracted heating at. the tem-
perature involved may be harmful to certain com-
ponents inside the tube. ‘

In such cases the aim will be to confine the heat-
ing to the glazed joint and to narrow zones of the
glass envelope on either side. The axial temperature

3) See e.g. G. Ch. Ménch, Neues und Bewihrtes aus der Hoch-
vakuumtechnik, Knapp, Halle a.d. Saale~1959;
W. H. Kohl, Materials technology for-electron tubes,
Reinhold, New York 1951; . “
J. H. Partridge, Glass-to-metal seals, Soc. of Glass Techn.,
Sheffield 1949.

gradient of the glass wall in this region must be
such that, with the given geometry, the glass will
not crack. The temperature distribution in the wall
is roughly as shown in fig. 2. The arrows indicate

_r______.___|_

Y,

- 1939

Fig. 2. Longitudinal section of the wall of two cylindrical glass
tubes sealed by a glaze; a-glass wall, ¢ glaze. The drawing shows
the isotherms inside the- glass wall at the moment when the
viscosity of the glaze Kas dropped sufficiently to permit com-
pletion of the joint. Theisotherm at the flow point is shown by a
dashed line. The arrows indicate the applied heat flow.
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the direction of the heat flow applied. The kind of
heat source is immaterial here, what is important
is that when heat is applied externally there must
always be a fairly wide belt of high temperature
if the flow point is to be reached over the whole
width of the joint. Otherwise the joint will not fill
out to the edge with molten glaze, resulting in poor
bonding. Experiments have shown that the width
of the zone subjected to temperature above the flow
point should be nearly ten times the wall thickness.

At either side of this hottest zone there are
then areas in which the temperature gradually drops
to the general temperature of the whole tube, i.e.
the temperature to which the tube as a whole may
permissibly rise during the sealing or unsealing
process. The higher this general temperature may be,
the less danger there is of cracking. This is especially
important if the tube has an awkward shape, e.g.
if it is very compact or has flat surfaces perpen-
dicular to the long axis.

As we have seen, the above principles makes it
possible to seal glass parts together and to separate
them again without damage and without causing
undue softening of the glass. The method is not
suitable, however, if there are components near the
sealing zone that cannot tolerate either a high tem-
perature gradient or high temperatures.

In this respect the “glazing” technique can be
considerably improved if the heat source used for
attaining the flow point in the joint is transferred
to the joint itself. For this purpose a metal ring,
coated on both faces with an appropriate glaze, can
be introduced between the parts to be joined and
can serve there as a heating element, either by
inductive coupling or by the direct passage of
current through it. The ring is bonded to the tube
walls as the glaze melts, and forms part of the seal
when the glass has cooled. The sealing technique
evolved from this idea has been investigated on
a number of cases in the Aachen laboratory, and

will now be discussed.

First, some general observations. The energy'

supply is stopped as soon as the glaze is judged to
be properly fluid, a state which is very soon reached
once heating has begun. That is the moment for
effecting the necessary displacements, i.e. final
alignment when sealing the parts, and pulling apart
when unsealing them. :

Glazing the ring beforehand, as referred to above,
appreciably shortens the period of high tempera-
tures, and thus facilitates the sealing process. In

simple cases, however, both operations can be com-

bined.

Here, too, it is obviously an advantage, and

Al

o
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indeed often essential, to preheat the complete tubes
to a certain general temperature; this accelerates
the sealing process and reduces the danger of crack-
ing. Where the tubes are very long it is sufficient,
of course, to preheat only the area surrounding the
sealing zone. Preheating temperatures should not
generally exceed 300 to 350 °C; as mentioned, tem-
peratures higher than this may be damaging to
components inside the tube.

The temperature distribution in the tube wall
for the new method is roughly as shown in fig. 3.
The differences compared with fig. 2 are immediately
evident: the hottest zone (temperature above the
flow point) has shrunk to a narrow strip on either
side of the metal ring; the flow temperature can be
attained everywhere in the joint at a much lower
maximum temperature. An advantage not at once
apparent from the figure is that the situation de-
picted is reached in a matter of a few seconds after
switching on the power. This means that the heat
supply needed to bring the glaze to the flow point
is small, and thus that the dangerous temperature

y
4 |

’ |

A !

o SR SR/ I
/ |

1940 Z __________ _L

Fig. 3. As fig. 2, but a metal ring is now embodied in the joint.
a glass wall, ¢ glaze, d metal ring. The isotherm at the flow
point is again a dashed line. The other isotherms are shown
in the same steps as in fig. 2.
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range is held only for a short time — a particularly
important point where a glaze of relatively high
flow point has to be used, as for example with types
of glass having a low expansion coefficient (e.g.
for use with tungsten-wire seals).

Having considered the broad outlines of the
method, we can now touch on various particulars,
including the choice of materials. As indicated in
Table I, for almost every value of expansion coef-
ficient of practical importance in tube manufacture
there are several combinations of metal and glass
available, each one of a pair matching its partner in
expansion. A seal of two such materials, provided
it is properly cooled, contains no dangerous stresses
and hence has no tendency to break. Most of the
sealing metals given in the table are of course also
suitable for the heating ring in the method under
consideration, the requirements in both cases being
the same. Of course, the treatments of the various
metals and alloys that may be necessary in practice,
to prevent bubble formation, for example, or to
improve the adhesion to the glass, are also needed

VOLUME 22

here; they are carried out before the preparatory
glazing of the ring.

It has been emphasized that the sealing of glass
parts by means of a glaze can succeed only if the
materials involved meet fairly stringent require-
ments as to their behaviour during expansion
this being equally valid, as a rule, for glass-to-
metal seals. In radio-tube manufacture, however,
another technique of glass-to-metal sealing is
widely used in which considerable differences in
expansion are permissible. In these seals, cracking
of the glass is precluded by using a metal part capable
of plastic deformation, to compensaie for the dif-
ferences in expansion. This calls for metals of low

yield point (see Table II) and also for a design that

Table IL. Yield points at room temperature of some suitable
sealing metals. At higher temperature these values are con-
siderably lower.

. 30 - 50 kg/mm?
. approx. 15 kg/mm?
6 kg/mm?

Sealing alloys
Copper (commercial)
Copper (OFHC)

. . il[)[ll‘OX.
Aluminium (99.99%,) .

. approx. 2.7 kg/mm?

1944

Fig. 4. Some glass high-vacuum seals, made by the method described.

a) Flanged tubes of soft glass, with copper ring.

b) Flanged tubes of soft glass, with aluminium ring. The aluminium “win%s” serve as cur-
rent leads for heating by direct conduction.

¢) Seal of glass cap and cone with copper ring and projecting wings for current supply
(soft glass).
d) Seal of glass cap and tube with fernico-type alloy (hard glass).
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-limits the magnitude of the forces produced (small
cross-section of metal) and avoids tensile stresses
in the glass ). Copper, gold and silver can be used
with advantage here. If copper is suitably pre-
treated it bonds excellently with all hard and soft
types of glass, provided only that the temperature
during the sealing operation remains below the
melting point of copper and that strong oxidation
can be avoided.

The latter conditions are easily be met when
applying the “flowing”-metal principle to the sealing
method under consideration. This makes it possible
to work at a relatively low temperature and more-
over in any desired atmosphere. Indeed, the use of
aring of “flowing” metal in the joints discussed here
offers significant practical advantages. To begin
with, it adds aluminium to the small number of
eligible metals. Aluminum bonds excellently to the
type of glaze under consideration, and it also pos-
sesses outstanding virtues as a material for use in
high-vacuum techniques. Because of its low melting
point, however (657 °C), it has not been used hith-
erto for a direct glass-to-metal seal. This is again
the limiting factor: aluminium can be used only for
soft types of glass, since the flow points of all known
glazes for hard glass are too close to the melting
point of aluminium, or may even be higher.

Another advantage is that, if flowing metals are
used and the rings are introduced as in fig. 3, the
metal insert need not be so very thin as one might
expect it to be. If the ring is of pure copper, it can
have a thickness from 1 to 1.5 mm; if it is of pure
aluminium, a thickness of 2 to 3 mm is permissible.
This makes the rings much easier to handle, both
mechanically and thermally. The dimensions are
even more favourable where cylindrical seals are
concerned (according to Housekeeper’s method 9)).
It will also be plain that the purer, i.e. the softer
the metal, the thicker the ring may be. It should
be added that rings that are not too thin have the
further advantage of making a good vacuum seal
possible between glass parts of very different thermal
expansion coefficient.

Fig. 4a-d shows a number of glass joints made by
the method described.

Soft metals possessing a high coefficient of expansion, dif-
fering widely from that of the glass, do have a certain drawback
compared with metals and alloys whose expansion matches
the glass. The latter allow considerable freedom as regards

4) See J. L. Ouweltjes, W. Elenbaas and K. R. Labberté,
Philips tech. Rev. 13, 109, 1951/52, in particular fig. 7,
and B. Jonas, Philips tech. Rev. 3, 119, 1938.

5) See the book by Partridge referred to under 3), p. 160 et
seq., and that by Kohl, p. 60 et seq.

DEMOUNTABLE SEALS FOR GLASS ) - 57

the shape of the joint, whereas the former demand a construc-
tion in which the outside and inside edges are left uncovered,
as in fig. 3. Soft metals having a high expansion coefficient are
therefore not suitable where — e.g. for reasons of insulation —
a complete covering is necessary. Even a local overflow of
glaze can easily cause a crack. The reason is evidently that the
glass in such a case hinders the plastic flow of the metal. Quite
small differences in expansion can then give rise to large forces
which, at certain critical places — the glass or the metal itself,
or the bond between them — may cause cracks or fracture.
If protruding edges are permitted, a seal as illustrated in
fig. 5is advantageous, particularly in the case of relatively weak
glass walls. The flanges make it possible to use metal rings of
comparatively large cross-section (see also fig. 4a and b).

\Y
N

Aﬁ\\\

Tig. 5. Tube closed by glass cap. a flanged glass tube, b langed
glass cap, ¢ glaze, d metal ring.

The considerations discussed in the foregoing
were prompted by the question whether it was
possible for the purposes of vacuum technique to
make glass joints that would meet various con-
flicting requirements. They were to be capable
of withstanding the necessary pumping tempera-
tures, they should enable the tubes to perform
their function after sealing-off, and they should
be demountable without seriously damaging them
or exposing them to high temperatures. In this
brief report of our investigations, it is shown,
in general terms, how far these objects can be
achieved using glazed joints with the heat source
embodied in the joint itself. Details of the method,
for example the precise choice of glazes for hard and
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‘soft glass, and of alloys for glass-to-metal seals for
the various types of hard glass, are, however, out-
side the scope of this article. '

Summary. The method described here of making vacuum-tight
demountable glass seals uses a metal ring coated on both
sides with a suitable glaze. When the ring is heated, e.g.
inductively, the glaze melts and the preheated glass parts are

VOLUME 22

then pressed together. Embodying the heat source in the joint
results in a favourable temperature distribution, the zone of
highest temperature (and steep temperature gradient) being
restricted to the immediate vicinity of the joint. Moreover
the amount of heat supplied and the heating time are reduced
to a minimum. As the metal ring remains in the joint, it can
later serve again as local heat source if the joint is to be un-

_sealed, without damaging the parts. A further advantage when

the ring is of a soft metal is that, being capable of plastic
deformation, it allows fairly wide disparities between the ther- -
mal expansion coefficients of the glass parts joined.

.
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2738: H. B. G. Casimir, J. Smit, U. Enz, J. F. Fast,
H. P. J. Wijn, E. W. Gorter, A. J. W.
Duyvesteyn, J. D. Fast and J. J. de Jong:
Rapport sur quelques recherches dans le
domaine du magnétisme aux Laboratoires
Philips (J. Phys. Radium 20, 360-373, 1959,
No. 2/3). (Report on various researches at
Philips in the field of magnetism; in French.)

In the first part of the paper the crystalline
anisotropy of a number of hexagonal oxidic com-
. pounds containing barium is discussed. In the
absence of an external magnetic field the magne-
tization vector can point in an arbitrary direction
with respect to the c-axis. This behaviour can be
described with two anisotropy constants. Examples
are given of materials with a preferential direction
(c-axis), with a preferential plane (basal plane) as
well as with a preferential cone for the magneti-
zation vector. The latter case occurs at relatively
low temperatures in crystals containing cobalt.
There are also materials in which, at different tem-
peratures, all three types of anisotropy occur. The
relatively weak anisotropy in the basal plane, which
has six-fold symmetry, has been measured. In
crystals having only trivalent metal ions, two such
ions can be replaced by one divalent and one qua-
drivalent ion. It appears that substitution of cobalt
again promotes the occurrence of a preferential
plane of the magnetization, as in the oxides which
contain divalent metal ions. The classical dipole-
dipole energy has been computed and it is shown
that it can account for the observed anisotropy in
the structure containing two successive barium
layers, which, although not containing cobalt, shows
a preferred plane for the magnetization vector. The
anisotropy in the structure containing single barium

layers, which has a preferred direction of the mag-
netization vector, is not explained by this mecha-
nism, and presumably originates from spin-orbit
interaction. The influence of controlled precipi-
tation on the magnetic properties of alloys is dis-
cussed in the last section. With the aid of an electron
microscope it is shown that a precipitate, consisting
of long parallel needles in the optimal case, causes
the high (BH)may value (up to 12X 10° gauss-oer-
steds) of single crystal “Ticonal” (“Alnico”) con-
taining 349, cobalt, that has undergone a special
heat treatment in a magnetic field. It is further
shown that a (110) [001] texture can be obtained
in 3%-silicon iron only if the metal contains a
precipitate of favourable composition (e.g. Si;N,
or MnS) and division.

2739: F. L. H. M. Stumpers: Interpretation and
communication theory (Synthese 11, 119-
126, 1959, No. 2).

This article (contribution to a symposium held
in 1954) describes in brief the analogy between the
interpretation of translated texts and the inter-
pretation.of messages transmitted over noisy trans-
mission channels. Also discussed are some of the
statistical methods from communication theory
that have been applied for the quantitative study
of literature and language.

2740: P. M. Cupido: Some views on automatic:
control in glass factories (Glastech. Ber..
32 K, I/1-1/5, 1959, No. 1).

A brief outline is given of some different modes.
of automatic control and the stability of the
controlled system. The application of automatic
control in glass processes is discussed. It is no-
remedy for bad furnace design or bad process
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conditions, but it will give a sound background
for studying the process and will make it possible
to evaluate improvements. If the optimum settings
for the improved process have been found, auto-
matic control will be the most reliable means of
keeping the process conditions within the necessary
Limits.

2741: A. M. Kruithof and A. L. Zijlstra: Different
breaking-strength phenomena of glass objects
(Glastech. Ber. 32K, II1/1-111/6, 1959, No. 3).

Survey of the mechanical strength of various glass
objects. Not only thin glass fibres but also massive
glass objects can have very high strengths
(200 kg/mm?) if care is taken that the surface is not
damaged. From this it is concluded that the struc-
ture has only a secondary effect on the strength.
A kind of “strength scale” is constructed showing
how various combinations of structure and surface
effects give rise to various levels of strength.

2742: J. Goorissen, F. Karstensen and B. Okkerse:
Growing single crystals with constant resis-
tivity by floating-crucible technique (Solid
state physics in electronics and telecommuni-
cations, Proc. int. Conf., Brussels, June 2-7,
1958, edited by M. Désirant and J. L.
Michiels, Vol. 1, pp. 23-27, Academic Press,
London 1960).

See Philips tech. Rev. 21, 185-195,1959/60 (No. 7).

2743: J. H. Uhlenbroek and J. D. Bijloo: Investi-
gations on nematicides, II. Structure of a
second nematicidal principle isolated from
Tagetes roots (Rec. Trav. chim. Pays-Bas 78,
382-390, 1959, No. 5).

A second nematicidal principle isolated from
Tagetes roots has been identified as 5-(3-buten-1-
ynyl)-2,2"-bithienyl. Upon catalytic hydrogenation
5-butyl-2,2’-bithienyl was obtained which by com-
parison of infrared spectra proved to be identical
with a synthetically prepared sample. The 5-(3-
buten-1-ynyl)-2,2’-bithienyl was further character-
ized by its infrared absorption.

2744: H. F. Hameka: Berechnung der magnetischen
Eigenschaften des Wasserstoffmolekiils (Z.
Naturf. 14a, 599-602, 1959, No. 7). (Calcula-
tion of the magnetic properties of the hydro-
gen molecule; in German.)

To calculate the proton screening and the mag-
netic susceptibility of the hydrogen molecule, wave
functions are introduced built up from calibration-
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invariant atomic wave functions. The calculation is
done for two cases, the ground-state wave function
being described either by the Wang or the Rosen
approximation. In the first case the nucleus screen-
ing constant turns out to be 2.631 X 10~ and the
susceptibility —3.920 X 10-5. In the second case the
values are 2.732X10-5 and —4.045x 10-5, respec-
tively.

2745: N. W. H. Addink: Note on the analysis of
small quantities of material by X-ray fluores-
cence (Rev. univ. Mines 102, 530-532, 1959,
No. 5).

One point of particular importance in X-ray
fluorescence analysis is the so-called inter-element
effect: fluorescent radiation originating in one ele-
ment A in a sample is partially absorbed by an
element B, to an extent depending on the concen-
tration of B. In the present investigation it is shown
that this spurious effect can be eliminated by a) the
use of only dilute solutions, b) the use of thin layers
of powdered materials (sample required less than
1 mg). With method (b) systematic errors are held
to within 49%,. .

2746: G. Klein and J. M. den Hertog: A sine-wave
generator with periods of hours (Electronic
Engng. 31, 320-325, 1959, No. 376). .

By means of an inverse-function generator it is
possible to derive a triangular voltage accurately
from a sinusoidal one. By applying ncgative feed-
back the reverse can also be achieved. Making use
of this possibility an ultra-low frequency sine-wave
generator was designed for maximal periods of
3% hours. The distortion is then negligibly small.
If a slight distortion is permissible, this period can
be increased considerably. An important feature of
this generator is the fact that no transient phenom-
ena occur. The inverse-function generator can also
be used for various other purposes, one of them being
a logarithmic voltmeter covering the range from
approximately 10 mV to some tens of volts.

2747: C. J. M. Rooymans: A new type of cation-
vacancy ordering in the spinel lattice of In,S,
(J. inorg. nucl. Chem. 11, 78-79, 1959, No. 1).

In,S; has a crystal structure closely similar to
the spinel structure: the formula can be written
Ing/0];/4S,, analogous to spinel AB,O, or AB,S,. In
contrast to y-Fe,03, In,S; has cation vacancies in
certain tetrahedral positions; these positions are
ordered, giving rise to a superlattice.’
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2748: D. J. Kroon, C. van de Stolpe and J. H. N.
van Yucht: Etude de la résonance nucléaire
magnétique de I’hydrogéne inclus dans
I’alliage Th,Al (Archives des Sciences 12,
fase. spéc., 156-160, 1959). (Nuclear magnetic
resonance study of hydrogen in Th,Al; in
French.)

Per molecule in the crystal of ThyAl there are four
sites capable of accommodating hydrogen atoms. If

only two of these sites are occupied by protons
(Th,AlH,), the diffusion rate of hydrogen in the
crystal is high at room temperature, resulting in a
narrow resonance line. Below 100 °K this motion
ceases and a broad resonance line results. From the
temperature dependence of the line width it is found
that the diffusion activation energy is 0.22 eV. Simi-
lar measurements have been made for Th,AlH,.
From the shape of the resonance line in this case it
is concluded that there is a certain equilibrium
between “free” and “bound” hydrogen. If proton
motion is hindered because all interstitial sites are
filled (Th,AlH, and Th,AIH,D,), the line is broad
even at room temperature. (See also Philips tech.
Rev. 21, 297-298, 1959/60, No. 10.)

2749: J. S. van Wieringen and A. Kats: Para-
magnetic resonance of hydrogen in fused
silica (Archives des Sciences 12, fasc. spéc.,
203-204, 1959).

Pure fused silica shows neither optical absorption
nor paramagnetic resonance after irradiation with
X-rays at room temperature. On the other hand,
irradiation at the temperature of liquid nitrogen
produces two absorption bands in the ultraviolet
and a paramagnetic resonance spectrum whose
intensity grows with the percentage water present.
Paramagnetic resonance measurements suggest that
the colour centres responsible for these effects are
hydrogen atoms. They disappear after a few minutes
at a temperature of 10-20 °C above that of liquid
nitrogen.

2750: J. Davidse and B. T. J. Holman: A suppres-
sion filter with variable bandwidth (T. Ned.
Radiogenootschap 24, 199-209, 1959, No. 4).

This paper deals with the design of a notch filter
with variable bandwidth. The loading capacitance
is neutralized by means of a feedback circuit; in
addition with this circuit negative load resistances
can be realized. In this way very small bandwidths
can be obtained. It is shown that bandwidth
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variation can be obtained by variation of the loading
resistance. The transient response and the overshoot
of the filter are calculated. Finally the practical
circuit is given and discussed briefly.

2751: G. D. Rieck: Rekristallisation von Wolfram-
drihten (Hochschmelzende Metalle, 3rd Plan-
see-Seminar, Reutte/Tirol, June 22-26, 1958,
edited by F. Benesovsky, pp. 108-119;
published 1959). (Recrystallization of tung-

sten wires; in German.)

Tungsten for use in incandescent filaments is
provided with a “dope” which promotes the growth
of large crystals during recrystallization. These
crystals show a fragmentation structure, in particu-
lar after bending, from which it can be concluded
that the residues of the dope are present as filaments
parallel to the wire axis. These large crystals have an
orientation — the [531] direction lies in the wire
axis — that differs from the texture of the small
crystals of pure tungsten and which appears to
depend on the action of the dope. The occurrence
of this particular orientation should not be attri-
buted to a deviation from the dIaWing texture, but
can be explained by two facts. Firstly this orien-
tation is able to survive the glide process occurring
during deformation of the crystallites, whereas else-
where a [110] texture arises. Secondly the damaged
walls of impurities inhibit the growth of these grains
less than that of others.

This interpretation of crystal growth also provides
an explanation of the observed fragmentation
phenomena.

2752: J. M. Stevels: L’évolution de la technologie
et de la recherche verriére depuis la guerre
(Vetro e Silicati 3, No. 14, 23-30, 1959).
(Glass technology and research since the war;
in French.)

The author demonstrates that the development of
glass technology and research since the war has been
extraordinary. The paper includes the following
three sections: 1) basic research on glass, 2) manu-
facture of glass objects, 3) improvements in glass.
It is interesting to note that there have been two
different trends recently in the technology of glass:
1) realization that partially crystallized glass has
particularly attractive properties, 2) realization that

very often it is the finishing of the moulded glass . -

that makes its excellent properties evident.
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EXPLORING THE ATMOSPHERE WITH RADIO WAVES

by H. BREMMER.
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In his inaugural address as extra-mural professor of the Eindhoven Technische Hogeschool
on 12th February 1960, Dr. Bremmer spoke on the ways in which study of the behaviour of radio
waves has enriched our knowledge of the atmosphere. In recent years important new discoveries
have been made possible by the development of space research, enabling radio transmitters to be
sent out beyond the ionosphere, and by the application of highly sensitive radar methods to

observations from the earth.

With Professor Bremmer’s kind consent and cooperation we print below the main contents
of his address *), supplemented by some illustrations and a bibliography.

In recent years space research has enabled us to
enrich our knowledge of the physico-chemical struc-
ture of the atmosphere which, in its turn, helps to
promote the advancement of space research itself.
It is well known that rockets and artificial satellites
are equipped with measuring instruments, and that
the results of the measurements are sent back to
earth in code form by a small radio transmitter in
the vehicle. It is not so widely realized that the
radio waves thus transmitted can also, during their
travel, provide us with direct information on the
space through which they pass. The behaviour of the
waves is affected by this space, albeit very slightly.
Radio waves transmitted from earth are similarly
affected, since they too must cover a shorter or
longer path through the atmosphere before reaching
a receiver. In the latter case, however, it becomes
extremely difficult to obtain information on the
structure of the atmosphere above a height of about
400 kilometres. Unless very special installations are
used, this is the maximum altitude reached by waves
from a terrestrial transmitter, in so far at least as
they return to earth at all after attaining a highest
point and can be detected on earth. With rockets,
on the other hand, radio investigations of the atmos-
phere can be continued beyond the 400 km limit.
Projects of this nature were carried out on a limited

*) Published (in Dutch) by J. B. Welters, Groningen 1960.

scale during the recently concluded international
geophysical year.

In the following we shall review the background of
investigations in which radio waves are used to
examine the structure of the atmosphere. In doing
so we shall discuss both the results achieved with
rockets and those obtained by measurements from
the earth’s surface.

The ionosphere as a hypothesis to explain the range
of radio waves

Physically, radio waves are related to visible light
waves. Both are propagated at a constant speed

"and along straight paths only when the space

through which they pass is either a vacuum or per-
fectly homogeneous in composition. Qur atmosphere,
however, is only an approximation to a homoge-
neous space. Variations in local weather conditions
are evidence that the detailed structure of the at-
mosphere must differ from place to place. The paths
of radio waves will therefore be bound to show de-
viations from straight lines. The fact that these
deviations can be considerable was a conclusion
reached when it proved possible with certain trans-
mitters to achieve world-wide radio communication.
If radio-wave propagation were essentially recti-
linear the service area of a transmitter would not
extend much beyond the horizon as seen from the
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aerial. More distant receivers lie below this horizon
and cannot be reached by straight connecting lines
from the transmitter.
reception might still be expected for some distance
beyond the optical horizon, i.e. up to the first part

of the shadow region, into which radio waves are °

diffracted to some extent—more than in the case of
light waves. The depth of penetration beyond the
transmitter horizon can be found mathematiéaﬂy.
Investigations by Watson!)*) in 1918 proved be-
yond doubt, however, that it was not possible in
this way to explain the reception all over the earth
of stations working in the wave band between
100 m and 10 m, later so widely used.

As early as 1902, Heaviside in England and Ken-
nelly in America had concluded intuitively that the
explanation for the great range of radio waves was
to be sought in a non-homogeneous structure of the
atmosphere. They put forward the hypothesis of a
conducting layer at high altitude. The radio waves
would thenbe able to reach any point of the earth by
zigzag paths, being alternately reflected from this
layer and from the earth’s surface. Heaviside
moreover suggested that the layer might contain
charged particles formed by the iomizing action
of the sun, a supposition that was later shown to be
correct. Incidentally, the possible existence of such
a conducting layer had already been considered in
1878 by Balfour Stewart as a likely explanation of
the daily variation in the earth’s magnetism. This
ionized region of the atmosphere, originally called
the Kennelly-Heaviside layer, is now known as the
tonosphere.

Sounding the jonosphere

The ionosphere was at first merely a hypothesis to
help explain disparate phenomena, and nothing at
all was known about its height above the earth or
about its other properties. It was not until 1925 that
Appleton and Barnett estimated its height by an
interpretation of the effect of fading, i.e. variations
of the received strength of radio signals 2). They
showed that medium-wave fading in the hours of
darkness could be understood by assuming that
two waves reached the receiver simultaneously, one
propagated along the surface of the earth, the
“ground wave”, and the other reflected from the
ionosphere, the “sky wave”. The observed fading
could be explained by the interference of these two
waves if the ionosphere were at a height of about
85 km. In the same year this height was first deter-
mined, more directly and accurately, by Breit and

*) References are given at the end.of this article.

Nevertheless, reasonable °
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Tuve 3). They calculated it from the observed dif-
ference in the times of arrival of the ground and sky
waves. This is in fact the earliest known example of
a radar experiment, since it involved an object that
reflects radio waves (the ionosphere) which is not
only detected but whose distance is determined. In
their publication on the subject, Breit and Tuve
remarked at the time: “We are hoping that such
experiments will be performed by others as well as
ourselves”. Their hope has been fulfilled with a

-vengeance. More than a hundred observer stations

are now daily carrying out numerous measurements
on the principle indicated by Breit and Tuve. The
simplest form of measurement consists in determin-
ing the time taken by a vertically transmitted sig-
nal to reach the ionosphere and return to earth. This
is referred to as the echo time. Systematic
sounding”’
work,

“echo-
of the ionosphere has become routine
comparable . with regular meteorological
observations.

The echo effect mentioned depends on the wave-
length or frequency used. The higher the frequency,
the deeper the wave penetrates the ionosphere, and
therefore the longer the echo time. Measurements
showed that the ionosphere broadly consists of
three successive layers extending from about 70 km
to 400 km above the surface of the earth. By deter-
mining the echo time at many frequencies, and
properly interpreting the results, it proved possible
to lay bare the detailed structure of the ionosphere.
The theory underlying the interpretation of such
measurements had in fact been worked out in Eng-
land by Eccles %) as early as 1912; it concerned the
propagation of electromagnetic waves through a
gas containing charged particles, i.e. through a
medium similar to the ionosphere. It had been found
that where different kinds of charged particles are
present at the same time, namely ions and electrons,
only the latter affect the way in which a radio wave
is propagated. The theory showed in particular that
the propagation velocity of a radio wave entering
the ionosphere, called the phase velocity, must
increase if the wave on its way upwards encountered
increasing concentrations of electrons. As a result the
originally straight path would be bent downwards,
given favourable conditions, and would then return
to earth..Similarly curved paths, where waves are
bent downwards after reaching a highest point in an
atmospheric layer, were already known in the case
of acoustic waves generated by explosions and
artillery gunfire. The highest point in such cases
was much lower, however, being in a layer at a
height of' about 30 km, this layer being cha:acter-
ized by a high ozone content.
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But let us return to the ionosphere. It is solely
because the skyward radio waves undergo an
increase in their velocity of propagation that radio
communications are possible over great distances.
Theoretically, then, it had been reasoned that such
an increase must always occur when a wave enters a
medium containing charged particles. It remained
to verify this conclusion by a laboratory experi-
ment. The first to do so was Van der Pol, who gave
a full account of his methods in his thesis in 1920 ).
A general understanding of the mechanism of radio
transmission via the ionosphere thus existed five
years before the separate ionospheric layers were
first directly observed in 1925.

A further advance was made in 1930 when W. de
Groot %) gave a mathematical method for directly
determining the electron concentrations in the layers
from the observed frequency dependence of the
ionospheric echo times. In this way it was found
that in the best-known layers (called D, E and F
layers, in ascending order) the number of electrons
per cubic centimetre was of the order of 103, 10° and
108, respectively. D¢ Groot pointed out that it was
only possible with this method to investigate the
lowest part of each layer, i.e. the part below the
level where the electron concentration is a maximum.
Now, since the advent of rocket missiles, data can
be collected on each layer through which the rocket
passes 7). This is done by measuring the frequency
change — the so-called Doppler effect — of the radio
signal sent back to earth by a small transmitter on
board the rocket. Here the Doppler effect depends on
therocket’sspeed and on thelocal velocity of the radio
wave; the latter depends in its turn on the electron
concentrations near the rocket. Since the speed and
course of the rocket are known, the electron density
at all altitudes of the rocket can be determined
directly from the variation of the Doppler effect.
These new measurements broadly confirm .the pic-
ture of thc ionospheric layers earlier arrived at
with the aid of echo sounding. Faith in the old re-
sults was so great that one commentator, discussing
the confirmation provided by the rocket tests, said
ironically: “This simply means to me that the
rockets have in fact got through to the ionosphere”.
Nevertheless, the correspondence is not perfect; in
particular it now appears that the layers of the
ionosphere are not so clearly separated as they were
formerly supposed to be. For example, the minimum
of the electron density at the transition from the E to
the Flayerisextremely shallow or even imperceptible.

The space above about 400 km

Until a year ago no detailed picture was known
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of the electron density above the middle of the F
layer, which is the region above a height of about
400 km. More information has now been made
available on this region by new radar experiments
at a wavelength around 7 m, performed by Bowles 8)
of the National Bureau of Standards. A wave as
short as this passes almost unhindered through the
ionosphere, but reception is still possible, albeit with
a great deal of trouble, of the extremely weak signal
which is sent back to earth by the wave on its way
up to very great altitudes. This weak signal results
from the fact that the individual electrons in the
upper atmosphere absorb energy from the oncoming
radio wave and then scatter this energy in all di-
rections.

Part of the scattered energy then returns to earth.
The returning energy being proportional to the
electron concentration, the latter can therefore be
determined from the signal received. A measure-
ment is made of the time variation of this signal
shortly after the primary signal is sent out. In the
first moments, only the contributions produced in
the lowest regions of the ionosphere will be ob-
served, these being the earliest to return. Thereafter
the intensity is determined by the electron concen-
trations at increasingly higher levels.

To obtain a measurable signal strength in this
experiment, a very powerful transmitter and a large
aerial system are needed. These of course involve
considcrable costs, but the costs are very much lower
than would be entailed if an artificial earth satellite
were used to acquire the same data. The provisional
results show that the electron density above the F
layer decreases very gradually and that there are
thus no further layers or high electron concentration.
Future observations with the aid of artificial satellites
will undoubtedly provide supplementary informa-
tion.

Another important fact has been established by
much simpler observations, viz. that up to very
great heights a minimum concentration prevails of
about 500 electrons per cm3, or at least that there
are always local regions present with this electron
concentration. This has been inferred in particular
from observations of the phenomena known as
“swhistlers”. These are electrical disturbances which
are generated by thunderstorms and are propagated
from their terrestrial source along a line of force of
the earth’s magnetic field that extends far into the
atmosphere; the path of propagation along this line
of force shows a horseshoe bend, finally returning
to earth somewhere in the opposite hemisphere
(fig. 1).

From such observations Morgan and Allcock 9)
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Fig. 1. The earth, with magnetic poles MV and MS, showing a number of magnetic lines

of force.

Electrical disturbances generated aft A (e.g. by a thunderstorm) are propagated
along aline of force of the earth’s magnetic field and reach a point Bin the other hemisphere.
At B they may give rise to a “whistler””. The disturbance can travel to and fro many times

along the line of force 4B.

When a charged particle — emitted by the sun — approaches point C in the transitional
zone, where it first comes under an appreciable influence of the carth’s magnetic field, it
starts to describe a helical path around a line of force. Upon arrival in the lower atmosphere
such particles may produce auroral effects. The paths of the lines of force indicate that the
charged particles mainly enter in a region forming a ring around the magnetic north and
south poles (aurora borealis and aurora australis).

recorded a case in 1955 where disturbances of this
nature repeatedly made the long journey to and fro
between Wellington in New Zcaland and Unalaska
on the Aleutian Islands. On their way they reached at
their farthest point a distance of more than 20000 km
from the earth. Whistlers also contain frequencies
in the audio range, which are heard in the receiver
as a short fluting tone of descending pitch, hence
their name. Another related kind of whistling at-
mospherics appears to originate in the upper atmos-
phere, probably as a result of fast-moving currents
of ionized particles 1%): the sound heard resembles the
twittering of birds, and has therefore been termed
“dawn chorus”. All these disturbances roughly
follow a line of force of the earth’s magnetic field.
The saying that the traveller from afar has much to
relate is certainly apt in their case. The properties
of a whistler depend on the electrons it has encoun-

tered on its journey. Analysis of the incoming signal

reveals in particular that the long journey is possible
only if it is made through regions where the elec-
tronic concentration is at least of the order of the
above-mentioned value of 500 electrons per cm3.

An important effect in this connection is that the
electrons-tend to arrange themselves in “filaments™
along the lines of force of the earth’s magnetic field.

The presence, formerly unsuspected, of relatively
high electron densities up to very great heights
above the. earth (see fig. 2a) has been confirmed in
other ways. In the first place, it agrees,with the re-
cordings of a positive-ion detector on board Sput-
nik IIT1Y). The concentration of positive ions is an
indication of the presence at the same time of a
concentration of negatively charged electrons. Fur-
ther confirmation has come from a recent study by
Siedentopf, Behr and Elsisser of the brightness and

_ polarization of the zodiacal light !2). In studying

this phenomenon it is necessary to assume that the
polarization effects are due solely to electrons, leav-
ing out of consideration any effects that may be due
to the dust particles also present. This means that
the electron densities thus calculated are maximum
values. Thus, from observations of three entirely
distinct phenomena it has been made plausible that
a minimum density of about 500 electrons per cm3
exists up to very great distances from the earth.
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The investigations mentioned hitherto enabled
the electron concentrations to be inferred up to a
certain height above the earth. It is also possible,
however, to determine by direct means the total
number of electrons contained in a column extend-
ing from the earth’s surface far into cosmic space.
For this purpose use is made of the recent radar ex-
periments, where a radio signal is reflected from the
moon. From the fading shown by the returned signal
one can find the number of electrons contained
in a narrow column reaching from the earth to the
moon. Measurements by Evans 13) and by Bauer
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these layers of, say, 400 per cm?, which is of the
same order of magnitude as the 500 per cm3 men-
tioned above.

The results obtained indicate that the total num-
ber of electrons above the “middle” of the F layer
is 3 to 5 times greater than the known number of
electrons below that level (by “middle” we mean
here the level of maximum electron concentration,
denoted by M in fig. 2a¢). With a similar method %)
the total number of electrons can be determined
between the earth and an artificial satellite in orbit
at a specific height. This number can also be calcu-
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Fig. 2. The graphs show respectively as a function of height h above the earth’s surface:

a) the number of electrons n per cm®,

b) the number of particles IV per cm® (here mainly molecules in the lower regions and

mainly atoms at higher altitudes),

¢) the temperature T (in °K, but also in °C at lower altitudes).
In (a) the letters D, E, F; and F, denote the correspondingly named layers of the ionos-

phere; the greatest electron comcentration is

found at the level M (the “middle’’ of the F,

layer). The change with height in the concentration of the electrons varies with the relative
position of the sun and with the sun’s activity. The curve shown is representative of a state
during the day, when the F layer can be divided into an F, and an F, layer.

and Daniels 14)have shown that this number amounts .
to about 20 X 1012electronsin a column of 1 ¢cm? cross-
section. Suppose for a moment that the prevailing
electron density was 500 per cm3 over the whole
distance from the earth to the moon (380000 km);
the column would then contain 19X 1012 electrons.
This of course leaves hardly any margin for the
much greater electron density that must in reality
be present in the column at the position of
the E and F layers: the necessary margin exists,
however, if we assume an electron denéity outside

lated from the recorded moment at which signals
transmitted by such a satellite are last received after
the satellite has disappeared beyond the horizon 15).
The same applies to the moment at which the sig-
nals are first picked up again when the satellite re-
appears above the horizon. In this way, with the aid
of Sputnik II, it was established that the electron
density in the upper half of the F layer declines
much more gradually than it increases in the lower
half upwards. This is in agreement with the meas-
urements performed by Bowles 8).
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Density and temperature of the atmosphere as a
function of height

There is thus a great deal of information available
for studying the concentrations of electrons in the
atmosphere. Being established with a relatively high
degree of certainty, the data at our disposal repre-
sent an excellent starting point for building up a
"picture of the physical conditions existing in the
space around our planet. In the first place, once we
know the distribution of the electron concentrations
in a particular layer,we can deduce from that distri-
bution the molecular density and the temperature
- prevailing near the middle of the layer. This is
possible because the formation of the layer partly
depends on the absorption of ionizing radiation
from the sun by atmospheric molecules or atoms.
Factors thereby involved are the average concen-
tration of these uncharged particles, and also the
change which their concentration undergoes with
changing height as a result of temperature. It has
been found in this way that the gas density at a
height of 100 km is roughly a million times smaller
than near the earth’s surface (fig. 2b), whilst the
temperature at that height must be roughly equal to
room temperature (fig. 2¢). This does not imply that
one would feel comfortably warm in this region, but
simply that the molecular velocities of thermal agita-
tion are just about the same there as in the air in
which we live. Above the 100 km level, however,
there must be an increase in temperature, otherwise
the density of the uncharged gas atoms would de-
crease upwards much faster than it actually does.

Apart from the results obtained with radio
waves, there are other indications that the decrease

in the density of the air above about 100 km is so’

slow that it must necessarily be accompanied by a
rise in temperature. These indications have come
from air-pressure measurements aboard rockets and
also from observations of auroral effects and of the
light in the night sky 7). As regards the latter, it
should be recalled that on a clear, moonless night
only about 309, of the faint light from the sky
originates from’ the stars, directly and by scattering
in the atmosphere, whereas some 409, is due directly
to luminous gases in the upper atmosphere (the
other 309, is scattered light due to other causes).
From observations of this light we can thus estimate
the density and temperature of the gases up to a
height of about 1000 km. ’

The rise in temperature above 100 km is quite
understandable, since the extremely thin atmos-
pheric gas must finally make the transition to the
so-called interplanetary gas of outer space. It is
known that this gas has a very high temperature,
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and moreover it consists almost entirely of the sim-
plest charged particles, namely protons and elec-
trons. It is thought that the high velocities of these
particles, corresponding to their high temperature, -
are such as to overcome the attraction of the
planets, though not of the sun. The sun itself is
probably the chief source of interplanetary gas,
which might be regarded as a continuation of the
rarefied and very hot gas of corona that envelops
the sun.

Let us now consider the general picture of the
atmosphere above about 500 km, as pieced together
from theoretical insight and from the scarce data
provided by rocket flights. The chemical composi-
tion of the air up to roughly 200 km differs only very
slightly from that of the air we breathe, but above
that height the atomically dissociated oxygen and
nitrogen are gradually superseded by the much
lighter atomic hydrogen. Above a height of the
order of 1000 km the density has diminished to such
an extent that the chance of gas particles meeting
one another is very remote indeed and there are
virtually no more interaction processes between the
atoms, ions and electrons still present. Consequently
the concentration of the uncharged atoms is hence-
forth entirely governed by the force of gravity, so
that at very great heights only the lightest gas is
found — hydrogen. At a distance of three earth
radii, i.e. at a height of about 20000 km, the
(uncharged) hydrogen atoms have sufficient velocity,
in view of the temperatures prevailing there
{~1200 °C), to overcome the very weak gravitational
pull of the earth. As far as the (electrically charged)
ions and electrons are concerned, however, the effect
of the earth’s magnetic field, and the forces associ-
ated with it, are more important than the force of
gravity. These particles remain much longer within
the earth’s sphere of influence, so that finally only
the lightest, charged particles remain, i.e. protons
and electrons. The latter are found there in the con-
centration referred to of the order of 500 particles
per cm3. For the sake of completeness it may be
mentioned that Geiger counters carried by rockets
have revealed the existence of at least two zones,
called Van Allen zones, of highly intensive radio-
active radiation !¥), whose maxima are situated at
heights of about 3000 and 16 000 km above the
earth’s surface. The radiation is probably due main-
ly to high-speed electrons originating from the sun.

‘Transition of the atmosphere to interplanetary gas

The model described here seems to point to a very
slow transition from the increasingly rarefied upper




1960/61, No. 3

atmosphere to the region of interplanetary gas,
which, according to Siedentopf and co-workers 12),
also possesses near the earth a density of the order
of 500 electrons per cm3. It should be remembered,
however, that this gas does not take partin the daily
rotation of the earth, whereas the air near the earth
is carried around in its entirety. With increasing
height, then, the air ought to be gradually less firmly
bound to the earth. This, however, raises a theoreti-
cal difficulty. If the earth’s magnetic field decreases
with increasing distance at the same rate as it does
near the earth, one can calculate the viscous forces
due to electromagnetic effects that correspond to a
minimum density of 500 electrons per cm3. It is
found that these forces are so strong as to suggest
that the atmospheric air down to regions close to
the earth is coupled more with the interplanetary
gas, which does not move with the earth, than to the
rotation of.the earth. The movement of the air that
does not entirely rotate with the earth should
manifest itself in a prevailing east wind, and this
should already be observable at a height of 100 km
above the earth. This is certainly not the case,
however. The difficulty disappears if there exists a
transition zone in which the earth’s magnetic field
declines so rapidly as to be negligible beyond that
zone. The form of the magnetic lines of force that
fits this model is then such that the protons and
electrons near the transition zone can only penetrate
through it with great difficulty; the possibility of
limited penetration from outside is then essential to
explain auroral effects. The particles outside the
transition zone are thus more or less isolated from
those inside it. This makes it possible for all particles
inside to rotate with the earth, whilst those outside
itare coupled with the interplanetary gas. The tran-
sition zone, which may perhaps coincide with the
central part of the outer Van Allen zone, at a distance
of roughly 16000 km, then acts as a natural bound-
ary of the earth’s atmosphere, at a level where it
consists almost entirely of protons and electrons.
The transition zone thus screens the earth’s
magnetic field, and this implies theoretically that it
must at the same time be the carrier of electric cur-
rents. It was for this reason that the existence of
such a zone was first postulated, for these currents
are the simplest explanation of phenomena connect-
ed with the disturbances of the earth’s magnetism
known as “magnetic storms”. Since 1923 the rele-
vant theory has been worked out in particular by
Chapman, Ferraro and Martyn 19). They have shown
that a transitional layer must necessarily be formed
whenever a stream of charged particles (thrown off
by the sun) enters a magnetic field that initially
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decreases very gradually as a function of the dis-
tance to the earth. Any stream of particles will then
tend to distort the latter field into a field of the type
considered above. The regular production of such |
streams by solar eruptions accordingly maintains
this type of field with a transitional layer. The most
recent observations indicate that the transitional
layer may be identical with a boundary region in
which the earth’s magnetic field loses its regular and
slowly varying structure — in other words, the
transitional layer represents the outermost zone in
which the field still possesses a distinctly stable
component.

Jonospheric winds

We have just said that there are no indications of
a prevailing east wind at a height of 100 km. This
appears from a variety of investigations, again
using radio waves reflected from the ionosphere 29).
The fading of these waves may be studied. Because
of irregularities in the structure of the ionosphere,
the moments at which the signal from a given trans-
mitter is received most strongly by several receivers
in each other’s vicinity do not coincide. From the
time differences recorded one can determine the
direction and the strength of the wind prevailing at
ionospheric altitudes. No prevailing east wind is
observed, but winds of considerable velocities do
occur at a height of 100 km. Wind velocitics
of the order of 50 metres per second, i.e. 180 km/h,
appear to be quite normal. Such hurricanes should
not be imagined too dramatically, however, for the
air density there is about a million times less than
at the earth’s surface. The mass of air displaced
per unit time at such high velocities is therefore
very small — too small, for example, to turn a
rocket noticeably off course.

Radar observation of meteors

In recent years the ionospheric winds in the E
layer have been very systematically studied by ra-
dar observations of meteors 2!). In spite of its rare-
fication, the air at a height of 115 km is still dense
enough to make meteors entering the atmosphere
at that level white hot. The resultant vaporization
is so intense that most meteors have completely
evaporated before they can drop to an altitude of

_ about 80 km. The heating process is accompanied by

the ionization of atoms from the meteor, and a tem-
porary trail of strongly ionized air is left behind.
The trail may remain intact for as long as ten
seconds, after which it dissipates as a result of diffu-
sion. For a short time, then, there exists a cylindri-

cal, expanding column in which electrons occur at a
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‘concentration often ten-thousand times greater
than in the surrounding air of the ionosphere. Radar
waves are reflected from a short-lived column of
this kind, and meteors detected in this way occur
at an average rate of one per second, against one
~ every seven minutes observable by the naked eye.
With a telescope almost as many meteors can be
observed as with radar, but the latter has the advan-
tage of being just as useful during the day as in the
hours of darkness. These investigations can there-
fore be carried out both by day and night.

The study of meteors by radar has attracted con-
siderable interest in the last ten years. Information
can also be gathered in this way on air currents at
high altitudes, since the ionized trails left behind by
meteors are blown along during their brief existence
by local winds. The component of this wind motion
in the direction of observation can be derived from
the Doppler shift in the frequency of the reflected
waves. Statistical analysis of the wind components
measured on large numbers of meteors makes it
possible to calculate the force and direction of the
prevailing wind in a given region of the ionosphere.
These calculations confirm the above-mentioned
wind velocities of the order of 50 m/s. The most
direct indication of these wind velocities, however,
is found from observations of the “luminous clouds”
that are sometimes seen at high altitudes a few
hours after sunset or before sunrise 22).

Atmospheric tides

The wind phenomena discussed here share to
some extent the random nature of the winds near

the earth’s surface, which are governed by meteoro--

logical conditions. A large contribution to the jonos-
pheric winds, however, is attributable to solar and
lunar tidal forces. We are most familiar with tidal
forces from the periodic alternation of ebb and flow
in the seas. The same forces act on the air of our
atmosphere, but they are much less noticeable.
Our position as observers in relation to the atmos-
phere might be compared with that of someone
trying to study sea tides from the bottom of the sea.
This comparison suggests that the atmospheric tidal
effects are perhaps much more pronounced at greater
altitudes., A periodic vertical movement of air as a
result of tides might, for example, manifest itself as
periodic variations in the height of each ionospheric
layer. In fact, echo-time measurements revealed for
the first time in 1939 that these layers do indeed
show a periodic rise and fall. In that year Appleton
and Weekes 23) found that the height of the E layer
undergoes small variations of the order of 2 km,
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which are directly related to the phase of the moon.

Vertical tidal movements in the air, like those in
the sea, are not conceivable without accompanying
horizontal movements. One might therefore suppose
tidal effects to be at the back of the wind phenomena
detected by:radar observations of meteors. Tidal
winds do in fact appear to exist in the ionosphere.
The effects due to the sun and moon separately can
be kept distinct in this connection inasmuch as
their respective contributions vary with the position
of the sun and the moon. The tidal wind caused by
the sun shows a highly regular pattern;
altitude of 85 km in the northern hemisphere it may
be described brbadly as a wind, constantly changing
in direction, and veering from the west in the mor-
ning and evening at half past eight local time; its
maximum force is roughly 70 km /h.

Tidal winds as strong as this are out of the ques-
tion near the earth’s surface, where the. prevailing
winds are governed by meteorological conditions.
Still, a tidal contribution does exist on the earth,
albeit a very slight one. It can be found from the
averages of barometric readings taken over a long

at an

period at times when either the sun or the moon is
at the same position in the sky. By taking average
readings the influences of incidental and constantly
changing meteorological conditions are eliminated.
In this way one finds a small tidal effect attributable
to the sun, and further a 16 times smaller effect due
to the moon. From the local distribution of these
accurately determined statistical averages the asso-
ciated, very slight tidal contribution to the wind
on the earth’s surface can later be calculated 24).
The results show that, on the equator, the tidal ac-
tion of the sun superimposes on the meteorological
winds an extra east or west wind which has a maxi-
mum force of less than one kilometre per hour. In
higher latitudes this weak tidal component con-
stantly changes direction, just as it does in the
ionosphere. The even weaker atmospheric tidal
effects due to the moon 2%) indicate that our faithful
satellite has no significant influence on the distribu-
tion of the air in our atmosphere.

A comparison of the tidal winds blowing at
velocities up to 70 km/h at a height of 85 km with
the tidal wind of about 1 km/h near the earth might
suggest that the tidal effects are generated primarily

_ in the higher layers of the atmosphere. This, however,

is by no means the case. If we take into account
the rarefication of the upper air, we find that the
energy transmitted by the tidal forces to wunit
volume of air is much greater near the earth’s surface
than in the ionosphere. The energy taken up near the
earth, however, gradually moves upwards, thereby
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appreciably strengthening the tidal wind due to the
sun, at least above a height of about 30 km.

It was for a long time puzzling that the sun’s
contribution to the atmospheric tides should be so
much greater than the moon’s. This seemed to con-
flict with the elementary theory according to which
the moon’s contribution should be 2} times greater
than that of the sun, a deduction based on the rela-
tive masses of the sun and moon and their distances
from the earth. As regards the ocean tides, the moon
is in fact the more effective of the two. We know
that the times of high water along the coasts are
almost entirely governed by the relative position of
the moon; the weaker effect of the sun is responsible
for the spring tides shortly after full moon and new
moon. The fact that the sun plays the major part in
the atmospheric tides was noticed by Laplace one-
and-a-half centuries ago. In 1882 Kelvin suggested
that a resonance effect might be involved. He con-
ceived that the atmosphere might easily enter into
an oscillatory movement whose period, for one
reason or another, may well be close to the twelve-
hour period governing the solar tides. On the other
hand, the corresponding period of nearly thirteen
hours for the lunar tides would not be close to a
resonance period of the atmosphere. It was not until
1936 that it was first shown by Pekeris 2%) that
among the resonance periods of the atmosphere
there is in fact one of about twelve hours.

The duration of this resonance period, which has
such an important bearing on the atmospheric
tides, is very closely related to the temperature
distribution in the upper levels of the atmosphere 27).
It would be quite different if the temperature of the
air decreased upwards continuously. We know that
the temperature has a minimum value of about
—55 °C at an average height of 10 km, after which it
riscs and at about 50 km reaches an average value
near 0 °C (fig. 2¢). It then drops again until, at a
height of roughly 85 km, it reaches a minimum value
of about —80 °C. This is where the above-mentioned
temperature rise begins, which continuesright on up
to the transitional zonc bounding the atmosphere.
It is the presence of two layers in which the temper-
ature drops with increasing height that involves a
resonance period of roughly twelve hours. The theory
of resonance also indicates that the solar tidal
wind at a height of 75 km must be about 100 times
stronger than near the earth, and moreover that
above 30 km it must blow in the opposite direction.
This is entirely in agreement with observations of
wind directions in the ionosphere, and serves to
strengthen confidence in the theory.

In broad lines it can be said that theory and ob-
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servation together have produced a satisfactory
picture of the atmospheric tides in the lower atmos-
phere. According to the so-called dynamo theory 28)
the ionospheric tidal winds are partly responsible for
the systems of electric eddy currents in the ionos-
phere; this ties up reasonably well with what can be
deduced about these currents from the study of the
earth’s magnetism. Radar observations of meteors
further indicate that above 100 km the tidal winds
are rapidly attenuated, apparently because the tidal
waves are strongly damped when they enter this
region. This can be explained by the effects of vis-
cosity and thermal conduction that first become
effective there. Future investigations will undoubt-
edly deal in greater detail with the attenuation of
tidal effects at high altitudes.

Concluding remarks

.

The reader may now be wondering whether the
investigations discussed are of any technical im-*
portance apart from their purely scientific interest.
It should be remembered that research with the aid
of radio waves can provide fresh insight into the
uses of radio waves as a means of communication. In
this connection it may be recalled how the familiar
reflection and scattering of radio waves from ionized
clouds prompted the American Thaler to turn this
phenomenon to use for tracing guided missiles and
nuclear explosions 2%), both of which give rise to
such clouds.

I have tried to show in this survey how very
valuable a tool radio has proved to be for exploring
the mysteries of our atmosphere. In the skies above
us there are many long-unsuspedted phenomena at
work, which are only now gradually yielding up
their secrets. For the physicist it is a fascinating
field of research, involving as it does such diverse
branches of study as radiation theory and plasma
physics, which are particularly important in the
upper layers, the physico-chemical theories under-
lying the ionization and energy-exchange processes
between the particles in the somewhat lower layers,
aerodynamic and electrodynamic theories, which
apply to the air currents above 100 km, and classical
mechanics, which govern the tidal effects in the
lowest layers. No one is entirely indiffercnt to the
achievement of human ingenuity in establishing
radio communication all over the earth, and it is
natural that we strive to understand more of the
mechanisms that make that communication possi-
ble. One final comment may not be out of place in
this connection. It is remarkable how the subtlest-
seeming phenomena play a fundamental role in
radio telecommunications. For example, the highly
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rarefied gas of the ionospheric F layer has a lower

density than the so-called vacuum in the best high-

vacuum pumps; nevertheless, it is this gas, through
the thinly distributed electrons it contains, that
enables us to listen to a station at the other end of
the earth. .
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Summary. The substance is reproduced of the address deliv-

ered by the author on his inauguration as extra-mural profes-

sor at the Technische Hogeschool Eindhoven. The subject
matter is that of investigations of the atmosphere with the aid-
of radio waves. After recalling the historic work on the ionos-

phere done by Appleton and Barnett and by Breit and Tuve,

the author mentions the recent work of Bowles, who, by radar

soundings from the earth, has obtained data on the upper re--
gion of the F layer. These data confirm observations made by

instruments on board artificial satellites, namely that the elec-

tron density above the middle of the F layer changes much

more slowly with height than below it. Amongst the important

discoveries made possible by the development of astronautics

are the Van Allen zones of intense radiation at distances of
more than 2000 km from the carth. Other subjects discussed

are the transition from the atmosphere to the region of inter-

planetary gas, the existence of winds and tides in the ionos-

phere, and the usc of radar for observing meteors.
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MICROPHONY IN ELECTRON TUBES

by S. S. DAGPUNAR *), E. G. MEERBURG **) and A. STECKER ***).

621.391.816.2:621.385

Microphony may be defined as the occurrence of an electrical interfering signal produced

as a result of mechanical or acoustical vibrations of a circuit element, e.g. an amplifying tube.
The effect is as old as the radio tube itself. At first it could be kept within bounds by mounting
the tubes in resilient holders. At the levels of amplification common nowadays, however, this
simple measure is far from sufficient. Theoretical and experimental investigations have shown

- what can be done in the design and construction of a tube to minimize microphonic effects.
The article below, which embodies contributions from British, Duich and German laboratories,

gives some idea of these investigations and of the progress made in recent years in combatting

microphony.

Introduction .

Amongst the component parts of radio sets,
amplifiers, etc., there are many that do not consti-
tute a mechanically rigid assembly, but consist of
parts capable of physical vibration at a frequency
generally within the audio region. As the parts
vibrate the distance between them alters, and this
is accompanied by fluctuations in the elcctrical
properties of the circuit element involved. Take, for
example, a variable capacitor: if the plates vibrate
with respect to one another, the result is a periodic
variation in the capacitance. If the capacitor is part
of the tuned circuit of an oscillator, the frequency of
the generated voltage will also vary periodically,
i.e. it will be subjected to frequency modulation,
giving rise to interference in the output signal.
This production of an interfering signal as a result
of mechanically vibrating components is known as
microphony.

Electron tubes are particularly subject to mi-
crophony, and in this article we shall be concerned
solely with microphonic effects in electron tubes.
Physical vibration of the electrode assembly not
only causes variations in the capacitances between
the electrodes but also fluctuations of the anode
current and mutual inductance, and hence directly
affects the gain of the tube.

There are many causes of vibration in an electron
tube. Apart from incidental vibrations or shocks,
there are those to which car radios, transceivers,
radio equipment in aircraft, ctc., are constantly
subjected, there are the vibrations due to the motor
in gramophones and tape recorders, the mechanical
shocks caused by the operation of switches in
various equipment, and above all the vibrations

*) Mullard Radio Valve Co., Ltd., Mitcham, England.
**) TElectron Tube Division, Philips, Eindhoven.
***) Development Laboratory of Valvo GmbH, Radio-
rohrenfabrik, Hamburg.

- caused by the loudspeaker. Loudspeakers are often

placed very close to amplifying tubes and can trans-
mit vibrations to the latter both acoustically (via
the air) and mechanically (through the cabinet, the
chassis and the tube holders). This situation is
particularly dangerous in that the loudspeaker itself
reproduces the interfering microphony signal; if the
gain is sufficiently high, this may give risc to acous- .
tic feedback (“howling™), and if not, it may in any
case produce troublesome reverberation. Microphony
can also produce severe intcrference in television
receivers. Loudspeaker vibrations here may be
transmitted to amplifying tubes in the high fre-
quency, intermediate frequency or video frequency
part of the receiver, causing troublesome fluctuations
in the brightness of the picture. Microphony in tubes
in the deflection circuits may distort the picture as
well as cause displacements in lines.

In recent years extensive investigations have
been carried out in many laboratories both into the
requirements to be met by tubes in modern equip-
ment in order to minimize microphonic effects, and
into the measures that can be adopted to make the
tubes fulfil these requirements. This article will
deal with the work done along these lines in various
Philips laboratories and the results obtained 1).
MO the following publications:

B. G. Dammers, On the microphony of the EF 86, Elec-

tronic Appl. 16, 125-134, 1955/56;

B. G. Dammers, A. G. W, Uitjens, E. G. Meerburg and

M. A. de Pijper, Reflections on microphony, Electronic

Appl. 18, 15-18, 1957/58;

B. G. Dammers, A. G. W. Uitjens, K. Hoefnagel, E. G.

Meerburg and M. A. de Pijper, -Causcs and effects of

microphony in the R.F.- and LT. stages of television

receivers, Electronic Appl. 18, 48-56, 1957/58;

A. Stecker, Die Mikrofonie der Elektronenréhre — Theorie

und Analyse, Valvo Berichte 4, 1-21, 1958 (also Electronic

Appl. 18, 99-117, 1957/58);

H. Hellmann, Die Priiffeldmessung der Mikrofonie von
Elektronenréhren, Valvo Berichte 4, 22-35, 1958;

D. Hoogmoed, Microphonic effects in electron tubes,
Electronic Appl. 19, 25-44, 1958/59.




72 PHILIPS TECHNICAL REVIEW

Factors determining the strength of the microphony

An electron tube subjected to acoustical and/or
mechanical vibrations undergoes a periodically
alternating acceleration. It is the magnitude of this
acceleration that primarily determines the strength
of the microphony. To give an idea of the accelera-
tions involved, it may be mentioned that meas-
urements with vibration pick-ups in radio and
television receivers have shown 2) that a loudspeaker
fed with a power of 50 mW gives rise to tube accel-
erations from 0.1g to 0.25g (g = acceleration of the
force of gravity). A higher power evidently causes
greater accelerations, the increase being proportional
to the root of the power. In car radios the accel-
erations produced by engine vibrations are much
greater than those caused by the loudspeaker. Of
course, the type of car, the state of the engine and
other conditions are important in this respect. Tests
made on the instrument panels of numerous types
of cars have shown that, under certain circum-
stances, accelerations up to 25g may occur.

Apart from the magnitude of the vibrations to
_ which the tube as a whole is subjected, the extent to
- which the vibrations are transmitted from the base
or wall of the tube to the electrodes also has an im-
portant bearing on the strength of the microphony.
Further factors involved are the stiffness of the
componcnts and the rigidity of their mountings.

A further point to be taken into account in
this connection is the function of the tube in the
apparatus concerned, since this function determines
the parameter whose fluctuations may prove most
troublesome. For instance, where a tube is to be
used in a low-frequency amplifier, changes in the
capacitances between the electrodes will seldom
be important, whereas variations in the anode cur-
rent as a result of electrode vibrations may be very
important indeed, since these variations, after ampli-
fication, are usually applied to the loudspeaker and
made audible. Capacitance variations, on the other
hand, can be very troublesome in the oscillator tube
in a superheterodyne receiver, particularly if the
receiver is tuned to a high frequency. In that case
the circuit capacitance is small, and as a result the
tube capacitances have a considerable effect on the
frequency of the voltage generated by the oscillator.
Periodic variation of these capacitances thus gives
rise to frequency modulation which, in an FM
receiver, is heard through the loudspeaker. This may
also be the case in an AM receiver if the set is not
exactly tuned to the received signal. Variations in
the frequency of an IF signal then give rise to

%) See the article by Hellmann under ).
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amplitude modulation which, after detection, again
results in an interfering low-frequency voltage.
Amplitude "and frequency modulation may also
be caused by capacitance variations in one or more
of the radio frequency or intermediate frequency
circuits of a receiver, giving rise to fluctuations in
the magnitude and phase of the output voltages of
the amplifier stages involved.

In cases where microphony causes fluctuations of
mutual conductance, the effect can be troublesome
if the tube is used in the radio frequency or inter-
mediate frequency circuits of an AM receiver, since
a periodically varying mutual conductance results
in a variable gain, and thus modulates the RF or
IF signal voltage in amplitude.

Microphony in a tube is more troublesome: the
more amplifier stages are connected bchind the
tube, in which case a correspondingly smaller
variation in one of the parameters of the tube will
be sufficient to produce an impermissibly large
alternating current to the loudspeaker.

Inconsistent nature of microphony

Because of the numerous factors governing its
strength, microphony in practice is an irregular,
inconsistent phenomenon. A tube fulfilling a certain
function in a particular apparatus may give no
difficulties, whereas in another function or another
apparatus it may exhibit excessive microphony. The
location of the tube and the position in which it is
mounted may also have considerable influence.
Moreover, individual tubes of the same type may
show marked disparities. In spite of the extremely
narrow tolerances used in the manufacture of com-
ponents, it is impossible to avoid slight construc-
tional differences from tube to tube. This has no sig-
nificant effect on the purely electrical properties of
the tube, but it may give rise to considerable dif-
ferences as far as microphony is concerned. Conse-
quently, certain practical methods of testing can
only be carried out on a statistical basis; whether
a particular modification introduced in a tube will
improve the tube’s microphonic behaviour in prac-

-tice can only be established by investigating a

fairly large number of individual tubes.

The inconsistent nature of microphony is accen-
tuated by the fact that the frequency spectrum of the
vibrations to which the tubes are subjected in
practice is extremely irregular in shape. The reason
for this is that the chassis, the cabinet and other
structural elements of electrical apparatus exhibit
many different resonance frequencies for mechanical
and acoustical vibrations, so that the whole assem-
bly behaves as if it consisted of large numbers of
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Fig. 1. Frequency spectrum of the acceleration to which a tube in a certain type of radio
receiver is subjected when the loudspeaker is driven by a constant power of 50 mW at a

varying frequency.

mutually coupled resonators. Fig. I shows an
example of a [requency spectrum of the accelera-
tion undergone by a tube in a radio receiver
when a constant electrical power of 50 mW s
supplicd to the loudspeaker at a variable frequency.
A frequency spectrum of this kind is obtained by
substituting for the tube a vibration pick-up,
mounted in a container whose dimensions and weight
correspond approximately to those of the tube.

2203

Fig. 2. Combination of three vibration pick-ups, used for
measuring the vibrations to which tubes are subjected in
electronic equipment. The whole assembly can be fitied in a
tube holder in place of a tube.

Where three pick-ups are used, mounted in di-
rections perpendicular to each other, one can also
determine the direction in which the accelerations
oceur. Such a combination of three vibration pick-
ups is shown in fig. 2. The whole assembly is roughly
as heavy as an clectron tube and can be inserted
in one of the tube holders in the apparatus under

test.

Methods of investigating microphony

There are various direct methods of investigating
microphony that can easily be carried out without
special equipment. For instance, the microphonic
tendency of an audio amplifying tube can be
ascertained by incorporating the tube in an amphi-
fier circuit. The output voltage is applied via a
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Fig. 3. Principle of a simple set-up for investigating microphony
in an audio-frequency amplifying tube. B tube under test,
L loudspeaker, A variable amplifier.

variable amplifier 1o a loudspeaker set up near the
tube. This arrangement is shown schematically
in fig. 3, where B is the tube under test, L the loud-
speaker and A the variable amplifier. The gain of 4
is adjusted until it is just sufficient to cause acoustic
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oscillation, after which the “sensitivity” of the
combination of B and A4 at this setting is found.
This is generally taken to mean the alternating
voltage required on the control grid of B in order
to produce an output of 50 mW from 4. The gain
setting of A so found is clearly too high when used
with the tube B; it is thus possible to give a sen-
sitivity of the combination that is permissible, to
guide users of this type of tube.

Obviously, a specification of this kind is useful
only in a circuit arrangement exactly corresponding

to that with which the experiments were carried out. -

A small constructional change in the apparatus in
‘which the tube is used can considerably alter the
tendency to microphony. For this reason, and
because of the above-mentioned spread between
individual tubes of the same type, it is always
necessary to allow a wide safety margin.

A radio-frequency tube can be tested in a similar
way. The tube is incorporated in an RF amplifier
stage and an unmodulated RF signal voltage is
applied to the control grid (see fig. 4). A detector is
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Fig. 4. Principle of a set-up for investigating microphony
in a radio-frequency amplifying tube. B tube under test, L
loudspeaker, 4 variable amplifier, D detector, HF signal
generator.

connected to the output of this amplifier stage,
which is again followed by a variable audio-frequency
amplifier and a loudspeaker. Microphony now causes
modulation of the RF voltage, and the detector
delivers an audio signal which, via the AF amplifier
and the loudspeaker, can produce acoustic oscilla-
tion.

The methods described can be used for comparing
different types of tubes or individual tubes of the
same type, and also for checking the results of
modifications made in a tube to reduce microphony.
They give no indication, however, as to which com-
ponents in a tube cause the microphony, and are
therefore no help as regards the introduction of the
necessary improvements.

In this respect another method is helpful. Instead
of making the set-up howl, the loudspeaker is
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connected to a separate signal generator and am-
plifier, and the output voltage of the tube is meas-

. ured with the aid of an amplifier and a vacuum-tube

voltmeter ( fig. 5). This makes it possible to choose
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Fig. 5. Principle of a set-up for investigating microphony
in electron tubes. The loudspeaker L is fed via the am- -
plifier A; with a voltage from the signal generator TG. The
signal voltage due to microphony in tube B is applied to a
vacuum-tube voltmeter BV via the amplifier 4,.

and to vary the frequency of the vibrations to
which the tube is subjected. The strength of the
microphony is then found to vary quite irregularly
with the frequency. This is partly due to the fact
that the components of the electrode system have
different resonance frequencies for mechanical vibra-
tions, so that the tube behaves as if it consisted of a
large number of mutually coupled resonators. A
further factor, however, as mentioned above and
illustrated in fig. 1, is that, even where the loud-
speaker power is constant, the acceleration under-
gone by the tube shows a highly irregular spectrum.
As a result, it is not casy to study the microphonic
properties of electron tubes with a set-up as in fig. 5:
there is always the possibility that the cause of
strong microphony occurring at a particular fre-
quency may lie outside the tube itself.

To arrive at results that are governed solely by
the tube we must therefore set the tube in vibration
directly and not via a loudspeaker, a cabinet and a
chassis.

One method of achieving this is to subject the tube to an im-
pact of given strength and to measure the resultant microphonic
signal voltage. An apparatus designed for this purpose
is shown in fig. 6. Even here, however, the results are not very
satisfactory. A blow brings all components of the tube simul-
taneously into vibration, and only the total result can be meas-
ured from the signal voltage thereby generated. Consequently,
this method too is really only suitable for comparing tubes one
with the other, and not for tracing the causes of microphony.

A thorough study of the microphonic properties
of ‘tubes demands that the tubes be subjected to
vibrations of constant acceleration and variable
frequency. Only then is it possible to draw con-
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Fig. 6. Apparatus for studying the microphonic properties
of electron tubes by subjecting the tube to a known impact.

clusions, or al least inferences, as to the cause of
strong microphony at a particular frequency.

With this object in view, the constant acceleration
has been achieved by testing the tubes in a spe-
cially designed vibrator. This method has for some
time now been applied in several Philips laboratories
to numerous types of tubes, and will now be dis-
cussed in some detail.

A vibrator for the study of microphony

Fig. 7 shows an axial cross-section through a
vibrator designed for investigating microphonic
effects in electron tubes. The construetion of the
vibrator closely resembles that of an electrodynamic
loudspeaker. It consists primarily of a coil which can
move in the air gap of a ring-shaped magnet. The
coil is wound on an aluminium former, which is sup-
ported in sleeve bearings. The resonance frequency
of the whole assembly is in the region of 30 ke/s,
which is a great deal higher than the highest fre-
quency of the range in which microphouny tests
are usually made (30 to 20000 ¢/s). In this fre-
quency range, then, where the alternating current
in the coil is constant an alternating acceleration
of almost constant peak wvalue is obtained. (An
alternating current of 100 mA was needed for a peak
acceleration of 1g.) This can be quite easily checked
by mounting a stationary metal plate a short
distance from the upper surface of the coil and by
measuring the variations occurring in the capaci-
tance between this plate and the coil, this capacity
being inversely proportional to the distance. For a
constant charge, Voltzlge variations appear across
the capacitor thus formed, the magnitude of which
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is proportional to the deflection of the vibrator.
These voltage wvariations can be amplified and
measured. It follows from the theory of harmonic
vibrations that, if the peak acceleration is to remain
constant, the maximum deflection must be inverse-
ly proportional to the square of the frequency, i.e.
with increasing frequency it must decrease by a
factor of 4 per octave. With the vibrator described
here this was indeed found to be the cuase in the
required frequency range.

The way in which the tube under test is fixed
to the vibrator calls for particular care. Strictly
speaking, it should be perfectly rigid, otherwise the
vibrations of the coil former will not be transmitted
to the tube completely independent of the frequency.
Now, some resilicnce in the mounting of the tube
is unavoidable and consequently the tube resonates
at the frequency of the mounting. To prevent
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Fig. 7. Cross-section of a vibrator for studying microphonic
effects in electron tubes. S coil, SL coil former, L sleeve bear-
ings, M magnet, P, and P, pole pieces, TO vibration pick-up,
HS adaptors for clamping the tube to the coil former.
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Fig. 8. Upper part of vibrator fitted with a tube to be subjected to vibrations: a) along the

axis; b) perpendicular to the axis.

this affecting the measurements, the vibrator and
mountings must be so designed that the resonance
frequency is well above the frequency range under
investigation. Some components used for this pur-
pose are shown in the upper part of fig. 7.

To enable a constant check to be kept on the
vibrations, a vibration pick-up of the piezo-electric
type is fitted (with a piezo element of barium tita-
nate); this is denoted by TO in fig. 7. This device
also indicates whether insufficiently rigid mounting
of the tube is causing a spurious resonance.

Fig. 8 shows two photographs of the upper part
of the vibrator, with a tube mounted in two posi-
tions, enabling it to be subjected to vibrations paral-
lel or perpendicular to the axis.

Measurements with the vibrator

With a vibrator as described above a tube can be
subjected to a known acceleration which, as opposed
to the methods illustrated in figs. 3,4 and 5, is inde-

pendent of the incidental resonance frequencies of

other parts of the apparatus. If strong microphony
appears at a particular frequency, it is now clear
that this frequency corresponds to the resonance
frequency of one of the tube components. Detection
of these frequencies is accomplished by connecting
the tube by flexible wires to an amplifying circuit:
the signal voltage produced in this circuit as a result
of microphony is measured whilst the vibrator
frequency is slowly varied. The measurements are
facilitated by using a recorder. Examples of spectro-
grams obtained in this way are shown in figs. 21-24.

In these and similar measurements the vibration
frequency should be varied slowly and very evenly,
the mechanical vibrations of the various components

being very little damped. Because of the weak
damping, the various resonances occur only very
near to the exact resonance frequency: many peaks
in the spectrogram are so sharp that they might
easily be missed.

Once it has been found that a strong microphonic
effect occurs at a particular frequency, the next
thing to do is to trace the component responsible
for it. There are various ways of setting about this.
One obvious method is to calculate the resonance
frequencies of components whose very slight move-
ments can be expected, on theoretical grounds, to
have a considerable effect on the electrical charac-
teristics of the tube. One can then ascertain whether
one of these frequencies coincides with a peak in the
spectrogram. If this is so, it is reasonable to assume
that the component in question must be the cause
of this peak. Further experiments are then needed
to show whether this assumption is correct or not.

In practice, this method turns out to be most
unsatisfactory. The main reason is that calculations
of the resonance frequencies of components in an
electrode system can seldom be more than rough
approximations. Exact formulae can be derived
only for simple configurations, and the application
of such formulae to practical cases calls for approxi-
mations and corrections; also, it is generally not
accurately known just how the various electrodes
are clamped or supported, or whether there is any
play between them.

We shall illustrate the above method and its shortcomings
by taking a grid as an example. The conventional grid con-
struction is shown in fig. 9. Two uprights (or “backbones™) S,
and S, arec mounted in holes in the mica disce M; and M,. The
grid wires D are wound helically around the uprights. If we
now regard S; and S, as freely vibrating rods, their resonance
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Fig. 9. Simplified construction of a grid. S, and S, uprights
(““backbones™), D grid wires, M, an1 M, mica strips on which the
assembly is mounted at the points a, b, ¢ and d, A4 lead-in wire.

frequency fr for mechanical vibrations can be calculated from
the formula:
d E
fr=up >
Here d is the diameter and I the length of the rod; E is the
modulus of elasticity and g the density of the material, and K
is a constant which depends on the way in which the upright
is held. The magnitude of this constant is:
K = 0.56 if the vibrating rod is clamped at one end and free
at the other,
K = 3.56 if the rod is clamped at both ends,
K = 2.45 if the rod is clamped at one end and held such that
it can pivot at the other,
K = 1.56 if the rod is held such that it can pivot at both ends.

Owing to the unavoidable spread in the dimensions of the
grid uprights and of the holes in the mica supports, it is never
certain whether the uprights at positions a, b, ¢ and d should be
regarded as clamped, pivoted or free. Extremely small differ-
ences in dimensions, which may have no perceptible effect
on the eclectrical properties of the tube, may have a marked
effect,in view of the differences in K, on the resonance frequency
of the grid uprights. A further inaccuracy in the caleulation is
due to the presence of the grid wires D. Their effect can be
allowed for as an increase in the mass of the grid uprights,
but this is obviously a rough approximation. Finally, the fact
that a connection wire A4 is attached to one of the uprights
can also only be taken into account by very rough approxi-
mation.

For the grid wires two empirical formulae have been worked
out 2) which apply to wires bent in the form of an are ( fig. 10a)
and in the form of a rectangle (fig. 10b). The formula for a
grid wire as in fig. 10a is

_0.217d ] /E
fe= 2.78 a®+ 0.558 R | o °

and for a wire as in fig. 10b:

fo . 0n7d VE
Tt 03BR)

3) See P. M. Handley and P. Welch, Valve noise produced by
electrode movement, Proc. Inst. Radio Engrs. 42,565-573,
1954,
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These formulae hold good only when a and R are roughly the
same (Rfa < 2). Consequently, and also because the actual
shape of the grid wires never exactly catisfies fig. 10a or b,
the result here too can never be more than a very rough
approximation. ° ‘

Another source of uncertainty is the fact that
many elements capable of mechanical vibration in
an electrode system are coupled to one another,
resulting in resonance frequencies that do not
correspond to those of the elements individually.

Stroboscopic examination

The only way to point with certainty at one of the
components of the tube as the source of strong mi-
crophony at a particular frequency is to observe
directly that this component in fact resonates at
that frequency, i.e. vibrates with a large amplitude.
Since this “large” amplitude is not usually percep-
tible to the naked eye, it must be observed under a
microscope. In order to make it possible to observe
grids etc., it may further be necessary to make a
number of tubes with special openings in the anode
or in the screening.

As a rule the frequencies at which the investiga-
tions are carried out are too high for the eye to be
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Fig. 10. a) Grid wire bent in the form of an are, b) rectangularly
bent grid wire.

able to follow the movement directly. The move-
ments can be made visible, however, by illuminat-
ing the tube with a stroboscope. The vibrator and
the stroboscope are then fed by two signal gener-
ators delivering alternating voltages whose fre-
quencies differ by a few c¢fs. An arrangement
designed for the purpose is shown schematically in
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fig. 11. When the tube is set in vibration, the parts
in question can be seen under the microscope to
vibrate at a frequency equal to the difference be-
tween the frequency of vibration and the illu-
mination frequency. The fact that one of the parts
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Fig. 11. Block diagram of an arrangement for stroboscopic
investigation of microphony in electron tubes. TG, and TG,
signal generators, 4, and A4, amplifiers, T vibrator, B tube
under test, SL stroboscope lamp, Mi microscope.

is resonating at the applied frequency is manifested
not only by the increase in amplitude but also by the
phase relationship between the impressed force and
the deflection.

When a vibrating system is driven by a force whose frequency
is much lower than the resonance frequency of the system, the
deflection is in phase with the force. If the frequency of the
force is much higher than theresonance frequency, the deflection
and the force are in antiphase. The transition from one of these
states to the other takes place in a frequency range around
theresonance frequency. Theless the vibrations of the system are
damped, the narrower is this frequency range. At the resonance
frequency itself the phase shift between force and deflection is
90°.

To produce automatically a difference between
the vibrator and the stroboscope of a few cfs at
all frequencies, one might couple the tuning mecha-
nisms of the two signal generators. Itis very difficult,
however, to make the coupling in such a way that
the frequency difference remains sufficiently small
over the whole frequency range of interest. If the
difference is too great the eye can no longer follow

af | Mot

the individual vibrations. When one of the compo-
nents is then excited into resonance, the resonance
will be scarcely perceptible.

An improvement in this respect is obtained if the
stroboscope frequency is made exactly equal to the
vibration frequency by connecting the vibrator and
stroboscope to a common signal generator. Of course,
the vibrating parts then appear to be stationary,
the movement being frozen at all frequencies. When
the frequency is slowly varied, however, and passes
the resonance frequency of a component within the
field of view of the microscope, the phase shift of
180°, mentioned above, can be seen to take place
in the vibrations undergone by this component.
As the frequency moves through a very small range,
this part is then seen to make a single half-vibration
and then stands still again. The concentrated atten-
tion required to observe this phenomenon is a serious
drawback, however, to the application of this
method in large-scale investigations. High demands
are also made on the equipment; the frequency must
be varied extremely slowly and continuously.

The stroboscopic method was not really a success
until an apparatus had been designed with which it
was possible, in the whole frequency range under
investigation, to maintain a constant difference of
1 or 2 c/s between the vibration frequency and the
frequency of the stroboscopic illumination. Fig. 12
shows a block diagram of the equipment used for
this purpose. As in fig. 11, the vibrator T is driven
by a signal generator TG via an amplifier 4,. The
output of the signal generator is again used to oper-
ate the stroboscope lamp, but only after first being
applied to a frequency shifter IS which delivers
an output voltage whose frequency is a constant
amount higher or lower than the frequency of the
applied voltage. The output voltage of the frequency
shifter is used to control the pulse generator PG,
which delivers short voltage pulses to the strobo-
scope lamp SL.
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Fig. 12. Block diagram of equipment for stro-
boscopic investigation of microphony in electron
tubes. By means of the frequency shifter FS a
constant difference of 1 to 2 ¢/s is maintained
between the vibration frequency and the fre-
quency of the stroboscopic illumination. TG
signal generator, A,, 4, and A; amplifiers, Mot
motor, PG pulse generator, SL stroboscope lamp,
M;i microscope, T vibrator, B tube under test

2378 O oscilloscope. .
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‘The frequency shifter consists of a rotor and a stator. The
stator is provided with a three-phase winding. This is supplied
with a three-phase voltage derived from a special amplifier
A,, fed with the signal-generator voltage (frequency f). The
rotating field thus produced induces an alternating voltage
in the single-phase winding of the rotor. When the rotor is
stationary, the frequency of the latter voltage is equal to f,
but when the rotor revolves at a speed of Af revolutions per
second, the frequency of the e.m.f. induced in the rotor winding
is an amount Af higher or lower than f, depending on the sense
of rotation. Provided the rotor turns at a constant speed, a
constant frequency difference is then maintained between the
applied voltage and the output voltage.

The tube under test B feeds an amplifier A4,
the output voltage of which is applied to one pair
of plates of an oscilloscope 0. To the other pair
of plates a voltage is applied which is proportional
to the current driving the vibrator. By observing at
the same time the picture under the microscope and
that on the oscilloscope screen it is now possible to
ascertain with considerable certainty whether the
vibrations of a particular component are responsible
for the occurrence of strong microphony at a par-
ticular frequency. At that frequency the amplitude
of the vibrations undergone by the component in

" question shows a maximum, and at the same time
the alternating voltage produced by the microphony
is seen on the oscillosope to reach a maximum
value. The observer also sees the above-men-
tioned phase shift as the resonance frequency is
passed. The phase shift also of course occurs between
the current supplied to the vibrator and the volt-
age generated by microphony, and is thus displayed
on the oscilloscope as a lissajous fi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>